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Abstract. 

Despite major recent research into the Middle Palaeolithic, and Neanderthal behaviours in 

particular, little is currently understood of their fire use, which could have been a merely 

occasional behavioural trait enabled by natural lightning strikes, or a frequent behaviour 

necessary for survival, joined with a complex suite of pyrotechnic-dependent behaviours. In 

order to address this shortcoming, this thesis discusses fire use, and in particular, Neanderthal 

fuelwood procurement behaviours. I firstly model Neanderthal fire use across 237 sites, finding 

frequent fire presence but little evidence of pyrotechnic-dependent technologies. This thesis 

subsequently focuses on an obvious method of fire optimisation, namely choosing fuels with 

obvious positive burning traits, and whether these fuels were selected and curated, or 

gathered at random from the landscape. I find that Neanderthals displayed distinct foraging 

preferences for particular fuelwood genera, with certain woods far more prevalent in the 

charcoal record than in the palynological landscape record. Since this could result from pollen 

or charcoal biases, I conducted original laboratory experiments on over 40 fuelwood genera to 

determine genera-dependent wood-to-charcoal conversion rates which differ according to 

quantifiable criteria. These show that apparent Neanderthal fuel choices are unlikely to have 

been caused by charcoal production or fragmentation biases. Studies on genera-specific 

fuelwood combustion properties and replicated foraging qualities shows that preferred woods 

were easily transportable or high-quality fuels, and most often both. There were few instances 

of Neanderthals burning low-quality fuelwoods at random, which would suggest occasional 

expedient fire use. This thesis overall suggests that many fire-using Neanderthals were highly 

selective in fuelwood procurement, either selecting by fuel quality or minimising foraging 

effort, both models suggesting strong prior pyrotechnic experience. This understanding is of 

similar level to modern human hunter-gatherers, and suggests that in pyrotechnic planning, 

Neanderthals may have followed similar behavioural trajectories.  
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Chapter One: Introduction. 

 

I: Fire – its value for our ancestral lineage. 

Fire has long been seen as integral to human culture. Charles Darwin viewed its control as a key 

attribute of our evolutionary success, alongside language (Darwin 1871). Three key aspects of 

fire include its innate attributes, its contributions to other technologies through transformative 

processes, and its underlying consequences for socialisation and behavioural development. 

Most obviously, fire, controlled or uncontrolled, emits heat and light. Obvious to the earliest 

hominins on observing wildfires or lightning-strike sites, our ancestors may have followed 

natural fires across landscapes merely for warmth, seeing better and performing certain 

localised tasks for longer in the evening, and security from predators who fear fire (Attwell et 

al. 2015). However, it was upon understanding fire’s transformative effects that its use was fully 

discovered. Whilst fuels fully- or partly-combust, other materials merely thermally alter 

structurally and/or chemically. Most obviously, foodstuffs, if correctly heated, improve in 

quality. Heat breaks down tough external barriers (shells) to allow access, denatures toxins 

(rendering wider ranges of foodstuffs edible), and breaks down fibrous foods via “external 

digestion” (rendering them more calorifically-valuable - Carmody et al. 2010, 2011a,b, 

Carmody and Wrangham 2009a,b, 2011). Archaic hominins might have observed cooking 

effects on underground tubers, or animals killed by wildfire, and may have used discrete areas 

of natural fire (e.g. burning stumps) for cooking (Bellomo 1994). However, fire also profoundly 

affects inorganic matter such as lithics, as well as organic food. Heat treatment (see Chapter 

Four) makes stone much more pliable for knapping into tools. Hominins created stone tools 

since 3.3Ma at Lomekwi 3, Kenya (Harmand et al. 2015), and natural fire could have been used 

to enhance these at any point. However, deliberate lithic heat-treatment is not noted until 

65ka BP at Howiesons Poort, South Africa (Delagnes et al. 2016), and uncontrolled wildfires 

may not have provided suitable heating conditions for this purpose. Today, fire underpins 

innumerable technologies, including defence against predators, weaponisation of fire, charcoal 

production, metalworking, energy production, land clearance, communication, mechanisation 

and vehicular transport (Bowman et al. 2011). 
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However, perhaps more important than fire’s innate properties and uses to which it can be put, 

are long-term effects on its users, only visible over evolutionary timescales. Firelight influences 

photoperiodicity and alters hormonally-controlled rhythms (Attwell et al. 2015). Blue firelight 

especially affects human circadian rhythms, promoting melatonin development and 

regularising sleep cycles (Cajochen et al. 2003). Fire use created discrete periods during 

evenings or nights with visibility limited to immediate fire locales, permitting certain activities 

(socialising, preparing/consuming food, and tool creation/curation), but not hunting or 

foraging over wider areas. This linked home bases and certain activities; pre-fire, homebase-

specific activities would have been more limited.  

 

This divide in activities would also have furthered development of forward-planning and 

socialisation in our ancestral lineage. Fire bound individuals to the static social hubs of fire pits. 

Communally cooking and consuming food in the evenings would have promoted resource 

sharing, cooperation, and more complex forms of altruism, debt and reciprocity. For effectively 

undertaking these activities, tool materials and food would have to be carried to home bases, 

rather than be opportunistically worked on/eaten ad hoc. This ultimately-efficient 

transportation would require picturing future fire-use, and planning materials and time 

needed. Modern humans understand these mental processes, but extinct hominin species 

might not have. The concept of “futurity”, hastened by fire use, would have led to not only 

delay-return foraging and (ultimately) sedentary agriculture, but also, conceivably, ritual, 

religion, and concepts of mythical pasts and future states.  

 

I.I: Neanderthal Fire. 

This thesis examines the extent of fire use as a key technological skill in an extinct hominin 

species, Homo neanderthalensis, which flourished c.300-40ka BP throughout Europe and parts 

of Asia. I specifically focus on prior fuel selection behaviours, their implications and evidence in 

the archaeological record. Controlled fire existed long before the Middle Palaeolithic, and the 

earliest uncontested example is found in Wonderwerk Cave, South Africa, at 1.0Ma (Attwell et 

al. 2015, Berna et al. 2012), although it could have been used as early as 1.7Ma (Gowlett and 

Wrangham 2013). However, aside from a few other sites such as Gesher Benot Ya’aqov (Israel) 

c.790ka BP (Goren-Inbar et al. 2004), most early evidence comes from individual burnt lithics 

or charred wood, or odd fire features scattered throughout sediments. It is only in the Middle 
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Palaeolithic after c.100ka BP, in Neanderthal sites including Abric Romani, Kebara, El Esquilleu 

and Shanidar Cave, or H. sapiens sites like Sibudu Cave, that we see well-preserved discrete 

heath features. Cognitive capacities of the Anatomically Modern Human (henceforth AMH) 

Howiesons Poort culture c.60ka BP are well-known. Sibudu and Diepkloof contain symbolically-

decorated ochre and ostrich eggshells, hafted tools made from high-quality lithics, and other 

evidence of ‘modernity’ (Wurz 1999, Wadley 2001). Cognitive (or behavioural) modernity, 

describing such abstract, “human” activities as religion, futurity, self and other, may have first 

emerged in the Upper Palaeolithic (Gabora and Smith 2018, Gabora and Steel 2020, Garogoli 

2015a,b, Lombard and Hogberg 2021), although others argue that it may have been present as 

early as the Lower Palaeolithic (Barham and Everett 2021, Belfer-Cohen and Hovers 2010, 

Burdukiewicz 2014, Hovers and Belfer-Cohen 2006, Wynn et al. 2021). However, understanding 

“modernity” relies on comparisons with H. sapiens’ behavioural productions which equally 

cognitively-advanced hominins thinking in different ways might not produce (Garofoli 2016). 

Neanderthal behaviours are still poorly understood. At their initial recognition in 1857, 

Neanderthals were described as primitive brutes, in keeping with Victorian cultural views on 

‘inferior’ technologies and lifeways. Research throughout the last century has sought to place 

them more on-par with their contemporary H. sapiens brethren. Ralph Solecki (1975), studying 

the Shanidar Neanderthals, paved the way with his “flower burial” interpretation of their 

graves. Although this interpretation is questionable (due to pollen movement by bees or jirds – 

Hunt et al. 2023, Sommer 1999), modern publications still generally dwell on “behaviourally 

modern” aspects of Neanderthal cultures, such as care of the elderly (Spikins et al. 2018), 

knowledge of medicinal plants (Hardy et al. 2012) or technological lithic processes (Wragg 

Sykes 2015). Neanderthals were certainly complex creatures. They adorned themselves with 

personal ornaments, including eagle claws jewelry pendants (found in Krapina, Croatia and 

Cova Foradada, Spain – Radovcic et al. 2015, Rodriguez-Hidalgo et al. 2019), and raptor feather 

decorations (at Grotta Fumane, Italy, and Gorham’s, Vanguard and Ibex Caves, Gibraltar – 

Finlayson et al. 2012, Romandini et al. 2016). They used black manganese oxides and red or 

yellow iron oxides as decorative paints (Marti et al. 2019, Soressi and d’Errico 2007), which 

shift frequency by cultural layer (at Combe-Grenal, France – Dayet et al. 2019). They even 

created permanent site structures; mammoth-bone huts at Molodova I, Ukraine (Demay et al. 

2012), and stalagmitic constructions inside Bruniquel Cave, France (Jaubert et al. 2016). Given 

this evidence, their fire use, which was discovered so much earlier in the Homo lineage, should 

be universally accepted.  
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Technological comparisons between these two cousin species are easier. It is surprising how 

few studies discuss Neanderthal proficiencies with fire, a technology not innately demanding 

cognitive modernity, but arguably a prerequisite for modern sociality (Dunbar and Gowlett 

2014, Gowlett et al. 2012). A particular tranche of researchers, countering current trends, 

attack Neanderthal behavioural modernity, either with respect to their burial customs (e.g. 

Dibble et al. 2015, Goldberg et al. 2013) or, more pertinently, regarding their proficiency with 

fire (Dibble et al. 2018, Sandgathe et al. 2011). Neanderthals could indisputably create (or at 

least curate) fire, as the plethora of hearths in Iberian and Near Eastern sites demonstrates. 

However, these authors question this technology’s ubiquity, highlighting the lack of fire in 

certain southern French site levels and suggesting that Neanderthals could not create fire at 

will. This lack of fire could simply result from higher-altitude Iberian/Near Eastern sites having 

more fuelwood availability than lower-altitude northerly sites (Bujoczek et al. 2018, Komposch 

et al. 2022, Oder et al. 2021). However, Sandgathe’s and Dibble’s views eliminate fire from 

being a regular and important part of Neanderthal lives. In order to understand Neanderthal 

“cultural” capabilities, we must therefore better understand their underlying technological 

capabilities, amongst which fire use is an important part. The presence and use of Neanderthal 

fire as a technology in comparison to our fire use, and as an indicator of a selective behaviour, 

rather than the cognitive implications of fire use, are central to this thesis. There is, however, 

an underlying goal that this and other technological behaviours can in the future be considered 

towards building a narrative of Neanderthal cognitive capabilities.  

 

 

II: Neanderthal Forward-Planning Technologies. 

Fire use, in its most advanced forms, involves both selecting optimal fuel, and forward-planning 

for the whole burning event, to optimise (potentially rare) fire events. For fuel selection to be 

plausibly within Neanderthal capabilities, it would not be the only technology they used 

requiring selection and forward-planning, but rather should be situated alongside other such 

technologies. Admittedly, any technology can be novel for a species, and for the original 

hunting Homo erectus (Carrier 1984, Hora et al. 2020, Lieberman et al. 2009), fire use may have 

been their only behaviour requiring forward-planning. However, when a species repeatedly 

evidences capabilities for forward-planning, further behaviours requiring forward-planning 

becomes more plausible. Neanderthal woodworking for instance is highly plausible, given 

surviving evidences of their lithic-working. Several examples of complex woodworking do 
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survive, such as the Schoeningen spears or the Pogetti Vecchi digging sticks (Aranguren et al. 

2018, Curry 2024, Hoffecker 2018, Rios-Garaizar et al. 2018). Further wood-related wear on 

lithics (Anderson-Gerfaud 1990, Hardy et al. 2013, Viala et al. 2020) and known rarity of wood 

preservation allows us to extrapolate that many more originally existed. However the known 

complexity of Neanderthal lithic working (Muller et al. 2017, Pelegrin 2009), lithic hafting 

practices (Kozowyk et al. 2017, Mazza et al. 2006) and connections between lithic- and wood-

working (Gurbuz and Lycett 2021) allows extrapolation even if no wooden artefacts had 

survived.  

 

Many abovementioned Neanderthal traits did not necessarily require selection or prior 

planning. Burial was of course immediate and expedient, following (unpredictable) deaths; 

medicine would be gathered only when needed for particular ailments (as mobile Neanderthal 

groups could not store materials easily); and care of the elderly would be a constant process. 

Neanderthals may have planned routes between sites to take the disabled mobility into 

account, but this, as with most activities, is archaeologically-invisible. Often, identical activities 

could be carried out with or without prior planning. Selecting optimal resources could just 

indicate that hominins were situated in areas abundant in such resources. Two archaeological 

scenarios could indicate selection and prior planning: 

1) Limited varieties of raw materials (lithics, food, wood etc.) found in sites where wider 

varieties are available in the landscape. This limited variety should represent 

optimisation, or perceived optimisation, selecting either for superior resources, ease of 

gathering, or distinct arbitrary selection criteria (which may not represent functional 

optimisation). Selection is further indicated if resources are far from initial 

procurement sources.  

2) Caching behaviours of raw materials or tools. Assuming recurrent site use for individual 

Neanderthals, caching would indicate intentions to return and collect the items later.  

 

Optimal or high-quality raw materials are found in many Neanderthal sites. Lithics are an 

obvious example; however Neanderthal sites are often deficient in this regard. Mousterian 

lithics were gathered extremely locally; 90% of lithics in caves, and up to 100% of lithics in 

open-air sites are from within 10km (Aubry et al. 2016, Pettitt 1995). This is frequently noted; 

the following sites in Table 1.1 are but a few examples: 
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Table 1.1: Middle Palaeolithic sites containing predominantly local lithics.  

Region Site Reference 
 
 
 
 
 
Iberian Peninsula 

Abric del Pastor Machado et al. 2013 

Abrigo de la Quebrada Eixea et al. 2014 

Abrigo del Molino Kehl et al. 2018 

Cova del Rinoceront Daura et al. 2015 

El Salt Machado and Perez 2016 

Galeria de las Estatuas Arsuaga et al. 2017 

Gran Dolina Blasco et al. 2010 

La Guelga Menendez et al. 2017 

Navalmaillo Marquez et al. 2013 

Prado Vargas Navazo Ruiz et al. 2021 

Teixoneres Cave Rosell et al. 2017 

Valdegoba Quam et al. 2001 

Zafarraya Hublin et al. 1995 

 
 
 
 
France 

Bettencourt-Saint-Quen Clark 2015 

Bout-des-Vergnes Courbin et al. 2020 
Combe Brune Frouin et al. 2014 

Fresnoy-au-Val Clark 2015 

Grotte de la Verpilliere II Frick 2016 

Le Prisse Cologne et al. 2015 

Noisetier Cave Mallye et al. 2012 

Villiers-Adam Clark 2015 

Italy Grotta Breuil Grimaldi and Spinapolice 2010 

Grotta dei Moscerini Villa et al. 2020 

 
 
Germany 

Geissenklosterle Conard et al. 2019 

Konigsaue  
 
Weiss 2015 

Lichtenberg 

Neumark-Nord 

Pouch-Terrassenpfiler 

Salzgitter-Lebenstedt 

 
 
Eastern Europe 

Cioarei-Borosteni Carciumaru et al. 2002 

Il’skaja Hoffecker et al. 1991 

Ksiecia Jozefa Zieva et al. 2008 

Pietraszyn 49a Wisniewski et al. 2019 

Vindija  Ahern et al. 2004 
 
 
 
Near East 

Boker Tachtit Goder-Goldberg et al. 2017 

Dederiyeh Nishiaki et al. 2012 

Emanuel Cave Goder-Goldberg et al. 2012 

Kunji Cave Baumler and Speth 1993 

Shi’Bat Dihya Sitzia et al. 2012 

Teshik-Tash Nishiaki and Aripdjanov 2020 

Umm el Tlel Lourdeau 2011 

 

Others show mixed procurement, with some local but other intermediate (30-100km away) 

lithics; in France (Baume-Vallee, Bordes-Fitte, Cassenade, Chene Vert, Combe-Capelle Bas, Les 

Pecheurs, Les Pradelles, Payre – Aubry et al. 2012, Baena et al. 2014, Costamagno et al. 2006, 

Dawson et al. 2012, Discamps et al. 2019, Moncel et al. 2008, Raynal et al. 2012, Roth and 

Dibble 1998), Italy (de Nadale, Riparo Bombrini – Holt et al. 2019, Jequier et al. 2015), the 
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Iberian Peninsula (Arlanpe, Jarama VI – Kehl et al. 2013, Rios-Garaizar et al. 2015) and Eastern 

Europe (Karabi Tamchin, Kulna, Raj Cave, Velykyi Glybochok, Weasel Cave – Doronicheva et al. 

2019, Lanczont et al. 2014, Neruda 2017, Patou-Mathis 2004, Yevtushenko et al. 2003). A few 

sites use minimal local lithics, and only higher-quality distant ones (>30km); this is noted in 

Axlor (Gomez-Olivencia et al. 2018) and El Cuco (Gutierrez-Zugasti et al. 2017). 

 

This suggests that Neanderthals may have been somewhat selective of their raw lithics, but not 

to the extent of AMH. This behaviour may be masked if Neanderthals already lived near high-

quality raw lithics and procured them locally (as at Aguilon – Mazo and Alcolea 2020). However, 

technological optimisation is present. At Kabazi II, tools were partially reduced before being 

brought to site, reducing loads and suggesting keen forward-planning (Uthmeier 2006). 

Furthermore, Neanderthals may have deliberately selected home-bases close to lithic sources 

(Sisk 2011), thus masking selection by distance from the sites. Other materials were procured 

or curated over great distances, either within a group or through inter-group exchange (Mellars 

1996). A key example is obsidian, a valuable rock which could be knapped into extremely thin, 

sharp blades. Whilst mostly used since the Upper Palaeolithic, Neanderthals selected obsidian 

at Ortvale Klde (125km away - Le Bourdonnec et al. 2012), Kulna (400km away – Moutsiou 

2011, pp.155-156), Mesmaiskaya and Saradj-Chuko (from 200-250km east – Doronicheva and 

Shackley 2014, Doronicheva et al. 2019). In the last site in particular, obsidian formed 97.8% of 

the assemblage in layer 6B (Ibid). Neanderthals also imported non-local jasper at Grotta 

Romanelli, Grotta dei Giganti, Grotta Uluzzo, Grotta Mario Bernardini, Grotta Torre dell’Alto (all 

Spinapolice 2018), La Crouzade (Saos et al. 2020) and Ramandils Cave (Rusch et al. 2019). 

Bitumen was also procured 40km away from Umm el Tlel (Boeda et al. 2008a,b).  

 

These all suggest that Neanderthals certainly could gather selectively for valuable materials. 

Neanderthals also required famously high-quality diets (energy-rich foods such as fatty meats 

and carbohydrates which posed minimal risk of food-transmitted illness or nutritional 

deficiencies), and appeared extremely selective in dietary procurement (Power 2019). Certain 

sites appear highly selective towards specific prey species (e.g. Caucasian tur, capra caucasica, 

at Ortvale Klde – Alder et al. 2006); others show wider dietary breadth (e.g. Djruchula Cave – 

Adler and Tushabramishvili 2004). Despite increasing recognition of Neanderthal plant-based 

diets (Hardy et al. 2012, Henry et al. 2014), Neanderthals were obviously sophisticated hunters, 

killing megafauna such as woolly rhino, mammoth and elephant (Gaudzinski-Windheuser et al. 
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2023, Germonpre et al. 2014). Many sites are extremely monospecific; Neanderthals at 

Mauran, Les Pradelles and Riparo Tagliente hunted almost exclusively bison, reindeer and roe 

deer respectively (Rendu et al. 2012, Vettese et al. 2021). Hunting single species 

advantageously tailoring each group’s hunting tactics to a specific prey type. Amongst specialist 

Neanderthal groups, which may not represent the whole population, these behaviours not only 

increased hunting efficiency but would also have helped prevent neighbouring groups 

competing for identical resources. This only would help however where specialist groups lived 

close together, and risked exhausting environmental resources. Neanderthals may well have 

selected sites close to preferred prey herds, following them throughout the year. Neanderthals 

would not have encountered these species by chance; they would have determined encounter 

spots, ambush locations along known migration routes to disadvantage the prey (Adler et al. 

2006). Many such prey were dangerous, as shown by frequent injuries survived by 

Neanderthals including La Chapelle 1, La Ferrassie 1 and 2, Tabun 1, Shanidar 1 and 3, 

Neanderthal 1, Krapina 37 and 180, St Cesaire 1 and La Quina 5 (all reviewed in Spikins et al. 

2018). These (healed) fractures doubtless resulted from close-quarter hunting practices, as 

indicated by kill marks on prey species (Gaudzinski-Windheuser et al. 2018). Given size 

disparities between Neanderthals and megafauna, forward-planning and group cooperation 

would have been especially important during hunting.  

 

A further key aspect of Neanderthal hunting, which increasingly developed from 250,000BP 

onwards (Lazuen 2012, Stiner 1991) is the selection of prime-age individuals. Whereas hunting 

weaker immature or elderly individuals is potentially easier, there is less meat per kill and it is 

of a lower quality, with low intramuscular fat levels in immature individuals, and low fatty acid 

levels in old individuals (Lorenzo et al. 2019). Attacking prime prey was much riskier but more 

rewarding; Neanderthals show this pattern with many prey species, including aurochs, bison, 

reindeer, mammoth and caprids (Boismier 2003, Gaudzkinski and Roebroeks 2000, Farizy et al. 

1994, Jaubert et al. 1990, Roebroeks and Gamble 1999 – all reviewed in Adler et al. 2006). An 

alternative strategy of killing only mammoth calves is seen at Spy, Belgium (Germonpre et al. 

2014), and that of killing pre-injured individuals at Lynford, England (Schreve 2006). It is 

unknown whether they separated and killed only these individuals, or more indiscriminately 

killed prey but subsequently butchered and transported only prime meat cuts (White et al. 

2016). Neanderthals also were extremely selective of the animal parts they butchered and 

removed to site to fillet; they selected meat-bearing limb bones and rejected ribs (Marin et al. 

2020), the latter not being found on site. Transport concerns were obviously considered, and 
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prime meat cuts easily recognised and removed in the field. Overall, many Neanderthal 

hunting and butchery practices show undeniably selective processes, as well as “the use of a 

sophisticated weapons technology, group coordination and anticipatory behaviour, and an 

intimate knowledge of prey behaviour” (Adler et al. 2006, p.96).  

 

Finally, Neanderthals displayed occasional caching behaviours; key indicators of forward-

planning and optimisation, but notoriously hard actions to identify. As White and Pettitt (2011) 

say, “caching implies not only the deliberate postponement of action – members of task groups 

storing objects for an anticipated return visit – but also the provisioning of sites, transforming 

them from spaces into places”. Artefact collections are not enough; they may represent in-situ 

production/recycling sites, or post-deposition water transportation to single locales. Later 

(ritual) caches may be buried in pits, but Neanderthals are not known to have ritually 

deposited. Lithic caches should contain workable (or repairable) tools which could be 

recovered, with no in-situ knapping events around them, and containing too many artefacts to 

represent random accidental loss. However, ideally these caches would of course have been 

rediscovered and dispersed, and the few remaining would represent where the owners forgot 

them or were prevented from recovering them. These caches are found in Haldenstein (Bolus 

2004), Arts Bogdyn Nuruu (Masojc et al. 2019), Tolbor (Derevianko et al. 2004), Mount Pua 

(Barkai and Gopher 2011), Kabazi V (Veselsky 2008), Soucy 1 (Lhomme et al. 1998), Grotte 

Vaufrey (Peresani 2009, Rigaud 1988), Cogyan Cave and Kent’s Cavern (White and Pettitt 2011).  

 

Overall, these evidences suggest that Neanderthals had many forward-planning and selective 

behaviours. Although not selecting all lithics, many Neanderthals selected rarer harder-to-

procure lithics for occasional tools, and they were often extremely dietarily-selective, by 

species (megafauna), age (prime) or body part. Neanderthal technologies, especially their lithic 

reduction sequences and hafting adhesive preparation methods, may have involved prior 

planning and understanding of future events from previous sources, but it is notoriously 

difficult to reconstruct technological processes from only the products. Finally, Neanderthals 

also cached lithics; we naturally miss many lithic caches, and other organic caches would not 

have survived. These evidences all indicate that Neanderthals had the capacity to be selective 

in their fuel choice, and understand future consequences of current selective actions.  
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III: Research and Questions Proposed. 

This thesis challenges the hypothesis of fireless Neanderthals, not by providing further 

evidence of presence or absence of fires (as this is fraught with risks due to extreme 

archaeological losses from this era) but by suggesting that the fires created were more complex 

than previously thought. Complex, regular fire use, as opposed to odd expedient 

experimentation, suggests a familiarity (at either group, regional or species levels) with fire. 

Familiarity cannot easily be acquired without multiple prior trials, perhaps over many 

generations, which may subsequently have been lost; a few technologically-advanced fires in 

sites otherwise containing long uninterrupted periods of Neanderthal occupation, may suggest 

other lost fire layers. Not all fires suggest other missing ones however, and especially not single 

simple fires. 

 

I define “complex” fire as being composed of five features (see p.104-106); lighting fires, 

hearth preparation, performing fire-specific activities on hearths, optimising fuels for specialist 

functions, and extinguishing fires post-use. Neanderthals are not known for prepared 

fireplaces; they had no pit-hearts or stone-ring hearths, instead burning directly on the cave 

floor, and fire extinguishing is archaeologically-invisible. Neanderthal firelighting skills and fire-

dependent activities, most notably cooking and lithic heat-treatment, have been studied in 

many other ably-argued papers (see Henry 2017, Agam et al. 2023 etc.), and are covered in 

Chapters Three and Four respectively. The main focus in the remainder of this thesis is on the 

fuels being used, which also forms the core parts of my practical experiments.  

 

I concentrate on fuels used partly because fuels, as charcoal, are the best-preserved aspects of 

fire, even if hearth features themselves are lost and scattered, and partly because of the role of 

fuel selection in indicating this “choice” and “forward planning” integral to modern lifeways. 

Hearths are mostly wood-fuelled, but may also use other sources; Neanderthals may have also 

burnt dung (Henry 2017), bone (Yravedra and Uzquiano 2013) and coal (Thery et al. 1996). 

However, wood was by far their most common fuel. The important question I address is which 

woods they burnt, and whether this use corresponds with landscape availability or with 

particular benefits of the woods themselves. Shackleton and Prins (1992) introduced the 

compelling “Principle of Least Effort” model, by which hunter-gatherers gather fuel which is 

most easily available, regardless of quality. Thus the proportion of genera in fuels (and thus in 
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charcoal) directly corresponds to landscape vegetation proportions when it was gathered. Most 

papers reconstructing past environments from anthropogenic charcoal implicitly or explicitly 

follow this model. Shackleton and Prins’ model is notably based on modern hunter-gatherers; 

and therefore proves that fuel choice is not an essential prerequisite for AMH, as some            

H. sapiens today choose fuelwoods randomly (e.g. Alix 1998, Dufraisse et al. 2007, Kefa et al. 

2018), especially as byproducts of other activities (e.g. forest clearance - Picornell-Gelabert 

2020). Nonetheless, educated fuel choices are impossible without understanding combustion 

technologies and having previously tested fuels, to understand which ones best suit which 

purposes. As Chapter Nine demonstrates, fuel properties (burning duration, light output, heat 

emitted etc.) are not directly visible from the fuels themselves; in order to know fuel 

properties, they must previously have been burnt, theoretically over long time periods. I 

propose that Neanderthals did not necessarily follow the Principle of Least Effort, and may 

have chosen fuels according to other criteria, such as light emitted, burning duration, or lack of 

smoke produced, or how easily it could be broken off and transported.  

 

Furthermore, specific fuelwood selection suggests a form of optimisation – these fires would 

probably still ignite and burn with other, more commonly-available fuels, but Neanderthals 

might deliberately choose particular high-quality fuels, optimised for specific functions, at 

potentially higher foraging costs. This optimisation, in turn, may suggest more advanced uses 

of fire, for which certain conditions are sought. If Neanderthals used hearths for lithic heat-

treatment (see Chapter Four, p.110), they might want slow-burning fuels, and choose wood 

such as Quercus spp (see Table 9.6, p.261). Alternatively, they may want maximum lighting 

effects, and thus burn Betula (Table 9.8, p.265). The fuels used therefore influence and act as 

proxies for fire-based activities, even if these naturally-ephemeral activities have been lost. 

Thirdly, selecting optimal fuelwoods suggests some form of forward-planning. Neanderthals 

would not be able to rely on the nearest fuelwoods, accessed immediately before the fire’s 

commencement, but must have collected firewood throughout their daily travels, in 

anticipation of the evening.  

 

However, this Principle of Fuel Optimisation is not without pitfalls. In landscapes dominated by 

optimal fuelwoods, this selection process would be indistinguishable from the Principle of 

Least Effort. Certain fuelwoods may also be optimal for several functions (e.g. light and heat 

output often closely correlate). Furthermore, much Neanderthal charcoal is found scattered 
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throughout sediments, although several discrete hearths remain. In palimpsests without 

discrete hearths, it is unknown one fuelwood genus or multiple genera were burnt together. 

Finally, it has been noted that fuel properties sometimes depend less on taxonomic genus, and 

more on age, condition (dry/green, wet/dry) and size (Chabal 1992). However, these qualities, 

and those of branch drop, decay and stand regeneration, may also be species-dependent. 

 

With this in mind, I examine relationships between fuel use and environmental availability by 

plotting charcoal against pollen within Neanderthal sites, extending my 2019 Masters’ data 

(Knight unpubl.) to more sites. This previous study compared aboreal pollen levels, 

representing natural background environmental signals, with charcoal, representing fuelwoods 

which Neanderthals chose and burnt. I found that many fewer genera were being burnt than 

were potentially available in the landscape, and that there was an almost ubiquitous selection 

towards Pinus spp., whilst Betula and Quercus spp., although still utilised, were burnt less than 

expected given their environmental availability. Other genera were burnt in very small 

proportions, possibly as expedient fuels. However, charcoal does not perfectly represent fuels 

burnt, and pollen does not perfectly represent past landscape flora. Certain fuelwood genera 

may produce more charcoal than others when burnt, and likewise, wind-pollinated genera 

produce far more pollen than insect-pollinated ones. A natural critique would be that these 

two factors alone create artificial differences between anthracological (charcoal) and 

palynological (pollen) datasets. Consequently, I create experimental procedures exploring these 

issues and re-calibrate my initial calculations. If these objections can be removed, the most 

plausible remaining theory, that these differences directly result from Neanderthal fuel choice, 

must remain. Throughout this thesis I address several important research questions: 

 

What evidence is there that H. neanderthalensis used fire commonly as a species, and 

particularly used it to facilitate other technologies (advanced fire use). 

Did Neanderthals select specific fuel genera for their combustion properties, or did they 

choose indiscriminately according to the Principle of Least Effort? 

Do patterns of fuel use and specific choice of optimum fuels stand up to critique when 

confusing effects of differential charcoal and pollen production by fuel genera are taken 

into account? 
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In order to investigate the second and third questions, I have a number of sub-questions 

associated with their methodological aspects: 

- Do different arboreal genera create different amounts of charcoal? 

- Does charcoal of different genera fragment at different rates under identical 

taphonomic conditions? 

- Do different arboreal genera create significantly different quantities of pollen? 

- With all factors taken into account, do my initial charcoal-versus-pollen comparison 

findings change significantly, and are these findings in line with our current 

understanding of other aspects of Neanderthal life? 

 

IV: Chapters. 

Chapter Two reviews Neanderthal fire use and how we can detect it. It focuses not only on 

obvious charcoal, ash layers and surviving heath features, but also on more ephemeral heat-

altered lithics and animal bone, sediment magnetism and rubefaction. I counter the objections 

of Goldberg, Dibble, Sandgathe etc. against widespread Neanderthal fire use, concluding that 

their studies are site-specific. Apparent absences of Neanderthal fire are explained through 

sites not having modern scientific techniques available upon initial excavation, or that proxies 

used missed ephemeral fire use. I compile several proxies which may indicate the presence of 

fire, especially where multiple proxies are found together. 

 

Chapter Three statistically models these proxies in over 230 Neanderthal sites, showing that 

over 80% of Neanderthal sites containing some form of fire proxy. Differences between 

Neanderthal cave and open-air site fire frequency emerge through different taphonomic 

processes or fire practices. There are few pan-European geographical trends, indicating that 

fuelwood availability varied little by latitude, and its scarcity did not prevent northern fire use. 

This suggests that, in answer to my first research question, Neanderthals commonly used fire, 

increasing the possibility of pyrotechnic-dependent technologies. 
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Chapter Four examines pyrotechnic-dependent technologies (cooking, hunting, site 

maintenance, lithic heat treatment and melting adhesives), and their signatures in the 

Neanderthal record. Palaeolithic cooking is almost indistinguishable from burning of organic 

refuse. Other cooking evidence, based on altered foods in dental calculus, isotopic studies, and 

genetics, supports Neanderthal cooking (from genetics, potentially at population levels). 

Neanderthals rarely heat-treated lithics; however, reviewing the benefits and downsides of 

heat-treated tools, this may not represent a behavioural inability, but rather an active 

avoidance of this technology. Neanderthal hafting technology is rare but present (e.g. Wragg 

Sykes 2015). However, Schmidt et al. (2019a) sufficiently refute apparent “technological 

complexities” of this technology, and other evidence suggests that some apparent “adhesives” 

are just accidentally-precipitated pyrotechnic byproducts. Overall, some limited evidence of 

advanced fire functions remain, but most activities leave minimal initial evidence. Therefore, 

the most advanced pyrotechnic task may have been fuelwood procurement, which may be the 

only viable method for studying detailed Neanderthal fire-related behaviours.   

 

Chapter Five discusses various Neanderthal fuels, and concepts of “choice” and “selectivity” 

through desired fuel traits and ethnographic wood-gathering insights. I also discuss the 

“Principle of Least Effort” model, its value and how its innate assumptions can not only 

disguise personal choice, but also severely hinder palaeoenvironmental reconstruction from 

anthropogenically-altered material. My 2019 Masters’ data compared charcoal to pollen to 

detect fuelwood selection in five Iberian sites, finding distinct selective practices. Pollen 

recalibrations, to determine if differential genera-specific pollen production causes bias, shows 

that wind-pollinated trees produce much more pollen than insect-pollinated ones, forming 

most of the pollen and charcoal records. When my Masters results are recalibrated and 

compared however, discrepancies between charcoal and pollen are still further increased, 

strongly suggesting that pollen production biases may mask Neanderthal selection practices.  

 

Chapter Six introduces my experimental methodologies, which investigate whether differential 

charcoal production and fragmentation by genus (under otherwise equal conditions) explain 

discrepancies between these complementary anthracological and palynological diagrams, or 

whether active Neanderthal selection is more probable. I discuss factors of charcoal yield 

(wood size, density, moisture content, ash content, temperature and duration of burning) as 

well as insights from previous studies, and relative merits of real-life versus laboratory studies. I 
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describe my two experiments (on wood-to-charcoal conversion rates and charcoal 

fragmentation patterns respectively), the wood samples, equipment and techniques used.  

 

Chapter Seven presents my experimental results. The first experiment, investigating wood-to-

charcoal conversion rates, found highly varying genera-specific charcoal yields at 350°C and 

700°C. At 350°C, conifers produced more charcoal than deciduous/ evergreen trees, although 

evergreens produced the most at 700°C. Comparisons with six other similar studies showed 

many similarities, with differences mostly ascribable to different methodological choices. My 

second experiment, on charcoal fragmentation rates, showed much more variety; 1g of 

charcoal created between 6 and 71 identifiable fragments, with inter-genera variety correlating 

with charcoal density. Overall, genera-specific charcoal conversion rates are more reliable 

biasing factors in archaeology than differential fragmentation rates (which depend on too many 

variables to accurately understand or predict). 

 

Chapter Eight applies these results to recalibrating charcoal values of twenty-nine Middle 

Palaeolithic sites. I look for fuel choice in seven sites with complementary pollen and charcoal 

records, finding that recalibration does not decrease discrepancies between the two datasets, 

and conclusively ruling out differential charcoal production as a cause of the discrepancy 

between fuelwood proportions in fires and their landscape availability. However, differential 

charcoal fragmentation may be partially responsible. The other sites give insight into which 

fuelwoods Neanderthals burnt, and general Middle Palaeolithic arboreal composition and 

landscape types. 

 

Chapter Nine examines chosen fuelwoods through two metrics; innate wood properties (ash 

content, density, calorific value, fuel value index, and wood strength), and their properties 

when burnt (burning duration, and light and heat output). Neanderthals paradoxically 

appeared to select low-calorie woods, probably representing an artefact of differential 

preservation. Examining papers by Thery-Parisot et al. (2014) and Hoare (2020), all woods 

burnt as regular Neanderthal fuels scored highly, and harder-to-burn fuels (e.g. Alnus) were 

universally avoided. Although local availability usually determines primary fuelwoods 

(Neanderthals would not search for pine in juniper-dominated landscapes), Neanderthals 

never burnt all fuelwoods according to availability, but rejected certain fuel genera. This 



33 
 

required detailed ecological knowledge, understanding of fire and fuel use, and forward-

planning abilities. Furthermore, chosen fuelwoods were often also “good” fuels with both high 

heat and light outputs, making motivations for these choices unclear.  

 

Chapter Ten builds on Chapter Nine by providing further information on preferred fuels and 

landscape types. Through replicated foraging experiments in five landscapes, representing 

Middle Palaeolithic site locales, I examine potential foraging patterns based exclusively on ease 

of gathering. Many rare or missing Neanderthal fuelwood genera were evidently rejected from 

difficulty of harvesting (e.g. gorse). Common fuels, including Pinus and Larix, were easy to 

gather, as well as being highly-regarded fuels, and selectable on either criterion. However 

others (Picea and Juniperus) were easy-to-burn but hard-to-gather fuels, and their selection 

represents direct positive selection for combustion qualities, at higher foraging costs than 

other woods. Combining information from Chapters Nine and Ten builds up site- and fuel-

specific narratives of how different Neanderthal groups approached fire use, and the 

implications of these behaviours for our understanding of their technological abilities and 

similarities to our own species. 

 

Chapter Eleven concludes this thesis, summing up all evidence of Neanderthal fire use, 

especially aspects of advanced pyrotechnic technologies. I conclude that studying fuel choice 

and procurement greatly adds to our knowledge of our closest extinct evolutionary relatives. 

The difference between charcoal and pollen records, and the systematic removal of potential 

explanations due to differential charcoal and pollen production by different fuel genera, leaves 

active Neanderthal choice as the most likely explanation. The burning values of various 

fuelwoods, along with their ease of procurement in simulated Middle Palaeolithic landscapes, 

suggests regimes of procuring high-ranking fuels as primary fuels, supplemented by occasional 

other (expedient) genera, universally avoiding abundant fuelwoods with few favoured burning 

traits. This pioneer study of individual fuel procurement behaviours by genus adds to our 

understanding of Neanderthal fire use, which in some aspects was as sophisticated as our own. 
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Chapter Two: Review of Middle Palaeolithic Fire 

Use. 

Fire, described by Charles Darwin as “probably the greatest ever discovery made by man, 

excepting language” (1871, p.137), is a destructive natural force which, when harnessed by 

intelligent hominins, has become key to evolution and modern life. It not only enhances 

survival, but also drives behaviour, technology, sociality even evolution. Contrary to Darwin’s 

initial statement, it was not even Man (as in Homo sapiens) who first used fire, but rather 

archaic ancestral hominin species. Zhong et al. (2014) claim it was H. erectus, and fire may have 

driven the transition from Homo erectus to modern Homo sapiens, although evidence for initial 

fire use is patchy (Gowlett 2015, James 1989). One particular ancestral species, H. 

neanderthalensis, commonly known as Neanderthals, survived almost 250,000 years in tough, 

rapidly-changing conditions in partially-glacial Europe. These hominins were advanced 

compared to their predecessors, hafting lithics and hunting large, dangerous game including 

mammoth and woolly rhino (Smith 2015). They may even have had several behaviourally-

modern traits, including building construction, ritual/religion and burial (Demay et al. 2012, 

Garcia-Diez 2022, Jaubert et al. 2016, Rendu et al. 2014, Romandini et al. 2014, although see 

Gargett 1989 for early counter-claims and Garofoli 2017 for modern ones). Fire could have 

been important for Neanderthal behavioural repertoires, and some groups used it commonly, 

but the extent of its use at population levels, and whether this use was planned or expedient, 

is poorly understood.  

 

The first two chapters address the first question; how common was Neanderthal fire (as well as 

briefly examining whether Neanderthals could start fires). Later chapters discuss 

pyrotechnically-dependent technologies, and fuel choice. To understand Neanderthal fire 

however, we must understand earlier fires, as H. neanderthalensis was not the first fire-user. I 

analyse various fire proxies in the archaeological record, the advantages and downsides of 

studying each, their various taphonomic durabilities, and the expectations of what may be 

found under different circumstances. 

 

 



35 
 

I: Natural and Anthropogenic Fire. 

Natural fire has been present on earth since plants have existed as fuel. Charcoal has been 

found in Devonian rocks from c.400Ma (Stahlschmidt et al. 2015). During the earth’s formation, 

and occasionally in modern times, volcanic eruptions and meteor strikes caused the most fire. 

During hominin evolution, most natural fires were caused by lightning strikes (Dowdy and Mills 

2012, James 1989). Lightning is a common natural phenomenon; in modern-day Alaska, which 

has similar temperatures to Middle Palaeolithic Europe (Bolland et al. 2021), lightning ignites 

up to 100 fires a day, which burn for up to 20 days (Gowlett 2016). Alaska, being c.1.7 million 

km2, is vastly larger than the Iberian Peninsula’s 0.58 million km2, but glacial Iberia could still 

have generated up to c.34 fires per day.  

- A FAS wildfire project from 2013-2022 calculated that an average 61,410 wildfires 

destroyed 7.2 million acres annually (Congressional Research Service 2023).  

- Each wildfire therefore covered, on average, 0.18 square miles.  

- In Iberia, 34 wildfires a day equates to 12410 a year. Thus 5785.5 km2, or 1.01% of the 

landmass, would have been burnt by a wildfire in the last year. 

- However, as each burns for only 20 days, at any given time only 317km2, or 0.05% of 

Iberia, would be actively burning. This naturally varies by season. 

- There would then only be a 0.05% chance that an individual area would be on fire at 

once. However of course, wildfires smoke and are very visible from far away.  

Neanderthals had smaller daily foraging radii than AMH, often only c.5km (Henry et al. 2015), 

equating to an area of 78.5 km2. This meant that for a given site, there was a 3.9% chance that 

a wildfire would be around it at any given day.  

 

This low figure may still have been sufficient for exploitation by archaic Homo species. This 

figure increases in warmer, drier climates where more dry, dead undergrowth can ignite, 

although open deserts naturally lack fuel to burn. This undergrowth is not uniformly 

distributed across landscapes, nor are areas of lightning strikes. Wildfires, although dangerous 

when aflame, serves many functions once smouldering. Naturally cooked animal corpses and 

subterranean plant tubers can be scavenged. Fire-ravaged landscapes provide high-quality, ash-

rich soils for plant regrowth, favouring shorter shrubs with edible berries or bark, which were 

previously shaded and outcompeted by tall, mature trees. Fresh buds and shoots would attract 

prey animals including deer, and post-fire landscapes would be more open for hunting with 
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projectile weapons. And finally, the fire itself, if still burning in places, might be used by an 

intelligent animal for warmth, protection from fire-fearing predators, and perhaps even for 

cooking food. 

 

A hominin such as Australopithecus or early Homo could have benefitted immensely from 

opportunistically following wildfires around the landscape, and this may represent the first fire 

use (Gowlett 2016). Elemental carbon studies in deep-sea cores suggest that natural landscape 

fire dramatically increased around 400ka BP (Bird and Cali 1998), correlating with drastic 

increases in number of controlled fires. However, much earlier evidence of anthropogenically-

influenced natural fire exists. Australopithecus would not have ignited, fuelled, spatially-limited 

or extinguished fires (Burton 2009). It is doubtful whether such usage can be considered a 

technology yet. Whether it was practiced at a species/genus level is also unknown, as this use 

is archaeologically invisible. Even wildfires with archaeological inclusions, could be wholly 

natural; and burnt food inclusions could have been burnt naturally or introduced by hominins.  

 

 

II: Earliest Fire Use. 

The first fire traces are extremely ephemeral, and it is difficult to tell whether they represent a) 

wildfire, b) controlled, curated wildfire subsequently limited to particular “hearth” spaces until 

it expired, or c) fires started, controlled and extinguished by hominins. To search for true fire 

use, we need to look at the latter. True control of fire and the Homo lineage emerged together. 

Fire use is first evidenced at FxJj 20 Main at Koobi Fora (1.6Ma), contemporary with H. habilis, 

H. erectus and H. ergaster. Oxidised, burnt sediments here formed focal points for lithic 

knapping, although no lithics or tools were burnt (Attwell et al. 2015, Bellomo 1994). The 

contemporary Chesowanja site contains burnt clay associated with an Australopithecine 

cranium (Gowlett et al. 1981, 2023). However, this early fire evidence is very doubtful. It is 

unknown exactly how burning tree stumps creates pseudohearths (Sandgathe 2017), but such 

burning hearths could be used, without further preparation, as cooking fires (Attwell et al. 

2015). Koobi Fora, and related sites like Ologesailie and Bodo have hearth-like depressions 

containing stones and bones, but without charcoal (Hlubik et al. 2017, Isaac 1977).  
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Real control of fire is not evidenced, sensu stricto, until 1Ma at Wonderwerk Cave, South Africa 

where burnt bones and charcoal are observed (Attwell et al. 2015, Berna et al. 2012). It is next 

found c.800ka BP at Gesher Benot Ya’aqov (Alperson-Afil 2008), with proper layered hearths. 

The former sites may represent fire use, but here represents curation of fire. Manufacture of 

fire may be still later and exclusive to H. sapiens; however H. erectus, H. heidelbergensis and H. 

neanderthalensis certainly curated fires. Unlike earlier African sites, these later Neanderthal 

sites are frequently in caves where wildfires are unlikely to have reached. Guano-filled caves 

can potentially combust, although this is unlikely (Lundberg and McFarlane 2021) and 

Neanderthals may have avoided these unhealthy environments. Shanidar Cave remained 

unburnt despite recent wildfires in 2019 (Hitchcock, pers. comms., though see James 1989 and 

Zafren et al. 2005 for reviews of direct lightning strikes into caves). This indicates that if not 

manufactured, fire was carried to caves on torches, whereas earlier sites were deliberately 

located near pre-existing fire. Moving fire to caves would also require transporting fuel to feed 

it, whilst earlier African fires, if deliberately fuelled at all, could have been done so expediently 

from very immediate surroundings. In my opinion, this change of location, controlling where 

fire is rather than being guided by natural causes, and integrating fires into residential camps 

rather than vice versa, defining the first controlled fires. Create fire is of secondary 

consequence to being able to move it, although having ignition technology makes the process 

much easier, completely breaking links between ‘natural’ and ‘domestic’ fires. Of course, this 

may also have happened at earlier African sites, but the evidence is less visible until fires start 

occurring in caves.  

 

 

II.I: Problems with studying early fire use. 

Another question is the universality of fire technology. Just because fire is used by one Homo 

group, does not mean that all members of that species could or did use fire. There was never a 

single point in prehistory where fire was suddenly universally adopted and then used 

everywhere (Sandgathe 2017), but it was rather adopted intermittently, potentially being lost 

and re-discovered. Even within a group, certain individuals may have used it and others not. If 

fire was not essential for survival, but rather a subsistence benefit, there would be individual 

advantages from its use, but no great group disadvantage from not using it. Individuals cooking 

on curated fires and creating higher-quality cooked food may appear more attractive mates 

and thus have higher reproductive success (as superior resource provision increases 
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reproductive success – Alley et al. 2013, Li et al. 2002). This technology was then probably 

learned by their children. However, in Africa where reliance on fires for heat is less necessary 

than in colder climates, fire-using and non fire-using groups would not appear much 

advantaged or disadvantaged. Changes occur only over evolutionary timescales, where fire use 

allows larger brains and loss of body hair to further develop (Attwell et al. 2015, Pagel and 

Bodmer 2003, Wrangham and Carmody 2010). Bipedalism likewise developed alongside fire; it 

was another energy-saving adaptation alongside cooking to extract more energy for large 

brains (Ibid), and freed up hands for fuel gathering (Medler 2011). Natural fire and lava flows 

may even have necessitated walking upright on hot ground. A widely-dispersed species such as 

H. erectus would have some groups more optimally located for finding natural wildfires and 

fuels than others. Certain groups would also need fire (particularly its warmth in cold 

landscapes) more than others.  

 

Sandgathe et al. (2011, in Shimelmitz et al. 2014) define fire use as only being habitual once it 

is permanently found across many contemporary sites sharing other technological and cultural 

features. Sandgathe uses this definition to argue that Neanderthals were not habitual fire 

users. The difficulty with this, archaeologically, is that contemporaneity is hard to establish, and 

taphonomic processes increasingly obscure evidence through time, selectively preserving more 

durable evidence such as lithics. Thus, even if fire had been used at uniformly high levels since 

the earliest Lower Palaeolithic, a) fewer older sites would remain, and b) proportionally less 

fire evidence would be found in each older site. Glaciation also destroys European prehistoric 

sites in distinct spatial-temporal patterns (Gowlett 2006). The initially fire evidence is almost 

certainly lost; these may have included hearths (comprised of burnt sediment, ash and 

charcoal), burnt lithics and burnt bone. Some proxies, such as burnt bone and lithics, are more 

durable than charcoal and ash, and will be better preserved. The dawn of fire use is an 

important issue, much discussed in popular archaeological literature, and as such, needs to be 

clarified by further data – each early fire-using site is more important for publication than non-

fire-using sites.  

 

Different researchers have different bars for accepting evidence for deliberate fire use. Some 

over-interpret natural data, interpreting natural fire as anthropogenic. For instance, burnt clay 

found at Chesowanja (Gowlett et al. 1981, 2023, Gowlett 2016) provides no greater evidence 

for fire than burnt sediment at the much later Bezez Cave (Copeland 1978). However, the 
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former is much more publicised because of its early date and novelty. This is because 

Neanderthals definitively used fire, evidenced by other proxies on other sites, and so for a 

“fire-using species”, one proxy is considered sufficient evidence. As a single proxy, the evidence 

is no stronger at Chesowanja than here. Other researchers require far greater fire evidence 

than would be required at more modern sites. For instance, at Cantalouette, a Neanderthal 

open-air site, burnt lithics were the only evidence of fire (Clark 2015). These were described as 

burnt in domestic fires, as we know from many sources that Neanderthals used domestic fire, 

so it being burnt thus is plausible. Similarly, burnt sediment in AMH hunter-gatherer sites are 

described as combustion feature, as we know AMH use fire. But oxidised sediments at Koobi 

Fora, providing equal if not greater evidences of controlled fire, have also been interpreted as 

natural stumps of bush fires (Isaac 1977). Found in FxJj 20 Main, FxJj 20 East and FxJj 20 AB 

sites, these sediments are clustered, highly localised patches, however without any thermally-

altered lithics or bones (Bellomo 1994). 2500 lithics and 3000 bones were found very nearby in 

close stratigraphic association, clustered around these areas in distinct drop-zones (Hlubik 

2013). If these represent hominin fires, they were not used for anything other than immediate 

heat and light (Ibid).  

 

For identifying emerging technologies, the evidence has to be greater than for later, less-

contentious technologies. But this goes contra to how technological development happens; the 

first hominin fires, even if completely ignited, fuelled and controlled by them, would be short-

lived and ephemeral, occurring in few sites, and most likely lost from due to their great 

antiquity. A similar issue affects uncertain Neanderthal burials, whose proxies (grave cuts, 

grave goods, cairns, skeletal condition, limb positioning etc.) must be manyfold to be accepted. 

Many “burials” (e.g. Regourdou 1 - Vandermeersch 1995) have been described as natural, not 

anthropogenic processes (e.g. Dibble et al. 2015, Gargett 1989, Pelletier et al. 2017 and 

Sommer 1999). These papers do not always follow the simplest inferences; Gargett imagines 

infilling of the La Ferrassie by sediment slumping, despite its sharp profile (Bricker, comments 

on Gargett 1989). Proposed “burial” criteria are too strict; as “the act need not be complicated 

by the inclusion of grave goods; disposal of a corpse in a pit (even a natural one) and covering it 

with dirt or rocks constitutes a mortuary rite” (Grayer and Montet-White, comments on 

Gargett 1989, p.180). Likewise, by making criteria for “fire use” too strict, many valid examples 

are consigned to natural causes. 
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III: Later Fire Use. 

In contrast to contested earlier fire-using sites, fire use in later sites is increasingly clear, due to 

being found in many more sites with increased hominin presence in each. Gesher Benot 

Ya’aqov (c.800ka BP) is among the first locations of proper, controlled fire, containing 

concentrated burnt flints in well-defined ‘phantom hearths’ (Alperson-Afil 2008). Enough heat 

was created to burn flint, without uniformly burning all sediments or leaving other traces 

indicating natural fire. In China, the similarly-dated Zhoukoudian site, home of the Peking Man 

(H. erectus), contains extensive fire evidence, including charcoal, burnt nuts, burnt lithics and 

eggshell fragments (Attwell et al. 2015, Gao et al. 2017). However, it completely lacks hearths, 

and the fire may be natural and unrelated to the hominin remains (Binford and Ho 1985, 

Binford and Stone 1986, Boaz et al. 2004, Goldberg et al. 2001, James 1989, Weiner et al. 1998, 

all in Gao et al. 2017). Beeches Pit (UK), c.400ka BP, contains refitting burnt flint, whose 

clustered nature does not suggest natural fires (Gowlett 2006). Around this time, the site of 

Schoningen produced hearths, burnt wood and burnt lithics (Thieme 2005) – although 

Stahlschmidt et al. (2015) debate their intentionality based on poor excavation details, with 

low wood reflective values suggesting humidification rather than carbonization. Clustered 

burnt artefacts in discrete areas strongly suggests deliberate fire use, as opposed to uniform 

spreads suggesting natural fire (Bentsen 2014). Subsequently, MIS 9/10 shows a sudden hiatus 

in fire, before MIS 8 sites resume fire use (Sandgathe 2017). These include Terra Amata, Grotte 

du Lazaret, Bilzinsleben, Menez Dregan and Vertesszollos (all Gowlett 2006). Whilst glaciation 

destroyed many MIS 9/10 sites, and especially more fragile hearth elements, nonetheless it 

should not have obscured all evidence, particularly burnt lithics. Sandgathe (2017) notes 

correlations between fire and warm periods, suggesting continued reliance on natural fire. 

These fire-using sites, increasing gradually from c.400ka BP (Gowlett 2006), interestingly 

correlate with above-mentioned increase in overall fire visible in deep-sea cores. Whether 

increased hominin fire use caused this change, or whether increased natural fires allowed 

more hominin fires to be created is unclear, although the latter theory is more plausible. 

Palaeolithic hominin fire, as a proportion of the whole, would be insufficient to cause major 

climatic shifts. Increases in natural fire however not only provided more burning material for 

igniting hearths with, but also more fire to be seen and incorporated independently as a novel 

technology.  
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In Africa, Wonderwerk Cave, at c.1Ma, has burned bone and plants in distinguishable clusters 

(Attwell et al. 2015), as does Swartkrans at c.500ka BP (Gowlett 2016). Kalambo Falls (Zambia) 

has burnt wooden artefacts, charcoal, reddened sediments and carbonised grass stems (Ibid, 

Barham and Kleindienst 2023, James 1989). By the Middle Stone Age (MSA, c.280-50ka BP), 34 

African sites have extensive fire evidence, including charcoal at 26, burnt bone at 12, burnt 

lithics at 9, burnt seashells at 6 and burnt eggshell at 3 (Bentsen 2014). Crucially, 24 sites have 

discrete hearths, over half of these with burnt substrata (Ibid). These fire-using MSA sites are 

common enough that we consider H. sapiens to have always been habitual fire users. The 

question remains, however, whether H. neanderthalensis, from a similar period, did likewise. 

Certain non-Homo sapiens species like Homo heidelbergensis certainly used fire in Africa, 

including in the aptly-named Cave of Hearths (Pearson and Grine 1997).  

 

 

IV: Neanderthal Fire Use. 

Despite earlier fire use by other hominins, Neanderthal fire practices are hotly contested. The 

question is not whether any Neanderthals used fire, as that is unquestionable, but whether 

this activity was regular, or rather, whether Neanderthals were obligate fire users. For an 

activity to become obligate to a species, that species must evolve, morphologically or 

behaviourally, so that a lack of that activity causes serious species unfitness, and possible 

extinction. A classic example for modern humans is clothing. Whilst H. sapiens survive naked in 

warmer countries, in colder climates we risk serious hypothermia, unlike animals with fur or 

extensive subcutaneous fat reserves. Thus in northern climates we are obligate clothes-

wearers. However, our lineage had already lost its hair by the Australopithecine era (David-

Barrett and Dunbar 2016), long pre-clothing. Consequently, clothes-wearing did not drive 

evolutionary change, but it did facilitate range expansion without further physical evolutionary 

adaptations. Clothes manufacture through a complex chaine operatoire did already require a 

certain degree of intelligence however (although see counter-claims by Collard et al. 2016).  

 

Modern industrialised human societies depend on fire use. Many material transformations 

underpinning our society depend on fire (cooking, melting, smelting, welding etc.). Without 

fire we could not create environments to sustain our current population densities, which 

particularly depend on combustion to drive machinery, transport etc. Whilst modern non-
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industrial lifestyles amply demonstrate that fire-driven mechanisation is not essential for non-

industrial human survival, nonetheless it is essential to sustain current industrial population 

levels. Furthermore, humans use fire to directly transform landscapes (e.g. burning down 

forests to create farmland). Secondly, fire is used alongside clothing and habitation insulation 

to create warm living spaces in cold climates, and is vital for continued range expansions. 

Thirdly, and most importantly, modern humans rely on cooking (Carmody and Wrangham 

2009b). The Expensive Tissue Hypothesis posits that energetically-demanding brain tissue 

development came at evolutionary costs of reducing other energetically-demanding body 

tissues, namely the gut (Aiello and Wheeler 1995). H. sapiens had smaller guts than their 

ancestors, and couldn’t easily digest low-quality foods. Large energy-demanding brains 

necessitated a switch to higher-quality diets, or an improvement to existing diets. The former 

would require longer foraging times or new strategies; cooking supplied the latter however. 

Although primarily discussed in Chapter Four, cooking increases food’s calorific value through 

breaking down molecules in a form of external digestion, meaning the body expends less 

energy breaking it down (Wrangham et al. 1999). It also sometimes destroys molecular 

barriers, allowing larger surface areas of swallowed food to be accessed for digestion (Ibid). 

Humans can survive on less cooked food than raw food, so less can be gathered, shortening 

foraging hours and freeing more time for other activities. However, see Schrempp (2011) for an 

anthropological critique of Wrangham’s approach. Over time, further morphological changes 

meant that humans could no longer survive on raw diets. Since cooked food is much tenderer 

than raw food, human molar size reduction from c.100ka BP (Wrangham and Conklin-Brittain 

2003) and reduced masticatory muscle power (the Anterior Dental Loading Hypothesis – 

Clement et al. 2012, Smith 1983) meant that humans could no longer chew raw food 

effectively. Further gut reductions meant that even fewer calories could be acquired from raw 

food. Consequently nowadays, every modern human society uses cooked food, and those 

deprived of it suffer. Studies on modern “raw-foodists” (people eating exclusively raw diets for 

supposed health benefits) found chronic malnourishment amongst these groups, despite 

eating similar quantities of identical food groups as the rest of society (Koebnick et al. 1999).  

 

Whilst industrialised humans are obligate fire-users, there is less evidence that Neanderthals 

were. Neanderthals, lacking industrial settings, had fewer uses for fire than we do; they had no 

combustion-dependent machinery, or metals to fashion. Unlike modern hunter-gatherers, 

there is no evidence that Neanderthals used fire to create optimal foraging environments to 

sustain higher population densities (Daniau et al. 2010). The only example of this might be a 
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dependence on hafted technology for hunting large game, which can use heat to melt hafting 

adhesives, or non-thermal binding methods. A main obligation may have been through the 

Expensive Tissue Hypothesis. However, whilst Neanderthals had brains as large as H. sapiens 

(Kochiyama et al. 2018), concurrent gut size reduction is less evidenced. Whilst probably having 

smaller guts than Australopithecus, Neanderthals were notably barrel-chested and stocky, with 

larger bodies. Their gut bacteria were comparable to ours, and they could have digested similar 

foods (Rampelli et al. 2021). Furthermore, their teeth are notably larger than H. sapiens, and 

they had correspondingly large jaws and masticatory power (Clement et al. 2012, Smith 1983). 

We do not know whether Neanderthals could have survived on fully raw diets; whilst some 

materials may have been eaten raw or partially-fermented (Buck and Stringer 2014, Speth 

2017), with both large brains and large guts, their metabolic rate and need for high-quality 

foods would have been even greater than AMH. Whilst many believe they satisfied this through 

large-scale consumption of high-protein meat sources (Richards et al. 2008), fire and cooking 

food would have helped their energetic requirements. Whether or not Neanderthals were 

obligate fire users from morphological or behavioural perspectives (Chazan 2017), fire would 

certainly have been a valuable tool. Obligacy and stability are different; Neanderthals could 

have survived easy climatic periods in the same way that some AMH survive without fire (see 

p.311), but in times of resource stress, modelling predicts that fireless Neanderthals would 

have suffered and potentially gone extinct (Goldfield et al. 2018).  

 

Neanderthals strongly evidence fire use, at both a species and a regional level. Fire evidence 

has been found in throughout their European and Near Eastern range, sometimes with very 

extensive hearth remains (e.g. Abric Romani and Kebara - Albert et al. 2012, Carrancho et al. 

2016). Middle Palaeolithic fire is much more common than in the Lower Palaeolithic, although 

this may partly be a taphonomic bias of many Middle Palaeolithic sites being protected in 

caves, and Lower Palaeolithic sites generally being open-air (Stahlschmidt et al. 2015). This has 

preferentially preserved Neanderthal hearths; however, potentially confusing wildfires are 

more likely to occur in Lower Palaeolithic open-air sites therefore, increasing their overall fire 

record. There are many fireless Neanderthal sites as well; see Chapter Three, p.86 for details. 

By contrast, Upper Palaeolithic sites evidence far greater fire use than Middle Palaeolithic ones 

(Murphree and Aldeias 2022). Studying fire frequency requires detailed multi-proxy study of all 

levels of a site; this has been undertaken at Roc de Marsal and Pech de l’Aze IV, France (Aldeais 

et al. 2012, Dibble et al. 2017, Goldberg et al. 2012, Sandgathe et al. 2011). These valuable 

papers found that fire was only used in certain levels of each site. Studying the prevalence of 
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fire within a stratum is difficult, as level of fires required to create given amounts of 

archaeological fire proxies are unknown, and differs between different sediments and 

taphonomic processes. However, intra-level comparisons within single sites are valuable; 

despite potential sedimentary and taphonomic differences between levels, these can be 

assumed to be sufficiently similar for useful comparison. 

 

Sandgathe and colleagues conclude that whilst Neanderthals knew how to use fire, they could 

not create it (Ibid). This distinction is important. This inference is based on correlated warm 

climatic periods and increased Neanderthal fire use at this site. Warmer times would have 

more vegetation growing for fuel and more lightning strikes, and thus more exploitable 

wildfires (Ibid). This expedient fire use could explain both Neanderthal fire and their 

evolutionary morphology; Neanderthals used fire when naturally available, curating it into 

anthropogenic contexts and keeping it alive by providing fuel; however this was not frequent or 

reliable enough for regular cooking, which may explain why Neanderthals retain large teeth, 

masticatory powers and gut size, unlike AMH. Alternatively, large teeth could just be a retained 

trait rather than being selected for. To these authors, Neanderthals as a species understood 

and used fire when possible, but their lack of fire-starting technologies proved an 

insurmountable barrier to their incorporating it into regular behavioural repertoires.  

 

However, whilst satisfactorily explaining odd solitary fires in mostly-fireless sites, such as 

Wallertheim (Clark 2015), this explanation is implausible for exceptional sites like Abric 

Romani, Kebara and Shanidar, where hearths are consistently present over long sedimentary 

sequences (Albert et al. 2012). In these instances, Neanderthals may either have carefully kept 

one (natural) fire alight over exceptionally long periods, which seems unlikely given the 

transhumant nature of these people. Alternatively, they must have possessed some fire-

starting techniques. Sorensen and colleagues (2018) have demonstrated how easily striking 

Mousterian bifaces against pyrite creates sparks, and argue that biface use-wear patterns 

support their use for this function. However, whilst use-wear patterns are consistent with this 

interpretation, they could be consistent with other pounding-related functions (e.g. crushing 

plants for food processing). Just because Neanderthals had the potential for certain 

behaviours, does not mean that they did them. Another common modern fire-starting method 

is wood-on-wood cord-based friction (Stahlschmidt et al. 2015). All components of this are 

organic and would not have survived, and direct evidence of this only survives from the Upper 
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Palaeolithic onwards (Ibid). Recent finds of constructed twisted fibre cords at Abri du Maras, 

France (Hardy et al. 2020) suggests that Neanderthals could construct rope and knots, 

potentially for fire-starting. However, once again this is no guarantee that they did so. 

 

The crucial question then is, how prevalent was fire use by Neanderthals, from spatio-temporal 

perspectives? Many sites report fire, particularly clustered in the Iberian Peninsula (Abric 

Romani, El Salt, El Esquilleu etc.) and the Near East (Kebara, Amud). However, sites with 

extensive fire use are better studied; I have noted over 30 papers on Abric Romani’s fires, over 

20 on that of Kebara, 16 on Amud etc. Others with minimal fire use have largely been ignored, 

except for original, often obscure site reports, and sometimes separate reports on fauna or 

lithics but rarely on the fires themselves. Thus sites with abundant fire use and other artefacts 

become even better-documented, with more proxies for fire employed, and those seemingly 

without are ignored. This is an important recording bias. Reports without obvious fire don’t 

necessarily negate its use, just that it was not noted, either due to original infrequent use or 

subsequent taphonomic processes destroying the evidence. To address these problems, I look 

at each criterion used to determine fire use; hearths, and their constituent components of 

rubified sediment, charcoal, ash, burnt lithics and burnt bone.  

 

 

IV.I: Hearths and Rubified Sediment. 

The most ubiquitous sign of man-made fire are hearths, and almost all anthropogenic fire was 

originally contained in such structures; the exceptions being torches and deliberately-fired wild 

landscapes, neither of which Neanderthals were known to do. To define a “hearth” is 

complicated. Its placement is designed to reduce the flame’s exposure to wind or rain. Digging 

even shallow fire-pits negates wind-chill on the flames, allowing higher temperatures to be 

attained whilst using less fuel. These are common in Upper Palaeolithic and subsequent sites. 

Whilst extremely rare among Neanderthals, fire-pits exist at Abric Romani (Vaquero et al. 

2004), Kebara (Albert 2000, Meignen et al. 2007) and La Roca dels Bous (Martinez-Moreno et 

al. 2004). However, Meignen et al. (2007) notes from observing modern Hadza people that 

scooping ashes from long-term hearths form unintentional concave depressions over time. 

Thus these apparent pits may just result from maintenance, rather than active preparation –  

they still demonstrate hearth maintenance and reuse, important factors as mentioned below.  
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Another aspect of “planned hearths” is ringing them with stones; common today, but only 

noted twice for Neanderthals, at Bison Cave, France (Courty 2017) and Grotta Maggiore di San 

Bernardino, Italy (Lopez-Garcia et al. 2017). Both this and pit-digging provide wind shelter; 

however, they also serve an important function, viz. a visible division of “hearth” and “non-

hearth”. These constrain, both physically and conceptually, fire use to within this area, and 

social, manufacturing and waste spaces to be outside it. Generally speaking, Neanderthal sites 

are “unstructured”, without discrete activity areas; there are notable exceptions however. In 

Bruniquel Cave (France) and Grotta Grande di Scario (Italy), Neanderthals used broken 

stalagmites to form boundaries, or as bases for fires (Jaubert et al. 2016, Ronchitelli et al. 

2011). For creating individual or small-group zones, dwellings of mammoth bone were erected 

at Molodova I, Ukraine (Demay et al. 2012) and Chatelperron, France (Lacaille 1947). 

Occasional Neanderthals understood structured space, occasionally extending this to their 

hearths as well. They did not however have flues for removing smoke. Situating fires at cave 

entrances partially mitigated this, but smoke from fires further in would have caused 

decreased vision, respiratory irritation and longer-term cancers. This latter may have minimally 

impacted Neanderthals dying earlier through other causes such as hunting injuries however 

(Berger and Trinkaus 1995, Nakahashi 2017). Smoke build-up may have also affected a fire’s 

ability to burn at full heat/brightness. Consequently, smoke-free fuelwoods would have been 

especially valuable.  

 

Once constructed, burning activities commence, and this can cause rubefaction (reddening) of 

sediments beneath the hearth – see Figure 1 below for rubified sediment at Shanidar Cave, 

Iraq. This change is due to increasing proportions of iron-bearing minerals; goethite changes 

into haematite, and limonite to maghaematite through water loss (Moody 1976, Salomon et al. 

2015, Schindler et al. 1982, pp.528-529). Different sediments have different iron contents, 

affecting degrees of rubefaction expected (Sergant et al. 2006). Different sediments transmit 

heat to varying degrees (Carrancho et al. 2014); heat transfer also strongly depends on soil 

water content (Bachmann et al. 2001) and air-filled porosity (Ochsner et al. 2001, p.1646). 

Carrancho and colleagues (2014) found that 3cm-deep thermocouples did not register above 

120°C, even though the fire mere centimetres above was 700°C; Clemente-Conte (1997) found 

temperatures of only 60-70°C 3-5cm beneath fires. However, Werts and Jahren (2007) found 

much hotter sediment temperatures; 1cm beneath a fire was 700°C, 2cm was 400-500°C, 3cm 

was 300-400°C, and 4cm was 150°C. When examining magnetic effects of heat on sediment, no 

changes were noted 2cm beneath the fire, and few below 1cm (Herries and Fisher 2010).  
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Figure 2.1: Rubified sediment from Shanidar Cave, Iraq. Photograph: Graeme Barker, 
2023.  

 

 

 

 

 

 

 

 

 

Thus rubefaction depends on temperature, which itself depends on hearth construction and 

fuels used. Hot-burning fires might produce more reddened sediment, dependent on substrate 

variables; if AMH fires were hotter, they might create more rubified sediment than 

Neanderthal ones. Another important factor however is duplication, and how many times a 

particular area was fired. Single fires might leave minimal burnt sediment beneath, but 

multiple superimposed fires over time may produce much more. How often then did 

Neanderthals reuse single spots for hearths – and how is this detectable? It would be a cyclical 

argument to assume that rubefaction evidences reusing hearth spots, and to subsequently 

assume that reusing hearth spots causes more rubefaction. More notable are spatial evidences 

of reuse; virtually-overlapping but partially-discrete patches of rubefaction as at Vanguard 

Cave, Gibraltar (Meignen et al. 2007). Temporal evidence of reuse, with multiple layers 

vertically visible in section, are noted in Shanidar (pers. obvs.). Finally, cleaning activities 

evidences hearth reuse; if a spot is reused, ashes from past fires must be removed and dumped 

elsewhere on site to create pseudo-hearths, or ‘ash dumps’, pit features filled with 

homogenous almost-white ash without any charcoal. Ash dumps are found at La Roca dels 

Bous, France (Martinez-Moreno et al. 2004), Kebara, Israel (Meignen et al. 2007) and possibly 

De Nadale Cave, Italy (Livraghi et al. 2019), suggesting that, occasionally, Neanderthals tended 

to and reused hearth areas.  
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Figure 2.2: Shanidar Cave, Section 111.1. The 
upper dark charcoal-rich layers do not represent 
distinct hearth events but rather a palimpsest. 
Palimpsests are living surfaces where individual 
events are blurred, overlapped and slowly buried 
over time rather than representing discrete 
events. Photograph and diagnosis: Graeme 
Barker.  

However, reusing versus making new hearth areas does not evidence modern behaviours, or 

experience with fire technology, as modern human groups do both. Ethnographically, the Pinai 

of New Guinea remake hearths in different areas each time they use a rockshelter, whilst the 

nearby Melpa reuse the same spot each time (Clark 2015). One here does not have a more 

advanced use of fire than the other, or that one or the other is more cognitively modern. These 

two methods make different archaeological features; the Melpa, as with the Kebaran 

Neanderthals, by exclusively burning in one spot, create very strong unmissable fire features in 

limited areas. If another part of the cave is excavated, fire may well be missed. The Pinai, as 

with many other Neanderthal groups, spread their fire around, creating weaker fire signatures 

throughout the cave, detectable in more test pits. Charcoal and micromorphological 

procedures strongly impact whether fire is found, and, naturally, larger samples increase the 

probability of detecting fire. Uniform sampling protocols would enable better inter-site 

comparisons, but these criteria are vague and not yet agreed upon. 

 

 

 

 

 

 

 

 

 

Complete hearths usually have a rubified basal layer, then charcoal, then ash (Meignen et al. 

2007). Other elements like lithics and bones can be found at various layers in this, depending 

on if they were present pre-fire, added during it, or after it was out. In disturbed contexts, all of 

these are scattered randomly throughout the sediment – see Figure 2 above for an example at 

Shanidar. Meignen et al. (2007) takes single charcoal-ash couplets to represent single 

combustion events, but doesn’t mention whether two-hour fires produce different signatures 

to ones burning for weeks or months. But it is to other elements of the hearth, charcoal and 

ash, that we must now turn our attention. 
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IV.II: Charcoal. 

Charcoal is the byproduct of incomplete combustion of woody substances in reducing 

conditions. Pristine charcoal almost perfectly resembles original cells of the fuelwood it came 

from, albeit with varying degrees of shrinkage (Deforce et al. 2013, McGinnes et al. 1971, Sun 

et al. 2022). These perfect specimens can determine which genera were burnt, and in what 

proportions (Chapter Five, p.146-149). Degraded charcoal forms amorphous, molten balls, 

unrecognisable through vitrification (Marguerie and Hunot 2007, McParland et al. 2010). 

Charcoal is 60-90% high-condensed, aromatic carbon (Eckmeier et al. 2007a,b); incompletely 

pyrolyzed charcoal also contains cellulose, hemicellulose and lignin (Braadbaart and Poole 

2008). It is one of the most easily recognised by-products of fire use, and has been found in 

over 120 Neanderthal sites (see Chapter Three). Unlike burnt sediment, it is often found 

outside hearths, or where they have been destroyed. Charcoal is a well-known pyrolysis by-

product; its genera-specific cell features makes it invaluable in palaeoenvironmental 

reconstruction. It is often sought out, and is commonly reported when present. 

 

Not only anthropogenic hearths create charcoal; wildfires also create great quantities of very 

transportable charcoal. During fires, smoke instantly carries away 2% of the charcoal (Wu et al. 

2019); larger particles travel hundred of metres to a few kilometres (Ohlson and Tryterud 2000, 

Tinner et al. 2006) – microscopic ones travel hundreds of kilometres (Tinner et al. 1998). Whilst 

it is unlikely that macroscopic charcoals used to determine the fuelwoods burnt, and 

surrounding environment, are from outside the site, natural events could contribute 

microscopic charcoal creating “charcoal-rich layers”. This problem is compounded in open-air 

Neanderthal sites where aeolian catchment areas are much larger. Neanderthal cave and 

rockshelter sites have narrower entrances than open-air sites; those in karstic areas may have 

fewer trees (Daujeard et al. 2016, Zhao et al. 2020), and be likely to suffer on this account. 

Charcoal can be fluvially transported for days or weeks before sinking (Scott 2010). Certain 

Middle Palaeolithic riverine sites, most notably Nahal Manahayeem Outlet, exhibit fluvial 

sorting and redeposition, potentially including fluvially-deposited charcoal. Cave and 

rockshelter sites are above river valleys, and the water that they receive is often from above 

the treeline, but they do suffer from water movement from within the karstic system. Finally, 

charcoal is moved and redeposited through bioturbation (trampling, burrowing) or under 

erosion; on <1% slopes, 7-55% of charcoal from recent fires erodes by rainfall alone (Rumpel et 

al. 2009). Again, this is more likely to occur outside than inside caves. 
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However, these processes, whilst also introducing charcoal to sites, may also remove it. Open-

air sites are theoretically much more prone to taphonomic processes removing fire evidence 

than caves. For charcoal in particular, several degradation processes occur. Whilst fracturing 

and splitting are problematic for genera identification (fragments <2mm are usually 

unidentifiable), this does not reduce the charcoal mass, only making it smaller and more prone 

to subsequent transport. Other processes actively destroy charcoal, breaking it down into 

molecular components; these processes include fungal attack (Allue et al. 2009), microbial 

decomposition (Eckmeier et al. 2007a), uptake of carbon by plants, oxidation over time 

(Cohen-Ofri et al. 2006) and environmental pH (acidic environments preserve charcoal better – 

Braadbaart et al. 2009). Whilst some of these factors depend on soil texture, taphonomy and 

conditions, many depend on living organisms (fungal, microbial or floral) in the soil. Cave sites 

are again more likely to be sterile, and their charcoal more likely to survive as fire evidence. 

Poorly-preserved charcoal and other burnt materials are confusable with manganese (Lopez-

Gonzalez et al. 2006). This is particularly important in early fire-using sites, where the overall 

presence of fire may be confused if “charcoal” is actually minerals. 

 

Finally, many Middle Palaeolithic sites also contain Upper Palaeolithic (AMH) layers, and some 

have transitional layers (Chatelperronian, Uluzzian etc.), which may contained Neanderthal or 

AMH material, or both. If AMH used fire and Neanderthals didn’t, or did so only occasionally, 

Middle Palaeolithic layers may be charcoal-free whilst Upper Palaeolithic layers are charcoal-

rich. However, vertical charcoal movement through water percolation, burrowing animals or 

other bioturbation confuses this. Worms and growing root systems move charcoal by up to 

5mm a year (Bal et al. 2010, Stuart and Walker 2017, Wood and Johnson 1978). Sediment 

textures affect this, as lighter soils promote faster movement (Foereid et al. 2011). Thus 

‘Middle Palaeolithic’ charcoal may originate from Upper Palaeolithic contexts. This issue is once 

again more likely to affect open-air Neanderthal sites than caves, as dark caves limit plant 

growth, and low organic contents of cave sediments deter worms and other burrowing 

animals. This does have exceptions though; Shanidar Cave sediments were notably disturbed 

by burrowing bees or jirds (Hunt et al. 2023, Sommer 1999). 
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IV.III: Ash. 

Ash is the other primary combustion by-product of woody substances; a greyish-white 

powdery alkali, composed chiefly of needle-shaped nanostructured calcium- and potassium-

oxides (Kabukcu 2015). Due to its homogeneity, the genus that created it cannot be identified, 

except for Pinus (Mentzer, pers. comms.). Phytoliths (small silicate bodies) can also be found in 

ashes. Whereas charcoal represents incomplete combustion in reducing conditions, ash forms 

in more complete, oxidising conditions, although certain wood genera produce more ash than 

others (Glaser et al. 2002). Thus, charcoal and ash frequently anticorrelate; in deoxygenated 

fires, more charcoal is created at the expense of ash, and with abundant oxygen, ash is created 

and little charcoal. In practice however, hearths’ interiors will almost always be reducing 

environments and produce charcoal, whilst exteriors are open to oxygen and produce ash. This 

explains the layering effects of charcoal and ash on many sites. Charcoal-producing 

experiments frequently replicate reducing atmospheres by covering wood in sand or otherwise 

limiting the oxygen; however open-fire experiments create less charcoal and more ash 

(Umbanhowar and McGrath 1998). Whereas ash creates paler stratigraphies when present, its 

ephemeral nature means that it is underreported, except where publications directly discuss 

fire use.  

 

Ash, being very diffuse, is prone to fluvial transport away from fire features, dissolving in water 

as in Amalda I Cave (Sanchez-Romero et al. 2020) and Grotta dei Santi (Spagnolo et al. 2020b). 

It is also less obvious than charcoal, unless concentrated, and rarely forms discrete easily-

recognisable lumps. However occasionally, light water input from speleothems onto fire 

features causes concretion effects, cementing ash into hard lumps in-situ, preventing further 

loss. This has occurred in Amud Cave (Alperson-Afil and Hovers 2005) and Shanidar Cave (pers. 

obvs.). In one instance, at Qafzeh Cave, ashes cemented themselves in and around lumps of 

burnt ochre (Hovers et al. 2003). Ash can also be preserved in discrete dumping areas resulting 

from hearth maintenance activities; these are preserved at La Roca dels Bous, Kebara and De 

Nadale Cave (see Chapter Three). 
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Figure 2.3: In-situ ash layers in Shanidar Cave, Section 14.1. Photograph: Graeme 
Barker. 

 

 

 

 

 

 

 

However, ash is alkaline and charcoal is acidic. In situ, these components can react with each 

other, destroying both (Huisman et al. 2012). Soil pH affects preservation of both components, 

and again anticorrelates, as if acidic, charcoal is preserved, whereas ash is preserved in alkaline 

environments. Substrate consistencies also matter, as porous sands and gravels facilitate water 

percolation, dissolving the ash, whilst clay excludes water (Mentzer 2011). Open-air sites may 

preserve less ash than cave sites, due to a greater potential for sediment transport. However, 

whilst charcoal is recognisable in small quantities diffused throughout sediments, and may be 

brought into sites from wildfires, ash must remain in significant quantities to be noticed; this 

increases the chance that sedimentary ash layers formed in-situ from anthropogenic activities. 

See Figure 3 above for an example in Shanidar Cave. The important caveat is volcanic activity, 

which produces sufficient ash to mimic burnt layers; as at Crvena Stijena (Bakovic et al. 2009) 

and Oscuruscuito Rockshelter (Spagnolo et al. 2016). However, this occurs only infrequently.  

 

Rubefied sediment, charcoal and ash are three integral, primary aspects of a hearth. Whilst 

rubified sediment is almost exclusively found in-situ, charcoal and ash are frequently 

distributed in sediments, creating ‘burnt layers’ testifying to Neanderthals fire use but without 

disclosing the number or nature of the hearths. Whilst hearths can occur without rubified 

sediments, all fires, at least initially, produced either charcoal or ash or both, although these 

may subsequently have been lost. In some situations however, other objects are burned by the 

fire’s heat, and their groupings indicate hearths even where other evidences have been lost. I 

refer here to burnt bones and burnt lithics. 
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IV.IV: Heat-Altered Lithics and Stones. 

Lithic debitage scatters from knapping activities are an important part of prehistoric sites. 

Lithics have great heating potential, either in hearths (deliberately or accidentally left there), or 

in underlying substrates, altered as sediments conduct heat to them. These can of course be 

unworked pieces, tools or flake by-products of tool manufacture. However, except where ring-

hearths survive, heated unworked stones are ignored in publications, as they focus on 

taphonomies of worked stone. This more closely ties modifications to anthropogenic causes; 

burnt tools are more likely to have been deliberately heat-treated during manufacture, or 

discarded in anthropogenic contexts and burnt by anthropogenic fires, rather than having been 

burnt in wildfires.  

 

However, “natural” stones should still be noted as evidence of fire use, if not of intentional 

heat-modification. Unworked stones are less likely to have been moved by Neanderthals, not 

heated at one location and deposited at another unlike finished tools. Furthermore, if worked 

stone originally came from naturally burnt rock outcrops, deliberately selected as more easily 

minable than unburned ones, then the fire may not have been anthropogenic at all. Looking at 

burnt unworked (and low-quality, unworkable) stone helps with this issue.  

 

An important and common, though not consistent, heating signature is a rubefaction 

(reddening) of outer surfaces of lithics (Delagnes et al. 2016, Frick et al. 2012), under the same 

principles as that of sediment rubefaction mentioned above. Organic materials carbonising 

(e.g. lipids) cause surface darkening (Rottlander 1989). Without haematite present, surfaces 

whiten or turn grey/black when heated (Bentsen and Wurz 2019, Nadel 1989). Both 

rubefaction (Delage and Sunseri 2004, Driscoll and Menuge 2011) and surface 

whitening/greying/darkening (Ahler 1983, Clemente-Conte 1997, Kiers 2018) are standard 

traditional ways of noting lithic heating. Rubefaction generally occurs at lower temperatures; 

200-400°C for cherts (Edwards and Edwards 1990, Zhou et al. 2013), with whitening occurring 

at 300-600°C (Schmidt 2014) and darkening at 250-425°C for chert (Ahler 1983), and 300-800°C 

for caliche (Lintz 1989). However, reddening is inconsistent, and dependent on goethite 

patches. Heated quartz generally whitens with pink patches (Driscoll and Menuge 2011). Given 

rubefaction depends on iron-bearing content in the rocks, those with under 1100 iron parts per 

million don’t redden, but whiten or darken (Purdy and Brooks 1971). These colour changes are 
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also weak and prone to fading over many millennia (Canti and Linford 2000), only affecting 

outer surfaces, and are lost if the rock is subsequently knapped and reduced (Patterson 1995). 

All these issues however concern loss of evidence and do not affect validities of colour changes 

when detected. However, these colours are by no means standardised, and crucially can 

remain within natural unheated ranges of that lithic type (Lavin 1983, Rowney and White 

1997). This causes confusion as to whether reddish lithics were heated, or from naturally 

rubified sources, leading to false assumptions (Melcher and Zimmerman 1977, p.1361, Sunseri 

and Delage 2016). It is crucial to have natural geological reference samples of all lithic sources. 

 

Another diagnostic of past heating is lustre, a waxy/greasy surface on flake scars and exposed 

surfaces. This reliably indicates past heating (Collins and Fenwick 1974, p.137, Monik et al. 

2019). Lustre was once thought to be due to crystalline pores being filled with gas rather than 

liquid, giving it higher reflection coefficients – however this is now thought to be due to 

heating changing flint’s fracture patterns. It becomes more glass-like with smoother fracture 

planes reflecting more light, and defining any surficial crystal facets more smoothly (Fiers et al. 

2021, Schindler et al. 1982, Schmidt et al. 2019). In addition, heating increases the quantity of 

anatase (TiO2) in chert, which has a high refractive index (Delagnes et al. 2016). This happens at 

various temperatures, with changes noted from 150°C to 550°C (Flenniken and Garrison 1975, 

Joyce 1985). Again, heating does not always cause lustre (Collins 1973, Domanski and Webb 

2007, Frick et al. 2012), and taphonomic or anthropogenic factors including bioturbation, 

weathering or further lithic reduction can remove it (Price et al. 1982, Rick and Chappell 1983). 

Furthermore, degrees of lustre vary depending on anatase concentrations (Bass 2009). These 

are all loss/absence issues, but repeated microwear polish, patination or weathering may also 

cause lustre (Hess and Riede 2022, Melcher and Zimmerman 1977). Furthermore, lustre is only 

present on post-annealment scars (Mandeville 1973, Monik et al. 2019, Moody 1976, Schmidt 

et al. 2017), where upper faces of flint remain matte and lower ones have lustre (Delage and 

Sunseri 2004). Flints buried beneath Neanderthal fires and not subsequently reduced would 

not show lustre; the lithics would have to be split to reveal it, destroying them.  

 

Electron Spin Resonance (ESR) can also detect heated lithics. Heating causes trace elements 

(manganese and organic elements) to move into new energetic levels (Robins et al. 1981). 

Signal intensities change as the number of E’ centres (paramagnetic defects in quartz with an 

electron at an oxygen vacancy) increase at 300°C, where oxygen vacancies with two electrons 
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are converted into new E’ centres (Toyoda et al. 1993). This is noticeable, as the standard 

narrow readily-saturated line at g=2.0017 is lost at 400°C, and a new line emerges at g=2.0035 

(Robins et al. 1981). Whilst ESR is non-destructive, it misses low-level heating below 300°C 

(Dunnel et al. 1994); however this is an ‘absence’ rather than a false-positive issue, and thus 

would be suitable for addressing this question. 

 

Another compelling piece of evidence is tempering residue on lithics; black organic wood tar 

produced by dry distillation of plant matter in fires, indicating direct contact with embers 

(Delagnes et al. 2016). Plant exudations vaporize, and condense on lithic surfaces. This gas 

cannot penetrate sediments, so only forms on surface stones (Schmidt et al. 2017), limiting this 

substance in Neanderthal records as many heated stones would be underground. This 

substance also only forms under certain circumstances (e.g. deadwood is insufficiently moist 

for this procedure – Ibid). Tempering residue can superficially be confused with other hafting 

tars (e.g. those on Neanderthal tools at Umm el Tlel – Boeda et al. 2008a). In the latter 

instance, the stones themselves were not necessarily heated. 

 

The most common and easily-noted feature of heated lithics is structural damage, either 

internal damage (fissures, fractures etc.), or surface damage (potlidding/thermal bubbles, 

scaling, crazing). Such unintentional over-heating damage is often neglected by authors on 

intentional heat-treatment. Skilled heat-treaters heat stones to precise temperatures, giving 

desired structural changes without thermal damage. However, this thermal damage often 

provides usefully unequivocal evidence of uncontrolled firing, such as from Neanderthal fires.  

 

These changes are partially caused by the same mechanisms making heated lithics desirable. 

These are mostly outlined in Chapter Four, but include hydrolytic weakening of single quartz 

crystals (Blacic and Christie 1984, Roque-Rosell et al. 2011) and easier fracturing due to water 

loss (Thiel 1972, Schmidt 2014). In addition, at higher temperatures water vapour escaping 

from pores, or created in reactions within rocks themselves, is trapped and cause fractures. 

Consequently, wetter and larger stones fracture more easily, as more water vapour has longer 

distances to escape from (Schmidt et al. 2012, Schmidt 2014). In addition, at 500-600°C, 

various minerals (including dolomite, anterite, siderite, magnetite, pyrrhite, pyrite, illite and 
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kaolinite) decompose, volatise, oxidise or melt, increasing the size of the rock’s inhomogenous 

defects (Sun et al. 2016). Heat-damage can be categorised into several discrete categories: 

- Longitudinal fractures: splits through the longitudinal axis (Bustos-Perez and Preysler 

2016). 

- Marginal fractures: splits present in only one lateral margin (Ibid). 

- Internal cracking: varying shapes, sizes and deepnesses, but all with distinguishable 

reticular shapes (Ibid). 

- Scales: varied curvilinear macroscopic alterations; if scales further develop, they 

become thermal bubbles (Ibid). 

- Thermal bubbles, or “pot lids”: negatives of small flake detachments resulting from 

extreme scaling (Richter et al. 2011, Patterson 1995). These round-to-oval spalling 

patterns show a central point of departure (bulb), 1-60mm wide (Ibid), leaving smooth 

or rough thermally-glossed negatives (Bustos-Perez and Preysler 2016, Clemente Conte 

1997).  

- Fissures: microscopic surface fractures, either thin and shallow or wide and deep. They 

may be isolated; if they appear in groups, they become crazing.  

- Crazing: net-like structures of “irregular hairline surface cracks” (Patterson 1995) on 

exposed surfaces. Crazing represents early mechanical failure (Frick et al. 2012).  

 

These changes can be distinguished from mechanical forces by a lack of compressive force 

rings, or other diagnostic knapping features (Crabtree 1972, p.84), although it is difficult to 

distinguish longitudinal and marginal fractures from mechanical effects (Abdolahzadek et al. 

2023, Patterson 1995). Many alterations are only surface-deep however, and can likewise be 

lost through further reduction (although this is not an issue with stones heated in sediments 

beneath hearths). Heat-fracturing is not as subject as some heat-effects to loss through 

patination and bioturbation. Temperatures vary between rock types, but generally chert starts 

to break from 100-550°C (Ahler 1983, Cooper 2002, Domanski and Webb 1992, Mraz 2019), 

chalcedony from 400-600°C (Ibid), jasper at c.530°C (Dillian 2017, Schindler et al. 1982 p.528), 

silcrete at 700-900°C (Mercierca and Hiscock 2008) and granite at 900°C+ (Simmons and 

Cooper 1978, Wang and Konietzky 2020). However, damage occurs at c.300/350°C for chert, 

depending on heating and cooling temperatures. Fast-heated cherts (350°C/h) shatter at 100°C, 

but not until 300°C if heated at 50°C/h (Domanski and Webb 1992) and some can withstand 

slow heating and cooling up to 600°C with minimal heat damage (Domanski et al. 1994). There 

is no formula for which damage type occurs at which temperature. Generally, with increasing 
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temperature, scaling becomes potlidding, and fissures become crazing and eventually 

fracturing. This varies by unquantifiable amounts due to varying water contents, even within 

particular rock types, and likewise varies between outer cortices and the inside. 

 

Heat-damaged lithics have been used as a proxy for controlled fire at Gesher Benot Ya’aqov, 

Israel, at 790ka BP (Goren-Inbar et al. 2004). In my opinion, heat damage, especially when 

combined with other methods, is an easy, visual, non-destructive identification method that 

whilst missing some heated items, does not give false positives. It must be noted that 

weathering and frost cause similar effects (Goksu and Wieser 1989, Lautidrou et al. 1986, 

Michel et al. 2019), but these are generally restricted to general fracturing rather than surface 

effects. However, like some other methods, it is still very subjective, depending on individual 

bias and researcher experience. Heat-damaged rocks are a frequent proxy for heating water for 

boiling food; the general lack of publications on heat-damaged unworked Middle Palaeolithic 

stones suggests that Neanderthals did not undertake this technology, although conversely, this 

assumption means that researchers have not looked out for burnt rocks in this context.  

 

No one method detects fire 100% accurately (Olausson and Larson 1982, p.277); most are used 

only alongside other affirming methods (Purdy and Brooks 1971, Patterson 1984, Monik et al. 

2017, 2021). Experiments, albeit on experimentally-heated chalcedony rather than chert, 

showed that only 45% of the pieces visually alter with heating (Joyce 1985). Although some 

results give false positives, a vast majority underrepresent the incidence of heating. These 

methods show the minimum number of lithics heated from the minimum number of fires. 

 

When looking directly at the effects of distance from the fire on heat damage, cherts by the 

edges of fires will only be affected on those sides closest to heat, those 5cm beneath fires may 

show fracturing and localised crazing, those 15cm beneath sometimes lightly fracture, and 

those 20cm beneath are unaltered (Lawrence and Mudd 2015). More conservative estimates 

found no heat-damage on any buried pieces (Ortiz Nieto-Marquez and Baena Preysler 2015). 

These extremely valuable experiments demonstrate that 15cm is really the maximum distance 

to which any heat damage is observed, and that lithics must realistically be within burning fires 

to experience the full effects. Although temperatures beneath fires may cause rubefaction, or 

lustre, heat-damage depends on sudden temperature fluctuations, only occuring in or very 
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shallowly beneath hearths. This may however cause potentially confusing issues if overlying 

Upper Palaeolithic fires burn lithics buried in underlying Middle Palaeolithic contexts. Careful 

stratigraphic recording, and noting the presence of “modern human” fires above burnt lithics in 

older contexts can address this issue.  

 

This section shed lights on why so few traces of Neanderthal fire can be found from this 

method, and how they under-represent the whole. The methods giving false positives of fire 

are completely outweighed by instances of fire not imprinting onto lithics. Rubefaction and 

other colour changes are generally unreliable, although white calcination at higher 

temperatures (c.800°C) is more reliable. Lustre, whilst reliable, is only present in lithics 

subsequently knapped after exposure to fire. If Neanderthals were not deliberately heat-

treating, there would be few cases of them expediently knapped burned stones gathered from 

hearths (Gould 1976, Lovick 1983). Thus superficially-examined lithics, without destructive 

modern sectioning, will not show lustre. Heat damage is the best diagnostic for uncontrolled 

heating, but is extremely buffered by sediment. Burnt lithics are frequently mentioned in 

reference to thermoluminescence (TL) dating, but rarely as fire-proxies or as evidence for 

deliberately heat-treated lithics (for exceptions, see Copeland 1998, Duttine et al. 2005). 

 

 

IV.V: Burnt Bone. 

Bones are the last set of objects which can be burnt in fires, and survive to act as a proxy. This 

happens in four main ways; burned in sediment beneath hearths, burned through cooking 

meat on them, burned in hearths as waste; and burned in hearths as fuel. The first category 

may of course include unburned bones that were buried, and then burnt in the sediment down 

to c.15cm. Calcination (whiteness) only occurs in bones in the flames, whereas buried bone 

may be carbonized (de Becdelievre et al. 2015, Stiner et al. 1995, p.231). Combustion of 

fleshed bone (cooking) differs from that of defleshed bone. Below 300°C, overlying fat slows 

down burning, whilst over 800°C it increases it (Bohnert et al. 1998). Fat and flesh provide 

additional fuel around the bone, potentially heating it to higher temperatures; however, in 

intentional cooking, meat should not be burned, as that reduces its calorific value. Instead, 

meat often shields the bone, and encased bone reaches only half the temperature of surface 

meat (Koon 2006, Koon et al. 2003). Neanderthals had population-level “cooking genes” (see 
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p.122 and Carmody et al. 2016 for details); with meat-heavy diets, cooked bones may originally 

have been common. Cooked bone can be determined through differential burning, whereby 

bone ephiphyses, less meat-covered, burn more than diaphyses. In addition, bone cyanamide 

forms due to heating alongside ammonia (Habelitz et al. 2001). This ammonia comes from 

nearby graphitic fuels (coal), or organic-rich fuels (dung), or more likely from organic material 

on the bone itself, suggesting that meat was heated on the bone (Snoeck et al. 2014). 

 

Burnt bones are most obviously coloured; black (carbonized) at c.200-400°C or white (calcined) 

at 600°C+ (Bennett 1999). However, depending on proximity to the fire, or any sediment 

buffering, these changes can be patchy (Perez et al. 2017). As with forming charcoal or ash, 

oxygen availability also influences colouration; oxidisation causes white calcination, but 

reduction cause blue-grey colours (Squires et al. 2011). This could determine which bones were 

heated in sub-hearth sediments (reducing environments), and which were on the fire itself – 

however, reducing environments also occur within active fires (Albini 1993). Confusing bone 

colourations can be caused by surrounding environments, even without fire. Copper or iron 

leaching creates greens and reds; haemoglobin and manganese dioxide causes browns and 

blacks respectively, which can be more easily confused with burning (Nicholson 1993, Shipman 

et al. 1984). Colouration should be combined with other fire signatures to infer fire use. 

However, this introduces a paradox in that if other fire evidence is present, bones are denoted 

“burnt” and fire proxies are strengthened, whereas if other fire is rare, this potential evidence 

is dismissed. However in most instances colour is not the primary property of burnt bone.  

 

Burnt bone, as with burnt lithics, may be transferred from fire-using sites to fireless ones, 

creating false fire signatures at the second site. However this does not negate fire evidence at 

the first site, as other proxies may survive. If meat was not traded between Neanderthal 

groups, then it still evidences one group’s fire, if not a site’s fire. Inter-site transfer is less 

probable if use/absence of fire were seasonally determined. Unlike lithics, which are used for 

many years, cooked meat only lasts days or weeks; thus probably only surviving one site 

transfer. If a Neanderthal used fire in all winter sites, but at no summer ones, then only one 

such transfer out of perhaps two each year (assuming seasonal camp movement – Sanchez-

Hernandez et al. 2014) would be from fire-using to fireless sites to cause such interpretative 

problems. Furthermore, although bones are light, they introduce unnecessary weight for 

travel. Although eating off bones would have been common within camps, for inter-site 
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transfer of resources, Neanderthals most likely filleted and packaged meat to save both space 

and weight, leaving bones behind at the site where they were burnt. The caveat to this is 

worked bone tools (although not used by many Neanderthals until the Chatelperronian – 

d’Errico et al. 2003), which could be carried for many years. However, a) the burnt bone 

studied refers to unworked burnt bone, and b) Neanderthals would not have deliberately burnt 

bones for toolmaking, or chosen pre-burnt bone to make tool out of, as burning does not 

improve its properties, rather weakening and fracturing it.  

 

As well as colour change, heating also changes a bone’s Crystallinity Index (CI). Larger, uniform 

apatite crystals are formed following Ostwald ripening processes, whereby inter-crystal bonds 

are destroyed and the space reduced between them (McKinley 2000). Structural carbonate and 

CO3 radicals are lost in carbonate hydroxlapatite while phosphate is introduced and 

homogeneous B-tricalciumphosphate is formed (Ibid, Munro et al. 2007, Person et al. 1996). 

Bone collagen melts at 215°C, facilitating this process. However, collagen can be damaged by 

burial environments as well as by fire (Koon 2006). This increased crystal size can be measured 

by X-ray diffraction (Piga et al. 2009) or Fourier Transform Infrared Spectroscopy (FTIR - Lozano 

et al. 2002), and can be detected by narrower and sharper peak profiles (Pijoan et al. 2007). 

Crucially for Palaeolithic sites however, bone crystallinity naturally increases over time, so both 

unburnt and burnt bone have similar crystallinity values after 10,000 years (Stiner et al. 1995). 

This proxy is therefore unsuitable for measuring burning on Middle Palaeolithic bone. The only 

use for it might be where uniform X-ray diffraction or FTIR is carried out on many bones in sites 

of similar age and burial condition – any differences in crystallinity may indicate burning on 

some and not on others. Comparison with modern reference sets however would be useless.  

 

Increased crystallinity often causes bone fragmentation during heating. Cracking occurs due to 

steam pressure unable to escape – in broken bones it escapes through the ends, but splits 

whole ones (Costamagno et al. 2005). However, unlike fragmentation of heated lithics, which is 

distinct from human knapping practices, bone fragmentation from heating resembles bones 

smashed to access marrow, or post-burial taphonomic fragmentation (Johnston 1989, Karr 

2012). It is easy to tell whether bones were fractured when fresh or dry (Green and Schultz 

2017, Oliver 1993), but this indicates little about modes of fragmentation; fresh bone can be 

burnt either from cooking or as fuel, and dry bone can be burnt either as waste disposal or in 

sediment beneath fires. Whether broken by fire action or not, 98% of all bone fragments on 
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prehistoric sites are <2cm (Yravedra et al. 2016), and deciphering how they were broken from 

this jigsaw is tricky. However, in bones broken by humans or natural percussion movement, 

cracks originate from arbitrary points of force where the bone was struck, running along the 

long axis of the bone; and compression fractures form along the same axis as the direction of 

force. In fire, fractures originate from innate weaknesses in bone structures such as surface 

pores (McKinnon et al. 2021, Ortner and Putschar 1981). However, at least partially-complete 

bones are required to reconstruct fracture patterns, which is often impossible. Fire-cracking 

causes rapid propagation characteristics similar to hammering, and different from 

trampling/crushing, due to heated bones’ reduced energy-absorbing capabilities (Herrmann 

and Bennett 1999). However, Neanderthals certainly extracted bone marrow by hammering, 

possibly heating bone to facilitate this. It is impossible to differentiate modes of fragmentation 

from crack propagation speeds; this would only be useful when detecting non-anthropogenic 

fire (e.g. volcanic eruptions). Low-level burning causes cracking and peeling of cortical surfaces 

(Chang 2023, Nicholson 1993), although taphonomic processes also cause this.  

 

I have briefly mentioned breaking and irreversible denaturation of collagen molecules through 

heating; this can be examined in absentia of changes to crystallinity. Differential Scanning 

Calorimetry (DSC) can distinguish denatured from ordinary collagen in only 30 minutes, as 

degraded molecules have wider DSC peaks (Koon 2006). Transmission Electron Microscopy 

(TEM) can visually study molecules, differentiating unaltered (with equal diameters), partially 

denatured (beaded, localised melted areas, bulbous melted “dumbbells” on both fibril ends) 

and fully denatured (amorphous samples without banding) (Koon et al. 2010, Richter 1986). 

Other chemical changes from heating include converting glycine to glutamic acid (Taylor et al. 

1995, Weiss et al. 2018), carbon: nitrogen ratios (increased C and decreased N content at 200-

450°C – Reidsma et al. 2016) and oxygen isotope ratios (δ18Op values decrease by up to 7%o 

above 300°C due to oxygen exchange between bone bioapatite and water vapour by 

atmospheric exposure of the former – Munro et al. 2007). However, diagenesis influences all of 

these over time. Similar to issues with crystallinity, these methods should not use modern 

reference samples, but can instead detect intra-sample differences, to determine if spatial 

clusters of non-visually altered bone could represent hearths.  
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A final consideration is variable burning within an assemblage due to the nature of the bones 

themselves. Different animal bones burn differently; those of smaller animals fracture less, 

either from heat or taphonomy (Steffen and Mackie 2005), and the same issue applies to 

different bones within single carcasses. Fish bones are consistently darker than mammal/bird 

bones at the same temperature (Nicholson 1995). Within a species, older individuals have 

more cross-links in bones, preventing heat-related swelling and fracturing along fibrils (Koon 

2006). Many bone heating studies focus on human bone from archaeological cremation or 

modern forensic studies. This differs from animal and Neanderthal bone, as robust 

Neanderthal bones may have withstood heating better than modern human ones. 

Archaeological reports of burnt bone in Neanderthal contexts are common, as fire proxies and 

evidence of cooking. However, in all papers I researched, the authors used visual criteria to 

determine their state. Whilst some of these may have been erroneous, attributing natural 

causes to anthropogenic burning, I believe that if more archaeological bones were more closely 

studied using a combination of other criteria, this would expand the number of Middle 

Palaeolithic sites containing burnt bone, as well as more conclusively demonstrating the nature 

of the evidence already seen.  

 

 

V: Conclusion. 

From this chapter, we can see that Neanderthals most certainly used fire, and the question for 

this species is not the presence/absence question for earlier hominin fire use, but rather a 

comparison with our own species, in terms of frequency of fire use, its complexity, and 

whether these fires were started at will. I have examined five proxies; charcoal, ash, burnt 

sediment, burnt lithics and burnt bone. The overall picture is that these proxies often miss fire 

use; many fired objects cannot be visually inspected for fire, and transformations can be only 

picked up through further modern scientific techniques. Secondly, these proxies also tend to 

decline through time, sometimes through physical destruction of the objects, sometimes with 

the aspect that fire changed (e.g. burnt bone crystallinity) declining through time and tending 

towards values of unburnt objects. 

 

As a result, whereas a proxy definitely shows proof of fire at a particular location (excepting 

rare cases of misidentifying magnesium oxide staining), the absence of a particular proxy does 
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not prove the lack of fire in the first place. Sometimes, of course, that proxy never existed even 

though the fire did; lithics and bones are not always introduced to anthropogenic fires, so 

naturally-burnt lithics and burnt bone are not to be expected in all fire-using sites. But it 

demonstrates that proxies should generally be used in combination. Whilst by no means 

foolproof (due to different taphonomic conditions between sites), more different proxies at a 

site, indicates that more fire was originally present. A single fire leaves few traces (barring 

exceptional preservation circumstances), whereas many will leave notable palimpsests; bones 

and lithics are more likely to be burned by multiple fires, charcoal and ash layers will be thicker, 

and rubified sediments will be darker, and both more noticeable after repeated re-burnings. 

Using these proxies, the next chapter addresses the presence or absence of fire in over 230 

Neanderthal sites across Europe and the Near East. 
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Chapter Three: Neanderthal Fire Frequency. 

 

Neanderthals were among the earliest fire users, although fire may not have become an 

evolutionarily-obligate technology until the Upper Palaeolithic or later. I have discussed fire 

proxies, their various prevalences and taphonomic resistances. Charcoal is resilient and 

frequently recognised, whilst ash and burnt sediment form more ephemeral layers. The 

presence of discrete hearth features strongly depends on taphonomic preservation, and 

whether the hearth was exposed, or sheltered in pits or hollows. Finally, whereas burnt bone 

and lithics occur frequently, non-visual evidences of burning here require seldom-available and 

invasive scientific procedures. Based on these proxies, this chapter addresses a key primary 

thesis question, What evidence is there that H. neanderthalensis used fire commonly as a 

species? I provide an original comparison of published data from 237 Neanderthal and 

Transitional sites, concluding that controlled fire, in some form, is present in most Neanderthal 

sites. The conclusions (e.g. Dibble et al. 2018) that Neanderthals did not generally use fire are 

not supported. Apparent differences between Neanderthal cave and open-air sites are 

discussed, and could either be attributable to differential taphonomic processes between the 

two site types, or differential fire use, with fire being much more common in caves. From this, I 

conclude that pyrotechnic technology was sufficiently important across many Neanderthal 

sites for it to be likely to elucidate novel Neanderthal lifeways that we previously have not 

studied, and, furthermore, that caves are the sites we are most likely to find it in. 

 

I use five sub-proxies of hearths to indicate fire’s existence; charcoal, ash, burnt, sediment, 

burnt bone and burnt lithics. Hearth survival varies too strongly to be a reliable indicator; 

hearths instead evidence definite intentionality. Whilst discrete hearths are undeniably of 

anthropogenic origin, scattered remains could be from natural wildfire or volcanic events. Each 

proxy is only considered on a presence-absence basis on each site, throughout all layers. This is 

for two reasons: firstly, quantifying relative prevalences of fire per layer is often impossible, 

even in well-documented sites, due to unknown archaeological losses. Different sites cannot be 

compared for relative prevalence due to different eras and excavation techniques. Within a 

single site, each layer has different taphonomic histories, with non-comparable survival 

conditions. Secondly, many brief/older publications do not tie combustion features to 

particular strata, although noting their association with particular technocomplexes, 
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preventing proper layer-by-layer comparisons. My methodology’s disadvantage is that it does 

not take quantity into account (see Sandgathe 2017 for further critiques of this approach).  

 

Abric Romani, with multiple overlapping hearths, and Jarama VI with only one hearth, will 

score identically. However, other fire proxies, which become ever more noticeable with more 

hearths present, may give sites such as Abric Romani higher scores. This is also key to my 

analysis, as I assume that higher numbers of proxies, and thus higher scores, represents more 

frequent fire use in that site. Scores are calculated by adding the number of proxies together. 

More original fire might leave more evidence today, and higher chances of perfect scores (5/5). 

This however depends on taphonomy and investigative scales for each site; well-studied sites 

with few hearths might provide all proxies, and badly-preserved sites with many original fires 

may have lost all charcoal and ash. However, given the impossibility of correcting for 

differential taphonomic effects, it is nevertheless valuable to collate statistical information on 

fire proxies from the archaeological record. 

 

I: Methodology. 

Through a literature evaluation of published sites (conducted in 2021), I evaluate 237 

Mousterian Neanderthal sites; 169 caves, and 59 open-air sites. ‘Mousterian’ refers to sites 

containing Mousterian, or Mode 3, lithic tools manufactured by H. neanderthalensis. I 

additionally include 9 Transitional cave sites (Late Neanderthal sites containing non-Mousterian 

technocomplexes), to see if any differences occur between Mousterian and Transitional 

Neanderthal groups, and if contemporary H. sapiens influenced the latter at all. Each site is 

scored out of five (each fire proxy except hearths, which as aforementioned is not a distinct 

proxy, but composed of several others in ‘hearth’ units). This dataset is unique; regrettably, a 

comparable one does not currently exist for modern humans, especially in the Upper 

Palaeolithic. Murphree and Aldeais (2022) and Scott and Hosfield (2021), for the Upper and 

Lower Palaeolithic respectively, provide the closest comparisons, which only focus on fire-using 

sites and exclude fireless ones. Murphree and Aldeais in particular note that out of 164 fire-

using sites, 68% (111) had little detailed information on fire. This would make further 

categorisations of their works into my five fire proxy criteria difficult although valuable, but this 

is beyond the scope of this thesis.  
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I utilised internet and library resources for papers and books on relevant sites (references in 

Tables 3.2, 3.4 and 3.6 below); I omit sites with insufficient information on them to form valid 

conclusions as to the presence/absence of fire. For a site to be considered, at least one paper 

must have been written either detailing excavation procedures or specifically examining fire 

use there. A natural bias may result from more papers being associated with more famous 

sites. References are for papers which include information on fire proxies; for fireless sites, I 

either cite papers researching fire use and finding none, or those discussing the site in greatest 

depth. I omitted several sites with unspecified “hearths”: Barma Grande, Fuentes de San 

Cristobal and Gura Cheii-Rasnov (caves), and Il’skaya and San Quirce (open-air). Several papers 

with additional scientific procedures (e.g. FTIR or micromorphology) are included in Table 3.1 

beneath. Differences noted here may be due to technology, particularly micromorphology and 

magnetism, picking up fire residues invisible to the naked eye. However, they may also result 

from such sites already having intense occupation and interesting archaeology, and thus being 

thought worthy of further research techniques. The cause-and-effect link between new 

investigative techniques and discovering fire proxies is unclear. 

 

Table 3.1: The different scientific techniques looking for fire on various Middle Palaeolithic sites. The score in the 

third column represents how many different fire proxies (charcoal, ash, burnt sediment, burnt bones, burnt lithics) 

are found in that site. Higher scores probably mean more original fire use.  

Scientific Technique Sites Scores 

out of 5 

Average 

Score 

Micromorphology Abrigo del Molino, Arbreda Cave, Cova del 

Gegant, Crvena Stijena, Ein Qashish, El 

Esquilleu, Grotte XVI, Grotte du Lazaret, 

Jarama IV, Nesher Ramla, Oscurusciuto 

Rockshelter, Roc de Marsal, Vanguard Cave 

1, 2, 4, 5, 

1, 4, 5, 3, 

3, 5, 5, 5, 

4 

3.62 

Magnetism Amud Cave, Crvena Stijena, Grotte du 

Lazaret, La Ferrassie 

4, 5, 3, 3 3.75 

FTIR (Fourier Transform 

Infrared Spectroscopy) 

Cova del Gegant, El Esquilleu, Theopetra, 

Boker Tachtit Rockshelter (Transitional) 

4, 4, 3, 2 3.25 

Thin Sections Tabun, Theopetra 5, 3 4 

GIS Quneitra 1 1 
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II: Results. 

Table 3.2: Middle Palaeolithic cave sites and corresponding fire proxies. The second column, hearths, does not 

represent one of the studied proxies as it is the most taphonomy-dependent, but is noted as it is the only attribute 

that means the fires were of undeniably anthropogenic origin. The following five columns represent the five proxies 

used to calculate the final score. 

Neanderthal Cave Sites 
Site Hearths Burnt 

Sediment 

Charcoal Ash Burnt 

Lithics 

Burnt 

Bone 

Score 

out of 5 

References  

(year of first 

excavation/publication) 

Abri de Merveilles ✖ ✖ ✖ ✖ ✖ ✖ 0 Sisk 2011 (excv. 1926)  

Abri du Maras ✖ ✔  ✔  ✔

  

✔  ✔

  

5 Daujeard et al. 2017 

(Gilles 1950) 

Abric del Pastor ✔ ✔ ✔ ✔ ✔ ✔ 5 Machado et al. 2019, 

Vidal-Matutano et al. 

2017 (excv. 1953) 

Abric Romani ✔ ✔ ✔ ✔ ✔ ✔ 5 Courty et al. 2012, 

Vaquero et al. 2001, 

Vallverdu et al. 2012 

(Vidal 1911) 

Abrigo de Humo ✖ ✖ ✔ ✖ ✖ ✖ 1 Ramos Fernandez et al. 

2012 (excv. 1965) 

Abrigo de la 

Quebrada 
✔ ✔ ✔ ✔ ✖ ✖ 3 Carrion Marco et al. 

2019 (excv. 2004) 

Abrigo del Molino ✖ ✖ ✔ ✖ ✖ ✖ 1 Kehl et al. 2018 (excv. 

2013, Alvarez-Alonso 

et al. 2014) 

Aguilon P5 ✔ ✔ ✔ ✔ ✖ ✔ 4 Mazo and Alcolea 2020 

(Cuenca-Bescos et al. 

2010) 

Aguilon P7 ✖ ✖ ✖ ✖ ✖ ✖ 0 Mazo and Alcolea 2020 

(Cuenca-Bescos et al. 

2010) 

Ain Difla ✖ ✖ ✔ ✔ ✔ ✖ 3 Lindly and Clark 1987 

(excv. 1984, Clark et al. 

1987) 

Amalda ✔ ✖ ✖ ✖ ✖ ✔ 1 Sanchez-Romero et al. 

2020 (excv. 1979, 

Altuna 1990) 

Amud ✔ ✔ ✖ ✔ ✔ ✔ 4 Alperson-Afil and 

Hovers 2005, Madella 

et al. 2002, Rabinovich 

and Hovers 2004 (excv. 

1961, Suzuki and Takai 

1970) 

Amutxate ✖ ✖ ✖ ✖ ✖ ✖ 0 Torres et al. 2007 (excv. 

1988) 

Arbreda ✖ ✖ ✔ ✖ ✖ ✔ 2 Kehl et al. 2014, 

Lloveras 2010 (excv. 

1972, Soler and Maroto 

1987) 
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Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out of 5 
References 

Arlanpe ✖ ✖ ✖ ✖ ✖ ✖ 0 Rios-Garaizar et al. 

2015 (excv. 2006, Rios-

Garaizar et al. 2013) 

Arma Veirana ✖ ✔ ✔ ✖ ✖ ✔ 3 Charolla 2015, Hirniak 

et al. 2020 (excv. 2015) 

Bajondillo ✖ ✖ ✔ ✔ ✖ ✖ 2 Cortes-Sanchez et al. 

2019 (excv. 1989, 

Cortes Sanchez and 

Vallejo 1997) 

Bau de l’Aubesier ✖ ✖ ✔ ✔ ✔ ✔ 4 Lebel et al. 2001 

(Moulin 1904) 

Baume Moula 

Guercy 
✔ ✖ ✖ ✖ ✖ ✔ 1 Valensi et al. 2012 

(excv. 1975) 

Baume-Vallee ✖ ✖ ✔ ✖ ✔ ✔ 3 Gala et al. 2005, Raynal 

et al. 2012 

(excv. 1963, Bayle des 

Hermens and Laborde 

1965) 

Bezez ✔ ✔ ✖ ✖ ✖ ✖ 1 Copeland 1978 

(excv. 1963) 

Bisitun ✖ ✖ ✖ ✖ ✖ ✖ 0 Oakley 1962 (excv. 

1949, Coon 1951) 

Bisnik ✔ ✖ ✔ ✖ ✔ ✔ 3 Cyrek et al. 2010 (excv. 

1991, Pelisiak 1993) 

Bison Cave ✔ ✔ ✖ ✔ ✔ ✔ 4 Courty 2017  

(excv. 1958) 

Bojnice I ✖ ✔ ✔ ✖ ✖ ✔ 3 Neruda and Kaminska 

2013 (Prosek 1952) 

Bolomor ✔ ✖ ✔ ✔ ✔ ✔ 4 Sanudo et al. 2016 

(excv. 1989, Fumanal 

1993) 

Boquete de 

Zafarraya 
✔ ✖ ✔ ✖ ✖ ✔ 2 Caparros et al. 2012 

(excv. 1981, Barroso 

Ruiz et al. 1983) 

Bordes-Fitte ✖ ✖ ✖ ✖ ✔ ✖ 1 Aubry et al. 2012 

(excv. 1949, Bordes 

and Fitte 1950) 

Bruniquel ✔ ✔ ✖ ✖ ✖ ✔ 2 Jaubert et al. 2016 

(Rouzaud et al. 1996) 

Buran Kaya III ✖ ✖ ✖ ✖ ✖ ✔ 1 Laroulandie and 

d’Errico 2004, Pean et 

al. 2013 (excv. 1990) 

Carihuela ✖ ✖ ✔ ✖ ✖ ✖ 1 Carrion et al. 2019 

(excv. 1954, Spahni 

1955) 

Chez-Pinaud Jonzac ✖ ✖ ✖ ✖ ✔ ✔ 2 Niven et al. 2012 

(excv. 1998) 

Ciemna ✔ ✔ ✔ ✖ ✖ ✔ 3 Valde-Nowak et al. 

2014 (excv. 1912, 

Czarnowski 1924) 
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Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out of 5 
References 

Combe-Grenal ✔ ✔ ✔ ✖ ✔ ✖ 3 Bowman and Sieveking 

1983, Garralda et al. 

2005 (excv. 1953, 

Bordes and Prat 1965) 

Cova del Gegant ✔ ✔ ✔ ✔ ✖ ✔ 4 Daura et al. 2010, Sanz 

et al. 2015 

(excv. 1952, Vinas 

1972) 

Cova del Rinoceront ✖ ✖ ✔ ✖ ✔ ✖ 2 Daura et al. 2015 (excv. 

2002, Daura et al. 

2005) 

Cova Eiros ✖ ✖ ✖ ✖ ✖ ✖ 0 Rey-Rodriguez et al. 

2016 (Grandal-

D’Anglade 1993) 

Cova Foradada ✖ ✖ ✔ ✖ ✖ ✔ 2 Morales et al. 2019, 

Rodriguez Hidalgo et al. 

2018 (excv. 1997) 

Cova Gran ✔ ✔ ✔ ✔ ✔ ✔ 5 Benito-Calvo et al. 2009 

(excv. 2004) 

Cova Negra ✔ ✖ ✖ ✖ ✔ ✔ 2 Arsuaga et al. 2009, 

Martinez Valle et al. 

2016, Richards et al. 

2019 (Vines 1928) 

Covalejos ✖ ✖ ✖ ✖ ✖ ✔ 1 Yravedra-Sainz de los 

Terreros et al. 2015 

(excv. 1872, de 

Sautuola 1880) 

Coygan ✖ ✖ ✔ ✖ ✖ ✖ 1 Aldhouse-Green et al. 

1995 (excv. 1866, Hicks 

1867) 

Crvena Stijena ✔ ✔ ✔ ✔ ✔ ✔ 5 Bakovic et al. 2009 

(excv. 1956, Brodar 

1958) 

Cueva Anton ✔ ✖ ✔ ✖ ✖ ✔ 2 Angelucci et al. 2013 

(excv. 1991, Martinez 

1997) 

Cueva del Camino ✖ ✖ ✔ ✖ ✖ ✖ 1 Arsuaga et al. 2012 

(excv. 1980, Alferez et 

al. 1982) 

Cueva del Conde ✖ ✖ ✖ ✖ ✖ ✖ 0 Lopez-Garcia et al. 

2011a (excv. 1915) 

Cueva Morin ✖ ✖ ✔ ✖ ✖ ✖ 1 Maillo-Fernandez et al. 

2014 (excv. 1917, 

Carballo 1923) 

Cunji ✔ ✖ ✔ ✔ ✔ ✖ 3 Baumler and Speth 

1993 (Field 1951) 

Dederiyeh ✔ ✔ ✔ ✔ ✔ ✔ 5 Akazawa and Nishiaki 

2017, Akawawa et al. 

1995, 1999 (excv. 1989) 

De Nadale ✔ ✖ ✔ ✖ ✖ ✔ 2 Livraghi et al. 2019 

(excv. 2006) 
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Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out of 5 
References 

Devil’s Tower ✔ ✔ ✔ ✖ ✖ ✔ 3 Garrod et al. 1928 

(excv. 1926) 

Divje Babe I ✔ ✔ ✔ ✖ ✖ ✔ 3 Turk and Kosir 2017 

(excv. 1980) 

Djruchula ✖ ✖ ✔ ✔ ✖ ✖ 2 Mercier et al. 2010 

(excv. 1958) 

Do-Ashkaft ✖ ✖ ✔ ✖ ✖ ✖ 1 Biglari and Heydari 

2015  

(excv. 1996, Biglari and 

Heydari 2001) 

Douara ✔ ✔ ✔ ✔ ✔ ✔ 5 Griggo 2004, Niskiaki 

and Akazawa 2015 

(excv. 1970, Akazawa 

et al. 1973) 

El Castillo ✔ ✖ ✔ ✔ ✖ ✖ 2 Pike-Tay et al. 1999, 

Rink et al. 1997  

(excv. 1903, Alcade del 

Rio et al. 1912) 

El Esquilleu ✔ ✔ ✔ ✔ ✖ ✔ 4 Cabanes et al. 2010, 

Cuartero et al. 2015, 

Mallol et al. 2010 (excv. 

1997, Baena et al. 

1999) 

El Miron ✖ ✖ ✔ ✔ ✖ ✔ 3 Marin-Arroyo et al. 

2018 (excv. 1996) 

El Salt ✔ ✔ ✔ ✔ ✔ ✔ 5 Machado and Perez 

2016, Vidal-Matutano 

et al. 2017  

(excv. 1986, Galvan et 

al. 2001) 

Emanuel ✔ ✖ ✖ ✖ ✔ ✖ 1 Goder-Goldberg et al. 

2012, Peleg et al. 2010 

(excv. 2006) 

Es’Skhul ✖ ✔ ✖ ✖ ✔ ✖ 2 Mercier et al. 1993, 

Salomon et al. 2012 

(excv. 1931, McCown 

and Keith 1939) 

Fossellone ✔ ✔ ✔ ✖ ✔ ✖ 3 Degano et al. 2019, 

Vitagliano and Bruno 

2012 (excv. 1936, Blanc 

1937) 

Galeria de las 

Estatuas 
✖ ✖ ✔ ✖ ✖ ✔ 2 Arsuaga et al. 2017 

(excv. 2008) 

Gatzarria ✖ ✖ ✖ ✖ ✖ ✔ 1 Deschamps 2019, 

Ready 2013  

(excv. 1950) 

Geissenklosterle ✖ ✖ ✔ ✖ ✔ ✔ 3 Conard et al. 2019 

(excv. 1973, Hahn 

1988) 

Ghamari ✖ ✖ ✖ ✖ ✖ ✖ 0 Bazgir et al. 2014 (Hole 

and Flannery 1967) 
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Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out of 5 
References 

Ghari-i-Mordeh 

Gusfand 
✖ ✖ ✖ ✖ ✖ ✖ 0 Dupree et al. 1970 

(excv. 1969) 

Ghiardo ✔ ✖ ✔ ✖ ✔ ✖ 2 Cremaschi et al. 2015 

(Cremaschi and 

Christopher 1984) 

Gilvaran ✖ ✖ ✖ ✖ ✖ ✖ 0 Bazgir et al. 2014 

(excv. 2014) 

Gorham’s Cave ✔ ✔ ✔ ✔ ✔ ✔ 5 Barton and Jennings 

2012, Finlayson et al. 

2008a, MacPhail and 

Goldberg 2000, Stringer 

et al. 1999 

(Waechter 1951) 

Grotta Breuil ✖ ✖ ✔ ✖ ✔ ✔ 3 Grimaldi and 

Spinapolice 2010 (excv. 

1936, Blanc 1938) 

Grotta dei 

Moscerini 
✔ ✖ ✔ ✔ ✖ ✔ 3 Villa et al. 2020 

(excv. 1949) 

Grotta dei Santi ✔ ✔ ✔ ✔ ✖ ✔ 4 Spagnolo et al. 2020b 

(Salvagnoli and 

Marchetti 1843) 

Grotta della 

Ghiacciaia 
✔ ✔ ✔ ✔ ✖ ✖ 3 Ferraris et al. 1990 

(excv. 1979) 

Grotta di Fumane ✔ ✔ ✔ ✔ ✔ ✔ 5 Romandini et al. 2014, 

Tagliacozzo et al. 2013 

(excv. 1988) 

Grotta Grande ✔ ✖ ✔ ✔ ✖ ✔ 3 Ronchitelli et al. 2011 

(Fusco 1961) 

Grotta Guattari ✖ ✖ ✖ ✖ ✖ ✔ 1 Stiner 1991 (excv. 

1939, Blanc 1942) 

Grotta Paglicci ✖ ✖ ✖ ✖ ✔ ✖ 1 Crezzini et al. 2016 

(excv. 1961) 

Grotta Reali ✔ ✔ ✔ ✔ ✔ ✔ 5 Cui et al. 2009 

(excv. 2001) 

Grotte XVI ✔ ✔ ✔ ✔ ✔ ✔ 5 Karkanas et al. 2002 

(excv. 1983, Rigaud et 

al. 1995) 

Grotte de la 

Verpilliere 
✖ ✖ ✔ ✖ ✖ ✔ 2 Frick 2016 (excv. 1868, 

Meray 1869) 

Grotte des Barasses 

II 
✖ ✔ ✔ ✖ ✔ ✔ 4 Rufa et al. 2018 

(excv. 1967) 

Grotte du Lazaret ✔ ✔ ✖ ✔ ✖ ✔ 3 Valensi et al. 2013 

(Octobon 1965) 

Grotte du Renne ✔ ✔ ✖ ✖ ✖ ✖ 1 Salomon et al. 2012 

(excv. 1949, Leroi-

Gourhan 1964) 

Grotte Mandrin ✔ ✖ ✔ ✔ ✔ ✔ 4 Vandevelde et al. 2017 

(excv. 1990) 

Gruta da Oliveira ✔ ✔ ✔ ✔ ✖ ✔ 4 Angelucci and Zilhao 

2009 (excv. 1989) 
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Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out of 5 
References 

Gruta do Caleirao ✖ ✖ ✖ ✖ ✖ ✔ 1 Lloveras et al. 2011 

(excv. 1979, Zilhao 

1992) 

Gruta Nova da 

Columbeira 
✔ ✔ ✔ ✔ ✖ ✔ 4 Zilhao et al. 2011 

(excv. 1962, Ferembach 

1964) 

Hayonim ✔ ✔ ✔ ✔ ✔ ✔ 5 Bar-Yosef et al. 2017, 

Mercier et al. 2007, 

Weiner et al. 2002 

(excv. 1965, Bar-Yosef 

and Tchernov 1967) 

Higueral de Valleja ✖ ✖ ✔ ✔ ✖ ✔ 3 Jennings et al. 2009 

(excv. 1979) 

Hovk I ✖ ✖ ✔ ✔ ✖ ✖ 2 Bar-Oz et al. 2012, 

Pinhasi et al. 2011 

(excv. 2005, Pinhasi et 

al. 2008) 

Jarama VI ✔ ✔ ✔ ✖ ✔ ✖ 3 Kehl et al. 2013 

(Pardo 2001) 

Kabazi V ✔ ✖ ✖ ✔ ✖ ✔ 2 Burke 2000, Uthmeier 

and Chabai 2018 

(Formozov 1959) 

Kalamakia ✔ ✖ ✔ ✖ ✖ ✔ 2 Darlas and de Lumley 

1999 (excv. 1993, de 

Lumley et al. 1994) 

Kaldar ✖ ✖ ✔ ✖ ✔ ✔ 3 Bazgir et al. 2017 (excv. 

2011, Bazgir et al. 

2014) 

Karabi Tamchin ✔ ✖ ✖ ✖ ✖ ✔ 1 Anderson and Burke 

2009, Yevtuskenko et 

al. 2003 (excv. 1999) 

Kebara ✔ ✔ ✔ ✔ ✔ ✔ 5 Albert et al. 2012, 

Meignen et al. 2017, 

Speth and Tchernov 

2001 (excv. 1927, 

Garrod 1955) 

Kobeh 

 
✖ ✖ ✖ ✖ ✖ ✖ 0 Marean and Kim 1998 

(excv. 1959) 

Krapina ✔ ✖ ✔ ✖ ✔ ✔ 3 Radovcic et al. 2015, 

2020, Simek and Smith 

1997, Trinkaus 1985 

(Gorjanovic-

Kramberger 1899) 

Ksar Akil ✖ ✔ ✖ ✔ ✖ ✔ 3 Ewing 1947, Douka et 

al. 2013, Kersten 1991 

(excv. 1937) 

Kulna ✔ ✔ ✔ ✖ ✖ ✖ 2 Neruda 2017 (excv. 

1880, Breuil 1924) 

La Combette ✔ ✔ ✔ ✔ ✔ ✔ 5 Audiard et al. 2019, 

Texier et al. 2003 (excv. 

1987) 
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Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out of 5 
References 

La Crouzade ✔ ✔ ✔ ✖ ✖ ✔ 3 Saos et al. 2020 

(Rousseau 1874) 

La Ferrassie ✔ ✔ ✔ ✖ ✖ ✔ 3 Bertran et al. 2008 

(Peyrony 1934) 

La Guelga ✔ ✔ ✖ ✔ ✖ ✔ 3 Menendez et al. 2017, 

Sanchis et al. 2019 

(excv. 1989, Menendez 

and Martinez Villa 

1992) 

Lakonis ✔ ✔ ✔ ✔ ✔ ✔ 5 Harvati et al. 2003, 

Panagopoulou et al. 

2014 (excv. 1999) 

La Roca dels Bous ✔ ✔ ✖ ✔ ✖ ✖ 2 Benito-Calvo et al. 

2009, Martinez-Moreno 

et al. 2004 (excv. 1988) 

Las Callejuelas ✖ ✖ ✖ ✖ ✖ ✖ 0 Domingo et al. 2017 

(excv. 1975, Eisemann 

et al. 1993) 

La Vina ✖ ✖ ✔ ✖ ✖ ✖ 1 De la Rasilla et al. 2020 

(excv. 1980, Fortea 

1981) 

Le Moustier ✔ ✖ ✖ ✔ ✔ ✔ 3 Gravina and Discamps 

2015 (de Mortillet 

1872) 

Les Auzieres II ✖ ✖ ✖ ✖ ✖ ✖ 0 Marchal et al. 2009 

(excv. 2001) 

Les Canelettes 

Aveyron 
✔ ✖ ✔ ✖ ✖ ✔ 2 Cochard et al. 2012 

(excv. 1964) 

Les Pecheurs ✔ ✖ ✔ ✖ ✔ ✔ 3 Moncel et al. 2008 

(Lhomme 1983) 

Lezetxiki II ✖ ✖ ✖ ✖ ✖ ✖ 0 Arriolabengoa et al. 

2015 (excv. 1956) 

Llonin ✖ ✖ ✔ ✖ ✖ ✖ 1 De la Rasilla et al. 2020 

(excv. 1971) 

Los Casares ✖ ✖ ✔ ✖ ✖ ✖ 1 Alcaraz-Castano et al. 

2017, Mazo and Alcolea 

2020 (excv. 1966, 

Barandiaran 1973) 

Mezmaiskaya ✖ ✖ ✖ ✖ ✖ ✔ 1 Skinner et al. 2005 

(excv. 1987, 

Golovanova 1995) 

Misliya ✔ ✔ ✔ ✔ ✖ ✔ 4 Weinstein-Evron et al. 

2017, Yeshurun et al. 

2007 (Olami 1984) 

Molare ✔ ✔ ✔ ✔ ✖ ✖ 3 Spagnolo et al. 2020a 

(excv. 1984, Mallegni 

and Ronchitelli 1987) 

Mujina Pecina ✔ ✖ ✔ ✖ ✖ ✔ 2 Miracle 2005  

(Malez 1979) 
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Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out of 5 
References 

Navalmaillo ✔ ✖ ✔ ✖ ✔ ✔ 3 Abrunhosa et al. 2014, 

Arriaza et al. 2017, 

Marquez et al. 2013, 

Sanchez-Romero et al. 

2017 

(excv. 2002) 

Noisetier ✔ ✖ ✔ ✖ ✖ ✔ 2 Costamagno 2013 

(Allard 1993) 

Orvale Klde ✖ ✖ ✖ ✖ ✔ ✔ 2 Bar-Oz and Adler 2005 

(excv. 1973, 

Tushabramishvili et al. 

1999) 

Oscurusciuto ✔ ✔ ✔ ✔ ✔ ✔ 5 Spagnolo et al. 2019 

(excv. 1998) 

Payre ✖ ✖ ✖ ✔ ✔ ✔ 3 Moncel and Rivals 

2011, Valladas et al. 

2008 (Combier 1967) 

Pech de l’Aze IV ✔ ✔ ✔ ✔ ✔ ✔ 5 Niven 2013, Sandgathe 

et al. 2011 

(excv. 1970, Bordes 

1975) 

Portel Ouest ✖ ✖ ✖ ✖ ✖ ✖ 0 Gardeisen 1999  

(excv. 1920) 

Prado Vargas ✖ ✔ ✔ ✖ ✖ ✔ 3 Navazo Ruiz et al. 2021 

(excv. 1986) 

Prolom II ✔ ✖ ✖ ✖ ✔ ✖ 1 Enloe et al. 2000, 

Stepanchuk 1993 (excv. 

1977, Kolosov 1986) 

Qafzeh  ✔ ✔ ✖ ✔ ✔ ✔ 4 Hovers 2004, Hovers et 

al. 1997, 2003, 

Rabinovich et al. 2004 

(excv. 1933, Neuville 

1951) 

Qaleh Bozi II ✖ ✖ ✔ ✔ ✖ ✖ 2 Biglari et al. 2009 (excv. 

2005) 

Qaleh Bozi III ✖ ✖ ✖ ✖ ✖ ✖ 0 Biglari et al. 2009 

(excv. 2005) 

Qaleh Kurd ✖ ✖ ✖ ✖ ✖ ✖ 0 Soleymani and Alibaigi 

2018 

(Soleymani and Alibaigi 

2012) 

Raj Cave ✖ ✖ ✔ ✖ ✔ ✖ 2 Patou-Mathis 2004 

(excv. 1963) 

Ramandils ✖ ✖ ✖ ✖ ✔ ✔ 2 Rusch et al. 2019 (excv. 

1983, Boutie et al. 

1998) 

Ras el-Kelb ✔ ✖ ✖ ✖ ✔ ✔ 2 Garrard 1998  

(excv. 1958, Garrod 

and Kurkbride 1961) 

Rio Secco ✔ ✔ ✔ ✖ ✔ ✔ 4 Peresani et al. 2014 

(excv. 2002, Peresani 

and Gurioli 2007)d 
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Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out of 5 
References 

Riparo Bombrini ✔ ✔ ✔ ✖ ✖ ✖ 2 Riel-Salvatore et al. 

2013 (excv. 1976, 

Vicino 1984) 

Riparo Tagliente ✖ ✖ ✖ ✖ ✖ ✖ 0 Thun Hohenstein et al. 

2018 (excv. 1962) 

Roc de Marsal ✔ ✔ ✔ ✔ ✔ ✔ 5 Aldeais et al. 2012 

(excv. 1953, Bordes 

and Lafille 1962) 

Saint-Cesaire ✔ ✔ ✖ ✖ ✔ ✔ 3 Mercier et al. 1991, 

Morin 2012, Morin et 

al. 2005  

(excv. 1976, Leveque 

and Vandermeersch 

1980) 

Saint-Marcel ✖ ✖ ✖ ✖ ✖ ✖ 0 Szmidt et al. 2010 

(excv. 1974, Gilles 

1986) 

Salitrena Pecina ✖ ✖ ✖ ✖ ✖ ✔ 1 Marin-Arroyo and 

Mihailovic 2017 

(excv. 2004) 

San Bernardino ✔ ✔ ✔ ✖ ✔ ✖ 3 Lopez-Garcia et al. 2017 

(Fabiani 1902) 

Sant’Agostino ✖ ✖ ✖ ✖ ✔ ✖ 1 Degano et al. 2019 

(excv. 1947) 

Scladina ✖ ✖ ✔ ✖ ✖ ✖ 1 Pirson et al. 2008 

(excv. 1978, Otte et al. 

1983) 

Sesselfelsgrotte ✔ ✖ ✔ ✖ ✖ ✔ 2 Rots 2009  

(Freund 1968) 

Sima de las Palomas ✔ ✔ ✖ ✖ ✖ ✔ 2 Walker et al. 1999, 

2008 (excv. 1994) 

Sopena ✔ ✔ ✔ ✔ ✖ ✔ 4 Pinto-Llona et al. 2012  

(excv. 2002, Pinto-

Llona et al. 2005) 

Spy Cave ✖ ✖ ✔ ✖ ✖ ✖ 1 Germonpre et al. 2014  

(excv. 1886, Fraipont 

and Lohest 1887) 

Stajnia ✖ ✖ ✖ ✖ ✖ ✖ 0 Zarski et al. 2017 

(excv. 2006) 

Susiluola ✖ ✔ ✔ ✖ ✔ ✖ 3 Schulz et al. 2002 

(excv. 1996) 

Tabun ✔ ✔ ✔ ✔ ✔ ✔ 5 Albert et al. 1999, 

Marin-Arroyo 2013 

(excv. 1927, Garrod 

and Bate 1937) 

Teixoneres ✔ ✔ ✔ ✖ ✖ ✔ 3 Lopez-Garcia et al. 

2012, Rosell et al. 2017, 

Talamo et al. 2016 

(Serra-Rafols et al. 

1957) 
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Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out of 5 
References 

Teshik-Tash ✔ ✖ ✔ ✔ ✖ ✖ 2 Nishialki and 

Aripdjanov 2020, 

Weidenreich 1945 

(excv. 1938) 

Theopetra ✖ ✔ ✔ ✔ ✖ ✖ 3 Karkanas 2001, 

Karkanas et al. 1999 

(excv. 1987, Kyparissi-

Apostolika 1990) 

Tor Faraj ✔ ✖ ✔ ✔ ✔ ✔ 4 Henry 2017, Henry et 

al. 1996, Riel-Salvatore 

et al. 2013 

(excv. 1979) 

Tossal de la Font ✖ ✖ ✖ ✖ ✖ ✖ 0 Olle et al. 2014  

(Gusi et al. 1983) 

Tournal ✖ ✖ ✖ ✖ ✖ ✔ 1 Magniez 2009 (Tournal 

1827) 

Uca Gizli II ✔ ✖ ✔ ✔ ✖ ✔ 3 Mentzer 2011 

(excv. 2005) 

Valdegoba ✖ ✖ ✖ ✖ ✖ ✖ 0 Feranec et al. 2010 

(excv. 1987, Diez et al. 

1989) 

Vanguard Cave ✔ ✔ ✔ ✔ ✖ ✔ 4 Barton 2000, Arsuaga 

et al. 2008, MacPhail 

and Goldberg 2000, 

Stringer et al. 1999 

(excv. 1989) 

Vaufrey ✖ ✖ ✔ ✖ ✔ ✔ 3 Courty 2017, 

Hernandez et al. 2014 

(excv. 1930, Rigaud 

1988) 

Veternica ✔ ✖ ✔ ✖ ✖ ✖ 1 Miracle et al. 2010 

(Gorjanovic-

Kramberger 1899) 

Vindija ✖ ✖ ✖ ✖ ✖ ✖ 0 Brajkovic and Miracle 

2006 (excv. 1928, 

Vokovic 1949) 

Wadi Mushkuna ✖ ✖ ✔ ✔ ✖ ✖ 2 Bretzke et al. 2017 

(excv. 2007, Conard et 

al. 2010) 

Yabroud I ✖ ✖ ✖ ✖ ✖ ✖ 0 Solecki 1986 (excv. 

1930, Rust 1933) 

Zarzamora ✖ ✖ ✖ ✖ ✖ ✖ 0 Sala et al. 2012 

(excv. 1988, Molero et 

al. 1989) 

Zaskalnaya VI ✔ ✔ ✔ ✔ ✖ ✔ 4 Majkic et al. 2017, 

Stepanchuk et al. 2015 

(excv. 1969, Kolosov 1973) 

Score out of 169 88 65 107 62 62 99   

Percentage  52.1% 38.5% 63.3% 36.7

% 

36.7% 58.6

% 
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Graph 3.1: Plotting the average number of fire 
proxies in the above sites. 

 

Table 3.3: Average number of fire proxies in Middle Palaeolithic cave sites. 

 

 

 

Table 3.4: Middle Palaeolithic open-air sites and their corresponding fire proxies.  

Neanderthal Open-Air Sites 
Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out 

of 5 

References 

Bagaggera ✔ ✔ ✔ ✖ ✔ ✖ 3 Cremaschi et al. 

1990 

(Venzo 1948) 

Berigoule ✔ ✔ ✖ ✖ ✔ ✖ 2 Richter et al. 

2007 (excv. 1988, 

Brugal et al. 

1989) 

Bettencourt ✖ ✖ ✖ ✖ ✖ ✖ 0 Clark 2015  

(excv. 1995) 

Biache Saint-

Vaast 
✖ ✖ ✖ ✖ ✔ ✔ 2 Bahain et al. 

2015 (excv. 1976, 

Tuffreau et al. 

1982) 

Bojnice III ✔ ✖ ✔ ✖ ✖ ✔ 2 Neruda and 

Kaminska 2013 

(excv. 1965, 

Barta 1966) 

Bollschweil ✖ ✖ ✖ ✖ ✖ ✖ 0 Rink et al. 2002 

(excv. 1997, 

Conard and 

Kandel 1999) 

Bout-des-

Vergnes 
✖ ✖ ✖ ✖ ✖ ✖ 0 Courbin et al. 

2020  

(excv. 2012) 

 

 

Score 

out of 5 

Number of 

Cave Sites 

Percentage Average 

Score 

0 25 14.79%      

 

   2.33 

1 32 18.93% 

2 33 19.53% 

3 40 23.67% 

4 19 11.24% 

5 20 11.83% 
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Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out 

of 5 

References 

Campitello ✖ ✖ ✖ ✖ ✖ ✖ 0 Mazza et al. 2006 

(excv. 2001) 

Canaveral ✔ ✖ ✖ ✖ ✔ ✖ 1 Ortiz Nieto-

Marquez and 

Baena Preysler 

2017, Ortiz 

Nieto-Marquez et 

al. 2012  

(Baena Preysler 

et al. 2009) 

Cantalouette ✖ ✖ ✖ ✖ ✔ ✖ 1 Clark 2015 

(Bourguignon et 

al. 2004) 

Chene Vert ✖ ✖ ✖ ✖ ✖ ✖ 0 Dawson et al. 

2012 (Dawson et 

al. 2012) 

Combe Brune 

II 
✖ ✖ ✖ ✖ ✔ ✖ 1 Frouin et al. 2014 

(excv. 2003, 

Bourguignon et 

al. 2004) 

Combe Capelle 

Bas 
✖ ✖ ✖ ✖ ✔ ✖ 1 Pettitt 1997, 

Valladas et al. 

2003 (excv. 1926, 

Peyrony 1934) 

Cuesta de la 

Bajada 
✖ ✖ ✖ ✖ ✖ ✖ 0 Blain et al. 2017, 

Dominguez-

Rodrigo et al. 

2015, Santonja et 

al. 2014 (excv. 

1991, Santonja 

and Perez-

Gonzalez 2001) 

Ein Qashish ✖ ✖ ✖ ✖ ✔ ✖ 1 Friesem et al. 

2014 (excv. 2005, 

Hovers et al. 

2014) 

Erd ✔ ✖ ✔ ✔ ✖ ✔ 3 Daschek and 

Mester 2020 

(excv. 1961, 

Hunyadi 1962) 

Far’ah II ✔ ✔ ✔ ✔ ✔ ✔ 5 Friesem et al. 

2014, Gilead and 

Grigson 1984 

(excv. 1972, 

Price-Williams 

1973) 

Fresnoy-au-Val ✖ ✖ ✖ ✖ ✖ ✖ 0 Clark 2015  

(excv. 2002) 

Great Pan 

Farm 
✖ ✖ ✖ ✖ ✖ ✖ 0 Poole 1925 

(excv. 1920) 

Hermies ✖ ✖ ✖ ✖ ✖ ✖ 0 Vallin et al. 2001 
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Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out 

of 5 

References 

Hummal ✖ ✖ ✔ ✖ ✖ ✔ 2 Hauck 2010 

(excv. 1980, 

Besancon et al. 

1981) 

Inden Altdorf ✔ ✖ ✔ ✖ ✖ ✖ 1 Pawlik and 

Thissen 2011 

(excv. 2005, 

Thissen 2007) 

Jiboui ✖ ✖ ✖ ✖ ✔ ✖ 1 Duttine et al. 

2005 (excv. 1997, 

Tillet et al. 2004) 

Kabazi II ✖ ✖ ✖ ✖ ✖ ✖ 0 Bataille 2010, 

Uthmeier 2004, 

Uthmeier and 

Chabai 2018 

(Formozov 1959) 

Khotylevo I ✔ ✔ ✔ ✖ ✖ ✖ 2 Hein et al. 2020 

(excv. 1960, 

Zavernyaev 

1978) 

Koulichivka ✖ ✖ ✖ ✖ ✖ ✖ 0 Meignen et al. 

2004  

(excv. 1998) 

Ksiecia Jozefa ✔ ✖ ✔ ✔ ✔ ✖ 3 Zieva et al. 2008 

(Sitlivy et al. 

1999) 

La Cotte de 

Saint-Brelade 
✔ ✖ ✔ ✖ ✖ ✔ 2 Scott 1980, Smith 

2015 (excv. 1961, 

McBurney and 

Callow 1971) 

La Folie ✔ ✖ ✔ ✖ ✔ ✖ 2 Clark 2015 

(excv. 2000, 

Bourguignon et 

al. 2002) 

Las Callejuelas ✖ ✖ ✖ ✖ ✖ ✖ 0 Domingo et al. 

2017 (excv. 1975, 

Eisemann et al. 

1993) 

Le Prisse ✖ ✔ ✖ ✖ ✖ ✖ 1 Cologne et al. 

2015  

(excv. 2010) 

Les Bossats ✔ ✔ ✔ ✔ ✔ ✔ 5 Bodu et al. 2013 

(excv. 2004, 

Bodu et al. 2011) 

Les Fieux ✖ ✖ ✖ ✖ ✖ ✔ 1 Laroulandie et al. 

2016 (excv. 1967, 

Champagne et al. 

1990) 

Les Forets ✖ ✖ ✖ ✖ ✔ ✖ 1 Duttine et al. 

2005 (Brenet and 

Foldago 2003) 
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Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out 

of 5 

References 

Lynford ✖ ✖ ✖ ✖ ✖ ✖ 0 Boismier et al. 

2003, Schreve 

2006, Smith 2012 

(excv. 2002) 

Maastricht-

Belvedere 
✔ ✖ ✔ ✖ ✔ ✖ 2 Adler et al. 2003, 

Loecker et al. 

2003, Roebroeks 

et al. 1997 

(Cremers 1925) 

Mirak ✖ ✖ ✖ ✖ ✖ ✖ 0 Vahdati Nasab et 

al. 2019  

(excv. 2015) 

Molodova I ✔ ✖ ✔ ✔ ✖ ✔ 3 Demay et al. 

2012  

(Morosan 1929) 

Nahal 

Manahayeem 

Outlet 

✖ ✖ ✔ ✖ ✔ ✖ 2 Biton et al. 2017, 

Friesem et al. 

2014 (Sharon et 

al. 2010) 

Nesher Ramla 

 

 

✔ ✔ ✔ ✔ ✔ ✔ 5 Friesem et al. 

2014 (excv. 2010, 

Zaidner et al. 

2014) 

Neumark Nord 

II 
✖ ✖ ✔ ✖ ✔ ✔ 3 Kuijper 2014 

(excv. 2004) 

Orgnac III ✔ ✖ ✔ ✔ ✔ ✔ 4 Moncel et al. 

2012 (excv. 1959, 

Combier 1967) 

Piekary IIa ✖ ✖ ✔ ✖ ✔ ✖ 2 Mercier et al. 

2003 (excv. 1967, 

Morawski 1975) 

Pietraszyn 49a ✖ ✖ ✖ ✖ ✖ ✖ 0 Wisniewski et al. 

2019 (excv. 2015, 

Wisniewski et al. 

2015) 

Plaidter 

Hummerich 
✖ ✖ ✖ ✖ ✔ ✔ 2 Street 2002 

(Bosinski et al. 

1983) 

Poggetti 

Vecchi 
✖ ✖ ✖ ✖ ✖ ✖ 0 Aranguren et al. 

2018, Benvenuti 

et al. 2017 (excv. 

2012) 

Pouch-

Terrassenpfiler 
✖ ✖ ✖ ✖ ✔ ✖ 1 Weiss 2015 

(excv. 2002, 

Seiler and Runck 

2003) 

Preresa ✖ ✖ ✖ ✖ ✖ ✖ 0 Yravedra et al. 

2012  

(Arche 1983) 
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Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out 

of 5 

References 

Quneitra ✖ ✖ ✖ ✖ ✔ ✖ 1 Oron and Goren-

Inbar 2014  

(excv. 1971, 

Belitzky 1990) 

Rosh Ein Mor ✖ ✖ ✖ ✖ ✔ ✖ 1 Friesem et al. 

2014, Rink et al. 

2003 (excv. 1969, 

Marks et al. 

1971) 

Saccopastore ✖ ✖ ✖ ✖ ✖ ✖ 0 Marra et al. 2015 

(Sergi 1929) 

Starosele ✔ ✖ ✖ ✖ ✔ ✔ 2 Burke 2000, 

Marks et al. 1997 

(Formosov 1958) 

Taubach ✔ ✔ ✔ ✔ ✔ ✔ 5 Bratlund 1999, 

Moncel and 

Rivals 2011 

(Eichhorn 1909) 

Umm el Tlel ✖ ✖ ✖ ✖ ✔ ✖ 1 Boeda et al. 

2008a,b (excv. 

1991, Boeda and 

Muhesen 1993) 

Velykyi 

Glybochok 
✖ ✖ ✔ ✖ ✔ ✖ 2 Lanczont et al. 

2014, Sytnyk et 

al. 2010 (excv. 

1979, Sytynk and 

Bogucki 1998) 

Villiers Adam ✖ ✖ ✖ ✖ ✖ ✖ 0 Clark 2015  

(excv. 1996, 

Locht et al. 2003) 

Wallertheim ✔ ✔ ✔ ✔ ✔ ✔ 5 Adler et al. 2003 

(excv. 1927, 

Schmidtgen 

1932) 

Westeregeln ✖ ✖ ✖ ✖ ✖ ✔ 1 Diedrich 2012 

(Giebel 1850) 

Wrocklaw-

Hallera Av. 
✖ ✖ ✖ ✖ ✖ ✖ 0 Wisniewski et al. 

2011  

(excv. 1991) 

Score out of 59 19 9 21 9 29 17   

Percentage 32.20% 15.25% 35.59% 15.25% 49.15% 28.81%   
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Graph 3.2: Plotting the average number of fire proxies 
in the above sites. 

 

Table 3.5: Average numbers of fire proxies in Middle Palaeolithic open-air sites. 

. 

 

 

 

 

 

 

 

 

Map 3.1: Locations of Neanderthal cave (black) and open-air (white) sites in this study. Note that open-air sites tend 
to be more northerly than cave sites. 

 

 

 

 

Score 

out of 5 

Number 

of Sites 

Percentage Average 

Score 

0 20 33.90%  

 

      1.42 

1 16 27.12% 

2 12 20.34% 

3 5 8.47% 

4 1 1.69% 

5 5 8.47% 
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Table 3.6: Middle-Upper Palaeolithic Transitional Sites and their corresponding fire proxies. 

Transitional Cave Sites 
Site Hearths Burnt 

Sediment 
Charcoal Ash Burnt 

Lithics 
Burnt 

Bone 
Score 

out of 5 
References 

Boker Tachtit ✔ ✖ ✔ ✖ ✔ ✖ 2 Barzilai and 

Boaretto 2016, 

Goder-Goldberg 

et al. 2017 

(Marks 1983) 

Cassenade ✖ ✖ ✔ ✖ ✖ ✔ 2 Discamps et al. 

2019  

(excv. 1970) 

Ekain ✖ ✖ ✖ ✖ ✖ ✔ 1 Villaluenga et 

al. 2012a 

(Barandiaran 

and Altuna 

1969) 

Grotta del 

Cavallo 
✔ ✔ ✖ ✖ ✖ ✖ 1 Zanchetta et al. 

2018, Zilhao et 

al. 2015 (excv. 

1961, Palmi di 

Cesnola 1963) 

Grotte des 

Fees de 

Chatelperron 

✔ ✔ ✖ ✖ ✖ ✔ 2 Zilhao et al. 

2008  

(Bailleau 1869) 

Jerf al-Ajla ✖ ✔ ✔ ✔ ✔ ✖ 4 Richter et al. 

2001  

(excv. 1955, 

Coon 1956) 

Labeko Koba ✖ ✖ ✖ ✖ ✖ ✖ 0 Villaluenga et 

al. 2012a  

(excv. 1987, 

Arrizabalaga 

and Altuna 

2000) 

Nietoperzowa ✔ ✖ ✔ ✖ ✖ ✖ 1 Krajcarz et al. 

2018  

(excv. 1854, 

Romer 1875) 

Roc-de-

Combe 
✖ ✖ ✖ ✖ ✖ ✖ 0 Grayson and 

Delpech 2008 

(excv. 1959, 

Bordes and 

Labrot 1967) 

Score out 

of 9 

4 3 4 1 2 3   

Percentage 44.44% 33.33% 44.44% 11.11% 22.22% 33.33%   
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Graph 3.3: Plotting the average number of fire proxies 
in the above sites. 

Table 3.7: Average number of fire proxies in Transitional sites. 

 

 

 

 

III. Discussion. 

In theory, sheltered caves should preserve in-situ archaeology (especially fragile elements) 

better; in-situ hearths and fragile elements like rubified sediment, charcoal and ash will be 

more prevalent in caves due to taphonomic biases alone. However, less friable elements like 

burnt lithics and burnt bone may be equally frequent in both site types – assuming comparable 

fire frequencies between the two. Open-air sites are frequently discovered in modern 

development rescue excavations, whereas cave sites were often excavated c.1920s-1960s, and 

Score out 

of 5 

Number of 

Cave Sites 

Percentage Average 

Score 

0 2 22.22%  

 

    1.44 

1 3 33.33% 

2 3 33.33% 

3 0 0.00% 

4 1 11.11% 

5 0 0.00% 

Map 3.2: Location of Transitional Cave sites in this study. 
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may have been subsequently re-excavated more recently (e.g. the ongoing Shanidar project). 

This introduces issues in both cases. Cave sites may have been poorly-excavated initially, 

missing key archaeological elements (e.g. Brno-Bohunice, containing transitional Bohunician 

industries, was not sieved on initial excavation – Tostevin and Skrdla 2006); however, 

conversely, they have been long-known, with many associated papers, may have been subject 

to alternative fire-detecting methods, and may have been recently re-excavated. Modern open-

air excavations have been rigorously excavated recently; however a) being development rather 

than research digs, they may not have been excavated in such detail, and b) being recent, many 

have not analysed/published their finds yet. Thus both site types, based on modes and eras of 

excavation, have potential associated research biases.  

 

I plotted the number of fire proxies (theoretically corresponding to intensity of fire use) against 

the date of first excavation for each site. Although this in not an infallible metric, as even a site 

discovered in 1850 may only have been excavated for three years, versus one discovered in 

1990 being excavated for twenty, nonetheless sites discovered longer ago tend to have been 

excavated more. Graph 3.4 shows that, for cave sites, there is absolutely no change through 

time in detecting fire use (R2 = 1.51e-5) and that a bias is unlikely to exist there.  

 

Graph 3.4: A graph showing that the date of first excavation of a Middle Palaeolithic cave site has no impact on how 
many fire proxies are discovered (R2 = 1.510e-5). This suggests that earlier sites, with more rudimentary excavating 
techniques, may have been investigating caves with stronger anthropogenic signatures. 
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However, open-air sites show strong declines in detecting fire use, with recently-discovered 

sites showing many fewer fire proxies than those discovered longer ago (Graph 3.5, although 

statistically insignificant as R2 = 0.07). Consequently, when the two site types are combined, 

there is a moderate decline in detecting fire use (Appendix Seven, Graph A25). Open-air sites 

are harder to detect than caves, which are obvious places to look for archaeology; older 

excavations would target caves, finding both rich and more ephemeral sites. However, in the 

open air, older excavations would only find and target richer sites denoted by lithic surface 

scatters. The open-air ephemeral sites are only being found more recently, through 

development or more careful surveying; these more ephemeral sites consequently show less 

fire use, as they were less intensively occupied and less fire was used there originally.  

The average score for Neanderthal caves (2.33), open-air Neanderthal sites (1.42), and 

Transitional sites (1.44) proportionally mirrors hearth frequency: in 52.07% of Neanderthal 

caves, 32.20% of open-air Neanderthal sites, and 44.44% of Transitional sites. Most 

importantly, most sites evidence some fire use; 85.21% of Neanderthal cave sites, and 66.1% of 

open-air sites, for overall fire being found in 80.27% of Neanderthal sites. Only 45 are 

completely fireless. This strongly indicates that many Neanderthals encountered and used fire 

at least occasionally. Many sites are also occupied only seasonally (e.g. Shanidar having 

autumnal and spring occupations with pistachio nuts found – Hunt pers. comms.), and fireless 

sites may just represent fireless seasons of fire-using groups. 

Graph 3.5: A graph showing that open-air Middle Palaeolithic sites excavated more recently show fewer fire 
signatures, although this correlation is weak (R2 = 0.074). This suggests that modern sites being excavated show 
more ephemeral archaeology, and those with more fire originally happened to be excavated earlier last century.  
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A bias against detecting Transitional fire use is that such layers mostly only span c.5,000 years, 

compared to >10,000 years of Mousterian occupations. Transitional sites may display less fire 

than Classic Mousterian sites for this reason alone. However, many long-term Mousterian sites 

often have long sterile layers (often during tough MIS 4 glacial periods as at Shanidar Cave – 

pers obvs) and actual occupation durations may be more similar. Transitional sites may be 

archaeologically-richer and climatically-favourable, showing more fire use for that reason. The 

paucity of Transitional sites also makes deciphering this result difficult.  As expected, short-

sequence Transitional sites showed consistently lower traces of fire than Classic Neanderthal 

cave sites; less than half of every fire proxy, except burnt sediment which shows similar 

proportions (Neanderthal caves = 37.87%, Transitional caves = 33.33%). However, given the few 

Transitional sites studied, individual taphonomies and site publication histories particularly 

affect these results. Chatelperron and Boker Tachtit are well-known, but others such as Ekain 

and Jerf al-Ajla are poorly studied. Furthermore, not being Classical Neanderthal sites, they are 

less studied for fire use specifically, as fire is no longer seen as a novel technology, and when 

found, cannot always be definitively attributed to a particular species. Compared to 

Neanderthal open-air sites, Transitional sites have similar fire frequencies, and higher 

proportions of burnt sediment, suggesting that fire use remained important.  

 

Table 3.8: Comparing fire proxies between Middle Palaeolithic cave and open-air sites. Most are much more 

common in caves than open-air sites; the only exception is burnt lithics, where the trend is reversed. This information 

is presented graphically in Graph A33, p.402.  

Fire Proxy Cave Sites Open-Air Sites 

Hearths 50.89% 32.20% 

Burnt Sediment 37.87% 15.25% 

Charcoal 62.72% 35.59% 

Ash 36.09% 15.25% 

Burnt Lithics 36.69% 49.15% 

Burnt Bone 58.58% 28.81% 

 

Comparing Mousterian cave and open-air sites in Table 3.8 above presents stark contrasts. 

Aside from burnt lithics, which are common in open-air sites, every other fire proxy is almost 

twice as common in caves as in open-air sites. Two original models explain these results; either 

taphonomic differences have disguised similar fire frequencies, or caves were more frequent 

fire locations than open-air sites.  
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In the first scenario, open-air sites originally had as frequent fire events as cave sites. 

Neanderthals seasonally or annually alternated between cave and open-air sites, creating 

identical fires in each. Fires would have been situated near cave entrances to minimise cave 

smokiness and maximise airflow, and centrally in open-air sites. Large, communal fires could 

signal Neanderthal presence; small personal hearths may have been smaller and closer to cave 

walls to avoid unwanted attention or windy situations. However, subsequent taphonomic 

disturbance from faunal, aeolian and fluvial sources caused open-air sites to become more 

disturbed than caves; trampling and other anthropogenic disturbance is common in both 

(Karkanas et al. 2021). This scenario is supported by comparable levels of durable burnt lithics; 

friable charcoal and ash remain in caves, being washed away in open-air sites while durable 

elements remain in both. This is further supported by the prevalence of discrete hearth 

features, indicating undisturbed sediments, found in 50.89% of caves, but only 32.2% of open-

air sites. However, caves still contain more durable burnt bone, despite similar overall 

prevalences of bone in both site types in the site reports. If Neanderthals were only at either 

open-air or cave sites each day (barring occasional temporary hunting camps alongside cave 

base camps, or vice-versa with lithic gathering camps in caves), Neanderthals then may have 

only cooked meat in secure caves away from predators, eating it raw outside. This may partially 

explain why Neanderthals evidencing cooking are not dietarily-obligate fire-users. 

 

The other scenario is where fire use was much more common in caves than in open-air sites, 

with minimal differential taphonomic preservation. This is the case for most fire proxies, as 

proportions remain roughly the same, with almost twice as many examples in caves. The 

exception is burnt lithics (found in 49.15% of open-air sites but only 36.69% of caves). Were 

open-air sites traditional knapping and heat-treating areas and caves not? Examples of 

conjoinable knapping fragments are frequently found in both site types. Burnt lithics are 

specifically recorded for TL-dating older sites, and open-air sites tend to be older than cave 

sites (see p.100). Alternatively, have burnt lithics in caves been removed somehow, with those 

in open-air sites remaining at near-original levels? Neanderthal cave sites were sometimes 

maintained and cleared (e.g. Kebara – Speth 2006). However, cleaning indiscriminately 

between burnt and unburnt lithics would not explain the data and it is hard to envisage 

cleaning or taphonomic processes targeting only burnt lithics. If lithics were unintentionally 

heated in sub-hearth substrates rather than in the flames, substrate differences may explain 

this difference. However, fire-using Iberian sites show many substrate types (see p.98), 

suggesting that no typical ‘cave’ substrates are comparable to typical ‘open air’ substrates.  
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In this scenario, Neanderthals cooked more and had generally more fire in caves. This may 

partially have been through necessity; darker caves necessitated more fire to extend working 

days. Caves may also have been (potential) homes of more dangerous predators than open-air 

sites, requiring more hearths to advertise Neanderthal presence to predators or other hominin 

groups. If caves were more valuable shelter resources, or if cave signals were more visible in 

the landscape (coming from higher-up, barren cliff faces), more fires would be expected here. 

Fire is also a cleansing agent, removing insects, old bedding or potentially bacteria-ridden 

dung. Neanderthals may have only used fire to cleanse caves at the start and end of occupation 

periods. This explains burnt lithics and bone as cleared waste rather than technological by-

products. In open air sites however, Neanderthals may not have done this, possibly because of 

shorter occupation periods or faster plant regrowth making fire-clearance less worthwhile. 

Furthermore, cave sites are immutable site locations – Neanderthals may have used nearby but 

different open-air locations each visit, making each open-air site far more ephemeral. Fewer 

fire proxies would remain from shorter visits, despite similar frequencies of use.  

 

Seasonality may also have affected fire use – July and August have most lightning strikes to 

ignite wildfires, and fuel is naturally driest then. Cold winters require most fire for warmth, but 

snowdrifts conceal most of the deadwood. Teixoneres Cave Level IIIa shows occupation during 

all seasons, whilst IIIb shows habitation only during summer and winter (Sanchez-Hernandez et 

al. 2014), and Shanidar Cave shows spring and autumn occupation (determined by the 

presence of ripened pistachio nuts – Barker pers. comms.). Obviously, seasonal occupation 

varied from site to site and region to region; if, however, Neanderthals occupied caves in 

seasons when fire was easier to kindle and fuel, or was more necessary for survival, then fire 

use would have been much higher in caves. Finally, an implausible possibility is that cave-

dwelling and open-air Neanderthals were entirely different populations with little technological 

communication or sharing. Cave-dwelling Neanderthals lived only in caves, lighting fires in 

each, whilst open-air Neanderthals were fireless, either through ignorance, or frequent site 

relocations causing cost-benefit ratios to be too high. This dichotomy could have arisen from 

different subsistence strategies, if open-air Neanderthals followed prey herd movements whilst 

cave-dwellers focused on local prey procurement in resource-rich areas. However, this theory is 

not yet evidenced; lithic refitting studies between different site types to determine individual 

movements could strengthen or disprove this model.  
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III.I: Regional Trends. 

When looking at patterns across Europe and the Near East, sites can be grouped thus, 

according to the number of fire criteria visible in each: 

 

 

 

 

 

 

 

 

 

 

 

 

Map 3.3: Neanderthal cave and open-air sites correlated with the number of fire proxies (charcoal, ash, 
burnt sediment, burnt lithics, burnt bone) in them; 0 proxies (white), 1 proxy (green), 2 proxies (blue), 3 
proxies (pink), 4 proxies (red), 5 proxies (black). 

Map 3.4: The same map as Map 3.3, but highlighting the Iberian Peninsula. 
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Graph 3.6: The Latitude of Cave Sites (above) and Open-Air Sites (below) correlated with the Score out of 5. Both appear 
uncorrelated. 

Fire use and geographical location minimally correlate. However, coastal Israeli sites show 

more proxies than other inland Near Eastern sites. This however is just a byproduct of 

preferential scientific sampling, as well-known Israeli sites (e.g. Kebara) are better-studied than 

more inaccessible inland sites and thus naturally provide more proxies. Map 3 also suggests 

slight decreases in numbers of fire proxies in more northerly sites. However, Graph 3.6 below 

does not support this, as there are more open-air sites at high latitudes and less fire use in 

open-air sites, but no latitude dependence within either category:  
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Table 3.9: Comparing fire frequency and latitudes of Middle Palaeolithic cave and open-air sites. 

Score out of 5 Mean Latitude (N) 

Cave Sites Open-Air Sites All Classic Neanderthal Sites 

0 40.55 45.95 42.78 

            1 43.13 43.094 43.12 

            2 41.63 46.84 42.96 

            3 42.81 48.66 43.52 

            4 39.16 44.32 39.42 

            5 40.17 42.45 40.61 

 

These results suggest that latitude minimally affect Neanderthal fire frequency (also see Graph 

A34, p.403). This interestingly does not suggest that Neanderthal fire was limited by 

fuel/ignition availability, or that northwards expansion relied on fire. In the former theory, 

northern tundra-type sites had less nearby dry deadwood and fewer lightning strikes than 

southern Mediterranean-type climates, causing fewer wildfires for Neanderthals to exploit; 

thus southerly sites would show more proxies. The latter theory is that fire is more valuable 

further north, for warmth and light in longer, colder winter evenings. Additional foraging 

overcame fuel shortages, and more proxies would be expected in more northern sites. The fact 

that neither model predominates suggests either that neither factor was strong enough to 

influence Middle Palaeolithic fire use, or that both factors were equally strong, 

counterbalancing each other. Southern Neanderthals, needing less fire, had ample fuelwood 

available and utilised it, and northern Neanderthals, needing more fire but having less 

fuelwood, foraged harder to overcome this disadvantage.  

 

Importantly however, latitude never perfectly correlates with climate and temperature, as 

glacial southern sites were much harsher than temperate northern sites. Finer-scale layer-by-

layer fire data, correlated with climate, would resolve this; however this has its own cost. 

Although some palaeoenvironmental proxies are independent of fire use (micromammals, 

pollen etc.), much depends on charcoal to determine paleoarboreal composition. Those sites 

preserving less fire use have less environmental information; also because they were occupied 

less intensively, less palaeoenvironmental research has been undertaken as they are deemed 

less important. Furthermore, different sites naturally suffer different degrees of taphonomic 

disturbance. This same disturbance which destroys fire proxies also destroys other 

environmental proxies at similar rates, through mechanical, biological and chemical 

mechanisms. Therefore disturbed sites showing low rates of fire proxy survival also have little 
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information to reconstruct palaeoenvironments from. Finally, charcoal used to reconstruct 

arboreal compositions frequently supposes the Principle of Least Effort (PoLE) in wood 

gathering (see Chapter Five, p.132 for details). This thesis tests whether the PoLE is appropriate 

for use in Neanderthal contexts, therefore it cannot automatically be assumed that charcoal 

records represent palaeoenvironmental composition (see Chapter Seven). 

 

However, as an alternative, I plotted fire proxies against altitude for both site types. This is 

altitude above current sea level, which is different to Middle Palaeolithic sea level. These varied 

greatly over time, particularly between glacial and interglacial periods. Mean sea levels varied 

between c.15m above current levels to as low as 130m below current levels (all reviewed in 

Benjamin et al. 2017). This has of course destroyed almost all sites below current sea levels, 

creating an artificial dearth of sites close to the glacial sea levels. However, there is still a small 

difference in mean altitudes of open-air and cave sites (Graph 3.7). Cave sites have a mean 

height of 492m asl, and open-air sites have a mean of 358m asl. However, when put through 

Welch’s T-test (see Chapter Five, p.145 for details), this result was statistically insignificant (p = 

0.117). It is notable however that the very highest sites are mostly caves; above 1500m, there 

is only one open-air site but six caves. This is as expected, as a cave’s natural shelter would be 

especially valuable at high altitudes.  

 

 

 

 

 

 

 

 

 

 
Graph 3.7: A graph showing that although there were more very high-altitude (over 1500m asl) cave 
sites, the mean altitudes for cave and open-air Neanderthal sites were not dissimilar.  
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When plotting number of fire proxies against altitude, a trend is shown where more fire proxies 

are found at lower altitudes (Graph 3.8, and Graphs A26-A27 in Appendix Seven). Whilst this 

trend is statistically insignificant (R2 = 0.062), it does suggest that fuelwood availability, which 

is altitude-dependent and more abundant at lower altitudes, had some effect on Neanderthal 

fire frequency.   

 

More northerly sites tend to be open-air rather than caves (due to the plethora of the former 

in northern France and Germany – Map 3.1); given that open-air and cave sites have inherent 

differences in fire regimes irrespective of latitude, this may account for some variation in fire 

use between open-air and cave sites. The mean latitude for cave sites is 41.48N (42.48N is the 

median), and the open air site mean is 45.28N (median: 46.49N); the 420km N-S difference in 

the Means suggests that this may be an important factor. More northerly open-air sites may 

have been limited in fire use by latitude rather than open-air natures, if there was insufficient 

fuel; and more southerly cave sites may have had more fire because of fuel abundance, rather 

than because fire remains were better protected.  

Graph 3.8: A graph showing that more fire proxies are found at lower-altitude sites (R2 = 0.062). As this is likely to 
correspond with fuelwood availability, it may suggest that high-altitude sites did not use fire because of a lack of 
fuelwood, rather than because of a lack of technological proficiency. 
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Graph 3.9: Latitudes of cave and open-air Neanderthal sites; despite overlapping distributions, open-air sites 
are slightly more northerly; their two peaks correspond to those northern European and Near Eastern sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Map 3.5, above, shows fire proxy distributions of cave sites only. In this however, the same lack 

of correlation with latitude appears. The trend in the Near East for more westerly sites to score 

higher still remains; interestingly here however, aside from the Near East, the only fireless sites 

appear in Iberia, an area otherwise characterised with sites with many proxies. Looking at Map 

4, a close-up of Iberia alone, this latitudinal trend does not appear. This may be because Iberia 

is not large enough for temperature gradients to create different ecosystems in north-south 

patterns. Instead, local climates may have been patchier, with random distribution of proxies 

Map 3.5: Neanderthal cave site distribution across Europe, coloured by the number of 
fire proxies; 0 proxies (white), 1 proxy (green), 2 proxies (blue), 3 proxies (pink), 4 
proxies (red), 5 proxies (black). 
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either representing that, or the fact that fire here was less climate- and more culture-

dependent. Alternatively, Iberia is highly-investigated, including many ephemerally-occupied 

sites which are mostly carnivore dens; these sites may not have been investigated in other 

regions, and their inclusion here drives down proportions of fire-using sites.  

 

Looking at most individual proxies, and mapping them across their spatial distribution, I 

generally found no notable trends (see Appendix One). However, when looking at burnt lithics, 

they appeared grouped in clusters, which seems more apparent in Iberia alone (see Map 3.6). 

 

Map 3.6: Neanderthal sites in Iberia, highlighting those with burnt lithics (black) and those without (white). 

 

Sites with burnt lithics are concentrated in more restricted areas than those without. To 

analyse this, I constructed a Minimum Spanning Tree (MST) to determine clustering in Iberia 

(methodology following Graham and Hell 1985). Doing so for all Europe would introduce areas 

where seas separates sites/countries, creating artificially-large distances without data points. 

The total MST for burnt lithic sites is 1545km; with 9 segments between the 10 points, the 

average distance is 172km. To compare this clustering with any other 10 sites without burnt 

lithics, I selected repeated random subsamples of 10 sites without burnt lithics from this map. 

The mean of this MST was 2053km, with 2/3 of the data lying between 1700 and 2200km. The 
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average edge length here was 228km, much longer than the burnt samples. This suggests that 

sites with this proxy were grouped (most in the south-east, and none in the north-west).  

 

Furthermore, sites with burnt lithics appear more likely to have other nearby sites with burnt 

lithics, as seen in Map 6. If 10/60 Iberian sites have burnt lithics, a random distribution would 

suggest that a site’s nearest and second-nearest neighbour would each have a 1/6 chance of 

having burnt lithics. In our data, from the 10 sites with burnt lithics, there are 9 first or second 

nearest neighbours also with burnt lithics, a fraction of 9/20 (calculating 10 nearest neighbours 

and 10 second-nearest neighbours). In order to calculate the probability of r instances of burnt 

lithic presence from n selections, I use the equation:  

𝑝𝑟𝑜𝑏(𝑟|𝑛) = 𝐶(𝑛, 𝑟)  ×  𝑞𝑟 × (1 − 𝑞)(𝑛−𝑟)  

                                      where    𝐶(𝑛, 𝑟) =
𝑛!

(𝑟!(𝑛−𝑟)!)
    

n = number of selections 

r = number of occasions 

q = probability of a burnt lithic in a single selection 

 

Using n=20, r9 and q = 1/6, the probability of having 9+ burnt sites among the 20 first and 

second nearest neighbours, under a random distribution is 0.3% (p = 0.003), a highly significant 

(3 result. Therefore it is extremely unlikely that this association between incidences of burnt 

lithics in adjoining sites is compatible with a random distribution of this proxy.  

 

The explanation for this phenomenon is twofold; it could represent cultural clustering, either 

single groups occupying multiple sites seasonally, or transmission between multiple groups. 

This ‘cultural’ effect could either be for deliberate lithic heat-treatment, increased knapping 

close to hearths, or hotter fires (thus increasingly burnt substrate lithics). On the other hand, 

this clustering could simply be due to local geographical/geological effects; especially stony or 

heat-transmitting substrates would increase burning of buried stones, or some abundant local 

fuel unintentionally caused extra-hot fires which accidentally burnt more buried lithics. From 

published papers, I studied the substrate compositions of all fire-bearing layers in Iberia; the 

only sites I could not find detailed results for were Covalejos and Llonin caves. For the rest 
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however, the substrate compositions varied immensely, but contained similar averages (see 

Table 3.10 beneath). The most notable difference was sandy sediments, which were more 

common in sites with burnt lithics. As sand is frequently used as a heat-transmitting medium, it 

may be that sandy substrates transmit more heat from hearths, and therefore burn more lithics 

buried within it.  

 

Table 3.10: A comparison of substrate types of Iberian fire-using sites with and without burnt lithics. Most of these 
values are extremely similar; sites with burnt lithics tend to be sandier, and sites without tend to have more loamy 
soils, which may have inhibited heat transfer.  

Substrate Type Percent of Iberian Sites with 

Burnt Lithics with this Substrate 

Percentage of Other Fire-Using 

Sites in Iberia with this Substrate 

Sand 81.82% 54.84% 

Clay 72.73% 74.19% 

Silt 54.55% 51.61% 

Gravel 36.36% 22.58% 

Loam 0% 9.68% 

 

 

III.II: Temporal trends. 

Of those studies, open-air sites are marginally older than caves on average (means of 106.7 and 

73.9ka respectively). However, dating is by no means precise, and error ranges tend to increase 

with age for many reasons. Firstly, more precise radiocarbon dating is only applicable up to 

c.50ka, as older samples generally have insufficient 14C for this procedure. This limits this dating 

to sites c.0-50ka, and older ones rely on techniques such as thermoluminescence or argon-

argon dating. Sites on the margin of 50ka generally have multiple dating methods applied to 

them, both for their own accuracy and to test the dating procedures themselves. Sites have a 

variety of date ranges; the results are broken down in Table 3.11 below, and in Graph A35, 

p.403: 
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Table 3.11: Comparing dating ranges (all dating methods) for Middle Palaeolithic cave and open-air sites. These are 

the ranges of the means of each dated object/sediment (excluding analytical uncertainty), naturally excluding those 

that the authors themselves have excluded as being outside plausible date ranges. In fire-using sites, I include all 

dated fire-using levels, which of course are only a subset of the total. With fireless sites, I include all fireless Middle 

Palaeolithic levels. Thus fire-using sites represent fewer layers than fireless sites, and appear to be occupied for 

shorter timescales, irrespective of the site’s overall length of occupation 

Date Ranges Number of Cave Sites Number of Open-Air 

Sites 

Total Number of 

Sites 

Single Date 22 (14.97%) 16 (31.37%) 38 (19.19%) 

<5kyr 14 (9.52%) 3 (5.88%) 17 (8.59%) 

5-10kyr 27 (18.37%) 5 (9.80%) 32 (16.16%) 

11-25kyr 43 (29.25%) 10 (19.61%) 53 (26.77%) 

26-50kyr 18 (12.24%) 4 (7.84%) 22 (11.11%) 

50-100kyr 9 (6.12%) 10 (19.61%) 19 (9.60%) 

>100kyr 14 (9.52%) 3 (5.88%) 17 (8.59%) 

 

Single dates may (ideally) perfectly represent single short occupation periods, or represent the 

only date currently available for particular levels or sites. Conversely, wider date ranges may 

suggest longer occupation periods, or represent variable interpretations of single occupations, 

based on unreliable dating proxies. It is impossible to say that sites with either shorter or 

longer timescales are more- or less-reliably dated, as this depends on so many variables.  

 

Table 3.12: Comparing undated Middle Palaeolithic cave and open-air sites and number of fire proxies. This is also 

presented in Graph A36, p.404.  

Number of Fire 

Proxies 

% of undated cave 

sites 

% of undated open-

air sites 

% of total 

undated sites 

0 36% 25% 31.1% 

1 22.2% 18.8% 20.9% 

2 5.9% 0% 4.3% 

3 10.5% 20% 11.6% 

4 5.3% 0% 5.0% 

5 15% 20% 16% 

Table 3.12 above shows the proportion of undated sites with 0-5 fire proxies. As expected, sites 

with 0 fire proxies are the least dated. This is partly because they often have smaller or worse-

preserved assemblages, and there is less academic interest in them; or more probably because 

the fire proxies themselves act as dating proxies (especially charcoal and burnt lithics), and so 

these proxies will be noted as part of site chronologies rather than site assemblages. 
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Cave sites however tend to be better-dated than open-air sites in terms of range and accuracy 

of dates within a single site. Single dates often represent the only dating available for open-air 

sites with short stratigraphies, and otherwise the ranges tend to be longer than for cave sites. 

Table 3.13 (below) indicates that Neanderthals increasingly moved to more cave occupations 

and fewer open-air sites over time. This may indicate new subsistence models around 

intensively-used seasonal sites. If cave occupation dates are generally younger however and 

within the radiocarbon threshold (<50ka), they will more often be able to be radiocarbon-

dated too, restricting them to a range of c.50-40ka. Older open-air occupations have potentials 

for much longer TL or OSL sequences. Cave stratigraphies are often particularly complex, 

requiring many dates to understand layer boundaries and sedimentation rates. The particular 

interest in ‘last Neanderthals’ also means that sites c.40ka will be particularly strongly-dated.  

 

When looking at fire use in these sites against time, both site types show statistically-

insignificant changes of fire use throughout time. Using Pearson’s two-tailed significance, R 

remains below 0.05, (p = 0.568 and p = 0.774 for cave and open-air sites respectively). When 

looking at the sites together, the R-trends likewise remained below 0.05 (non-significant as p = 

0.751). Given that archaeology is a record of loss, earlier sites would preserve less fire than 

later ones if fire use remain constant throughout time. The fact that they do not either 

suggests that fire remains are less friable than certain other archaeological materials, or that 

fire use marginally declined through time, but was recognised more in later sites. The most 

friable fire proxy, complete hearths, might become more common through time from 

taphonomic concerns alone, with burnt flint and charcoal more commonly noted in older and 

younger sites respectively due to being used as dating proxies. However, no such trends were 

noted: 

 

Table 3.13: Comparing the ages of Middle Palaeolithic cave and open-air sites; also mapped graphically in Graphs 

A31 and A32 in Appendix Seven. 

Site Type Average Age with 

charcoal (ka) 

Average age with 

burnt flint (ka) 

Average age with 

hearths (ka) 

Average Age 

(ka) 

Cave 72.1 86.2 74.2 73.9 

Open Air 115.2 105.0 110.5 106.7 
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Although caves with burnt flints showed a small age increase compared to the average cave 

site age, this 16.6% difference was the largest of any, suggesting that sampling bias was not 

responsible for any age trends of these proxies. Given radiocarbon’s cut-off point is c.50-60ka, 

we would expect that if sampling bias was significant (charcoal and burnt lithics being only 

noted and collected for use as respective dating proxies), most charcoal would be younger than 

this date, and most burnt flint older. If charcoal and burnt lithics were instead noted as fire 

proxies, both proxies would probably have more examples over this date, as there are simply 

more older sites investigated. Whilst 59.8% of cave charcoal was <60ka, suggesting possible 

bias, only 35% of open-air charcoal was; burnt flint >60ka was found at 54.4% of caves and 

65.5% of open-air sites, but this is consistent with either theory. 

 

These individual proxy dates being so close to the average dates for each site type suggests 

that time has not significantly affected the survival of these fire materials. Furthermore, the 

data is not strong enough to state whether any age-related patterning exists (although see 

Table 3.14 below, and Graph A37, p.404). It certainly does not strongly suggest that 

continental-scale Neanderthal fire regimes fluctuate particularly through time. However this 

analysis is insufficiently fine-scale to detect cultural responses to glacial cycles.  

Table 3.14: Comparing fire frequency and age of Middle Palaeolithic cave and open-air sites; no trends are apparent. 
This is also presented on Graph A37, p.404.  

Number of Proxies 

noted 

Average Cave Site 

Age (ka) 

Average Open Air 

Site Age (ka) 

Average Combined 

Age (ka) 

0 78.2 111.2 94.2 

1 63.1 87.6 71.1 

2 70.7 121.1 85.3 

3 81.5 68.4 80.1 

4 80.5 331 93.7 

5 75.0 82.9 76.5 

 

 

 

 

 



102 
 

IV: Conclusion. 

This chapter has highlighted the general presence of fire in Neanderthal sites across long 

spatio-temporal scales. Although compared to ubiquitous modern human fire, 80.27% of sites 

(85.21% of cave sites) having fire is not high, it does imply that pyrotechnology was common to 

Neanderthals (especially given that taphonomic processes mean that these percentages are 

absolute lower limits). This chapter highlights overall scales of Neanderthal fire; it does not 

detail individual sites’ fire histories, as has been attempted at Pech de l’Aze. Thus it cannot 

reveal details of particular Neanderthal lives. I investigate an entire species’ technology rather 

than a single group’s, which may differ immensely. The advantage of such studies is precisely 

that it is not confined to single groups, whose behaviours may not represent general 

populations, but gives general baselines from which to study specific areas. 

 

The second finding has been that of a notable difference in fire proxies between caves and 

open-air sites. Whilst this was partially expected due to the obvious protection of cave roofs, 

the difference was unexpectedly high, approaching 50% more of particular proxies in caves. A 

relative difference between “friable” and “durable” proxies was expected. Friable proxies 

would benefit the most from protective cave environments and show in higher proportions 

there, whereas more durable proxies would subsist in both site types at levels closer to the 

original deposition quantities. Whilst this is the case for burnt lithics, the lack of burnt bone, an 

equally durable proxy, in open-air sites is confusing. Two competing theories attempt to explain 

this; one is that fire use was similar in both site types, and taphonomic issues affected open-air 

sites far more, with the relative absence of burnt bone in the latter being explained by 

preferential cooking in caves. The other theory is that there was originally much more fire in 

caves than open-air sites; the abundance of burnt lithics in the latter is explained by 

preferential lithic heat-treatment outdoors, leaving more burnt lithics there. Further testing the 

intentionality of burnt lithics at many more sites could help solve this issue. If they were 

intentional (especially if one site type had intentionally-burnt lithics and the other had 

accidentally-burnt ones), then the latter hypothesis stands; if generally unintentional, the 

former is suggested.  

 

Finally, spatial distributions of Neanderthal fire proxies appears generally uncorrelated with 

latitude. This suggests that ease of gathering or firestarting ability did not greatly hinder 
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northern European Neanderthals from using this technology frequently; and proposed 

fuelwood abundances in southern regions did not lead to greater amounts of fire use. The 

exception to this is apparent groupings of burnt lithics in certain neighbouring Iberian sites – 

this can be explained either culturally (intentionally or unintentionally), or geologically if it 

relates to similar groupings of underlying substrates. There is however some correlation with 

altitude, suggesting an inability of high-altitude Neanderthals to collect sufficient fuelwood. 

Given that Neanderthals were highly mobile however, and presumably across many altitudes, 

this does not preclude a single group from using fire in their lowland sites, even if they could 

not in their highland ones.  

 

Having reviewed the general presence of Neanderthal fire, I can conclude that it was a common 

Neanderthal technology, and therefore its further pyrotechnic-dependent technologies can be 

studied in greater depth, and which are recognisable in the Middle Palaeolithic record. Given 

the plethora of site types seen here, between the 45 completely fireless ones and the 25 with 

every proxy present, fire usage may have been highly varied, some groups merely using fire as 

a one-off, and others using it daily and fully understanding its transformative properties. These 

considerations and questions form the topic of the next chapter. 
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Chapter Four: Neanderthal Fire Technologies. 

We have seen in Chapter Three that Neanderthal fire is a common phenomenon. I have 

demonstrated that most sites retain some trace of fire, which unlike earlier hominin sites, are 

unlikely to have been natural wildfire. Fire proxies have survived even where discrete hearths 

have not, and microscopic studies often drastically increases chances of finding fire in 

otherwise “fireless” strata. I can conclude that Neanderthals, as a species, used fire frequently, 

across many sites. Neanderthal individuals or groups may have seasonally lived in fireless and 

fire-using sites. Even groups not using fire in all their home bases probably encountered 

pyrotechnology at some point in their lives. 

 

I: Aspects of Fire Use. 

The second big question about Neanderthal fire use, alongside its prevalence, is its degree of 

complexity. Advanced fire, as used by present-day H. sapiens, is characterised by five main 

features distinguishing it from natural, uncontrolled fire. 

1) We light fires ourselves. Neanderthals may have created fire, according to Sorensen et 

al. (2018), or borrowed it from naturally occurring wildfires, according to Sandgathe 

and Dibble (Dibble et al. 2017, Sandgathe et al. 2011). Correlations between fire 

frequency and climatic cycles in certain sites suggests that some Neanderthals (e.g. 

Pech de l’Aze and Roc de Marsal - Sandgathe et al. 2011) could not light fires. However, 

my data suggests that fire is very widespread in the Middle Palaeolithic, occurring in 

some very cold sites, and thus at least some groups probably mastered firelighting, 

possibly utilising pyrite and Mousterian bifaces as strikelights (Sorensen et al. 2018). 

2) We perform fire-dependent activities. Everyone near hearths benefits from light and 

heat, which extends the working day, allowing activities including tool 

creation/maintenance, feeding, grooming, socialising etc. However, these activities are 

not exclusive to hearths as a) some could be done in darkness without fire (feeding, 

socialising etc.), and b) even light-dependent activities could be done at other times of 

day. Activities requiring fire are transformative technologies, utilising fire’s nature to 

change one substance into another more useful version of itself. Some transformations 

improve object quality (organic or non-organic toolmaking), and some food quality 

(cooking). Both sets of activities are carried out by modern and archaic H. sapiens 
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(Dunbar and Gowlett 2014). H. neanderthalensis may also have used fire-integral 

transformative technologies, but how common this was is debatable. This chapter 

debates issues relating to Neanderthal tool manufacture and cooking.  

3) We optimise fire by hearth construction, including ringing with stones to delineate 

flames, sinking in pits or creating barriers to reduce windchill (e.g. Buzea et al. 2008), 

and erecting flues to carry off smoke. Neanderthals sometimes lit fires on bare ground 

without no preparation aside from removing some vegetation (Leierer et al. 2019). The 

exceptions from this rule, already noted at Kebara (Meigen et al. 2007), are notable 

precisely because they are uncommon. Admittedly, caves are more environmentally 

stable than open-air sites, with gusts less likely to extinguish more exposed fires; 

however they are more enclosed and smokier. Many open-air Neanderthal sites are 

also without prepared fireplaces, and several cave sites had hearths in more exposed 

entranceways (e.g. Grotta di Fumane, Gruta Nova da Columbeira – Romandini et al. 

2014, Zilhao et al. 2011). This may have been to signal their presence to other groups, 

remove smokiness, or to deter predators. Nonetheless, generally Neanderthals did not 

practice these behaviours, and any examples of hearth preparation are more likely to 

be individual innovations, quickly dying out rather than becoming group traditions. 

4) We optimise fires by the fuels used. Certain fuels are objectively better than others, 

with higher calorific values and lower ignition temperatures (Ragland et al. 1991). 

Other fuels serve specific functions; wet branches with leaves attached are used by 

Evenki people for smoking hides (Albert et al. 2003, Henry and Thery-Parisot 2014). 

Finally, certain fuels are preferred due to subjective individual or group traditions, or 

selected against for ritualistic taboos. Modern Yoruba people reject Akoko and Iroko 

fuelwood from positive associations (Akoko wood is used for throning ceremonies) or 

negative ones (Iroko is believed to harm children’s health - Akintan et al. 2018). 

However, these preferences depend on H. sapiens’ abstract thought and ritual 

understanding, which may be different in Neanderthals. Hominins familiar with fire 

may optimise its fuel; those unfamiliar, or newly-familiarised, might burn whatever was 

most available. Nonetheless, certain modern hunter-gatherer groups, undoubtedly 

proficient with fire, burn genera indiscriminately. North-coast Alaskan people burn any 

driftwood (Alix 1998), and indiscriminate fuel use is seen archaeologically from the 

Middle Palaeolithic until today (see Table 5.1, p.134 for details). Whether Neanderthals 

were likewise indiscriminate, or selected for specific fuel properties, is currently poorly 

understood. If Neanderthals selected fuel according to any criteria of quality, then as 
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well as indicating thoughts of improving their fires, this also indicates past fire 

experience. If unselective, or selected according to arbitrary characteristics, they may 

be inexperienced with fire, or simply unselective like the Alaskan people. Chapter Five 

explores “good” fuels, choice, and Neanderthal selectivity. 

5) We extinguish fires that has served their function, through disassembly, watering, 

covering with earth, or blowing it out. This prevents potential fire spread to other 

areas, conserves fuel resources, and avoids unwanted attention. Again, modern 

hunter-gatherers do not always do this. Since extinguishing only creates ephemeral 

traces, there is only one recorded instance of Neanderthals deliberately extinguished a 

fire by piling earth onto it, in Shanidar Cave (Smirnov 1989, p.216). As charcoal is 

increasingly produced in reducing environments, suddenly-smothered fires might  

increase proportions of charcoal to ash. However many other factors cause reduction, 

and certain extinguishing actions like disassembling and blowing do not cause reducing 

environments. Thus this act is impossible to determine archaeologically. 

 

Two elements of advanced Neanderthal fire use are potentially present but under-investigated 

in Middle Palaeolithic contexts; pyrotechnic-dependent technologies, and fuels burned. The 

former may depend on the latter if particular technologies require particular fuels. Three fire-

dependent technologies which Neanderthals might have undertaken are lithic heat-treatment, 

making hafting adhesives, and cooking. Other manufacture-related technologies undertaken, 

such as skin-drying/tanning, leave no archaeological signatures. This chapter addresses these 

advanced technologies regarding the utility and complexity of fire for Neanderthals. In 

discussing heat-treatment, I conclude that Neanderthals not heat-treating lithics does not 

imply an inability to master it. Rather, heat-treatment was disadvantageous for them, given its 

increased time and fuel costs. Neanderthal adhesive heat-preparation for lithic hafting is 

better-evidenced and proves that Neanderthals certainly had the capabilities for complex, 

planned tasks. I find that Neanderthals cooked in many regions, despite much evidence of this 

technology being ephemeral and unrecognised. Many hearths therefore would be optimised 

for cooking, or for archaeologically-invisible tasks (light and heat for miscellaneous tasks 

nearby). I conclude that whilst some Neanderthals undoubtedly used advanced pyrotechnic-

dependent technologies, their ephemeral natures precludes them from being prime indicators 

of Neanderthal technological advancement. I suggest that fuel selection is the best way to 

study this, and Chapter Five addresses this, and the question of choice and selectivity. 
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II: Heat-Treatment. 

Lithic heat-treatment is a common modern hunter-gatherer practice to improve lithic knapping 

properties. It is first seen with H. sapiens at Pinnacle Point in South Africa at 164ka BP (Brown 

et al. 2009, Mourre et al. 2010), at Porc Epic in Ethiopia at 70ka (Clark and Harris 1985), on 

European Solutrean laurel-leaf points (Aubry et al. 2003), and in Asia by 32-11ka BP (Zhou et al. 

2014). Whilst becaming mostly obsolete in the Early Bronze Age for metal-users (Domanski and 

Webb 2007), today non-metal-using people in North America, Australia and Africa commonly 

practice lithic heat-treatment on cherts, chalcedonies, quartzites and obsidian (Collins and 

Fenwick 1974, Schmidt 2016). Although heat-treating processes vary, temperatures required 

are generally c.200-500°C, depending on the material (Ahler 1983, Hurst et al. 2015, Luedke 

1992, Schmidt and Morala 2018). Coarser-grained quartzes must be heated more than cherts 

to structurally alter (Schmidt et al. 2013, Sollberger and Hester 1973, p.182, Speer 2010). The 

rate of change of temperature is crucial. Overly-rapid heating or cooling causes thermal shock 

and fissuring (Mercierca and Hiscock 2008), ruining finer-grained cherts, although heat-

fractured silcrete is still knappable (Schmidt 2016). Patterson (1995) recommends temperature 

changes of under 1.25°C/min for chert; silcretes can withstand changes of up to 20°C/min 

(Schmidt 2016). This rate of change is particularly important for larger lithics, as they thermally 

fracture more easily than smaller specimens (Schmidt et al. 2013). To heat slowly, lithics are 

rarely exposed to flames themselves, instead being thermally insulated in sand baths beneath 

hearths (Ahler 1983), or between layers of sawdust covered in burning charcoal (Laveri 1962). 

The Kidja Australian Aborigines bury lithics under smouldering firepits, covered with coals and 

hot sand for 48 hours (Akerman et al. 2002). Heating durations required for changes to take 

effect ranges between 50 minutes (Fukada and Nakashima 2008) and 2.5 hours (Schmidt et al. 

2012). However, the whole process, including slow heating and cooling, takes 10-48 hours 

(Hurst et al. 2015, Olausson and Larsson 1982), and sometimes up to 4 days (Laveri 1962).  

 

Heating lithics causes them to become more homogenous; intergranular pore spaces decrease 

as silica is recrystallised, making variably-sized crystals more equigranular (Gryba 2002). This is 

described by the Ostwald ripening dissolution-reprecipitation process, whereby many smaller 

poorly-ordered crystals grow into fewer, larger, better-ordered ones (Parks 1990, Sander 2009). 

Flaws and impurities are ‘healed’ by matrix impurities acting as a flux, welding the whole 

structure together (Graetsch et al. 1985, Monik et al. 2021). This causes more homogeneous, 

regular fracture behaviour when knapped. Cracks no longer propagate around particles and 
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along flaws, but rather along more predictable lines based on knapping angles (DeForest and 

Lyman 2022, Nadel 1989), more like glass or obsidian (Frahm and Feinberg 2013, Purdy 1974, 

p.51). Water loss slows crack propagation, causing smoother fracture planes. Strong silicon-

oxygen bonds are replaced with much weaker hydrogen bonds, causing innately weaker 

structures (Bachellerie et al. 2019, Blacic and Christie 1984). The Vickers indentation hardness 

(determining object hardness by measuring the loading capacity on a given surface area of a 

material) decreases with heating to c.200-400°C, but increases at higher temperatures 

(Domanski and Webb 2007, Speer 2010). Water movement and silica crystal microfracture 

decreases the rock’s strength (Flenniken and Garrison 1975, Milot et al. 2017) and reducing the 

force required in manufacturing processes (Johnson 1979, Nickel and Schmidt 2022). 

 

Consequently, regular and heat-treated lithics display very different knapping characteristics. 

Heat-treated lithics are better for learning or teaching knapping on; knapping fractures 

propagate more predictably, product standardisation is increased (Maloney and Street 2020, 

Wilke 1996), and fewer imperfect lithics are rejected due to undesirable step/hinge fractures 

(Holyoke et al. 2020, Rick 1978). Longer, more useful blades can be produced from heat-treated 

lithics (Byers et al. 2014, Flenniken and Garrison 1975). Tougher, lower- quality local rocks can 

be effectively worked by increasing their quality through heat-treatment (Brown et al. 2009, 

Hurst et al. 2015, Patterson 1979). Increasing proportions of workable stones would be 

especially useful in periglacial Middle Palaeolithic landscapes, where repeated freeze-thaw 

cycles reduced surface lithic quality by microfracture, as well as deep snow and frozen ground 

causing seasonal shortages (French 2013, Rasic 2004, Rolland and Dibble 1990). Although 

lithics heat-damage is undesirable, negative bulb scars of pot-lid flakes provide good angular 

facets for striking platforms (Domanski and Webb 2007). If properly cooled, a stone’s 

mechanical properties may be improved, as compressive strength increases (Key et al. 2021, 

Purdy and Brooks 1971, Key et al. 2021), albeit at the expense of tensile strength (Bustos-Perez 

and Preysler 2016, Sollberger and Hester 1973, Bustos-Perez and Preysler 2016).  Finally, the 

finished pieces are rubified, and glossier due to flatter planar fractures – this may imbue the 

object with special meanings, increasing its value for the individual, or within intra- or inter-

group trades (Domanski and Webb 2007). Local heated materials can imitate other, exotic ones 

(Nadel 1989, Yegorov et al. 2020). The points created are sharper than non-heat-treated ones, 

properly displaying superior skillsets of experienced knappers (Hanckel 1985, Mraz et al. 2019). 

Heat-treated lithics would have been ideal for sharp cutting implements, such as razors.  
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Given heat-treatment’s utility and that many H. sapiens groups used fire for this purpose, did 

Neanderthals do likewise, and if not, why not? In order to determine deliberate heat 

treatment, tools must have been demonstrably heated pre-knapping into shape, and they must 

not evidence heat-fracture or other negative effects indicating uncontrolled heating. Thus, 

common evidences for heated lithics including fissuring, potlidding etc. cannot be used here. 

As outlined in Chapter Two, other suitable evidences could include rubefaction/surface 

darkening (though this could have been lost through subsequent reduction), lustre of exposed 

faces and ESR signal intensity. In order to prove deliberately pre-knapping heating, refittable 

waste flakes should also show similar indications of past heating; however it is rare that tools 

are found in the site where they were created. A more reliable indication might be refitting 

waste flakes from different areas of the site, displaying similar heating effects, suggesting 

heating and subsequent knapping and scattering. 

 

 

II.I: Neanderthal Heat-Treatment: Methodology. 

Although burnt lithics are found in 91 Middle Palaeolithic sites (Chapter Three, p.67), most are 

unintentionally heated. To search for evidence of intentional heat-treating, I initiated a search 

using the Birkbeck library and online resources. The research used online repositories, and 

search engines including Google Scholar, Research-Gate and Elsevier search, using keywords in 

English, French, Spanish, German and Italian for heat-treatment, thermal alternation, 

potlidding, controlled heating etc. It was important that the heat-treatment was considered 

deliberate by at least one publication, and preferably more. Examples where burnt lithics were 

found but no authors suggested their intentionality were rejected, as I did not research the 

lithics directly and am in no position to comment on their intentionality. 
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II.II: Results.  

Deliberate Neanderthal heat-treatment is only convincingly evidenced at five sites; Ras El-Kelb, 

(Copeland 1998), Les Forets (Duttine et al. 2005), Mediona I (Clemente 1995), Brugas (Meignen 

1981) and Sesselfelsgrotte (Agam et al. 2023). Whilst compelling enough to indicate that 

Neanderthals, as a species, could undertake this technology, it generally suggests that they 

mostly did not, or that if they did, the evidence is lost. 

 

This may in part be due to archaeologists not noticing heated lithics, and if finding them, 

attributing them to natural causes. Lithic heating, if not cracking rubifying lithics, is often 

overlooked. For lithic heat-treatment, and indeed any advanced pyrotechnic technology 

traditionally considered exclusive to our species (such as birch-bark pitch manufacture until 

recent discoveries – see Schmidt et al. 2023 for the most recent discussion on the debate), this 

issue has similar methodological problems to debates about Neanderthal burial and fire use. 

Evidence may not be found because it is not looked for, and if found, is unexpected and 

ascribed to natural causes. Indeed, a lithic perfectly heat-treated and subsequently knapped 

does not prove intentionality; the lithic could accidentally have been ideally placed in an 

optimum environment – and these five Neanderthal examples could be no more than chance. 

However, given the aforementioned difficulties of thermal shock from overly-rapid heating and 

cooling, and the fact that lithics often have to be buried underneath fires in order to achieve 

this effect, it is unlikely that Neanderthals would excavate beneath their fires and come across 

these lithics. It is far more likely that these examples are in fact deliberate. 

 

Nonetheless, lithic heat-treatment was infrequently used by Neanderthals, and would not have 

been generally considered when planning hearth events. Why did they lack lithic heat-

treatment, a complex forward-planning technology analogous to fire use itself? If heat-

treatment was a distinct benefit which they did not use, this calls into question their 

technological advancement, as well as their mental proficiency as a whole. If however, heat-

treatment represents behavioural shifts rather than obvious optimisation, providing problems 

as well as improvements, then their lacking this technology could be seen as either an active 

rejection, or that this technology never developed due a lack of selective pressure. Many 

modern human hunter-gatherer groups do not heat-treat lithics, yet we do not question their 

behavioural modernity. 
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The reasons why Neanderthals might not use this technology at first appear clear. Although 

heat-treatment can make knapping easier, this knapping requires different skillsets to normal 

knapping, and depends on so many variables including fatigue level, unquantifiable practice, 

and split-second judgements about force placements (Bleed and Meier 1980). Heat-treatment 

itself requires intense skill and judgement; stones should be heated, but not so as to cause 

harmful potlids, fissures or cracking, which actively decrease raw material quality.  Whilst 

knapping is a very visual task, and can be accurately learnt by observation from first principles, 

heat-treatment beneath hearths is hidden and over longer periods, requiring explanations of 

the transformation and its timings. Young Neanderthals might not understand how lithics, 

hidden from sight, became heat-treated (but not much altered visually) and heat-damaged if 

heated too rapidly. If Neanderthals lacked complex language, this may have limited complex 

teaching. The difference between this technology and cooking, both requiring precise timing, is 

that cooking (unless in subterranean pits) is always visible – meat visually transforms slowly 

from raw to cooked, and potentially burnt. Furthermore, the finished cooked product (meat or 

vegetables) is visually and olfactorily different from its raw counterparts, whereas heat-treated 

stones resemble unheated ones. Cooking could be transmitted by visual learning rather than 

explanation. Thus this technical, hidden technology may have been too complex if 

Neanderthals were cognitively-inferior to our own species. 

 

The benefits of heat-treatment outlined above are varied and many. In particular, greater flake-

per-core ratios of heat-treated lithics would have especially benefitted Neanderthals suffering 

from lithic shortages in glacial winters. Neanderthals sometimes used low-quality local lithics 

(e.g. Frouin et al. 2014, Marquez et al. 2013), and heating them could avoid substitution with 

innately higher-quality, more distant ones. Given these benefits, its absence must either 

suggest minimal fire and/or in-depth planning activities, or that lithic heat-treatment would 

not have benefitted them. Heat-treatment effectiveness varies depending on the rock sources 

used; recrystallisation processes depend on silica content, and the effects are more 

pronounced in very fine-grained microcrystalline cherts (Banfield and Zhange 2001, p.13). 

‘Repairing’ internal flaws in the rocks through heating depends on the presence of chalcedonic 

matrices, and is less effective in cherts, jaspers and silcretes (Graetsch et al. 1985). Thus some 

stones are worth heat-treating, and others not (Byers et al. 2014). The effect also depends on 

more immediate, fluctuating variables including water content, which increases in lithics 
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foraged from riverbeds. The lower quality of Neanderthal raw lithics may have made heat-

treatment uneconomical. Many comparable Middle Stone Age heat-treatments, such as those 

in Diepkloof, occurred on silcrete rather than the cherts characterising the European Middle 

Palaeolithic. Treating silcrete is much easier, as it does not require dedicated heating 

environments such as sand baths, but could have been done within fires alongside other 

activities such as cooking, with only minor supplementary time and firewood investments 

(Schmidt et al. 2013, Stolarcyzk and Schmidt 2018). Occasional Neanderthal heat-treatment of 

chert would therefore represent a novel technology, disconnected from and more technically 

demanding than MSA heat-treatment. MSA heat-treatments also occurred in warm African 

climates; in cold environments, the fire’s heat dissipates too rapidly in frozen ground to heat 

buried lithics properly (Mandeville and Flenniken 1973). In both instances, Neanderthals would 

have suffered more difficult conditions for heat-treating, and so cannot be directly compared 

with MSA H. sapiens in this instance.  

 

Heating lithics is costly, requiring c.8kg of fuel for treating four cores (Brown et al. 2009, 

Wadley and Prinsloo 2014); these costs increase if steppic Middle Palaeolithic landscapes 

afforded little fuel, given the long times needed for heat-treatment (Brown and Marean 2010, 

Eriksen 1997). Furthermore, effective heat-treatment requires burying lithics beneath hearths, 

extinguishing the fire and subsequently excavating and recovering the cores. If Neanderthals 

could not easily create fire, relying instead on keeping fires alight, then extinguishing and 

relighting, or transferring flames to alternative hearth spots during this process, would have 

been too risky. They could have mitigated this, however, by wrapping lithics in clay and baking 

them in ongoing fires (Reynolds, pers. comms.). 

 

Thus far, this technology would be advantageous but too costly for Neanderthals as opposed to 

contemporary African AMH. However, heat-treated lithics have several innate disadvantages 

compared to their normal counterparts. Tensile strength is decreased, causing increased 

platform collapse and crescentic snap fractures during knapping (Amrick 2022, Hayden 1979, 

p.134), and more lateral snaps and reverse fractures during use (Johnson 1979). Use-lives are 

shorter due to quicker wear of sharper, thinner edges (Domanski and Webb 2007, Monik et al. 

2021, Olausson 1983). Heat-treatment may actively worsen tools requiring strength and 

durability and the expense of sharpness (drills, scrapers, adzes etc.). Neanderthals used fewer 

projectiles or microlithic technology, save for some micro-Mousterian Mediterranean points, 
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relying instead on handaxes and discoid scrapers, tools requiring longer use-lives. Heat-

treatment may have actively harmed these tools (Ibid, Ahler 1983). Whilst the H. sapiens 

toolkit may have been advantageous over Neanderthal technology for European subsistence, 

and heat-treatment may have provided that competitive edge (Webb and Domanski 2009), 

nonetheless for typical Neanderthal toolkits, heat-treatment may not have been beneficial. In 

summary, the lack of Neanderthal heat-treatment comes down to three models.  

- One hypothesis is that, unlike Homo sapiens, Neanderthals simply could not use this 

technology. Either they lacked pyrotechnic experience, or lacked language and 

communication skills to communicate this complex visually-hidden technology to 

others. Here, Neanderthals could create fires and use them for some purposes but not 

others.  

- The second position is a middle ground; Neanderthals did not heat-treat lithics not 

because of incompetence, but because of environmental constraints. African silcrete 

heat-treatment would have been far easier than chert heat-treatment in colder 

conditions. If Neanderthals did heat-treat, it would show more advanced technologies 

than used by contemporary H. sapiens. 

- A final model is that Neanderthals could in theory heat-treated their lithics, but them 

not doing so represents either active avoidance, or a lack of selection towards this 

process. Neanderthal tools types would have made heat-treatment superfluous, as 

normal lithics would be better for their functions than heat-treated lithics, which 

would also have used up valuable time and fuel. In this instance, occasional 

Neanderthal heat-treatment may be individuals attempting this technology, or groups 

using different lithics and toolsets for which heat-treatment would have been 

beneficial (of which we have no evidence). This technology did not provide sufficient 

evolutionary or cultural advantages to promote its use. Only with the later H. sapiens’ 

projectile toolkits did it became valuable, in Upper Palaeolithic Aurignacian, Solutrean 

and Gravettian sites (for site lists, see Domanski and Webb 2007, p.164). 
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III: Hafting Adhesive Preparation. 

A subsidiary technology associated with lithic knapping is melting and creating hafting 

adhesives for composite technologies (binding lithics to organic handles). This represents a 

halfway technology between heat-treatment and food preparation, as the substance is treated 

more like food than any other tool-associated technology. Birch-bark is not edible, and yet is a 

rare example of organic materials being fire-altered (aside from occasionally fire-hardening 

wood). It is associated with inorganic lithics and tool creation, but is frequently made with 

organic birch-bark, part of the fuel-food object category, although sometimes with natural 

bitumen (Boeda et al. 2008a). Thus, it used organic resources as tool components. It very 

visually changes solids into liquids (and back into solids once cooled), similar to visually cooking 

food, but neither the raw nor liquid state is edible, and thus not associated with imminent 

hunger and survival. Its transformation is associated with future planning and tool 

maintenance rather than satisfying immediate needs, and the process is much more visible 

than lithic heat-treatment. It is a pyrotechnic-dependent technology, although working under 

more fire conditions than lithic heat-treatment (see Kozowyk et al. 2017, 2023 for details).  

 

Hafting material residues remain on finished tools, although we lack the organic handles to 

which they would have been attached. Birch-bark tar residues survive at Campitello (Mazza et 

al. 2006), Bockstein (Conard et al. 2012, p.237), Inden Altdorf and Konigsaue (Koller et al. 2001, 

Pawlik and Thissen 2011) – bitumen residues at Fossellone and Sant’Agostino (Degano et al. 

2019), Sesselfels-Grotte (Rots 2009), Biache-Saint-Vaast (Rots 2013), Umm el Tlel (Boeda et al. 

2008a,b), Gura Cheii-Rasnov (Carciumaru et al. 2012) and Hummal (Hauck 2010). Residue-

coated lithics sometimes represent a large proportion of the sample, including 200 of 1,000 

lithics at Umm el Tlel (Boeda et al. 2008a). Bitumen may have been melted on fires, or applied 

directly; birch-bark however must be melted. Hafting can also be inferred from wear patterns 

on lithics (Boeda et al. 1999), although of course some hafting methods may be fireless. This 

common hafting practice by Neanderthals suggests that this technology was relatively common 

amongst them, with fire playing a non-exclusive role in this. Plant-based tars are distilled at 

200-500°C (Fagernas et al. 2012, Nilsson et al. 1999, Pakdel et al. 2002, Puchinger et al. 2007), 

and manufactured in ceramic containers by modern hunter-gatherers (Kozowyk et al. 2017); 

however pre-pottery societies have several alternative methods. The simplest, ‘ash mounds’, 

places hot ashes and embers over tightly-rolled and tied birch bark; over time, tar precipitates 

onto the bark and is collected. This method could easily have been practiced by Neanderthals 
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who cleaned hearths after use, and had cordage technology to tie rolls with. This method 

would follow on from observations of tar naturally precipitating from birch bark, a common 

Palaeolithic fuel (Urban and Bigga 2015). This method however gives poor yields of 1g of tar for 

every 100g of bark used (Kozowyk et al. 2017). The pit method involves birch bark placed on an 

organic mesh, covered in earth, and a fire lit on the mound. Whilst offering much higher yields 

of 9.6g tar per 100g bark used (Ibid), this method is much more complex. It is a non-visible 

transformation of material in a fire, more similar to heat-treating lithics than cooking, and 

would require re-lighting a fire after the burial, and extinguishing it after the tar had 

precipitated, a potentially difficult action if Neanderthals could not create fire at will. There are 

no known instances of Neanderthal fires on raised mounds for this purpose. With no evidence 

for how the adhesive was melted, we may assume the simpler ‘ash method’ (Kozowyk et al. 

2022).  

 

The evidence here suggests that Neanderthals used fire for organic transformations related to 

tool manufacture. Earlier Lower Palaeolithic evidence of Clactonian fire-hardened wooden 

spear tips (Ennos and Chan 2016) evidences similar technologies in species ancestral to 

Neanderthals, with fire visibly transforming organic materials into better tool components. A 

single similar Neanderthal instance, of fire-hardened digging tools, has been found at Poggetti 

Vecchi, Italy (Aranguren et al. 2018). Neanderthals apparently mentally associated organic 

materials with fire, but not so easily inorganic lithics; they could perform pyrotechnic-

dependent technologies relying on observable visual changes, but not so easily ones with 

hidden transformations.  
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IV: Neanderthal Cooking. 

In cooking, organic materials are visually transformed. On this principle, Neanderthals should 

have been able to cook. I have already discussed how H. sapiens are obligate fire-users 

primarily because of needing cooked food. Despite their protein-rich high-energy diets, 

Neanderthals’ high energetic needs (Churchill 2006) meant that fire would have been 

especially valuable for cooking. Did H. neanderthalensis represents a species who absolutely 

required fire for this purpose? Fireless levels in Pech de l’Aze and Roc de Marsal (see Chapter 

Two), and fireless sites in my survey (Chapter Three) must represent fireless Neanderthals who 

nonetheless could survive, and eat. These groups may have been unfit however, or even 

represent groups dying out, as a result of this lack of fire.  

 

Cooking would have increased individual or group fitness, as well as individual desirability to 

potential mates and subsequent reproductive success. Neanderthals may not have suffered 

from not cooking during stable climatic intervals, but during unstable climatic periods that 

caused Neanderthal extinction from 44ka BP (Melchionna et al. 2018), cooking gave H. sapiens 

the competitive edge. This may have occurred either by direct competitive exclusion of 

Neanderthals (Goldfield et al. 2018), or as a more passive process if Neanderthals and humans 

were not competing for identical food types in the same areas. Whether we actually find 

cooked food in the Neanderthal record is therefore important for this hypothesis – if 

Neanderthals did cook, then other advantages such as clothing (Gilligan 2007) must have given 

modern humans advantages in these periods.  

 

Cooking, or rather, food preparation in general, is an important mechanism throughout 

evolutionary history which has both driven and resulted from many evolutionary changes. I say 

food preparation in general, as actual cooking (exposing food to heat) only represents a small 

portion of this process. Other parts include defleshing, filleting, washing, separating into edible 

and inedible (or optimal and suboptimal) parts, which improve flavours and/or qualities of 

foodstuffs. Animals sometimes prepare food in this manner; macaque monkeys flavour sweet 

potatoes with saltwater (Matsuzawa 2015, Nishida 1987), and gorillas create ‘leaf parcels’ to 

shield their mouths from harmful parts of meals (Byrne et al. 2011). Such practices may have 

occurred in fireless as well as fire-using societies, but are archaeologically-invisible. Today, non-

human animals do not cook, as they do not use or control fire. However, studies have shown 
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that the capability is present. Warneken and Rosati (2015) found that chimpanzees exchange 

raw potatoes for cooked ones, demonstrating an awareness of cooked food and its benefits. 

But the animals may not have understood cooking processes, as the potato cannot be 

observed cooking, and this transfer may just represent flavour preferences rather than 

representing any survival benefit (Beran et al. 2017). This may be due to the Maillard reaction, 

whereby cooked meat smells are chemically similar to volatile compounds present in preferred 

raw plant foods (Carmody and Wrangham 2009a). Animals completely unacquainted with fire, 

including rats and cats, often prefer cooked to raw foods (Wobber et al. 2008), highlighting that 

preferences for cooked diets is uncorrelated with fire use. Nonetheless, chimpanzees, although 

not utilising fire, are not unduly afraid of it unlike some animals (Gowlett 2016). Early 

Australopithecines might have encountered pre-cooked carrion and tubers as they followed 

wildfires around the landscape, developing preferences for cooked food. It was no great leap to 

associate cooked food with fire. The greater leap would have been actively cooking it oneself, 

either on controlled or uncontrolled fires; once achieved, cooking is an obvious, visual process 

that can be learnt without direct teaching or complex language.  

 

Cooking provides many immediate benefits. It breaks down tougher foods into easily-chewable 

masses. This is particularly important for weaning children and elderly individuals with weak 

teeth or masticatory muscles. This preservation of the elderly is important for the 

“grandmother hypothesis” (Alvarez 2000) whereby older community members teach children 

important cultural and survival knowledge, and give fit adult individuals more time for foraging. 

Neanderthals generally died in their 20s and 30s, but some individuals survived much longer, 

often with severely debilitating injuries. St Cesaire 1 survived severe head trauma and Shanidar 

1 was half-blinded, with a withered right arm and partial paralysis, and could have lived as long 

as 50 (Spikins et al. 2018). Elderly Neanderthals frequently lost their teeth (e.g. Bau de 

l’Aubesier 11 – Lebel et al. 2001) and could not have chewed tough food; softened cooked food 

could have been part of specialist care shown to them. Breaking down food is also important 

for dealing with tougher fallback foods in harsh seasons (Wrangham et al. 1999). Cooked, 

easily-chewable food can also be eaten on average 10-20% quicker than their raw counterparts 

(Wrangham 2017), saving time when eating which could be used more valuably in other 

activities. If eating is undertaken in open landscapes, this may represent moments of risk from 

predators, that cooking helps to mitigate. However, these masticatory benefits could instead 

have been conferred by blending or crushing foodstuffs, without cooking. Thus although 
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cooking provides such benefits, other (fireless) processes may also have done likewise, albeit 

with higher preparation costs.  

 

Cooking however also breaks down microscopic food molecules into smaller ones; for instance, 

transforming starch into dextrin and maltose (Wandsnider 1997). This is impossible through 

fireless preparation methods (Groopman et al. 2015). Molecules which cannot be metabolised 

when raw, such as cellulose, can then be properly digested (Attwell et al. 2015). Other 

molecules which can be digested at high metabolic costs, use less energy when cooked (e.g. 

proteins denature by heat into component amino acids – Wandsnider 1997). As a result, 

although no energy is added to food by cooking, nonetheless reduced digestion costs mean 

that energetic contents of cooked food increase by c.10% for meat and by c.30% for vegetables 

(Carmody and Wrangham 2009a, Carmody et al. 2011). 

 

Cooking also kills bacteria and other food pathogens. As well as pathogens potentially causing 

fatal diseases, even coping with milder infections through fevers increases human energy 

expenditure by 7-13% (Carmody and Wrangham 2009a, 2011). Animals with routinely better 

health expend less energy than unhealthy ones, and cooking prevents food-borne disease. 

Cooking also kills spoilage bacteria, meaning that cooked food lasts longer than its raw 

counterparts (Wandsnider 1997) and facilitating storage. Certain foods, particularly plants, 

have naturally toxic compounds to defend against being eaten. For instance, lectin proteins in 

legumes agglutinate red blood cells (Jaffe 1980, p.77, Mrazkova et al. 2019). However, cooking 

denatures and nullifies many toxins (Cutts 2021, Stahl 1984). This not only allows dietary 

inclusion of previously toxic food, but also reduces evolutionary requirements to discriminate 

between toxic and nontoxic food, if much is rendered safe through cooking (see next paragraph 

for contrary arguments). This saves time, both in learning and day-to-day foraging.  

 

Alongside these benefits, this technology comes with costs. As with any technology, care is 

required or foods will burn, either becoming completely inedible or losing energy to 

carbonization processes (Henry 2017). Over-cooked food poses carcinogenic risks (Ibid), though 

this may have posed minimal practical disadvantage given short Neanderthal lifespans. Certain 

meat cooking techniques cause inevitable loss through fat-dripping (Attwell et al. 2015), 

though this lost energy may be partially reclaimed if it fuels the fire. Heat usually denatures 
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toxic compounds, but some compounds withstand heat, and heat enhances others 

(Wandsnider 1997). These compounds pose risks, especially in fire-using societies which 

cannot discriminate against toxic plants. Heat-destruction of bacteria, although generally 

beneficial, may reduce gut microbe diversity, causing associated health problems (Henry 2017). 

Finally, the process of cooking may itself be a disadvantage. Despite the time saved in eating 

and food-processing behaviours, cooking itself takes time and uses the hearth, preventing 

other open-fire technologies like hafting adhesive preparation. Those cooking by hearths risk 

burns and long-term health risks from smoke inhalation (Ibid). Since cooking involves delayed-

gratification, it increases risks of freeloaders compared with immediate consumption (Twomey 

2013). The delay in accumulating food, bringing it to processing areas, and processing and 

cooking it, increases risks of theft by other group members. Furthermore, the closer food is to 

being cooked, the more valuable it becomes due to its improved nutritional properties and the 

less future investment is needed in it, hence the more likely it is to be stolen (Wrangham et al. 

1999). The fact that cooking was adopted however by all H. sapiens indicates that these 

concerns are outweighed by the benefits, at least for our own species. It remains to be seen 

whether this cost-benefit ratio also applied to H. neanderthalensis cooking.  

 

Over perhaps millions of years, cooking has imparted important evolutionary effects to those 

practicing it. Cooking makes foraging and acquiring food easier, as assessing levels of 

pathogens/innate toxicity is unimportant if both are annulled by fire. Chimpanzees can inspect 

carcasses for pathogens (Muller et al. 1995), and by proxy it is believed that early hominins 

could also do so (Smith et al. 2015). However, with fire, these traits can be lost without major 

detriment, allowing other behaviours to emerge. Cooking also has important societal 

implications. Time necessarily spent around hearths promotes sociality and group bonding 

(Gowlett and Wrangham 2013) – modern human attention peaks at 6-7pm in the evening, a 

time for cooking (Schmidt et al. 2007). Sub-group coalitions may have formed to prevent 

freeloaders and food theft; smaller females may have formed protective relationships with 

male co-defenders for this purpose by extending their period of sexual attractiveness 

(Wrangham et al. 1999). This would in turn increase the numbers of matings per pregnancy, 

reducing male-male competition, and thus the selection for extreme sexual dimorphism (Ibid). 

This trend exists in the archaeological record since H. erectus; by the Middle Palaeolithic, 

Neanderthal sexual dimorphism was similar to modern-day humans (Trinkaus 1980). If cooking 

and its increased costs of delayed-eating drove these changes, then cooking could have 

emerged alongside the Homo lineage.  



120 
 

Extracting more energy from cooked food also has important implications for the previously-

mentioned Expensive Tissue Hypothesis. Neanderthals traditionally committed to high-quality, 

high-protein diets based on large ungulates (Goldfield et al. 2018), and this narrow-spectrum 

diet may have contributed to their extinction. Once their preferred megafaunal diet died out 

due to climate shifts, Neanderthals were unable to effectively forage and died out 

(Timmermann 2020). Neanderthals were top-level carnivores, as seen through molar 

microwear patterns (Krueger et al. 2017, Lalueza and Perez-Perez 1993), dietary isotopes 

(Bocherens et al. 2005, Richards and Trinkaus 2009) and butchered faunal remains (e.g. Smith 

2015). However, there is more evidence than was once thought for broad-spectrum 

Neanderthal diets, of underground tubers (Hardy 2010), fibrous plants and bulbs (Hardy et al. 

2012), moss and fungi (Weyrich et al. 2017) and marine resources (Hardy and Moncel 2011). 

The latter are particularly common, noted in ten caves from Spain to Russia (Adan et al. 2009, 

Bicho and Haws 2008, Derevianko et al. 2005, Fiore et al. 2004, Patou-Mathis 2004, Rigaud et 

al. 1995, Stringer et al. 2008). Neanderthals had apparently already adapted to broad diets 

through choice or environmental necessity, certain plant types of which were lower-quality. 

Large Neanderthal brains are unlikely to have been sustained on raw diets that weren’t focused 

on large ungulates alone. To sustain this, supplementary cooking may have been required.  

 

 

IV.I: Behavioural Change versus Evolutionary Stability. 

Behaviours may of course emerge on timescales on which evolutionary features cannot be 

traced. Neanderthals increasingly broadening their diet over 50,000 years (many dietary 

innovations are seen only in the latest Neanderthals) would be archaeologically-apparent but 

morphologically-invisible, as Neanderthals still carried ancestral traits for eating raw food. 

Gilligan (2007) argues that Neanderthal reliance on genetic adaptations towards cold living 

delayed cultural adaptations towards clothing and related technologies. Thus H. sapiens, who 

instead coped through behavioural alterations, could better withstand change than 

Neanderthals. Similar theories can be posited for cooking; given pre-existing Neanderthal 

adaptations towards eating raw food (large teeth, strong biting power etc.), they would not 

need to alter this with cooking behaviours. However, this theory would hold true for larger-

teethed archaic H. sapiens, who did not need cooking for survival. Their adoption of cooking 

suggests cultural change subsequently caused evolutionary change, which in turn rendered 

cooking essential. Neanderthals could also have altered their behaviours, although not obliged 
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to do so. Had they survived longer, evolutionary changes may have followed and they may also 

have become obligate cookers. Comparing H. sapiens and H. neanderthalensis at 50ka BP, the 

former’s more gracile features suggest an earlier adoption of cooking; Neanderthals at c.200ka, 

when H. sapiens first started cooking, probably did not cook regularly, otherwise effects of this 

would be visible in later morphologies. However, I address instead whether Neanderthals 

c.100-40ka cooked as a later adaptation, as by this time fire is well-indicated at their sites, and 

no evolutionary consequences of this would have emerged by the time they went extinct. 

 

Indications of cooking could be provided by burnt animal bone. As seen in Chapter Three, 111 

out of 232 sites (48%) contain burnt bone. This is not necessarily associated with cooking 

however; bones can be burnt in other ways, including by chance in underlying sediment, or 

thrown (defleshed) into hearths as fuel or waste disposal. Several such sites also had negligible 

quantities of bones burnt, and the authors do not think that this represents cooking: Jonzac 

(Niven et al. 2012), Les Pecheurs (Moncel et al. 2008), Mujina Pecina (Miracle 2005) etc. 

Certain Neanderthals deliberate burnt bone as major fuel sources; most notably at El Esquilleu 

(Yravedra and Uzquiano 2013). If too few bones are burnt on a site, this appears accidental, 

and if too many, systematic post-consumption disposal as waste or fuel is indicated. 

Furthermore, when fleshed bones are cooked, they rarely burn as the meat insulates them 

(Koon 2006, Koon et al. 2004) – fully carbonised bone suggests pre-combustion defleshing. 

Conversely, cooking pre-defleshed meat would not burn bones at all. Occasionally though, 

deliberate cooking is better-attested. Instances where epiphyses (containing less meat) are 

more burnt than the shaft, suggests that fleshed bones were exposed to the fire, as at Misliya 

Cave (Yeshurun et al. 2007). In other cases, bones are burned in multicoloured patches (e.g. 

Kaldar Cave – Bazgir et al. 2017), again consistent with burning when fleshed. There are no 

plausible explanations for this aside from deliberate cooking.  

 

Other heat-altered foodstuffs occur at Neanderthal sites. Neanderthal teeth from Shanidar 

(Iraq) and Spy (Belgium) contain heat-altered starch (Henry et al. 2011), although this may also 

result from age- or chewing-related degradation (Collins and Copeland 2011). Dental calculus 

also contains “altered” potentially-cooked fat in the Qesem and El Sidron Neanderthals (Hardy 

et al. 2012). Carbonised pounded pulses are present at Franchthi and Shanidar caves (Kabukcu 

et al. 2023), and charred plant seeds at Amud (Madella et al. 2002), Douara (Matsutani 1987), 

Franchthi Cave (Hansen 1991, Kabukcu et al. 2023), Gorham’s and Vanguard Caves (Barton 
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2000), and Kebara (Lev et al. 2005). Most occur sporadically, but the latter site contains over 

4,000 charred legumes and nuts (Henry 2017). Whilst these were not conclusively cooked, and 

may result from burning dung (Aldeais et al. 2016), the vast quantity does imply deliberate 

cooking. Although this small sample is the only definitive evidence we have for cooking, much 

goes unnoticed. N-alkyl nitrile studies, such as those at El Salt, Abric del Pastor and Crvena 

Stijena (Jambrina-Enriquez et al. 2019) indicates the nature of burned fats which could have 

contributed to Neanderthal diets. It can categorise into plants v animals, terrestrial v aquatic 

etc., but cannot detect cooking v non-cooking. The current evidence strongly suggests that at 

least some Neanderthal groups cooked; it was an individual and group trait, although possibly 

not at the species level. Late Neanderthals had increasingly Broad Spectrum diets; these late 

Neanderthals may have been forced to cook tough, hard-to-digest plant materials. This is 

against the lack of fire trends over time in Neanderthals (see Chapter Three, p.101); perhaps 

increasing proportions of later fires were exclusively cooking fires? 

 

Genetically, Neanderthals show mixed evidence for cooking. Unlike modern humans, 

Neanderthals did not have detoxification genes to guard against harmful effects of smoke and 

overcooked food (Aarts et al. 2016). They also had the TAS2R38 bitter taste perception gene we 

sometimes lack, which warns against toxins (Lalueza-Fox et al. 2009, Miller 2011), suggesting 

that they ate some raw potentially-toxic food. On the other hand, Neanderthals and H. sapiens 

do share certain “cooking genes” at population levels associated with lipid-related metabolic 

processes (Carmody et al. 2016), and lack carbohydrate metabolic processing genes important 

for wholly raw diets (Ibid). Genetics is as difficult to correlate with behaviours as morphology 

however, as late Neanderthal technologies would not manifest evolutionarily. However, the 

fact that these are at the population level, suggests that most Neanderthals may have 

experienced cooking, or else these traits would not have propagated.  

 

Methods of Neanderthal cooking are completely unknown. Food is chemically altered at 

temperatures as low as 55-95°C (Bentsen 2013) – lower temperatures are needed for 

detoxification and drying, and higher ones for broiling, protein denaturation etc. (Wandsnider 

1997). Cooking can happen in many ways, the simplest being exposing food near fully-burning 

hearths. This method is fully visual and can be easily monitored, but risks burning the handlers, 

as well as incompletely cooking the food. For this method, which is the most likely that 

Neanderthals used, slow-burning low-heat fuels like dung would have been optimal, and would 
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allow cooking food to be left unattended for several hours (Braadbaart et al. 2012). Other 

woody fuels with these same properties would also be ideal. Importantly, food need not be 

fully cooked; modern Hadza people only cook tubers for short 5-minute periods to assist with 

peeling, but not to predigest the starch inside (Marlowe 2010). Neanderthals may likewise 

have partially cooked food, in order to confer some benefits but not others – this may have 

been intentional, based on cost-benefit analyses, or because they were simply unaware of 

further benefits of fully cooked food. These partially-cooked foods may be archaeologically 

invisible, or easily mistakable for raw food. Food can be pit-roasted, where it is buried with hot 

coals or rocks, either beneath hearths or hot embers, and later re-excavated. Many burnt 

Neanderthal lithics may attest to this practice. However, this non-visual transformation, like 

heat-treating buried lithics, requires prior experience to know precise timings, mental flexibility 

to understand unseen transformations, and complex language to teach this technology. 

Neanderthals may not have had these capacities, although they could certainly do direct-visual 

tasks. Pit-roasting is ideal for high-lipid meats (Wandsnider 1997), unlike the leaner wild meats 

and plants Neanderthals would have encountered. 

 

Another method is heated rocks acting as heat vectors. The rocks are sometimes placed within 

large animals’ abdomens to roast them (Wandsnider 1997), or sometimes to boil water as a 

further heating vector. Boiling removes bone grease and strips residual meat from bones (Lupo 

and Schmidt 1997). This extracts more energy per animal killed, by improving the meat’s 

energy value and allowing consumption of more of it. This however involves container 

technology, which in pre-pottery prehistory involved skin-containers, sewing etc. There is no 

surviving evidence of Neanderthal container technology, and no evidence that they a) could 

understand containers or b) could practically create them. Placing such containers directly on 

fires risks burning and rupture, so heated stones would have been required. This technology is 

only noted from c.30ka BP (Bentsen 2013), thus only associated with H. sapiens. However, this 

may just be because earlier examples have not been sought, because of the assumed lack of 

Neanderthal cooking or container technology. Large quantities of burnt stones at certain sites 

may represent this technology; plunging hot rocks into cold water to heat it would certainly 

cause the thermal fracturing seen in many specimens.  

 

Speth (2017) posits that, instead of thermal cooking, fireless Neanderthals fermented and 

putrefied meats to provide ‘cooking’ benefits (Wrangham 2009, Wrangham and Conklin-
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Brittain 2003). Harmless toxins and enzymes of fermentation bacteria inhibit spoilage 

pathogens, including botulism, Clostridium cotulinum (Alakomi et al. 2000, Ray and Joshi 2015). 

Pre-digested putrified food has reduced masticatory and digestion costs, without cooking’s 

costs of fuel, direct time investment and potential health costs of smoke. Speth argues that 

putrid meat is not inherently unhealthy, and that modern aversions to it are culturally learned 

rather than innate. Putrefaction processes could have been completely fireless, instead placing 

meat in underground pits (Jones 2006), or submerging them in bogs, rivers and shallow pools 

(Fisher 1995), such as that found near Schoeningen (Speth 2017). It is particularly useful where 

damp cave environments inhibit meat-drying preservation methods. Putrefaction is an 

inevitable process, unlike cooking which rarely happens naturally. Neanderthals could have 

obtained pre-putrified meat from scavenging carcasses, or from being unable to preserve meat 

by salting or smoking methods. To understand putrefaction from first principles is very easy, as 

a) the transition is entirely visual (and olfactory), b) occurs frequently in nature and c) is 

independent of any other technology. Thus this would involve much less complex technology 

than cooking. This process however would be more challenging in cold, glacial climates; where 

Neanderthals conversely would also experience difficulties in using fire. These Neanderthals 

may have eaten more unprocessed foods.  

 

This putrefaction could artificially make Neanderthals appear to be carnivores. Ammonia loss, 

along with small amounts of cadaverine and putrescine, enhances rotten foods in 15N; such 

enhancements also suggest that Neanderthals were top predators with highly carnivorous diets 

(Ibid). Cooking does not cause such enhancements. If Neanderthals only cooked or ate raw 

food, enhanced 15N levels do indicate carnivorous diets, but if they ate some putrefied meat 

(either deliberately or from scavenging carcasses), with tubers, bark etc. forming much of their 

diet, enhanced 15N ratios would still suggest wholly carnivorous diets. Cooked meat-based diets 

are not healthy, but raw or putrefied meat-based ones are. Western ‘meat’ (muscle only) lacks 

many vital nutrients including Vitamin C, but this is present in other organs (Clemens and Toth 

2016, Harrison and May 2009). Cooking destroys these nutrients, but fermentation preserves 

them, and produces additional B-vitamins (Speth 2017). Fermentation may have helped wholly 

meat-eating Neanderthals to survive, although it may have been less useful to those relying on 

plant resources.  
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Neanderthals might theoretically be divided into two groups. Fireless ones, or those with 

limited fire, cooked infrequently. They ate few cellulose-rich plants, or starch-rich tubers, 

relying instead on raw or deliberately-putrefied meat. Had such groups encountered fire, they 

would have been unable to cook their food without suffering health problems or shifting diets. 

Fire-using Neanderthals however were able to cook, and thus broaden their diets to include 

more plant-based resources which could be pre-digested by heat. Their meats could now be 

eaten either raw, putrefied, or cooked, without any health problems arising. Neanderthals 

were certainly not obligate fire-users in relation to cooking, but evidence strongly suggests that 

they did cook in many locations, and that for some it was an integral survival mechanism. Their 

cooking most likely utilised open-fire roasting, although we cannot absolutely rule out other 

cooking forms. Nevertheless, that which is easiest is most likely. 

 

 

V: Conclusion. 

Having reviewed three different Neanderthal technologies in which fire is an integral 

component, patchiness and variability is a key pattern. None of these technologies are present 

in all or even most Neanderthal sites, and none exist at a species-level. Were Neanderthals 

then not behaviourally obligated to use any such technologies to survive? If they could non-

thermally process food through crushing and putrefaction, this could substitute for thermal 

cooking; clothing, although currently unevidenced, could provide some warmth (Collard et al. 

2016, Wales 2012), and superior night vision could supply the lack of light (Pearce et al. 2013). 

The only obligatory fire may have been for deterring predators; Neanderthals killed by 

predators however, including Grotta Guattari 1 (Rolfo et al. 2023), may represent defenceless, 

fireless societies. Other archaeologically-invisible benefits of fire include smoke signalling, 

landscape burning, site waste clearance and defrosting frozen meats. These were ephemeral 

(smoke signalling), or their archaeological signature are almost identical to other fire uses 

(burnt bones could be cooking, waste, fuel etc.). The fact that fireless Neanderthal groups did 

most likely exist (see p.86) indicates that fire was not essential. However, regardless of whether 

fire was essential for Neanderthals, its uses would have helped its users survive better than 

groups lacking it. Some modern humans using fire for lithic heat-treating, metalworking, 

agricultural clearance etc., increases their group fitness and also indicates that we as a species 

have these potential uses, even if individuals do not do some or any of them. Average 

Neanderthals could use all of the discussed technologies. A Neanderthal may not have known 
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about, or directly used a technology to experience its benefits. In group settings, whilst 

everyone perhaps cooked, only one or two knew how to make hafting adhesive or heat-treat 

lithics, but distributed their products to all. Likewise, if groups ever traded, fireless groups may 

have received cooked meats from fire-using groups, valuing the effects of cooking without 

understanding or appreciating technologies behind it. Even individuals skilled in specific fire-

dependent technologies may not have understood the mechanisms of change, but could still 

perform the technology. Something does not need to be intimately understood to be widely 

practiced.  

 

Archaeology and especially prehistory is always a record of differential loss. Despite the risk of 

over-interpretating data, more sites originally used certain technologies than is evidenced 

there today. There is evidence for lithic heat-treatment in 5 sites; adhesive melting in 3 and 

burnt bone (potentially evidencing cooking) in 111. Thus, including sites evidencing more than 

one type, 117 out of 232 sites (50%) show evidence of some form of advanced fire technology. 

Although assuming that all burnt bone represents cooking, grossly overestimating that number, 

accounting for taphonomic loss would push the true numbers in the opposite direction. If we 

exclude those 46 fireless sites, the proportion of fire-using sites with these technologies 

increases to 63%. This indicates that many Neanderthals used fire for more than just heating 

and lighting, although the proportion using fire occasionally for that must remain high. Those 

practicing more advanced fire-dependent technologies may have optimised their subsistence 

strategies by optimising their fuel. I have previously indicated how different temperatures and 

ignition rates would be optimal for cooking, adhesive melting and lithic heat-treatment. 

Although these can be achieved on the same fire at subsequent staggered burning stages 

(Bensen 2013), separate specialised fires for each purpose also achieves this. Neanderthals 

used many hearths concurrently on a site (Henry et al. 1996, Riel-Salvatore et al. 2013, 

Spagnolo et al. 2019), perhaps attesting to smaller individual fires rather than large group ones. 

In this scenario, different hearths could be optimised for different tasks, provided that 

individuals within sites cooperated rather than pursuing individual agendas. In order to 

optimise fires, these can differ either in a) hearth preparation and structure, b) fuel type burnt, 

or c) fire-controlling behaviours (frequency of adding fuel, burning duration, extinguishing etc.). 

Neanderthals rarely utilised different, or indeed any, special hearth preparations, and fire-

controlling behaviours are undetectable. Thus, only fuels burned can indicate these practices as 

a form of advanced fire use. This forms the basis of my next chapter. 
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Chapter Five: Neanderthal Fuel Selection and 

Pollen Bias. 

 

The best way of determining Neanderthal proficiency with fire technologies is to examine their 

fuel use. This is not only to observe what was burnt, and how different fuels affect general fires 

or specific tasks, but also to compare this with a fuel’s environmental availability, thus 

determining levels of choice and selection involved. I conclude that wood is by far the most 

common Neanderthal fuel and is thus my focus, since Neanderthals rarely burnt other fuels 

such as coal or dung (Allue et al. 2017). Looking at wood-fuel selection through ethnographic 

analogies, I suggest how Neanderthals could have gathered fuelwoods, and how long this may 

have taken. Shackleton and Prins (1992) posit the often-cited ‘Principle of Least Effort’, in 

which, for wood gathering, people indiscriminately gather firewood based on environmental 

availability, regardless of wood quality. Thus their “selection” is for ease of gathering rather 

than fire optimization. Ethnographic data and archaeological data however show extremely 

variable fuel gathering strategies; certain societies select their fuelwoods by availability, but 

others seek specific qualities. These specific qualities are discussed in detail, and found to vary 

according to the desired task, although certain traits are universally desirable.  

 

However, even following the Principle of Least Effort, plants will not be uniformly exploited in 

proportion to vegetation cover at a specific moment, as if an area is continually harvested, 

differential deadwood production, plant regrowth rates, and branch sizes will determine 

gathering rates. I examine the difficulty of determining archaeological selection in prehistoric 

contexts, as there is little background environmental data against which fuelwood can be 

compared. Much environmental data is inferred from anthropogenic charcoal itself, implicitly 

assuming the Principle of Least Effort, and creating a paradoxical effect. Using Knight (unpubl.), 

I demonstrated that, when comparing charcoal and pollen records for several Iberian Middle 

Palaeolithic sites, certain genera are distinctly over- or under-represented in the fuel record. 

This chapter examines whether differential pollen production alone is sufficient to create these 

differences artificially, before the next chapter examines the related question of the similar role 

of differential charcoal production. 
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I: Neanderthal Fuels. 

Although primarily burning wood, certain Neanderthals utilized other fuels (e.g. coal, dung, 

lichens – Albert et al. 2012, Karkanas and Kyparissi-Apostolika 2024, Rigaud et al. 1995, Thery-

Parisot et al. 1996). Some Neanderthals may not have recognized burnable fuels as fuel, as 

some do not burn in nature and cannot be identified as fuels from first principles. Neanderthal 

toolkits would have been insufficient to exploit many fuels; most fossil fuels, for instance, are 

buried underground, limiting reliance to limited surface deposits. They may only have burned 

deadwood or smaller branches if they could not fell whole trees (Beresford-Jones et al. 2011). 

Nonetheless, Neanderthals may have used many more fuels than we can easily recognize 

archaeologically. Wood is well-known as a fuel, as charcoal produced is easily recognizable as 

such, distinguishable to the genera or even species level. Other fuels however leave more 

ephemeral traces. Neanderthals burning coal at Les Canalettes (Thery-Parisot et al. 1996) could 

only be determined from analyzing morphological deformation of charcoal, assuming the 

deformation happened before burning rather than through post-depositional processes. 

Burning dung can be determined by the presence of black isotropic organic materials (Simpson 

et al. 2003), dung spherulites in ash (Gur-Arieh et al. 2013), 15N-enriched material (Steele and 

Daniel 1978), phytoliths with different refractive indices (Elbaum et al. 2003), and the presence 

of calcium oxide (Shahack-Gross 2011). Subsequent taphonomic processes destroy much, and 

more durable remains (phytoliths and burnt seeds) could equally easily have come from grass 

kindling (as at Gorham’s and Vanguard Caves – Gale and Carruthers 2000). Seeds burnt in dung 

or burnt in grass are indistinguishable, as they do not contain distinctive acid etching marks like 

ingested bone in faeces (Horwitz and Goldberg 1989, Smith and Botha-Brunk 2011). Even 

where dung or guano is found (e.g. Kebara - Goldberg and Bar-Yosef 1998) it is difficult to say 

whether it is anthropogenically or naturally introduced to the site. Thus when discussing these 

fuels (aside from wood), we must assume that their use was either as occasional innovations, 

or that finding more common usage relies on as-yet undeveloped scientific techniques.  

 

‘Wood’ is the most common fuel in the Middle Palaeolithic and indeed throughout human 

history. ‘Wood’ here may refer to arboreal trees, either branches (sapwood) or main trunks 

(heartwood), or woody ligneous material from smaller bushes and shrubs (e.g. Erica). Other 

parts of plants may provide kindling (dry leaves, fungi or grasses), but the main sustaining fuels 

come from the wood itself. This extremely common resource varies in quality depending on 

genus and condition. It renews over short timescales (trees prune deadwood annually, and 
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new trees mature in c.5-50 years), and usually can be extracted without any specialist tools. 

Seeing natural wildfires consume woody vegetation would lead to hominins inferring that 

wood is a fuel. Woody plants are also used for shelter construction and tool manufacture, and 

have edible fruits, which are also frequented by prey species. Thus woodlands are key general 

foraging areas. Wood availability varies by landscape; steppic Neanderthals with fewer woods 

locally (especially in glacial periods) may have depended on other fuel sources more. As a 

byproduct of fires or natural wildfires, Neanderthals may have burnt wood charcoal of course; 

however, this would be completely undetectable. Burning charcoal would fully combust the 

charcoal, and collecting it would be time-consuming and require container technology. 

Sufficient quantities would only exist in post-wildfire contexts, where unburnt wood can still be 

found (see Chapter Ten, p.286).  

 

Fossil fuels are extremely common today, both for larger industrial processes and for smaller 

household fires. They are non-renewable (except over extremely long timescales), and are 

rarely environmentally-abundant, except for open-air coal outcrops or bitumen springs. 

Wildfires would not usually ignite coal, and it is difficult to see how Neanderthals could 

understand its combustible properties (as at Les Canalettes). Its superficial resemblance to 

charcoal, a byproduct of combustible wood and itself combustible, may have created this 

analogy. However, at Les Canalettes, use of coal anticorrelates with forest spread over time 

(Thery-Parisot et al. 1996), suggesting coal was a fallback fuel rather than one actively sought. 

Neanderthals also frequently used bitumen as a lithic hafting adhesive, at Umm el Tlel (Boeda 

et al. 2008a,b), Campitello (Mazza et al. 2006), Inden Altdorf (Pawlik and Thissen 2011), 

Hummal (Hauck 2010) and Gura Cheii-Rasnov (Carciumaru et al. 2012). However, given 

bitumen is flammable, igniting at c.400°C (Lukyanova et al. 2019), Neanderthals could 

theoretically have observed its combustion, while it was melting as an adhesive, and burnt it; 

however, high ignition temperatures and toxic fumes would have made burning it highly 

unpleasant. In general, fossil fuels, aside from occasional surface deposits, are buried 

underground, and would have required specialist extraction tools for exploitation that 

Neanderthals did not possess. 
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Bone may have been an important fuel for certain Neanderthal groups, especially in areas of 

wood shortage. Given Neanderthal reliance on consuming megafauna, bone was a frequent 

waste product; although often split to access the inner marrow (e.g. at EDAR Culebro 1 – 

Yravedra et al. 2014), the remains were still a valuable fuel source. Bone burns well, reaching 

temperatures of c.540°C (Glazewski 2006); however with a high ignition temperature. Unlike 

woods which is ignitable from kindling alone, bone requires hot-burning (wood-fuelled) 

hearths to start burning, releasing energy at that point. No fire could be 100% bone-fuelled. 

Burnt bone, as mentioned in Chapter Two, results from its use as fuel, as waste disposal, and in 

cooking. Whilst cooked bone is unlikely to be confused with fuel-bone (the latter being fully 

calcined and the former being burnt in mottled patches depending on the placement of meat 

on it), and bone accidentally buried beneath hearths would also be only partially-burnt, bone 

intentionally burnt as either fuel or waste disposal would display identical characteristics, being 

fully white and calcined. The difference therefore is the setting; odd fragments of bone in 

otherwise wood-fuelled fires with surviving charcoal suggests burning of waste bone, whilst 

abundant bone and minimal charcoal suggests bone-fuelled fires. These have been discovered 

in Abric Romani and El Esquilleu (Courty et al. 2012, Yravedra and Uzquiano 2013); however, 

these are rare. This is surprising given that Neanderthals so commonly killed large prey and 

could have accessed large quantities of waste bone. 

 

Finally, Neanderthals may have burnt animal dung. This substance would have been widely 

available if Neanderthals lived close to large ruminant herds, as suggested by their prey profiles 

of large prime-age herbivores (e.g. Richards et al. 2008). Dung is highly renewable, and cannot 

be over-exploited unlike other resources, unless the animals themselves are driven to 

extinction (Sillar 2000). Most modern ethnographic studies focus on agriculturalists or 

pastoralists (e.g. Anderson and Ertug-Yaras 1998, Deckers 2011, Winterhalder et al. 1974), who 

keep their own animals, and have distinct penning or sheltering areas where dung 

concentrates. Shahack-Gross (2011) argues that dung-burning was uncommon before 

pastoralism, which I generally agree with. However, given the abundance of large herbivore 

prey and their obvious proximity to Neanderthal communities in mammoth steppes, their dung 

could easily have been collected if desired. Furthermore, dung can spontaneously combust due 

to heat internally released from decomposition and cellulose oxidation (Mlukuz 2009); this 

would indicate to Neanderthals that this was a viable fuel. Different dungs have different 

qualities; modern people prefer cow to sheep dung for instance as the former burns hotter, 

gives longer-lasting embers for reigniting fires, and lacks the latter’s acrid smoke (Cardoso et al. 
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2012, Mlukuz 2009, Winterhalder et al. 1974). However, occasionally sheep dung is favoured, 

as it contains less unprocessed organic matter and burns more slowly (Anderson and Ertug-

Yaras 1998). No research has been carried out on mammoth or woolly rhino dung, as obviously 

experimental materials are no longer available. Modern elephant dung is burnt as a fumigant 

(Dubost et al. 2021, p.6) and can be made into biofuel briquettes (Mainkaew et al. 2023), but is 

not widely used ethnographically. Given the animal’s morphologies and diets however, modern 

cow dung may provide the best analogy, providing similar levels of undigested plant matter 

(Ibid).  

 

Burning dung produces abundant smoke (Pena-Chocarro et al. 2005, Zapata et al. 2003) – a 

disadvantage for domestic fires, but excellent for fumigating areas and removing pests, 

smoking meats or hides, or creating smoke signals. Consequently, in modern contexts dung is 

most frequently burnt outdoors (Asouti 2013). Dung fires have much smaller void spaces than 

wood-fuelled fires, so less air penetrates and the fire burns more slowly (Braadbaart et al. 

2012). This would have caused lower temperatures than in wood fires, but fuel lasted longer, 

requiring smaller collection costs. Lower temperatures may also have been better for cooking 

and minimizing burning risk. Conversely however, Winterhalder et al. (1974) found that 3h fires 

required 15.4kg of dung but only 11kg of wood. Whilst dung burns more slowly and evenly 

than wood, its lower calorific content compared to wood may somewhat negate these 

advantages, creating requirements for similar overall fuel quantities. Dung worked into cakes 

with straw and water creates a much more efficient fuel that can attain higher temperatures 

(Charles 1998). Rhode et al. (1992) studied high-altitude Tibetan pastoralists, cold conditions 

simulating Middle Palaeolithic Europe. Here, a single fire requires 100-150 litres of dung chips 

per day in the summer, and double in the winter, using 70,000-80,000 litres of dung annually. 

Rhode calculated annual foraging requirements of 320 person hours, based on yak dung being 

spaced 3-4 paces apart in grazing meadows. This is under an hour a day, plus additional drying 

time; however, Palaeolithic herds would probably have been further from home bases than 

Tibetan herds, requiring additional travel time to the location. The herds would also have been 

wild and dangerous unlike yaks, preventing Neanderthals approaching as closely to harvest the 

dung. Furthermore, collecting semi-liquid dung would require containers, which Neanderthals 

may not have possessed. This would have limited them to pre-dried dung, which may be 

spaced further apart and take longer to find, although saving on additional drying time.  
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Figure 5.1: The (modern) landscape around 
Shanidar Cave, Kurdistan. Although there are 
a few open spaces, it represents an area of 
mostly uniform wood-fuel distribution where 
the Principle of Least Effort could apply, 
although this may have been different in the 
Middle Palaeolithic. Photograph: Michael 
Hitchcock. 

II: Principle of Least Effort. 

In 1992, Shackleton and Prins published an influential paper positing the ‘Principle of Least 

Effort’ hypothesis, in which resources are gathered using minimal effort. Individuals select 

resources closest to their central dwelling/home base, regardless of whether this resource is 

optimum for the task required, provided that it functions. So, therefore, if someone wants a 

handaxe, they choose nearest available stones, regardless of quality, provided that it is at all 

knappable into desired shapes. In opposition to this, those who do not conform to the 

‘Principle of Least Effort’ travel further for desired resources, ignoring inferior closer ones. This 

provides higher quality materials at higher foraging costs, deliberately saving closer resources 

for other times. This allows long-term resource sustainability through uniform foraging, and 

leaves nearby resources for harsher seasons when travel costs are higher.   

 

Whilst the Principle of Least Effort applies to many resource types, it particularly applies to 

uniformly-distributed resources like fuelwood. Although fuelwood is sometimes in stands, it is 

generally more uniformly distributed across the landscape than lithics or prey – see Figure 1. 

Collecting firewood is labour-intensive, requiring many daily foraging hours, although this 

varies by latitude and altitude (Turker and Kaygusuz 2001). Large continuously-lit hearths need 

50-100kg of firewood per day (Gowlett et al. 2012, in Pryor et al. 2016), and fuelwood 

collection takes up to 6 hours, covering up to 13km 

(Ibid, Nagothu 2001). This of course varies immensely 

by landscape type, and each ethnographic reference 

study is bound to one particular landscape. Firewood is 

particularly bulky compared to fossil fuels, requiring 

high collection times for values received. Reducing 

foraging times would increase time for other activities. 

Conversely, higher-quality wood would make using fire 

easier during burning sessions. Selection or random 

procurement in fuelwood gathering depends on 

whether selecting superior fuels outweighs additional 

collection costs.  
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Selection mitigates resource diminution and fuelwood stand exhaustion. Following the 

Principle of Least Effort, individuals must travel increasingly further afield as nearby resources 

are exhausted. After a certain radius, consumption is balanced by natural fuelwood 

replenishment within this radius, and supply equals demand; however, this radius is larger than 

ideal. If all individuals foraged according to wood quality, preferring certain genera or traits, 

they consume wood in these categories, and less-preferred fuelwoods remain at high levels. 

Individuals must then either forage for suboptimal fuelwoods closer to home, or travel 

increasing distances for preferred fuels at higher gathering costs. In a third scenario, the 

community divides into those selecting for specific traits, and those following the Principle of 

Least Effort. Within a small radius of the settlement, preferred fuelwoods would be exhausted 

by both groups; the selective group would travel further afield for preferred fuelwoods, whilst 

others forage locally for less-preferred fuelwoods. Here the fuel consumption burden is split: 

both locally, and preferred genera over wider areas, will be less-intensively harvested than in 

either of the previous scenarios, thus making both more available. Individuals could of course 

combine foraging fuelwood with foraging for plant foods; certain plants have fruits (e.g. 

Prunus), others have nuts or seeds (e.g. Castanea, Pinus) and these would be sought both as 

fuelwood and as a food resource.  

 

Shackleton and Prins clarified that the Principle of Least Effort is not uniformly applied to wood 

collection, and that many [H. sapiens] societies do actively select for particular traits. The 

Principle of Least Effort is particularly important in areas of low fuelwood availability and high 

population numbers on permanently occupied sites; in other scenarios, the Principle of Least 

Effort is not employed (Shackleton and Prins 1992, pp.633-634), such as in comparative 

Himalayan studies (Samant et al. 2000). Nonetheless, many believe the Principle of Least Effort 

is the default unless there are compelling reasons otherwise. Many authors do not explicitly 

state this principle in their works, implicitly assuming it (e.g. Chabal 1988, 1992, 1997, Chabal 

et al. 1999, Prior and Price-Williams 1985). This can harm environmental reconstruction 

methods. However, most papers distinguish between opportunistic and active selection. I 

found 50 papers noting opportunistic fuel procurement, and 50 noting non-conformity with 

environmental availability for fuelwood, suggesting selection either for genus, traits or 

condition (Table 5.1 beneath). Although an incomplete sample, this sufficiently demonstrates 

that the Principle of Least Effort is by no means universal. 
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Table 5.1: A comparison of studies where Opportunistic Procurement and Active Selection of fuelwoods have been 
suggested. This shows that no one model prevails across a single region or period. 

Opportunistic Procurement Active Selection 

Era References Era References 

Middle 

Palaeolithic  

Uzquiano et al. 2012 Middle Stone 

Age  

Allott 2006, Lennox and 

Bamford 2017, Lennox et 

al. 2017 

Upper 

Palaeolithic  

Aura et al. 2005, Bergueda 

1998, Beresford-Jones et al. 

2011, Caracuta et al. 2020, 

Mir and Freixas 1993 

Late Stone Age  Beldados et al. 2022 

Mesolithic  Alcolea et al. 2017, Austin 

2009, Carcaillet 2017, Gracia 

2017, Monteiro et al. 2017 

Mesolithic  Alday 2007, Bishop et al. 

2015, Ruiz-Alonso and 

Zapata 2015 

10,000-

2,000BP 

(Brazil) 

Bachelet and Schell-Ybert 

2015 

10,000-

6,000BP 

(Argentina, 

Chile, Egypt) 

Ferme and Civalero 2019, 

Joly et al. 2017, Marston et 

al. 2017 

Neolithic  Asouti 2003, Chabal 1997, 

Gomez et al. 2021, Jansen 

and Nelle 2014, Kabukcu 

2015, Ntinou and Tsartsidou 

2017, Out 2010, Poggiali et 

al. 2017, Watkins 1996 

Neolithic  De Carle 2014, Delhon et 

al. 2017, Dufraisse 2008, 

2012, Liu et al. 2022, 

Schroedter et al. 2012, 

Thiebault 2001 

5200-1500BP 

(China) 

Li et al. 2017 Chalcolithic  Coradeschi et al. 2023 

Bronze Age  Jakobitsch et al. 2022, Jude 

et al. 2016, Marston 2009, 

Moskal-del Hoyo 2012, 

Moskal-del Hoyo et al. 2010, 

Willcox 1999 

Bronze Age  Figueiral 1995, O’Donnell 

2016, Ponomarenko et al. 

2020 

Iron Age and 

Roman 

Baines 2019, Gur-Arieh et al. 

2014, Heiss and Oeggl 2008, 

Jorda et al. 2008, Salisbury 

and Jane 1940 

Iron Age and 

Roman  

 

Becker et al. 2020, Godwin 

and Tansley 1941, Martin-

Seijo and Vila 2019, Rovira 

and Chabal 2008, Sadori et 

al. 2010 

Roman  Deforce and Hanca 2012, 

Figueiral et al. 2010, 2017 

2000BP 

(Argentina) 

Ortiz et al. 2017, Pasqualini 

et al. 2016 

From 2500BP 

(Australia) 

Byrne et al. 2013 Medieval  Deforce et al. 2013, Knapp 

et al. 2015, Py et al. 2013, 

Wheeler 2011 

1200-700BP 

(DRC) 

 

Hubau et al. 2013 1200-250BP 

(Brazil) 

De Azavedo and Scheel-

Ybert 2020 
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Opportunistic Procurement Active Selection 

Era References Era References 

Medieval  Buonincontri et al. 2020, 

Martinez et al. 2023 

500-200BP 

(Alaska) 

Crawford 2020 

1440-1820 

(Hawaii) 

Kolb and Murakami 1994 Maya  Dussol et al. 2016a,b 

1900-2000 

(Tierra del 

Fuego) 

Pique 1999 200-100BP 

(Caribbean, 

Polynesia) 

Bodin et al. 2021, Huebert 

et al. 2010 

Ethnographic  Picornell-Gelabert et al. 

2011, Toffin and Wiart 1985 

Ethnographic  Henry and Thery-Parisot 

2014, Jiminez-Escobar and 

Martinez 2018, Kegode et 

al. 2017, King and Dotte-

Sarout 2019, MacDonald 

et al. 1998, Zapata Peña et 

al. 2003 

Theoretical and 

Methodological 

Asouti and Austin 2005, 

Dufraisse 2014, Shackleton 

and Prins 1992, Thery-

Parisot et al. 2010, Zipf 1949 

Theoretical and 

Methodological 

Botha et al. 2024, Delhon 

2018, Dincauze 2000, 

Dotte-Sarout et al. 2014, 

Pique 1999 

 

 Importantly, all these aforementioned examples (except Uzquiano et al. 2012) are from H. 

sapiens of different eras. All these individuals are cognitively-modern, and all thoroughly 

proficient with fire. Pre-human species lacking active selection cannot automatically suggest 

they lacked cognitive modernity. However, active selection certainly suggests proficiency with 

the technology concerned. Non-hominin species also practice active selection (e.g. prey choice 

- Machovsky-Capuska et al. 2016), and selection cannot automatically be considered a trait of 

cognitive modernity. However, as wood burning traits are not immediately obvious without 

testing them (see Chapter Nine), selection of wood optimized for particular functions suggests 

previous (experimental) fire use over time, in order to have reached that current level of 

selectivity.  
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III: Ethnographic Fuel Selection. 

Reviewing modern ethnographic literature on fuelwood procurement can provide insights into 

Neanderthal behaviour. However, ethnography of course deals with H. sapiens rather than H. 

neanderthalensis. The behavioural capacity of one AMH group is parallel to that of another; if 

one group attributed certain superstitions or arbitrary attributes to certain fuelwoods and 

consequently deliberately choosing or avoiding them, the other group could theoretically do 

likewise, even if they didn’t practice those traits. However, we do not know whether 

Neanderthals had abstract thought, and we cannot assume any non-tangible factors in their 

wood selection. Secondly, most modern ethnography deals with settled agrarian populations, 

despite increasing research on hunter-gatherers (e.g. Henry et al. 2018, McCauley et al. 2020, 

Thoms 2008). Not only are agrarian people permanently settled in one spot, causing different 

resource stresses to nomadic people, but landscapes are often in individual or community 

ownership and subject to particular property or use-rules from which hunter-gatherers, and 

Neanderthals, are generally free. Thirdly, fuelwood collection is frequently a gendered activity 

today, often undertaken by women and children in Indian societies (Bhatt and Sachan 2004), 

Inuit (Steelandt et al. 2013), Maasai and Malawi (Biran et al. 2004), Ugandan (Tabuti et al. 

2003) and the Moroccan Jebala (Zapata et al. 2003). This is because in these areas women 

control the domestic sphere, including fire and fuel procurement. However, Patagonian people 

collect fuel independently of gender (Cardoso et al. 2012), and males dominate Brazilian fuel 

collection (Ramos et al. 2008a). In the latter, women stay at home while men go to work, 

collecting fuel on their travels. Although the norm is women and children, this variety means 

that we cannot definitively say which gender collected fuelwood. Furthermore, we see no 

‘gendered Neanderthal roles’, except perhaps more female Neanderthals working materials 

with their teeth, indicated by higher incidences of tooth wear in females (Estalrrich and Rosas 

2015). Neanderthals may not have conceptualized gendered roles, which also depends on 

living in household units, where one member creates and maintains fire to benefit many. 

Neanderthals may instead have had small, personal fires (Spagnolo et al. 2019). 

 

Nonetheless, ethnography provides valuable analogies, and can help understand past fuelwood 

gathering. Quantities gathered on foraging trips could indicate Neanderthals fuel requirements. 

Smaller families consume more fuel per capita than larger ones (Marufu et al. 1997) as one fire 

serves many people. However, as Neanderthal family structure and numbers using each hearth 

are unknown, I calculate per hearth rather than per capita consumption. The large 1m hearths 
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at Beeches Pit needed 50-100kg of firewood per day to maintain (Gowlett et al. 2012, in Pryor 

et al. 2016), and 18250-36500kg per year. Viking Iceland, with climates close to Middle 

Palaeolithic Europe, had birch fires burning at 2.28kg/h (Trbojevic et al. 2011). Fires in hotter 

climates being used exclusively for cooking consume less fuel; 5-25kg per day in Tanzania and 

Malawi, just 6kg in the Maasai (both Biran et al. 2004), and 5-7.5kg per day in Uganda (Tabuti 

et al. 2003). Although we do not know explicitly whether Neanderthals cooked, fire was 

important for heating their camps, so we must assume the higher wood consumption of colder 

climates. This also assumes that their fires were constantly lit, which would be unnecessary if 

fire-starting technology was mastered. Given their transhumance, Neanderthals could have lit 

fires at the start of a site’s occupation to cook food brought with them, warm the area, and 

destroy vermin or pests that had infested the site since its last use. Thereafter, fire may have 

been used infrequently for subsequent warming or cooking, and then only by necessity for 

fumigation and cooking at their next site.  

 

50-100kg per day may be the maximum realistic amount a fire could have needed, with the 

actual amount being much smaller. The number of Neanderthals using this fire is unknown; if 

everyone clustered around one fire, using it minimally for technological processes and mostly 

for warming the area, then one fire may have sufficed for the whole group, which could have 

been 10-30 individuals (Davies and Underdown 2006). However, given that ten people is the 

realistic maximum around a single fire, each individual would have provided 5-10kg of wood 

every day (assuming all contributed equally). But fires were probably much smaller; small 

sleeping hearths at Abric Romani, L’Oscorusiuto, Riparo Bombrini and Tor Faraj (Henry et al. 

1996, Riel-Salvatore et al. 2013, Spagnolo et al. 2019) may have been individual, or for single 

family units of 2-3 individuals. It is more probable that individuals would have individually 

contributed 25-50kg of wood each day, although these ‘personal’ fires were smaller than those 

at Beeches Pit, so towards the lower end of that scale. 

 

How long would this gathering have taken? In India, yearly fuel collection time is 34-504 hours, 

with a mean of 190 hours (Heltberg et al. 2000). However, ethnography’s weakness is that each 

landscape is unique. Wild landscapes are generally more treed than farmland, although not 

necessarily Middle Palaeolithic steppic landscapes (Richter 2006). A more helpful comparison is 

that adult Maasai wood foragers carry around half their body weight in wood (Biran et al. 

2004). Given Neanderthals males weighed c.78-83kg, and females 63-66kg (Froehle and 
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Churchill 2009), either sex could have carried enough wood in a single trip for the entire day. 

Modern Ugandan fuelwood loads are 15-20kg (Tabuti et al. 2003), and Neanderthals could 

have carried more. These weights are however dependent on being able to carry wood bundles 

strapped to the head (Biran et al. 2004). Neanderthals could have used the cords found at Abric 

du Maras (Hardy et al. 2020) for this purpose; if not, their limitation would not have been 

weight, but instead how much they could carry in their arms. If they did conduct specialist 

gathering expeditions, wood would have been carried alongside lithics and prey, further 

reducing their carrying capacity. They may have cached wood at various points along their daily 

path, to collect later.  

 

Wood is collected in many different ways; sometimes cut directly from living trees (e.g. the 

Maasai - Biran et al. 2004); sometimes entire trees felled by burning through the roots to bring 

it down (as with the Californian Yokuts – Gayton 1948, in Pryor et al. 2016), and sometimes 

ropes thrown over higher branches and pulled to break them off (Blackfoot Indians – Ibid). 

People most frequently use deadwood, either detached on the ground, still attached to living 

trees, or entire dead trees (snags). Deadwood gathering is ethnographically common in Malawi 

(89% of all wood gathered), the Maasai, Uganda (55% collected dead branches, 22% felled 

standing snags) and Patagonia (Abbot and Lowore 1999, Cardoso et al. 2012, Jensen 1984, 

Tabuti et al. 2003). Archaeologically, burning deadwood is seen in the Cabecho da Amoreira 

shell-midden (Monteiro et al. 2017), Krems Watchtberg and Pavlov I (Damblon 1997, Pryor et 

al. 2016), Çatalhöyük (Kabukcu 2017) and among Neanderthals at Abric Romani and El Salt 

(Vidal-Matutano et al. 2017). Archaeologically, deadwood fuels are evidenced by tunnels and 

holes from wood parasites, and fungal degradation of charcoal cell walls (Cichoki et al. 2014), 

though these also result from storing and drying wood. 

 

Deadwood collection does not harm living trees, allowing future deadwood or fruit production; 

moreover it frees up timber better employed in construction or toolmaking. Fallen branches 

are often already pre-dried for burning. Fuelwood storage is extremely constraining for nomads 

(Thery-Parisot et al. 2010), thus choosing deadwood and quick-drying fuelwoods partially helps 

solve this issue. Deadwood is also generally small-diameter sapwood rather than heartwood, 

being twigs or branches rather than main boughs or trunks. In the Neolithic at Chalain, the 

wood burnt was <10cm diameter (Dufraisse 2008), c.5cm in Iron Age Tyrol (Heiss and Oeggl 

2008), 2-5cm in Bronze Age Iberia (Garcia-Martinez and Dufraisse 2011) and 0.5-2cm in 
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Patagonia (Cardoso et al. 2012). Using such small wood is less efficient, as it is more unwieldy 

and less weight can be carried per volume unit bundle. Smaller pieces also burn quicker, 

attaining higher temperatures with more oxygen availability, but requiring more fuel overall for 

given burning periods. Due to increased oxygenation of this burning, less charcoal forms from 

smaller pieces than from larger trunks.  

 

Riverine driftwood is an important additional fuelwood source. Deadwood falls into river 

systems, to be deposited at specific shallower bends. This wood is already downed, debarked 

and often pre-dried for immediate burning (Venes 2002). Water flotation processes also 

preferentially preserves high quality seasoned wood, as damaged, decomposing woods sink 

upstream (Alix 2005). Driftwood gives out less heat than standing dry wood (Ibid), although 

this difference is negligible (Alix and Brewster 2004). Driftwood can be found in predictable 

spots near harvestable river cobbles, and away from dense tree stands with limited biodiversity 

for generalized foraging. Riverine cobbles have been utilized for tool manufacture by 

Neanderthals at Bordes-Fitte (Aubry et al. 2012), Cioarei-Borosteni (Carciumaru et al. 2002), 

Orgnac 3 (Moncel et al. 2012) and Karabi Tamchin (Yevtuskenko et al. 2003). This supply is 

however often extremely seasonal, only abundant in spring post-snowmelt (Wohl 2013), 

although debris jams in certain rivers provide constant supplies (Pryor et al. 2016). Within 

driftwood-selecting communities, some such as the Greenland and Kodiak Inuit select by 

condition rather than by genus, and some like the Kobuk Inuit are unselective within driftwood 

caches (Shaw 2012, Thery-Parisot 2002). Condition can be determined by looking for dryer 

pieces floating higher in the water; listening to the sound logs emit when hit can also 

determine dryness to experienced listeners (Shaw 2012). The nature of driftwood however, 

separated from its parent tree, means that unless different de-barked branches have distinctive 

morphologies, selection by fuelwood genus is difficult.  

 

When collecting wood, the distance travelled is dependent on the availability of local 

vegetation; the Evenk only travel 250-800m (Henry et al. 2009), Ugandan people travel under 

2km (Tabuti et al. 2003), Aborigines go up to 5km (Bird et al. 2008, Tindale 1974, p.65) and 

Inuit people up to 13km (Stefansson 1919, p.45). Neanderthal journeys may have been as little 

as 3km (Verpoorte 2006), though in treeless landscapes, they could have journeyed as far as 

the Inuit; it is unlikely to have been further.  
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If Neanderthals collected enough fuel to sustain small personal fires and had little division of 

labour, they would have gathered up to 25kg of fuel each day. For this, they would have 

travelled up to 10km, as is consistent with arboreal-scarce landscapes, foraging for 1-2h each 

day, a considerable effort for this technology. This time is similar to if they had collected animal 

dung, neither option representing much lower foraging efforts. When collecting, they probably 

focused on pre-dried deadwood, saving the effort of felling entire trees (Beresford-Jones et al. 

2011. They may have actively created this deadwood by girding or ring-barking trees on 

previous trips to kill them (Pryor et al. 2016). In addition, they may also have exploited 

driftwood in riverine systems, where they would have also collected riverine cobbles for tool 

manufacture. By collecting deadwood, their fuel may have come in many smaller-diameter 

pieces, which required cordage technology (rope or leather straps) to bind together, and would 

have also burnt faster at higher temperatures. It remains to be seen, within this pool of easily-

accessible deadwood, whether Neanderthals would have additionally targeted specific genera, 

either through direct identification and choice, or through indirect association with particular 

traits (low ash content, low smoke content, density etc.) associated with a particular genus.  

 

 

III.I: Traits selected for in “good” fuelwoods. 

The notion of “good” fuelwoods is extremely subjective, and dependent on many factors. A key 

one is the intended function of the fire. General-purpose fires may require very different 

woods to ones required for specific functions such as cooking. Slow-burning woods are widely 

valued, as fewer new pieces must be added to the fire (Picornell-Gelabert et al. 2011) – 

particularly important if fires are kept burning overnight. Denser fuels burn more slowly; 

however, if overall calorific contents of two woods are identical, they must emit identical 

amounts of energy when burned, over whatever period. Denser, slower-burning woods 

therefore emit less energy (heat or light) at any given time compared to less-dense, faster-

burning woods. For instances requiring shorter-lived bursts of more intense heat (such as 

metalworking), faster-burning woods are valued. Higher amounts of heat or light could cause 

discomfort in enclosed spaces (including Neanderthal caves), making it difficult to manipulate 

wood or food onto or off fires.  
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A lack of smoke is a highly valued fuelwood trait, especially when burning in enclosed spaces. 

Acrid smoke irritates the eyes and lungs (Winterhalder et al. 1974), causing harmful long-term 

carcinogenic effects (Bolling et al. 2009, Brouwer et al. 1996). Smoke mostly depends on a 

wood’s moisture content (Tihay-Felicelli et al. 2017); this varies by genus/species, but overall 

depends on the wood’s condition (green or dry) and the amount of extractives (non-structural 

lignocellulose components) in it. Whilst smoke is generally unwanted, certain applications 

value it, such as creating smoke signals, repelling biting insects and smoking meats/fish. For the 

latter in particular, the quality as well as the quantity of smoke is important; certain genera 

such as alder, crabapple, poplar and willow have smoke which imparts a good flavour to 

smoked food (Bishop et al. 2015, Henry et al. 2018), others such as oak smoke has preservative 

qualities (Bishop et al. 2015), whilst conifer and birch smoke, which gives food bad flavours, are 

avoided (Henry et al. 2018). Conversely, for smoking hides, Evenki people use rotten larch, 

which is rejected for food-smoking (Ibid). Thus, even when selecting for a particular trait 

(smoke), the specific task for which this trait is selected is important.  

 

Related to smokiness and the wood’s condition, wood drying time is an important criterion. 

Quick-drying woods are universally preferred; even if gathered when green, quick drying times 

give flexibility in how to use a fuel. Strongly-nomadic Neanderthals (e.g. Richards et al. 2007) 

would not have used particular camps for long. Whilst Neanderthals could have stored wood to 

dry at a camp for them to return to and use another season, the ability to dry wood over a 

shorter single occupation would be invaluable. 

 

Finally, an important criterion only infrequently mentioned by ethnographic participants, is 

calorific fuel value. This value both determines energy potentially emitted by given quantities 

of fuel, and also quantities of fuel needed to maintain certain temperatures/burning durations. 

Naturally, higher calorific values allow higher temperatures to be theoretically reached, 

assuming similar burn times, and less fuel has to be carried assuming similar burning rates. 

However, fuelwood genera vary little in basic calorific value, from c.19.6-20.5MJ/kg (Senelwa 

and Sims 1999), with a maximum range of 3.35MJ/kg (Chabal 1997). My analysis (Chapter 

Seven) shows slightly more variation (14.5-22.2MJ/kg, p.189). Higher lignin and extractive 

contents increase calorific values (Dermibas 2001, 2017, White 1987), and higher unburnable 

ash contents lower values. However, higher ash contents are occasionally valued in fuels, as it 

creates glowing embers after fires (Tabuti et al. 2003, Tietama et al. 1991). These serve both to 
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bake food in, and to reignite fires left glowing overnight without needing to utilize more 

pyrotechnic technology. Other factors affect calorific content however. Different parts of plants 

have different calorific values; heartwood has higher calorific values than sapwood, and both 

are higher than bark (Shanavas and Kumar 2003). In conifers however, resin has the highest 

calorific value at 40.1kJ/g (Ivask 1999). Dense woods are valued, as smaller volumes of denser 

woods must be burnt than less dense ones. Wood density, as aforementioned, also strongly 

correlates with burning duration and speeds of heat release. Density increases throughout a 

tree’s life, and older stands have denser wood than their younger counterparts (Wasik and 

Michalec 2012). Increased moisture content likewise decreases calorific value, as energy must 

be expended to evaporate the free water before combusting the wood, reducing the net gain. 

Green woods have lower calorific contents than dry woods; wood is greener in spring, 

correlating with blooming periods and frequent rain (Autengruber et al. 2020, Nunez-Regueira 

et al. 1996).  

 

 

IV: Evidence for Neanderthal Fuel Selection. 

In my Masters’ thesis (Knight unpubl.) I compared charcoal and pollen records of ten levels 

within five Iberian Neanderthal sites, dating from c.91-28ka BP. I studied whether Neanderthals 

were selective in their fuel use, through comparing anthropogenic charcoal records with 

corresponding background pollen records of the various genera. This study however omitted 

three main factors: 

- Whether pollen reliably indicated background vegetation, or whether, through 

differential production, diffusion and degradation rates, certain genera are under- or 

over- represented in this regard.  

- Whether genera apparently selected for or against are best explained in terms of 

intrinsic fuel quality, or whether natural factors such as deadwood production rates 

and stand regeneration better explain these discrepancies as part of the Principle of 

Least Effort.  

- Whether proportions of each fuel being burned faithfully translated into proportions of 

charcoal we find today, or whether different genera have differential charcoal 

production rates, or survival rates. The first question is addressed in this chapter, whilst 

the latter two forms the basis of the next four chapters.  
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IV.I: Methodology.  

In this study, I used data from Abric Romani (Allue et al. 2017, Burjachs and Julia 1994), Cova 

de Coll Verdaguer (Daura et al. 2017), Cueva del Camino (Arsuaga et al. 2012), El Esquilleu 

(Uzquiano et al. 2012) and Gorham’s Cave (Carrion et al. 2008). All these sites are caves or 

rockshelters, allowing much better preservation of both anthropogenic and environmental data 

than open-air sites. A brief archaeological description of each is given in Appendix Two. 

However, caves may act as pollen filters, excluding large amounts of it. Moreover, as outlined in 

Chapter Three, Neanderthal cave and open-air sites may have used fire differently so that 

these findings can only be applied to cave-using Neanderthals. The number of these sites were 

severely constrained by needing to have detailed pollen and charcoal data from the same 

archaeological strata. Other Iberian sites including charcoal data, but as yet without pollen data 

include Abric del Pastor, Abrigo de la Quebrada, Cova Gran, Cueva Anton, El Salt and Gruta 

Oliveira (charcoal from Vidal-Matutano et al. 2015, 2018, Carrion Marco et al. 2019, Allue et al. 

2018, Zilhao et al. 2016, Badal et al. 2011).  

 

When possible, within a single layer, charcoal and pollen records were directly compared to 

allow fine-scale analysis over short periods. Ideally, individual fire features would have been 

analysed; however, most sites do not contain discrete fire features, and commingled charcoal 

features are much more common. Whilst this analysis does not show individual variation and 

choice, it does provide averages of what groups burnt, overcoming issues of seasonality and 

different hearth functions. Thus in certain cases, multiple hearths within a layer were 

combined to form averages. Likewise, combining multiple stratigraphic layers of charcoal 

allowed direct comparisons with longer-scale climatic pollen diagrams from these same 

sediments. This combination of stratigraphic levels was not optimal but necessary for direct 

comparison, and remained within similar climatic and chronological time periods. Charcoal was 

only noted to the genus level due to difficulties and inaccuracies of identifying species. This 

meant that sometimes, where species had been ascertained (as in P. sylvestris), multiple 

species tallies within a genus were combined (e.g. to Pinus), allowing comparisons between 

genera and sites. Some charcoal was either unidentifiable, or described only to the family level, 

and was thus rejected (total percentages excluded are noted beneath each table). Likewise for 

pollen, those described only to the family level, or those genera which were not viable 

Neanderthal fuels or do not produce charcoal were rejected. Percentage totals were tallied 

from the remainder.  



144 
 

Similar direct pollen-charcoal comparisons focusing on fuel selectivity have been undertaken 

before, by Monteiro et al. (2017), Newman et al. (2007), O’Donnell et al. (2017), Ruiz-Alonso 

and Zapata (2015), Stuart and Walker (2018). A critique of all charcoal-pollen comparisons is 

that they are unsuitable for direct comparison, being subject to different biases and coming 

from different scales. Anthropogenically-introduced charcoal (as opposed to windblown 

particles) derive from as close to the cave as possible (within 100m), whereas pollen represents 

more regional trends – different vegetation types in these two catchment zones mean that 

they represent entirely different scales (Carcaillet et al. 2001). However, this is only true when 

pollen is compared with micro-charcoal where charcoal dispersion zones are well known. To 

assume that anthropogenically-introduced charcoal comes from the cave locale is to implicitly 

assume the Principle of Least Effort. If Neanderthals foraged as far as the Inuit for their woods, 

they would cover much of the pollen catchment area and balance the scales much more. Even 

if they gathered fuelwood locally, provided that they foraged generally over wider areas, this 

foraging area (of similar magnitude to pollen catchment zones) would represent potential 

wood foraging areas, and this representation is seen in the pollen. The different biases are 

likewise addressed in this and following chapters. The only remaining criticism is that charcoal 

represents single events, whereas pollen likely represents more continuous input into 

sediments over time, and differences could arise from that alone if vegetation changed. This 

difference is valid if we only consider single burning events; however, most studied charcoal is 

taken from sedimentary palimpsests, mixing different fire events and more closely resembling 

pollen input.  

 

I calculated discrepancies between charcoal and pollen records using this equation: 

Discrepancy(A) = %(CharcoalA) - %(PollenA) 

Values of 0 meant that fuelwood use and pollen (landscape) prevalence was identical, 

suggesting no selection. Positive values means selection towards a fuelwood and gathering it in 

higher proportions than random landscape gathering. Negative values means an avoidance of 

it, despite it being available. 100 would indicate that there is only one fuelwood and it is not 

apparently present anywhere in the pollen record, and -100 would be where only one arboreal 

species is present in the pollen record, and it is entirely absent from the charcoal.  
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If genera are found as charcoal but not pollen, they were certainly burnt, and potentially 

brought long distances. If genera are found as pollen but not charcoal, they were locally 

available but not burnt (or burnt in negligible quantities, leaving no charcoal). Sometimes 

pollen and/or charcoal values for a single genus are means of several values, where the authors 

provided multiple pollen samples from different areas of the site in the same level, or from 

different individual hearth features in the same level. In these instances, I use Welch’s (two-

sample) T-test (p = 0.05 threshold) to determine whether differences between charcoal and 

pollen means are statistically significant.  

 

where t = the ratio of difference between the means of the two samples, ratioed to the 

combined standard deviations of the two samples. Welch’s test assumes that each sample is 

normally-distributed, ascribing finite probabilities for negative parameter values. This does not 

work when the quantities are percentages; I addressed this issue by assuming the distributions 

are log-normally distributed (as is good practice with all pollen data - Yamamoto et al. 2015), 

putting the data’s logarithm into the test. However, for genera scoring 0, log(0) is undefined – I 

replaced this by the maximum value which could have been present but undetected in each 

record; this is 0.05%, hence log(0.05) was used in lieu of log(0). 

 

From this study, 25 genera were found in Iberian Palaeolithic environments around these caves 

(not all genera were present at every cave): Acer, Alnus, Arbutus, Betula, Buxus, Castanea, 

Corylus, Erica, Fraxinus, Hippophae, Ilex, Juniperus, Olea, Phillyrea, Pinus, Pistacia, Prunus, 

Quercus, Rhamnus, Salix, Sorbus, Tamarix, Taxus, Ulmus and Viburnum. Of these, only 12 

genera were used as fuel, viz Acer, Betula, Erica, Fraxinus, Hippophae, Juniperus, Olea, Pinus, 

Prunus, Quercus, Salix and Sorbus. Pinus dominated the fuel record, appearing to be preferred 

Neanderthal fuelwoods. Overwhelming use of pine corresponds with other Neanderthal sites 

(see Chapter Eight, p.237). The following Tables, 5.2 to 5.11, taken verbatim from my previous 

work (Knight unpubl.) show the raw data from the Iberian sites. All other work in this chapter is 

new material. Those which contain two-tailed P values and significance tests are where means 

had been created from multiple charcoal and multiple pollen samples, and two sets of means 

could be compared. Where these P values are absent, statistical comparison of two datasets 

where means had been taken, could not be undertaken.  
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IV.II: Results. 

Tables 5.2-5.11: Comparing charcoal and pollen records in Middle Palaeolithic sites; in order, El Esquilleu, Cova de 

Coll Verdaguer, Cueva del Camino, Gorham’s Cave and Abric Romani. 

5.2: El Esquilleu Level IX-XIII 

Genus Charcoal % Pollen % Discrepancy Two-tailed P 

value 

Statistically 

significant? 

Alnus 0.00 5.40 5.40 (P) 0.42 No 

Betula 9.62 13.32 3.70 (P) 0.25 No 

Corylus 0.00 12.76 12.76 (P) 0.19 No 

Pinus 41.42 54.91 13.49 (P) 0.65 No 

Quercus 0.00 0.00 0.00 * * 

Salix 0.00 0.00 0.00 * * 

Sorbus 48.96 0.00 48.96 (C) 0.0475 Yes 

Ulmus 0.00 13.60 13.60 (P) 0.18 No 

8.03% excluded from arboreal charcoal (Unidentified Deciduous). 

5.3: El Esquilleu Level XIV-XIX 

Genus Charcoal % Pollen % Discrepancy Two-tailed P 

value 

Statistically 

significant? 

Alnus 0.00 0.00 0.00 * * 

Betula 1.54 20.44 18.90 (P) 0.95 No 

Corylus 0.00 0.00 0.00 * * 

Pinus 96.32 51.50 44.82 (C) 0.36 No 

Quercus 0.00 0.00 0.00 * * 

Salix 0.00 0.00 0.00 * * 

Sorbus 2.14 0.00 2.14 (C) 0.18 No 

Ulmus 0.00 28.07 28.07 (P) 0.19 No 

3.16% excluded from arboreal charcoal (Unidentified Deciduous). 

5.4: El Esquilleu Level XX-XXX 

Genus Charcoal % Pollen % Discrepancy Two-tailed P 

value 

Statistically 

significant? 

Alnus 0.00 4.66 4.66 (P) 0.37 No 

Betula 2.38 16.11 13.73 (P) 0.98 No 

Corylus 0.00 0.00 0.00 * * 

Pinus 97.62 46.10 51.52 (C) 0.13 No 

Quercus 0.00 8.00 8.00 (P) 0.37 No 

Salix 0.00 8.11 8.11 (P) 0.37 No 

Sorbus 0.00 0.00 0.00 * * 

Ulmus 0.00 17.02 17.02 (P) 0.37 No 

2.68% excluded from arboreal charcoal (Unidentified Deciduous). 
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5.5: Cova de Coll Verdaguer Unit I 

Genus Charcoal % Pollen % Discrepancy 

Acer 0.00 0.00 0.00 

Alnus 0.00 0.00 0.00 

Betula 0.00 1.38 1.38 (P) 

Buxus 0.00 0.69 0.69 (P) 

Juniperus 0.00 1.38 1.38 (P) 

Olea 0.00 0.69 0.69 (P) 

Pinus 87.10 93.78 6.68 (P) 

Prunus 11.91 1.38 10.53 (C) 

Quercus 

(deciduous) 

0.99 0.69 0.30 (C) 

6.06% excluded from arboreal charcoal (Conifer, Angiosperm, Ephedra). 

 

5.6: Cova de Coll Verdaguer Unit II 

Genus Charcoal % Pollen % Discrepancy 

Acer 0.00 0.39 0.39 (P) 

Alnus 0.00 0.93 0.93 (P) 

Betula 0.00 0.39 0.39 (P) 

Buxus 0.00 0.47 0.47 (P) 

Juniperus 0.00 3.47 3.47 (P) 

Olea 0.00 0.78 0.78 (P) 

Pinus 94.80 91.18 3.62 (C) 

Prunus 5.20 0.77 4.43 (C) 

Quercus 

(deciduous) 

0.00 1.62 1.62 (P) 

7.06% excluded from arboreal charcoal (Conifer, Angiosperm, Ephedra). 

 

5.7: Cueva del Camino Level V 

Genus Charcoal % Pollen % Discrepancy 

Alnus 0.00 19.92 19.92 (P) 

Betula 6.91 1.29 5.62 (C) 

Corylus 0.00 14.49 14.49 (P) 

Fraxinus 0.40 0.00 0.40 (C) 

Olea 0.00 2.47 2.47 (P) 

Pinus 91.87 51.30 40.57 (C) 

Quercus 0.40 4.60 4.20 (P) 

Salix-Populus 0.40 0.93 0.53 (P) 

Ulmus 0.00 5.00 5.00 (P) 

1.20% excluded from arboreal charcoal (Maloideae).  
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5.8: Gorham’s Cave Level IV 

Genus Charcoal % Stratigraphic 

Pollen % 

Discrepancy 

(charcoal with 

stratigraphic) 

Coprolite 

Pollen 

Discrepancy 

(charcoal with 

coprolite) 

Acer 0.00 0.00 0.00 3.54 3.54 (P) 

Alnus 0.00 0.00 0.00 2.08  2.08 (P) 

Arbutus 0.00 3.04 3.04 (P) 1.46 1.46 (P) 

Betula 0.00 1.53 1.53 (P) 1.21 1.21 (P) 

Castanea 0.00 0.00 0.00 1.12 1.12 (P) 

Corylus 0.00 1.11 1.11 (P) 2.77 2.77 (P) 

Erica 1.65 0.00 1.65 (C) 0.00 1.65 (C) 

Fraxinus 0.00 2.53 2.53 (P) 2.78 2.78 (P) 

Ilex 0.00 12.17 12.17 (P) 3.20 3.20 (P) 

Juniperus 1.65 38.93 37.28 (P) 13.51 11.86 (P) 

Olea 2.48 3.86 1.38 (P) 2.06 0.42 (C) 

Phillyrea 0.00 0.00 0.00 2.65 2.65 (P) 

Pinus 94.18 25.20 68.98 (C) 26.02 68.16 (C) 

Pistacia 0.00 7.92 7.92 (P) 2.65 2.65 (P) 

Prunus 0.00 0.00 0.00 0.39 0.39 (P) 

Quercus 0.00 1.05 1.05 (P) 19.91 19.91 (P) 

Rhamnus 0.00 0.00 0.00 3.69 3.69 (P) 

Salix 0.00 2.67 2.67 (P) 3.68 3.68 (P) 

Tamarix 0.00 0.00 0.00 1.56 1.56 (P) 

Taxus 0.00 0.00 0.00 3.48 3.48 (P) 

Ulmus 0.00 0.00 0.00 1.97 1.97 (P) 

Viburnum 0.00 0.00 0.00 0.27 0.27 (P) 

5.61% excluded from arboreal charcoal (Rosaceae/Pomoideae, Cistaceae, Fabaceae, Lonicera). 

 

5.9: Abric Romani Zone V 

Genus Charcoal % Pollen % Discrepancy 

Acer 1.81 0.00 1.81 (C) 

Hippophae 0.46 0.00 0.46 (C) 

Juniperus 0.00 7.25 7.25 (P) 

Olea 0.46 0.00 0.46 (C) 

Pinus 96.82 74.15 22.67 (C) 

Prunus 0.00 0.00 0.00 

Quercus 

(deciduous) 

0.46 8.63 8.17 (P) 

Rhamnus 0.00 9.96 9.96 (P) 

Salix 0.00 0.00 0.00 

4.75% excluded from arboreal pollen (Mesic trees), 3.51% excluded from arboreal charcoal 
(Hedera, Vitis). 
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5.10: Abric Romani Zone IV 

Genus Charcoal % Pollen % Discrepancy Two-tailed 

P value 

Statistically 

significant? 

Acer 0.00 0.00 0.00 * * 

Hippophae 0.00 0.00 0.00 * * 

Juniperus 0.00 6.85 6.85 (P) 0.013 Yes 

Olea 0.00 0.00 0.00 * * 

Pinus 99.95 91.92 8.03 (C) 0.057 No 

Prunus 0.00 0.00 0.00 * * 

Quercus 

(deciduous) 

0.00 1.22 1.22 (P) 0.016 Yes 

Rhamnus 0.00 0.00 0.00 * * 

Salix 0.05 0.00 0.05 (C) 0.42 No 

 

 

5.11: Abric Romani Zone III 

Genus Charcoal % Pollen % Discrepancy Two-tailed P 

value 

Statistically 

significant? 

Acer 0.00 0.00 0.00 * * 

Hippophae 0.00 0.00 0.00 * * 

Juniperus 0.00 5.19 5.19 (P) 0.002 Yes 

Olea 0.00 1.39 1.39 (P) 0.000068 Yes 

Pinus 99.87 70.38 29.49 (C) 0.016 Yes 

Prunus 0.13 0.00 0.13 (C) 0.39 No 

Quercus 

(deciduous) 

0.00 5.57 5.57 (P) 0.000074 Yes 

Rhamnus 0.00 17.47 17.47 (P) 0.002 Yes 

Salix 0.00 0.00 0.00 * * 

2.51% excluded from arboreal pollen (Mesic trees). 

* = cannot perform Welch’s T-test on this data. 
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Table 5.12: Discrepancies between charcoal and pollen records for 25 genera in Middle Palaeolithic Iberia. The 

methodology for calculating this %charcoal - %pollen value is outlined on p.144. 

Overall Averages 

Genus No. of Layers found as 

pollen, charcoal or both 

Average % charcoal minus  

% pollen 

Acer 6 0.24 

Alnus 7 -4.42 

Arbutus 1 -3.04 

Betula 7  -4.86 

Buxus 2 -0.58 

Castanea 1 0.00 

Corylus 5 -5.67 

Erica 1 1.65 

Fraxinus 2 -1.07 

Hippophae 3 0.15 

Ilex 1 -12.17 

Juniperus 6 -10.24 

Olea 7 -0.89 

Phillyrea 1 0.00 

Pinus 10 24.95 

Pistacia 1 -7.92 

Prunus 6 2.52 

Quercus 10 -2.95 

Rhamnus 4 -6.86 

Salix (Salix-Populus) 8 -1.41 

Sorbus 3 17.03 

Tamarix 1 0.00 

Taxus 1 0.00 

Ulmus 5 -12.74 

Viburnum 1 0.00 

 

Table 5.13: Identification of genera as fuelwoods or not in Middle Palaeolithic Iberia. 

Other Genera Rare Fuelwood 

Genera (only 1 

example) 

Occasional 

Fuelwood 

Genera (2-3 

examples) 

Common 

Fuelwood 

Genera (4+ 

examples) 

Alnus, Arbutus, Buxus, 

Castanea, Corylus, Ilex, 

Phillyrea, Pistacia, Rhamnus, 

Tamarix, Taxus, Ulmus, 

Viburnum 

Acer, Erica, Fraxinus, 

Hippophae, Juniperus, 

Populus 

Olea, Prunus, 

Quercus, Salix, 

Sorbus 

Betula, Pinus 
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Within these levels, only Quercus and Pinus were found as pollen at every site. The rarest 

genera, only occurring as pollen in one level, are Arbutus, Castanea, Erica, Ilex, Phillyrea, 

Pistacia, Tamarix, Taxus and Viburnum. Of these latter rare genera, only Erica was burnt (and 

this genus could have been used as bedding and subsequently burnt in clearance rather than as 

fuel), suggesting that infrequently-encountered woods were rarely perceived as fuel by 

Neanderthals primarily because of their scarcity rather than necessarily because of their 

attributes. Five rarer genera (Castanea, Phillyrea, Tamarix, Taxus, Viburnum) are only found in 

hyena coprolites in Gorham’s Cave rather than as sedimentary pollen. This indicates that they 

may not have been found locally, in contrast to airborne pollen. Given that hyenas and 

Neanderthals never concurrently inhabited the same cave (although possibly interseasonally 

within the same year), Neanderthals may not have encountered these woods at all locally. 

Erica, Hippophae and Sorbus on the other hand, are found as charcoal but not as pollen, 

suggesting intentional transport over longer distances. 

 

Thus from the pollen record, Iberian Neanderthals may have been familiar with these genera in 

decreasing proportions: Pinus/Quercus, Salix, Alnus/Betula/Olea, Acer/Juniperus/Prunus, 

Corylus/Ulmus, Rhamnus, Hippophae/Sorbus, Buxus/Fraxinus, Arbutus/Erica/Ilex/Pistacia. 

Importantly, this listing is unequally spaced, with higher numbers of pine and oak than 

anything else, and Rhamnus-downwards only occurring infrequently. If Neanderthals did not 

select for fuel, Pinus/Quercus fuels would be found at most sites, and Arbutus/Erica/Pistacia at 

fewest (not taking the proportion of charcoal for each genus into account either).  

 

However, this is distinctly not the case; Pinus was burnt at every site, dominating every record 

except for Gorham’s Cave, whilst Quercus was only burnt at three, although present in every 

environment. Betula was also common, though in low quantities. Sorbus was strongly selected 

towards in El Esquilleu, being burnt at high levels (48% of all charcoal in Levels IX-XIII) without 

any pollen presence, suggesting longer-distance transport. Neanderthals not only burnt pine at 

high levels, but most importantly selected towards it - charcoal percentages being much higher 

than pollen percentages. Pine is environmentally common through MIS 3 Neanderthal sites 

(Vidal-Matutano et al. 2015, Uzquiano 2008) – Neanderthals may have selected it initially 

because of ubiquity, and subsequently for burning qualities. As outlined more fully in Chapter 

Nine (p.248), pine would be easy to gather, having a low bending strength of 43.5MPa and a 

low density of 0.47g/cm3, and would burn well with a high calorific value of 18kJ/g.  
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V: Pollen Recalibrations. 

Before this thesis discusses the motivations behind these apparent preferences towards certain 

fuelwood types, and avoidance of others, it is crucial to ensure that these apparent 

discrepancies were actually present in Neanderthal fire regimes, and not artefacts of 

taphonomic bias. These two records are formed not only of two wholly different types of 

material, but each site is also subject to unique environments, burning regimes and post-

depositional histories. Uniform patterns of discrepancy across multiple sites (the same fuel 

genera selected for and the same ones rejected) does not prove intentionality, as this could 

result either from cultural practices (identical Neanderthal fuel selection) or taphonomic 

factors (identical genera-specific differential destruction of different charcoals/pollens).  

 

Although discussed further in Chapter Six (p.164), differential charcoal production and 

destruction can confuse anthracological records. More charcoal can theoretically be produced 

at lower temperatures, from denser woods with lower ash contents and higher resin contents 

(Alvarez-Alvarez et al. 2018, Rossen and Ohlson 1985, Terral 1996), which are all theoretically 

fuelwood-genera-dependent. Likewise, charcoal fragments at different rates according to 

production temperature, tree age, density, moisture, resin and ray-cell contents (Assis et al. 

2016, Braadbaart and Poole 2008). These metrics are frequently standardizable across a genus, 

and easily testable here, given that the greatest variable, the transportation mechanism, is 

anthropogenically-determined and the thesis’ focus. The following chapters address these 

issues by creating new data from experimental sources. 

 

Pollen is however more complicated, its reliability depending on multiple factors. Whilst 

charcoal is anthropogenically-introduced into the sediment, pollen is naturally introduced in 

three main ways; wind (anemophilous), insects (entomophilous) or both (ambophilous). 

Smaller amounts also enter via water (hydrophilous) or vertebrates (zoophilous) as well as on 

the fuelwoods themselves. Differential lossese from each of these sources is severely under-

studied, and as Pearsall (2000) quotes, “prehistoric pollen proportions should be taken as 

rough estimates of past tree distributions, and are not an exact representation of prehistoric 

forest composition, due to variations in dispersal rates between tree species”. Another 

unknown variable is subsequent differential loss once within sediments, although higher 

sporopollenin in pollen exines increases resistance to oxidation and microbial attack 
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(Grienenberger and Quilichini 2021, Jardine et al. 2015, McGarry and Caseldine 2004). Further 

differential loss may also relate to the chemicals used in different scientific preparation 

techniques: sodium hexametaphospate, bleach, HCl, HF, KOH, sodium polytungstate, acetic 

anhydride and ZnCl2 (Kovacik and Cummings 2018, Ma et al. 2016). This represents much more 

variability than within charcoal preparation techniques, introducing artificial study-specific (and 

site-specific) biases.  

 

 

V.I: Methodology. 

Whilst most variables of differential pollen bias are currently unstudied and beyond the scope 

of this thesis, many modern papers study differential pollen productivity. I therefore compiled 

and recalibrated data from these studies, gathered from internet and library studies utilizing 

keywords in English, French, Italian, Spanish and German. The results used means of various 

studies’ pollen productivities values ratioed to a Pinus = 1 value. This was used as Pinus is the 

most common genus in Middle Palaeolithic charcoal and pollen records, and is included in 

virtually all studies as a reference point (for those studies not including Pinus, I used Quercus = 

1 as a reference point instead, ratioed to Quercus = 1.36, which is Quercus’ mean productivity 

ratioed to Pinus = 1). This value is an average; different species of pine may have different 

pollen production, or vary under different conditions (time of day, wind speed and direction, 

season, air moisture etc.) making inter-study comparison difficult. Naturally, some genera 

present more datapoints than others, from being better studied, and these genera produce 

more reliable ratios. However, less-reliable genera are less-studied precisely because they are 

less common, and as this also applies in the Middle Palaeolithic, the occasional low number of 

datapoints does not adversely affect this study. Where multiple proportions to Pinus were 

given, from the same or different studies, I created mean proportions.  
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V.II: Differential Pollen Production Results. 

Table 5.14: Pollen productivity for 23 genera, in proportion to pine, counted by number of grains. Each pollen 

productivity value corresponds to a different study. 

Genus Pollen Productivities in proportion to 

Pinus = 1 

Mean Pollen Productivity in 

proportion to Pinus = 1 

Phillyrea 0.06 0.06 

Pistacia 0.09 0.09 

Larix 0.10 0.10 

Sambucus 0.12, 0.21 0.17 

Buxus 0.23 0.23 

Ulmus 0.20, 0.20, 0.22, 0.45 0.27 

Juglans 0.11, 0.62 0.37 

Castanea 0.40 0.40 

Picea/Larix N/A 0.41 

Corylus 0.10, 0.14, 0.25, 0.31, 0.35, 1.37 0.42 

Juniperus 0.32, 0.37, 0.73 0.47 

Fraxinus 0.12, 0.16, 0.16, 0.18, 0.24, 0.25, 0.27, 

0.74, 2.24 

0.48 

Populus 0.22, 0.31, 1.31 0.61 

Picea 0.15, 0.28, 0.30, 0.31, 0.33, 0.4, 0.93, 

1.08, 2.66 

0.72 

Acer 0.02, 0.03, 0.13, 0.22, 3.45 0.77 

Salix 0.02, 0.04, 0.19, 0.22, 0.24, 0.28, 0.46, 

4.87 

0.79 

Carpinus 0.28, 0.45, 0.47, 0.56, 2.41 0.83 

Pinus N/A 1.00 

Betula 0.36, 0.45, 0.55, 0.58, 0.63, 0.81, 1.28, 

1.44, 1.57, 1.62, 1.70, 2.39 

1.12 

Fagus 0.22, 0.54, 1.03, 1.18, 1.79, 3.06 1.30 

Quercus 0.22, 0.29, 0.32, 0.38, 0.91, 1.33, 1.46, 

5.93 

1.36 

Alnus 0.31, 0.74, 0.78, 1.42, 2.03, 2.54, 2.74, 

2.75 

1.676 

Olea 2.53 2.53 

Abraham and Kozakova (2012), Baker et al. (2016), Bunting et al. (2005), Brodstrom et al. 

(2004), Gaillard et al. (2021), Li et al. (2015), Matthias et al. (2012), Mazier et al. (2008, 2012), 

Molina et al. (1996), Nielsen (2004), Poska et al. (2011), Rasanen et al. (2007), Soepboer et al. 

(2007), von Stedingk et al. (2008), Sugita et al. (1999, 2009), Theuerkauf et al. (2013), Twiddle 

et al. (2012), Wieczorek and Herzschuh (2020). 
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Table 5.15: An original table showing the abundance of 32 genera in the Iberian Middle Palaeolithic pollen record 

from the analysed sites. 

Genus. Number of 

Instances. 

Proportion within sites 

containing pollen of this 

Genus. 

Proportion within all 

Neanderthal sites where I 

have analysed pollen and 

charcoal records. 

Carpinus 1 0.29 0.02 

Fagus 1 0.29 0.02 

Myrica 1 0.23 0.02 

Taxus 1 0.36 0.02 

Vitis 1 0.29 0.02 

Acer 1 0.39 0.03 

Viburnum  1 0.29 0.04 

Juglans 2 0.35 0.05 

Abies 1 0.88 0.06 

Sambucus 3 0.49 0.10 

Ostrya 1 1.75 0.12 

Prunus  2 1.08 0.14 

Myrtus 1 1.30 0.17 

Phillyrea 2 1.43 0.19 

Buxus 3 1.10 0.22 

Arbutus 2 1.87 0.25 

Populus 2 2.02 0.27 

Erica 2 4.55 0.61 

Pistacia 3 3.17 0.63 

Castanea 3 3.61 0.72 

Ilex 1 12.17 0.81 

Fraxinus 4 3.12 0.83 

Salix 5 2.90 0.97 

Olea 9 2.33 1.40 

Rhamnus 5 5.77 1.92 

Corylus 6 5.36 2.15 

Alnus 6 5.42 2.17 

Betula 9 5.59 3.35 

Ulmus 5 12.80 4.27 

Juniperus 9 8.72 5.23 

Quercus 13 8.99 7.79 

Pinus 15 65.05 65.05 
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Graph 5.1: A graph comparing Tables 4.13 and 4.14, proving that apparent Middle Palaeolithic arboreal 
landscapes were not an artefact of differential pollen production (R2 = 0.013). 

The Neanderthal palynological record contains no hydrophilous (water-pollinated) or 

zoophilous (vertebrate-pollinated) genera, as expected given that both water streams and 

animals seldom enter cave sites (while Neanderthals are present, except potentially as dead 

prey species). The remaining genera are mostly anemophilous (wind-pollinated: Abies, Alnus, 

Betula, Carpinus, Corylus, Fagus, Fraxinus, Juglans, Juniperus, Myrica, Phillyrea, Pinus, Pistacia, 

Populus, Quercus, Taxus, Ulmus, Vitis), with some being entomophilous (insect pollinated: 

Arbutus, Arctostaphylos, Buxus, Castanea, Erica, Ilex, Myrtus, Prunus, Sambucus, Viburnum) or 

ambophilous (pollinated from multiple sources: Acer, Olea, Ostrya, Rhamnus, Salix). I have not 

reviewed pollen productivities of all of these genera, looking at 16 anemophilous, 3 

entomophilous and 3 ambophilous genera. The lack of data on insect-pollinated genera can 

skew this data. Different genera produce different sizes of pollen (although it does not vary 

within species within the same genus – Doaigey et al. 2018), and there is some evidence that 

pollinators prefer genera with smaller pollen diameters (Hao et al. 2020). However, overall 

correlations between pollen diameter and pollen abundance and spread are currently under-

studied.  
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However, wind-pollinated plants produce more pollen than insect-pollinated ones, relative to 

Pinus = 1 (0.6978 compared to 0.2667). This trend is fully expected, given that wind is a much 

less certain and direct pollinator than insects, and consequently more pollen will be lost, in 

theory in cave sediments. Ambophilous genera appear to produce vastly more pollen (1.3633) 

which is unexpected; this however is driven by the very high pollen value of 2.53 for Olea; if 

this is excluded, the values become 0.78, much more comparable to wind-pollinated plants.  

 

I find that wind-pollinated genera are potentially overrepresented in palynology, and certain 

genera do produce more pollen than others, correlating with modern ecological findings of 

Elenga et al. (2000) and Lebamba et al. (2009). However, how does this translate to Middle 

Palaeolithic anthracological records? Comparing pollen production prevalence with actual 

occurrences of various genera in Neanderthal palynological records, we find no correlations 

(Graph 5.1, above). This suggests that apparently prevalent tree types (as seen palynologically) 

were actually abundant in Middle Palaeolithic landscapes, and that these apparent 

abundances were not artefacts of differential pollen productivity by genus. As aforementioned, 

wind pollination is highly variable and depends on prevailing wind direction, carrying pollen 

much further than insect pollinators. Furthermore, insect pollinators would not specifically 

travel to caves unless to burrow into loose exposed sediments, which further confuses matters 

(as in Shanidar with burrowing bees – Hunt et al. 2023). Furthermore, insects may 

preferentially choose certain genus’ flowers over others, and this of course varies from 

pollinator to pollinator, so the often-unknown pollinator species using each cave site affects a 

sample’s representativeness, although suitable pollinators must have been present for all 

insect-pollinated genera to survive. Of the 27 genera found in both anthracological and 

palynological diagrams in Middle Palaeolithic sites, 19 are partially or wholly anemophilous. 

This helps ensure that most Middle Palaeolithic pollen was not collected by potentially 

chronologically-unreliable burrowing pollinators but instead collected as random landscape 

samples. Each pollination category is not equally common in the Middle Palaeolithic record:  

entomophilous genera only form 10.53% (found in 65 examples) of the charcoal, with most 

being anemophilous (74.74%, in 236 examples). When compared to the complementary 

pollen, similar patterns emerge, with confirmed entomophilous genera only providing 3.06% of 

the pollen (18 examples), compared to 92.12% (and 81 examples) of anemophilous genera. 

Admittedly the dominance of Pinus, an anemophilous genus, contributes to these numbers, 

but even without this the difference is notable. This suggests that Neanderthals burnt 

predominantly wind-pollinated plants and that these were most environmentally-abundant. 
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V.III: Recalibration Tables. 

When the Neanderthal palynological diagrams which are compared to chronologically-

correlating anthracological diagrams are recalibrated to take pollen production bias into 

account and show the original proportions of arboreal genera (excepting Abric Romani Zone III, 

which has too high a proportion of unratioed Prunus pollen), several patterns emerge (see 

Tables 5.16-5.21 below). Compared to original uncalibrated sets, most recalibrated sets show 

either similar or increased charcoal-pollen variation. A total discrepancy of 0 between these 

two sets would suggest no anthropogenic selection (if Quercus formed 5% of charcoal, it would 

also form 5% of pollen), and a total discrepancy of 100 would show a genus is only present as 

either the sole fuel with no apparent landscape signature, or present as the only nearby tree 

but not burnt at all. The fact that these discrepancy values increase when recalibrated suggests 

that differential pollen production does not cause the differences between a genus’ charcoal 

and pollen presence, although the effects of differential pollen destruction is unknown. 

Therefore other factors must be responsible; currently-unquantifiable pollen destruction, 

charcoal-related biases (see Chapter Six) or active Neanderthal fuel choice. 

 

Table 5.16-5.21: Recalibrating charcoal-pollen discrepancies to account for pollen production bias in Middle 

Palaeolithic Iberian sites, viz. El Esquilleu, Cueva del Camino and Abric Romani. A (P) means that the discrepancy 

(where 0 is charcoal and pollen in exactly equal proportions, and 100 is a genus exclusively found as either pollen OR 

charcoal, but not at all as the other) is towards pollen (this genus has a higher pollen % (out of 100% arboreal 

coverage) than charcoal %). A (C) means that the discrepancy is towards charcoal.  

5.16: El Esquilleu Level IX-XIII 

Genus Original Charcoal-

Pollen Discrepancy 

Charcoal-Pollen Discrepancy (original 

charcoal, recalibrated pollen) 

Alnus 5.40 (P) 2.14 (P) 

Betula 3.70 (P) 1.73 (C) 

Corylus 12.76 (P) 20.15 (P) 

Pinus 13.49 (P) 5 (C) 

Sorbus 48.96 (C) 48.96 (C) 

Ulmus 13.60 (P) 33.41 (P) 

Total Discrepancy 48.96 55.7 
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5.17: El Esquilleu Level XIV-XIX 

Genus Original Charcoal-

Pollen Discrepancy 

Charcoal-Pollen Discrepancy (original 

charcoal, recalibrated pollen) 

Betula 18.90 (P) 8.97 (P) 

Pinus 44.82 (C) 66.67 (C) 

Sorbus 2.14 (C) 2.14 (C) 

Ulmus 28.07 (P) 59.85 (P) 

Total Discrepancy 46.96 68.82 

 

5.18: El Esquilleu Level XX-XXX 

Genus Original Charcoal-

Pollen Discrepancy 

Charcoal-Pollen Discrepancy (original 

charcoal, recalibrated pollen) 

Alnus 4.66 (P) 1.95 (P) 

Betula 13.73 (P) 7.72 (P) 

Pinus 51.52 (C) 65.26 (C) 

Quercus (deciduous) 8.00 (P) 4.13 (P) 

Salix 8.11 (P) 7.21 (P) 

Ulmus 17.02 (P) 44.25 (P) 

Total Discrepancy  51.52 65.26 

 

5.19: Cueva del Camino Level V 

Genus Original Charcoal-

Pollen Discrepancy  

Charcoal-Pollen Discrepancy (original 

charcoal, recalibrated pollen) 

Alnus 19.92 (P) 9.67 (P) 

Betula 5.62 (C) 5.97 (C) 

Corylus 14.49 (P) 28.07 (P) 

Fraxinus 0.40 (C) 0.40 (C) 

Olea 2.47 (P) 0.79 (P) 

Pinus 40.57 (C) 50.13 (C) 

Quercus (deciduous) 4.20 (P) 2.35 (P) 

Salix-Populus 0.53 (P) 0.56 (P) 

Ulmus 5.00 (P) 15.07 (P) 

Total Discrepancy  46.59 56.51 
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5.20: Abric Romani Zone V 

Genus Original Charcoal-

Pollen Discrepancy 

Charcoal-Pollen Discrepancy (original 

charcoal, recalibrated pollen) 

Acer 1.81 (C) 1.81 (C) 

Hippophae 0.46 (C) 0.46 (C) 

Juniperus 7.25 (P) 14.19 (P) 

Olea 0.46 (C) 0.46 (C) 

Pinus 22.67 (C) 28.60 (C) 

Quercus (deciduous) 8.17 (P) 5.38 (P) 

Rhamnus 9.96 (P) 11.75 (P) 

Total Discrepancy 25.38 31.33 

Rhamnus pollen proportion = 0.78 (ambophilous average, excluding Olea). 

5.21: Abric Romani Zone IV 

Genus Original Charcoal-

Pollen Discrepancy  

Charcoal-Pollen Discrepancy (original charcoal, 

recalibrated pollen) 

Juniperus 6.85 (P) 13.57 (P) 

Pinus 8.03 (C) 14.36 (C) 

Quercus (deciduous) 1.22 (P) 0.84 (P) 

Salix 0.05 (C) 0.05 (C) 

Total Discrepancy  8.08 14.41 

 

Pinus, the previously highest-selected fuel, becomes even more favoured when differential 

pollen production is considered, as it is a high pollen producer. Corylus and Ulmus become 

much more selected against, as expected given both are harder to burn (see Chapter Nine). 

Quercus, which was surprisingly selected against given it is a highly-regarded fuel, becomes 

slightly more selected for (although still selected against compared to environmental 

availability). These results suggest that apparent surprises in Neanderthal fuel choice, from an 

optimization standpoint, may be partially explained by confusion introduced by differential 

pollen production. Table 5.22 below shows the changed discrepancies, also shown on Graph 

A30 in Appendix Seven. Overall, the average charcoal-pollen discrepancy changes from 37.92 

to 48.67; the exact opposite of that expected if pollen production biases caused the 

discrepancy. It seems instead that, coincidentally, pollen production biases partially mask 

discrepancies.  
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Table 5.22: Changing charcoal-pollen discrepancies for 10 genera following pollen production bias recalibration. This 

is also shown on Graph A30 in Appendix Seven. 

Genera Original Discrepancies Average Original 

Discrepancy 

Recalibrated 

Discrepancy 

Average 

Recalibrated 

Discrepancy 

Alnus -19.92, -5.4, -4.66 9.99 (P) -9.67, -2.14, -1.95 4.59 (P) 

Betula -18.9, -13.73, -3.7, 5.62 7.68 (P) -8.97, -7.72, 1.7, 

5.97 

2.26 (P) 

Corylus -14.49, -12.76  13.63 (P) -28.07, -20.15  24.11 (P) 

Juniperus -7.25, -6.85 7.05 (P) -14.19, -13.57 13.88 (P) 

Olea -2.47, 0.46 1.01 (P) -0.79, 0.46 0.17 (P) 

Pinus -13.49, 8.03, 22.67, 

40.57, 44.82, 51.52 

25.69 (C) 5, 14.36, 28.6, 

50.13, 65.26, 

66.67 

38.34 (C) 

Quercus 

(deciduous) 

-8.17, -8, -4.20, -1.22  5.40 (P) -5.38, -4.13, -2.35, 

-0.84 

3.18 (P) 

Rhamnus -9.96 9.96 (P) -11.75  11.75 (P) 

Salix  

(Salix-Populus) 

-8.11, -0.53, 0.05 2.86 (P) -7.21, -0.56, 0.05 2.57 (P) 

Ulmus -28.07, -17.02, -13.6, -5 15.92 (P) -59.85, -44.25,  

-33.41, -15.07 

38.15 (P) 

 

VI: Conclusion.  

This chapter has discussed the nature of fuelwoods and the motivations behind fuel choice and 

its implications. Looking at potential Neanderthal fuels, whilst instances of burning bone, coal 

and dung are present, wood was by far the predominant fuel. I have introduced the Principle of 

Least Effort, and examined it through modern ethnographic analogies. If Neanderthals did not 

follow the Principle of Least Effort, active thought may have gone into their fuel procurement. 

Comparing Middle Palaeolithic fuelwood records (charcoal) with local environments (pollen), I 

noted several discrepancies which cannot readily be explained in terms of differential pollen 

production. The inference thus far is that these discrepancies could represent active 

Neanderthal fuelwood choice, either from fire-optimization or foraging-optimization principles. 

The following two chapters discuss the effects of recalibrating charcoal production and 

fragmentation on these discrepancies, and whether such discrepancies are only artefacts of 

these taphonomic processes.  

 



162 
 

Chapter Six: Methodology. 

 

The results from the last chapter suggest that Active Selection could have been important for 

Neanderthal hunter-gatherers; if charcoal and pollen compared are reliable, unbiased records. 

However, each record has its own concerns. In the last chapter I examined whether differential 

pollen production, transportation and destruction causes artificial genera-specific biases. 

Differential pollen production alone, the only element which has been sufficiently researched, 

did not cause the discrepancies seen here. If anthracology was a wholly unbiased preservation 

mechanism, direct anthropogenic choice must have caused these discrepancies. Charcoal does 

however suffer from similar biases, which form two main categories: 

1) Differential charcoal production, caused by either genera-specific wood traits or 

carbonization temperature. 

2) Differential charcoal fragmentation, resulting from innate morphological differences in 

charcoals (due to taxa differences or carbonization temperature), different taphonomic 

conditions or different recovery techniques. This is particularly important if the results 

are interpreted as number of fragments for each genus.  

These issues are well studied, but sufficiently standardized information for many genera has 

not yet been created. I therefore address this with two experiments, one for each issue.  

 

 

I: Conversion Rate. 

Different woody taxa vary significantly in calorific value and density (Marston 2009, Wright et 

al. 2015), and certain genera have higher ash contents than others (Henry et al. 2020). Ash 

represents a wood’s incombustible fraction (Braadbaart et al. 2012, Terral 1996), or 

alternatively the remains of complete as opposed to incomplete combustion (Thery-Parisot et 

al. 2010). If ash contents vary between genera (Esteves et al. 2023, Terral 1996), and ash is 

incombustible, then more ash recovered means (a) lower calorific values for the wood and (b) 

less combustible/potentially charcoalifiable matter. Braadbaart et al.’s (2012) theory is 

plausible, as ash contains many incombustible elements and compounds rarely found in 
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charcoal (Ca, Mg, K etc.), suggesting an incombustible byproduct. If woods vary in ash content, 

they could also vary in charcoal content. However, many other factors are at play. 

 

Wood density and size is important. Charcoal results from incomplete combustion in anaerobic 

environments; limiting oxygen theoretically increases charcoal yields. Dense woods such as 

Fagus (Knapp et al. 2013) have less internal oxygen than less-compact woods, and thus 

produce more charcoal (Gomes et al. 2014, Rossen and Ohlson 1985). However, most oxygen 

naturally comes from outside burning branches, and in fact the reverse has also been 

observed, where softwoods create more charcoal than dense ones (Loreau 1994). Certain 

coniferous softwoods are also extremely resinous. This flammable substance complicates 

matters by both theoretically using up oxygen whilst burning itself, and also filling interstices 

with resin rather than air. Size also matters; smaller-diameter twigs often completely combust, 

whereas larger logs externally combust but only char in the centre where oxygen is excluded. 

However, whilst tree size varies by taxa, fuel size differences depend on a tree’s age, climatic 

growth conditions, fuel transport logistics, and selection of living wood or deadwood. Thus this 

difference is not taxa-specific. The exception is where taxa (e.g. Pinus) shed small branches 

frequently (Thery-Parisot et al. 2018); burnt thus, such taxa theoretically create less charcoal. 

 

A further important factor affecting charcoal yield is combustion temperature, and its rate of 

change. Chrzazvez et al. 2014 reports lower conversion rates at 750°C than 400°C; likewise 

Pastor-Villegas et al. 2007 (250-1000°C), and Stimely and Blankenhorn 1985 (250-600°C), 

representing c.5-15% of the charcoal yield. However, whilst lower temperatures create more 

charcoal, charcoal created at 500°C+ decomposes less post-combustion, although denser 

lower-temperature charcoal fragments less (Braadbaart and Poole 2008, 2009, Mooney and 

Tinner 2000, Vaughan and Nichols 1995). Anticorrelated conversion rates and charcoal stability 

at given temperatures might negate many temperate-related conversion rate biases. 

Combustion temperature may be taxa-dependent if certain fuelwoods attain higher 

temperatures (Thery-Parisot et al. 2018). However, many other factors are involved, including 

burning multiple taxa together, firebuilding skill, fire management choices, burning fires to 

completion or not, wind speed to fan flames (or exert cooling effects – Wolf et al. 2013), 

condition/moisture content of fuelwood and desired temperatures for technological 

applications (e.g. cooking). Thus temperature-induced variables in charcoal yields probably do 

not correlate with the taxa burnt. 
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Optimizing wood-to-charcoal conversion rates has long been important, initially for charcoal-

burning, and more recently to create charcoal for medical procedures, filtration and biofuels. 

Many studies found conversion rates of 1.3-22% charcoal yield by weight of original wood 

(Kurosaki et al. 2003). However, higher yields burn in optimized anaerobic conditions, or use 

synthetic catalysts, so lower yields are more accurate for archaeological contexts. It is of course 

impossible to correlate charcoal records to original wood input quantities, only proportions. 

Certain taxa such as Arbutus, Carpinus and Fagus are traditional charcoal-producers (Delhon et 

al. 2017, Moser et al. 2018); others like Abies, Acer, Populus and Salix are avoided for perceived 

poor conversion rates (Paysen 2012). Early 19th century studies found inter-species conversion 

rates varying by up to 9% (Ure 1824), and Frejaville et al. (2013) support these conclusions. 

However, Thery-Parisot et al. (2018) refute this, claiming all taxa have near-identical charcoal 

yields.  

 

Their view has been generally followed in suggesting that differential charcoal production is not 

an issue in charcoal analysis and interpretation. Nonetheless, the frequent counter-view is also 

voiced, especially in more traditional studies. I believe that the difference may be explained 

thus: in modern experiments, Thery-Parisot and colleagues (whose methodology I follow) 

burnt wood under optimized anaerobic conditions, finding little variability for their studied 

genera. However, traditional charcoal-burners, whilst optimizing to a degree, could not create 

proper anaerobic environments or constant heat sources, and thus their anecdotal findings 

may better represent real-life conditions. My own experiments, as described in Chapter Seven, 

supports the concept of different genera-specific conversion rates. In open-fire settings, 

differences may still exist because of differential conversion rates under suboptimal settings, 

different wood densities and oxygen availability by taxa, and different heats reached. Indeed, 

“natural” charcoal is 10-40% smaller and narrower than lab-produced samples, with much 

more ash created instead (Umbanhowar and McGrath 1998). However, open-air experiments 

are challenging for collecting and measuring charcoal without encountering other issues 

relating to fragmentation and collecting/counting techniques. As I separate conversion from 

any other taphonomic issues, this approach would be impractical. By following Thery-Parisot’s 

experiment, extended to a wider number of taxa, I better understand how different woods 

operate under a variety of conditions.  
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I.I: Experiment 1 (Conversion Rate): Methodology. 

Wood samples representing the 25 genera found in selected Middle Palaeolithic Iberian sites 

were obtained. In addition, I chose wood from a further 17 genera; these are found in an 

additional 24 Neanderthal sites with complete charcoal diagrams (see Map 6.1). Given that 

each genus has several subspecies, a representative species, always the most likely to have 

been present in Neanderthal environments (as stated in publications), was chosen.  

 

Table 6.1: The representative species chosen for each genus for Experiment 1. 

Genus Representative species used Common Name 

Acer Acer campestre Field Maple 

Alnus Alnus glutinosa Black Alder 

Amygdalus Amygdalus prunus Almond Tree 

Arbutus Arbutus unedo Strawberry Tree 

Betula Betula pendula Silver Birch 

Buxus Buxus sempervirens Common Box 

Carpinus Carpinus betulus European Hornbeam 

Castanea Castanea sativa Sweet Chestnut 

Celtis Celtis bungeana Bunge’s Hackberry 

Cornus Cornus sanguinea Common Dogwood 

Corylus Corylus avellana Common Hazel 

Crataegus Crataegus monogyna Common Hawthorn 

Cytisus Cytisus scoparius Common Broom 

Erica Erica vagrans Cornish Heather 

Fagus Fagus sylvatica Common Beech 

Ficus Ficus carica Common Fig 

Fraxinus Fraxinus excelsior European Ash 

Hedera Hedera helix Common Ivy 

Hippophae Hippophae rhamnoides Sea Buckthorn 

Ilex Ilex aquifolium Common Holly 

Juglans Juglans regia Common Walnut 

Juniperus Juniperus communis Common Juniper 

Larix Larix decidua European Larch 

Laurus Laurus nobilis Bay Laurel 

Olea Olea europeae Common Olive 

Phillyrea Phillyrea latifolia Mock Privet 

Picea Picea abies Norway Spruce 

Pinus Pinus sylvestris Scots Pine 

Pistacia Pistacia chinensis Chinese Pistache 

Populus Populus alba White Poplar 

Prunus Prunus avium Wild Cherry 
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Map 6.1: The locations of the additional 24 Middle Palaeolithic sites with published anthracological diagrams. 

 

I followed common experimental methodologies (Chrzazvez et al. 2014, Dussol et al. 2017, 

Lancelotti et al. 2010, Lennox et al. 2017, Thery-Parisot and Henry 2012). Wood was gathered 

from one of three contexts: 

1) The following genera were obtained from wild landscapes, with an attending botanist 

to ensure correct species identification: Acer, Alnus, Betula, Carpinus, Castanea, 

Corylus, Crataegus, Erica, Fagus, Fraxinus, Hedera, Hippophae, Ilex, Larix, Picea, Pinus, 

Populus, Prunus, Quercus, Rhamnus, Salix, Sambucus, Sorbus, Ulex, Ulmus. 

2) The following genera were obtained from domestic gardens or purchased from garden 

centers. Here, all trees were already tagged to identify their species and genus: 

Genus Representative species used Common Name 

Pyrus Pyrus communis Wild Pear 

Quercus Quercus petraea/Quercus Ilex Holm Oak 

Rhamnus Rhamnus cathartica Purging Buckthorn 

Salix Salix atrocinerea Grey Willow 

Sambucus Sambucus nigra Elder Tree 

Sorbus Sorbus aria Whitebeam 

Tamarix Tamarix ramosissima Saltcedar Tamarisk 

Taxus Taxus baccata English Yew 

Ulex Ulex europaeus Common Gorse 

Ulmus Ulmus minor Field Elm 

Viburnum Viburnum tinus Laurestine 
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Amygdalus, Arbutus, Buxus, Cornus, Cytisus, Ficus, Juglans, Juniperus, Laurus, Olea, 

Pyrus, Tamarix, Taxus, Viburnum. 

3) The following genera were obtained from the Royal Botanic Gardens, Edinburgh, 

provided and identified by the garden curators: Celtis, Phillyrea, Pistachia.  

- I used exclusively healthy dry deadwood. To determine health, sawed wood was 

visually inspected to exclude flaws, knots and diseased/rotten areas, including ash 

dieback. This ensured that all samples within a set were identical, and that primary 

inter-group differences came from morphological/chemical differences by genus rather 

than by condition.  

- All wood was fully dried, so that the only moisture content differences were those 

found between natural dry woods, and not a product of using green versus dry wood. 

My wood samples were subsequently left in a dry room for 3 months (ambient 

humidity c.30-50%) to simulate natural drying, as kiln-drying introduces further 

artificial changes such as hardening. Frejaville et al. (2013) used natural temperatures 

for drying, but only for 72h; all other burning studies artificially dried their wood (Prior 

and Alvin 1983, Prior and Gasson 1993, Moore et al. 1974).  

- Dried wood was sawn into debarked core wood cubes of 8cm3, 2cm on each edge. 

These samples represent “optimal” Neanderthal fuels which have been carefully 

curated and dried. 8cm3 best represents the diameter of small deadwood branches, 

and was used by Chrzazvez et al. (2011, 2014). Smaller sample volumes were used by 

Moore et al. (1974), Prior and Alvin (1983), Prior and Gasson (1993), Kwon et al. (2014) 

and Braadbaart et al. (2009), and larger ones by Thery-Parisot and Henry (2012). Larger 

volumes better represent large logs, however given that Neanderthals foraged for 

smaller branches as deadwood, 8cm3 best represents these branch diameters (Allue et 

al. 2012). 

- The exceptions were Celtis, Phillyrea and Pistacia, which were obtained as smaller 

branches and burnt as smaller complete branch samples to obtain enough wood mass.  

- Prior to burning, each wood cube sample was weighed to determine its mass.  

 

Samples of all genera were burned in a Carbolite GSM 11/8 Muffle Furnace (UCL Geography 

Laboratory) at 350°C and 700°C for 1 hour, in tin foil (350°C) or sand (700°C) in crucibles. The 

former temperature represents close to optimal charcoal conversion temperatures of open 

fires (Stimely and Blankenhorn 1995); the latter represents the upper temperature range of 

open fires (Prior and Gasson 1993).  
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4) Chrzazvez et al. (2014) and Prior and Gasson (1993) only burnt their samples for 30 

minutes; my burning for 1h (as done by Braadbaart and Poole 2008, Nichols et al. 

2000, Prior and Alvin 1983, Henry 2012) safely exceeds that, ensuring the samples are 

fully burnt.  

5) Excluding oxygen through tin foil wrappings follows Lancelotti et al. (2010). Foil’s 

melting point is c.660°C; as the 700°C experiments would have caused degradation and 

possible sample contamination, I instead put these samples in sand-filled crucibles, 

following Prior and Alvin (1983) and Prior and Gasson (1993). Using pure nitrogen 

atmospheres to exclude oxygen (as used by Braadbaart 2004, Braadbaart and Poole 

2008, Braadbaart et al. 2009, Kwon et al. 2014, Moore et al. 1974) was impractical in 

this experimental setup.  

6) Each subset used 10 samples per taxa; for a total of 840 samples for this experiment.  

7) The samples were subsequently weighed, and mass loss calculated as a percentage of 

the original weight, and the mean of these 10 samples calculated. 

 

 

 

II: Fragmentation Rate. 

As well as differential charcoal production, differential charcoal fragmentation can cause 

significant error. Natural sedimentation taphonomy can cause fragmentation: sediment 

pressure, frost-thaw cycles, trampling, movement abrasion and root damage (Allue and Mas 

2020, Carcaillet 2001, Carcaillet and Talon 1996). Once splitting begins, sediment grains 

infiltrate charcoal structures and exacerbate the problem (Allott 2006). However recovery 

processes, in particular flotation, also cause fragmentation. Charcoal becomes hydrophilic 

through oxidation processes over time (Arranz-Otagui 2017), causing further fragmentation 

from water influx. Such charcoal quickly waterlogs and sinks, causing further bias. Flotation 

decreases the diversity of taxa recovered (Allue and Mas 2020), suggesting that different taxa 

react differently to it. However, flotation causes notably less fragmentation than other forms of 

recovery such as hand-picking (Kabukcu and Chabal 2020); this latter practice should be 

avoided, as it is biased towards obvious, larger fragments.  
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A natural cause of differential fragmentation is the wood itself. Carbonization preserves density 

ratios (Chrzazvez et al. 2014) so denser woods create denser charcoals (though see Braadbaart 

and Poole (2008) for a counter-view). Denser charcoals resist parallel fibre compressions better, 

and have higher strength moduli (Assis et al. 2016), albeit with less compressive resistance 

than diffuser, spongier charcoals (Lancelotti et al. 2010). Denser woods (and denser charcoals) 

fragment more in compressive sediment trampling, but resist knocks and breakage during 

recovery processes. Furthermore, wood density varies throughout growing seasons, and 

latewood charcoal (dense wood produced later in growing seasons) is more resistant to 

fragmentation than earlywood charcoal (Kaiser et al. 2009). Thus, earlywood charcoal of 

“dense” genera may fragment more than tougher latewood charcoal of softwood genera.  

 

Aspects of wood other than density also contribute to charcoal friability. With regards to this 

experiment, burning in foil may create more structurally stable samples than in sand; however 

all samples tested at 350°C were created in foil. Xylem ray cells are weak, and wide-rayed taxa 

like Quercus split more (Prior and Alvin 1983). Certain resinous taxa like Pinus resist 

fragmentation as resin binds the cells together. Growth rings form weak points (Scott 1989); 

thus older trees suffer from more charcoal fragmentation. This correlates to genus, as slower-

growing genera like Taxus have more growth rings than faster-growing taxa like Fagus by the 

time they reach a sufficient height for harvesting, and thus fragment more. However, given 

most fuel comes from dead branches rather than main trunks, tree ages are less relevant than 

ages of harvested branches. However, taxa with fast-growing and fast-shedding branches like 

Pinus will still have less growth rings than slower-growing Quercus branches. In addition, wood 

condition is as important for fragmentation as taxa-specific structures. Wet (rotten and green) 

woods fragment more when burnt, as cracks form as high-pressure steam escapes (Figueiral 

1995b, though Thery-Parisot and Henry (2012) gives an alternative view). Whilst wood 

condition somewhat correlates with genera-specific rates of drying and decay, if we assume the 

Principle of Least Effort, in practice some cultural choice of wood state always occurs. 

 

Finally, production temperature also affects charcoal’s strength and fragmentation (Dias Jr et al. 

2016, Scott and Jones 1991). We have already examined how production temperature affects 

wood-to-charcoal conversion rates; similar patterns can also be observed for charcoal’s 

strengths. Zickler et al. (2006) claims that “charcoal hardness” rises quickly with heat to 700°C, 

then slowing to 1000°C before declining. It is unclear how this hardness value corresponds to 
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fragmentation, as harder charcoals may fragment more or less, depending on pressure 

patterns. This counters Braadbaart and Poole’s 2008 findings, which found that higher-

temperature charcoal was more porous, less dense and more prone to fragmentation than 

charcoal formed at lower temperatures. Other authors claim that charcoal’s compressive 

strength decreases up to 500/600°C, before increasing again (Assis 2016). These apparently 

conflicting views reconcile if charcoal’s porosity and density decrease but charcoal’s inherent 

carbon bonds strengthen as production temperature increases. Large pieces would fracture 

more easily along lines of weakness, but subsequently, increased inherent strengths would 

prevent further fragmentation. However, Dussol et al. (2017) claim that intrinsic species 

differences are far more important to subsequent fragmentation than production temperature.  

 

It may be questioned why fragmentation matters, as unlike charcoal production it does not 

innately affect taxa representation, except when fragments are too small to be properly 

identified, or slip through sieves (usually only pieces 2mm+ are analysed – Chabal 1988, 1992). 

However, almost all studies count fragments to quantify genera proportions (e.g. Whitau et al. 

2017a). Differential fragmentation obviously biases this method, as highly-fragmenting genera 

appear grossly overrepresented (Belcher et al. 2013). Alternative quantification methods, such 

as mass and volume, are preferable but much harder to undertake. Volume is difficult to 

quantify accurately on small pieces (ways include multiplying shortest/longest axes, or 

immersing in known volumes of fine sand – Novak et al. 2012, Lancelotti et al. 2010), and mass 

is questionable as porous charcoals have mineral uptake, causing disproportionate weights 

(Kabukcu 2015). Ali et al. (2009) and Leys et al. (2013) claim that charcoal mass and fragment 

number are well-correlated, as although some charcoals fragment more, theoretically creating 

more pieces, these pieces in turn quickly fragment to sizes too small to study, balancing out 

different fragmentation rates (Dotte-Sarout et al. 2015, Henry et al. 2020). Despite this, 

differential fragmentation is an important issue, and despite potentially having many variables, 

I examine whether it can have a statistically significant effect. 
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II.I: Experiment 2 (Fragmentation Rates): Methodology. 

I followed methodologies by Chrzazvez et al. (2014) and Lancelotti et al. (2010).  

- Ten samples for each genus, created at 350°C, were placed together in a sealed sample 

bag (to prevent fragment loss) at randomized orientations, to ensure random parallel 

or perpendicular fibre crushing. These bags were crushed under a 56lb (25.4kg) weight 

dropped from 5cm, representing standardized trampling. 

- Fragmented samples were dry sieved through nested sieves, of 1mm, 3mm, and 6mm 

mesh diameter. 1mm represents smallest mesh sizes used in sites (e.g. Pop et al. 2016 

at Neumark-Nord), 3mm represents the smallest size (2-4mm) accurately identifiable 

to genus level (Figueiral and Mosbrugger 2000), and 6mm represents a larger size 

reliably spotted during hand-picking. Although 2mm and 4mm sieves are common, 

3mm is also used in many studies (e.g. Allue and Mas 2020, Bachelet and Scheel-Ybert 

2017, Bodin et al. 2020, Dotte-Sarout and Kahn 2017, King and Dotte-Sarout 2019, 

Ortiz et al. 2017, Puech et al. 2021, Scheel-Ybert and Bachelet 2020, Zwane et al. 

2023). 3mm represents the largest that single growth-rings of charcoal can grow 

(Bernard 1998, Dufraisse et al. 2018, Kabukcu et al. 2021), and is an important cut-off 

size as growth-rings frequently separate as charcoal (Rossen and Olson 1985). 6mm is 

likewise a commonly used size for the largest fragments (e.g. Brossier and Poirier 2018, 

Paradis-Grenouillet et al. 2009, Shirazi and Shirazi 2012).  

- The 3mm+ fragments were counted, and weighed together, and those 1-3mm were 

only weighed (as >700 <1mm fragments were produced in test fragmentations). From 

this, I could also determine the mass of the lost <1mm fraction.  

 

The methodologies outlined in Experiment 1 were tested with Malus (apple) wood, from 

known specimen plants who had been observed for several years (spp. domestica, Kent). The 

results in Table 6.2 below suggest that oxygen-excluding methods minimally affect conversion 

rates, provided they are effective. I did not test nitrogen atmosphere methods used by some 

researchers, due to time and equipment constraints, and cannot comment on their 

effectiveness. Likewise, sample volumes (and therefore masses), and burning durations, do not 

greatly affect conversion rates. However, heartwood created significantly more charcoal 

(34.7%) than otherwise-identical sapwood (27.1%) – (p = 0.0005887). This suggests that tree 

parts burnt determine conversion rates, possibly because heartwood is denser and drier than 
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sapwood. All my other samples came from standardised exterior branch sapwood, and thus 

probably represent minimum conversion rates.  

 

Table 6.2: Results of experimental procedure testing on Malus wood, showing similarities between different 

burning procedures and lengths, but differences between sapwood and heartwood.  

Malus Burning Method 

(350°C) 

Wood-to-Charcoal 

Conversion Rate (%) 

Range Standard Error 

Foil, 1h 27.1 13.1 1.4211 

Foil (1/8 size sample), 1h 28.209 12.21 1.0967 

Foil, 2h 29.482 6.23 0.7361 

Sand, 1h 29.9038 7.83 1.1273 

Foil, 1h, Heartwood 34.6589 3.16 0.3506 

 

When I changed the furnace temperature, conversion rates drastically dropped from 250-

350°C, but dropped more slowly at still higher temperatures (see Table 6.3 for significance 

tests). This suggests that although increasing temperatures decrease charcoal yield, 250-350°C 

is the key threshold for full charcoalification. I was unable to test burning in foil to 700°C as the 

aluminium foil would have melted at 660°C and adhered to the charcoal. 500°C was therefore 

the top temperature I could attain without compromising the foil’s integrity. Few fires burn 

lower than this while still creating flames and light. Whilst Neanderthal fires would of course 

have left unburned portions of wood behind, 1) these may have been burnt in subsequent fires 

and 2) they would have been destroyed by bacterial/chemical degradation that charcoal was 

safe from, and thus are absent from the archaeological record. Thus only charcoal created 

above c.300/350°C is of archaeological value, as most created at 250°C would subsequently be 

lost. 

 

Table 6.3: Effects of different temperatures on wood-to-charcoal conversion rate for Malus. The largest loss is from 

250-350°C, and subsequently decreases more slowly to 550°C. This is also presented in Graph A38, p.405.  

Malus Burning 

Temperature 

(Foil, 1h) 

Wood-to-Charcoal 

Conversion Rate (%) 

Range Standard 

Error 

Welch’s T-test significance and 

p values between temperature 

values and the value above 

250°C 79.986 15.01 1.9187 Yes (p = 1.685e-13) 

350°C 27.1 13.1 1.4211 Yes (p = 0.008225) 

450°C 22.156 2.41 0.2511 Yes (p = 0.001258) 

550°C 20.94 1.68 0.1886 No higher value to test against 
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III: Experimental Testing Results. 

When I tested Malus samples burnt in sand at 700°C, I manually separated organic residues 

from the sands. This was due to potential unknown mass losses of the sand itself from 

combustion of any organic residues in it (despite prior heating to remove as much as possible). 

This introduced potential experimental error, but I used identical tweezers for all samples, and 

timed myself for 10 minutes searching through each sample for charcoal. This ensured equal 

thoroughness on all samples. Samples degrading into finer ash particles were more likely to be 

missed, but conversely also more likely to have included sand in its interstices, falsely 

increasing its weight. Intermingling of sand into these ashy matrices make these weight 

measurements less reliable than for those test pieces burned in sand at 350°C, where the 

charcoal was solid and sand couldn’t enter. However, this issue is present in all archaeological 

charcoal.  

 

On testing fragmentation rates, Malus charcoal split into 557 counted fragments >3mm, with a 

1:2.46 ratio of >6mm to 3-6mm fragments, with 6.88% of the charcoal <1mm and thus lost 

from the system. The initial test showed the necessity of excluding air from the sealed bag, as 

the bag became pressurised, potentially protecting the specimens. Flattening and removing air 

pre-sealing prevented this. The charcoal tended to split along the fibres, creating individually 

fibred or bundled multifibre charcoal of an approximate 3:1 ratio length to width. Doubtless, 

this charcoal would further fragment cross-fibre if subjected to further crushing, however the 

wood tended to initially split along rather than across the fibre. This suggests that charcoal has 

higher compressive strengths (and thus lower fragmentation rates) if crushed transversally, as 

opposed to radially or tangentially.  

 

IV: Conclusion. 

These two experiments intend to address the primary concerns that differences between 

Middle Palaeolithic charcoal and pollen record is due to charcoal-related taphonomic bias, 

both in its production (Experiment 1) and subsequent fragmentation (Experiment 2). If, 

following recalibration, differences between the values tends towards 0, it would suggest that 

this bias is indeed the primary cause; if however they remain constant, or discrepancies 

increase, then alternatives must be suggested, the most likely of which is active Neanderthal 

selection. The following chapter addresses these questions.  
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Chapter Seven: Results. 

 

I.I: Conversion Rate Experiment Results (350°C) 

At 350°C, all genera tested created reliable charcoal, in almost-perfect cubes, with the 

exception of Celtis, Phillyrea and Pistacia, which were only available as smaller cylindrical 

barked samples (see Chapter Six, p.167). The conversion appeared complete, with no unburnt 

or partially-charred wood on cutting open random samples, which were then excluded from 

the fragmentation experiments. All samples were burnt for longer (1h) than charring requires 

(c.20 minutes). Initially, two samples of each ten-sample set created much more charcoal than 

expected (>50% conversion rate) due to insufficient oven entrance sealing causing lower local 

temperatures there; these were re-calculated, and subsequent samples all placed nearer the 

back, where regular carbonization occurred. 

 

The complete absence of ash from all samples suggests that at this temperature, ash 

production is negated in favour of charcoal. This also suggests that all non-charcoalified 

material was combusted, or lost as water vapour or other fumes. The foil wrapping may of 

course have hindered vapour loss, artificially increasing charcoal masses, but this is inherent to 

all oxygen-excluding solutions, excluding the nitrogen atmosphere which of course would not 

be present in real-life samples. In real woods, exterior wood may hinder water loss and cause 

similar conditions. Testing samples immediately after burning prevented atmospheric water 

vapour re-entering; water may re-percolate into archaeological charcoal of course, but mostly 

from flotation and wet sieving. Condition also impacts charcoal production rates; rotten 

Fraxinus yielded 30.44% charcoal, as opposed to 27.34% for fresh healthy Fraxinus. As sample 

sizes of rotten and fresh Fraxinus were unequal due to excluding some samples, a two-sample 

t-test (see p.145) found that this difference was extremely significant (p = 0.00002778). Rotten 

wood might have higher moisture contents, which when lost in burning creates lower 

conversion rate than fresh wood. The fact that charcoal conversion rates of rotten wood are 

higher further suggests that products of decay are more resistant to fire and/or prevent oxygen 

intake more effectively than fresh wood. The results presented below in Table 7.1 show varying 

conversion rates of 22.8% to 42.3%; full experimental results are in Appendix Three.  
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Table 7.1: Wood-to-Charcoal conversion rates at 350°C. Compared to pine as an common value of 1, other woods 

create from 0.66x-1.23x charcoal mass (per unit mass of fuel) compared with pine.   

Genus  Wood-to-

Charcoal 

Conversion Rate 

at 350°C (%) 

Relative 

Conversion 

(compared to 

Pinus = 1) 

Standard 

Error (%) 

Standard Error for 

Relative Conversion 

(compared to Pinus 

= 1) 

Fagus 22.841 0.6608 0.5993 0.0227 

Arbutus 24.371 0.7050 0.5828 0.0295 

Ilex 24.446 0.7072 0.5401 0.0289 

Betula 25.469 0.7368 1.2525 0.0442 

Cornus 25.78 0.7458 0.8168 0.0348 

Olea 25.799 0.7463 0.5501 0.0302 

Quercus 

(deciduous) 

26.035 0.7532 0.5762 0.0308 

Salix 26.456 0.7653 0.6779 0.0328 

Carpinus 26.756 0.7740 0.4541 0.0296 

Corylus 27.245 0.7882 0.5686 0.0317 

Alnus 27.275 0.7890 0.5722 0.0317 

Fraxinus 27.3425 0.7910 0.3870 0.0293 

Ficus 27.541 0.7967 0.2882 0.0286 

Quercus 

(average) 

27.6225 0.7991 0.6402 0.0331 

Acer 27.94 0.8083 0.6439 0.0334 

Celtis 28.029 0.8108 0.5621 0.0322 

Juglans 28.347 0.8200 0.5721 0.0326 

Crataegus 28.409 0.8218 0.4277 0.0308 

Salix-Populus 

(average) 

28.5235 0.8251 0.7337 0.0354 

Pyrus 28.856 0.8348 1.0316 0.0414 

Viburnum 28.941 0.8372 0.7346 0.0357 

Cytisus 29.028 0.8397 0.4804 0.0320 

Quercus 

(evergreen) 

29.21 0.8450 0.9157 0.0393 

Amygdalus 29.852 0.8636 0.7308 0.0364 

Sorbus 29.949 0.8664 0.8407 0.0384 

Pistacia 29.998 0.8678 0.4472 0.0325 

Ulmus 30.045 0.8692 0.9970 0.0415 

Sambucus 30.243 0.8749 0.4196 0.0324 

Ulex 30.287 0.8762 0.7481 0.0370 

Populus 30.591 0.8850 0.9294 0.0406 

Hedera 31.104 0.8998 0.7534 0.0378 

Buxus 32.31 0.9347 0.7559 0.0388 

Prunus 33.396 0.9661 0.8927 0.0420 
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Genus  Wood-to-

Charcoal 

Conversion Rate 

at 350°C (%) 

Relative 

Conversion 

(compared to 

Pinus = 1) 

Standard 

Error (%) 

Standard Error for 

Relative Conversion 

(compared to Pinus 

= 1) 

Hippophae 33.588 0.9717 0.5018 0.0364 

Tamarix 34.163 0.9883 0.8301 0.0416 

Rhamnus 34.244 0.9906 0.3981 0.0359 

Picea 34.3 0.9922 0.969 0.0441 

Erica 34.493 0.9978 1.0292 0.0454 

Pinus 34.568 1.0000 1.1863 0.0485 

Laurus 34.887 1.0092 1.2234 0.0495 

Phillyrea 34.929 1.0104 0.9101 0.0435 

Juniperus 35.599 1.0298 0.8292 0.0427 

Picea/Larix 36.993 1.0702 0.9100 0.0452 

Castanea 37.376 1.0812 2.4358 0.0796 

Larix 39.686 1.1481 0.9725 0.0484 

Taxus 42.345 1.2250 3.5627 0.1113 

  

The mean laboratory conversion rate of 30.37% is of course far higher than real-life hearth 

conversion rate, given the amount recovered compared to known fuel inputs. This is because 

these experiments were consistently at optimum temperatures (whilst real fires would also be 

subject to higher temperatures), but the samples were fully excluded from oxygen, which 

would apply only to the centre of larger fuel pieces in real life. Thus the conversion rates 

themselves will not be replicated in the archaeological record, but the relative values between 

the different genera should be. A source of real-life variation will be branch morphology and 

diameter, as larger diameters have increased likelihoods of charcoalification. However given 

branches in Neanderthal firepits would have been gathered rather than cut, branch 

morphology will be highly variable and depend less on genera morphology.  
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I.II: Conversion Rate Experiment Results (700°C) 

At 700°C, charcoal yields sharply dropped, sometimes being almost non-existent (see Table 7.2 

beneath). Only Castanea and Taxus produced large charcoal fragments, although very friable 

and with some intermingled ash. Erica and Larix created strange yellowy-brown ashy 

substances, with some embedded darker charcoal strands; all other genera created mostly 

white ash, extremely soft and friable, with minimal charcoal (though a little was found for 

Viburnum). Due to the impossibility of separating commingled charcoal and ash samples, 

except through uncontrollable taphonomic processes through time, I weighed both together. 

However, I think that only Castanea, Taxus (and potentially Erica) might produce large enough 

charcoal pieces at 700°C for reliable identification (2mm being the smallest identifiable 

charcoal size). The different nature of the Celtis, Phillyrea and Pistacia samples, due to their 

small size, circular shape and barking (and small sample sizes in the case of Pistacia) may 

account for their relatively high yields. Here, ash was compacted within the charcoalified bark; 

when dropped, this fractured into similarly sized and friable pieces as other woods, so this 

phenomenon may just result from delicate handling, and not occur archaeologically. Both 

Rhamnus and Laurus created no charcoal, suggesting that all charcoal we find of these genera 

must result from lower temperatures.  

 

 

 

Table 7.2: Wood-to-charcoal conversion rates at 700°C. These vary much more than at lower temperatures, with 

various woods creating 0.59x-19.51x the charcoal mass that pine does.  

Genus  Wood to Charcoal-

Ash Conversion Rate 

at 700°C (%) 

Relative 

Conversion 

(compared to 

Pinus = 1) 

Standard 

Error (%) 

Standard Error for 

Relative Conversion 

(compared to Pinus = 

1) 

Hippophae 0.343 0.5904 0.1052 0.2017 

Fraxinus 0.393 0.6764 0.2123 0.3793 

Pinus 0.581 1.0000 0.0876 0.2133 

Juniperus 0.808 1.3907 0.0965 0.2674 

Corylus 1.28 2.2031 0.3436 0.6782 

Salix 1.365 2.3494 0.3394 0.6832 

Fagus 1.384 2.3821 0.1635 0.4562 

Salix-

Populus 

1.4205 2.4449 0.1910 0.4941 

Acer 1.444 2.4854 0.2630 0.5875 
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Genus  Wood to Charcoal-

Ash Conversion Rate 

at 700°C (%) 

Relative 

Conversion 

(compared to 

Pinus = 1) 

Standard 

Error (%) 

Standard Error for 

Relative Conversion 

(compared to Pinus = 

1) 

Populus 1.476 2.5404 0.1952 0.5094 

Quercus 

(deciduous) 

1.517 2.6110 0.1296 0.4525 

Larix 1.65 2.8399 0.1500 0.5001 

Ulmus 1.674 2.8812 0.4948 0.9560 

Betula 1.722 2.9639 0.1740 0.5377 

Ilex 1.834 3.1566 0.3075 0.7121 

Carpinus 1.871 3.2203 0.1270 0.5326 

Quercus 

(average) 

1.9185 3.3021 0.1636 0.5719 

Taxus 2.087 3.5921 0.5519 1.0934 

Prunus 2.088 3.5938 0.2516 0.6936 

Sorbus 2.106 3.6248 0.2975 0.7492 

Olea 2.271 3.9088 0.1637 0.6536 

Quercus 

(evergreen) 

2.32 3.9931 0.2457 0.7359 

Amygdalus 2.6122 4.4960 0.1147 0.7063 

Buxus 2.635 4.5353 0.1983 0.7642 

Picea/Larix 2.692 4.6334 0.3391 0.9105 

Pyrus 2.697 4.6420 0.1385 0.7395 

Cytisus 2.73 4.6988 0.1662 0.7640 

Alnus 2.7444 4.7236 0.7761 1.5139 

Ulex 2.7567 4.7448 0.1203 0.7449 

Crataegus 2.944 5.0671 0.1130 0.7884 

Juglans 3.213 5.5301 0.1792 0.8892 

Phillyrea 3.28 5.6454 0.3503 1.0433 

Viburnum 3.401 5.8537 0.2885 1.0127 

Castanea 3.656 6.2926 0.6861 1.5153 

Picea 3.734 6.4269 0.4707 1.2635 

Cornus 4.084 7.0293 0.3296 1.2020 

Tamarix 5.128 8.8262 0.4459 1.5366 

Hedera 5.34 9.1910 0.6211 1.7500 

Arbutus 6.204 10.6781 0.5077 1.8324 

Pistacia 6.26 10.7745 ---------------- --------------------- 

Erica 7.129 12.2702 0.4658 2.0160 

Sambucus 7.225 12.4355 0.5186 2.0767 

Ficus 8.387 14.4355 0.3360 2.2519 

Celtis 11.3344 19.5084 0.7609 3.2208 

Rhamnus and Laurus excluded (no charcoal created). 
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The average conversion rate of 3.04 likewise does not represent actual conversion rates for 

Neanderthal fires; rates might be lower if conditions are not perfect anaerobic, or higher if the 

fires are not constantly at the low conversion temperature of 700°C. However these 

experiments still give useful indications of relative differences between genera, although these 

are not independent of temperature (as Pinus produces one of the lower percentages of 

charcoal at 700°C compared to one of the higher percentages at 350°C).  

 

Burning both Quercus petraea and Quercus ilex allowed me to sample a deciduous and an 

evergreen oak species respectively. Many anthracological diagrams differentiate between 

Quercus deciduous and Quercus evergreen, sometimes including both separately on the same 

diagram (e.g. El Salt – Vidal-Matutano et al. 2017). When Quercus is distinguishable as 

deciduous or evergreen, I use the respective conversion rate; otherwise I use the average. 

Likewise, where Salix/Populus and Picea/Larix are listed together, due to an inability to 

distinguish between charcoal morphologies, I average these two genera’s conversion rates. 

When viewed independently of anthracological data, the varying conversion rates show several 

trends, one notably being differences between deciduous trees, evergreen and conifers (Table 

7.3, below).  

 

Table 7.3: Average wood-to-charcoal conversion rates correlated with the broader tree type.  

Type of Tree Genera Wood-to-Charcoal 

Conversion Rates at 350°C 

Wood-to-Charcoal 

Conversion Rates at 

700°C 

Evergreens  Arbutus, Buxus, Erica, Ficus, 

Hedera, Ilex, Laurus, Olea, 

Quercus evergreen, 

Phillyrea, Pistacia, Ulex, 

Viburnum 

24.371, 32.31, 34.493, 27.541, 

31.104, 24.446, 34.887, 25.799, 

29.21, 34.929, 29.998, 30.287, 

28.941 

(average = 29.8705) 

6.204, 2.645, 7.129, 

8.387, 5.34, 1.834, 2.271, 

2.32, 3.28, 6.26, 2.7567, 

3.401 

 

(average = 4.3190) 

Deciduous  Acer, Alnus, Amygdalus, 

Betula, Carpinus, Castanea, 

Celtis, Cornus, Corylus, 

Crataegus, Cytisus, Fagus, 

Fraxinus, Hippophae, 

Juglans, Populus, Prunus, 

Pyrus, Quercus deciduous, 

Rhamnus, Salix, Sambucus, 

Sorbus, Tamarix, Ulmus 

27.94, 27.275, 29.852, 25.469, 

26.756, 37.376, 28.029, 25.78, 

27.245, 28.409, 29.028, 22.841, 

27.3425, 33.588, 28.347, 

30.591, 33.396, 28.856, 26.035, 

34.244, 26.456, 30.243, 29.949, 

34.163, 30.045  

 

(average = 29.1702) 

1.444, 2.7444, 2.6122, 

1.722, 1.871, 3.656, 

11.3344, 4.084, 2.944, 

2.73, 1.384, 0.393, 0.343, 

3.213, 1.476, 2.088, 

2.697, 1.517, 1.365, 

7.225, 2.106, 5.128, 

1.674 

(average = 2.8587) 

Conifers  Juniperus, Larix, Picea, 

Pinus, Taxus 

35.599, 39.686, 34.3, 34.568, 

42.345  

(average = 37.2996) 

0.808, 1.65, 3.734, 0.581, 

2.087  

(average = 1.772) 
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Whilst evergreens and deciduous trees have statistically-similar conversion rates at 350°C, 

conifers have higher conversion rates, due to resins creating more reducing conditions during 

combustion, and resin not being fully combusted at 350°C – although some must be burnt, to 

account for the brightness and high Fuel Value Index (FVI) of conifers even in low-temperature 

fires. This indicates that conifer charcoal still contains much resin. However, by 700°C, this resin 

has clearly been burnt off as conifers show the lowest conversion rates, suggesting that resin 

no longer plays a part, and the otherwise soft, loose nature of conifer woods causes low wood-

to-charcoal conversion rates. As expected, denser evergreens have higher conversion rates 

than deciduous trees at 700°C, once again correlating with density. Density values can be found 

later in this chapter on p.187, and also in Appendix Six, p.387. 

 

 

II: Comparison with other studies. 

This experiment is not unique in its methodology or aims, although encompassing many more 

samples and genera. Other similar papers include Chrzazvez et al. (2014), Feurdean (2021), 

Frejaville et al. (2013), Hudspith et al. (2018), Rossen and Olson (1985) and Thery-Parisot et al. 

(2014). Comparisons demonstrate many trends exist throughout all studies, especially the high 

conversion rates of conifers compared to broadleaf trees. Conversion rates themselves often 

vary, due to differing experimental methodologies, further indicating that precise conversion 

rates themselves are produced by my methodology, but that relative rates of different genera 

are consistent, and usable for reliable recalibration. 
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II.I: Frejaville et al. 2013. 

When compared to Frejaville et al (2013), several similarities are noted. Actual conversion rate 

values differ immensely; for the same genera, Frejaville notes conversion ranges of 25-72%, 

whilst I have a 25-39% range. This can be expected for the lower temperature burnings of 

Frejaville’s samples however (215°C), as my test Malus samples at 250°C showed a c.80% 

conversion rate, consistent with Frejaville’s Larix samples, which I took to indicate incomplete 

combustion. Additionally, Frejaville’s samples were barked whereas mine were debarked, 

causing further discrepancies. However, despite this and differences within sample sets, several 

similarities occur. In both sets, Betula and Salix are almost identical, as are Pinus and Picea. 

Likewise, conifers consistently produce more charcoal than broadleaf woods. In both there is a 

pronounced divide between broadleafs and conifers, and Larix makes consistently more 

charcoal than any other genus. Both studies therefore arrive at similar conclusions, and 

differences noted are mainly methodological, including Frejaville’s lower temperature burnings, 

which I believe led to incomplete combustion.  Percentage conversions with comparison to 

Pinus shows near-identical results for Betula, Picea and Salix, all within the standard errors for 

my samples (for relative conversion rates), and similar ones for Larix. However Sorbus has 

notably lower relative conversion rates in Frejaville’s samples than in mine. Calculating the 

relative orderings of the different genera from low-to-high charcoal production, irrespective of 

actual or relative conversion rates, many similarities emerge (R2 = 0.5951, p = 0.0724), 

suggesting that the different genera are somewhat similarly consistently good or bad charcoal 

producers.  

Table 7.4: Comparing Frejaville’s (2013) and my (2023) findings. This is also presented on Graph A39, p.405. 

Frejaville’s findings 

(215°C) – Genus and 

conversion rate (%) 

Relative Conversion 

(compared to Pinus = 

1) 

My findings (350°C) – 

Genus and conversion 

rate (%) 

Relative Conversion 

(compared to Pinus = 

1) 

Sorbus  25% 0.4386 Betula 25.469 0.7368 

Betula 41% 0.7193 Salix 26.456 0.7653 

Salix 42% 0.7369 Sorbus 29.949 0.8664 

Pinus 57% 1.00 Picea 34.3 0.9922 

Picea 58% 1.0175 Pinus 34.568 1.00 

Larix 72% 1.2632 Larix 39.686 1.1481 
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II.II: Chrzazvez et al. 2014.  

When compared with Chrzazvez et al. (2014), the results are roughly similar, albeit with some 

important differences, explainable by different burning temperatures (400°C v 350°C). 

Chrzazvez studied interspecific differences in mechanical strength and fragmentation under 

pressure as charcoal’s primary taphonomic change, but also noted mass loss in whole charcoal 

cubes identically-sized to my samples. Overall different percentages can be explained by 

different burning temperatures and experimental procedures, as Chrzazvez used foil and sand 

to exclude oxygen, whilst I used foil alone, which explains their higher charcoal production 

values – however the relative differences compared to pine production are similar, with their 

relative conversion rates (compared with Pinus = 1) falling within my standard error margins for 

Carpinus and Populus, and very nearly for Acer. The outlier is Fagus, as I produced far less 

Fagus and Fraxinus charcoal than Chrzazvez (my results are minimally affected however, as only 

one site contains Fagus). Chrzazvez’ results cluster proportionally closer to Pinus values than 

mine, showing only a 0.2 (20%) maximum difference compared to my 0.3392 (33%) difference. 

There is some consistency in low-high orderings of genera by production (R2 = 0.1878, p = 

0.2440), but this is not as significant as with Feurdean’s study.  

 

Table 7.5: Comparing Chrzazvez’ (2014) and my (2023) findings. This is also presented in Graph A40, p.406.  

Chrzazvez’ findings 

(400°C) – Genus and 

conversion rate (%) 

Relative 

Conversion 

(compared to 

Pinus = 1) 

My findings (350°C) – 

Genus and conversion 

rate (%) 

Relative 

Conversion 

(compared to 

Pinus = 1) 

Carpinus 30% 0.8000 Fagus 22.84% 0.6608 

Betula 31% 0.8267 Betula 25.47% 0.7368 

Corylus 32% 0.8533 Carpinus 26.76% 0.7740 

Populus 32% 0.8533 Corylus 27.25% 0.7882 

Acer 32% 0.8533 Fraxinus 27.34% 0.7910 

Fagus 34% 0.9067 Quercus 27.62% 0.7991 

Quercus 37% 0.9867 Acer 27.94% 0.8083 

Pinus 37.5% 1.00 Populus 30.59% 0.8850 

Fraxinus 40% 1.0667 Pinus 34.57% 1.00 
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At higher temperature burnings, differences between studies further increase, with no relative 

conversion rates comparing at all accurately, almost random low-high orderings of genera (R2 = 

0.03361, p = 0.6368), and only Fraxinus’ relative conversion rates falling within my standard 

error margins. This is quite possibly due to their protocol of utilizing both aluminium foil and 

sand, which further exclude oxygen, and also keep the samples together and prevent loss, 

which occurred in my samples. My methodology better represents real-life fires, which are not 

contained, and must undergo recovery procedures causing loss, as my procedure did.  

Table 7.6: Comparing my higher-temperature burnings with Chrzazvez (2014). This is also presented in Graph A41, 

p.406.  

Chrzazvez’ findings 

(750°C) – Genus and 

conversion rate (%) 

Relative Conversion 

(compared to Pinus 

= 1) 

My findings (700°C) 

– Genus and 

conversion rate (%) 

Relative Conversion 

(compared to Pinus 

= 1) 

Betula 16% 0.8421 Fraxinus 0.393% 0.6764 

Corylus 17% 0.8947 Pinus 0.581% 1.00 

Populus 17% 0.8947 Corylus 1.28% 2.2031 

Fraxinus 18% 0.9474 Fagus 1.384% 2.3821 

Carpinus 18% 0.9474 Acer 1.444% 2.4854 

Pinus 19% 1.00 Populus 1.476% 2.5404 

Fagus 19% 1.00 Betula 1.722% 2.9639 

Acer 19% 1.00 Carpinus 1.871% 3.2203 

Quercus 19% 1.00 Quercus 1.9185% 3.3021 

 

II.III: Feurdean 2021.  

Feurdean (2021) studied Pinus, Picea and Betula at several temperatures, including 350°C, in a 

similar muffle furnace. However, Feurdean studied smaller barked twigs, only limiting oxygen 

intake through the crucible lid, rather than using closer-wrapped aluminium foil. The 

conversion rates here are very different due to these two practices, with no relative conversion 

rates falling within my standard error margins. 

Table 7.7: Comparing Feurdean's (2021) and my (2023) findings. 

Feurdean’s findings (350°C) 

– Genus and conversion rate 

(%) 

Relative 

Conversion 

(compared to 

Pinus = 1) 

My findings (350°C) – 

Genus and conversion 

rate (%) 

Relative 

Conversion 

(compared to 

Pinus = 1) 

Pinus 8.35 1.00 Betula 25.469 0.7368 

Betula 10.9 1.3054 Picea 34.3 0.9922 

Picea 16.8 2.0120 Pinus 34.568 1.00 



184 
 

II.IV: Rossen and Olson (1985).  

Rossen and Olson (1985) studied North American wood-to-charcoal conversion rates, at a very 

similar temperature to mine (330°C), excluding oxygen with sand. Both sets emphasise 

conifers’ and Castanea’s high charcoal production. Their use of American-specific rather than 

European-specific species within each genera, explains differences between lower-producing 

genera. Additionally Rossen and Olson’s study has a wider range of conversion values than 

mine, although of all the studies, it represents the closest overall conversion rate values; as 

expected given the similar experimental designs. For actual conversion rates, their Celtis value 

falls within my standard error range, and their Populus is near it; for relative conversion rates 

compared to Pinus = 1, Juglans and Castanea fall within my standard error ranges, and Acer, 

Celtis and Populus are near it. Notably however, relative low-high orderings of genera by 

charcoal production between our studies shows significant correlations (R2 = 0.4526, p = 

0.0330).  

 

Table 7.8: Comparing Rossen and Olson's (1985) and my (2023) findings. This is also presented in Graph A42, p.407.  

Rossen and Olson’s 

findings (330°C) – 

Genus and conversion 

rate (%) 

Relative 

Conversion 

(compared to 

Pinus = 1) 

My findings (350°C) – 

Genus and conversion 

rate (%) 

Relative 

Conversion 

(compared to 

Pinus = 1) 

Acer 23.50 0.7475 Quercus 

(deciduous) 

26.035 0.7532 

Juglans 25.61 0.8146 Fraxinus 27.3425 0.7910 

Celtis 27.66 0.8798 Acer 27.94 0.8083 

Fraxinus 28.78 0.9154 Celtis 28.029 0.8108 

Populus 29.30 0.9319 Juglans 28.347 0.8200 

Quercus 

(deciduous) 

31.44 1.00 Ulmus 30.045 0.8692 

Pinus 31.44 1.00 Populus 30.591 0.8850 

Ulmus 32.79 1.0429 Pinus 34.568 1.00 

Castanea 34.18 1.0872 Juniperus 35.599 1.0298 

Juniperus 42.49 1.3515 Castanea 37.376 1.0812 
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II.V: Thery-Parisot et al. 2014.  

Thery-Parisot and her team principally studied charcoal degradation into size classes instead of 

conversion rates. Thus their study better represents my second set of experiments than my 

first; however it usefully outlines what may be found in the archaeological record upon 

recovery, rather than the charcoal entering the ground. Their study is on live hearths composed 

of the different genera, and thus, whilst more realistic, experienced much higher variability 

than charring in muffle furnaces. The top temperatures recorded varied from fire to fire, but 

varied from c.710-920°C. The primary difference of course is that, in open-fire conditions, the 

wood was not burnt in specifically reducing environments, and thus specific fire conditions and 

wood size calibre was far more important than in my experiment. This study is most disparate 

from my own, with almost random distributions compared to mine, random low-high orderings 

of genera (R2 = 0.01148, p = 0.8192), and with no relative conversion rates falling within my 

standard errors. The only agreement is that Betula and Carpinus in both samples had higher 

conversion rates than Pinus. However, had their study only looked at conversion rates rather 

than rates of production in specific size ranges, then the two studies may have found more 

similar results.  

 

Table 7.9: Comparing Thery-Parisot's (2014) and my (2023) findings. This is also presented in Graph A43, p.407.  

Thery-Parisot et al.’s 

findings (710-920°C) – 

Genus and proportion of 

>2mm charcoal fragments 

Relative 

Conversion 

(compared to 

Pinus = 1) 

My findings (700°C) – 

Genus and conversion 

rate (%) 

Relative 

Conversion 

(compared to 

Pinus = 1) 

Populus 1.5 0.5837 Pinus 0.581 1.00 

Quercus 

(deciduous) 

1.6 0.6226 Corylus 1.28 2.2031 

Olea 2.05 0.7977 Populus 1.476 2.5404 

Pinus 2.57 1.00 Quercus 

(deciduous) 

1.517 2.6110 

Betula 2.8 1.0895 Betula 1.722 2.9639 

Corylus 3.55 1.3813 Carpinus 1.871 3.2203 

Carpinus 3.85 1.4981 Olea 2.271 3.9088 
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II.VI: Hudspith et al. 2018.  

Finally, Hudspith et al. (2018) studied differential charcoal production through very different 

methods. Instead of wood samples measured by mass, Hudspith instead burnt organic litter 

(leaves and stems) with a radiating heat flux of 50kW/m2 instead of a set temperature. They 

measured by volume instead of mass for initial input, although recording different masses and 

varying sample densities, and burning under reduced oxygen conditions. Of their studied 

genera, only Pinus (in their case P. radiata), Buxus and Laurus overlap with my studied genera. 

Their findings greatly differ from mine, especially regarding Laurus’ conversion rate. No relative 

conversion rates fall within my standard error margins. This is due to different experimental 

methodologies, and by our burning different parts of the plant under different burning and 

reduction conditions. The overall extremely low conversion rates of all genera (mine being 

c.100x higher for Laurus and Buxus) result from them utilizing plant parts which produce little 

charcoal, and which may also create it in different proportions to wood alone.  

 

Table 7.10: Comparing Hudspith's (2018) and my (2023) findings. 

Hudspith’s findings – 

Genus and Char Mass 

Fraction 

Relative 

Conversion 

(compared 

to Pinus = 1) 

My findings (350°C) – Genus 

and conversion rate (%) 

Relative 

Conversion 

(compared to 

Pinus = 1) 

Laurus 0.03 0.2609 Buxus 32.31 0.9367 

Buxus 0.06 0.5217 Pinus 34.568 1.00 

Pinus 0.115 1.00 Laurus 34.887 1.009 

 

Wood-to-charcoal conversion rates, when differing under identical environmental conditions, 

must result from different innate qualities of woods themselves. When discussing commercial 

charcoal burning in Africa and differing charcoal rates within a genus, Mlaouhi says that “the 

yields of charcoal are relative to the wood density” (Mlaouhi et al. 1999, p.1121). However, 

Graph 7.1 below shows no correlation between density and conversion rate. Denser woods 

could create proportionally more charcoal, as fewer oxygen-filled interstices create oxidizing 

environments; or they might create less charcoal if the spaces were instead filled with water or 

burnable substances (e.g. resin) which were more prone to being lost. The lack of correlation 

here suggests that density may be less important than the wood’s chemical composition. Wood 

density values are below in Table 7.11, as means calculated from multiple papers (all cited).    
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Table 7.11: Density values for my studied genera. These are taken from published literature (all cited) and from a 
range of species within each genus. These values therefore represent an average for the entire engine, but not 
necessarily for the particular species burnt. I thought this more appropriate, as the species I burnt is in itself only an 
example, and the genus found in the charcoal record will not always be this species.  

Genus Density (g/cm3) Mean References  

Acer 0.38, 0.57, 0.6, 0.63, 0.7, 

0.72, 0.79, 0.81, 0.84, 

0.89 

0.693 Bhatt and Todaria 1992, 1993, Jain and Singh 1999, Lingens et 

al. 2005, Nunez-Reguiera et al. 1997, Savi et al. 2018 

Alnus 0.316, 0.354, 0.43, 0.495, 

0.513, 0.625, 1.08 
0.545 Bhatt and Todaria 1993, Bishop et al. 2015, Kataki and Konwer 

2001, Moya and Tenorio 2013, Senelwa and Sims 1999 

Arbutus 0.61, 0.76, 0.77 0.713 Barboutis and Philippou 2005, Dimitrakopous and Panov 2001 

Betula 0.56, 0.673, 0.76, 0.77, 

0.801, 0.84, 0.85 
0.751 Bhatt and Todaria 1992, 1993, Bishop et al. 2015, Jain and Singh 

1999, Nunez-Reguiera et al. 1997 

Buxus 1.07 1.07 Bhatt and Todaria 1993 

Castanea 0.59, 0.61 0.6 Di Blasi et al. 2001, Nunez-Reguiera et al. 1997 

Corylus 0.52 0.52 Savi et al. 2018 

Erica 0.76 0.76 Barboutis and Philippou 2005 

Fraxinus 0.43, 0.63, 0.689, 0.79, 

0.801, 0.81 
0.692 Bhatt and Todaria 1993, Bishop et al. 2015, Nunez-Reguiera et 

al. 1997, Savi et al. 2018 

Hippophae 0.61 0.61 Bhatt and Todaria 1992 

Ilex 0.86, 0.96 0.91 Bhatt and Todaria 1992, 1993 

Juniperus 0.8, 0.82 0.81 Bhatt and Todaria 1992, 1993 

Olea 0.49, 0.71, 0.74, 0.92 0.715 Bhatt and Todaria 1993, Kebede and Soromessa 2018 

Phillyrea 0.84, 0.91 0.875 Barboutis and Philippou 2005, Savi et al. 2018 

Pinus 0.282, 0.292, 0.39, 0.45, 

0.46, 0.49, 0.508, 0.513, 

0.54, 0.61, 0.625 

0.469 Bhatt and Todaria 1992, 1993, Bishop et al. 2015, Di Blasi et al. 

2001, Kataki and Konwer 2001, Lingens et al. 2005, Senelwa and 

Sims 1999, Tran and White 1992 

Pistacia 0.67, 0.71, 0.72, 0.76, 

1.08 
0.788 Dimitrakopoulos and Panov 2001, Savi et al. 2017 

Prunus 0.625, 0.633, 0.66, 0.753, 

0.79, 0.84, 0.88 
0.74 Bhatt and Todaria 1993, Bishop et al. 2015, Jain and Singh 1999, 

Kataki and Konwer 2001, Nunez-Reguiera et al. 1997, Savi et al. 

2018 

Quercus 0.55, 0.62, 0.64, 0.65, 

0.66, 0.689, 0.72, 0.74, 

0.76, 0.78, 0.8, 0.81, 

0.831, 0.833, 0.842, 0.88, 

0.93, 0.95, 1, 1.053 

0.787 Barboutis and Philippou 2005, Bhatt and Todaria 1993, Bishop 

et al. 2015, Dimitrakopoulos and Panov 2001, Jain and Singh 

1999, Kataki and Konwer 2001, Lingens et al. 2005, Meetei et al. 

2015, Nunez-Reguiera et al. 1997, Savi et al. 2018, Sousa et al. 

2018, Tran and White 1992 

Rhamnus 0.83, 1.08 0.955 Bhatt and Todaria 1993 

Salix 0.5, 0.62, 0.71, 0.715, 

0.72, 0.81 
0.679 Bhatt and Todaria 1992, 1993, Kataki and Konwer 2001, Nunez-

Reguiera et al. 1997 

Sorbus 0.75, 0.83, 0.86, 0.929, 

0.95 
0.864 Bhatt and Todaria 1993, Bishop et al. 2015, Korkut and Budakci 

2010, Nunez-Reguiera et al. 1997, Savi et al. 2018 

Tamarix 0.66, 0.686 0.673 Sadegh et al. 2012 

Taxus 0.65, 0.67, 0.74 0.687 Bhatt and Todaria 1992, 1993, Nunez-Reguiera et al. 1997 

Ulmus 0.609, 0.753, 0.95 0.771 Bhatt and Todaria 1993, Bishop et al. 2015 

Viburnum 0.47, 0.725, 0.81, 0.88 0.721 Bhatt and Todaria 1992, 1993, Kataki and Konwer 2001 
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Graph 7.1: A comparison of Density (calculated from literature, p.187) and Wood-to-Charcoal Conversion Rates at 

350C (own dataset, p.175) showing a complete lack of correlation, when a positive correlation would be expected 

(R2 = 2.324e-6). 

 

Graph 7.2 (below) shows minimal correlation between calorific value (for the specific species 

studied, rather than the genera) and species conversion rate. A negative correlation would be 

expected, as higher calorific values mean more energy released, and unless certain woody 

pyrolyzing compounds are particularly more energy-rich than others, more energy released 

indicates more fuel was burnt, with less remaining as charcoal. However, this is not the case. 

Likewise, conversion rates and ash contents do not correlate (Graph 7.3, below, R2 = 0.009). 

Theoretical anti-correlations of charcoal and ash production do not appear here. This 

phenomenon is as yet unexplained, and may just be due to variability in noting ash production, 

as bark produces much more ash than wood, which biases certain samples. Calorific Value and 

Ash Contents for the various genera can be found below in Tables 7.12 and 7.13; as with 

density values, they are calculated as means from various different papers (all cited).  
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Table 7.12: Calorific values for my studied genera. As with Table 7.11 above, the mean calorific values represent an 
average across the whole genus rather than for a particular species within it.  

Genus Calorific Values (kJ/g) Mean References 

Acer 5.053, 8.747, 15.615, 17.1, 17.38, 

17.795, 18.436, 18.5, 18.637, 

21.2, 24.87 

16.667 Bhatt and Todaria 1992, 1993, Bjorn et al. 2012, Jain 

and Singh 1999, Nunez-Regueira et al. 1996, Telmo and 

Lousada 2011 

Alnus 4.018, 15.09, 15.29, 18.995, 19.8, 

20.94, 21.072, 25.5 

17.588 Bhatt and Todaria 1993, Hughes 1971, Kataki and 

Konwer 2001, Moya and Tenorio 2013, Nunez-Regueira 

et al. 1997, Senelwa and Sims 1999 

Arbutus 17.322, 18.24, 19.07, 19.11, 

19.412 

18.631 Barboutis and Lykidis 2014, Barmpoutis et al. 2015, 

Dimitrakopoulos and Panov 2001, Martinez-Perez et al. 

2015, Siafaca et al. 1980 

Betula 6.53, 16.6, 17.9, 19.11, 19.65, 

19.761, 21.072, 21.522, 22.3, 

23.966 

18.841 Bhatt and Todaria 1992, Bjorn et al. 2012, Hughes 1971, 

Geyer et al. 1987, Jain and Singh 1999, Nunez-Regueira 

et al. 1997 

Buxus 16.64 16.64 Bhatt and Todaria 1993 

Castanea 5.363, 8.515, 15.468, 17.130, 

17.92, 18.653, 18.754 

14.543 Monarca et al. 2011, Nunez-Regueira et al. 1996, Telmo 

and Lousada 2011 

Corylus 16.45, 17.67 17.06 Monarca et al. 2011 

Erica 18.63, 19.343, 19.878 19.284 Barboutis and Lykidis 2014, Barmpoutis et al. 2015, 

Carrion-Prieto et al. 2017, Dimitrakopoulos and Panov 

2001 

Fraxinus 3.642, 15.69, 16.259, 16.45, 

17.07, 19.09, 19.29 

15.356 Bhatt and Todaria 1993, Geyer et al. 1987, Monarca et 

al. 2011, Nunez-Regueira et al. 1997, Telmo and 

Lousada 2011 

Hippophae 18.9, 20.02 19.46 Bhatt and Todaria 1992, Raichal 2009 

Ilex 22.2 22.2 Bhatt and Todaria 1992 

Juniperus 18.523, 19.004, 22.8 20.109 Bhatt and Todaria 1992, Siafaca et al. 1980 

Olea 13.354, 15.3, 15.7, 16.861, 17.556 15.754 Bhatt and Todaria 1993, Velazquez-Marti et al. 2017, 

Siafaca et al. 1980 

Phillyrea 18.577, 19.175 18.876 Barboutis and Lykidis 2014, Barmpoutis et al. 2015, 

Siafaca et al. 1980 

Pinus 5.868, 7.646, 16.81, 16.935, 17.5, 

17.8, 17.85, 18.113, 18.68, 18.7, 

18.86, 18.9, 19.238, 19.3, 19.48, 

20, 20.237, 20.5, 20.658, 22, 

23.56 

18.03 Aniszewska and Gendek 2014, Bhatt and Todaria 1992, 

1993, Dimitrakopoulos and Panov 2001, Jain 1992, 

Kataki and Konwer 2001, Munalula and Meincken 2009, 

Nielsen et al. 2011, Nunez-Regueira et al. 1996, Senelwa 

and Sims 1999, Siafaca et al. 1980, Susott 1980, Telmo 

and Lousada 2011 

Pistacia 17.347, 18.916 18.132 Dimitrakopoulos and Panov 2001, Siafaca et al. 1980 

Prunus 5.565, 13.744, 15.552, 16.02, 

17.458, 18.256, 19.34, 19.6, 

20.061, 22.06 

16.766 Bhatt and Todaria 1993, Jain and Singh 1999, Kataki and 

Konwer 2001, Nunez-Regueira et al. 1997, Telmo and 

Lousada 2011, Velazquez-Marti et al. 2017 

Quercus 4.297, 7.794, 15.361, 15.74, 

17.468, 17.61, 17.98, 18.01, 

18.041, 18.12, 18.541, 18.582, 

18.636, 18.69, 18.696, 19.06, 

19.1, 19.17, 19.28, 19.5, 19.568, 

23.62 

17.403 Barboutis and Lykidis 2014, Barmpoutis et al. 2015, 

Bhatt and Todaria 1993, Dimitrakopoulos and Panov 

2001, Fang et al. 2011, Jain and Singh 1999, Kataki and 

Konwer 2001, Meetei et al. 2015, Monarca et al. 2011, 

Nunez-Regueira et al. 1996, Siafaca et al. 1980, Telmo 

and Lousada 2011 

Rhamnus 14.34, 15.8 15.07 Bhatt and Todaria 1993 

Salix 6.68, 15.372, 17.4, 18.279, 19.4, 

19.7, 19.8, 21.327 

17.245 Bhatt and Todaria 1992, 1993, Kataki and Konwer 2001, 

Nunez-Regueira et al. 1997, Telmo and Lousada 2011 

Sorbus 4.520, 16.87, 20.331 13.907 Bhatt and Todaria 1993, Nunez-Regueira et al. 1997 

Tamarix 17.11, 17.87, 18.28, 19.07 18.083 Nielsen et al. 2011 

Taxus 5.007, 20.561, 22.5 16.023 Bhatt and Todaria 1992, Nunez-Regueira et al. 1997 

Ulmus 18.937, 20.28, 23.2 20.806 Bhatt and Todaria 1993, Geyer et al. 1987 

Viburnum 18.2, 21.47, 22.1 20.59 Bhatt and Todaria 1992, 1993, Kataki and Konwer 2001 
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Table 7.13: Ash contents for the studied genera. As with Tables 7.11 and 7.12 above, the ash values represent an 
average across the whole genus rather than for a particular species within it.  

Genus Ash Content (%) Mean References 

Acer 1.15, 1.8, 2.1, 4.1, 4.62 2.754 Bhatt and Todaria 1992, 1993, Jain and Singh 1999, Nunez-

Reguiera et al. 1997 

Alnus 0.24, 0.58, 0.7, 0.97, 1.44, 

1.9 
0.972 Bhatt and Todaria 1993, Kataki and Konwer 2001, Moya and 

Tenorio 2013, Nunez-Reguiera et al. 1997, Senelwa and Sims 

1999 

Arbutus 0.26, 0.52, 0.83, 1.3, 2.35 1.052 Barboutis and Lykidis 2014, Barmpoutis et al. 2015, 

Dimitrakopoulos and Panov 2001, Martinez-Perez et al. 2015, 

Siafaca et al. 1980 

Betula 0.18, 0.8, 1.2, 1.8, 2 1.196 Bhatt and Todaria 1992, 1993, Jain and Singh 1999, Nunez-

Reguiera et al. 1997 

Buxus 2.67 2.67 Bhatt and Todaria 1993 

Castanea 0.3, 2.18 1.24 Nunez-Reguiera et al. 1997 

Corylus 2.36 2.36 Monarca et al. 2011 

Erica 0.39, 0.5, 1.63 0.84 Barboutis and Lykidis 2014, Barmpoutis et al. 2015, Carrion-

Prieto et al. 2017, Dimitrakopoulos and Panov 2001 

Fraxinus 0.8, 0.86, 1.84 1.167 Bhatt and Todaria 1993, Nunez-Reguiera et al. 1997 

Hippophae 1.5 1.5 Bhatt and Todaria 1992 

Ilex 1.6 1.6 Bhatt and Todaria 1992, 1993 

Juniperus 0.6, 0.7, 1.5 0.933 Bhatt and Todaria 1992, 1993, Siafaca et al. 1980 

Olea 1, 4.9, 5.06 3.653 Bhatt and Todaria 1993, Siafaca et al. 1980 

Phillyrea 0.5, 0.67 0.585 Barboutis and Lykidis 2014, Barmpoutis et al. 2015, Siafaca et 

al. 1980 

Pinus 0.3, 0.45, 0.6, 1.1, 1.5, 

1.69, 1.8, 3.3, 4.7 
1.716 Bhatt and Todaria 1992, 1993, Dimitrakopoulos and Panov 

2001, Jain 1992, Kataki and Konwer 2001, Munalula and 

Meincken 2009, Nielsen et al. 2011, Siafaca et al. 1980 

Pistacia 3.1, 3.66 3.38 Dimitrakopoulos and Panov 2001, Siafaca et al. 1980 

Prunus 0.85, 1.5, 1.61, 1.7, 1.84, 

2.7 
1.7 Bhatt and Todaria 1993, Jain and Singh 1999, Kataki and 

Konwer 2001, Nunez-Reguiera et al. 1997 

Quercus 0.66, 0.85, 1.14, 1.25, 1.6, 

1.62, 1.7, 2.4, 2.5, 2.53, 

4.25, 4.72 

2.102 Barboutis and Lykidis 2014, Barmpoutis et al. 2015, Bhatt and 

Todaria 1993, Dimitrakopoulos and Panov 2001, Jain and Singh 

1999, Kataki and Konwer 2001, Meetei et al. 2015, Nunez-

Reguiera et al. 1997, Siafaca et al. 1980 

Rhamnus 2.15, 2.36 2.255 Bhatt and Todaria 1993 

Salix 0.22, 1.18, 1.6, 2.05, 2.2, 

2.63 
1.647 Bhatt and Todaria 1992, 1993, Kataki and Konwer 2001, Nunez-

Reguiera et al. 1997 

Sorbus 0.67, 2.39, 2.85 1.97 Bhatt and Todaria 1993, Nunez-Reguiera et al. 1997 

Tamarix 2.99, 3.55 3.27 Nielsen et al. 2011 

Taxus 1.72, 1.8, 2.46 1.993 Bhatt and Todaria 1992, 1993, Nunez-Reguiera et al. 1997 

Ulmus 0.61, 0.9, 2.9 1.47 Bhatt and Todaria 1993, Geyer et al. 1987 

Viburnum 1, 1.2, 1.5, 1.51, 1.57 1.356 Bhatt and Todaria 1992, 1993, Kataki and Konwer 2001 
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Graph 7.3: A similar lack of correlation between Ash Content (calculated from literature, p.190) and Wood-to-

Charcoal conversion rates at 350C (own data, p.175), when a negative correlation would be expected. The R2 value 

is especially low (0.009). 

  

Graph 7.2: A similar lack of correlation between Calorific Value (calculated from literature, p.189) and 

Wood-to-Charcoal conversion rates at 350C (own data, p.175), when a negative correlation would be 

expected (R2 = 0.036). 
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III: Fragmentation Rate Experimental Results. 

This experiment took place exclusively on charcoal samples without surface fissures or other 

mechanical flaws. I used 10 cubed samples from each genus: creating more charcoal for certain 

genera (e.g. Castanea) to achieve this. If of course a genus usually creates mechanically-

unstable charcoal with voids, fissures etc., then this charcoal usually has higher fragmentation 

rates. Thus my testing with only solid, “pure” charcoal specimens may have ignored important 

selective aspects of the process. However, creating solid charcoal depends not only on the 

genus’ chemical properties, but also its state of decay, moisture content, and perhaps most 

importantly, random combustion processes, including proximity to other samples and any 

sudden heat fluctuations. These variables cannot be considered here. 

 

When crushed, the charcoal varied between two extremes. At one end, vitrified charcoal broke 

into larger, irregular lumps with shiny, multifaceted faces more resembling glass than charcoal, 

and following similar fracture patterns. This was particularly noticeable in Taxus, and may have 

been a byproduct of resin combustion here. At the other end, highly dry, crumbly and powdery 

charcoal formed charcoal fibres with large length-to-width ratios. However, these were also the 

most friable, crumbling during extraction and sorting processes. Vitrified charcoal would 

probably fragment the least, and it is unknown whether vitrification hinders identification. 

Crumbling charcoal on the other hand would have become most waterlogged, not surviving 

flotation/sorting, and would often form pieces too small to identify. The results presented 

below in Table 7.14 show the numbers, masses and ratios of various fragmentation patterns 

observed in this experiment.  
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Table 7.14: Comparing fragmentation patterns of all the tested genera (excluding Celtis, Phillyrea and Pistacia). An 

asterisk by the genus name indicates that nothing was lost through the smallest (1mm) sieve.  

Genus Number of 

fragments 

>6mm/3-

6mm (total) 

Number of 

fragments 

>6mm/3-6mm 

(total) ratioed 

to an input 

charcoal mass 

of 1g 

Average 

Mass per 

fragment 

>3mm 

(mg) 

Ratio of 

Number of 

Fragments 

>6mm to 

those 3-

6mm 

% Mass 

remaining 

>1mm 

% Mass 

remaining 

>3mm 

Acer 140/472 

(612) 

7.1/23.9 (31) 28.37 1 : 3.37 98.39% 88.07% 

Alnus 154/612 

(766) 

10.3/40.8 (51.1) 16.68 1 : 3.97 95.89% 85.19% 

Amygdalus 149/428 

(577) 

8.4/24.1 (32.6) 27.43 1 : 2.87 99.48% 89.27% 

Arbutus 103/600 

(703) 

7.3/42.3 (49.6) 13.52 1 : 5.83 88.00% 67.04% 

Betula 123/381 

(504) 

8.6/26.5 (35.1) 23.32 1 : 3.10 95.24% 81.89% 

Buxus* 141/348 

(489) 

6.3/15.6 (21.9) 45.4 1 : 2.47 100% 94.47% 

Carpinus* 118/262 

(380) 

5.7/12.6 (18.3) 55.37 1 : 2.22 100% 95.95% 

Castanea 12/323 (335) 0.6/16.1 (16.7) 9.78 1 : 26.92 41.27% 16.32% 

Cornus 133/474 

(607) 

10.2/36.5 (46.8) 18.38 1 : 3.56 96.08% 85.95% 

Corylus* 135/434 

(569) 

9.2/29.5 (38.6) 24.61 1 : 3.21 100% 92.94% 

Crataegus 145/500 

(645) 

7.3/25.3 (32.7) 26.28 1 : 3.45 95.97% 85.92% 

Cytisus* 139/418 

(557) 

8.6/25.8 (34.4) 27.47 1 : 3.01 100% 91.4% 

Erica* 91/263 (354) 7.5/21.8 (29.3) 31.6 1 : 2.89 100% 92.47% 

Fagus* 164/445 

(609) 

8.3/22.3 (30.7) 29.5 1 : 2.71 100% 90.21% 

Ficus 178/785 

(963) 

13.1/57.8 (70.9) 11.96 1 : 4.41 96.77% 84.85% 

Fraxinus 122/340 

(462) 

8.4/23.4 (31.9) 26.66 1 : 2.79 97.66% 84.93% 

Hedera* 111/241 

(352) 

7.6/16.6 (24.2) 40.58 1 : 2.17 100% 98.12% 

Hippophae* 165/413 

(578) 

8/20 (28) 35.03 1 : 2.50 100% 93.72% 

Ilex* 132/410 

(542) 

8.9/27.8 (36.7) 25.72 1 : 3.11 100% 91.61% 

Juglans* 130/420 

(550) 

9.4/30.4 (39.8) 24.19 1 : 3.23 100% 92.46% 
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Genus Number of 

fragments 

>6mm/3-

6mm (total) 

Number of 

fragments 

>6mm/3-6mm 

(total) ratioed 

to an input 

charcoal mass 

of 1g 

Average 

Mass per 

fragment 

>3mm 

(mg) 

Ratio of 

Number of 

Fragments 

>6mm to 

those 3-

6mm 

% Mass 

remaining 

>1mm 

% Mass 

remaining 

>3mm 

Juniperus 138/688 

(826) 

5.6/28.1 (33.8) 19.35 1 : 4.99 84.37% 63.78% 

Larix* 212/649 

(861) 

8.9/27.2 (36.1) 25.8 1 : 3.06 100% 90.07% 

Laurus* 135/287 

(422) 

4.9/10.5 (15.4) 67.46 1 : 2.13 100% 97.04% 

Olea 187/442 

(629) 

9.2/21.8 (31) 28.1 1 : 2.36 97.27% 87.2% 

Picea 146/341 

(487) 

10.8/25.2 (35.9) 25.77 1 : 2.34 99.67% 92.62% 

Pinus 111/620 

(731) 

6.1/34.1 (40.2) 15.33 1 : 5.59 84.47% 61.69% 

Populus 160/358 

(518) 

12.8/28.6 (41.4) 22.16 1 : 2.24 99.32% 91.64% 

Prunus 142/495 

(637) 

6.7/23.2 (29.8) 26.82 1 : 3.49 94.55% 80.02% 

Pyrus 135/503 

(638) 

6.5/24.2 (30.7) 28.23 1 : 3.73 98.33% 86.78% 

Quercus 

(deciduous) 

25/281 (306) 1.2/13.7 (14.9) 17.73 1 : 11.24 50.64% 26.38% 

Quercus 

(evergreen) 

44/523 (567) 2.2/25.7 (27.9) 15.39 1 : 11.89 71.16% 42.89% 

Rhamnus 88/283 (371) 3.8/12.3 (16.1) 29.82 1 : 3.22 53.12% 47.92% 

Salix 129/289 

(418) 

9.5/21.3 (30.9) 30.48 1 : 2.24 99.99% 94.07% 

Sambucus 186/773 

(959) 

11.9/49.5 (61.4) 13.94 1 : 4.16 98.64% 85.54% 

Sorbus 150/610 

(760) 

8.4/34.2 (42.6) 20.45 1 : 4.07 97.79% 87.03% 

Tamarix* 141/296 

(437) 

6.5/13.7 (20.3) 49.68 1 : 2.10 100% 95.48% 

Taxus* 58/101 (159) 2.2/3.8 (6) 176.86 1 : 1.74 100% 98.98% 

Ulex* 123/257 

(380) 

7.4/15.5 (22.9) 41.08 1 : 2.09 100% 94% 

Ulmus 129/335 

(464) 

7.2/18.8 (26) 34.73 1 : 2.60 98.08% 90.34% 

Viburnum* 165/426 

(591) 

9.1/23.4 (32.5) 29.03 1 : 2.58 100% 91.62% 

Mean 130/428 

(558) 

7.5/24.8 (32.3) 31.50 1 : 4.14 93.30% 82.45% 

* = all (100%) of the charcoal was over >1mm post-crushing 
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The number of fragments recovered varied immensely, from 352 (Hedera) to 963 (Ficus). 

Likewise, proportions of charcoal lost from the system (>1mm) was often zero, but as high as 

58.73% for Castanea. However, due to differing densities and small experimental measurement 

errors, samples had different masses, though similar volumes. Volumetric measurements may 

be important for fragmentation and recovery, but mass and number of fragments has been 

consistently used in determining fuel use, attributes and requirements (Belcher et al. 2013, 

Crawford and Belcher 2020, Halsall et al. 2018). Thus it was necessary to standardize the 

number of fragments to the output of 1g of charcoal. Because of different wood-to-charcoal 

conversion rates, this of course translates to different original wood masses.  

 

Higher-mass samples might create different quantities of fragments, and thus bias the samples. 

If higher masses came from higher densities alone, those samples might be more resistant to 

crushing pressures, creating fewer fragments. If higher masses came purely from larger 

volumes however, then larger volumes would create more fragments when crushed, assuming 

similar resistances to pressure. As it turns out, initial charcoal sample weight had little effect on 

any factor, possibly because two factors (higher density v larger volume) cancelled each other 

out. As seen in Appendix Four (Graphs A1-A3), initial charcoal mass did not affect fragment size 

ratios, percentage of mass falling into Medium and Large size categories, or number of 

Medium/Large charcoal fragments (unratioed). All of these suggest that minor variations in 

charcoal mass inputs into this experiment did not impact the results. Initial charcoal masses did 

somewhat affect the mass of each >3mm fragment (Graph 7.4, R2 = 0.186), where as expected, 

higher initial masses caused higher fragment masses. Likewise, when initial charcoal weights 

were compared to the number of fragments (Graph 7.5, R2 = 0.379), when ratioed to 1g of 

charcoal, there was a negative correlation whereby lower charcoal masses create more 

fragments. It would have been expected in Graph 7.5 that input charcoal mass and un-ratioed 

number of fragments would roughly correlate, as larger masses (assuming larger volumes) 

theoretically create more fragments, all other factors being equal. The fact that they did not 

instead suggests that the greater weight of heavier charcoals was caused by higher densities 

rather than increased volumes, and that these were subsequently also more resistant to 

crushing and created less fragments than lighter charcoals. When ratioed to standard input 

masses of 1g of charcoal in Graph 7.5, a negative correlation resulted, further suggesting that 

smaller charcoal mass input values (resulting from less dense charcoals) create more 

fragments.  
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Graph 7.4: The weak correlation between the initial mass of charcoal crushed in this experiment (for each 
genus) and the average mass of each charcoal fragment over 3mm. The weakness of this correlation is caused 
by the variable amounts of fragments produced by each genus under standard crushing conditions (R2 = 0.186).  

Graph 7.5: The weak anticorrelation between the initial mass of charcoal crushed in this experiment 
(for each genus) and the combined number of Medium and Large charcoal fragments produced, 
when ratioed to a standard mass of 1g charcoal being crushed (R2 = 0.379).  
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It might likewise be expected that charcoal density would determine fragmentation rates. The 

expected hypothesis is that denser charcoals would resist crushing better than less dense ones; 

therefore denser charcoals, when crushed, would form fewer, larger fragments with higher 

masses (both from denser charcoal being heavier and from there being fewer fragments), 

therefore a larger proportion of fragments and mass in larger size classes. It is always assumed 

that denser woods create denser charcoals (Assis et al. 2016). However, when correlating wood 

density with the mass of >1mm, 1-3mm and >3mm fractions, fragment size ratios, and 

fragment numbers (ratioed and unratioed), no correlations appeared (see Appendix Four, 

Graphs A4-A9). This was unexpected, but suggests that wood density imperfectly translates to 

charcoal density. Higher density may be caused by more wood fibres in given volumes and 

fewer air-filled interstices; however these interstices may instead be filled with resin or other 

flammable substances. Chrzazvez et al. (2014) compared wood density and charcoal density, 

finding the following: 

 

Table 7.15: Chrzazvez et al.’s (2014) results concerning differential wood and charcoal densities.  

 

It is interesting that the range of values of change of density between wood and charcoal states 

(26.03-43.96%) are similar to amounts of variation found in different wood-to-charcoal 

conversion rates (22.84-42.35%). However, these two variables do not correlate at all 

(Appendix Four: Graph A10). The lack of correlation between wood-to-charcoal conversion rate 

and density may stem from me averaging densities for each genus, whereas Chrzazvez’ team 

weighed each sample individually. If I use Chrazazvez’ charcoal densities, instead of wood 

densities, I find a weak negative correlation with charcoal density for both raw numbers of 

>3mm fragments, and even more strongly when this number is ratioed to charcoal input mass 

= 1g – see Graphs 7.6 and 7.7 beneath. 

Genus Wood Density 

(g/cm3) 

Charcoal 

Density (g/cm3) 

% Density Loss through 

Charcoalification  

Carpinus 0.73 0.54 26.03% 

Fagus 0.69 0.50 27.54% 

Corylus 0.60 0.43 28.33% 

Betula 0.59 0.40 32.20% 

Populus 0.49 0.33 32.65% 

Pinus 0.53 0.35 33.96% 

Acer 0.65 0.41 36.92% 

Quercus (deciduous) 0.91 0.51 43.96% 
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Graph 7.6: The weak negative correlation between charcoal density and the number of fragments 
produced (R2 = 0.378), as expected given that less dense charcoals are weaker and more prone to 
splitting into more fragments, compared with equal pressure on denser, stronger charcoals.  

Graph 7.7: The stronger correlation when the number of >3mm fragments is ratioed to a standard 
input mass (R2 = 0.755). This further confirms that fragmentation depends on charcoal density, but 
not necessarily on initial wood density.  
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Additionally, Graph 7.8 below shows another positive correlation between charcoal density and 

fragment weight. This is expected as denser woods not only split into fewer fragments, so each 

(larger) fragment will be heavier; but additionally denser woods are innately heavier per given 

volume. The only uncorrelated variables were charcoal density and proportion by mass 

remaining >3mm (Appendix Four: Graph A11). Given the proportion remaining in this class 

show little variation, with differences being the number of fragments and associated weights 

within this size class (see Graph 7.8 below), this was expected. Chrzazvez tested charcoal 

density on few genera, so I could not test this theory on most of my dataset. Predicted wood-

to-charcoal conversion rates (from Experiment 1) correlated only very weakly with number of 

fragments (Appendix Four: Graph A12), and not at all with fragment size ratios (Appendix Four: 

Graph A13). Thus fragmentation patterns do not appear to depend straightforwardly on the 

variables I have considered, although they are still probably based on morphological or 

mechanical aspects of the wood or charcoal. Further research is required to map correlations 

between wood density and charcoal density; however, my research indicates that charcoal 

density correlates with expected levels of charcoal fragmentation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Graph 7.8: A graph showing expected positive correlations between Chrzazvez’ (2014) charcoal 
densities and the mean mass of the Medium and Large fragments in my experiment (R2 = 0.372).  
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As expected, genera producing more charcoal fragments have lower average fragment masses 

(>3mm) (Graph 7.9, R2 = 0.249). This trend is increasingly apparent when number of fragments 

is ratioed to initial charcoal masses being 1g (Graph 7.10, R2 = 0.455). For each genus 

therefore, fragmentation rates either caused many fragments to be created, which would be 

recovered via flotation, or fewer larger, heavier fragments which are more obvious for hand-

picking. Larger fragments also preserve genera-specific morphological features better, allowing 

accurate genera-level identification. This suggests that, within the >3mm sample size, all 

genera preserve the same proportion of original mass for this sample size. This is consistent 

with the narrow range of high mass percentages preserved in the >3mm fragment fraction, 

c.85-90%, although there are outliers, to as low as 16% for Castanea. Inter-genus variation is 

therefore not mainly in terms of the mass preserved for each fragment size range, but instead 

the number of fragments within that range (e.g. >3mm), and the mass of each fragment.  

 

 

 

 

 

 

 

 

 

 

 

 

Graph 7.9: the negative correlation between the number of Medium/Large charcoal fragments and the weight of each 
fragment in this size range. This correlation is entirely expected (R2 = 0.249).  
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What would have been entirely lost from the system however, <1mm and unable to be 

identified (see Chapter Seven, p.193)? Three genera (Castanea, Quercus and Rhamnus) all lost 

over 20% of their charcoal (by mass) through the 1mm sieve. This implies that regardless of the 

investigative method and the relative identification bias of large or multiple small charcoal 

pieces, these three genera would be underrepresented.  

 

If overall number of fragments is the most important criterion for ranking the presence of 

different genera in the archaeological record, the top five highest number of fragments of 

charcoal over 3mm (when ratioed to charcoal = 1g) are from Ficus (70.9), Sambucus (61.4), 

Alnus (51.1), Arbutus (49.6) and Cornus (46.8), and these genera might be overrepresented. 

Conversely, the lowest number of fragments >3mm are from Taxus (6), Quercus deciduous 

(14.9), Laurus (15.4), Rhamnus (16.1) and Castanea (16.7). The top five fragment producers are 

uncommon in the Middle Palaeolithic, and it is unlikely that their high fragmentation rate 

would cause significant bias. Of the low fragment producers, Quercus and Rhamnus are 

common, and could be thus underrepresented in current anthracological analysis.  

 

Graph 7.10: the correlation between the number of Medium/Large charcoal fragments and the mass of each 
fragment in this size group, when ratioed to a standard charcoal input mass of 1g. As the relationship of the 
respective logarithms of each metric shows a linear relationship, this therefore suggests a reciprocal relationship of  
𝑦 ∞ 1/𝑥 for number of fragments and fragment mass, whereby halving the number of fragments doubles each 
fragment’s mass (R2 cubic  = 0.455).  
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This of course assumes that smaller charcoal, despite having more fragments, is not missed 

when excavating, and larger charcoal fragments (although having fewer fragments) is more 

likely to be hand-picked. If mass (positively correlating with predicted size) of fragments is most 

important for identification, the patterns reverse. Taxus (176.86), Laurus (67.46), Carpinus 

(55.37), Tamarix (49.68) and Buxus (45.4) produce largest masses per charcoal fragment 

(>3mm), but all are rare in Palaeolithic sites. Lowest masses per fragment (>3mm) come from 

Castanea (9.78), Ficus (11.96), Arbutus (13.52), Sambucus (13.94), Pinus (15.33) and Quercus 

evergreen (15.39). The latter two are common Neanderthal fuels. 

 

Table 7.16: Comparing fragmentation patterns between Evergreen, Deciduous and Coniferous trees. 

 

Comparing Evergreen, Deciduous and Coniferous trees (Table 7.16, above) shows few 

differences in any criteria. Conifers have higher >3mm fragment masses, but this is heavily 

skewed by Taxus (176.86mg, 2.6x heavier than the next heaviest genus Laurus). All other 

criteria are very similar; conifers initially have more >3mm fragments than other trees, but 

once ratioed to 1g charcoal mass, actually have fewer. This suggests that, unlike for wood-to-

charcoal conversion rates (Table 7.1, p.175), tree type minimally affects fragmentation rate. 

This further suggests that fragmentation differences are not due to morphological differences 

between tree types. If these differences are consistent within a genus, these results are useful 

for recalibrating existing anthracological diagrams. Given that all current anthracology uses 

number of charcoal fragments as a proxy for the prevalence of different plants, differential 

fragmentation is an important bias. I did not count the smallest identifiable charcoal fraction 

(1-3mm) due to experimental constraints; however those >3mm are listed below in Table 7.17, 

which is adaptable to any anthracological diagram.  

Type of 

Tree 

Number of 

fragments 

>6mm/3-

6mm 

(total) 

Number of 

fragments 

>6mm/3-6mm 

(total) ratioed 

to a charcoal 

mass of 1g 

Average 

Mass per 

fragment 

>3mm 

(mg) 

Ratio of 

Number of 

Fragments 

>6mm to 

those 3-6mm 

% Mass 

remaining 

>1mm 

% Mass 

remaining 

>3mm 

 

Evergreen 128/416 

(544) 

7.6/25.3 (32.9) 31.80 1 : 3.81 95.75% 85.57% 

Deciduous 130/423 

(553) 

7.7/24.9 (32.6) 26.96 1 : 4.42 92.10% 81.64% 

Conifer 133/480 

(613) 

6.7/23.7 (30.4) 52.62 1 : 3.54 93.70% 81.43% 
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Table 7.17: Number of fragments (>3mm) of all genera as a recalibration tool for existing anthracological diagrams. 

Genus Number of Fragments >3mm, 

ratioed to an input charcoal 

mass of 1g 

Proportion compared to 

Pinus = 1 

Taxus 6 0.1493 

Quercus (deciduous) 14.9 0.3706 

Laurus 15.4 0.3831 

Rhamnus 16.1 0.4005 

Castanea 16.7 0.4154 

Carpinus 18.3 0.4552 

Tamarix 20.3 0.5050 

Quercus (average) 21.4 0.5323 

Buxus 21.9 0.5448 

Ulex 22.9 0.5697 

Hedera 24.2 0.6020 

Ulmus 26 0.6468 

Quercus (evergreen) 27.9 0.6940 

Hippophae 28 0.6965 

Erica 29.3 0.7289 

Prunus 29.8 0.7413 

Fagus 30.7 0.7637 

Pyrus 30.7 0.7637 

Salix 30.9 0.7687 

Acer 31 0.7711 

Olea 31 0.7711 

Fraxinus 31.9 0.7935 

Viburnum 32.5 0.8085 

Amygdalus 32.6 0.8109 

Crataegus 32.7 0.8134 

Juniperus 33.8 0.8408 

Cytisus 34.4 0.8557 

Betula 35.1 0.8731 

Picea 35.9 0.8930 

Picea/Larix 36 0.8955 

Larix 36.1 0.8980 

Salix-Populus 36.2 0.9005 

Ilex 36.7 0.9129 

Corylus 38.6 0.9602 

Juglans 39.8 0.9900 

Pinus 40.2 1.0000 

Populus 41.4 1.0299 

Sorbus 42.6 1.0597 

Cornus 46.8 1.1642 

Arbutus 49.6 1.2338 

Alnus 51.1 1.2711 

Sambucus 61.4 1.5274 

Ficus 70.9 1.7637 
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IV: Comparison with Chrzazvez et al. 2014. 

This experiment was inspired by Chrzazvez et al. (2014), and follows several similar 

methodologies; comparisons were therefore essential. Chrzazvez carbonized samples at 400°C 

as opposed to my 350°C, potentially affecting mechanical properties. They excluded oxygen 

with foil and sand, as opposed to me using foil alone, and used 4mm, 2mm and 1mm sieve 

grades, whilst I used 6mm, 3mm and 1mm. Furthermore, they counted the 1-2mm fraction, 

whereas I did not, using different mechanical methods of crushing to me. In Table 7.18 below 

(and Graph A44, p.408), where the percentage of charcoal fragments is calculated, it is 

calculated for Chrzazvez’ study where 100% = all charcoal fragments over 2mm are counted, 

and in mine 100% = all charcoal fragments over 3mm.  

Table 7.18: Comparing the ratios of Large and Medium fragments in Chrzazvez et al. (2014) and my own study. This 

is also presented in Graph A44, p.408.  

Chrzazvez’ (2014) findings (400°C) My findings (350°C)  

Genus % Charcoal Fragments >4mm Genus % Charcoal Fragments >6mm 
Corylus 26.15 Quercus 

(deciduous) 
8.17 

Acer 27.78 Pinus 15.18 

Fraxinus 29.85 Acer 22.88 
Fagus 30.19 Corylus 23.73 

Carpinus 30.77 Betula 24.40 

Pinus 31.54 Fraxinus 26.41 

Betula 33.33 Fagus 26.93 

Populus 33.33 Populus 30.89 

Quercus 
(deciduous) 

34.78 Carpinus 31.05 

 

The differences between our results highlight how precise sieve grading sizes contribute to 

proportions of fragments in each size class. Our sets of percentages roughly correlate, with my 

lower range (22.88-31.05) compared to 26.15-34.78 for Chrzazvez’ study, expected for my sieve 

gradings being 1-2mm larger each time. Pinus and Quercus however, important Neanderthal 

woods, both create unusually low proportions of 6mm+ charcoal. This is particularly 

unexpected for Quercus, as it produced the most for Chrzazvez. Although my 3-6mm Quercus 

fragments fell within the range of other genera, albeit near the low end (281 fragments), there 

were only 25 >6mm fragments, which compared to my mean of 130 >6mm fragments, is 

extremely low. My testing Q. petraea, as opposed to Chrzazvez’ testing Q. pubescens, might 

explain this anomaly. This comparison however only compares proportions of fragments in the 

two highest size categories; other factors such as amount lost (>1mm), fragment weight and 

overall number of fragments cannot be directly compared.  
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V: Conclusion. 

This experiment has shown that genera-specific differences in 42 wood genera (13 evergreens, 25 

deciduous and 5 conifers) strongly affect amounts of charcoal produced. Conversion rates at 350°C 

range from 22.8% to 42.3% (30.37% mean), and 0.3% to 11.3% at 700°C (3.04% mean). As lab 

studied, they do not represent actual conversion rates in Neanderthal fires, which would have 

varied considerably, but conversion rate proportion from genera to genera may still apply in realistic 

fire settings. Low conversion rates at 700°C suggest that woods experiencing peak temperatures 

closest to 700°C, would be mostly consumed, leaving minimal charcoal residues. Thus 350°C 

conversion rates are more important for archaeological recalibrations. However, the 700°C results 

showed that popular fire-starters (e.g. pine and birch) would not have survived later peak fire 

temperatures (see p.259), and their archaeological presence indicates them being introduced later 

in the fire. Erica, another useful fire-starter, with much higher 700°C conversion rate of over 7%, 

could be detected today even if used as a fire-starter. It appears as a Neanderthal fuelwood at 

Cueva Anton, Cueva del Conde, Gorham’s Cave, Klissoura and Riparo Bombrini (Arobba and 

Caramiello 2009, Carrion et al. 2008, Ntinou 2021, Uzquiano et al. 2008, Zilhao et al. 2016). 

 

My results agree with other similar experiments, although actual conversion rates differ, due to 

different experimental procedures. Studies by Frejaville et al. (2013) and Rossen and Olson (1985) 

correlate well with mine; Rossen and Olson’s study in particular shows very similar actual 

conversion rates to mine, as expected from similar experimental designs. Differences when 

compared to Chrzazvez et al. (2014) are explained by their burning at higher temperatures than me, 

as genera conversion rate orderings are not preserved with increasing temperature. Some low-

producing genera at low temperatures become highly productive at higher temperatures. Hudspith 

et al. (2018) and Feurdean (2021) both highlight how leaf litter/barked twigs produce less charcoal 

than larger wood pieces, and Thery-Parisot et al. (2014) highlights how conversion rate and rate of 

production of charcoal pieces of a given size do not fully tally. When the latter is taken into account, 

these amounts may change. Even when differences occur however, they all further highlight 

conifers’ higher charcoal production compared to evergreen and deciduous trees.  

 

My second set of experiments, on subsequent taphonomic charcoal fragmentation, shows distinct 

inter-genera differences. Charcoal fragmentation is important due to number of fragments often 

being used to measure proportional presence of genera in anthracological diagrams (as opposed to 

volumetric or mass studies). Under my own conditions (which mimic only certain archaeological 

trampling events), 1g of charcoal creates 6-71 fragments of identifiable charcoal, each weighing 9.8-
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176.9mg. This variation was not between wider tree groups (Deciduous, Evergreen and Coniferous), 

as with wood-to-charcoal conversion rates, but rather between individual genera. This study of 

course only explored charcoal fragmentation, and not survival rates of different charcoal size 

categories, another potential bias. This extreme variation in number of fragments alone though 

suggests that differential charcoal fragmentation artificially biases inferences about fuel use, if only 

>3mm charcoals are sampled. If smaller pieces are sampled, this bias reduces, as proportions (by 

mass) surviving in each size class remains somewhat standardized between genera, and the smaller 

size range in the 1-3mm class prevents such disparate amounts of fragments being created from a 

standard mass. Whilst wood density and predicted wood-to-charcoal conversion rates poorly 

predict potential fragmentation, Chrzazvez et al.’s (2014) charcoal densities correlate well with 

expected fragmentation, with denser charcoals creating fewer, heavier fragments. Once we 

understand correlations between wood and charcoal densities, the latter can become a proxy for 

expected fragmentation rates.  

 

Factors behind these varying genera-specific conversion rates remain unexplained. Higher-calorific 

woods produce less charcoal, but this is only a slight negative correlation; ash content likewise is 

uncorrelated with charcoal production, surprising given that many studies argue that one is 

produced at the expense of the other. Density is also uncorrelated with conversion rates, despite 

limited access to oxygen being an important condition of charcoal production. The answer might be 

found through chemically analysing the different woods; I believe that high resinous extractive 

contents cause conifers’ high conversion rates, and varying extractive proportions within other 

trees may correlate with their conversion rates. The value of conversion and fragmentation rates 

does not however lie in their causes, but rather their effects, and the confusing influences they 

have on anthracology and attempted environmental and cultural reconstructions. Differential 

conversion rates affect all charcoal, and differential fragmentation rates affects larger charcoal 

fragments. Whereas past authors have obviated the effects of differential production and 

fragmentation on palaeoenvironmental reconstruction, I intend to show that recalibrations taking 

these into account can significantly change inferred patterns. Furthermore, these inferred patterns 

directly influence questions of Neanderthal fuel choice. If these biases were ‘confusing factors’ in a 

reality dominated by the Principle of Least Effort, then pollen and post-recalibration charcoal values 

for each genus would become very similar. If this does not happen however, or not consistently 

across all fuelwood types, then the hypothesis of Neanderthal fuel choice still stands. Recalibrations 

and discussions of Middle Palaeolithic sites across Europe and the Near East forms the substance of 

my next chapter.  
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Chapter Eight: Results applied to Recalibrate 

Neanderthal Anthracological Diagrams. 

As discussed in the previous chapter, recalibration taking differential charcoal creation and 

differential charcoal fragmentation into account is important for understanding what was 

actually burnt, rather than what survives today. This in turn is important for understanding 

both past palaeoenvironments and any fuel selection or optimization. The recalibrations at 

350°C and 700°C allow analysis of two different burning phases. Fire-starting woods or those 

added during its main burning phase, would have experienced higher temperatures closer to 

700°C. Experimental wood fires reach c.530-1000°C, and c.700°C represents a mean of these 

potential temperatures (from Bellomo 1993, Braadbaart et al. 2012, Canti and Linford 2000, 

March et al. 2014, Sievers and Wadley 2008, Stiner et al. 1995). Thus the latter conversion rates 

and recalibrations (of 700°C) are more appropriate for fire-starting fuelwoods with low ignition 

temperatures (for details see Hao et al. 2020, Martinka et al. 2017, Spearpoint and Quintiere 

2001). In contrast, only those fuels added occasionally to lower-temperature fires, after peak 

heat flares, would have experienced optimal wood-to-charcoal conversion temperatures. Many 

studies find that charcoal production decreases with temperature (Demirbas et al. 2016, 

Sugumaran and Seshadri 2009, Wilk et al. 2016), however 350°C is an average optimum 

temperature, and also key as volatile combustion disappears above this temperature (Hu et al. 

2021). As lower temperatures produce more charcoal, anthracology is dominated by charcoal 

from genera added near the end of fires when temperatures are lower, with smaller amounts 

of those added earlier during high-temperature burning phases. By contrast, as ash and 

charcoal production rates anticorrelate, ash records are dominated by genera added earlier in 

fires. It is by comparing and contrasting the two temperatures, and their effects, that we 

understand the whole process. 

 

The effects of differential charcoal fragmentation, on the other hand, are experienced in some 

sites more than others due to varying anthropogenic biases. Digs sieving and identifying almost 

all charcoal (>1mm) experience less genera-specific bias than digs only collecting larger 

charcoal pieces, as genera-specific fragmentation bias mostly occurs in Medium and Large 

(>3mm) size fractions. The percentage by mass going into each size fraction remain mostly 

constant through most of the genera, albeit with exceptions. Furthermore, vastly increased 

numbers of very small fragments in 1-3mm size ranges, as opposed to >3mm fractions (700+ 
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were regularly found in this Small size range when counted) means that numerically, if smaller 

fractions were included in analysis, then effects of differential (genera-dependent) 

fragmentation within larger fractions are masked. Consequently, many sites with very small 

charcoal pieces are unaffected by this bias.  

 

With these results, I recalibrate the results seen in Chapter Five. Those genera present as 

pollen and not charcoal are of course excluded from these tables, as they are unchanged by 

these recalibrations. Additionally, Abric Romani and Cova de Coll Verdaguer exclusively used 

handpicking to gather their charcoal fragments, as opposed to flotation or wet/dry sieving 

methods. Although handpicking does not preclude gathering small fragments, its visual 

recognition system and manual gathering of fragments means that excavators exclusively hand-

picking charcoal miss fragments <3mm (Vidal-Matutano 2018, p.16). These two sites, in 

addition to mass recalibrations, have differential fragmentation recalibration.  

 

Tables 8.1-8.10: Recalibrations of charcoal in the original 10 Middle Palaeolithic Iberian layers at the following sites 

respectively: El Esquilleu, Cova de Coll Verdaguer, Cueva del Camino, Gorham’s Cave and Abric Romani. 

8.1: El Esquilleu Level IX-XIII 

Genus Original 

Charcoal % 

Recalibration 

for 350°C 

Recalibration 

for 700°C 

Betula 9.62 11.76 5.58 

Pinus 41.42 37.32 71.20 

Sorbus 48.96 50.92 23.22 

 

8.2: El Esquilleu Level XIV-XIX 

Genus Original 

Charcoal % 

Recalibration 

for 350°C 

Recalibration 

for 700°C 

Betula 1.54 2.07 0.53 

Pinus 96.32 95.48 98.86 

Sorbus 2.14 2.45 0.61 

 

8.3: El Esquilleu Level XX-XXX 

Genus Original 

Charcoal % 

Recalibrated 

for 350°C 

Recalibrated 

for 700°C 

Betula 2.38 3.20 0.82 

Pinus 97.62 96.80 99.18 
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8.4: Cova de Coll Verdaguer Unit I 

Genus Original 

Charcoal % 

Recalibrated 

for 350°C 

Recalibrated 

for 700°C 

Recalibrated for 

Fragmentation Bias 

(and 350°C conversion) 

Pinus 87.10 86.52 95.93 81.34 

Prunus 11.91 12.25 3.65 15.54 

Quercus (deciduous) 0.99 1.23 0.42 3.12 

 

8.5: Cova de Coll Verdaguer Unit II 

Genus Original 

Charcoal % 

Recalibrated 

for 350°C 

Recalibrated 

for 700°C 

Recalibrated for 

Fragmentation Bias 

(and 350°C conversion) 

Pinus 94.80 94.63 98.50 92.89 

Prunus 5.20 5.37 1.50 7.11 

 

8.6: Cueva del Camino Level V 

Genus Original 

Charcoal % 

Recalibrated 

for 350°C 

Recalibrated 

for 700°C 

Betula 6.91 9.13 2.45 

Fraxinus 0.40 0.49 0.62 

Pinus 91.87 89.39 96.59 

Quercus (deciduous) 0.40 0.52 0.16 

Salix-Populus 0.40 0.47 0.17 

 

8.7: Gorham’s Cave Level IV 

Genus Original 

Charcoal % 

Recalibrated 

for 350°C 

Recalibrated 

for 700°C 

Erica 1.65 1.64 0.14 

Juniperus 1.65 1.59 1.23 

Olea 2.48 3.30 0.66 

Pinus 94.18 93.47 97.97 
 

8.8: Abric Romani Zone V 

Genus Original 

Charcoal % 

Recalibrated 

for 350°C 

Recalibrated 

for 700°C 

Recalibrated for 

Fragmentation Bias 

(and 350°C conversion) 

Acer 1.81 2.22 0.74 2.82 

Hippophae 0.46 0.47 0.79 0.66 

Olea 0.46 0.61 0.12 0.77 

Pinus 96.82 96.09 98.17 94.13 

Quercus (deciduous) 0.46 0.61 0.18 1.61 
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8.9: Abric Romani Zone IV 

Genus Original 

Charcoal % 

Recalibrated 

for 350°C 

Recalibrated 

for 700°C 

Recalibrated for 

Fragmentation Bias 

(and 350°C conversion) 

Pinus 99.95 99.93 99.98 99.91 

Salix 0.05 0.07 0.02 0.09 

 

8.10: Abric Romani Zone III 

Genus Original 

Charcoal % 

Recalibrated 

for 350°C 

Recalibrated 

for 700°C 

Recalibrated for 

Fragmentation Bias 

(and 350°C conversion) 

Pinus 99.87 99.87 99.96 99.82 

Prunus 0.13 0.13 0.04 0.18 

 

In addition to those already studied, many more Neanderthal sites contain charcoal diagrams 

without corresponding palynological analysis. I recalibrate anthracological tables from 62 layers 

in 24 Neanderthal sites – raw data for these recalibrations is presented in Appendix Five. Not 

all charcoal can be recalibrated in this manner (e.g. that not determined to genus level); 

percentages of undetermined charcoal vary from 0-81.58% (mean = 18.68%). When further 

analysis of smaller charcoal fragments or novel methods to better determine charcoal genus 

become available for these sites, this will enable more accurate understandings of original 

wood proportions, through further comparing wood charcoal with these additional proxies. 

Sites where only hand-picked charcoal has been recovered include Abrigo de la Quebrada, 

Kaldar, Klissoura, Nesher Ramla and Riparo Bombrini. With these sites I also include fragment-

bias analysis. Additionally, in several sites only larger size ranges are gathered or analysed. This 

enables more reliable fragment identification, but has more potential for bias, and these sites 

are also recalibrated to reflect this. These include Cova Gran, Cueva del Conde, De Nadale, El 

Salt (excluding Unit Xb) and Klissoura. Because Celtis, Phillyrea and Pistacia could not to be 

sampled for fragmentation, when they occur I use average fragment proportions (compared to 

Pinus = 1) of 0.9104. Nowhere do any averaged genera exceed 1.5% of the charcoal sample, 

mostly remaining under 1%, so using this average does not greatly bias the results. 

Additionally, in Grotta di Fumane only very large charcoals, over 5mm in size, were gathered, 

which most closely corresponds to my >6mm size range; thus the recalibration for 

fragmentation bias for this site is calculated just using relative prevalences of the Large size 

range in each instance. The total lack of Rhamnus and Laurus charcoal at 700°C meant that 

700°C recalibrations could not be undertaken for Cova Gran S1B-S1F, Cueva del Conde, and 
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Klissoura Layers XXb-a, XVI-XVII, XII-XIII and IX-X, and La Vina Cave Levls XIIIbas, XIV, XV, I.A. and 

I.B. 

 

Table 8.11: A list of the sites used in this study. 

Site Age (ka BP) Mode and Smallest 

Charcoal Size Recovered 

(mm) 

Reference 

Abric del Pastor 75 NF, WS, 0.5 Vidal-Matutano et al. 2015 

Abri du Maras 72-91 NF Moncel et al. 2015 

Abrigo de la 

Quebrada 

40.5-82 NF, HP, DS, WS, 0.25 Carrion Marco et al. 2019 

Aguilon P5 44.055-49.181 NF, DS, 1 Mazo and Alcolea 2020 

Bojnice III 105.1 NF, 2 Valoch and Moncel 2013 

Bolomor Cave 160-230 NF, DS, 0.063 Vidal-Matutano et al. 2019 

Cova Gran 37.771-43.259 NF, WS, 2 Allue et al. 2018 

Cova 120 57.9 NF Agusti et al. 1991 

Cueva Anton 69.1-72.2 WS, 1 Zilhao et al. 2016 

Cueva del Conde 37.71-38.25 WS, 2 Uzquiano et al. 2008 

De Nadale 70.2 NF, WS, 2 Vidal-Matutano et al. 2022 

El Salt 52.3 NF, WS, 2 (Xb = 0.25) Vidal-Matutano et al. 2018 

Grotta di Fumane 36.45-46 NF, WS, HP, 5 Basile et al. 2014 

Kaldar Cave 36.75-54.4 NF, WS, HP Allue et al. 2018 

Klissoura Cave 44.8-123.3 NF, WS, HP, 1, 2-4 sampled Ntinou 2021 

La Vina Cave 36 WS, 1.41 De la Rasilla et al. 2020 

Llonin Cave 43.539 WS, 1.41 De la Rasilla et al. 2020 

Nesher Ramla 80-170 NF, HP Allue and Zaidner 2022 

Les Canalettes 73.5 1 Audiard et al. 2021 

Pod Hradem 

Cave 

43-48 NF, WS, 1 Nejman et al. 2018 

Riparo Bombrini 42.911-43.087 HP Arobba and Caramiello 2009 

Scladina Cave 130.5 NF, HP Pirson et al. 2008 

Teixoneres Cave 30-90 NF Lopez-Garcia et al. 2012 

Theopetra Cave 57-129 WS, 1 Ntinou and Kyparissi-

Apostolika 2016 

NF = number of fragments. 

WS = wet sieving. 

DS = dry sieving. 

HP = hand picking. 
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A large proportion of charcoal is left out of these recalibrations, from it not being calculated to 

genus level or being left undetermined. Sometimes charcoal are only determined to the clade 

(Angiospermae, Gymnospermae, Monocotyledoneae, Rosmarinus), family (Cistaceae, 

Compositae, Ericacea, Euphorbiaceae, Fabaceae/Leguminosae, Labiatae/Lamiaceae, Rosaceae, 

Ulmaceae), or subfamily (Malaceae, Maloideae/Pomoideae, Prunoideae). Some non-arboreal 

plants are determined to the genus (Artemisia, Ephedra, Equisetum, Euonymus, Rosa); 

although not main fuels, they could have formed useful firestarting material. Cladistic 

determinations are too vague to allow insights into the genera used within it; the family 

however indicates what might have been burnt: 

- Cistaceae: rock-roses include low shrubs which could have been expedient firestarting 

materials. Cistus ladanifer contains combustible aromatic resins, and is an ingredient in 

herbal medicines. This family is found at Abric del Pastor and La Vina. 

- Compositae (Asteraceae): daisies contain many subfamilies and genera, ranging from 

subshrubs to trees, and it is unknown which the Neanderthals may have used. This is 

only found at Klissoura, almost certainly representing random expedient use, as it is 

only found in one of fifteen fire-using levels.  

- Ericacea: heaths most notably contains Erica, a valuable if fast-burning kindling found 

in many sites. It also contains the arboreal Arbutus (most commonly A. unedo, the 

strawberry tree). Ericacea is only found at Abrigo de la Quebrada.  

- Euphorbiaceae: spurges contains mostly highly-toxic small shrubs used in traditional 

medicine. Only found at Abric del Pastor, this could represent random expedient use. 

- Fabaceae/Leguminosae: legumes could represent an important Neanderthal food 

source. As well as edible species, Fabaceae notably contains Cytisus and Ulex, both 

found in other Neanderthal fires, as probable firestarters. Fabaceae are found in 11 

Neanderthal sites, highlighting their importance to Neanderthal subsistence. Whether 

these were added as deliberate fire-starters (most likely for broom or gorse) or as 

byproducts of food foraging is unknown.  

- Labiatae/Lamiaceae: sages consists primarily of small herbs, which could have been 

dietarily important for flavour control, although not as main fuels. It was most likely 

added as waste disposal of foodsources, at Abric del Pastor and Klissoura.  

- Rosaceae: the rose family is the most diverse and important family within the 

Neanderthal record, containing Amygdalus, Crataegus, Prunus, Pyrus and Sorbus, 

which collectively form 8.39% of the charcoal within all my sample sites. In addition to 

identified genera, other burnable genera within Rosaceae include Amelanchier, 
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Cotoneaster, Cydonia (quince), Malus (apple), Mespilus (medlar), Peraphyllum (wild 

crab apple) and Pyracantha. Additionally, Rosaceae includes many additional edible 

plants, including Fragaria (strawberries) and Rubus (blackberries, raspberries). 

However, Rosaceae is only found at three sites; although Rosaceae subfamilies 

Malaceae, Maloideae/Pomoideae and Prunoideae are found in eight more. 

- Ulmaceae: the elm family most notably contains Ulmus, and is found in Abric del Pastor 

and El Salt. Ulmus as a genus is found in five sites.  

 

Certain genera may have been used exclusively as fire-starters; these include Erica, Hedera and 

Ilex. Other hypothesized firestarters include Ephedrae, Equisetum, Euonymus and Rosa. These 

would have been exposed to the higher 700°C heat in fires, and that conversion rate is most 

important for determining their abundance. When recalibrated, both prevalences similarly 

reduce, Erica by 86.58% Hedera by 87.87%. This suggests that both firestarters may have been 

much less common than appears from the charcoal. However, this charcoal only takes woody 

fuel cores into account. This forms most fuelwoods, but many firestarters comprise leaves, 

needles or bark, which leave fewer charcoal remains. Thus the prevalence of these fire-starters 

may not be as low as appears from these recalibrations. 

 

In each instance, amounts by which a genus’ prevalence changes is only partly due to its own 

wood-to-charcoal conversion rate, whereby those with high conversion rates reduce in 

prevalence through recalibration, and vice-versa for those with low conversion rates. Another 

factor is of course conversion rates of other genera in the set. For instance, Sorbus has the 

median 300°C conversion rate of 29.95%. In sets including all genera with equal proportions, 

recalibration would scarcely change its prevalence. However, sites only contain a subsample of 

genera, and in varying proportions; If Sorbus was found alongside genera with only lower 

conversion rates (e.g. Betula, Olea, Fraxinus), it would be the highest producer and thus be 

recalibrated to a lower prevalence. Alongside genera with higher conversion rates (e.g. Pinus, 

Juniperus, Taxus), conversely it would be the lowest producer and be recalibrated to a higher 

prevalence. Thus other genera a genus is normally found with are also important. Table 8.12 

below demonstrates the mean change in % prevalence in the charcoal record for each genus, 

as an average of all the sites it occurs in, taking other genera around it into account. This only 

takes the 350°C recalibrations into account as probably more indicative of most of the charcoal 

found.  



214 
 

Table 8.12: mean changes in prevalence of the various taxa when 350°C wood-to-charcoal conversion recalibrations 

are applied. 

Genus Changes in Prevalence following 350°C recalibration 

(%) 

Mean Change in 

Prevalence (%) 

Standard 

Deviation 

Taxus -22.22, -20.16 -21.19 1.03 

Laurus -19.33 -19.33 N/A 

Castanea -12.72, -11.88 -12.30 0.42 

Juniperus -25.7, -24.21, -24.09, -23.63 ,-22.32, -21.34, -21.33, -20, 

-19.23, -18.16, -14.68, -14.09, -13.89, -12.13, -11.15,       

-8.11, -6.97, -5.26, -3.5, -1.35, -0.26, 1.67, 2.44 

-9.23 7.8897 

Erica -18.58, -8.32, -6.36, -4.95, -3.85, -0.61 -7.11 5.6440 

Prunus -20, -18.98, -18.87, -18.75, -18.4, -16.25, -16, -15.91,       

-14.22, -12.77, -12.55, -12.4, -9.36, -9.04, -7.09, -6.78,     

-6.74, -6.51, -3.36, -2.25, 0, 0, 0, 1.32, 2.85, 3.27, 3.33, 

5.41, 6.25, 26.68 

-6.57 10.2347 

Larix -4.20 -4.20 N/A 

Amygdalus -11.29, -9.86, -9.31, -9, -7.31, -6.23, -5.92, -5.35, -5,    

-3.59, -2.41, -2.17, 2.47, 2.71, 4.31, 4.73 

-3.95 5.0080 

Pinus -24, -22.11, -18.74, -12.41, -12.16, -10.98, -10.96,       

-9.9, -6.54, -6.27, -5.57, -5.4, -5.22, -4.79, -4.72, -3.65, 

-3.58, -3.23, -2.95, -2.79, -2.7, -2.4, -2.07, -1.83, -1.22, 

-1.12, -0.97, -0.87, -0.84, -0.75, -0.75, -0.67, -0.66,      

-0.43, -0.39, -0.18, -0.18, -0.07, -0.07, -0.06, -0.02, 0, 

0.22, 0.61, 2.27, 4.75, 5.13, 5.92, 9.94 

-3.38 6.3612 

Picea/Larix -6.63, -4.43, -2.13, -1.78, -0.99, 2.78 -2.20 2.9167 

Hippophae 2.17 2.17 N/A 

Populus -1.09, 7.41 3.16 4.25 

Buxus -0.08, 0.28, 1.05, 1.23, 3.4, 3.85, 4.05, 4.55, 4.76, 

6.52, 6.67, 9.09 

3.78 2.6916 

Ulmus -10.22, -2.67, -0.2, 2.44, 3.2, 3.16, 7.4, 10.25, 13.16, 

13.33, 14.57 

4.95 7.3333 

Picea 0.1, 10.82 5.46 5.36 

Sambucus 2.58, 6.71, 8.11 

 

5.80 2.3475 

Ulex 6.10 6.10 N/A 

Sorbus 4, 7.86, 8.11, 9.9, 14.49 8.87 3.4047 

Hedera 9.09 9.09 N/A 

Acer -5, -3.14, -2.84, -1.04, 0.21, 1.12, 1.5, 3.01, 4.37, 4.53, 

9.4, 9.69, 11.96, 16.22, 17.03, 19.74, 20.08, 20.24, 

20.7, 22.48, 22.65 

9.19 9.3908 

Carpinus 1.89, 4.54, 4.63, 9.3, 16, 16.41, 20.5 10.47 6.6625 

Cytisus 

 

11.59 11.59 N/A 
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Genus Changes in Prevalence following 350°C recalibration 

(%) 

Mean Change in 

Prevalence (%) 

Standard 

Deviation 

Fraxinus -3, -2.76, -0.97, 2.33, 4.8, 5.56, 7, 10.65, 13.33, 13.88, 

18.18, 18.18, 18.92, 20.47, 20.79, 21.88, 22.5, 23.68, 

24.03 

12.60 9.1347 

Pyrus 13.51 

 

13.51 N/A 

Olea 2.63, 4.31, 4.91, 5.31, 7.21, 8.51, 8.88, 11.11, 18.7, 

18.9, 29.11, 32.61, 33.06 

14.25 10.6531 

Crataegus 

 

14.81 14.81 N/A 

Quercus 1.74, 3.38, 3.95, 4.35, 4.39, 4.69, 5.33, 5.46, 7.44, 

7.89, 8.51, 8.92, 9.59, 10.05, 10.4, 10.6, 11.88, 12.37, 

12.76, 12.87, 13.79, 15.86, 16.51, 17.07, 17.89, 

18.17, 19.17, 19.18, 20.19, 21.16, 21.47, 21.62, 

21.86, 21.93, 22.34, 22.52, 24, 24.24, 24.49, 25.5, 

27.03, 27.14, 28.16, 30, 31.58, 32.61 

16.13 8.4161 

Salix 2.08, 6.67, 14.75, 16.3, 17.69, 22.19 17.10 11.2835 

Juglans 16.22, 19.74 17.98 1.76 

Salix-

Populus 

2.5, 15.38, 15.56, 16.11, 16.67, 17.35, 17.5, 17.91, 

19.23, 19.61, 21.05, 21.83, 23.87, 26.67, 27.59 

18.59 5.6778 

Viburnum 20 20 N/A 

Corylus 16.08, 18.52, 18.92, 20.71, 22.33, 23.68, 29.73 21.42 4.1174 

Ficus 23.08, 23.08 23.08 N/A 

Arbutus 29.76, 32.32, 34.91 32.33 2.1025 

Betula 19.22, 20.84, 22.25, 26.91, 29.21, 32.13, 32.89, 

34.42, 34.45, 34.59, 35.67, 37.84, 41.67, 43.9, 50 

33.07 8.2690 

Cornus 33.78 33.78 N/A 

Fagus 43.24 43.24 N/A 

 

Correlation between conversion rates and changes in prevalences are obviously apparent (see 

Graph 8.1 beneath). The imperfect correlation is due to varying different genera also present 

with each genus in a site, and also the different number of times each genera appears (genera 

appearing in more sites will create means closer to its expected value).  
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Similar changes in prevalences emerge when we also recalibrate for fragmentation bias, 

although to a much larger degree, as expected from the wider range of numbers of fragments, 

compared to smaller ranges of wood-to-charcoal conversion values. Quercus, producing 

extremely low numbers of >3mm fragments, affects many site results, and thus when 

recalibrated will drastically increase in prevalence, at the expense of other genera in the level. 

This is particularly noticeable in Klissoura. The standard deviations here are much larger than in 

the changes of prevalence following 350°C recalibrations, as expected from the much wider 

range of numbers of fragments.  

 

Table 8.13: mean changes in prevalence of the various taxa where fragmentation-bias recalibrations are applied.  

Genus Change in Prevalence following 

Fragmentation and 350°C Recalibrations (%) 

Mean Change 

in Prevalence 

(%) 

Standard 

Deviation 

Amygdalus -44.71, -41.06, -36.63, -35.11, -32.95, -32.94,   

-27.64,  -24.21, -22.63, -22.48, -16.26, -14.92,  

-13.11, -12.83,   -10.07,  -1.02 

-24.29 12.3476 

Juniperus -55.29, -52.55, -48.74, -45.77, -45.45, -41.5, -38.96, 

-37.31, -36.84, -32.32, -29.41, -26.92, -17.79, 2.54, 

4.29, 7.41, 8.5, 10.07, 13.33, 14.25 

-22.42 24.998 

Populus -36.04, 0 -18.02 ----------- 

Prunus -46.4, -45.95, -42.34, -38.36, -36, -26, -22.92,   

-18.63,   -14.73, -12.13, -3.25, 25, 30.48, 36.73 

-15.32 28.2357 

Pinus -54.53, -48, -45.79, -41.7, -41.46, -11.19,           

-11.16, -9.64, -9.27, -7.73, -6.61, -6.09, -4.71,   

-2.78, -2.01, -1.76, -1.04, -0.04,67.4 

 

-12.53 26.8722 

Graph 8.1: the strong negative correlation between expected wood-to-charcoal conversion 
rates and real-life changes in prevalence at Neanderthal sites (R2 = 0.774).  
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Genus Change in Prevalence following 

Fragmentation and 350°C Recalibrations (%) 

Mean Change 

in Prevalence 

(%) 

Standard 

Deviation 

Arbutus -18.16, 4.27 -6.95 15.8604 

Picea/Larix -3.72, -3.01 -3.37 0.502 

Sorbus -3.3, -1.2 -2.25 1.4849 

Acer -37.7, -33.8, -28.71, -24.72, -24.68, -18.68, -15,           

-12.97, -6, -4.39, -2.37, -1.95, 1.05, 42.55, 

44.94, 53.02, 55.8 

-0.8 30.7816 

Larix 0.06 0.06 N/A 

Olea -28.26, -22.87, -21.02, -18.44, -11.97, -7.82,     

-5.86, -5.69, 1.83, 4.44, 53.16, 67.39 

0.41 29.7919 

Picea -4.68, 5.95 0.64 7.5165 

Erica -37.61, -2.16, 21.78, 24.55 1.64 28.7836 

Fraxinus -34.31, -15, -7.27, -3.33, 41.58, 44.55 4.37 31.8281 

Corylus -5.92, 18.52 6.3 17.2817 

Cornus 6.76 6.76 N/A 

Ulmus -27.01, 4.88, 70 15.96 49.4445 

Laurus 18 18 N/A 

Salix/Populus 19.39, 21.62, 31.58 24.2 6.4906 

Salix -22.67, -8.3, 17.77, 54.21, 80 24.2 42.7453 

Cytisus 26.83 26.83 N/A 

Crataegus 37.04 37.04 N/A 

Hippophae 43.48 43.48 N/A 

Carpinus 43.76 43.76 N/A 

Betula 38.12, 41.19, 43.44, 45.86, 62.5 46.22 9.5369 

Viburnum 50 50 N/A 

Rhamnus -20, -1.61, 4.38, 18.26, 47.56, 50.34, 123.76, 

125.93, 144.74 

54.82 61.8778 

Buxus 39.84, 77.03, 90 68.96 26.0363 

Ulex 80.49 80.49 N/A 

Quercus 16.29, 37.02, 38.74, 47.9, 50.13, 51.98, 59.02, 

59.96, 62.82, 64.83, 65.85, 68.22, 84.46, 90.14, 

94.06, 94.08, 103.64, 107.76, 112.16, 118.11, 

122.99, 146.98, 215.15, 250, 250 

96.49 61.9 

Castanea 98.02, 103.64 100.83 3.9739 

 

Correlation between fragmentation rates and changes in prevalences are strong (Graph 8.2, 

beneath), but not as perfectly correlated as Graph 8.1 for prevalences compared to expected 

350°C conversion rates. This is due to Quercus’ low fragmentation values dragging down other 

genera’s prevalence values when sharing the same levels. Likewise, genera appearing only once 

tend to have higher average changes in prevalence.  
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I: The Iberian Sites. 

The detailed data in the Iberian Peninsula sites allow a unique understanding of how pollen 

and charcoal records interact. The following Tables, 8.14-8.23, adapt the original charcoal-

pollen discrepancies from Chapter Five.  

 

I.I: Methodology. 

For each layer of each site, I calculate the original amount of charcoal for each genus, following 

the recalibration tables on p.175.  

For instance: Genus A has 10% of the charcoal, Genus B has 30% and Genus C has 60%. Under 

identical conditions, Genus A produces half the charcoal of Genus B, and Genus C produces 

twice as much (A = 0.5, B = 1 and C = 2 in ratios). 

A: 10 ÷ 0.5 = 20 

B: 30 ÷ 1 = 30 

Graph 8.2: the weaker negative correlation between expected number of fragments and real-life changes in 
prevalence at Neanderthal sites, once fragmentation-bias recalibration had occurred (R2 = 0.416).  
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C: 60 ÷ 2 = 30 

However, these proportions do not represent the final proportions, as 20 + 30 + 30 = 80 

As all percentages should be out of 100, therefore: 

A: (20 ÷ 80) x 100 = 25% 

B: (30 ÷ 80) x 100 = 37.5% 

C: (30 ÷ 80) x 100 = 37.5% 

These represent the original fuelwood proportions instead of the current charcoal proportions. 

As in Chapter Five (p.144) I calculated the charcoal-pollen discrepancy for each genus through 

the equation: 

Discrepancy = %(Charcoal)A - %(Pollen)A 

So here I used: 

Discrepancy = %(Fuelwood)A - %(Pollen)A 

This produced similar results, but took charcoal production bias into account. The implications 

are identical to those on p.144; positive values means selection towards that genus compared 

to environmental availability, negative values means selection against it, and values of 0 means 

no selection (potentially representing the Principle of Least Effort).  

 

In certain sites, charcoal was exclusively gathered through hand-picking (Abric Romani and 

Cova de Coll Verdaguer). This introduces further fragmentation biases, noted on p.170. In these 

two sites I also recalibrate for that bias. Using the fuelwood values (in the above example, A = 

25%, B = 37.5%, C = 37.5%), I further recalibrate using recalibration tables on p.193. This works 

under identical principles to the calculations above, and again, discrepancies are calculated 

through %(Fuelwood)A - %(Pollen)A. Here however, the %(Fuelwood) value takes both charcoal 

production and fragmentation into account.  
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I.II: Results.  

Table 8.14-8.23: Recalibrated charcoal-pollen discrepancies for the original 10 Middle Palaeolithic Iberian sites. 

8.14: El Esquilleu Level IX-XIII 

Genus Original Charcoal-

Pollen Discrepancy 

Charcoal-Pollen 

Discrepancy for 350°C 

Charcoal-Pollen 

Discrepancy for 

700°C 

Alnus 5.40 (P) 5.40 (P) 5.40 (P) 

Betula 3.70 (P) 1.56 (P) 7.74 (P) 

Corylus 12.76 (P) 12.76 (P) 12.76 (P) 

Pinus 13.49 (P) 17.59 (P) 16.29 (C) 

Sorbus 48.96 (C) 50.92 (C) 23.22 (C) 

Ulmus 13.60 (P) 13.60 (P) 13.60 (P) 

Total Discrepancy 48.96 50.92 39.51 

 

8.15: El Esquilleu Level XIV-XIX 

Genus Original Charcoal-

Pollen Discrepancy 

Charcoal-Pollen 

Discrepancy for 350°C 

Charcoal-Pollen 

Discrepancy for 

700°C 

Betula 18.90 (P) 18.37 (P) 19.91 (P) 

Pinus 44.82 (C) 43.98 (C) 47.36 (C) 

Sorbus 2.14 (C) 2.45 (C) 0.61 (C) 

Ulmus 28.07 (P) 28.07 (P) 28.07 (P) 

Total Discrepancy 46.96 46.43 47.97 

 

8.16: El Esquilleu Level XX-XXX 

Genus Original Charcoal-

Pollen Discrepancy 

Charcoal-Pollen 

Discrepancy for 350°C 

Charcoal-Pollen 

Discrepancy for 

700°C 

Alnus 4.66 (P) 4.66 (P) 4.66 (P) 

Betula 13.73 (P) 12.91 (P) 15.29 (P) 

Pinus 51.52 (C) 50.7 (C) 53.08 (C) 

Quercus (deciduous) 8.00 (P) 8.00 (P) 8.00 (P) 

Salix 8.11 (P) 8.11 (P) 8.11 (P) 

Ulmus 17.02 (P) 17.02 (P) 17.02 (P) 

Total Discrepancy 51.52 50.70 53.08 
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8.17: Cova de Coll Verdaguer Unit I 

Genus Original 

Charcoal-Pollen 

Discrepancy 

Charcoal-Pollen 

Discrepancy for 

350°C 

Charcoal-Pollen 

Discrepancy for 

700°C 

Charcoal-Pollen 

Discrepancy for 

Fragmentation 

Bias (and 350°C 

conversion) 

Betula 1.38 (P) 1.38 (P) 1.38 (P) 1.38 (P) 

Buxus 0.69 (P) 0.69 (P) 0.69 (P) 0.69 (P) 

Juniperus 1.38 (P) 1.38 (P) 1.38 (P) 1.38 (P) 

Olea 0.69 (P) 0.69 (P) 0.69 (P) 0.69 (P) 

Pinus 6.68 (P) 7.26 (P) 2.15 (C) 12.44 (P) 

Prunus 10.53 (C) 10.87 (C) 2.27 (C) 14.16 (C) 

Quercus 

(deciduous) 

0.30 (C) 0.54 (C) 0.27 (P) 2.43 (C) 

Total 

Discrepancy 

10.83 11.41 4.42 16.59  

 

8.18: Cova de Coll Verdaguer Unit II 

Genus Original 

Charcoal-Pollen 

Discrepancy 

Charcoal-Pollen 

Discrepancy for 

350°C 

Charcoal-Pollen 

Discrepancy for 

700°C 

Charcoal-

Pollen 

Discrepancy 

for 

Fragmentation 

Bias (and 

350°C 

conversion) 

Acer 0.39 (P) 0.39 (P) 0.39 (P) 0.39 (P) 

Alnus 0.93 (P) 0.93 (P) 0.93 (P) 0.93 (P) 

Betula 0.39 (P) 0.39 (P) 0.39 (P) 0.39 (P) 

Buxus 0.47 (P) 0.47 (P) 0.47 (P) 0.47 (P) 

Juniperus 3.47 (P) 3.47 (P) 3.47 (P) 4.37 (P) 

Olea 0.78 (P) 0.78 (P) 0.78 (P) 0.78 (P) 

Pinus 3.62 (C) 3.45 (C) 7.32 (C) 1.71 (C) 

Prunus 4.43 (C) 4.60 (C) 0.73 (C) 6.34 (C) 

Quercus 

(deciduous) 

1.62 (P) 1.62 (P) 1.62 (P) 1.62 (P) 

Total 

Discrepancy 

8.05 8.05 8.05 8.05 
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8.19: Gorham’s Cave Level IV 

Genus Original Charcoal-

Pollen Discrepancy 

Charcoal-Pollen 

Discrepancy for 350°C 

Charcoal-Pollen 

Discrepancy for 

700°C 

Arbutus 3.04 (P) 3.04 (P) 3.04 (P) 

Betula 1.53 (P) 1.53 (P) 1.53 (P) 

Corylus 1.11 (P) 1.11 (P) 1.11 (P) 

Erica 1.65 (C) 1.64 (C) 0.14 (C) 

Fraxinus 2.53 (P) 2.53 (P) 2.53 (P) 

Ilex 12.17 (P) 12.17 (P) 12.17 (P) 

Juniperus 37.28 (P) 37.34 (P) 37.7 (P) 

Olea 1.38 (P) 0.56 (P) 3.20 (P) 

Pinus 68.98 (C) 68.27 (C) 72.77 (C) 

Pistacia 7.92 (P) 7.92 (P) 7.92 (P) 

Quercus (mixed) 1.05 (P) 1.05 (P) 1.05 (P) 

Salix 2.67 (P) 2.67 (P) 2.67 (P) 

Total Discrepancy 70.63 69.91 72.91 

 

8.20: Cueva del Camino Level V 

Genus Original Charcoal-

Pollen Discrepancy 

Charcoal-Pollen 

Discrepancy for 350°C 

Charcoal-Pollen 

Discrepancy for 

700°C 

Alnus 19.92 (P) 19.92 (P) 19.92 (P) 

Betula 5.62 (C) 7.84 (C) 1.16 (C) 

Corylus 14.49 (P) 14.49 (P) 14.49 (P) 

Fraxinus 0.40 (C) 0.49 (C) 0.62 (C) 

Olea 2.47 (P) 2.47 (P) 2.47 (P) 

Pinus 40.57 (C) 38.09 (C) 45.29 (C) 

Quercus (deciduous) 4.20 (P) 4.08 (P) 4.44 (P) 

Salix-Populus 0.53 (P) 0.46 (P) 0.76 (P) 

Ulmus 5.00 (P) 5.00 (P) 5.00 (P) 

Total Discrepancy 46.59 46.42 47.07 
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8.21: Abric Romani Zone V 

Genus Original 

Charcoal-Pollen 

Discrepancy 

Charcoal-

Pollen 

Discrepancy 

for 350°C 

Charcoal-

Pollen 

Discrepancy 

for 700°C 

Charcoal-Pollen 

Discrepancy for 

Fragmentation Bias 

(and 350°C conversion) 

Acer 1.81 (C) 2.22 (C) 0.74 (C) 2.82 (C) 

Hippophae 0.46 (C) 0.47 (C) 0.79 (C) 0.66 (C) 

Juniperus 7.25 (P) 7.25 (P) 7.25 (P) 7.25 (P) 

Olea 0.46 (C) 0.61 (C) 0.12 (C) 0.77 (C) 

Pinus 22.67 (C) 21.94 (C) 24.02 (C) 19.98 (C) 

Prunus 0.00 0.00 0.00 0.00 

Quercus 

(deciduous) 

8.17 (P) 8.02 (P) 8.45 (P) 7.02 (P) 

Rhamnus 9.96 (P) 9.96 (P) 9.96 (P) 9.96 (P) 

Discrepancy 25.40 25.24 25.67 24.23 

 

8.22: Abric Romani Zone IV 

Genus Original 

Charcoal-Pollen 

Discrepancy 

Charcoal-

Pollen 

Discrepancy 

for 350°C 

Charcoal-

Pollen 

Discrepancy 

for 700°C 

Charcoal-Pollen 

Discrepancy for 

Fragmentation Bias 

(and 350°C conversion) 

Juniperus 6.85 (P) 6.85 (P) 6.85 (P) 6.85 (P) 

Pinus 8.03 (C) 8.01 (C) 8.06 (C) 7.99 (C) 

Quercus 

(deciduous) 

1.22 (P) 1.22 (P) 1.22 (P) 1.22 (P) 

Salix 0.05 (C) 0.07 (C) 0.02 (C) 0.09 (C) 

Discrepancy 8.08 8.08 8.08 8.08 

 

8.23: Abric Romani Zone III 

Genus Original 

Charcoal-Pollen 

Discrepancy 

Charcoal-

Pollen 

Discrepancy 

for 350°C 

Charcoal-

Pollen 

Discrepancy 

for 700°C 

Charcoal-Pollen 

Discrepancy for 

Fragmentation Bias 

(and 350°C conversion) 

Juniperus 5.19 (P) 5.19 (P) 5.19 (P) 5.19 (P) 

Olea 1.39 (P) 1.39 (P) 1.39 (P) 1.39 (P) 

Pinus 29.49 (C) 29.49 (C) 29.58 (C) 29.44 (C) 

Prunus 0.13 (C) 0.13 (C) 0.04 (C) 0.18 (C) 

Quercus 

(deciduous) 

5.57 (P) 5.57 (P) 5.57 (P) 5.57 (P) 

Rhamnus 17.47 (P) 17.47 (P) 17.47 (P) 17.47 (P) 

Discrepancy 29.62 29.62 29.62 29.62 
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If differences between charcoal and pollen were primarily attributable to differing wood-to-

charcoal rates, once these were considered, the discrepancies (total positive or negative 

deviation from equal, random gatherings from distributions of local species accurately 

represented by the pollen) should tend towards zero, compared with uncalibrated samples. 

However, this is not the case. Three levels (Cova de Coll Verdaguer Unit II and Abric Romani 

Zones IV and III) show identical discrepancies in all sets, and maximum increases and decreases 

were 5.36% and 59.19% respectively. The mean increase in the discrepancy however, 2.84%, 

was much less than the mean decrease of 11.89%. This suggests that differential charcoal 

production may have partially caused discrepancy between pollen and charcoal distributions in 

some sites, but that its effects work both ways, increasing discrepancies in others. 

 

Recalibrating for burning at 350°C causes minor increases in discrepancy of 0.66%; recalibration 

for 700°C causes larger decreases of 9.71%. This is despite most increased discrepancies (5/7) 

being from 700°C recalibrations, and 5/7 of decreased discrepancies being from 350°C 

recalibrations. This can partially be explained by the two 700°C decreases, 19.30% and 59.19%, 

being the largest decreases of discrepancies; the two increases at 350°C, 4.00% and 5.36%, are 

also the largest increases, although with smaller magnitudes. In both instances, at El Esquilleu 

Level IX-XIII and Cova de Coll Verdaguer Unit I, dominating Pinus was more abundant in 

environmental pollen than in anthropogenic charcoal, and these sites provided two of the few 

instances where 700°C recalibration changed Pinus’ pollen dominance into a charcoal 

dominance, albeit at low levels in both instances. The latter level also causes Quercus to 

become pollen-dominant when recalibrated at 700°C. In both levels, Pinus is not 

overwhelmingly dominant in either pollen or charcoal records. Given minimal charcoal 

production at 700°C, and the tendency for its proportion to be increased when calibrated at 

this temperature, shifts from pollen-dominance to charcoal-dominance explain the extreme 

changes in discrepancies seen here. No change from charcoal-dominant to pollen-dominant 

selection, or vice-versa, was noted when recalibrating selections towards or against particular 

genera. There was only minor change at 350°C recalibration; at 700°C, five genera (Acer, Erica, 

Hippophae, Prunus and Sorbus) saw marked reductions in positive selection for fires: 
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Table 8.24: the change in charcoal-pollen discrepancies for each genus following two sets of recalibration            

(350°C and 700°C). This only includes instances with charcoal for that genus present, where the charcoal-pollen 

discrepancy could possibly change with these recalibrations. The genera are ordered from lowest to highest (pre-

recalibration) charcoal-pollen discrepancies. 

Genus Charcoal-Pollen 

Discrepancy 

Average Charcoal-Pollen 

Discrepancy at 

350°C 

Average 

 

Charcoal-Pollen 

Discrepancy at 

700°C 

Average  

Acer  1.81 1.81 2.22 2.22 0.74 0.74 

Betula  -3.70, -18.90,  

-13.73, 5.62 

-7.68 -1.56, -18.37,  

-12.91, 7.84 

-6.25 -7.74, -19.91,  

-15.29, 1.16 

-10.45 

Erica  1.65 1.65 1.64 1.64 0.14 0.14 

Fraxinus  0.40 0.40 0.49 

 

0.49 0.62 0.62 

Hippophae  0.46 0.46 0.47,  0.47 0.79 0.79 

Juniperus  -37.28 -37.28 -37.34 

 

-37.34 -37.70 -37.70 

Olea  -1.38, 0.46 -0.46 -0.56, 0.61 0.03 -3.2, 0.12 -1.54 

Pinus  -13.49, 44.82, 

51.52, -6.68, 

3.62, 40.57, 

68.98, 22.67, 

8.03, 29.49 

24.95 -17.59, 43.98, 

50.7, -7.26, 3.45, 

38.09, 68.27, 

21.94, 8.01, 29.49 

23.91 16.29, 47.36, 

53.08, 2.15, 7.32, 

45.29, 72.77, 

24.02, 8.06, 29.58 

 

30.59 

Prunus  10.53, 4.43, 0.13 5.03 10.87, 4.6, 0.13 5.20 2.27, 0.73, 0.04 1.01 

Quercus  0.3, -4.2, -8.17 -4.02 0.54, -4.08, -8.02 -3.85 -0.27, -4.44,        -

8.45 

-4.39 

Salix  -0.53, 0.05 -0.24 -0.46, 0.07 

 

-0.20 -0.76, 0.02 

 

-0.37 

Sorbus  48.96, 2.14 25.55 50.92, 2.45 26.69 23.22, 0.61 11.92 

 

Correlations between wood-to-charcoal conversion rates and changed charcoal-pollen 

selections are present but not strong, as only those selection values with any charcoal 

presence changed through recalibration (see Graphs A28-A29, Appendix Seven). Those with no 

charcoal and only pollen (hence negative selection values) remain identical post-recalibration. 

As an example, more charcoal of Genus A means more of that genus was burnt. If Genus A 

produced abundant charcoal initially, amounts of wood originally burnt (and thus positive 

selection towards being burnt) would diminish on recalibration, whilst opposite effects happen 

to genera producing little charcoal. However, two scenarios exist, in sites A and B.   

- In Site A, Genus A has abundant charcoal and minimal pollen presence. It therefore 

shows an initial strong positive selection as a fuel; following recalibrations, this 

selection is still positive but less strong.  

- In Site B, Genus A has no charcoal and abundant pollen presence. It therefore shows an 

initial strong negative selection as a fuel, being environmentally-abundant but never 
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chosen. Following recalibrations, as there is no charcoal to recalibrate, this strong 

negative selection value remains identical.  

-  

 

 

 

 

 

 

 

 

 

Graph 8.3: A negative correlation at the 350°C recalibration, where pollen-dominance is increasingly apparent in 

genera with higher wood-to-charcoal conversion rates. R2 = 0.369.  

 

Graph 8.4: Another negative correlation at the 700°C recalibration, where once again, genera with lower wood-to-

charcoal conversion rates become more charcoal-dominated when recalibrated. R2 = 0.462.  
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Finally, when fragmentation bias is considered in the two potentially-relevant sites, it minimally 

altered overall records or selection processes. In each instance, it somewhat reduces 

preference towards Pinus, somewhat increasing preference towards Prunus. Only in Cova de 

Coll Verdaguer Unit I does this recalibration create any pronounced effect, whereby selection 

against Pinus seems to double, and selection towards Prunus notably increase. These effects 

probably result from only recalibrating two sites, with neither containing Quercus charcoal, a 

genus notably creating few charcoal fragments. Whilst fragmentation bias is an important 

factor, as shown in Table 7.17, neither set of recalibrations greatly change the picture where we 

can determine fuel selection.  

 

Some additional Neanderthal site reports also contain complementary pollen diagrams 

alongside their charcoal records, including Bolomor Cave (Ochando et al. 2019), Cueva Anton 

(Zilhao et al. 2016), Riparo Bombrini (Arobba and Caramiello 2009) and Teixoneres Cave 

(Ochando et al. 2020). These are displayed beneath, alongside their changed charcoal-pollen 

difference values at the two recalibration values. Riparo Bombrini additionally has 

fragmentation bias recalibrations, from excavators only practicing hand-picking.  

 

Table 8.25-8.29: effects of recalibrations on charcoal-pollen discrepancies in non-Iberian Middle Palaeolithic sites. 

8.25: Cueva Anton Complex AS3 

Genus Original Charcoal-

Pollen Discrepancy 

Charcoal-Pollen 

Discrepancy for 350°C 

Charcoal-Pollen 

Discrepancy for 

700°C 

Juglans 0.22 (P) 0.22 (P) 0.22 (P) 

Juniperus 12.82 (C) 12.26 (C) 9.91 (C) 

Olea 0.45 (P) 0.45 (P) 0.45 (P) 

Pinus 11.72 (P) 12.69 (P) 4.15 (P) 

Quercus 0.43 (P) 1.10 (C) 5.09 (P) 

Total Discrepancy 12.82 13.36 9.91 

(84.8% of arboreal pollen used). 
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8.26: Cueva Anton Complex AS5 

Genus Original Charcoal-

Pollen Discrepancy 

Charcoal-Pollen 

Discrepancy for 350°C 

Charcoal-Pollen 

Discrepancy for 

700°C 

Erica 0.26 (C) 0.25 (C) 0.03 (C) 

Juniperus 15.17 (C) 14.20 (C) 12.99 (C) 

Pinus 30.5 (P) 32.97 (P) 17.58 (P) 

Prunus 0.39 (C) 0.39 (C) 0.13 (C) 

Quercus 13.79 (C) 17.08 (C) 4.00 (C) 

Salix-Populus 0.90 (C) 1.05 (C) 0.44 (C) 

Total Discrepancy 30.5 32.97 17.58 

(85% of arboreal pollen used). 

 

8.27: Bolomor Cave Levels XI & XIII 

Genus Original Charcoal-

Pollen Discrepancy 

Charcoal-Pollen 

Discrepancy for 350°C 

Charcoal-Pollen 

Discrepancy for 

700°C 

Alnus 0.14 (P) 0.14 (P) 0.14 (P) 

Arbutus 0.7 (P) 0.7 (P) 0.7 (P) 

Arctostaphylos 0.14 (P) 0.14 (P) 0.14 (P) 

Betula 0.35 (P) 0.35 (P) 0.35 (P) 

Castanea 4.73 (P) 4.73 (P) 4.73 (P) 

Corylus 0.35 (P) 0.35 (P) 0.35 (P) 

Erica 5.54 (P) 5.54 (P) 5.54 (P) 

Fraxinus 3.94 (P) 3.94 (P) 3.94 (P) 

Juniperus 4.80 (C) 4.60 (C) 2.83 (C) 

Myrica 0.23 (P) 0.23 (P) 0.23 (P) 

Myrtus 1.96 (P) 1.96 (P) 1.96 (P) 

Olea 10.11 (P) 10.11 (P) 10.11 (P) 

Phillyrea 1.39 (P) 1.39 (P) 1.39 (P) 

Pinus 60.80 (C) 61.00 (C) 62.77 (C) 

Pistacia 1.12 (P) 1.12 (P) 1.12 (P) 

Populus 2.60 (P) 2.60 (P) 2.60 (P) 

Quercus 28.87 (P) 28.87 (P) 28.87 (P) 

Rhamnus 0.79 (P) 0.79 (P) 0.79 (P) 

Salix 1.86 (P) 1.86 (P) 1.86 (P) 

Sambucus 0.13 (P) 0.13 (P) 0.13 (P) 

Viburnum 0.54 (P) 0.54 (P) 0.54 (P) 

Total Discrepancy 65.6 65.6 65.6 

(94.83% of arboreal pollen used). 
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8.28: Riparo Bombrini Stratum IV 

Genus Original 

Charcoal-

Pollen 

Discrepancy 

Charcoal-

Pollen 

Discrepancy 

for 350°C 

Charcoal-Pollen 

Discrepancy for 

700°C 

Charcoal-Pollen 

Discrepancy for 

Fragmentation Bias (and 

350°C conversion) 

Abies 0.88 (P) 0.88 (P) 0.88 (P) 0.88 (P) 

Alnus 1.46 (P) 1.46 (P) 1.46 (P) 1.46 (P) 

Arbutus 12.50 (C) 16.22 (C) 2.90 (C) 10.23 (C) 

Buxus 25.00 (C) 24.48 (C) 13.66 (C) 34.96 (C) 

Carpinus 0.29 (P) 0.29 (P) 0.29 (P) 0.29 (P) 

Castanea 0.88 (P) 0.88 (P) 0.88 (P) 0.88 (P) 

Corylus 11.62 (C) 13.63 (C) 13.19 (C) 10.88 (C) 

Erica 12.50 (C) 11.46 (C) 2.53 (C) 12.23 (C) 

Fagus 0.29 (P) 0.29 (P) 0.29 (P) 0.29 (P) 

Fraxinus 4.68 (P) 4.68 (P) 4.68 (P) 4.68 (P) 

Juniperus 37.50 (C) 33.32 (C) 66.84 (C) 30.83 (C) 

Olea 0.58 (P) 0.58 (P) 0.58 (P) 0.58 (P) 

Ostrya 1.75 (P) 1.75 (P) 1.75 (P) 1.75 (P) 

Phillyrea 1.46 (P) 1.46 (P) 1.46 (P) 1.46 (P) 

Pinus 80.41 (P) 80.41 (P) 80.41 (P) 80.41 (P) 

Quercus 4.39 (P) 4.39 (P) 4.39 (P) 4.39 (P) 

Rhamnus 0.29 (P) 0.29 (P) 0.29 (P) 0.29 (P) 

Sambucus 1.17 (P) 1.17 (P) 1.17 (P) 1.17 (P) 

Ulmus 0.29 (P) 0.29 (P) 0.29 (P) 0.29 (P) 

Vitis 0.29 (P) 0.29 (P) 0.29 (P) 0.29 (P) 

Total 

Discrepancy 

99.12 99.11 99.12 99.13 

(100% of arboreal pollen used).  
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8.29: Teixoneres Cave Levels II, IIb and III 

Genus Original Charcoal-

Pollen Discrepancy 

Charcoal-Pollen 

Discrepancy for 

350°C 

Charcoal-Pollen 

Discrepancy for 

700°C 

Betula 0.91 (P) 0.91 (P) 0.91 (P) 

Buxus 26.42 (C) 26.50 (C) 6.99 (C) 

Castanea 5.20 (P) 5.20 (P) 5.20 (P) 

Corylus 2.59 (P) 2.59 (P) 2.59 (P) 

Erica 3.56 (P) 3.56 (P) 3.56 (P) 

Fraxinus 1.31 (P) 1.31 (P) 1.31 (P) 

Juglans 0.48 (P) 0.48 (P) 0.48 (P) 

Juniperus 11.96 (P) 11.96 (P) 11.96 (P) 

Myrtus 0.63 (P) 0.63 (P) 0.63 (P) 

Olea 0.60 (P) 0.60 (P) 0.60 (P) 

Pinus 33.45 (C) 29.87 (C) 59.23 (C) 

Pistacia 0.48 (P) 0.48 (P) 0.48 (P) 

Populus 1.43 (P) 1.43 (P) 1.43 (P) 

Quercus 28.89 (P) 25.39 (P) 35.24 (P) 

Rhamnus 0.36 (P) 0.36 (P) 0.36 (P) 

Salix 0.95 (P) 0.95 (P) 0.95 (P) 

Sambucus 0.17 (P) 0.17 (P) 0.17 (P) 

Taxus 0.36 (P) 0.36 (P) 0.36 (P) 

Total Discrepancy 59.87 56.37 66.22 

(86.24% of arboreal pollen used). 

 

As with the Iberian study, many more genera are found as pollen than charcoal in these sites; 

as expected if Neanderthals selected limited local fuelwoods. Bolomor Cave Neanderthals only 

burnt 2 genera out of a potential 21; 3 in Cueva Anton AS3 out of 5, and 3 in Teixoneres Cave 

out of 18. Cueva Anton AS5 however presents a peculiar picture, where only two genera are 

present as pollen (Pinus and Quercus), but six as charcoal. Likewise in Pod Hradem Cave 

(excluded from these analyses because of <5% of the pollen being identified to the genus 

level), there were more genera present as charcoal than as pollen (5 charcoal genera v 1 pollen 

genus in Level 9, 4 charcoal v 3 pollen in Level 10, and 3 charcoal v 2 pollen in Level 11). 

However, here this may result from low levels of pollen identification. Riparo Bombrini Stratum 

IV presents an even stranger picture; only one genus (Corylus) exists in both records, four are 

found exclusively as charcoal, and fifteen exclusively found as pollen. Occasional winds may 

have collected pollen from completely separate areas to where Neanderthals foraged; 

especially if Riparo Bombrini was on the boundary between two ecosystem types. 
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Alternatively, these Neanderthals may have foraged deadwood from other biomes as 

deadwood from stream systems.  

 

Fragmentation-bias recalibration for Riparo Bombrini shows larger effects here than in other 

sites. Several genera are minorly reduced in positive selection for fuelwood compared to 

environmental availability, including an almost 7% decrease in the use of Juniperus, and 

consequently, an almost 10% increase in the use of Buxus. Box is not commonly perceived as a 

“good” fuelwood, and neither are most of the other burned woods, apart from perhaps 

juniper. This further suggests that this site represents different burning choices to much of the 

rest of the Neanderthal record, and possibly different foraging regimes. Many genera are found 

at very low quantities as pollen or charcoal, and would not have been a substantial part of 

either fires or environments in these five levels. If we remove all with charcoal-pollen 

discrepancies <5%, we find the following: 

 

Table 8.30: charcoal-dominant and pollen-dominant genera at various recalibrated sites. These are not the same as 

those in Chapter Five; Pinus is frequently dominant in the pollen for instance. 

Site and Level Charcoal-Dominant Genera Pollen-Dominant Genera 

Bolomor Cave Levels XI & XIII Pinus Erica, Olea, Quercus 

Cueva Anton Complex AS3 Juniperus Pinus 

Cueva Anton Complex AS5 Juniperus, Quercus Pinus 

Riparo Bombrini Stratum IV Arbutus, Buxus, Corylus, 

Erica, Juniperus 

Pinus 

Teixoneres Cave Levels II, IIb 

and III 

Buxus, Pinus Castanea, Juniperus, 

Quercus 

 

Unlike the previous Iberian sites, these do not show such pine-dominated charcoal records, 

and in fact 3/5 of them have higher proportions of Pinus in the pollen. Juniperus and Quercus 

are likewise not exclusively charcoal- or pollen-dominant, but their prevalence varies from site 

to site. The recalibrations to the various temperatures do not greatly change these pictures 

either – this is expected as these recalibrations will only alter genera present at all as charcoal.  
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II: All Neanderthal Sites. 

When we expand the sites to include all Middle Palaeolithic ones with [anthropogenically-

driven] charcoal records, the full recalibration effects become apparent, especially in the many 

non-pine-dominant examples. When the results are recalibrated for 350°C, the most likely 

charcoal-production temperature, in only one site (La Vina Cave) does the most common fuel 

type change through this recalibration, in this instance from Pinus to Betula. In Theopetra Layer 

II7, the two most common fuels (Quercus and Prunus), previously having a 10% difference, 

become near-identically prevalent post-recalibration. In this most probable recalibration then, 

the previously-dominant fuels in all Neanderthal fires still stand.  

 

At 700°C however, the changes are much more dramatic. Pinus, having a low 700°C wood-to-

charcoal conversion rate, and thus becoming much more prevalent through recalibration, does 

not stop being a dominant fuel in any site, becom dominant at four additional sites. These 

changes are naturally most likely in sites with close-to-equal proportions of multiple genera 

rather than where one genus completely dominates the record. Theopetra changed dominant 

genera in 5 of its 9 studied levels, and Klissoura in 4 of its 15.  

 

Table 8.31: The changes in dominant fuel in the charcoal record following 700°C recalibration. 

Site Level Previous dominant fuel Dominant fuel following 

700°C recalibration 

De Nadale Cave Unit 7 Picea/Larix Pinus 

El Esquilleu Level IX-XIII Sorbus Pinus 

Klissoura Cave Layer XXI Olea Quercus (deciduous) 

Klissoura Cave Layer XXg-XXe Olea Juniperus 

Klissoura Cave Layer XV Amygdalus Acer 

Klissoura Cave Layer XIV Amygdalus Acer 

Pod Hradem Cave Level 11 Picea/Larix Pinus 

Pod Hradem Cave Level 9 Picea/Larix Pinus 

Scladina Cave Unit 4A Quercus Pinus 

Theopetra Cave Layer II5 Carpinus Fraxinus 

Theopetra Cave Layer II6 Carpinus Fraxinus 

Theopetra Cave Layer II7 Prunus Quercus (deciduous) 

Theopetra Cave Layer II8 Quercus (deciduous) Fraxinus 

Theopetra Cave Layer II11 Prunus Juniperus 
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II.I: Fragmentation-Bias Effects. 

Alongside wood-to-charcoal recalibration analyses, what has been the overall effects of 

fragmentation bias analyses? Admittedly only 6 out of 15 levels with comparable pollen and 

charcoal (and 28 of 57 levels with only charcoal) have been thus analysed. Thus further analysis 

of the whole might produce different patterns; however this would not necessarily have been 

appropriate, as the other 38 levels were properly sieved and smaller (<3mm) charcoal 

fragments analysed, minimizing the effect of this potential bias. When pollen and charcoal are 

compared, fragmentation has minimally changed overall charcoal-pollen discrepancies in each 

direction; the exception is Cova de Coll Verdaguer Unit 1, where discrepancies increased from 

10.83 to 16.59. Thus it appears unlikely that differential fragmentation by genus, alone or in 

combination with differential wood-to-charcoal conversion rates, created the differences 

between charcoal and pollen records. However, it could easily be responsible for individual 

preferences towards certain fuelwoods. Whilst Pinus’ prevalence slightly reduces, it was clearly 

still strongly selected for compared to environmental availability, and is common on many sites. 

Juniper, on the other hand, whilst equally widespread among sites, appears to be slightly less 

popular than it first appeared, as does both Prunus and the related Amygdalus. On the flipside, 

Rhamnus and Quercus were both used commonly but sparingly; following these recalibrations, 

it appears that they may have been more popular fuelwoods than once thought. Given that 

most sites lack complementary pollen diagrams however, the impact of this on selectivity is 

unclear. When I compare recalibration effects on what is the most common fuel, Quercus 

almost universally becomes most common: 

 

Table 8.32: The changes in dominant fuel in the charcoal record following fragmentation-bias recalibration. 

Site Level Previous dominant fuel Dominant fuel following 

Fragmentation-Bias 

recalibration 

Klissoura Layer XXI Olea Quercus 

Klissoura Layer XXg-XXe Olea Quercus 

Klissoura Layer XVI Amygdalus Quercus 

Klissoura Layer XII Juniperus Quercus 

Klissoura Layer VIII-VII Juniperus Quercus 

Riparo Bombrini Stratum IV Juniperus Buxus 
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II.II: Trends of Preferred Fuels (Dominant Genera). 

Although pine being the dominant genus is a defining Iberian trend, this is by no means 

universal, as seen in Table 8.33 below, which lists all those levels where Pinus is not the 

dominant genus. 

 

Table 8.33: the first- and second-most dominant genera in all the studied Middle Palaeolithic sites, excluding Pinus-

dominant layers. 

Site and 

Level(s)/Unit(s) 

Dominant 

Genus  

Percentage of 

Assemblage 

Second-Dominant 

Genus 

Percentage of 

Assemblage 

Abric del Pastor 

Unit IVc 

Juniperus 56.47 Pistacia 26.79 

Abric del Pastor 

Unit IVd 

Juniperus 69.92 Pistacia 18.51 

De Nadale Cave 

Unit 7 

Picea/Larix 58.82 Pinus 30.15 

El Esquilleu Levels 

IX-XIII 

Sorbus 48.96 Pinus 41.42 

Grotta di Fumane 

Unit A9 

Larix 52.11 Picea/Larix 38.83 

Kaldar Cave 

Layers 4-5 

Prunus 52.94 Amygdalus 35.29 

Klissoura Cave 

Layer XXI 

Olea 41.27 Quercus deciduous 33.33 

Klissoura Cave 

Layer XXg-XXe 

Olea 28.57 Quercus 

deciduous/mixed 

21.43 

Klissoura Cave 

Layer XXd-c 

Quercus 

deciduous/mixed 

35.09 Olea 24.56 

Klissoura Cave 

Layer XXb-a 

Quercus 39.73 Olea 24.66 

Klissoura Cave 

Layer XIX 

Olea 73.13 Quercus deciduous 10.95 

Klissoura Cave 

Layer XVIII 

Olea 61.90 Amygdalus 23.33 

Klissoura Cave 

Layer XVII 

Quercus 33.08 Amygdalus 28.57 

Klissoura Cave 

Layer XVI 

Amygdalus 49.18 Quercus 30.05 

Klissoura Cave 

Layer XV 

Amygdalus 54.30 Acer 37.56 

Klissoura Cave 

Layer XIV 

Amygdalus 53.54 Acer 33.33 

Klissoura Cave 

Layer XIII 

 

Acer 66.67 Amygdalus 23.19 
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Site and 

Level(s)/Unit(s) 

Dominant 

Genus  

Percentage of 

Assemblage 

Second-Dominant 

Genus 

Percentage of 

Assemblage 

Klissoura Cave 

Layer XII 

Juniperus 40.16 Acer 28.69 

Klissoura Cave 

Layer XI 

Juniperus 49.64 Acer 24.09 

Klissoura Cave 

Layers X-IX 

Quercus 

deciduous 

47.83 Prunus 17.39 

Klissoura Cave 

Layers VIII-VII 

 

Juniperus 40.74 Amygdalus/Quercus 25.93 

Nesher Ramla 

Levels I-VIi1 

Quercus 74.14 Prunus 24.14 

Pod Hradem Cave 

Level 11 

Picea/Larix 76.02 Pinus 23.39 

Pod Hradem Cave 

Level 10 

Picea/Larix 92.21 Pinus 5.74 

Pod Hradem Cave 

Level 9 

Picea/Larix 77.84 Pinus 19.16 

Riparo Bombrini 

Stratum IV 

Juniperus 37.5 Buxus 25 

Scladina Cave 

Unit 4A 

Quercus mixed 47.44 Pinus 30.77 

Theopetra Cave 

Layer II3 

Prunus 70 Carpinus 22 

Theopetra Cave 

Layer II4A 

Prunus 61.8 Quercus deciduous 16.85 

Theopetra Cave 

Layer II4b 

Prunus 80 Sambucus 7 

Theopetra Cave 

Layer II5 

Carpinus 37 Quercus deciduous 25 

Theopetra Cave 

Layer II6 

Carpinus 42.39 Quercus deciduous 32.61 

Theopetra Cave 

Layer II7 

Prunus 45 Quercus deciduous 35 

Theopetra Cave 

Layer II8 

Quercus 

deciduous 

42.11 Prunus 36.84 

Theopetra Cave 

Layer II10 

Juniperus 96 Prunus 4 

Theopetra Cave 

Layer II11 

Prunus 41 Juniperus 35 

  

In total, exactly half the layers studied (36 of 72) were pine-dominant, and half were 

dominated by other genera. If we consider the genera which were predominant and second-

most-common in non-pine-dominant fires, their prevalences are as follows: 
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Table 8.34: comparing how widespread a dominant genus is (the number of sites it is dominant at) with its 

dominance within the record (what proportion of the fuel assemblage it represents in these dominant sites). 

Genus Number of instances of 

being prevalent or second-

most-common 

Prevalence (calculated only from the 

instances where they are present as 

dominant or second-most-common) 

Sambucus 1 7% 

Pistacia 2 22.65% 

Buxus 1 25% 

Carpinus 3 33.80% 

Quercus 16 34.41% 

Amygdalus 8 36.67% 

Acer 5 38.07% 

Olea 6 42.35% 

Prunus 10 43.31% 

Sorbus 1 48.96% 

Juniperus 8 53.18% 

Picea/Larix 5 79.17% 

 

These prevalences indicate which genera Neanderthals would have recognized and used most 

in [non-pine-dominant] fires. The three most common dominating fuels, in terms of 

predominance in a single fire, are all conifers, as of course is the dominating Pinus. If we 

calculate Pinus’ predominance in a similar manner, from the 42 layers where it is a most-

common or second-most-common fuel, the average prevalence comes out at 73.47%. So 

although Pinus is by far the most common fuel in terms of number of total layers it was 

dominant in, it falls within the range for conifers in terms of absolute abundance within a single 

layer. Picea/Larix actually were more prevalent within single layers (in which they dominated), 

suggesting that Pinus was more likely to be burnt alongside other woods than them. We do 

not, of course, know most layers’ fire compositions, and whether average fires were say c.79% 

Picea/Larix and 21% other genera, or whether 79% of fires exclusively burnt Picea/Larix, and 

21% exclusively burnt other genera.  

 

If Neanderthals selected their fuels, tendencies towards single-genus-dominant conifer fires 

and multiple-genus broadleaf-wood fires could indicate that conifer wood was optimal for all 

fires, and that broadleaf-wood required more specific selection for different fire stages/ 

functions. Alternatively, if Neanderthals selected only according to environmental availability, 

then it suggests that conifer biomes were more monospecific than diverse broadleaved forests, 

an observation confirmed by fuel-gathering studies (see Chapter Ten).  
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Table 8.35: an “average” Neanderthal fire, combining all fuel genera from all sites studied in direct proportion to 

their prevalence in the overall charcoal record across all sites. As yet this is the first instance of such a 

reconstruction; the much larger number of Upper Palaeolithic modern human sites, spread over a much wider 

geographical area with many more different kinds of trees, has thus far precluded a similar dataset for modern 

humans. Such an undertaking may be possible for a limited geographical region and/or time period, however that is 

outside the scope of this thesis.  

Genus Number of Instances Proportion within fires 

containing that genus 

Proportion within 

all Neanderthal 

fires 

Viburnum 1 0.10 ---- 

Crataegus 1 0.27 ---- 

Celtis 1 0.30 ---- 

Hedera 1 0.33 ---- 

Ficus 2 0.26 0.01 

Fagus 1 0.37 0.01 

Pyrus 1 0.37 0.01 

Hippophae 1 0.46 0.01 

Cornus 1 0.74 0.01 

Ulex 1 0.82 0.01 

Juglans 2 0.57 0.02 

Taxus 2 0.87 0.02 

Laurus 1 1.50 0.02 

Cytisus 1 1.64 0.02 

Castanea 2 1.29 0.04 

Phillyrea 1 15.25 0.21 

Arbutus 3 5.28 0.22 

Corylus 1 2.63 0.26 

Erica 6 3.13 0.26 

Sambucus 3 6.2 0.26 

Populus 17 1.19 0.28 

Rhamnus 10 2.75 0.38 

Ulmus 11 3.26 0.50 

Salix 22 2.14 0.65 

Pistacia 8 6.23 0.69 

Sorbus 5 15.83 1.10 

Fraxinus 19 4.82 1.27 

Buxus 12 8.11 1.35 

Betula 15 7.18 1.50 

Carpinus 6 20.46 1.71 

Larix 6 41.01 3.42 

Picea 8 30.96 3.44 

Olea 13 21.88 3.95 

Acer 21 15.71 4.58 

Amygdalus 16 23.42 5.21 

Prunus 30 17.48 7.28 

Juniperus 44 14.36 8.78 

Quercus 46 15.94 10.19 

Pinus 49 62.36 42.44 
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Once again, pine dominates both sets of calculations in Table 8.35. It is particularly noticeable 

when analysed across all Neanderthal fires, that it is over four times as common as the next 

most common genus (Quercus). As with the analysis of first- and second-most dominant fuels, 

conifers once again are dominant, but only within fires containing them at all. However 

Juniperus, forming 53.18% of fuel in Juniperus-dominant fires, only forms 14.36% of fuel in 

Juniperus-using fires. A reduction in prevalence is expected, as counting all instances of a genus 

naturally includes those much smaller proportions to factor into the average. However, this 

reduction is much larger than in Pinus (73.47% to 62.36%), or Picea/Larix (79.17% to 30.96% or 

41.01% respectively). Picea and Larix notably have very few instances, 8 and 6 respectively, and 

yet are dominant when found (in contrast to Rhamnus, which is frequently present at low 

levels). Juniperus on the other hand is extremely common, found in over half the fires, 

sometimes dominant and sometimes as a subsidiary addition. The exceptions are those fuels 

burnt commonly at consistently low levels, such as Populus, Salix, Fraxinus and Betula. This 

suggests that these fuels formed important starter or expedient subsidiary fuels, but were 

never considered main fuels, due to unwanted burning qualities or other reasons.  

 

 

 

Graph 8.5: the positive correlation between the overall dominance of a genus across the whole Neanderthal 
charcoal record, and how many sites it is burnt at (R2 = 0.541).  
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II.III: Temporal Trends of Fuel Use. 

When viewed graphically across all [dated] sites, no genus’ use changes notably across time. I 

excluded some sites/layers due to a lack of reliable dating: Cova 120 Levels V-VI, Klissoura Cave 

Layer XXI, La Vina Cave Levels XIIIbas, XIV, XV, I.A, I.B, Les Canalettes Levels 3-4, Pod Hradem 

Cave Level 9, and Theopetra Cave Layers II3, and II5-II7. From the remainder, this lack of trends 

is expected, given wide varieties of site latitudes and local microclimates existing outside wider 

global trends. Additionally, given this study’s wide scale, rapid MIS 5-3 glaciation cycles would 

be missed. Despite certain individual sites showing trends for one or more dominant genera 

(e.g. in Les Canalettes Pinus use increases whilst Buxus use declines), these are hidden in the 

wider picture. Certain genera are Mediterranean-adapted (e.g. Pistacia), others cold-loving 

(Larix), and many can be from multiple climates, with different cold- and warm-climate species 

within the genus (e.g. cold-adapted Pinus sylvestris versus warm-adapted Pinus halepensis). 

However, even those found across wide geographical ranges lack trends across time. This does 

not suggest ‘evolving’ fire strategies independent of environmental constraints, tending 

towards single or multiple ‘optimal’ fuelwoods. Instead, it suggests fuel choice mediated by 

local availability, and Neanderthals choosing from local fuelsets rather than collecting better 

fuels further afield. Similarly, intra-dataset varieties, representing numbers of different genera 

burnt in Neanderthal fires in that level (although not necessarily identical fires) remains steady 

through time (see Table 8.36 below, and Graph A45, p.408). This indicates a lack of increasing 

selectivity for single-fuel fires, or increasing diversification of gathering habits through time.  

 

 

Table 8.36: the lack of correlation between the age of a site and the diversity of fuels found in the charcoal record. 

This is also presented in Graph A45, p.408.  

Site Mean Age (ka BP) Number of Genera found within 

the level 

Bolomor Cave Levels XI & XIII 195 2 

Theopetra Cave Level II4a 128.5 6 

Theopetra Cave Level II4b 128.5 5 

Nesher Ramla Levels I-VIi1 125 3 

Klissoura Cave Layer XXg-XXe 123.3 6 

Klissoura Cave Layers XXd-c 116.7 5 

Bojnice III Layer IX 105.1 4 

Abrigo de la Quebrada Level 

VIII 

105 6 
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Site Mean Age (ka BP) Number of Genera found within 

the level 

Klissoura Cave Layer XXb-a 102.5 9 

Scladina Cave Unit 4A 100 5 

Klissoura Cave Layer XIX 93.9 8 

Klissoura Cave Layer XVIII 92.8 7 

Klissoura Cave Layer XVII 91.2 9 

Cueva del Camino Level V 91 5 

Klissoura Cave Layer XVI 82.5 5 

Scladina Cave Unit 2B 82 4 

Klissoura Cave Layer XV 78.8 5 

Abric del Pastor Unit IVc 75 7 

Abric del Pastor Unit IVd 75 7 

Klissoura Cave Layer XIV 75 5 

Les Canalettes Level 2 73.5 13 

Cueva Anton Complex AS5 73.1 6 

Cueva Anton Complex AS2 70.7 3 

De Nadale Cave Unit 7 70.2 4 

Cueva Anton Complex AS3 65 3 

Klissoura Cave Layer XIII 

 

64.5 4 

Cova 120 Level IV 57.9 7 

Klissoura Cave Layer XII 53.9 9 

El Salt Unit Xa 52.3 8 

El Salt Unit Xb AFA 1 52.3 7 

El Salt Unit Xb AFA 2 52.3 9 

El Salt Unit Xb AFA 3 52.3 5 

Abric Romani Zone III 52.3 2 

El Esquilleu Levels XX-XXX 52.3 2 

El Salt Unit IX 52.2 7 

El Salt Unit VIII 50.8 6 

El Esquilleu Levels XIV-XIX 49.7 3 

Abric Romani Zone IV 47.9 2 

Klissoura Cave Layer XI 46.6 5 

Klissoura Cave Layer X-IX 46.4 6 

Aguilon P5 46 2 

Kaldar Cave Layers 4-5 45.6 3 

Klissoura Cave Layers VIII-VII 45.5 5 

Pod Hradem Cave Level 11 45.2 3 

Pod Hradem Cave Level 10 44.7 4 

Abric Romani Zone V 44.4 5 

Teixoneres Cave Levels II, IIb 

and III 

43.8 3 
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Site Mean Age (ka BP) Number of Genera found within 

the level 

Llonin Cave Levels VIII CP, IV Gal 43.5 3 

Riparo Bombrini Stratum IV 43 5 

Abri du Maras Layer 4 43 3 

Cova del Coll Verdaguer Unit I 42.9 3 

Cova del Coll Verdaguer Unit II 42.3 2 

Grotta di Fumane Unit A9 41.2 5 

Cova Gran S1B-S1F 40.5 5 

Cueva del Conde Level N10 38 8 

El Esquilleu Levels IX-XIII 37.8 3 

Cueva del Conde Level N20A 37.5 15 

Gorham’s Cave Level IV 33 4 

 

III: Conclusion. 

This chapter has applied recalibrations to data obtained from archaeological sites, and 

discussed effects they have had on inferences about Neanderthal fuel foraging strategy. The 

effects of the 700°C recalibrations, although causing much more extreme changes in 

magnitude, are not applicable to all fuels as proportions of charcoal created at 700°C, 

compared to 350°C, are minimal. Fuels exclusively added as firestarters (Erica and Hedera) 

each decline in proportion by over 85% once recalibrated, further highlighting their minimal 

use. This suggests that Neanderthals either used leaves/grasses as firestarters, leaving no 

charcoal, or used the same easily-ignitable woods which they burnt later in fires, such as Betula 

and Pinus, rather than employing exclusive fire-starting fuels. Alternatively, the low charcoal 

rate/poor preservation of these vitrified firestarting charcoals could mean that they are 

frequently only identified to the family level, and thus form the many fragments not identified 

to genus level. At 350°C, actual changes in prevalence, as expected, negatively correlate to 

theoretical charcoal production rates; those with high levels of charcoal production reduce in 

archaeological prevalence when recalibrated. However, given that their proportion is not 

immutable and based on the number of fragments of that genus alone which are recovered, 

this correlation is imperfect. Fragmentation bias recalibrations, although changing the 

proportions in which certain fuels were used, did not change overall charcoal-pollen 

discrepancies. This suggests that choice still occurred, although not identical choices to those 

suggested by the raw data alone. Pine, although certainly sought after and used above its 

environmental availability, was not the only fuel selected for; use of Juniperus and Prunus 

declines, and Rhamnus and Quercus become more common.   
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When we return to the question of Chapter Five and the primary question of this thesis, the 

charcoal-pollen discrepancies and thus theorized Neanderthal selection compared to 

environmental availability, do not greatly alter. If differential charcoal production and 

fragmentation rates were exclusively responsible for these discrepancies, recalibrated 

differences should tend towards 0 (in instances with any charcoal present), but this is not the 

case, as three levels remained identical and some even increased their discrepancy. Given I 

only recalibrated charcoal, if some genera were only ever present in the landscape (as pollen) 

but never as fuelwood (so no charcoal), they would remain unchanged by my charcoal 

production/fragmentation bias recalibrations (see p.221 for where these instances were 

excluded from recalibrations). Out of 100 possible different genera samples across all sites, 69 

are found as pollen only and would be unchanged; however these form only minor discrepancy 

values anyway, changing the data minimally despite their quantity. This further suggests that 

differences between the two records are either caused by active Neanderthal choice or by 

other unknown variables. The additionally recalibrated non-Iberian sites with evidence of 

charcoal-pollen discrepancies do not tally with the pine-dominant fires of my previous Masters 

study, despite showing similarly pine-dominated surrounding landscapes. The charcoal records 

similarly indicate burning of only small proportions of available landscape fuelwoods. However, 

these non-Iberian Neanderthals frequently select Juniperus, Quercus and Buxus instead of 

Pinus, although this selection process is still visible. Quercus as a fuel, it would appear, was 

more important for Neanderthals than first thought. Its use was for a good reason, as whilst 

pine creates large flames and high temperatures, oak burns slower and thus burns less fuel per 

hour of fire use; their use together would make perfect sense.  

 

When Neanderthal fire is studied independently of pollen records in terms of first/second 

choice within a fire, Pinus remains the most commonly dominant fuel, followed by Picea/Larix 

and Juniperus. An average of all Neanderthal fire compositions, irrespective of availability or 

landscape, shows Pinus still being dominant, followed by Quercus, Juniperus and Prunus. The 

following chapter deals with whether this prevalence, assuming it stems from active choice, 

tallies with actual wood qualities, and whether Neanderthals were justified, from a pyrotechnic 

optimization standpoint, in choosing the fuelwoods they did. I contrast this with Middle 

Palaeolithic foraging landscapes and strategies from proxy landscapes available in the modern 

day which most closely resemble their foraging spheres. Looking from a forager’s perspective, I 

also suggest that morphological and other foraging properties of these fuels could have 

encouraged their selection.  
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Chapter Nine: Fuelwood Properties. 

 

The previous chapters prove that, despite recalibrations for differential charcoal and pollen 

production, differences still exist between Middle Palaeolithic charcoal and pollen records, 

within single sites. Whilst taphonomic processes may partially cause this, the almost-universal 

selections towards pine fuels, selecting them when available and commonly avoiding certain 

genera, suggest that these trends often represent active selection. Two main hypotheses could 

explain this selection. The former, discussed in this chapter, is that Neanderthals selected for 

combustion properties of the fuels themselves. Valuable fuelwood traits can include high 

burning temperatures, long burning durations, high light outputs, low smoke output (except for 

meat-smoking), pleasant-smelling smoke, and embers to re-ignite fires from (Abbot et al. 1997, 

Cardoso et al. 2015, Estigarribia et al. 2023, Ramos et al. 2008, Sahoo et al. 2014, Teklay et al. 

2014, Wiafe and Kwakwa 2013). No one fuel could provide all traits, particularly as heat/light 

(and therefore energy) output at any one time negatively correlates with burning duration, 

unless calorific values markedly differ. The second hypothesis, discussed in Chapter Ten, is that 

Neanderthals selected for ease of gathering. Valuable traits here could include straight, easily-

bundleable branches of standardised diameter/lengths (Fleuret and Fleuret 1978, Godfrey et 

al. 2010, Nuberg et al. 2015, Ponce et al. 1991 p.1), and dense woods giving higher burnable 

masses per unit volume carried (Pote et al. 2006, Shaw 2012).  

 

This chapter consists of two portions; the former looks at hypothetical burning traits of 

different woods based on measured morphological and chemical properties; calorific value, ash 

content, density, and wood strengths, noting selection trends and correlating them to 

optimisation. I found that Neanderthals surprisingly favoured lower-calorie woods. 

Furthermore, they also favoured quick-burning lower-density woods, although this may have 

meant higher heat releases per unit time. Lower-calorie and lower-density woods may also 

produce less charcoal and thus be underrepresented. However, given that hypothetical traits 

map imperfectly onto actual fire experiences, in the second portion of the chapter I compare 

wood burning traits from published experiments, focusing on effects (light, heat and burning 

duration) rather than causes (density, calorific value etc.). Utilising works by Hoare (2020) and 

Thery-Parisot et al. (2014) on real-life fires, I found that certain traits, such as pinewood 

burning at high temperatures, are inconsistent, and depend on burning context. I discuss 
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correlations between real-life fire durations and associated ‘charring rate’ in lab-based 

experiments creating charcoal, and how both of these correlate with wood density. I find that 

density is a good proxy for charring rate but not for burning duration, due to several additional 

factors such as wind rate for the latter. Consequently, temperature, light and burning duration 

of average Neanderthal fires differ for each site, depending on fuel types burnt there, to 

determine values of each in proportion to pine (=1). Temperature varied least among the sites, 

and light emitted varied the most. Utilising Hoare’s (2020) burning duration and fuel 

consumption, I then calculated potential amounts of fuels needed for fires and how this varied 

depending on fuel genera. I conclude from this that Neanderthals chose certain fuels optimised 

for slow-burning and minimising fuel use, and others for light output; Neanderthals used both, 

possibly correlated with latitude, however universally avoiding inferior fuelwoods such as alder, 

despite their frequent availability. I suggest that Neanderthals particularly avoided fuels which 

were harder to ignite (despite having other potentially useful properties), and that their 

selection of easily-igniting fuels could be partially determined by their foraging practices. The 

examination of this latter hypothesis forms the basis of the next chapter.  

 

 

I: Independent Traits of Different Fuelwoods. 

Fuelwoods vary drastically in many traits, some obvious to Neanderthals, and others 

underpinning important aspects of their burning qualities. These traits have important practical 

implications; pioneer studies by Benjamin Thompson (1798) compared heating values of 

beech, pine and oak, for practical household purposes: 

“Dry pine-wood affords more heat in its combustion than dry beech…. the quantities of heat 

producible from equal weights of dry oak and dry pine are equal” (Thompson 1798, p.140) 

Other traits such as tensile strength and density, with important implications for construction 

and tool manufacture, would have been visually obvious even without fire knowledge; traits 

like calorific value would depend on Neanderthals using woods as fuel rather than for anything 

else. These traits noted here are independent variables which should partially affect the fires, 

through heat and light output and burning duration. These are by no means exhaustive 

independent variables, and exclude branch diameter, length and moisture content, which vary 

highly from fire to fire, and even stand to stand within the same fuelwood genus.  
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Consequently, my calculated burning trait values for each genus form means of wide ranges. 

These ranges are so wide because they represent genera composed of many different species 

with slightly varying values. Quercus charcoal could plausibly have come from 22 European 

species; most commonly Q. robur (English oak), Q. ilex (Holm oak) or Q. petraea (Sessile oak) – 

although Quercus deciduous and Quercus evergreen are frequently distinguished. Thus we 

cannot assume any one species; by creating means, we find average traits of each genus, 

admitting however the huge potential variety, indicated by the range. 

 

Within a species, wood traits vary drastically, due to age, climate, health, part of the tree, 

season, and even research procedures. Green wood is naturally denser than dry wood; and 

likewise has lower net calorific values as more water must be evaporated pre-combustion. Even 

within annual sap cycles, traits change; Nunez-Regueira et al. (1996) note distinct annual 

calorific fluctuations, being highest around summer blooming periods and lowest in wet 

springs. This is the same for other traits; within the same Sorbus specimen, Nunez-Regueira et 

al. (1997, p.112) noted a 16.9% change in moisture content, 20kg/m3 difference in density and 

a 1.87% ash content difference. Given we do not know at which season Neanderthals occupied 

most sites, we cannot account for annual fluctuations, and must create averages.  

 

Thirdly, amounts of literature on each genus varies immensely, due to differing interest in 

different genera. Some such as Pinus have well-researched density and strengths for 

construction purposes; others such as Quercus are useful biofuels (e.g. Fang et al. 2011). 

Others however, including Ilex, are disregarded either because or rarity or perceived poor 

qualities. Generally, high-ranking genera in each trait have most papers published on them, 

although this is not universal – only Bhatt and Todaria (1992) note Ilex’s high calorific value, 

because it is rarely exploited. Genera with many papers on them are more likely to cover all 

relevant species, all states/types of wood, and to have accurate average data.  

 

Density, Calorific Value and Ash Content values have been previously presented in Chapter 

Seven (Tables 7.11-7.13), pp.187-190. Corresponding Fuel Value Indices (FVIs) and mechanical 

traits for these genera are presented here.  
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As calorific values per kg and densities are known, calorific value by volume (kJ/cm3) was 

derived for each genus, to show energy derivable by volume, as Neanderthal fuelwood 

gathering may have been limited more by bulkiness than weight on foraging trips. FVIs were 

calculated using the following calculation: 

𝐹𝑢𝑒𝑙 𝑉𝑎𝑙𝑢𝑒 𝐼𝑛𝑑𝑒𝑥 =
𝐶𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑉𝑎𝑙𝑢𝑒 ×  𝐷𝑒𝑛𝑠𝑖𝑡𝑦

𝐴𝑠ℎ 𝐶𝑜𝑛𝑡𝑒𝑛𝑡
 

FVIs rank wood fuels for industrial or private purposes, taking calorific value by volume and 

unburnable ash content into account (first used by Purohit and Nautiyal 1987; see Goel and 

Behl 1996, Deka et al. 2007 for more details). Other authors (e.g. Ojelel et al. 2015) also 

incorporate wood moisture content by modifying to the following formula: 

𝐹𝑢𝑒𝑙 𝑉𝑎𝑙𝑢𝑒 𝐼𝑛𝑑𝑒𝑥 =
𝐶𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑉𝑎𝑙𝑢𝑒 ×  𝐷𝑒𝑛𝑠𝑖𝑡𝑦

𝐴𝑠ℎ 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 ×  𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡
 

However, whilst minimum moisture contents are relevant for industrial purposes, we do not 

know in what state Neanderthals burnt their wood, so this is excluded from my equation. Given 

varied methodologies for calculating FVI, from multiple datapoints, I calculated my own values 

using the first formula, rather than using published material (Table 9.1). 

 

Table 9.1: Calculated FVI of all studied genera. It is interesting to note that many preferred genera, such as Acer, 
Pinus and Quercus, have relatively low FVIs, and less-used fuels such as Alnus and Pistachia have higher values. This 
shows how FVI imperfectly translates to actual fuel use. Pinus and Quercus are valued for being dry and easy-to-
burn; Alnus is too smoky for regular use, and Pistachia is very green when cut. Erica would be optimal, if its spindly 
branches were not impossibly to carry. 

Genus Fuel Value Index (FVI) Genus Fuel Value Index (FVI) 

Olea 3.08 Salix 7.11 

Tamarix 3.72 Prunus 7.30 

Corylus 3.76 Hippophae 7.91 

Acer 4.19 Fraxinus 9.11 

Pistachia 4.23 Alnus 9.86 

Pinus 4.93 Ulmus 10.91 

Taxus 5.52 Viburnum 10.95 

Sorbus 6.11 Betula 11.83 

Rhamnus 6.38 Arbutus/Ilex 12.63 

Quercus 6.52 Erica 17.45 

Buxus 6.67 Juniperus 17.46 

Castanea 7.04 Phillyrea 28.23 
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I.I: Wood Strengths. 

Table 9.2: Different wood strength moduli for 20 genera, taken from published literature; all citations are included. 

Genus Compressive 

Strength 

(MPa) 

Mean Bending 

Strength 

(MPa) 

Mean Modulus of 

Elasticity (MPa) 

Mean 

Acer 15.5, 26, 27.5, 29, 

33, 35.3, 43.1, 45.5, 

46, 49, 49, 50, 51.5, 

53, 55, 55.2, 55.6, 

57, 62, 72, 75.187, 

83 

48.56 50, 58, 66, 85, 

88.5, 95, 95, 102, 

108, 110, 120, 135, 

135.52, 140, 148, 

162 

106.13 12216.621, 12392 12304.41 

Cionca et al. 2008, Korkut et al. 2008, Molinski et al. 2016, Niklas 1999, Niklas and Spatz 2010, Sedlar et al. 2017, 

Sonderegger et al. 2013 

Alnus 21.7, 32.82, 33.52, 

34.05, 38.46, 38.98, 

39.11, 39.65 

34.79 49, 53.4, 54.3, 

54.59, 61.69, 

62.89, 64.39, 68.7 

58.62 5850, 5880, 7040, 

7400, 8600, 8800, 

9500, 9500, 10319, 

10600 

8348.9 

Kiaei 2013, Milch et al. 2016, Molinski et al. 2016, Niklas and Spatz 2010, Usta et al. 2014 

 

Arbutus 61 61 135 135 -------------- -------- 
Navarro et al. 2007, Voulgaridis and Passialis 1995 

 

Betula 19.2, 20.4, 20.5, 

21.3, 26.3 
21.54 ---------- --------- 8108, 8187, 8483, 

10218, 10919, 11404, 

11539, 11659, 11739, 

12668, 13269, 13450, 

14000, 16887 

11609.29 

Antons et al. 2018, Boruvka et al. 2019, Cavus 2020, Dunham et al. 1999, Erdene-Ochtir et al. 2020, Molinski et al. 2016, 

Niklas and Spatz 2010 

 

Castanea 26.7, 21.8, 34.04, 

46.9, 47, 48.56, 49, 

51, 52, 54, 62.9, 

70.61 

47.04 55.96, 71, 79.49, 

87, 88, 88, 93.16, 

94.5, 98, 113.5 

74.08 5356.74, 6708.6, 

7535.2, 8421.8, 9379, 

9757 

6150.17 

Gunduz et al. 2009, Marini et al. 2021, Rubiales et al. 2011, Stokes and Mattheck 1996, Thaler et al. 2014, Vazquez et al. 

2015, Yapici and Ulucan 2012 

Corylus 55.64, 74.74 65.19 78.66, 115.44 97.05 ------------- ---------- 
Korkut and Hiziroglu 2009 

Erica 56.4, 58.9 57.65 49.1 49.1 ------------ ----------- 
Voulgaridis and Passialis 1995 

Fraxinus 23.9, 27.2, 29.1, 51, 

54.92, 70, 72, 77, 78, 

80, 85 

58.92 66, 118, 121, 

124.31, 125, 134, 

137.29, 140, 146, 

147, 164 

 

129.33 11557, 11622, 11931, 

12011, 12371, 12623, 

13130, 13358, 13518, 

16281 

12840.2 

Hofmann et al. 2012, Mantanis and Birbilis 2010, Molinski et al. 2010, 2016, Niemz et al. 2014, Niklas and Spatz 2010, 

Rubiales et al. 2011, Stokes and Mattheck 1996 

Juniperus 35.65, 50, 50.99 45.55 17.3, 24.01, 27.04, 

36.65, 40.1, 42.11, 

44.65, 45.05, 49, 

53.92, 54.55, 

55.73, 57.03, 

57.17, 58.44, 

58.44, 60.59, 

61.57, 63.65, 

64.49, 64.49, 80, 

81, 84, 84, 102.97, 

104, 113 

58.09 2739.28, 3550, 

3561.37, 3744.2, 3869, 

3948, 3948.48, 4300, 

4330, 4450, 4480, 

4550, 4603.64, 4610, 

4629.8, 4650, 4709, 

4800, 4906, 4915, 

4915.96, 5150, 5153, 

5344, 7400 

4530.27 

Bjurhager et al. 2013, Hanninen et al. 2012, Kiaei et al. 2015, Miyamoto 2017, Miyamoto et al. 2018,  Rubiales et al. 2011 
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Genus Compressive 

Strength 

(MPa) 

Mean Bending 

Strength 

(MPa) 

Mean Modulus of 

Elasticity (MPa) 

Mean 

Olea 48.8, 62.87 55.84 105 105 ------------- ----------- 
Niklas and Spatz 2010, Voulgaridis and Passialis 1995 

Phillyrea 57.1 57.1 ----------- --------- ------------- ------------ 
Voulgaridis and Passialis 1995 

Pinus 13.9, 16.9, 17.4, 

17.7, 18.5, 18.8, 19.1 

19.1, 19.4, 21, 21.9, 

23.4, 25.5, 27.3, 

31.8, 33, 36.68, 37.4, 

46.55, 46.58, 49.9, 

50, 51, 52.59, 56.6, 

59.713, 69.38, 69.68, 

72.99, 74.41, 75.23, 

76.03, 80.78, 84.54, 

86.87 

43.47 23.6, 23.74, 27.5, 

28, 30.76, 34.93, 

36, 38, 38, 41, 41, 

41, 44, 63, 64.81, 

65, 66, 69.13, 69.6, 

77.79, 80.23, 

81.87, 83, 83.17, 

84.31, 84.85, 86, 

86.41, 93.4, 93.64, 

96.76, 97.1, 97.76, 

98.07, 138.026 

64.67 909.45, 969.49, 

1046.18, 1398.1, 

1472.776, 1504.02, 

8000, 8444.8, 8894.24, 

8900, 10735.53 

4752.24 

Aleinikovas and Grigaliunas 2006, Antons et al. 2018, Bjurhager et al. 2013, Cionca et al. 2008, Durhmaz et al. 2019, Korkut 

et al. 2008, Miyamoto 2017, Miyamoto et al. 2018, Niklas and Spatz 2010, Rubiales et al. 2011, Stokes and Mattheck 1996, 

Ulker et al. 2012, Yildiz et al. 2004 

Pistacia 52.5 52.5 105.2 105.2 ------------ ----------- 
Voulgaridis and Passialis 1995 

Prunus 50.2, 51.6, 52.94, 

53.55, 53.9, 54.01, 

55.16 

49.9 64, 81.88, 111.2, 

113.1, 114.5, 

116.2, 119.3 

102.88 6569, 8650, 11341, 

11638 
9549.5 

Cavus 2020, Niklas and Spatz 2010, Nocetti et al. 2010, Pavlovics et al. 2009 

Quercus 23.5, 27.6, 28.5, 

28.7, 29.4, 29.4, 

36.3, 37.2, 42, 42, 

42, 43.1, 48, 51, 54, 

55, 55.3, 57, 57.4, 

58.84, 59.4, 60, 60.8, 

60.8, 61, 61, 64, 64, 

64, 64.72, 65, 65, 67, 

70, 71.81, 72.95, 

74.76, 75.15, 75.5, 

83.3, 84.3, 84.3 

56.07 53, 53, 58.8, 58.8, 

59, 60, 65, 70, 72, 

74, 75, 75.2, 78, 

86.9, 88, 92.1, 

92.1, 95.12, 95.8, 

96.5, 98, 98, 98.6, 

100, 101.8, 105, 

106.2, 106.89, 

108, 108, 108.2, 

108.8, 110, 110, 

110, 110, 111.43, 

117, 117.7, 120, 

120, 124.8, 134.9, 

135.9, 140, 146.1, 

152, 153, 153 

100.24 9200, 10000, 10200, 

10300, 10500, 10500, 

10600, 10600, 10830, 

11000, 11300, 11500, 

11600, 11700, 11700, 

11820, 11840, 11848, 

11900, 11910, 12500, 

12500, 12700, 13000, 

13000, 13100, 13200, 

13200, 13500, 13900, 

14500, 14500, 14600, 

14600, 15700, 15700 

12251.33 

Kretschmann and Green 1999, Merela and Cufar 2013, Molinski et al. 2016, Niklas and Spatz 2010, Percin et al. 2015 

Rubiales et al. 2011, Voulgaridis and Passialis 1995 

Salix 13.7, 14.7, 14.8, 

26.9, 26.9, 27.1, 28 
21.73 31, 31, 35, 36, 54, 

54.6, 62.05, 63.1, 

72.1, 75.93, 84.36, 

85.35, 89.61, 

111.02, 115.34, 

116.83, 126.39, 

131.33, 140.26, 

148.91 

83.21 1566, 1762, 1847, 1938, 

1941, 2006, 2014, 2051, 

2059, 2132, 2168, 2170, 

2205, 2214, 2255, 2314, 

2401, 2453, 2480, 2526, 

2571, 2631, 2742, 2751, 

2857, 2988, 3027, 3179, 

3260, 3328, 3358, 3413, 

3458, 3641, 3734, 3735, 

3863, 4011, 4116, 4147, 

4222, 4284, 4478, 4559, 

4692, 4826, 4856, 5004, 

5060, 5196.05, 5293.24, 

5520, 5861.68, 5955.03, 

6293.03, 6800.68, 7057.11, 

7335.98, 7674.38, 8375.85, 

8640.28, 8805.43, 9348.07, 

9482.7, 13540, 15840, 

15930 

4540.93 

Leclercq 1997, Niklas and Spatz 2010, Sedlar et al. 2017, Vargas et al. 2012, Wiaderek and Waliszewska 2010, Zhou et al. 

2017 

Sorbus 53.012, 61.017 57.01 88.331, 123.079 105.71 9255.81 9255.81 
Keskin et al. 2013, Korkut and Kudakci 2009 
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Graph 9.1: Incidence of wood types in the landscape as a function of density (R2 = 0.160). This shows that low-density 
woods are commoner in the landscape (p = 0.049), though this result is very dominated by the properties of pine. 

Genus Compressive 

Strength 

(MPa) 

Mean Bending 

Strength 

(MPa) 

Mean Modulus of 

Elasticity (MPa) 

Mean 

Tamarix 11.77, 32.26, 40.9, 

47.37 
33.08 88.5, 98.07 93.29 7533, 8336.34 7934.67 

Khan and Siddiqui 1984, Mantanis and Birbilis 2010 

Taxus 48, 54, 57, 58, 61, 

62, 63, 68 
58.88 83, 85, 92, 100, 

105, 118 
97.17 6200, 6200, 7000, 

7700, 9700, 9700, 

10100, 10300, 10500, 

11500, 12000, 13100, 

13700, 14300, 15700, 

16900, 17400 

11294.12 

Bjurhager et al. 2013, Keunecke and Niemz 2008, Keunecke et al. 2007, 2008, 2009, Molinski et al. 2016 

Ulmus 16.9, 18.7, 30.4 22 40, 44, 68, 91.5, 

103, 106, 111 
80.5 9211, 10971, 11082, 

12193 
10864.25 

Niklas and Spatz 2010, Santini et al. 2004 

 

I.II: Data Trends. 

When correlating Neanderthals’ selection with these traits, several trends emerged as seen in 

the graphs below. When looking at ‘natural’ environments (pollen), to see whether natural 

trends could skew the anthropogenic data to forced conclusions (e.g. natural trends towards 

dense wood suggesting selection of dense wood even when collecting randomly under the 

Principle of Least Effort), few trends were apparent – see Appendix Seven, Graphs A14-A20. 

Genera with weak bending strengths and low moduli of elasticity were slightly more 

environmentally-common, but this trend was statistically insignificant. The only statistically 

significant trend (p = 0.049) was that dense woods were environmentally-rarer (see Graph 9.1).  
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Graph 9.2: The selection index as a function of density suggests that Neanderthals preferred less-dense woods for 
burning. This is statistically insignificant (R2 = 0.092, p = 0.141), but suggests that lower weights per unit volume 
carried may have been important to these hunter-gatherers.  

Pinus pollen predominates (mean = 61.50%), a less dense wood that could have naturally have 

influenced Neanderthals towards selecting less dense woods under random selection, 

irrespective of them consciously selecting for this trait. The graphs below plot a ‘selection 

index’ on the x-axis, defined as the fraction of a genus as charcoal minus that as pollen. This 

uses the formula from p.219, and uses recalibrated values for both charcoal and pollen. A 

statistically-insignificant (p = 0.141) negative trend of selection index as a function of density 

(Graph 9.2), suggests some small preference for less-dense woods.   

 

 

  

  

 

 

 

 

 

 

Contrary to expectations, preferred fuelwoods actually had much lower calorific values than 

those rejected, a strong negative correlation significant to p=0.05 (0.045) – see Graph 9.3. 

Precisely the opposite is expected, as calorifically-higher wood burns at higher temperatures 

and/or for longer, thus requiring smaller fuelwood quantities. This trend is likewise borne out 

when looking at calorific value by volume, for which the trend is stronger and more statistically 

significant (p = 0.013, Graph 9.4). There are similar non-significant negative correlations 

suggesting selections towards lower compression strength, bending strength and elastic moduli 

(see Graphs 9.5-9.7). 
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Graph 9.3: The woods which Neanderthals strongly selected for were generally less calorifically valuable (R2 = 
0.163, p = 0.045). Selection for this trait is unlikely to have been deliberate. 

Graph 9.4: Woods which Neanderthals strongly selected for also had the lowest calorific value by volume (p = 
0.013), as a consequence of selecting for low-density and low-calorifically-valuable woods (R2 = 0.242). 
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I.III: Correlations of Wood Traits with Natural Environments. 

Table 9.3: Comparing whether Middle Palaeolithic environments happened to contain trees with particular traits, 

which could artificially suggest apparent choice for those traits even if random selection was practiced. Only density 

is significant, with less-dense trees more common in the landscape. 

Correlation with 

Pollen % 

Pearson Correlation Two-Tailed 

Significance 

Statistically 

Significant? 

Ash (%) -0.056 0.791 No 

Density (g/cm3) -0.397 0.049 Yes 

Calorific Value (kJ/g) 0.085 0.687 No 

Calorific Value by 

volume (kJ/cm3) 

-0.287 0.164 No 

Fuel Value Index -0.124 0.554 No 

Compression Strength 

(MPa) 

-0.141 0.552 No 

Bending Strength 

(MPa) 

-0.367 0.134 No 

Modulus of Elasticity 

(MPa) 

-0.411 0.145 No 

 

I.IV: Correlations of wood traits with Neanderthal selection. 

Table 9.4: comparing which fuelwood traits Neanderthals selected for and against. Neanderthals seemed to select 

for woods with low calorific values, and low calorific values by area. 

Correlation with 

Neanderthal 

selection (mean 

charcoal % - mean 

pollen %) 

Pearson Correlation Two-Tailed 

Significance 

Statistically 

Significant? 

Ash (%) 0.019 0.928 No 

Density (g/cm3) -0.303 0.141 No 

Calorific Value (kJ/g) -0.404 0.045 Yes 

Calorific Value by 

volume (kJ/cm3) 

-0.492 0.013 Yes 

Fuel Value Index -0.219 0.316 No 

Compression Strength 

(MPa) 

0.195 0.410 No 

Bending Strength 

(MPa) 

-0.058 0.818 No 

Modulus of Elasticity 

(MPa) 

-0.246 0.396 No 
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Graph 9.5: Neanderthals appeared to choose harder-to-chop (higher compressive strength) woods (p = 0.41, R2 = 
0.037); this is unlikely to be deliberate however. They were unlikely to have chopped trees down, rather bending 
and breaking branches instead, so compressive strength of wood may not have affected how they gathered it.  

Graph 9.6: Neanderthals also chose to burn easier-to-snap (lower bending strength) woods (p = 0.818). The 
correlation here is more tenuous however, and the correlation not as strong (R2 = 0.002). 
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Graph 9.7: Neanderthals also burnt less pliable woods (ones with a lower Modulus of Elasticity) (p = 0.396). Not all 

genera had been tested for MoE however, and the correlation is not strong (R2 = 0.061).  

 

 

II: Discussion. 

Despite limited evidence, certain interesting trends have emerged. Selection against high-

calorie woods may be explained either as active choire or an artefact of preservation. Higher 

calorific values cause potentially hotter fires as well as more complete combustion. Although 

some genera have particularly high-calorie extractives (e.g. conifer resins), nevertheless high-

calorie woods are generally those with higher proportions of extractives to structural 

components. Thus high calorie woods have lower proportions of unburnable (charcoalifiable) 

structural cellulose – and vice-versa for low-calorie woods. Low-calorie woods may be 

overrepresented as charcoal because they have more non-burnable components which survive 

as charcoal. They are also more likely to burn at lower temperatures favouring charcoal 

production (see Chapter Seven, p.177). Furthermore, although Pinus has only moderate 

calorific values, it has extremely high extractive resin calorific values of 45kJ/g (Susott 1980) 

which is uncommon in other lower-calorie woods.  
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The other option is that these woods were actively selected for. Neanderthals would not have 

chosen lower calorie woods for that function, as they may not have even understood or known 

about heating values; some other fuelwood trait, correlating with low calorific values, 

compensated for lower energy outputs. One of these is of course density – Pinus’ notably low 

density of course further drives calorific values per unit volume down. However, low-density 

wood is far lighter and more portable than denser wood. Neanderthals judging fuel value by 

volume instead of weight would select lighter fuelwoods. Secondly, less dense wood is far 

more combustible than denser wood, burning faster and hotter – when dry, air-filled wood 

interstices encourage combustion. Less dense wood also tends to be more completely 

combusted and thus creating less charcoal; they might have dominated fuel inventories even 

more than indicated by charcoal records. 

 

Lower densities, with fewer structural wood components per given area, also contribute to 

weaker strengths. However, calorific values present opposite trends. High calorie woods 

containing many extractives must have proportionally fewer structural components. 

Compressive strength, referring to how much force wood can sustain when compressed, is only 

relevant if Neanderthals cut firewood using lithic axes. Bending strength (or Modulus of 

Rupture - MoR), referring to how much bending force wood can sustain, is particularly relevant 

to bending and breaking side branches off trees for fuel without tools. Modulus of Elasticity 

(MoE) relates to how much branches can be stretched; ones with lower MoE are also more 

easily bent and suggests lower strengths, although the two properties are not directly linked. 

Nonetheless, more pliable branches can generally be more easily broken off, or fall off 

naturally. In general, weaker wood may have been used for firewood. It is less useful for other 

functions, either structural or as tool hafts, and thus burning this inferior wood preserves 

superior wood stocks. A high MoE is advantageous when wood beams are under structural 

pressure, providing that other strengths are still high, so low-MoE wood would not have been 

used structurally. There is no evidence however that Neanderthals used structures, but wood 

may have been used for demarking social boundaries within camps, and for tool hafts.  
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Weaker wood is easier to break off trees. Different trees have different rates of dead branch 

shedding; some lose them easily (Acer, Betula, Fraxinus, Prunus – Millington and Chaney 1973, 

Oettel et al. 2023), other trees retain them for longer (Juniperus, Quercus, Pinus – Ibid). 

Deadwood loss rates are of course not only related to these various strengths; different trees 

respond differently in terms of shutting off sap to dead branches, and accelerating branch loss 

by growing protective tyloses. Bending strength especially affects wood loss in storms; 23-29% 

of tree loss is caused by storms in lowlands, and 41-47% in mountainous regions (Christensen 

et al. 2005). In 1987, storm damage doubled English deadwood stocks overnight, gaining 

23m3/ha of deadwood (Kirby et al. 1998). Certain genera like beech are particularly prone to 

wind damage, with storms causing 94% of their deadwood (Mountford 2002) – though no 

genus which Neanderthals exploited is quite so prone as this. In Palaeolithic environments, 

mammoths may also have created deadwood stocks. Modern elephants frequently damage 

trees to access edible leafy branches (Coetzee et al. 1979, Morrison et al. 2016); up to 7% of 

certain tree genera can be killed through such breakages (Jacobs and Biggs 2002). Whilst we do 

not know how mammoths foraged, they were a plentiful prey species, comprising at least 

20,000 individuals in the Middle Palaeolithic (Palkopoulou et al. 2013). Neanderthals would 

have followed and hunted mammoth herds, and if combining hunting with firewood foraging, 

they would have encountered mammoth-damaged trees. Dense, covered woodlands could also 

have been chosen for ambushing mammoths, alongside plains and cliffs. Other species 

including beavers or deer also strip bark (Jones et al. 2007), providing access areas for 

Neanderthals to further exploit.  

 

Weaker woods are proportionally more affected by these factors, and create more deadwood. 

Neanderthals may have recognized and chosen easy-to-break wood, or simply chosen 

randomly from more abundantly-available weaker deadwood pools. Distinguishing between 

these behaviours is extremely difficult. Whilst researchers discuss quantities of deadwood 

created by various genera (e.g. Chabal and Heinz 2020, Korkut et al. 2009), these are frequently 

for commercial monospecific forests. Unmanaged forests vary immensely due temporary 

deadwood gluts from storms (or stormless years causing deficits), and different moisture 

contents and organism communities causing different deadwood decay rates.  
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Deadwood also relates to growth rate, and how quickly new branches are created. This 

depends on climatic conditions and local ecology and has been clarified in several modern 

studies (e.g. Bujoczek et al. 2018, Oettel et al. 2023, Wilson and McComb 2005). However, 

Palaeolithic landscapes are less well understood and cannot be modelled using modern 

analogies. Nonetheless Pinus and Sorbus, genera strongly selected towards, are very quick-

growing. Slower-growing genera like Juniperus appear to be rejected – though how much tree 

growth rate relates to limb regeneration rate is unclear. This trend may mimic H. sapiens being 

forced to select faster-growing species during the Broad Spectrum Revolution (BSR - Flannery 

1969) once they reached population carrying capacity with current foraging practices. 

Neanderthals may not have actively thought about fuelwood regrowth rates. However, the BSR 

model supposes that humans were previously at their current population carrying capacity – 

Neanderthals were not anywhere near those levels. Likewise, the BSR applies only to very 

common technologies (such as hunting) leading to environmental depletion – Neanderthals 

may not have used enough fuelwood at population levels to cause such issues.  

 

Ash production and density are seemingly unconnected to Neanderthal selection. Fuel Value 

Index, ratioing the two former properties, is naturally also uncorrelated. Palaeolithic 

palimpsests blurs many individual fire features and events, giving us only averages. Were 

Neanderthals unselective for these traits at all, or did they alternately select high/low ash or 

density woods for different functions, on one fire or different ones, but all recognition of 

individual function has been effaced? The only detectable trends are where one end of a trait’s 

spectrum is noted (e.g. low calorific value). These uncorrelated traits may suggest alternating 

priorities among different Neanderthal individuals, or specialist fires for different purposes 

(perhaps running concurrently), or possibly selection for entirely different traits - or none at all. 

However, it is important to remember that traits are not what Neanderthals would have 

considered, but rather the effects of different fuelwoods. If correlations between traits and 

effects were perfect, traits would be perfect proxies, but as it is, real-life experiments in the 

next section better indicate the effects of different fuelwoods.  
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III: Burning Qualities of Different Woods. 

Many studies discuss properties of different fuels; top temperatures achievable in fires, 

durations or rates of burning, light emitted, etc. However, these studies use different 

methodological procedures and are not immediately standardisable. As well as fuel type, other 

important factors influencing fire events include hearth construction or style, and ambient 

temperatures and wind conditions. Caves are slightly more standardised in temperature than 

exterior conditions, due to buffering effects of the walls (Smithson 1991) and less prone to 

wind and gusts. If Neanderthals however constructed their fires near entrances or in more 

exposed rockshelters, these fluctuations would still be important. For instance, one set of 

Hoare’s (2020) fires utilised 7kg of fuel in 30cm-diameter fires, whilst another set used 35kg of 

fuel in 1m-diameter fires, naturally creating very different results. Similarly, laboratory studies 

on charring rates burnt woods at different temperatures, with different samples masses or 

volumes. Only within a single study (or in Hoare’s case, a substudy) burning under identical 

conditions, can different fuelwood genera be distinguished as having different properties. 

30cm fires best represent smaller hearths in Abric Romani, and the majority in Shanidar Cave – 

see Figure 1 below.  

 

 

 

 

 

 

 

 

 

 

Within each study, I have categorised each genus in proportion to each other one, centred 

around the value of Pinus = 1 

Figure 9.1: A small 30cm fire in Shanidar Cave, 2023 excavation. Photograph: Graeme Barker.  
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This is because pine is the most common Neanderthal fuel, and is included in almost all these 

studies. Thus, if theoretically pine burnt at a top temperature of 500°C, oak at 400°C and birch 

at 750°C, then Quercus = 0.8, Pinus = 1, Betula = 1.5. 

 

This is only a relative value between the genera, irrespective of actual burning temperatures. 

This is because, whilst differences between genera under identical conditions are due to innate 

genera-specific differences in the woods, differences between one genus in experiment A, and 

another genus in experiment B, vary due to methodological constraints. However, the 

proportions between the genera should remain constant. Means are created of these values 

normalised to Pinus, which are found to range 0.81-1.04 for temperature, 0.58-1.63 for burning 

duration, 1-1.35 for charring rate and 0.44-2.55 for light emitted. Original calculations from 

Hoare’s and Thery-Parisot’s papers are in Appendix Six (Tables A148-A160).  

 

III.I: Top Temperature Attained. 

Table 9.5: 12 genera ranked in proportion to pine for the top temperature which can be attained in fires composed 

only of that genus.  

Genus Proportions compared to 

Pinus = 1 

Mean Proportion 

compared to Pinus = 1 

Populus 0.805 0.805 

Alnus 0.7483, 0.8978, 0.9814 0.8758 

Carpinus 0.8957 0.8957 

Larix 0.8229, 0.925, 0.9884 0.9121 

Fraxinus 0.8668, 1.0125, 1.0186 0.9660 

Picea/Larix N/A 0.978 

Quercus 0.7946, 0.9977, 1.0349, 

1.092 

0.9796 

Pinus N/A 1.00 

Betula 0.8844, 1.0105, 1.0295, 

1.0866 

1.0028 

Fagus 0.9707, 1.0221, 1.0318 1.0082 

Olea 1.0204 1.0204 

Corylus 1.0374 1.0374 

Picea 0.8549, 1.1136, 1.1628 1.0438 

(After Hoare 2020, Thery-Parisot et al. 2014), Mean = 0.9570. 
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Top temperatures here reflect fire peaks rather than temperature profiles over time. Genera 

quickly releasing heat and gaining higher peak temperatures, do not necessarily release most 

energy and therefore heat overall. Furthermore, some fuels may release higher proportions of 

energy as light rather than attaining high temperatures, or vice-versa. However, top 

temperatures are more often measured in fires than overall heat output, primarily because it is 

much easier to note top readings than to calculate overall outputs, especially when 

temperatures fluctuate. High peak temperatures are also valuable; fires may be most risky at 

that point, but can quickly heat enclosed areas such as caves, or provide high temperatures 

required for bone burning.  

 

The results here are generally as expected; lower peak temperatures of wetter softwoods such 

as Alnus and Populus correlate with low densities and high moisture contents. Moisture 

content is a key burning attribute, which I took into consideration (Chapter Six, p.167). Pinus, 

although often regarded as hot-burning (albeit fast-burning); has (shorter) peak temperatures 

scarcely higher than Quercus, a fuel regarded by some as much superior. Furthermore, 

dichotomies in values between Larix (0.9121) and Picea (1.0438), means that combined 

Larix/Picea charcoal values must be viewed carefully. However, maximum temperature varies 

much less than other fire criteria, suggesting that fuel type has less impact here.  

 

Maximum temperatures do not correlate with the wood’s calorific value (Appendix Seven: 

Graph A21); higher value fuels, as measured in laboratories, correspond to overall heat output 

over time instead of higher peak fire temperatures. This is due to different rates of heat output 

from density and varying branch morphologies, so that the wood’s calorific value is only part of 

the equation. Maximum temperatures likewise do not correlate with wood-to-charcoal 

conversion rates (Appendix Seven: Graph A22). Hotter-burning fuelwoods might produce less 

charcoal, both because more is burnt up to attain this temperature, and because less charcoal 

is produced at very high temperatures compared to lower ones. However, this is not the case; 

maximum temperature values are very similar, suggesting that peak temperatures for 

charcoalification are similar, and low 700°C conversion rates show that minimal charcoal is 

created at such high temperatures anyway. Temperature increases above 700°C, which most of 

the peak temperatures are, does not change charcoal outputs, suggesting that duration of 

post-peak lower-temperature heating is more important in creating charcoal.  
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III.II: Duration of Combustion. 

Table 9.6: 12 genera ranked in proportion to pine for how long they burn (higher numbers = longer burning 

durations) in fires with only that genus as fuel.  

Genus Proportions compared to 

Pinus = 1 

Mean Proportion 

compared to Pinus = 1 

Alnus 0.4615, 0.5556, 0.7143 0.5771 

Picea 0.4444, 0.7179, 0.7714 0.6446 

Picea/Larix N/A 0.8362 

Betula 0.6296, 0.7692, 0.9714, 

1.0067 

0.8442 

Fagus 0.7778, 0.8718, 1.0857 0.9118 

Corylus 0.962 0.962 

Populus 0.9843 0.9843 

Pinus N/A 1 

Larix 1.0277 1.0277 

Olea 1.0291 1.0291 

Fraxinus 0.8718, 1.037, 1.2571 1.0553 

Quercus 1.0857, 1.1282, 1.1481, 

1.4541 

1.2040 

Carpinus 1.6331 1.6331 

(After Hoare 2020, Thery-Parisot et al. 2014).  

Mean = 0.9894. 

When assessing burning duration, the above studies looked at real experimental fires. In these, 

whilst different genera differ due to varying densities and chemical compositions, differences 

also occur from varying branch sizes, and compactness/diffuseness of burning piles. The above 

studies can be contrasted to charring rate. Under more rigorous laboratory conditions at set 

temperatures, rates of combustion depend on wood density/chemical composition alone. 

Although charring rate and burning duration theoretically correlates, this correlation is weak 

(Graph 9.8, below), because of the abovementioned variabilities. In general, burning duration 

should be preferred to charring rate, as coming from more realistic studies; however many 

fewer studies burn in realistic settings, and those which do vary much more through external 

variables such as wind and ambient temperature, although Hoare (2020) accounts for the 

latter. Due to these variations, there is no correlation between duration of combustion and 

wood-to-charcoal rates (Appendix Seven: Graph A24), despite in theory slower-burning fuels 

creating more charcoal, if burnt at lower temperatures. Likewise, burning duration only 

somewhat correlates with density (Appendix Seven: Graph A23), as expected, as denser fuels 

burn slower, and any variations stem from variable branch morphology.  
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There is much more variability in burning duration than the other properties, and it is a highly 

sought-after aspect of fuelwoods. Carrying heavy, bulky fuels would have been an important 

daily job, but would have left foragers vulnerable to attack or predation en-route if they not 

also carrying other defensive tools. Slower-burning fuels, even if emitting less heat or light 

overall or at a single moment, require less overall fuel to be gathered for an evening’s fire. It 

would reduce frequencies of waking to refuel fires left burning overnight. Hot-burning Picea, a 

also burns quickly, as expected, as does Betula, and Alnus, a softwood. However Populus, 

another softwood, burns at almost the same rate as pine. Again, Larix has longer burning times 

but lower temperatures, further highlighting the Larix-Picea dichotomy as regarding the type of 

fuel they are. Quercus, a common but lower-presence fuel, burns notably slowly, further 

suggesting that it may have been added to burn overnight or during absences from the fire.  

 

 Graph 9.8: the imperfect positive correlation between charring rate and burning duration (R2 = 0.076). Burning 

duration partially depends on charring rate, but also on many other variables including wind speed, fuel loading 

positions etc.  
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Graph 9.9: a negative correlation between top temperature and duration of combustion for various fuels (R2 = 
0.036). This was expected, given that if fuelwoods have a standard amount of energy to release, if it is released at 
once, it will both give off a sudden higher temperature, and also last a shorter time. 

Burning duration may negatively correlate with maximum temperature, as fuels releasing heat 

slower would last longer but attain lower peak temperatures. Graph 9.9 does show a negative 

correlation, however with the notable exceptions of Alnus and Populus. Both these fuels are 

rare in Neanderthal fires however.  

 

III.III: Charring Rate. 

Table 9.7: 8 genera ranked in proportion to pine for the charring rate (amount of time taken to char under a set 

temperature in mm2/min); a higher value indicates a longer time taken to char.  

Genus Proportions compared to Pinus 

= 1 

Mean Proportion compared to 

Pinus = 1 

Pinus N/A 1 

Castanea 1.119 1.119 

Acer 0.926, 1, 1.1645, 1.1727, 1.2354 1.1958 

Betula 1.179, 1.2222 1.2006 

Picea 1, 1.1361, 1.2793, 1.3112, 

1.3212 

1.2096 

Fagus 1.2781 1.2781 

Fraxinus 1.2807 1.2807 

Quercus 1.1768, 1.3334, 1.343, 1.5556 1.3522 

(After Bryan and Doman 1940, Hugi et al. 2007, McNaughton 1942, White 1988, White and 

Nordheim 1992). Mean = 1.2045. 
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Charring rate itself is more relevant to charcoal production than to fuel value. Wood rarely 

burns as single branches, but interacts with other fuel pieces and embers in ways determined 

by fuel genera morphologies. With charcoal production, internal combustion of single wood 

chunks is more important than interaction with other fuel pieces. Slower-burning woods have 

more time for semi-liquid char deposits to build up on their surfaces, sealing off the insides and 

limiting further burning and oxygen intake, and increasing wood-to-charcoal conversion rates. 

A good negative correlation is noted (Graph 9.10), with R2 linear = 0.508, suggesting that 

charring rate accurately predicts wood-to-charcoal conversion rates. 

Graph 9.10: the negative correlation between charring rate and wood-to-charcoal conversion rate (R2 = 0.508). This 

correlation is a little unclear, given that whilst charring rates correlate well with density, wood-to-charcoal 

conversion rates do not. Nonetheless. This suggests that charring rates could be used as a useful proxy for wood-to-

charcoal conversion rates, or vice-versa.  

 

As expected, Charring Rate positively correlates with wood density (Graph 9.11, R2 = 0.843). 

Since this was determined under laboratory conditions, density and chemical compositions will 

be the only variables involved. This indicates that density is a good proxy for charring rate; and 

to some extent, for burning rate. 
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Graph 9.11: the almost perfect correlation between density and charring rate (R2 = 0.843). Given that charring rate 

is measured under perfect environmental conditions, without external factors, density would be expected to be the 

most important indicator of charring rate.  

 

 

III.IV: Light Emitted. 

Table 9.8: 8 genera ranked in comparison to pine for the amount of light given off when burnt (higher values 

indicates more light emitted from a fire of that genus).  

Genus Maximum Light Emitted 

(Lux) 

Proportion compared to 

Pinus = 1 

Quercus 8.7 0.435 

Alnus 19.3 0.965 

Pinus 20 1.00 

Larix 23 1.15 

Picea-Larix N/A 1.275 

Picea 28 1.4 

Fagus 34 1.7 

Fraxinus 39 1.95 

Betula 51 2.55 

(After Hoare 2020, 0.5m fire, 7kg fuel). 

Mean = 1.3938. 
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Tables 9.9-9.10: Comparing the propensity of different genera to create: sparks, smoke, and embers; both after 

Hoare 2020. 

Sparks and Smoke Genera 

Sparks/high smoke Alnus, Betula, Picea 

No sparks/low smoke Fagus, Fraxinus, Larix, Pinus, Quercus 

 

Embers Genera 

Yes Alnus, Betula, Fagus, Fraxinus, Larix, Picea, Pinus, 

Quercus 

No - 

 

In Iberian landscapes, there is no correlation between fuel availability and the fuel’s top 

burning temperature, rate of burning or light output. Unlike Neanderthals potentially choosing 

less-dense woods at random because of local abundance, Iberian Neanderthals would not have 

been automatically biased towards other fuelwood traits. When we look at their selection, 

Neanderthals do not select towards top temperatures or burning duration (Graphs 9.12-9.13). 

There is minimal selection against fuels with high light outputs (Graph 9.14, R2 = 0.066); 

however this might be an artefact of having so few fuels with both selection and light output 

data available. Alternatively, selection against light output, if energy instead releases as heat 

(over time, instead of attaining higher top temperatures), suggests selection towards fuels with 

higher heat output at the expense of light.  
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Graphs 9.12 and 9.13: Graphs detailing the lack of selection for or against fuels with high burning temperatures (R2 

= 0.021) and long burning durations (R2 = 0.033), respectively.  
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Smoke is often unwanted, unless explicitly being used for meat-smoking or smoke-signalling 

(for modern ethnographic examples see Brandisauskas 2010, Henry and Thery-Parisot 2014, 

Henry et al. 2018). However for general heating and lighting uses, smokeless fuels would have 

been highly advantageous. The favoured fuel, pine, can create either little or some smoke, 

depending on conditions (particularly taking cave morphology into account – Fuente-

Fernandez 2022, Kedar and Barkai 2019, Kedar et al. 2020); however those genera Hoare notes 

as creating abundant smoke, Alnus and Betula, are both selected against (-4.64%). These 

genera also create sparks, potentially injuring fire users. The relative abundance of birch fuel 

may come from its value as a fire-starter. Looking at incidences of different fuel genera in the 

overall Neanderthal record, confirmed sparking/smoking genera are only found in 23 Middle 

Palaeolithic layers (4.94% of all Neanderthal fires), with Alnus not burnt anywhere. Confirmed 

non-sparking/smokeless genera are however found in 121 Middle Palaeolithic layers (57.33% 

of all Neanderthal fires).  

 

Neanderthals avoided the worst genera for each trait; the worst three genera for temperature 

only form 1.99% of the charcoal (in 23 layers), as opposed to 7.65% (in 22 layers) for the best 

three genera. Welch’s two-sample T-test suggests that these two values were statistically 

distinct (p = 0.01876). Likewise, the three quickest-burning genera form 6.86% of the 

assemblage (in 14 layers), and the three longest-burning ones form 13.17% (in 71 layers) – this 

Graph 9.14: the apparent selection against fuel genera with high light outputs when burnt (R2 = 0.066). This 
selection may however result from the few data points available, or instead represent selection towards genera with 
greater heat outputs.  
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is statistically-insignificant (p = 0.05418). This trend wholly reverses for light, whereby the three 

genera producing least light dominate the assemblage (52.63%, in 95 layers), and those three 

producing most light only form 2.78% (in 35 layers) – again, a statistically-significant difference 

(p = 0.01836). Light output seems to have been of minimal concern for Neanderthals, and 

genera emitting little light, Quercus and Pinus, were still chosen for other favoured properties.  

 

This suggests that Neanderthals selected for obvious, visual traits, such as lack of smoke or 

sparks, and less understood heat output or burning duration. However, given that they may 

also have selected for less-dense woods, foraging concerns may have been more important 

than how the fires themselves functioned. Although Neanderthals were not apparently 

universally selecting for it, burning duration would have been important not only for the hearth 

but also for foraging practices. With standardised wood loads, fires made of slow-burning 

fuelwoods would last longer; for desired fire durations, smaller loads of slow-burning fuels 

would have been needed than fast-burning ones. Thus slow-burning fuels would have been 

equally important for foraging as for optimisation. Neanderthals’ selection of less-dense woods 

might indirectly cause selections towards faster-burning ones, thus requiring higher fuel loads. 

However, this practice varied group-by-group, and determining average Neanderthal fire traits, 

differing in each site, explores these variations in foraging practice. 

 

The results below represent traits of average Neanderthal fires in each site layer, in comparison 

to standard pine fires. Given that Neanderthals burned 42 different genera, and combustion 

information only exists for 12 (or 8 for light emissions), I can only analyse some sites. I include 

sites with some untested genera, up to a maximum of 25% of the total assemblage, using the 

average values for each criterion for the untested genera.  
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Table 9.11: Site-by-site comparisons of temperature, burning duration and light emitted from the fires in that site, 

ranked against each other. No site in this table uses an average value (for untested genera) for more than 25% of 

the charcoal assemblage. Averaging values is suboptimal, but to exclude untested genera would not only mean that 

sample sizes would be too small, but that certain types of wood (e.g. evergreens) would be artificially 

underrepresented as they are tested less frequently.  

Site and Level Top 

Temperature 

Duration of 

Combustion 

Light 

Emitted 

Percentage of Charcoal 

Assemblage where an 

Average is used 

El Esquilleu 

Level XIV-XIX 

0.999 0.9965 1.0417 2.45 

El Esquilleu 

Level XX-XXX 

1.0000 0.9950 1.0496 0 

Cova de Coll 

Verdaguer 

Unit I 

0.9935 1.0002 1.0399 12.15 

Cova de Coll 

Verdaguer 

Unit II 

0.9977 0.9994 1.0211 5.37 

Cueva del 

Camino Level 

V 

0.9991 0.9871 1.1452 0.47 

Gorham’s 

Cave Level IV 

0.9993 0.9979 1.0257 6.53 

Abric Romani 

Zone V 

0.9988 1.0011 1.0096 3.3 

Abric Romani 

Zone IV 

1.0000 

 

1.0000 1.0003 0.07 

Abric Romani 

Zone III 

0.9999 1.0000 1.0005 0.13 

Abri du Maras 

Layer 4 

0.9954 0.9989 1.0421 10.69 

Abrigo de la 

Quebrada 

Level VIII 

0.9979 1.0004 1.0136 4.2 

Aguilon P5 0.9992 0.9998 1.0071 1.8 

Bojnice III 

Layer IX 

0.9825 0.9301 1.1345 4.65 

Bolomor Cave 

Levels XI & 

XIII 

0.9969 0.9279 1.0284 7.21 

Cova Gran 

S1B-S1F 

0.9985 1.0008 1.0034 1.57 

Cova 120 

Level V 

0.9968 0.9992 1.0297 7.54 
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Site and Level Top 

Temperature 

Duration of 

Combustion 

Light 

Emitted 

Percentage of Charcoal 

Assemblage where an 

Average is used 

Cova 120 

Level VI 

0.9932 1.0071 1.1425 10.83 

 

Cueva Anton 

Complex AS3 

0.9936 1.0157 1.0039 

 

13.14 

Cueva Anton 

Complex AS5 

0.9878 1.0366 0.9562 15.89 

Cueva del Conde 

Level N10 
0.9951 0.9841 1.2419 10.37 

De Nadale 

Cave Unit 7 

0.9879 0.8882 1.3713 0.99 

El Salt Unit 

VIII 

0.9972 1.0033 1.0121 5.74 

El Salt Unit IX 0.9848 1.0031 1.0701 21.69 

El Salt Unit Xa 0.9905 1.0078 1.0432 17.53 

El Salt Unit Xb 

AFA 1 

0.9931 1.003 1.0441 

 

14.4 

El Salt Unit Xb 

AFA 2 

0.9937 1.0034 1.0358 12.44 

Grotta di 

Fumane Unit A9 
0.9506 0.9206 1.2243 0 

Les Canalettes 

Level 3 

0.9955 1.005 1.0409 

 

9.48 

Les Canalettes 

Level 4 

0.9985 0.9994 1.0291 4.75 

Llonin Cave 

Levels VIII CP, 

VI Gal 

0.9992 0.9405 1.6029 4.28 

Nesher Ramla 

Levels I-VIi1 

0.9747 1.157 0.6451 21.91 

Pod Hradem 

Cave Level 11 

0.9822 0.8776 1.2082 0.74 

Pod Hradem 

Cave Level 10 

0.9734 0.8475 1.2817 0.84 

Pod Hradem 

Cave Level 9 

0.9784 0.8733 1.234 2.89 

Scladina Cave 

Unit 2B 

1.0159 0.8545 1.2031 3.86 

Scladina Cave 

Unit 4A 

0.9711 1.1064 0.813 16.8 

Range 0.9506-

1.0159 

0.8475-1.157 0.6451-

1.6029 
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This set excludes fires consisting of mostly other, unstudied, genera and will thus tend to 

cluster around pines’ values, which is the primary fuel in 29 of 36 site levels studied here; the 

exception being Quercus in Nesher Ramla Levels I-VIi1 and Scladina Unit 4A, Larix in Grotta di 

Fumane Unit A9, and Picea/Larix in De Nadale Unit 7, and Pod Hradem Levels 9-11. The fact 

that Picea and Larix are averaged for their combined values further drives values towards 1. 

Picea/Larix are seldomly differentiated as their similarities in both charcoal and pollen means 

that accurate diagnoses are often impossible, and cannot be excluded from this analysis as too 

few sites would remain for accurate insights. Averaging traits of these two genera is more 

accurate than using averages of all genera’s traits, which would be the alternative if Picea/Larix 

were rejected (and their proportions added to the percentage of charcoal assemblages where 

averages are used). Furthermore, Picea and Larix often grow nearby each other, and could have 

been gathered in similar proportions, so ‘Picea/Larix’ samples may contain similar proportions 

of each. However, within these samples, top temperatures vary minimally from site to site, 

regardless of fuel composition. Any differences depend much more on fire size, hearth 

construction and rates of fuel input.  

 

Burning duration, more directly tied to fuel quantity, varies more. Many cluster around 1 (pure 

pine fires); fires with 95%+ Pinus fuel include El Esquilleu Levels XIV-XIX and XX-XXX, Abric 

Romani Zones III-V, Abrigo de la Quebrada Level VIII, Aguilon P5 and Cova Gran S1B-S1F. Abric 

Romani Level N has a mean diameter of fires of 0.58m (Vallverdu et al. 2010, p.140), mostly 

corresponding to Hoare’s 0.5m diameter experimental fires; however two are over 1m wide 

(hearth nos. 8 and 16), corresponding to Hoare’s 1m fires.  

- If these 1m fires functioned similarly to Hoare’s 1m fires, the Abric Romani fires peaked 

at 751-880°C for 45-60 mins, flaming for 110-150 mins. 

 It is unknown how many Neanderthals would have been around the larger fires; but just one 

individual could have fuelled the smaller fires. If Neanderthals refuelled their fires as Hoare did 

(near the end of flaming periods): 

- 0.5m diameter (personal) fires would have consumed 7kg pine fuel per 110 minutes 

burning. Rate of Fuel Consumption (RFC) = 0.0636kg/min. 

- 1m diameter (group) fires would have consumed 35kg pine fuel per 125-150 minutes 

burning. Rate of Fuel Consumption (RFC) = 0.2333 to 0.28kg/min. 
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As Hoare (2020) and Thery-Parisot et al. (2014) added standard amounts of fuel at the start of 

the experiment and observed the burning duration, I can determine Rates of Fuel Consumption 

for the genera in their experiments, for c.0.5m diameter fires (Table 9.12 beneath). 

Table 9.12: The mean rate of Fuel Consumption for each tested genus, as determined from Hoare (2020) and Thery-
Parisot et al. (2014). This represents an average for each genus, and is only appropriate in a fire composed 
exclusively of that genus.  

Genus Mean Rate of Fuel 

Consumption (kg/min) 

Alnus 0.1102 

Picea 0.0987 

Picea/Larix 0.0761 

Betula 0.0753 

Fagus 0.0698 

Corylus 0.0661 

Populus 0.0646 

Pinus 0.0636 

Larix 0.0619 

Olea 0.0618 

Fraxinus 0.0603 

Quercus 0.0528 

Carpinus 0.0389 

 

Neanderthal sleep patterns are unknown; however if compared to the Hazda, Ju’hoansi and 

Tsimane (Yetish et al. 2015), they would have slept c.5.7-7.1 hours, with 1h more in winter than 

summer, initiating sleep 2.5-4.4 (mean of 3.3) hours post-sunset. Neanderthal genes, 

particularly the RS1159814 allele, regulate modern human circadian rhythms in northern 

climates (Putilov et al. 2018), which of course differ from Yetish’s African study. An alternative 

study suggests that the Sima de los Huesos hominins fully hibernated in winter (Bartsiokas and 

Arsuaga 2020). However these early Neanderthals may have had far less fire, and fire use itself 

may have changed winter sleeping and behaviour patterns. Neanderthals would also have had 

to wake every two hours to refuel their fire. Modern hunter-gatherers use ‘early’ and ‘late’ 

sleeps, with waking periods in between, with potential for refuelling. Of course, group settings 

could be different. Asynchronous sleep patterns caused by chronotype variations are important 

in hunter-gatherers for keeping watch and group security (Samson et al. 2017). Awake 

individuals could altruistically fuel everyone’s individual fires, in return having their own fire 

fuelled later when they sleep. 
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If all Neanderthals required fire to see in the dark, and maintained fires all night for security, 

how much fuel would they have needed? 

 

A = awake time after dark. 2.5≤A≤4.4h (150≤A≤265mins). 

S = sleep time. 5.7≤S≤7.1h (345≤S≤425mins). 

T = total fire time. T = A + S 

Durations of waking and sleeping anticorrelate (if they went to bed later they would sleep for 

less time), therefore: 

T = (Amin+Smax)≤T≤(Amax+Smin). 9.6≤T≤10.1h (575≤T≤610mins). 

 

Pine Fuel Consumption (PFC) = T(mins) x Rate of Fuel Consumption (kg/min). 

Therefore, small pine hearths: 575 x 0.0636 ≤ PFC ≤ 610 x 0.0636 = 36.57 to 38.80kg of pine. 

Large pine hearths: 575 x 0.23333 ≤ PFC ≤ 610 x 0.28 = 134.16 to 170.8kg of pine.  

 

If a small pine hearth corresponded to one Neanderthal’s efforts, they would have to gather 

c.36.6-38.8kg of fuel per day. An Abric Romani pine-fuelled fire would have used this much 

overnight. However, this varies between sites as different fuels are burned (assuming identical 

hearth sizes and conditions), causing different Rates of Fuel Consumption. Each site is not 

composed of only one fuelwood genus either. To calculate fuel consumption for a site, the 

following equation is needed. 

 

Site Fuel Consumption (SFC) = ((RFC(A) x A.) + (RFC(B) x B.) + (RFC(C) x C.)……) x T 

A, B, C…. = genera A, B, C…. 

RFC(A) = rate of fuel consumption for genera A (kg/min) 

A. = percentage of genus A in the charcoal record.  

T = time the fire is alight, awake time (A) + sleep time (S) (mins). 
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I am unable to calculate SCF for all sites and layers however, as not all genera present were 

tested by Hoare or Thery-Parisot and have a RFC available. The two extremes we find are Pod 

Hradem Level 10, and Nesher Ramla. Individuals in Pod Hradem Level 10, with otherwise 

identical but faster-burning fires, would consume 43.2kg fuel, and ones in Nesher Ramla would 

use 31.6kg. If Neanderthals could carry half their body weight (see Chapter Five, p.137), males 

carried c.36-42kg per load and females 32-33kg (Biran et al. 2004, Froehle and Churchill 2009).  

 

Light emitted was by far the most variable output, and would also have been especially 

important for cave sites after dark, to enable tasks to be undertaken accurately, and to signal 

presence to other groups and predators. Light output is more difficult to gauge than 

temperature or duration, as it varies depending on distance from the fire. Outputs to the 

landscape cannot be determined; we can only look at what Neanderthals around the fire 

would have seen. Most of the Abric Romani Level N hearths (Vallverdu et al. 2010) were c.1m 

from the wall, suggesting the Neanderthals were within that distance; a 0.5m fire, with a 

viewer within 1m, creates 12 lux throughout most of its burning, although peaking at 20 lux for 

45 mins (Hoare 2020). This is less light than larger fires; 17 lux normally, peaking at 20.3-29 lux 

for 40-90 mins. Tasks can require from 27 lux (Gronli et al. 2016). However, Neanderthals may 

have had more of their brain dedicated to sight, and thus better night eyesight than AMH 

(Pearce et al. 2013). We do not know thresholds for different Neanderthal tasks; however given 

the many pine-dominated fires, and the success of these groups, these illumination levels must 

have been sufficient. However, lower light levels with high radiative heat outputs may have 

helped sleep, as high light levels cause insomnia (Gronli et al. 2016). Light output for fires in 

various sites and layers are calculated in a similar manner to burning duration and quantity of 

fuel needed.  

 

Light Output = ((L(A) x A.) + (L(B) x B.) + (L(C) x C.)……) 

L(A) = lux output for genus A. 

A. = percentage of genus A in the charcoal record. 
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As with fuel usage, only certain sites and levels could be tested as Hoare and Thery-Parisot only 

tested certain genera. Nesher Ramla and Llonin were the two extremes of light output for their 

fires (7.7 and 19.2 lux respectively). Lower-lux fuelwoods may have been favoured for sleeping 

hearths, and higher lux ones for activity hearths.  

 

However, what of Neanderthal fires dominated by other fuels, for which we have no 

information? In particular, Juniperus dominates 7 levels, Olea dominates 4, Carpinus 2, and 

Amygdalus, Acer and Sorbus 1 each. However, juniper was not tested by Hoare (2020) from 

which I base my information. If juniper burns like other conifers (pine, larch or spruce), then its 

values should cluster close to 1 with its similar densities and resin contents, and similarly-sized 

branches, suggesting similar ignition behaviours. Had I undertaken all these experiments 

myself, I would of course have included Juniperus, however Hoare (2020), whose experiments I 

base these values off, omitted it from their studies.  

 

IV: Methodology. 

Density correlates with Charring Rate (Graph 9.11, p.265), and Charring Rate with Burning 

Duration (Graph 9.8, p.262). Both have positive correlations. I could therefore use density as a 

proxy for burning duration (Appendix Seven, Graph A23, although this correlation is weak), and 

thus for Rate of Fuel Consumption. I took density values for different genera from established 

literature, already outlined in Table 7.11, p.187.  

- Charring Rates, Burning Durations and Density values were all already analysed using 

values ratioed to the corresponding values of Pinus = 1 (a genus with a value of 0.5 

charred twice as slowly, burn half as fast or was half as dense as pine, depending on 

the metric). 

 Therefore I could have mapped Density directly onto Burning Duration, and thus onto Rate of 

Fuel Consumption. This would be important for genera excluded from Hoare’s study and for 

which RFCs could not be calculated. However, Pinus is itself an outlier to this line, having much 

lower densities than expected for its burning duration (possibly due to its slow-burning resin 

content). Pinus specifically was a poor genus to which to ratio the values for other genera.   
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I instead calculated values in proportion to another common genus instead, Quercus, which 

was along the regression line of the density-burning duration correlation graph (Appendix 

Seven, Graph A23). Quercus was appropriate as it was the second most common fuel (see Table 

8.35, p.237) and was included in the most experiments on this subject. Therefore I used 

Quercus = 1.204 for the standard around which density was measured, ignoring Pinus in this 

instance. 

 

This gave me the burning duration, as density values around Quercus’ value. I subsequently 

calculated Rate of Fuel Consumption (RFC) for each genus. As Quercus was used as a density 

number, I calculate RFCs from Quercus’ value of 0.0528kg/min, calculated on p.273. If Burning 

Duration doubles, RFC halves under standard fuel inputs. For 3 genera, A, B (Pinus) and C, A has 

half the density of Quercus (0.5:1 ratio) and C has double its density (2:1 ratio): 

RFC(A) = RFC(Quercus) ÷ (density[A] proportional to Quercus]) 

RFC(A) = 0.0528kg/min ÷ 0.5 = 0.1056kg/min 

RFC(B) = 0.0528kg/min ÷ 1 =0.0528kg/min 

RFC(C) = 0.0528kg/min ÷ 2 = 0.0264kg/min 

 

The results are presented in Table 9.13. Given that RFCs for additional genera are known, Site 

Fuel Consumptions (SFCs) can be calculated, using the following formula: 

Site Fuel Consumption (SFC) = ((RFC(A) x A.) + (RFC(B) x B.) + (RFC(C) x C.)……) x T 

A, B, C…. = genera A, B, C…. 

RFC(A) = rate of fuel consumption for genera A (kg/min) 

A. = percentage of genus A in the charcoal record.  

T = time the fire is alight, awake time (A) + sleep time (S) (mins). 

The results are presented in Table 9.14.  

 

 

 



278 
 

V: Results. 

Table 9.13: Different densities of studied genera, in this instance ranked from lowest to highest densities. Density 

values are taken from Table 7.11, p.187. As pine is unusually non-dense for its rate of fuel consumption compared to 

the average, it was not appropriate to base my calculations around it; I compared each to Quercus instead, 

multiplying each value by 1.204, the difference between Pinus and Quercus, to approximate in proportion to Pinus = 

1.  

Genus Density Values 

(means in g/cm3) 

Proportion compared to 

Quercus = 1.204 (thus 

Pinus = 1) 

Mean Rate of Fuel 

Consumption (kg/min), 

inferred from Density 

Castanea 0.6 0.92 0.0693 

Acer 0.693 1.06 0.0600 

Arbutus 0.713 1.09 0.0598 

Carpinus 0.711    1.09 0.0585 

Olea 0.715 1.09 0.0581 

Prunus 0.74 1.13 0.0562 

Erica 0.76 1.16 0.0547 

Ulmus 0.771 1.18 0.0539 

Quercus 0.787 1.20 0.0528 

Pistacia 0.788 1.21 0.0514 

Juniperus 0.81  1.23 0.0598 

Sorbus 0.864 1.32 0.0481 

Phillyrea 0.875   1.34 0.0475 

Amygdalus 0.882    1.35 0.0471 

Rhamnus 0.955 1.46 0.0435 

Buxus 1.07 1.64 0.0389 
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Table 9.14: sites with the site fuel consumption estimated based on the genera in the fires, where a large proportion 

of the burning duration is estimated from the density of the woods themselves. For simplicity, a rough mean of T 

(575 to 610) has been taken, and T = 590. See Table 9.13 and p.277 for the methodology of this calculation.  

Site and Level Site Fuel Consumption (kg) 

for a single 0.5m fire for 9.6-

10.1 hours, taking all genera 

into account.  

Percentage of Charcoal 

Assemblage where an 

Approximation of Burning 

Duration by Density is used 

El Esquilleu Level IX-XIII 32.91 50.92 

Abric del Pastor Unit IVc 37.58 81.69 

Abric del Pastor Unit IVd 38.77 88.56 

Cova 120 Level IV 36.65 8.31 

Cueva Anton Complex AS2 38.75 44.71 

Cueva del Conde Level N20A 35.20 30.53 

El Salt Unit Xb AFA 3 36.54 26.29 

Kaldar Cave Layers 4-5 34.94 28.45 

Klissoura Cave Layer XXI 33.72 21.75 

Klissoura Cave Layers XXg-XXe 32.75 38.96 

Klissoura Cave Layers XXd-c 33.56 37.04 

Klissoura Cave Layer XXb-a 32.79 28.76 

Klissoura Cave Layer XIX 34.99 12.47 

Klissoura Cave Layer XVIII 33.80 22.14 

Klissoura Cave Layer XVII 32.19 31.42 

Klissoura Cave Layer XVI 30.18 67.27 

Klissoura Cave Layer XV 30.85 91.04 

Klissoura Cave Layer XIV 30.78 93.63 

Klissoura Cave Layer XIII 33.01 90.57 

Klissoura Cave Layer XII 35.04 78.35 

Klissoura Cave Layer XI 35.54 81.73 

Klissoura Cave Layers X-IX 31.18 46.5 

Klissoura Cave Layers VIII-VII 33.13 69.78 

La Vina Cave Levels XIIIbas, XIV, 

XV, I.A, I.B 

39.18 23.37 

Les Canalettes Level 2 31.82 28.2 

Riparo Bombrini Stratum IV 32.51 85.48 

Teixoneres Cave Levels II, IIb 

and III 

30.93 28.65 

Theopetra Cave Layer II3 30.08 65.28 

Theopetra Cave Layer II4a 32.96 74.75 

Theopetra Cave Layer II4b 33.03 90.15 

Theopetra Cave Layer II5 28.37 19.11 

Theopetra Cave Layer II6 27.60 11.83 

Theopetra Cave Layer II7 31.17 42.34 

Theopetra Cave Layer II8 32.83 31.6 

Theopetra Cave Layer II10 39.73 100 

Theopetra Cave Layer II11 35.40 80.65 

Range 27.60-39.73kg 8.31-100% 
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Average fire durations here are higher than if calculated from experimental fires, further 

suggesting that density is an imperfect proxy for burning duration, and tends to estimate 

longer burning durations than real-life fire experiments. Based on this, the minimum fuel that 

Neanderthals (at Theopetra Layer II6) could have used overnight, was 26.8kg. This is much less 

than the 43.2kg for the Pod Hradem Neanderthals (calculated on p.275), indicating how 

changes in fuelwood genera greatly reduce individual daily workloads. It must be noted 

however that the Pod Hradem Level 10 Picea/Larix fire would have emitted much more light 

than the Theopetra II6 Quercus fire.  

 

Fuelwoods can be divided into various categories, depending on hearth function. Hoare and 

Thery-Parisot studied northern European woods, and Mediterranean genera such as Juniperus 

and Buxus remain unstudied. However many colder-climate fuelwoods would have been 

suitable for high temperatures, although Alnus, Carpinus and Populus would have been the 

worst for this. Alnus would likewise have burnt quickly, alongside Picea, Larix and Betula, and 

better, slower-burning fuels include Fraxinus, Quercus and Carpinus. Finally, Quercus, Alnus and 

Pinus emit little light, whilst Fagus, Fraxinus and Betula are optimized for this. Of fuelwoods 

studied here, all except Alnus and Fagus were common fuels. Given that alder emits little heat, 

and burns quickly whilst emitting little light, it is undoubtedly the worst fuel here. It is also not 

burned in any Neanderthal site. It was available environmentally (in varying quantities) at many 

sites (where pollen is available to study), including El Esquilleu, Cova de Coll Verdaguer, Cueva 

del Camino (forming almost 20% of the pollen), Bolomor Cave and Riparo Bombrini. Its 

complete absence as a fuel, despite its availability, suggests that Neanderthals recognized its 

unfavourable burning properties for their purposes and avoided it. Another variable is latitude 

which appears to affect fuel choice relating to temperature output. Carpinus (hornbeam) burns 

at low temperature but burns slowly (its light output is unmeasured); it is also found 

exclusively in more southerly sites including Klissoura and Theopetra. This suggests that hot-

burning fuels were more valued in northern latitudes, but more southerly Neanderthals valued 

slow-burning fuels more.  
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VI: Conclusion. 

This chapter has examined two aspects of fuel choice; wood qualities, and their subsequent 

effects on burning events. The first analysis suggested that Neanderthals may only have 

selected easy-to-break woods, which would only have been motivated by foraging principles. 

Pinus, a strongly-preferred fuel, has moderate calorific values but notably low densities, and 

thus would have been very portable. Natural Iberian Middle Palaeolithic landscapes, as 

determined by pollen, tended slightly towards less-dense trees which may explain this 

selection. Neanderthals appeared to select for woods with lower calorific values, an 

unexpected trait, which however may be an artefact of lower-calorie woods creating more 

charcoal, or of them selecting lower-density woods. However, when examining correlations 

between wood qualities and actual burning qualities, charring rate (the rate at which wood 

burns by volume in experimental conditions) positively correlates with density, and charring 

rate also correlates well with wood-to-charcoal conversion rates. Similarly, fuels with shorter 

burning durations also achieve higher top temperatures, as expected, which suggests that in 

any fuel, trade-offs are made at the expense of one of these traits. Where selection could be 

observed in Iberia, Neanderthals did not select for observed burning traits; instead, they may 

have selected for the more obvious traits of no sparks or smoke.  They selected woods with 

other favoured burning traits, at the expense of high light outputs, as low light-output fuels 

were more common. Exceptional Neanderthal night vision (Pearce et al. 2013) may have 

caused this selection, whereas poorer-sighted AMH may have valued light more than heat. 

Neanderthals also notably selected against Alnus, a low-ranking fuel, despite it being widely 

available in large quantities (20% of the pollen in Cueva del Camino).  

 

All these theoretical burning traits have been mapped onto actual Neanderthal fires layer-by-

layer, determining that whilst top temperatures vary minimally between sites and layers, 

burning duration and especially light output varied much more. By mapping Hoare’s studies 

onto the Abric Romani fires, I have determined that some Neanderthal groups used 1.6x the 

fuel that others would, simply from how slowly different fuelwoods burn. This may have made 

the difference between making one or two daily fuel-foraging trips, and may have determined 

whether juveniles, elderly or injured individuals could have been effective wood-gatherers. 

Given apparent Neanderthal interest in minimizing foraging through fuel properties, the next 

chapter examines the sites’ surrounding environments, and individual fuel regimes, which 

woods were burnt and which avoided, and why this was the case.  
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Chapter Ten: Simulated Foraging Experiments. 

 

The previous chapter has examined motivations behind Neanderthal fuel choice, concluding 

that whilst certain fuel genera (e.g. Alnus, Fagus) were inferior fuels, most other fuels had 

similar burning traits, and Neanderthals instead focused on streamlining and optimizing 

fuelwood foraging processes. This is simultaneously distinct from and similar to the Principle of 

Least Effort. Whilst Neanderthals minimized foraging effort, they did not take nearby 

fuelwoods, but instead chose those which were easiest to break and transport, and those 

burning slowest. To understand these foraging choices, this chapter replicates Neanderthal 

foraging in five modern environments most closely resembling landscapes around the study 

sites, to replicate Neanderthal foraging experiences. Subsequent analysis of landscapes around 

the study sites shows the genera discrepancy in each area, with forested and open landscapes 

showing much lower diversity than Mediterranean landscapes, which also contained lowest 

proportions of pine. My results from these suggests which landscapes were most conducive to 

easy fuel gathering, and which ones Neanderthals would have had to be most selective in to 

achieve regular fire regimes. From this, individual fuel-genera and site regimes are examined, 

which suggests diverse foraging regimes, ranging from fuel optimization to foraging 

optimization, with most combining both.  

 

If fire was essential to survival, fuelwood availability would directly represent an area’s carrying 

capacity. Given our assumed daily fuel consumption of 36.6-38.8kg per Neanderthal, exact 

maximum group sizes could be calculated. However, these study areas do not accurately 

enough represent any one site locale to determine how many Neanderthals it could have 

sustained. Given that fire was not necessarily essential, fireless Neanderthals could have 

survived in treeless regions, and even fire-using Neanderthals could have exceeded the 

maximum numbers if they used fire infrequently.  
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I: Foraging Experiment Methodology. 

In order to replicate possible Neanderthal foraging patterns, I performed foraging exercises for 

wood in five different simulated environments. These experiments do not exactly replicate any 

particular site. Four represent different fuelwood-producing biomes, and one represents snow-

covered winter landscapes. ‘Mammoth steppes’ surrounding many sites of course have no 

modern equivalent for experimental fuel gathering; it would probably correlate most closely 

with heathland/snowy biomes. This study relies on my own opinion of each fuelwood’s relative 

merits and its ease of foraging and transportation; however it was important that I personally 

undertook all of these foraging exercises, to standardise foraging practices across all biomes. 

When applicable, consent was previously obtained from relevant landowners. Studies were 

undertaken on dry afternoons (the exception being the Vilnius snowy biome, where it had 

been snowing), to mimic optimal wood-gathering conditions for driest deadwood. All tested 

foraging areas were unmanaged, with deadwood/standing snags in proportion to wild areas, 

and were not planted forestry areas which affect proportional representation of genera. An 

important difference to Neanderthal gathering areas is of course that my study areas were 

small isolated patches, within larger agricultural and/or development areas. This may have 

affected the diversity of genera recovered, as the only invasive species within the biome would 

be windblown seeds from agricultural areas, rather than other truly wild species from different 

locales. This may also have affected growth patterns, shapes, and growth of shrubs and 

ground-cover genera. I foraged without container technology or cordage for bundling, as all 

Neanderthals may not had access to this. Likewise, given that Neanderthals show great 

diversity in tools and there is no one universal “Neanderthal tool”, I did not cut branches with 

lithic tools, instead manually breaking branches or gathering deadwood. This practice was also 

easier than cutting branches with tools, and I believe would have been practiced unless 

deadwood was absent. The locations were as follows: 
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Figure 10.1: Salthouse Heath, showing concurrently-growing Sorbus and Quercus, and Quercus stands with 
deadwood on the ground, with an understorey of bracken. Photograph: Knight. 

Table 10.1: the different study sites used in this foraging exercise.  

Site Description Date 

Sampled 

Latitude 

(°N) 

Average 

Temperature 

Range (C) 

Average 

Precipitation 

Range (mm) 

Salthouse Heath, 

Norfolk, UK 

Open heathland September 

2021 

52.9 3 to 21 43 to 72 

Walsingham, 

Norfolk, UK 

Coniferous stand February 

2022 

52.9 3 to 21 43 to 72 

Cockthorpe 

Common, 

Norfolk, UK 

Marshy wetland 

within riparian 

system 

March 

2022 

52.9 3 to 21 43 to 72 

La Roche de 

Solutre, 

Burgundy, France 

Mediterranean-

style open 

landscape 

April 2022 46.3 0 to 27 18 to 82 

Vilnius, Lithuania Snowy coniferous 

and birch forest 

November 

2022 

54.7 -7 to 23 40 to 80 

 

I.I: Heathland. 

Salthouse Heath is on acidic soil, with prevailing understoreys of bracken and ferns, containing 

common heather (Erica cinerea). Gorse (Ulex europaeus) formed low-level cover and higher 

c.2m growths, cut through with artificial access tunnels. The main trees were small stands of 

English oak (Quercus robur), isolated whitebeam (Sorbus aria), and some downy birch (Betula 

pubescens). Some heathland was grazed by Bagot goats and contains remains of WWII 

defensive structures. Consequently, these areas were avoided.  
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From the remainder, I found that initially, oak provided the most obvious deadwood. Large dry, 

debarked limbs had broken off these trees. These proved surprisingly difficult to break by hand, 

despite being dead for over a year. Those limbs over c.1m diameter frequently had missing or 

rotten corewood, and hard, solid sapwood exteriors. When broken, this most frequently 

created irregular fragments c.10cm diameter and 30cm long, limiting what could be carried 

without containers. However, these light, dry fragments proved excellent fire-starting fuels. 

Otherwise, oak provided few dead branches attached to trees within arm’s reach. Oak also has 

slow turnover rates; ungathered areas provide abundant deadwood, but on returning in 

December 2022, no new deadwood was found, suggesting that this is a one-use resource, at 

least within annual timeframes. A single dead limb would fuel many fires, but these limbs do 

not regrow from trunks, and English oaks live for over 500 years. Except in immature oaks 

(which do not usually produce deadwood anyway), main trunks reach up c.1.5m before 

branching into a few large limbs, and smaller branches are inaccessible except via climbing. The 

primary source of deadwood is larger limbs snapping off, from which smaller branches are 

manually detachable; handaxes or other cutting technologies would not have greatly helped 

Likewise, cordage technology would not have helped, although containers (e.g. skin bags), 

would have helped with small but useful fragments. Oaks were found in clusters, providing 

shelter and spreading shade from sea winds and storms, and easily distinguishable from other 

genera. In the Middle Palaeolithic, mammoth, deer and boar foraging may also have impacted 

tree growth and created natural stands like these.  

 

Whitebeam occurred as more isolated trees, more common than birch, and well-spaced 

enough to allow extensive undergrowth beneath them. They produced much less deadwood 

than oak, and this generally remained on the tree rather than fallen. The barked branches were 

straight, c.0.5-1m long. Some force was required to dislodge them, and clean breaks were 

harder to obtain, however the wood was easily portable. Whitebeam here was found on sides 

but not peaks of hills, which were bare. Sorbus may tolerate salt breezes better than some 

trees. Birch formed more isolated trees with very few fallen branches, and ones on trees only 

above breast height. Peeling bark was abundant, and large amounts could easily be obtained. If 

Neanderthals were shorter than me (6’2”), which is highly likely, they may have been unable to 

obtain Betula wood, although the bark would easily be obtained. Furthermore, the trees were 

very visible due to their distinctive bark, and easily distinguishable from other genera.  
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Gorse, although abundant, was not easily gatherable due to its spines. Neanderthals had no 

natural protection against these, and Ulex has no useful edible portions (excepting the 

flowers). Mature core wood reached a diameter of c.10cm, however this was only noted due to 

the artificial tunnels, whereas in wholly natural settings, thicker branches would be surrounded 

by spindlier, thorny ones. The only harvestable portion was where wildfires (or human 

accident) had already reduced some gorse spread, leaving hard but thornless semi-charred 

stumps and sections. Had Neanderthals set fires to clear landscapes (although this is debated 

by Daniau et al. 2010), this situation may have been achieved. The phenomenon is also long-

lasting; as of the time of writing (February 2023), almost 1.5 years later, the area has not 

recovered, and the stumps were still easily accessible. Serrated sawing tools could have been 

useful, but handaxes and blunt force would have achieved little. The paucity of Ulex in 

Neanderthal fires suggests that they could not gather it except in these occasional pre-fired 

conditions, and even then with difficulty. Heather was found at low-level uniform spreads 

across open spaces rather than clustered. Living, blooming specimens were hard to break, 

limiting my collection to dead or mature specimens uniformly dispersed across the landscape. I 

could carry little mass, it being large volumes of small-diameter, spindly branches; however, it 

burnt extremely quickly, and would have been a valuable fire-starter. 

 

In snow-covered landscapes with inaccessible or over-waterlogged low-level fuels, I predict 

that oak’s utility would massively decline. Whitebeam would still provide fuel; birch would be 

accessible but rare, and use of low-level heather would also almost disappear. Gorse would be 

visible, but covered with snow and difficult to harvest. However, the warm climate and low 

altitude of this location prevented me from viewing it in snowy conditions.  
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Figure 10.2: The pine stand showing the understorey, and invasive 
incursions of Crataegus. Photograph: Knight. 

I.II: Pine Stand. 

The second area represents a monocultured Scots pine stand (P. sylvestris), surrounded by 

modern farmland, with nearby beech-dominated forests. This stand was originally planted, but 

had been unmanaged and unharvested for many years, developing abundant natural 

ungathered fuelwood and standing snags. The stand is found in a slight depression in the 

landscape, and understorey darkness has prevented significant colonization by other genera, 

although there has been no human post-planting intervention to prevent further colonization. 

Although interiorly monospecific, the stand’s exterior also has several immature Betula and 

Crataegus trees and bushes seeded mostly by windborne colonization. The stand floor is 

coated with a c.5cm thick pine needle coating, decomposing and turning to humus at the 

bottom. The stand supports corvid colonies; feeding however on surrounding farmlands rather 

than the stand itself. If the stand extended further, it is unknown how much food could have 

been gathered from it by any species.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Only Pinus was harvestable here. Surface needles were already perfectly dry for c.2cm and 

provided abundant and valuable fuel, below which they decomposed and had much higher 
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moisture contents. Without containers, gathering needles or cones is impractical; however 

with such technology, abundant fire-starting material would be easily procurable. Some 

gatherable branches retained needles, but not only were these living branches, but the needles 

were fresh and green, and less suited for burning. The total absence of small pine cones at 

Abric Romani Level J, despite abundant pine wood use, may result from their small size, 

whereas larger P. picea cones were burnt (Allue et al. 2017). This suggests that these 

Neanderthals lacked container technology, otherwise cone size would be irrelevant. Allue 

believe that large cones’ value was for their pine nuts, as does Brown et al. (2011) for Gorham’s 

and Vanguard’s caves. Brown further suggests that cones were roasted to facilitate nut 

extraction, as noted ethnographically by Gale and Carruthers (2000). However I found that dry, 

dead P. sylvestris cones burnt well by themselves, provided that the scales had opened to allow 

oxygen influx into the interior. For Neanderthals with containers, cones would have been a 

valuable fire asset; and their presence could be used as a proxy to infer that these containers 

existed. Pinewood itself was abundant; the floor had many straight pieces approximately 0.5-

1m long, of 5cm-15cm diameter. These all remained barked, although the wood inside was in 

varying states of decomposition. Likewise, many branches remained on the trees themselves, 

approximately 0.5m long, and well within arm’s reach. The excessively straight and uniform 

wood allowed me to carry a lot in one journey; however, this wood property would also have 

made binding cordage technology particularly useful, and may have allowed me to either 

increase my carrying capacity, or carry wood in such a way as to free up my hands. The 

standing snags were approximately 1-2m high, rotten and easy to break and carry back larger 

single pieces. This wood’s straight and uniform condition made carrying very easy, and I could 

carry a single 2m piece almost a mile back to the fire site.  

 

I viewed this location in snow in December 2022, with a c.6-inch snowdrift across the 

landscape. However, this stand’s closed and warmer nature prevented much snow penetration, 

and fallen waterlogged branches were still visible. Branches on the trees were not covered and 

still easily gatherable. Even the needle layer, beneath the snow, remained mostly dry and 

useable.  
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I.III: Wetland. 

Cockthorpe Common represents a floodplain of the River Stiffkey, in North Norfolk, 

approximately 1 mile from its estuary. Surrounded by mixed arable and pasture land, the 

floodplain itself contains mostly willow (Salix caprea), with small admixtures of poplar (Populus 

alba), and invasive hawthorn (Crataegus monogyna) from surrounding hedgerows, although 

this survived poorly in the wettest areas. The river contains abundant fish, and the vegetation 

contained many nesting birds and smaller mammals. In the Middle Palaeolithic, such 

landscapes would represent important foraging locales, especially in the spring when this 

gathering took place. Eels also migrate across these wetlands, being easily harvestable with 

organically-woven eel traps, such as those found in Mesolithic Denmark (Fischer 2007). 

European eel is found in Neanderthal assemblages in Abri des Pecheurs, Abridos-1, Barasses II, 

Baume Moula-Guercy, Cueva Millan and Vaufray Cave (Guillaud et al. 2021). Unfortunately, 

these sites have not had charcoal tested to establish Neanderthal fire regimes within them. 

However, Salix would have provided ideal weaving materials for withy traps.  

 

Figure 10.3: The wetland Salix growing in marshy pools, which was very difficult to gather. Photograph: Knight. 
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This wetland proved suboptimal for gathering fuelwood. Hawthorn formed small, hard, spiny 

bushes which were impossible to gather or transport back to camp. Willow formed abundant 

clumps of non-pollarded trees, growing in small pools and natural drainage ditches, with many 

easily-accessible low-level shoots, although they and the pools blocked access to main trunks 

and more mature branches. The wood was exclusively very green, and barked; it was extremely 

flexible, but could be broken crudely by hand, although with frayed, broken ends. Incisive stone 

tools would have proved useless. I could carry many of these thin, straight, flexible withies at 

once. Cordage would have greatly assisted me carrying them, as with the pine in the previous 

site; however here, the wood itself, or its thin bark strips, could easily have been used as 

cordage itself without requiring any extra-biome materials, or particular ropemaking or 

knotting skills. The wood itself however, without extensive drying, burnt at low temperatures, 

released much moisture and did not catch easily. 

 

The poplars were planted alongside the watercourse many years ago, but had not been tended 

since then, and had created abundant deadwood. Their position very close to the riverbank, 

possibly an artificial anomaly due to human plantation, would have caused much of their 

deadwood to fall into the stream and either be difficult to recover or have been carried away. 

The remainder fell as small branches, and no accessible dead branches remained attached to 

the trunk. Occasionally entire trees had fallen, occasionally over the stream, frequently 

remaining at least partially alive and releasing new branches at new angles. These were easily 

gatherable, almost as a form of natural pollarding, creating abundant living branches. Fresh 

Populus however likewise was not easily-ignitable, being like Salix very smoky and slow to 

catch, although forming larger fuelwood pieces.  

 

In December 2022, this locale experienced extreme cold weather, although without snowfall. 

Nonetheless, many pools froze, aside from the main river channel, which made wood recovery 

extremely unpleasant, and would have greatly reduced this biome’s overall foraging potential; 

although breaking through the ice would never have proved life threatening (aside from 

potential hypothermia). Given their “poor” qualities, why would Neanderthals burn this 

biome’s woods, especially Salix, as fuels? Allue et al. (2017) hypothesise that certain low-level 

fuel genera in Abric Romani, including Salix, could represent “accidental burning of wooden 

objects, and not specific use as fuel” (p.11). If Neanderthals wove willow withies, they would 

have particular utility in this biome as fish traps. However, these would remain partially 
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submerged and would have not dried out and improved its burning qualities any more than 

fresh stem specimens. Likewise, it is probable that these larger organic structures would have 

been repaired in-situ rather than in caves. Salix may have been carried into caves as part of 

woven cave structures, either subdividing living spaces or acting as entrance windbreaks, for 

which we have no direct evidence. Useless broken structures would eventually be dry and 

suitable to burn. This can explain the small Salix presences at the following 19 levels: 

 

Table 10.2: comparing the prevalence of Salix/Populus in Middle Palaeolithic sites where it is present <5% in the 

charcoal. 

Site and Level Proportion of Salix/Populus charcoal 

(pre-calibration, all <5%) 

Abric Romani Zone IV 0.05 

El Salt Unit Xb AFA 1 0.13 

El Salt Unit Xb AFA 2 0.26 

Cova Gran S1B-S1F 0.38 

Cueva del Camino Level V 0.4 

Abric del Pastor Unit IVc 0.45 

Klissoura Layer VIII 0.48 

Abric del Pastor Unit IVd 0.51 

Pod Hradem Level 11 0.58 

Klissoura Layer XVII 0.75 

Cueva Anton Complex AS5 0.9 

El Salt Unit Xa 0.98 

Pod Hradem Level 9 1.8 

Theopetra Layer II7 2 

El Salt Unit IX 2.96 

Bojnice III Layer IX 3.31 

Cueva Anton Complex AS2 3.39 

Llonin Level VIII, CP, VI Gal 3.68 

Cueva del Conde Level N20A 3.83 
 

However, four sites show Salix/Populus in higher proportions than expected from burning old 

useless wooden structures; Kaldar Layers 4-5 (11.76%), La Vina Levels XIIIbas, XIV, XV, I.A, I.B 

(13.15%), Scladina Unit 4A (6.41%), and Theopetra Layer II11 (9%). These might represent 

different fire regimes where these genera were used as core firewoods. Perhaps in these 

ecosystems, seasonal fluvial risings and fallings might expose these woods as driftwood at 

certain seasons, naturally drying them and creating valuable fuels without anthropological 

intervention.  
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I.IV: Mediterranean Landscape. 

The fourth study area, by the famous Roche de Solutre in France, represents mixed dry 

Mediterranean scrubland typical of many southern Neanderthal caves. Fringed by cultivated 

scrublands, and on small dry hills in Burgundy, it has many open areas between rocks; the 

under-storey is primarily composed of mature box (Buxus sempervirens) and broom (Cytisus 

scoparius) plants, each uncultivated. The trees are a mixture of olive (Olea europaea) and 

juniper (Juniperus communis). There are also occasional vines (Vitis vinifera) from neighbouring 

vineyards; this cultivar was however disregarded. Box and broom coexisted in the same stands, 

forming bushes 1-2m high and very dense undergrowth, through which small paths wound. I 

saw few animals except lizards and birds in this biome, but it does support large populations of 

wild boar (Sus scrofa), although farmland doubtless also supports their foraging today. Box 

proved an exceedingly hard wood, with no dead specimens noted, and was ungatherable 

without sawing tools. Buxus is common at a low level in Neanderthal fires, found in 7 levels.  

 

 

 

 

 

 

 

Figure 10.4: La Roche de Solutre; this foraging was undertaken in a similar nearby scrub landscape.  

Photograph: Knight. 

 

Table 10.3: comparing the prevalence of Buxus in Middle Palaeolithic sites where it is present <5% in the charcoal. 

Site and Level  Proportion of Buxus charcoal (pre-calibration, all 

<5% charcoal) 

El Salt Unit VIII 0.3 

El Salt Unit IX 0.74 

El Salt Unit Xb AFA 1 0.78 

El Salt Unit Xb AFA 2 1.32 

El Salt Unit Xb AFA 3 1.63 

Cova 120 Level VI 2.06 

Les Canalettes Level 4 2.09 
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Boxwood is a very good tool material, with a high tensile strength. Although not directly 

surviving as tool-hafts in Neanderthal sites, it has been found at the Neolithic site of La Draga 

(Pique et al. 2018). As with Salix in wetlands, boxwood burnt in these sites could result from 

disposing of used tools. However, it is found in higher proportions at Les Canalettes Level 3 

(5.04%) and Abri du Maras Layer 4 (6.9%), and greatly higher at Les Canaelettes Level 2 

(22.93%), Riparo Bombrini Stratum IV (25%) and Teixoneres Cave Levels II, IIb and III (28.57%). 

The latter three cannot be explained except by boxwood being a staple fuel. Its procurement is 

a mystery, as collecting sufficient box fuelwood would have been very difficult; perhaps certain 

other biomes create more deadwood from declining mature Buxus stands, or wildfires such as 

with gorse may expose the wood further. Boxwood is immediately recognizable, although 

potentially confusable with other evergreen bushes (e.g. Eunymus).  

Broom was widespread alongside Box. This plant also has thick, inflexible and ungatherable 

main branches, but had gatherable younger flowering stems, unlike Box. These were not an 

ideal core fuel, but made an excellent fire-starters, as the flowers catch easily. In flowering 

months (April-June), Cytisus was instantly recognizable, visible from some distance away.  

 

Olive and juniper trees in this biome were scattered mature specimens, with no deadwood 

found around them, and few attached dead branches. This may of course result from French 

foraging laws, whereby much more private fuelwood foraging occurs, and less deadwood 

remains than in corresponding English forests. However, I saw no recently-broken branches. 

Both trees grow slowly, producing little deadwood. Such a development was unexpected, given 

the propensity of both these genera in many layers at Klissoura Cave: 

 

Table 10.4: comparing the prevalence of Olea in Middle Palaeolithic sites where it is present >20% in the charcoal.  

Site and Level Proportion of Olea charcoal (pre-

calibration, all >20% charcoal) 

Klissoura Cave Layer XVII 23.31 

Klissoura Layers XXd-c 24.56 

Klissoura Layer XXb-a 24.66 

Klissoura Layer XXg-XXe 28.57 

Klissoura Layer XXI 41.27 

Klissoura Layer XVIII 61.9 

Klissoura Layer XIX 73.13 
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In six other levels of this and other sites, low incidences suggests either expedient collection of 

rare deadwood, or burning of olivewood tools, but Klissoura’s high levels suggests entirely 

different local foraging routines. Neanderthals here may have uniquely felled living olive trees 

for wood, as I cannot imagine how else to obtain sufficient quantities of this wood; especially 

when oak was always available as another potential deadwood source. More permanent 

Neanderthal occupation here may have exhausted oak deadwood resources, necessitating 

felling of (other) living trees. This biome had the least deadwood of any studied, but living 

specimens were all dense and dry, and would have burnt better than living specimens from 

elsewhere. Juniper shows similar patterns: 

 

Table 10.5: comparing the prevalence of Juniperus in Middle Palaeolithic sites where it is present >20% in the 

charcoal.  

Site and Level Proportion of Juniperus charcoal 

(pre-calibration, all >20% charcoal) 

Theopetra Layer II11 35 

Riparo Bombrini Stratum IV 37.5 

Klissoura Layer XII 40.16 

Klissoura Layer VIII-VII 40.74 

Cueva Anton Complex AS2 45.76 

Klissoura Layer XI 49.64 

Abric del Pastor Unit IVc 56.47 

Abric del Pastor Unit IVd 69.92 

Theopetra Layer II10 96 

 

Aside from these five sites however, 35 layers show juniper charcoal in much lower 

proportions, suggesting occasional foraging routines for deadwood. However, in these five 

sites, as with olive, whole juniper trees must have been burnt to fulfil the quantity found here.  
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Figure 10.5: The easily-distinguishable Betula in the 
snowy landscape, albeit with few easily-gatherable 
branches. Photograph: Knight. 

I.V: Snowy Forest. 

The final study area, near Vilnius in Lithuania, represented northern European woodlands in 

wintry conditions. Here, snowfall had completely obscured fallen deadwood, limiting accessible 

fuel to standing snags and dead branches still attached to trunks. This woodland was composed 

of pine (Pinus sylvestris), Norwegian spruce (Picea abies) and larch (Larix decidua), with a few 

isolated birch stands (Betula pendula) in open country. The snowdrifts of c.2 feet depth meant 

that understorey compositions could not be determined; however, as none appeared above 

the snow, it would have been inaccessible to Neanderthals anyway. 

 

 

 

 

 

 

 

 

 

 

 

 

Pine once again proved to be the best fuel available; abundant attached dead branches meant 

that most trees provided abundant fuelwood even when snowdrifts obscured the floor. The 

wood appeared rottener and more waterlogged than its warm-weather Norfolk counterpart, 

but retained relatively dry bark. The reliance on only gathering attached branches meant that 

branches tended to be shorter than those in Norfolk, but of similar diameters. No standing 

snags were observed; if they did exist, there is no reason why they should not be as useful and 

portable as those in the other pine forest. If there was a needled forest floor, it was invisible 
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here, and would not have been easily accessible for foraging; the snowfall here was much 

higher than in the Norfolk study, and the trees further apart.  

 

The larch here was from elderly stands of mainly dead trees. From this, it is difficult to extend 

inferences to healthy stands; but in this condition, larch provides fuel with similar 

morphologies to pine branches. There were similar abundances of dead branches on trunks, 

but they were rottener and often split during transport. Larch did however provide more 

smaller twigs and branches attached to larger ones than pine, where sub-branches had already 

been lost. This could have been especially valuable in fire-starting, as would larch cones. Many 

cones remained attached to dead branches, which could be bundled with branches without 

container technology. This larch wood proved inferior to pine when burnt, being somewhat 

rotten and smoky.   

 

Norwegian spruce, however, proved difficult to collect. Downwards-pointing branches retained 

needles to low heights, and consequently up to half a foot of snow had piled up on these 

branches. Removing this was unpleasant, and branches beneath were young and healthy, with 

green needles, flexible rather than snapping although smaller branches could be harvested. 

Using handaxes would not have helped, although modern sawing tools would of course have 

been beneficial. These smaller branches proved bad as fuels, with high moisture and resin 

contents creating high ignition temperatures.  

 

Birch functioned very similarly to that in the first study, with few dead branches but abundant 

bark. In this low-temperature landscape, with few grasses or conifer needles, birchbark would 

have been even more important for fire-starting. In snow, Betula was very distinctive, very 

distinguishable from conifers despite the white landscape, and easily identifiable and 

exploitable by Neanderthals. 
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II: Neanderthal Site Biomes.  

Based on anthracological data, combined with palynological and micromammal studies, the 

surrounding landscapes of most Neanderthal sites have been previously studied. Whereas 

sometimes agreement is reached on a particular landscape (e.g. the thermophilious 

Mediterranean open landscape around Gorham’s Cave), often landscapes vary both temporally 

and spatially. In particular, heathland and forested landscapes frequently succeed one another 

(Study Area 1 succeeding to 2 and 5, or vice-versa) within similar climatic conditions. Whilst 

forests can uniformly spread across large areas, open ‘heathland’ may also have many isolated 

stands of trees, most resembling Study Area 2, within open areas. Even my heathland study 

contained small oak copses. Rapid glacial and interglacial cycles mean that single sites 

experienced varied conditions. Neanderthals may additionally have chosen sites deliberately 

situated between different biomes, to take advantage of each. Riparian wetland systems in 

particular would be common to many Neanderthals, as rockshelters are carved out by fluvial 

action within valleys; however by rivers’ limited linear nature, Neanderthals would of course 

have had to exploit other systems than these. The question is which ecosystem(s) they 

particularly exploited for fuelwood. They are unlikely to have gathered from just one system, 

and may have exploited many. Bojnice III, for instance, shows remarkable co-gathering routines 

in wet riparian landscapes, where Neanderthals simultaneously unearthed raw lithic materials 

from river sediments, and also collected and burnt nearby Salix/Populus (Neruda and Kaminska 

2013). Simultaneously, they also burnt Pinus and Picea/Larix from isolated conifer stands.  

 

Single sites may frequently represent two or more biomes, most usually 

heathland/forest/wetland overlapping. This is especially prevalent if sites span long time 

periods, with drastic vegetation change during its occupation. The following site assessments 

can be made (Graph 10.1), based on comments in the papers cited in Chapter Eight, p.211, 

where the authors attribute surrounding environments to one (or more) of these landscape 

types. This attribution is mostly through arboreal tree types, sometimes strengthened with 

additional micromammal or herpetofaunal analysis. 
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The proportions are calculated by assigning each site equally rated values for each biome they 

were believed to have been in, regardless of the proportion of wood gathered from each 

biome. In practice, riparian zones would have had much less wood gathered from them, and 

potentially much less time spent in them, as Alnus/Salix/Populus charcoal values are normally 

<5%. However, this chart represents the relative accessibility of each biome to Neanderthals, 

regardless of how much each was actually exploited for firewood. This only represents the 

spread of biomes for Neanderthal sites with published charcoal diagrams. The biomes 

themselves across the whole of Europe may have been more randomly spread, frequently 

limited by natural cave site locations.  

 

Given that these biome proportions represent the number of fire-using sites in these biomes 

(with identifiable charcoal) rather than all sites, these biome proportions may also indicate 

how easy Neanderthals found gathering firewood in each landscape. Biomes with many fire-

using sites in them may be the easiest to gather wood in. This does somewhat match my own 

experiences foraging in the various environments. The Mediterranean landscape had the least 

available wood, and was the least wooded. Wetness caused minimal problems, but wood 

hardness and a lack of deadwood from Mediterranean-type trees caused issues instead. I did 

not note any more natural wildfires here than in other study areas (the only wildfire noted was 

in the heath area) to expose more half-charred wood or natural charcoal to burn. However, 

given that this and all areas were somewhat near human habitation, any natural wildfires 

would be extinguished as soon as possible in my sample areas. Consequently, only 17% of fire-

32% 

30% 

17% 

21% 

Graph 10.1: The proportions of different biomes found around Neanderthal sites with analysed anthracological 
diagrams. The biomes were determined by the papers that analysed the sites (references in Chapter Eight, p.211). 
Similar prevalences of forested and open environments suggests that one succeeded the other, and that both were 
important Neanderthal foraging spaces. The relative lack of Mediterranean open sites may suggest that this was a 
more challenging foraging biome or that there were just coincidentally fewer fire-using sites in these landscapes. 
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using sites are in Mediterranean biomes. Riparian biomes are more common, accounting for 

21% of sites; however their relative prevalence may be primarily influenced by caves, being 

overwhelmingly found in river valleys. Wetland systems were general foraging locales, but 

Neanderthal fires contain correspondingly low levels of riparian trees, despite these being 

widespread across many sites. Open and forested landscapes have similar prevalences, 

reflecting equal ease of gathering in each, and their interspersion within mosaic landscape 

systems. When we correlate proportions of genera burnt across sites in different biomes are 

correlated, the following patterns appear: 

 

Tables 10.6-10.9: comparing the proportions of different genera found at the four different site types: Heath, Forest, 

Wetland, and Mediterranean, respectively.  

Genus % Charcoal 

Assemblage 

Recalibration for 

350°C Burning 

Percentage of Heath (Open) 

sites at which this genus is 

found 

Pinus 63.08 60.97 93% 

Picea/Larix 10.06 9.09 14% 

Betula 6.30 8.26 57% 

Prunus 4.42 4.42 43% 

Buxus 3.31 3.42 21% 

Quercus 3.05 3.69 50% 

Juniperus 2.58 2.42 50% 

Sorbus 2.21 2.47 21% 

Salix-Populus 1.56 1.83 50% 

<1%: Acer, Carpinus, Castanea, Crataegus, Erica, Fagus, Ficus, Fraxinus, Hedera, Olea, Pistacia, 

Pyrus, Rhamnus, Sambucus, Ulmus. 

 

Genus % Charcoal 

Assemblage 

Recalibration for 350°C 

Burning 

Percentage of Forested sites at 

which this genus is found  

Pinus 60.37 59.78 87% 

Picea/Larix 10.44 9.66 20% 

Juniperus 6.58 6.33 67% 

Quercus 5.22 6.47 73% 

Buxus 4.8 5.08 40% 

Prunus 3.8 3.89 47% 

<1%: Acer, Arbutus, Betula, Carpinus, Celtis, Cornus, Corylus, Erica, Fagus, Ficus, Fraxinus, 

Hedera, Hippophae, Juglans, Olea, Phillyrea, Pistacia, Pyrus, Rhamnus, Salix/Populus, 

Sambucus, Sorbus, Ulmus, Viburnum. 
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Genus % Charcoal 

Assemblage 

Recalibration for 

350°C Burning 

Percentage of Riparian 

(wetland) sites found at 

Pinus 51.21 49.47 80% 

Picea/Larix 12.62 11.39 20% 

Prunus 10.46 10.46 50% 

Juniperus 6.62 6.21 70% 

Amygdalus 3.53 3.95 10% 

Betula 3.51 4.60 30% 

Quercus 3.37 4.07 60% 

Salix/Populus 3.32 3.89 90% 

Carpinus 1.29 1.61 10% 

Fraxinus 1.21 1.48 30% 

<1%: Acer, Arbutus, Buxus, Corylus, Erica, Ficus, Hedera, Olea, Phillyrea, Rhamnus, Sambucus, 

Ulmus. 

 

Genus % Charcoal 

Assemblage 

Recalibration for 350°C 

Burning 

Percentage of 

Mediterranean sites found 

at 

Pinus 32.04 29.55 63%     

Juniperus 20.19 18.08 88% 

Quercus 16.48 19.02 63% 

Prunus 8.43 8.05 50% 

Buxus 3.13 3.09 13% 

Pistacia 3.05 3.24 25% 

Amygdalus 2.83 3.02 13% 

Olea 2.65 2.78 25% 

Acer 2.25 2.57 13% 

Carpinus 1.67 1.99 25% 

Arbutus 1.56 2.04 13% 

Corylus 1.56 1.83 13% 

Fraxinus 1.01 1.18 38% 

Under 1%: Erica, Laurus, Salix/Populus, Rhamnus, Sambucus, Taxus, Ulmus 
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Graph 10.2: comparing the proportions of different genera found in the fires of sites in the different landscape 
types. Clockwise from top left: Heath, Forest, Mediterranean, Wetland.  Notably, Mediterranean biome sites 
contain significantly less pine and more juniper and oak than other site types, and forests contain a higher 
proportion of other genera, suggesting more expedient foraging there.  

 

 

 

 

 

Foraging routines for heathland and forested colder landscapes are extremely similar; pine is 

the dominant fuel, followed by larch and spruce. The only difference is that in forests, 

proportions of seldomly-used (<1%) fuelwoods, representing possible expedient use when 

preferred fuels were unavailable, is much higher, at 8.79%, compared to 3.43% of open 

landscapes. This may be due to availability, if sheltered forests allowed more fuelwood genera 

to grow and be exploited. Alternatively, lower prey biomasses in forests could have forced 

Neanderthals within them to forage over longer distances than their open landscape 

counterparts, thus have them encountering more fuelwood genera to occasionally burn. In 

riparian systems, pine use slightly declines, and cherry and willow exploitation increases, as 

expected given they are riverside trees. In Mediterranean biomes, fuel gathering routines are 

entirely different; although pine still dominates, it is supplemented much more by juniper and 

oak, which were relatively minor genera in other biomes.  
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As aforementioned, I found it harder to gather fuelwood in the replicated Mediterranean dry 

biome than in any other, although of course my study area does not by any means replicate all 

Mediterranean biomes, (e.g. closed dry oak forests). If Neanderthals lacked fuelwoods in these 

biomes, or if available fuelwoods were suboptimal, these hominins may have been less likely to 

make fire. Such areas would of course have absolutely required fire use much less than colder 

areas. Based on the calculations for duration and heat output in Chapter Nine, the (average) 

fires in the different biomes can be thus categorized following the 350°C recalibration, again 

proportional to Pinus = 1. 

 

Table 10.10: comparing the burning qualities of the fires in the different biomes. Despite different genera fuel inputs, 

there is little differences between these, except that forest and Mediterranean biome fires seem to emit less light 

than open landscape and riparian ones.  

Type of Site 

Biome 

Average Maximum 

Temperature of Fire 

Average 

Duration 

of Fire 

Average 

Light 

Emitted 

Percentage of Assemblage 

where Average 

Temperature/Duration 

values are used 

Heath 

Landscape 

0.9848 0.9777 1.203 16.16 (17.99 for light emitted) 

Forested 0.9862 0.9948 1.0849 24.09 

Riparian 0.9769 0.9903 1.1902 23.49 (28.99 for light emitted) 

Mediterranean 

Dry 

0.9731 1.0444 1.1016 43.33 (50.25 for light emitted) 

 

In each, large proportions have been calculated from averages, making the results less 

accurate. However, the values appear similar between all biomes, suggesting that landscape 

type did not affect fire quality. In Chapter Three, there was no difference in fire frequency 

between northern and southern situations; however this does not take biomes themselves into 

account, as even southern sites could be cold in glacial periods. Without finer-grained data, it is 

impossible to tell whether warm-biome Neanderthals used less fire than cold-biome ones; they 

almost certainly had to work harder for those fires they had.  

 

The overall inferences here are only products of subjective gathering experiences by myself; 

Neanderthals foraging in identical landscapes may have looked for very different properties in 

wood, and/or had different foraging strategies. Their landscape-use may have been dominated 

by lithic resource availability or food gathering instead; trees may have been selected to burn 
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as by-products because the bark was also edible (or used medicinally as with Salix). Trees may 

have been visited because particular birds or insects frequented them, or because prey species 

ate their young buds, or drank from nearby water sources, and fuelwood was just a byproduct. 

Furthermore, my recognition of different genera was based on my prior scientific knowledge, 

my reasoning for where they were expected to grow, and ability to distinguish genera-specific 

morphological features of the trees. Neanderthals could almost certainly discern colour as well 

as us, but if they did not discern specific tree-specific morphological features such as leaf 

shape, bark patterning etc., then they may not have foraged by genus, or regarded genus as an 

important criterion. Nonetheless, difficulty/ease of gathering and fuel quality would depend on 

the fuel genus, even if Neanderthals did not recognize genera-specific contributions to this. My 

foraging areas replicated those which Neanderthals would have frequented, and if they used 

fires at all regularly, they would have foraged for wood at least as part of other expeditionary 

trips, if not for exclusive fuelwood-gathering trips.  

 

 

III: Foraging Practices and Choices.  

With regards to those genera burnt, Scots pine (P. sylvestris) in my experiments was the easiest 

species to forage for. It was immediately distinguishable from other trees (aside from perhaps 

spruce/larch growing in close mixed stands); dry deadwood was abundant, in very regular, 

easily-portable pieces. Oak seems another optimal genus, with large, dry limbs, although less 

straight and regular than pine. A disadvantage was that oak deadwood was rarely on the forest 

floor, more frequently above arm’s reach in the trees. If Neanderthals had longer occupation 

durations, oak deadwood supplies might easily be exhausted. Birch was also abundant; 

although harder to gather as large branches, birchbark (for firestarting) would have been 

abundant. Birch smoke is also antiseptic and could have been used to repel mosquitos and 

fumigate caves (Uzquiano et al. 2008). Sometimes convenience mirrors optimization; these 

wood types are simultaneously “good fuels”, as defined by burning qualities, and also easily 

harvestable and abundant. In such areas, it would be very hard to determine motivations 

behind such fuel choice; comparisons with pollen records might be telling, and also especially 

what other trees are available in the landscape, and how good they are as fuels.  
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Selection towards pine in pine-dominant landscapes (e.g. Cova de Coll Verdaguer) might 

indicate recognition of pine’s good foraging and burning qualities. At Gorham’s Cave, 

Neanderthals chose pine when juniper was the dominant landscape tree. As juniper is very 

difficult to forage, selection of pine here probably suggests selection for its ease of gathering. 

At Cueva del Camino however, Neanderthals also had abundance hazel and alder available, 

which have many branches available to easily collect; preferential pine use instead suggests 

selection for its burning properties. Abric Romani presents a mixed model; Zones V and III are 

in pine-dominated landscapes, with some juniper and oak, and purging buckthorn in Zone III. 

Selection against juniper results from its difficulty in gathering; however oak, if available, both 

burns well and is easy to collect. Their not utilizing it much here might suggest very low 

deadwood levels per living oak tree (no recent storms to produce it, or recent wildfires 

removing it), or selecting for pine for specific burning qualities. Bolomor Cave likewise shows 

surprising selections against oak, given large (>25%) presences of oak in the landscape. Riparo 

Bombrini, on the other hand, is the most surprising as it shows a strong landscape presence of 

pine (>80%), but a complete absence of it from the charcoal record, instead focusing on 

seemingly odd fuelwoods such as Arbutus, Buxus, Corylus, Erica and Juniperus. All these woods 

would be harder to gather than pine, and their selection can only be reasoned for that their 

burning properties were somehow optimized for Neanderthal functions, or that these 

Neanderthals had no fuelwood selection criteria. None of these woods were tested by Hoare 

or Thery-Parisot; however, box and juniper, both being dense, may be slow-burning. However 

given the abundant local pine, I cannot imagine that a lack of fuelwood overall would have 

necessitated long-burning fuels and fewer trips; this use of this sort of fuel must have been a 

conscious choice to minimize numbers of foraging trips.  

 

The vast majority of the (anthracologically) studied sites however do not have corresponding 

pollen diagrams, so selection processes for particular properties is unclear. Certain 

Neanderthals may have been smarter than others; and burning fuels scoring low in Hoare’s 

(2020) burning traits does not necessarily mean that these same fuels were easy to gather. 

However, if all groups optimized in some way, then selecting hard-to-gather fuels with one or 

more good burning traits suggests optimization for fuel properties. Selecting fuels which rank 

low on Hoare’s burning traits (but may have had other unknown good properties), but which 

are easy to gather, suggests optimization for foraging properties. Selecting high-ranking and 

easy-to-gather fuels could suggest either or both models, and is especially the case with pine 

and oak fuels. And finally, selecting low-ranking and hard-to-gather fuels can either suggest 1) 
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particular unusual uses for that fuel which were not considered by Hoare, 2) inexperience with 

fire, or 3) odd landscape patterns where such fuels could be gathered more easily than usual.  

 

Table 10.11: comparing the quality of fuelwood genera versus their ease-of-gathering. 

Quality Easy to Gather Hard to Gather 

High-

Ranking Fuel 

Larix, Pinus, Quercus Betula*, Buxus, Crataegus, Erica*, Juniperus, Olea, 

Picea, Ulex 

Low-Ranking 

Fuel 

Alnus, Populus, Sorbus Cytisus, Salix* 

* these woods are made much easier to gather with bundling/container technology, as they 

form masses of smaller branches/twigs. 

 

Difficulties in distinguishing morphologically-similar charcoals means that Larix-Picea, and Salix-

Populus, are often grouped, an unhelpful distinction given that one of each of these is hard and 

one is easy to gather (although each within a group share burning properties, suggesting that 

burning properties and charcoal morphological characteristics go together). However as 

mentioned on p.291, Kaldar and La Vina Neanderthals burnt relatively high proportions (11% 

and 13% respectively) of Salix alone, a hard-to-gather and hard-to-burn fuel. This strongly 

suggests Neanderthals collecting fuelwoods irrespective of foraging costs to fulfil some 

immediate need. It could be for Salix’s smoking properties, a lack of prior preparation on the 

part of the Neanderthals, exceptionally adverse circumstances (harsh winters) or ignorance of 

fire use. Expediency could also be suggested from using wider ranges of less-common fuels, 

suggesting indiscriminate gathering in very localized areas; although the range of fuelwoods 

used is of course also determined by how long sites were used for, and how much vegetation 

change there was during this time. This is the case in Cueva del Conde Level N20A, where many 

different rarer woods were burnt in lower proportions, including Arbutus, Castanea, Crataegus, 

Cytisus, Erica and Ulex (although these last three may have been firestarters). This level 

evidences burning of 15 different genera, 11 of which formed under 2% each of the charcoal 

record, contrasting strongly with the slightly earlier Level N10, where only 8 genera were burnt, 

with only 3 forming under 2% each. This suggests that the later Cueva del Conde Neanderthals 

used a much wider range of fuelwoods, although whether this was through experimentation or 

expedient needs is uncertain. Les Canalettes Neanderthals likewise burnt 13 genera in Level 2, 
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including Corylus, Fagus, Juglans, Pyrus and Sorbus, but those in Level 4 only burnt 7 different 

genera, and no unusual ones amongst those.  

 

Most Neanderthals burnt high-ranking and easy-to-gather fuels; however juniper and olive, 

hard-to-gather slow-burning fuels, dominate in Abric del Pastor, Klissoura and Theopetra (Layer 

II10). Given that both Quercus and Pinus were alternatively available in Abric del Pastor and 

Klissoura, Neanderthals here may have valued Juniperus’ slow-burning and consequently 

labour-saving qualities. If, as above, using wide varieties of rare woods in a site suggests 

expedient gathering or inexperience, conversely burning few (good) fuelwoods may instead 

suggest the reverse. Some layers utilizing only three or fewer fuelwood genera are listed below: 

- Abri du Maras Layer 4 burns Buxus, Juniperus and Pinus (dominant) – multifunctional 

pine here is complemented by slower-burning woods possibly chosen to burn 

overnight. 

- Aguilon P5 burns Pinus (dominant) and Prunus – minor supplementations of Prunus 

may be expedient gathering as it neither ranks particularly highly nor is especially easy 

to gather. Aguilon might represent a site of wholly expedient gathering, possibly 

masked by the fact that pine, immediately available, is also an optimal fuelwood.  

- Bolomor Levels XI and XIII burns Juniperus and Pinus (dominant) – similar to Abri du 

Maras.  

- Cova 120 Level V burns Juniperus, Pinus (dominant) and Ulmus – another similar 

pattern although burning and gathering properties of elm are currently poorly-known.  

- Cueva Anton Complex AS2 burns Juniperus, Pinus (dominant) and Salix/Populus – 

juniper and oak occur in such similar quantities that this may represent pine gathered 

for ease-of-foraging and juniper gathered for its slow-burning properties, in almost 

even proportions, or alternatively half expedient and easy pine fires and half better-

prepared juniper fires. Salix-Populus may represent expedient gathering. 

- Kaldar Layers 4-5 burns Amygdalus, Prunus (dominant) and Salix – we do not know the 

burning and foraging properties of the two former; however unusually high 

proportions of Salix gathered here may suggest expedient gathering of all three.  

- Llonin Cave burns Betula, Pinus (dominant) and Salix – very high proportions of birch 

(31.29% of all charcoal) suggests that high-quality fuels were gathered at high foraging 

costs, the shortcomings of this practice being filled in with occasional Salix.  
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- Nesher Ramla burns Pistacia, Prunus and Quercus (dominant) – the unknown qualities 

of the two former woods means we cannot understand why they were gathered.  

- Pod Hradem Level 11 burns Picea/Larix (dominant), Pinus and Salix/Populus – this 

suggests regimes of almost exclusively gathering high-quality fuels (as low-quality 

Salix/Populus forms only 0.58% of the charcoal assemblage) – if Picea/Larix is larch, 

this also represents easy gathering, but with a greater foraging cost if spruce.  

- Teixoneres Cave burns Buxus, Pinus (dominant) and Quercus – similar patterns to Abri 

du Maras.  

- Theopetra Layer II3 burns Carpinus, Fraxinus and Prunus (dominant) – although the 

foraging properties of these woods are unknown, Carpinus is exceptionally slow-

burning and Fraxinus emits lots of light, suggesting that these are high-quality fuels.  

- Theopetra Layer II8 burns Fraxinus, Prunus and Quercus (dominant) – similar patterns 

to Layer II3.  

- Theopetra Layer II10 burns Juniperus (dominant) and Prunus – dominating Juniperus 

suggests particular planned regimes for longer-burning but harder-to-forage fuels.  

It is notable that of these layers burning few fuels, only two are Prunus-dominant (Kaldar and 

Theopetra Layer II3) and one Juniperus-dominant (Theopetra Layer II10); the remainder are 

dominated by exclusively high-ranking, easy-to-gather fuels (Larix, Pinus and Quercus). This 

further suggests that Neanderthals could recognize these core fuels which were both 

expedient and high quality. Alongside them they either utilized specific fuels fulfilling particular 

combustion niches which the core fuels could not fulfil (e.g. adding slower-burning fuels for 

overnight smouldering for Abri du Maras, Bolomor, Cueva Anton and Teixoneres), or utilizing 

further fuels at random.   
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IV: Conclusion. 

This chapter has addressed the flipside of wood burning qualities; foraging qualities, in terms 

of deadwood accessibility and portability across many landscape types. Although ease of 

gathering is landscape- rather than genera- specific, nonetheless the exclusivity of certain 

genera to certain landscapes means that certain woods are easier to gather than others. 

Anthracological records show that heathland and forested landscapes had very similar 

proportions of genera, although forests were more diverse, but Mediterranean landscapes 

contained much less pine and more juniper and oak. Wood burning qualities, in terms of 

projected burning duration, light output and temperature, varied minimally between biomes, 

suggesting that no Neanderthals had advantage over others regarding biome-specific fuel 

quality. However, those in wetland and Mediterranean biomes were disadvantaged in terms of 

ease of gathering, and fires may have been harder to fuel.  

 

Some woods such as Salix lacked deadwood but were easy to transport once cut; others such 

as Betula and Quercus were easy to gather when available, but had limited deadwood 

presences, and others such as Larix and Pinus were universally easy to gather as deadwood and 

were also easily carried. The two dominant genera throughout Neanderthal fires, pine and oak, 

are both high-quality fuels and also easy to forage (provided that intense site occupation did 

not deplete limited oak deadwood resources), and it is impossible to determine motivations 

behind their choice. Certainly choosing pine over other easy-to-gather fuels suggests a 

familiarity with its burning properties, and is visible at Cueva del Camino. Unexpected selection 

against oak in Abric Romani and Bolomor Cave may result from depleting limited oak 

deadwood stocks. However, Neanderthals at certain sites foraged expediently, or with little 

knowledge of fuelwood properties, as evidenced by ignoring optimal fuelwoods and foraging 

for wider ranges of generally-ignored genera. This is evident in Cueva del Conde Level N20A 

(contrasting with the apparently better-optimised Level 10), Les Canalettes and Riparo 

Bombrini. Modern people often understand fuelwood properties, and popular fuels are found 

to rank highly on experimental Fuel Value Indices (e.g. Chettri and Sharma 2007, Dadile and 

Sotannde 2020, Miah and Islam 2020, Ojelel et al. 2015, Ramos et al. 2008). These scientific 

traits are therefore evident in wood and visible in burning properties; Neanderthals could 

theoretically have likewise understood these traits, if they had prior experience.  
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Other Neanderthals selected high-quality harder-to-gather fuels; this is most notable with low-

deadwood fuels which either burn brightly (Betula) or are slow-burning (Juniperus, Olea). 

Juniper dominates three site assemblages, and birch forms a large proportion (31%) of the 

Llonin anthracological assemblage, suggesting that here, extra foraging was worthwhile given 

improved fire properties. The reverse, where easy-to-gather, low-quality fuels are preferred is 

seen most notably in El Esquilleu Level IX-XIII where Sorbus dominates, and Cueva del Conde 

where it is extremely common, and Scladina where Populus is more common than expected. 

This suggests that these sites prioritized ease-of-gathering with foreknowledge of different 

deadwood drop rates and ease of carrying; the exception possibly being Cueva del Conde, 

where from the vast variety of genera burnt, the selection appears to be random. The very 

worst fuelwoods, being both low-quality and difficult to gather, are seldom burnt, with the 

exception of Kaldar and La Vina, where Salix was reasonably frequently burnt. This research 

has highlighted the variety of choices of fuelwood that Neanderthals developed, from those in 

Llonin burning high-quality fuels at the expense of higher (initial) gathering costs (but overall 

saving labour due to utilizing slower-burning fuels), through the Cueva del Camino 

Neanderthals choosing high-quality pine over other easy-to-gather fuels, through the El 

Esquilleu group prioritizing easy-to-gather fuels at the expense of quality, and finally the Cueva 

del Conde Neanderthals apparently selecting entirely randomly. The final concluding chapter 

discusses the implications of this research, synthesizing the knowledge attained thus far and 

the role of Neanderthal fire in wider Neanderthal studies for the future.  
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Chapter Eleven: Conclusion. 

 

This thesis has analysed Middle Palaeolithic anthracological records, picking patterns out of 

data and turning numbers into reconstructions of past behaviours, for an extinct hominin 

species with which we can in no way communicate. Through assessing their behaviours, I have 

reconstructed Neanderthal thought processes, lifeways and daily choices. Through analysing 

small but important parts of daily life, I have inferred information about their more general 

technological capabilities, as fuelwood foraging techniques translate into hunting strategies, 

lithic procurement models and more. My three initial research questions from my Introduction 

have been amply answered; Neanderthals did use fire commonly as a species; occasionally 

they facilitated other technologies from this but this was by no means universal; they selected 

fuelwoods rather than choosing at random, selecting for both fuelwood qualities and ease of 

gathering; and these apparent selection processes remain when charcoal and pollen biases are 

considered. Each research question is covered in full detail below, as well as my research’s 

further implications. The idea that Neanderthals were similar to AMH is gaining further 

traction; we see this through individual technological know-how, similar lifestyles, and 

particularly regular fire use, creating evening social spaces instantly recognisable from our own 

lives. 

 

 

I: What evidence is there that H. neanderthalensis used fire commonly as a species, 

and particularly used it to facilitate other technologies (advanced fire use). 

My analysis in Chapter Three has demonstrated the widespread nature of Neanderthal fire, 

being present in over 80% of sites analysed. This of course is a lower estimate, given natural 

archaeological loss. This analysis did not account for inter-layer frequency to estimate fire-use 

frequency within individual Neanderthal lifetimes. This would have been impossible, not only 

due to inter-site taphonomic differences making standardisation impossible, but also from 

intra-layer differences within the same site, and multitudes of unknown variables as to how fire 

use translates to archaeological features. Would hearths being constantly reused in one spot 

produce stronger (anthracological) signatures, or would previous iterations be cleaned away 

and destroyed, with only final fire iterations remaining? Palaeolithic palimpsests, and the lack 
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of varved sediment sites where even annual records can be kept, makes this impossible. 

Furthermore, this analysis only captures home-base fires; what of hunting ground hearths, 

ephemeral temporary camp hearths, or anthropogenically-caused landscape fires? From the 

quantity of controlled fire seen, average Neanderthals almost certainly encountered fire 

regularly throughout their life; whether one created each day, one kept burning throughout an 

occupation period, odd fires curated from wildfires or lightning strikes, or fires used exclusively 

for rare lithic heat-treatment events, is unclear from this analysis.  

 

Some Neanderthals must have used fire so rarely as to have made little practical difference to 

their lives. This is suggested by almost 20% of sites (45 sites) studied in Chapter Three being 

completely fireless (although microscopic research would be needed to fully confirm this in 

some), and more fully confirmed by detailed inter-level research in Roc de Marsal and Pech de 

l’Aze IV (Aldeais et al. 2012, Goldberg et al. 2012, Sandgathe et al. 2011). Fire use then was 

common to H. neanderthalensis as a species, but many groups lived without it, either 

permanently or seasonally. Modern humans may be the same; McCauley’s et al.’s 2020 study 

found that four ethnographic groups, the Onges, Yuqui, Siriono and Northern Ache peoples, 

could not manufacture fire and relied on pre-existing fire. There would certainly have been 

Upper Palaeolithic human groups likewise relying on natural fire, which was not always 

present. Of course, issues of increased loss from older archaeological sites also affects older 

AMH sites. Murphree and Aldeais (2022) found limited fire use in the Early Upper Palaeolithic, 

compared with significantly more widespread use in the Gravettian. Whilst this may be due to 

emerging technologies and increased sophistication, this may also represent some differential 

loss over time. This may also of course have affected the oldest Neanderthal sites (see Chapter 

Three, p.100).  

 

Sandgathe and Dibble (2011, 2017) studied two Neanderthal groups, and their conclusions that 

“Neanderthals were not obligate fire users” (Dibble et al. 2017) have been substantiated by my 

research; Pech de l’Aze and Roc de Marsal are not two sites with unusually primitive 

Neanderthals or unusually poor preservation, but are part of wider patterns of some 

levels/sites being apparently fireless, although further microscopic studies may refute this 

pattern. Many apparently “fireless” sites might produce fire evidence under more intense 

scrutiny. However, Dibble’s subsequent inference that “the presence or absence of such fires 

was due to the inability [of Neanderthals] to start fires” (Ibid) cannot be substantiated at a pan-
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European level, despite compelling new research by Abdolahzadeh et al. (2022) supporting 

their hypothesis for that particular site. Warm-climate Neanderthals may have used more fire 

than cold-climate ones; however, deadwood availability in forests declines in lower 

temperatures and therefore higher latitudes (Garbarino et al. 2015, Stokland et al. 2016, 

although see Augustynczik et al. 2024 for a counterview). This may be a more important 

climatic-dependent factor than lightning strikes. For 80% of sites to show some fire use, 

Neanderthals must have supplemented natural with anthropogenically-created fire, especially 

in sites such as Abric Romani where fire was a constant tool.  

 

Regarding advanced fire uses, I have demonstrated the high likelihood of Neanderthal cooking 

from several proxy sources (modified starch, burnt bone) but also the impossibility of 

definitively proving it. Cooked food would have been extremely valuable for energetically-

challenged Neanderthals in cold climates, and cooking is a simple visual skill that despite 

requiring time input, comes with few practical risks (aside from carcinogens or burning). 

Likewise, birchbark or tar hafting adhesive preparation is evidenced at few sites, and lithic 

heat-treatment at even fewer. It appears that, when these skills were discovered, they became 

widespread in the community and are well-evidenced at each site. However, for whatever 

reason, unlike in H. sapiens, these skills did not subsequently spread and become species-wide 

(or at least used by all fire-using groups). This could be because Neanderthal groups, however 

innovative, periodically went extinct in northern latitudes, being later replaced by other warm-

climate Neanderthal groups who could not copy their predecessor’s technologies. This may 

explain technological paucity in northern climates, but why are such technologies uncommon 

in Iberia (especially Gibraltar), Italy, Greece and Israel, areas of glacial refugia? Neanderthal’s 

short lifespans could have meant that no elderly individuals existed to transmit cultural 

information (the Grandmother Hypothesis). Exogenous mating practices could have spread 

pyrotechnic culture, but Neanderthal groups could have been small, inbreeding but seldom 

encountering others (Vaesen et al. 2019) which limited this cultural spread. Consequently, 

individual innovative Neanderthals may have spread advanced fire technologies within their 

own groups, which continued until that group became extinct, but did not spread it to others. 

This may explain the limited clusterings of heated lithics noted in Iberia in Chapter Three 

(p.96). The fact that these technologies are limited, but that fire use itself is generally 

widespread, suggests that fire itself, irrespective of its technological possibilities, was 

sufficiently simple and valuable to Neanderthals for many groups to use it.  
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II: Did Neanderthals select specific fuelwoods for their combustion properties, or did 

they choose indiscriminately according to the Principle of Least Effort? 

Chapter Five has shown that specific selection is visible within Neanderthal sites, through 

comparing fuel remains with what was available at the time. Furthermore, these selection 

patterns, when analysed across many sites, show distinctive trends. Pine is dominant (over 50% 

of the assemblage) in 47% of studied layers, and is overwhelmingly dominant (over 80% of the 

assemblage) in 29% of cases. Other dominant fuelwoods include larch/spruce, juniper, cherry, 

olive, almond and maple, with 71% of layers having one obviously-preferred fuelwood type. 

Tested Iberian sites show obvious choice compared to random environmental availability, and if 

extended to the other sites, although without definitive evidence of choice, the same few 

fuelwood trees are consistently exploited across the Neanderthal range, with expected 

climatic-driven variations (more southerly sites increasingly exploit Juniperus, Olea and 

Amygdalus). This prevalence of particular fuels in most sites suggests distinct Neanderthal 

preferences; either rational or irrational, based on pyrotechnic experience or unsubstantiated 

group norms and whims. However certain groups, especially those exploiting wider ranges of 

fuelwoods, selected more randomly, as at Cueva del Conde. This “random” selection could 

however serve a function, as in this site, “the mixture of ignition species (scrub), of fast 

combustion (pine) and slower with high calorific value (birch) would be intended to improve 

the quality and duration of the flame in order to improve the condition of the cave habitat” 

(Uzquiano et al. 2008, p.130). It is impossible to tell whether diversity or monospecificity is 

better-adapted, but each probably represents conscious choices by fire-users.  

 

However, whether these fuelwoods were consciously chosen for combustion properties is 

more debateable. Neanderthal groups better-acquainted with fire could choose high-quality 

fuelwoods, but their foraging experiences would also have taught them the easiest fuelwoods 

to gather, those dropping abundant deadwood or easily-bundlable for greater loads carried at 

less effort. Provided such easy-to-gather woods were not actively hard-to-burn fuels, as certain 

trees such as alder are, they could have been chosen for burning or gathering qualities. The 

most commonly-burnt fuelwoods, oak and pine, were both easy to gather and burnt well – 

traits which Neanderthals must have recognised, as other trees were easily-harvestable but 

harder-to-burn, or were harder-to-gather fuels with many positive burning qualities. Chapters 

Nine and Ten have examined this question, and concluded that there is great variety among 
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different groups regarding this choice. All groups not focusing on oak and pine however appear 

to attempt to minimise foraging effort, following three distinct models: 

1) Some groups intimately understood fuelwood burning properties, and valued slow-

burning woods. Each branch burnt for longer, less overall wood was needed per 

evening and hence fewer foraging trips, even if each foraging trip lasted longer 

searching for specific trees. Slow-burning woods like juniper, olive and box were 

therefore selected, in Abric del Pastor, Cova 120, Cueva Anton and Theopetra.  

2) Some groups instead understood that certain woods were more easily forageable than 

others. This was not directly tied to distance from caves, although this would have 

been a factor, but instead depended on deadwood drop rates, and branch breakability, 

and/or portability. Dead trees and those with long, straight branches would have been 

specifically targeted. Pine falls under this category but is also an optimal fuel; sub-

optimal, easily-harvestable fuels include larch and whitebeam, found in large 

quantities in Bojnice III, De Nadale, El Esquilleu, Cueva del Conde, Grotta di Fumane 

and Pod Hradem. 

3) Some groups did not understand either wood combustion properties, or which trees 

produced abundant deadwood, only gathering wood to satisfy immediate needs, and 

as close to the cave as possible. Whilst this may seem efficient, many collected woods 

may have incompletely burnt, requiring more fuel overall, masked by apparent short 

collection times. Small search radii would have been quickly depleted over time, 

leading to increasing diminishing returns. Whilst diminishing returns plagued all three 

models, this one would have been the most susceptible, given that distance was the 

only factor considered.  

 

Whilst all the models minimise effort, as in time spent foraging, only the third model follows 

Shackleton and Prins’ Principle of Least Effort by having anthracological records represent 

background environments in decreasing proportions by distance from the cave. This third 

model is also the only one where Neanderthals could possibly be ignorant of fire use, on at 

least a semi-regular basis. In the first model, they would have observed different fuelwood 

combustion patterns before selecting the most energy-efficient ones. In the second, all 

fuelwood trees could be observed in the landscape during generalised foraging, and their 

deadwood drop rate and portability noted for fuel alone, as wood serves little other function 

aside from spear or axe hafting. Furthermore, dense, tough woods which would have been 
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valuable for hafting would have been difficult to cut and collect, and fuelwood would in fact 

represent the opposite type of wood; dry, dead and preferably rotten and easily breakable. 

Neanderthals frequently burning rotten wood (Chrzazvez 2006, Thery-Parisot and Texier 2006, 

Vidal-Matutano et al. 2017) may represent an active choice for their smoking properties, or for 

ease of gathering. 

 

A possible objection to all these models that each associated anthracological signature could 

have been produced by chance. If optimal fuels like oak and pine, or deadwood, or slow-

burning woods occurred right next to sites, Neanderthals would have just selected those 

through conserving distance on each foraging trip, irrespective of their combustion properties 

or ease of gathering. However, two factors argue against this. Firstly, it would be unlikely that 

selection processes evident in Iberian sites only occurred there, given that preferred Iberian 

fuels were also preferred elsewhere. Whilst open-air Neanderthal sites could have been 

deliberately situated close to preferred fuelwood resources, and the Principle of Least Effort 

would apply, cave sites are instead determined by geological and hydrological morphologies 

along river valleys, irrespective of nearby tree types. Secondly, limited varieties of fuelwoods in 

Neanderthal fires, often from five or fewer genera, must be far less than that available in the 

landscape. In sites where pollen and charcoal were compared, there were always more genera 

available in the landscape than were chosen: 

 

Table 11.1: Comparing the number of fuelwood genera with the availability in nine Neanderthal sites. 

Site Number of Genera 

used as Fuel 

Number of Fuelwood Genera 

available in the landscape 

El Esquilleu  3 8 

Cova de Coll Verdaguer 3 9 

Cueva del Camino 2 5 

Gorham’s Cave 4 22 

Abric Romani 7 9 

Bolomor Cave 2 21 

Cueva Anton 6 8 

Riparo Bombrini 5 20 

Teixoneres Cave 2 8 
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Proportion of available fuelwood types being used ranges from 10% to 78%, with 38% of 

available fuelwoods utilised on average. By contrast, a modern human study used 80% of 

available fuelwood species (Specht et al. 2015), and respondents in another study burnt thirty-

six different genera as fuelwood (Tabuti et al. 2003). This would suggest that Neanderthals 

were at least as selective as modern humans in their fuel procurement, if not more so. 

However in another ethnographic study, out of 114 species burned, only 14% were arboreal 

charcoal-producing trees (Thomas et al. 2011). This suggests that Neanderthals may also have 

burnt many shrubby fuels that did not survive as charcoal. However, Neanderthals still exert 

strong selective effects even among arboreal pools. This preference for Neanderthals using 

limited fuelwood types extends throughout Europe. Even where complementary pollen data is 

not available, 13 layers, 21% of those studied, contained three or fewer fuelwood genera. 

There is extremely little chance that this represents all the trees available in the landscape, 

implying distinct selection practices. In sites with compared anthracology and palynology, on 

average 3.8 genera were burnt out of an available 12.2 fuel genera on average; the average 

number of genera burnt in any other site was 5.2. This is higher than the Iberian average, 

potentially suggesting different foraging practices, but still well below the number of genera 

predicted to be available for each site, if similar taxonomic diversities prevailed across Europe. 

If Neanderthals only utilised c.43% of their available fuelwood resources, they must have been 

selective.  

 

This therefore strongly suggests that many Neanderthal groups, although by no means all, 

selected their fuelwood, according to various criteria. The vast majority chose the two genera 

Pinus and Quercus, which were both easy-to-collect and high-ranking fuels. Some groups 

selected for slow-burning woods to reduce daily foraging burdens. Most selected for trees 

dropping abundant deadwood which was straight and easily portable, and some appeared 

wholly unselective, possibly resulting from inexperience with fire. Whether all Neanderthals 

knew the motivations behind their choices is unclear, and highly dependent on individual 

understandings and presence or absence of language. Arbitrary group norms probably defined 

individual selection processes; one wood was proper to burn and another was improper, a very 

human trait indeed!  
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III: Do these patterns of fuel use and specific choice of optimum fuels stand up to 

critique when the confusing effects of differential charcoal and pollen production by 

fuelwood genera are taken into account? 

My conclusions depend on anthracological records accurately representing Neanderthal fuel 

usage, rather than being artefacts of production or preservation bias. My experiments indicate 

that these biases, although potentially problematic, were not the main shapers of the 

Neanderthal charcoal record. I had previously inferred selectivity based on discrepancies 

between pollen and charcoal records; if recalibration for these biases reduced this discrepancy 

to near zero, then these discrepancies would be caused by differential charcoal production 

rather than anthropogenic choice. It was also important to see whether recalibration changed 

which fuels were dominant when complementary pollen records were unavailable. I tested 

pollen production, charcoal production, and charcoal fragmentation as three potential areas of 

genera-specific bias. 

 

Pollen production and dispersal is high variable, as pollen counts vary wildly from season to 

season and year to year, depending on prevailing wind direction and insect presence. I used 

published information on differential pollen production; however studies of differential pollen 

spread and degradation are incomplete, and the thesis’ scope did not permit digressing into so 

novel a field. Analysing Iberian sites demonstrated that applying pollen-production 

recalibration actually increased discrepancies (from an average of 37.92 to 48.67% difference 

between charcoal and pollen), suggesting instead that differential pollen production partially 

masks higher discrepancies and greater fuel selectivity. This is partially because favoured 

fuelwoods, such as oak, birch and pine, produce relatively large quantities of pollen – when 

recalibrated, their actual landscape presence is less than initially thought, and thus given 

proportions of fuelwood (inferred from charcoal) must have been more sought-after. The other 

twenty-four sites lack corresponding pollen diagrams, meaning that discrepancies cannot be 

analysed; however, it is likely that when they are discovered, selection towards fuelwoods with 

high pollen outputs like Betula, Pinus and Quercus will be masked by this bias, and recalibration 

will be important for understanding the original proportions. This recalibration is likewise 

crucial to understanding palynological diagrams throughout archaeology, especially given that 

Pinus, a high pollen producer, dominates many Palaeolithic records.  
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Charcoal production was found to be an important bias, varying from 22.8-42.3% wood-to-

charcoal conversion rate at 350°C, and from 0.3-11.3% at 700°C. When compared to Pinus, the 

most common Palaeolithic genus, fuelwoods created between 0.6x and 1.2x the amount of 

charcoal (between 0.6x and 19.5x at 700°C!). This correlated with six similar but smaller-scale 

studies, with varying methodologies (precise burning temperatures) causing any differences 

between their and my results. These varying conversion rates surprisingly did not correlate 

with density, ash content or calorific value as expected, but correlated well with charring rate 

(faster-charring woods create less charcoal) and this could be used as a proxy for wood-to-

charcoal conversion rate (at 350°C). Different fuelwoods consistently create provably-different 

wood-to-charcoal conversion rates, which helps understand all anthracological diagrams 

throughout history, as well as modern charcoal industries.  

 

When production bias was considered with the Iberian sites, charcoal-pollen discrepancies 

between pollen and charcoal records remained near-identical at 350°C. Although not wholly 

free from taphonomic bias, as mean increases (2.84%) were less than mean decreases 

(11.89%), it did not cause it exclusively. Selections towards or against individual important 

fuelwood genera remained near-identical, with very mild decreased selection towards pine 

countered by increased selection of oak. 700°C recalibrations produced far more startling 

results, but quantities of charcoal produced at 700°C are negligible compared to those 

produced at 350°C (see Chapter Seven, p.177), only minorly contributing towards surviving 

anthracological assemblages. Production bias minimally affects how we see Neanderthal fuel 

selection. Looking at all Neanderthal fires, juniper became c.10% less common; pine minimally 

changing, but both oak and birch becoming more common. These results further suggest that 

Neanderthals often selected fuels with burning qualities which performed well in everyday 

fires (long burning duration, minimal smoke and high light and heat outputs), and that this 

effect is not only produced by differential charcoal production. 

 

My charcoal fragmentation experiments showed that, here too, bias is possible, especially 

given that all anthracological research is determined by number of fragments for each genus, 

which naturally varies with different fragmentation rates. Crushing one piece of charcoal 

created between 352 and 963 smaller fragments, with up to 58.73% of the charcoal being 

under 1mm and thus unidentifiable through standard morphological characteristics. Larger 

initial masses of charcoal naturally created, on average, larger but fewer fragments (when 
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standardised to a standard 1g input mass); which on the one hand could under-represent 

genera with fewer overall fragments, but also over-represent it if each fragment is more easily 

identified to the correct genus. There is minimal correlation between wood density and 

fragmentation rate; however charcoal density, (which again varies from wood density in 

genera-specific fashions) does correlate, with higher-density charcoals creating fewer, larger 

fragments. Charcoal density could therefore act as a proxy here. When the number of 

identifiable fragments was compared to Pinus, Quercus fragmented into only half as many 

pieces under the same pressures.  

 

When fragmentation-bias recalibration was undertaken, juniper’s usage decreased by 22%, 

suggesting that fragmentation-bias may have affected the apparent usage of this genus. The 

use of pine decreased by 12%; however usage of Salix/Populus increased by 24%, that of 

Betula by 46%, and that of Quercus by 96%! This suggests that of all potential factors, 

fragmentation bias is potentially the most important in confusing anthracological records. 

Regarding Neanderthal selection however, this change was not large enough to suggest that 

fragmentation caused the charcoal-pollen discrepancies as, following recalibration for Cova de 

Coll Verdaguer and Abric Romani, average discrepancies increased slightly from 16.4 to 17.3, 

with only one layer increasing and one layer decreasing its discrepancy, and the rest remaining 

identical. In terms of selection, pine may have been slightly less selected-towards, and cherry 

more so, but by no means so as to make the latter a preferred fuel. In terms of fuelwood 

prevalence in all sites (Table 11.2 below), although Pinus decreases by over 10% through 

combined production and fragmentation bias recalibrations, Quercus increases; the proportion 

of these two favoured fuels combined decreases marginally from 52.63% to 49.62%.  
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Table 11.2: The overall presence of various genera throughout all Neanderthal fires, recalibrated for 350°C burning 

and fragmentation biases. 

Genus Proportion within all 

Neanderthal fires 

(over 1% presence) 

Proportion within all 

Neanderthal fires, 

recalibrated for 350°C 

burning (over 1% presence) 

Proportion within all 

Neanderthal fires, 

recalibrated for 350°C 

burning and fragmentation 

bias  

(over 1% presence) 

Other 3.78 4.00 3.91 

Sorbus 1.10 1.18 0.89 

Fraxinus 1.27 1.49 1.51 

Buxus 1.35 1.34 1.98 

Betula 1.50 1.89 1.74 

Carpinus 1.71 2.05 3.62 

Larix 3.42 2.77 2.48 

Picea 3.44 3.22 2.90 

Olea 3.95 4.92 5.13 

Acer 4.58 5.27 5.49 

Amygdalus 5.21 5.61 5.56 

Prunus 7.28 7.01 7.60 

Juniperus 8.78 7.93 7.58 

Quercus 10.19 11.86 17.91 

Pinus 42.44 39.46 31.71 

Although fragmentation bias may be responsible for the precise proportions of each fuelwood 

genus, Neanderthals still had two obviously-preferred fuelwood genera, oak and pine; juniper 

and Prunus-type trees were popular alternatives in Mediterranean-type climates, and other 

trees were gathered in smaller quantities; presumably following optimisation of foraging 

processes. This analysis has showed that fragmentation bias is the biggest cause of potential 

confusion in the charcoal record. Methodological changes from fragment counting to 

volumetric or mass measurements would greatly alleviate this bias however, and I call upon 

future anthracological papers to consider this as an alternative research method.  

 

My original patterns remain but are better-defined following these analyses. Apparent 

increased selectivity towards Pinus (+12% through pollen recalibration), is offset by a -10.7% 

charcoal presence. Oak becomes minorly more selected for both in pollen (+2.2%) and charcoal 

(+7.7%). The initial selection against Quercus had been unexpected, given its ubiquity 

elsewhere in prehistory and its generally favourable reception as a fuelwood. Its deadwood 

reserves are limited, but it is unlikely that small, highly mobile Neanderthal populations would 

have exhausted this resource. Increased oak burning implied by recalibration puts Neanderthal 
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fires more in line with other AMH fires also exploiting oak as a core fuel (e.g. Ramos 2005, 

Rubiales et al. 2011). Juniper’s decreased positive selection (-6.8%) and decreased charcoal 

presence (-1.2%) both suggest that juniper fuelwood was marginally less popular than initially 

thought; however in sites where it dominated, this dominance still remains. Fine-scale analysis 

such as this is impossible without taking these myriad factors into account. Further factors, 

such as differential pollen spread and degradation, and charcoal identification rates, may also 

show genera-specific differences which may, when mapped onto these and other datasets 

reveal important hitherto-obscured patterns.   

 

IV: Technological and Archaeological Implications.  

If Neanderthals were more complex in fuel procurement than once thought, this in turn affects 

their other technologies, in contrast with H. sapiens. Neanderthal fire development, and 

particularly complex fire-associated technologies like lithic heat-treatment, may have been 

hindered by group isolation. This thesis has demonstrated that particular individual 

Neanderthal sites display forward-planning technologies (see Introduction, p.21); selection of 

distant lithic types (Gomez-Olivencia et al. 2018) including obsidian (Doronicheva), distant 

bitumen for hafting at Umm el Tlel (Boeda et al. 2008a,b), prey specificity at many sites 

including Ortvale and Klde and Riparo Tagliente (Adler et al. 2006, Vettese et al. 2021), and 

lithic caching in sites including Kabazi V and Mount Pua (Barkai and Gopher 2011, Veselsky 

2008). However, no Neanderthal sites show all these behaviours in the way that contemporary 

AMH sites did. The key difference between Neanderthals and AMH is that, in the latter, 

innovations spread group-to-group to form pan-European “cultures” in the Upper Palaeolithic, 

with ritual and subsistence practices. However, isolated Neanderthal groups repeatedly died 

out, losing technological gains and preventing this spread which otherwise may have ensured 

their survival. Neanderthal groups would have been much more individual, tailored to local 

subsistence regimes.  

 

Nonetheless, individual group complexities certainly indicates that Neanderthals could act 

similarly to contemporary AMH, and only were hindered by a lack of learning opportunities. 

Advanced fire uses (cooking, lithic heat treatment and melting hafting materials) were acquired 

by odd groups and subsequently lost, due to their how few sites they appear in, and yet how 

prevalent they are in those sites in which they are found. Many more Neanderthals selected 
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specific fuels, evidencing forward-planning and knowledge of optimum fuelwoods for desired 

purposes. This is in keeping with other forward planning activities; selecting raw lithics has 

continued since the Oldowan (Delagnes et al. 2023, Sherwood 2021). The fact that many 

Neanderthals, even without the skills for most advanced technologies involving fire, still 

selected optimum woods, implies that selectivity is extremely innate to ‘human’ nature. 

Although selectivity is evidenced in lithics since Homo erectus, Neanderthals are the first to 

properly select optimum prey for hunting; and now, this study has further demonstrated 

another ‘first’ aspect of selectivity, in fuelwood choices. Innate selectivity may not be a 

cognitively-modern trait, but when hominins apply it to successively more parts of their lives, 

they become more and more like us. The lithic optimisation of H. erectus was the first step 

towards modern technological behaviours; Neanderthals massively expanded this selective 

repertoire.  

 

Fire use as a whole appears in 80% of sites. As yet, no comparable study for Palaeolithic 

modern humans exists (except Murphree and Aldeais 2022 – see pages 65 and 311 in this 

thesis); however as modern humans are evolutionary-obligate fire users, few H. sapiens sites 

would be fireless. My study implies that most Neanderthals could conceptualise and use fire; a 

further subset could possibly conceptualise it, but could not use it, lacking fuelwood or 

knowledge of how to create fire at will. This implies that fire use was much more innate to H. 

neanderthalensis than once thought, at least conceptually, and possibly, by proxy, to H. erectus, 

if both successor species to it could intrinsically understand it. The findings that many 

Neanderthals also optimised fire events, either improving burning properties or minimising 

foraging efforts, further suggests daily familiarity with fire. I initially assumed that optimising 

burning events (e.g. higher temperatures, lack/presence of smoke, light output) was linked to 

specific technologies. However, Neanderthals appear to have optimised their fires regardless of 

this, mixing fast-burning pine and slow-burning oak and juniper. Whilst Neanderthals did not 

always use their fires for more than mere warmth and light, its quality was important to them 

even without the presence of more demanding fire-related tasks.  

 

Furthermore, their fire mirrored other aspects of their lives, both in terms of optimisation and 

forward-planning. Inexperienced Neanderthals expediently gathering fuel to monopolise 

natural fire only occurs in a few sites. As with forward-planning and coordinated hunting 

enabling targeting of larger prey and more time-effective and safer hunting, placing sites near 
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high-quality lithic sources reduces foraging times, and caching practices allows storage for 

returns to seasonal sites. Fuel selection likewise reduced time spent on this technology 

(outside burning times). Fuelwood-gathering is costly; optimisation in turn allowed wood 

gathering to occur alongside other foraging activities during daily subsistence hours. Likewise, 

waking and refuelling fires at night is also potentially costly; optimising for slow-burning woods 

reduced these costs. Both reduced the fire costs to only time spent igniting and building 

hearths, and risks of being burnt; costs also minimised by selecting dry non-sparking woods. 

Neanderthals using fire rarely and foraging randomly would have found it costly, despite the 

benefits. When it became inherent and part of practiced daily routines, fire use cost little more 

than being restrained to home bases at certain times; which itself came with benefits of Sight, 

Security and Socialisation. 

 

V: Further Research. 

As mentioned, further research into pollen spread and degradation mechanisms could 

elucidate potential palynological biases. Recent vegetation-pollen comparison studies 

demonstrate taphonomic bias (Lawing et al. 2021, Val-Peon et al. 2023). Studying inter-genera 

(and inter-species) sporopollenin differences would demonstrate resistances to degradation 

(Gabarayeva et al. 2003, Jardine et al. 2021, McGarry and Caseldine 2004, Mujtaba et al. 2018, 

Wang and Dobritsa 2021). Oxidising tests such as those by Lebreton et al. (2010) could be 

expanded on to create predicted degradation rates by exine thickness (and thus by genus). 

Understanding how different pollens react to common chemical preparation treatments (e.g. 

sodium hexametaphosphate or Lycopodium tablets), as well as mechanical resistance to 

centrifuging, would help ascertain if modern treatment methods cause further biases. More 

pollen reference collections would also assist in enabling rarer genera, such as Celtis, to be as 

consistently identified as Pinus.  

 

Further anthracological research could better examine genera-specific charcoal production in 

real-life experimental fires, and how this differs from laboratory methods. Certainly, 

proportions created at any temperature will be less than in optimal oxygen-excluding furnaces. 

If more laboratory studies are undertaken, understanding genera-specific conversion rates at 

more temperatures, in increments of 50°C from 350°C to 700°C, would be highly beneficial. 

Pinus was in the top 17% highest charcoal-producing genera at 350°C, but in the lowest 7% at 
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700°C; Larix in the top 4% at 350°C and the bottom 27% at 700°C; Celtis in the bottom 35% at 

350°C, but in the top 2% at 700°C. Research could determine how these proportions change 

with temperature; at which temperature fires produced most charcoal, and how real-life 

conversion rates differ from laboratory experiments. Real-life fires, on the model of Hoare 

(2020) and following identical procedures, could also determine maximum temperatures, 

burning durations and lux outputs of a wider range of genera and to determine their value to 

Neanderthals. The current omission of Juniperus, Prunus, Amygdalus and Acer (four of the six 

most common genera in the Middle Palaeolithic anthracological record) from temperature, 

burning duration and light output experiments is regrettable, and their inclusions would be 

most valuable. My recalibration tables likewise have much wider applications than the Middle 

Palaeolithic record; they can address any anthracological bias throughout archaeology, and 

enable more accurate understandings of local palaeoenvironments.  

 

As excavations progress, I hope that more sites with hearth features will publish detailed 

anthracological and palynological diagrams to enable further dialogue. Currently, fewer than 

25% of sites with charcoal (29 out of 128) have proper published anthracological diagrams; 

pollen could theoretically be analysed from many of them. Further excavation can hopefully 

also reveal more undisturbed sites where individual hearth features can be analysed. This has 

been possible in El Salt, with H44, H53b and H57 (Vidal-Matutano 2017), but is currently 

uncommon; at best, layers are subdivided into Archaeosedimentary Facies Associations (AFAs). 

Individual hearth assemblages can crucially reveal how individual fires operated; in El Salt, H44 

and H53b are overwhelmingly dominant with Pinus fuels, with minor Acer input; in H57 

however, Pinus and Acer proportions were equal, along with many burnt Acer seeds (Ibid). 

Perhaps H57 represents a specialist maple-seed roasting hearth, or perhaps the seeds were still 

attached to burning branches; this fire would have lasted longer and emitted less heat than the 

pine-dominant ones however. These distinctions, especially between temporally-contiguous 

hearths, provide valuable insights into individual decision-making. New excavations and 

research can also reveal finer-scale environmental data, in particular continuing Sandgathe and 

Dibble’s work of correlating fire with environmental conditions to determine how constraining 

climatic conditions were to fire use. Further excavation will also allow finer chronological 

resolution, to better tie local reconstructed biomes to wider climatic changes. 
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Further research into the intentionality of heated lithics and burnt bone will reveal the real 

spread of Neanderthal advanced pyrotechnic-dependent technologies. In particular, ESR 

testing combined with a lack of visual heating damage could detect heat-treated lithics, and 

Differential Scanning Calorimetry combined with an increased presence of cyanamide could 

detect carefully-cooked bone. Information on the intentionality of both these metrics is crucial 

to determine the level of these two technologies throughout the Neanderthal world. Analysing 

previously-untested Neanderthal tools would also help determine how many finished tools had 

been heat-treated. Understanding the intentionality of heat-treated lithics and burnt bone 

would help solve the conundrum mentioned in Chapter Three, whereby intentional heat-

treatment at only open-air sites would suggest that there was more fire in caves than open-air 

sites; if few lithics were intentionally heated, this instead suggests equal fire in both site types 

but preferential cooking in caves, which analysing bone attributes could reveal.  

 

 

VI: Concluding Thoughts. 

The Middle Palaeolithic record is highly incomplete, and future excavations of additional sites 

and layers will no doubt shed further insight into the nature of Neanderthal fire use. Despite 

criticisms, it is always easier to prove presence than absence; those arguing for Neanderthal 

burial need only find one perfect, undisputable example one day. The discovery of a perfectly-

preserved Neanderthal hearth with evidence of prior preparation, lithic heat treatment and 

undisputable cooking would of course prove that Neanderthals could do all of these things. 

However, this thesis has been less about individual exceptional finds, but more about 

synthesising data over very long spatial and temporal scales, to analyse trends and understand 

Neanderthals at a species level. Although the key concept of fuelwood selection may change, if 

many more sites publish palynological data, and comparison with the anthracology shows no 

selective trends, I do not believe that this will be the case. The wider trends of Neanderthal 

fuel choice across Europe will remain until many more sites have been excavated. The evident 

human-like choices made by H. neanderthalensis have only been strengthened rather than 

weakened by further discoveries and finer-grained data in the past decade, and fire use is no 

exception. To a Neanderthal, what I have deduced would not be important, as such behaviours 

would have been so ingrained into many of their daily lives as to be routine and to have no 

novelty. However, it is only from an unbiased analysis of these routine activities that we can 

truly build up an accurate picture of Homo neanderthalensis technological progress.  
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 Map A1: Middle Palaeolithic open-air sites correlated 
with the number of fire proxies (charcoal, ash, burnt 
sediment, burnt lithics, burnt bone) in them; 0 proxies 
(white), 1 proxy (green), 2 proxies (blue), 3 proxies (pink), 
4 proxies (red), 5 proxies (black). 

 

Map A2: All Middle Palaeolithic sites, either with 
burnt bone present (black) or without it (white). 

Map A3: Middle Palaeolithic cave sites, either with burnt 
bone present (black) or without it (white).  

Map A4: Middle Palaeolithic open-air sites, either 
with burnt bone present (black) or without it (white).  

Map A5: All Middle Palaeolithic sites, either with burnt 
lithics present (black) or without it (white). 

Map A6: Middle Palaeolithic cave sites, either with 
burnt lithics present (black) or without it (white). 

Appendices. 

I: Appendix One. 
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Map A7: Middle Palaeolithic open-air sites, either 
with burnt lithics present (black) or without it (white).  

Map A8: All Middle Palaeolithic sites, either with 
charcoal (black) or without it (white).  

Map A9: Middle Palaeolithic cave sites, either with 
charcoal (black) or without it (white). 

Map A10: Middle Palaeolithic open-air sites, either with 
charcoal (black) or without it (white).  

Map A11: All Middle Palaeolithic sites, either with 
hearths (black) or without (white).  

Map A12: Middle Palaeolithic cave sites, either with 
hearths (black) or without (white).  
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II: Appendix Two: Site Descriptions. 

Abric del Pastor: This small rockshelter (60m2) is located in the Mariola Mountains of Alicante (Spain). 

First excavated in 1953, it has been recently re-excavated since 2005. In a 1.5m deep sequence, six 

stratigraphic units have been found. The Neanderthals may well have burned dead wood, and a recent 

investigation has found well-preserved evidence of a single occupation episode, a rare occurrence 

References: Sossa-Rios et al. 2022, Vidal-Matutano et al. 2015. 

 

Abric Romani: This well-known cave contains 27 archaeological layers in a 20m-thick section; layers A-K 

dating from c.40-52ka BP contain the Middle Palaeolithic remains. The hearths vary from those used for 

short-term cooking and those burning overnight; many have lithic scatters around them. As well as the 

plethora of hearths, there is also evidence of Neanderthals curating and cleaning their living spaces. The 

animal bones are mainly from medium to large herbivores, deliberately hunted and showing many green 

breaks and frequent anthropogenic cutmarks.  

References: Gabucio et al. 2018, Vaquero et al. 2001, 2004. 

 

Abri du Maras: This rockshelter is situated 70m above the Ardeche river, composed of three sedimentary 

layers. The middle of the sequence is U/Th dated from 72-91ka BP. Neanderthals lived here during 

temperate forested conditions in Layer 5, and abandoned it during the cold phase in Layer 4. There are 

abundant lithic remains, using the Levallois flaking technology on flint cortical cores.  

References: Moncel et al. 2015. 

 

Abrigo de la Quebrada: This rockshelter is located 65km north-west of Valencia, Spain, c.730m above 

sea level. It faces north-west and is at the bottom of a narrow gorge, often in darkness. The archaeology 

is over 3m thick, distributed into nine stratigraphic units. There is an extremely high desntiy of 

occupations, and over 18,000 lithics and 100,000 bones have been found. Radiocarbon dating has dated 

the Neanderthal occupations from 43-51ka BP.  

References: Carrion Marco et al. 2019, Real et al. 2018.  

 

Aguilon P5: This cave is found in the Iberian System mountain range, in the north-east of the peninsula. 

A large cave, 20m long and 8m wide, it has been excavated since 2010. Four archaeological levels have 

been revealed, evidencing hearths and multiple occupations. The whole is radiocarbon dated to MIS 3 

(34-46ka BP).  

References: Mazo and Alcolea 2020.  

 

Bojnice III: This site was excavated from within the moat of Bojnice Castle ('Castle of the Spirits'), 

Slovakia. 21 geological and 11 archaeological layers are preserved, dating from MIS 5e to MIS 3. The 

lithics mostly demonstrate the discoid technique, with a large number of bifaces. 

References: Valoch and Moncel 2013. 
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Bolomor Cave: This cave is located near the Spanish coast near Valencia. The cave opened c.500ka ago, 

and consists of 17 geoarchaeological levels, dated 121-233ka BP. Four Neanderthals have been 

recovered from here since 1989, alongside scrapers and denticulate tools. There are fifteen hearths 

present, and the individuals subsisted mostly on hunting young elephants and ungulates. 

References: Vidal-Matutano et al. 2019. 

 

Cova del Coll Verdaguer: This karstic cave has a rich faunal and floral assemblage, mostly representing 

carnivore (hyenid) dens and associated prey. However there is anthropogenic assemblages in scattered 

charcoal, burnt bone and 14 lithic fragments, dated to 90.4ka BP, which were mostly deposited when 

complete, although there is some refitting. This site is however generally ephemeral, although 

dissolutions and concretions suggest that much has been lost. 

References: Daura et al. 2017, Sanz and Daura 2018, Villa and Bartram 1996. 

 

Cova Gran: This is a very large rockshelter with an area of over 2500m2, situated at 385m above sea level 

in the Eastern PrePyrenees. Since 2004, 40m2 has been excavated, revealing seven layers. The top three 

are Early Upper Palaeolithic, and the lower four are Late Middle Palaeolithic. The Middle Palaolithic 

layers are 1.5m thick, and bedrock has not yet been reached. All are palimpsests, containing all elements 

of knapping and retouching. There is a large faunal assemblage, including Stephanorhinus, Bos, Equus, 

Cervus, Capra and Oryctolagus.  

References: Allue et al. 2018.  

 

Cova 120: This is a less-studied cave, approx. 25m deep and 460m above sea level, located in the Eastern 

Pyrenees. Excavated 1985-1989 and 2003-2006, nine layers have been uncovered, dating from the 

Middle Palaeolithic to the Bronze Age. The Middle Palaeolithic layers have been dated from MIS 7 to MIS 

4. A very large suite of animal remains have been found, mostly accumulated by carnivores. Neanderthal 

occupation here is evidenced, but limited. 

References: Agusti et al. 1991.  

 

Cueva Anton: This rockshelter is located in the River Mula valley, Spain. Excavated since 1991, a 4m thick 

stratigraphy has been uncovered, dated MIS 4-3 (75-36ka). A Neanderthal camp has been found in 

various parts of the 600m2 revealed. The most notable find here is a perforated scallop shell bearing 

evidence of pigment, a possible example of symbolism and art. Dated to c.43ka BP, it is one of a very 

limited repertoire of Neanderthal portable art pieces.  

References: Zilhao et al. 2016.  

 

Cueva del Camino: Described as “the most complete MIS 5 record from the Iberian peninsula” (Arsuaga 

et al. 2012, p.55), this cave however is likewise primarily a carnivore den, with its anthropogenic input 

being from slope erosion uphill resulting in the cave being filled with an exterior deposit. This contains 

charcoal but no other fire evidence; there are also two Neanderthal teeth and a few lithics, but few 

cutmarks or anthropogenic fractures on the bones. This site was seldomly occupied then, and represents 

ephemeral Neanderthal presence. 

References: Arsuaga et al. 2010, 2012. 
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Cueva del Conde: The Cueva del Conde. in the River Trubia Valley, Spain, is best-known for its 

Aurignacian rock art. However, it also has a strong Middle Palaeolithic signature in the lower layers. Two 

Mousterian layers have been revealed. Radiocarbon dating on bone and charcoal has dated these levels 

37-38ka BP. A very large number of mall mammals and amphibians recovered has allowed a detailed 

reconstruction of the surrounding biomes and landscape. 

References: Lopez-Garcia et al. 2011, Uzquiano et al. 2018.  

 

De Nadale: This karstic cave is found in the Italian pre-Alps. First discovered in 2006, it has been 

excavated since 2014. Eight stratigraphic units contain one inhabited layer (SU7). SU7 contains a Quina 

Mousterian assemblage, U/Th dated to 70ka BP, as well as many fragments bones, charcoal and one 

singular Neanderthal tooth. There are many bone retouchers, used to shape and rejuvenate lithic 

scrapers; the Neanderthals here mostly hunted Megaloceros, Cervus, Bos and Bison. The bones were 

defleshed, and the long bones then fractured for marrow recovery. 

References: Jequier et al. 2015, Vidal-Matutano et al. 2020.  

 

El Esquilleu: This cave has a strong MIS 3 presence, dating c.36-51ka BP, with a wide range of hearth, 

burnt bones interpreted as being used as a deliberate fuel. Prey mortality profiles suggest deliberate 

hunting specialising in solitary adult ibex and chamois, but low local mobility, mostly staying within 5km 

of the site (seen through lithic procurement sources). The different lithic assemblages display Discoid, 

Levallois and Quina reduction sequences respectively, and there is evidence for extensive lithic 

maintenance and recycling. 

References: Cuartero et al. 2015, de los Terreros et al. 2014, Uzquiano 2006, Uzquiano et al. 2010, 

Yravedra and Uzquiano 2013, Yravedra et al. 2006. 

 

El Salt: El Salt represents one of the best sites in Iberia for Neanderthal fire evidence. Excavated since 

1986, the site first came to prominence when six Neanderthal teeth were discovered in 1987. The 

deposits are 6.3m thick, divided into 13 lithostratigraphic units, which have been TL-dated between 60 

and 45ka BP. As well as the extensive fire use, El Salt has provided examples of Neanderthal coprolites, 

which revealed an omnivorous Neanderthal diet. 

References: Rampelli et al. 2021, Vidal-Matutano et al. 2018. 

 

Gorham’s Cave: This cave represents one of the final Neanderthal refugia, where they may have survived 

till as recently as 28ka BP, although this is likely far too young. The cave contains cemented hearths and 

common fire use; an engraving in the cave may represent a rare example of Neanderthal abstract 

thought and art, and hunted golden eagles may represent harvesting for their feathers and talons for 

personal decoration.  

References: Finlayson et al. 2008, 2019, Goldberg and MacPhail 2012, Rodriguez-Vidal et al. 2014. 

 

Grotta di Fumane: This is a cave in the Veneto pre-Alps (Italy). Excavated since the 1990s, 11 layers have 

been excavated, dating from the Late Middle Palaeolithic to the Early Upper Palaeolithic. Mousterian 

Neanderthals lived in layer A5, dated c.43ka BP. Above this, a transitional Uluzzian technocomplex has 

been excavated. Grotta di Fumane is well known for intentional removal of feathers from various birds 

by Neanderthals, perhaps to use as personal decorations. 



331 
 

References: Basile et al. 2014, Peresani et al. 2011. 

 

Kaldar Cave: Excavated since 2014, Kaldar Cave in Iran has produced evidence of both modern human 

and Neanderthal industries. The modern humans are dated 23-29ka BP, and the Neanderthal 

occupations from 38-54ka BP (Bazgir et al. 2017). The extensive charcoal assemblage has allowed a 

reconstruction of a mostly Prunus-dominated landscape.  

References: Allue et al. 2018. 

 

Klissoura Cave: This is a karstic cave in the northeastern Peloponnese (Greece). Excavated 1989-1990, 

sediments 5m deep were uncovered, divided into 14 stratigraphic units; six Middle Palaeolithic, seven 

Upper Palaeolithic and one Mesolithic. Whilst the Middle Palaeolithic layers evidence less intensive 

activity than the later Upper Palaeolithic ones, they contain hearths and lithics. There is also a unique 

instance of the transitional Uluzzian industry, the only instance thus far to be found outside Italy. 

References: Ntinou 2021, Starkovich 2017. 

 

La Vina Cave: This cave is in the Nalon river basin, Spain, 292m above sea level. A large cave, it is 25m 

high and 30m deep. Excavated 1980-1996, its long sequence covers the Mousterian, Protoaurignacian, 

Aurignacian, Gravettian, Solutrean, Magdalenian and later Holocene. In the central sector, no 

Mousterian remains were found, but they were present in the Sector Occidental.  

References: De la Rasilla et al. 2020. 

 

Llonin Cave: This cave site is found in the Cares-Deva River Basin, Spain. This karstic cave was excavated 

1987-1997, revealing archaeology from the Mousterian, Gravettian, Solutrean, Badegoulian, 

Magdalenian and Bronze Age. The upper layers show abundant prehistoric art of numerous prey species. 

References: De la Rasilla et al. 2020.  

 

Nesher Ramla: This site is a karstic sinkhole in the Judean Mountains, found by accident when quarrying 

for cement. The Middle Palaeolithic layers are 8m thick, subdivided into six stratigraphic units. Units III 

and V have the highest density of lithics. The whole sequence has been OSL dated from 78-160ka BP, and 

TL dated to 117-185ka BP. The whole site appears to be MIS 5 and 6. The lithics were most reduced using 

the Levallois method. 

References: Allue and Zaidner 2022, Guerin et al. 2017. 

 

Les Canalettes: The rockshelter is at 700m above sea level on the southern border of the Massif Central, 

France. Excavated in the 1960s, and then again from 1980 to 1997, exposed 30m2. The site is TL dated to 

the end of MIS 5a, at 73ka BP. The lithics were made from local sources, and the site was occupied 

between spring and autumn, based on ungulate tooth eruption. There are few carnivores or carnivore 

marks, suggesting that Neanderthals were responsible for procuring most of the faunal remains here.  

References: Audiard et al. 2021, Valladas and Joron 1993.  
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Pod Hradem Cave: This cave is located in the northwestern Moravian Karst, in the Czech Republic. A 

small cave, its entrance is only 3m wide and 1.5m tall, and 14m long, 10m wide and 5-7m high inside. 

Excavated in the 1890s and 1950s, 90m2 has been uncovered. Originally defined as a cave bear 

hibernation den, Neanderthal occupations have been more recently recognised. The whole deposit is 

radiocarbon dated to 32-48ka BP.  

References: Nejman et al. 2018.  

 

Riparo Bombrini: This collapsed rockshelter is located in Liguria, Italy, near the Tyrrhenian Sea. 

Discovered inn 1887 during the construction of the Genova-Marseilla railway, it was only excavated in 

1938, and again in 1976 and 2002-2005. The cave Mousterian and Proto-Aurignacian years spanning in 

between 35 and 45ka BP. The upper Mousterian levels are scattered, whilst the lower levels retain 

spatially distinctive hearth features. Most of the Mousterian correlated with a warm climate, although 

the final Mousterian was distinctly cooler.  

References: Arobba and Caramiello 2009.  

 

Scladina Cave: This cave sits on the right bank of the Meuse RIver in Belgium, extending 39m into the 

bedrock, from 6 to 12m in height. Excavated since 1978, two Middle Palaeolithic units have been found. 

The upper one, 1A, contains 4500 lithics, deposited by debris flow during the Weichselilian Middle 

Pleniglacial, dated 37-40ka BP in MIS 3. The lower complex was deposited in MIS 5d to 5b, in the 

Weichselian Early Glacial Period. In this later, over 12500 faunal remains have been found, including 26 

bone retouchers made from cave bear bone. 

References: Abrams et al. 2014, Pirson et al. 2008.  

 

Teixoneres Cave: Teixoneres in a karstic cave near Barcelona, Spain at 900m above sea level. Containing 

galleries 30m long, the cave has been excavated in the 1950s, 1973, and since 2003. The sediment is 6m 

thick, containing 15 layers, of which I to IV belong to the Late Pleistocene and are U-series dated to 

100ka BP, within MIS 5c. Neanderthals concentrated their activities at the cave entrance, which they 

occupied successively for c.7000 years; the deeper recesses of the cave were consistently used by 

carnivores, with minimal to no Neanderthal presence. The Neanderthal occupations would have been 

short-lived but frequent. 

References: Lopez-Garcia et al. 2012, Zilio et al. 2021. 

 

Theopetra Cave: This cave is situated on the edge of the Thessaly plain in central Greece. It is the cave in 

Greece with the longest archaeological record, dating from the Middle Palaeolithic until the Neolithic. 

The Middle Palaeolithic levels are dated from 57 to 129ka BP. The earliest Neanderthals lived in a 

Prunus-dominated open park-woodland during MIS 6, followed by temperature woodlands; in late MIS 

5, this was replaced with Juniperus-dominated steppe. By the Upper Palaeolithic, temperate woodlands 

had re-established themselves. 

References: Ntinou and Kyparissi-Apostolika 2016, Valladas et al. 2007. 
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III: Appendix Three: Original Burning Values for Charcoal Conversion Rate Experiments. 

Tables A1-A42: Original burning calculations for 42 genera at 350°C. 

A1: Acer (350°C) – Specimens 4 & 5 excluded from Means 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss 

Charcoal 
Mass 

% Weight 
Remaining 

1 5.9419 35.8988 31.6369 4.2619 1.68 28.27 

2 5.9234 37.7104 33.4123 4.2981 1.6253 27.44 
3 6.1039 38.2249 33.6983 4.5266 1.5773 25.84 

4 5.7721 36.8973 34.1999 2.6974 3.0747 64.92 

5 5.0733 36.2921 33.9572 2.3349 2.7384 53.98 

6 6.4271 35.8283 31.0578 4.7705 1.6566 25.78 

7 6.8893 38.4612 33.5987 4.8625 2.0268 29.42 

8 6.3469 36.4043 31.9824 4.421 1.9259 30.34 

9 6.0749 38.448 34.1895 4.2585 1.8164 29.90 

10 6.0013 35.1782 30.7693 4.4089 1.5924 26.53 

Mean 6.2136 37.0193 32.5432 4.601 1.7376 27.94 

 

A2: Alnus (350°C) – Specimens 6 & 8 excluded from Means 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss 

Charcoal 
Mass 

% Weight 
Remaining 

1 4.0283 33.9609 31.0633 2.8976 1.1307 28.08 

2 5.1857 35.9867 33.0231 2.9636 1.2221 29.20 

3 5.2478 37.3383 33.4982 3.8401 1.4077 26.82 

4 4.394 35.5309 32.2958 3.2351 1.1589 26.37 

5 4.9368 36.1474 32.4483 3.6991 1.2377 25.07 

6 4.5451 34.0262 31.6356 2.3906 2.1545 47.40 

7 4.6789 36.2766 32.8803 3.3963 1.2826 27.41 

8 5.1984 35.3731 33.1053 2.2678 2.9306 56.38 

9 4.1591 36.4923 33.5648 2.9275 1.2316 29.61 

10 4.8459 34.0189 30.4161 3.6028 1.2431 25.65 

Mean 4.6846 35.7203 32.3987 3.3203 1.2393 27.275 
 

A3: Amygdalus (350°C) 

Specimen 
Number 

Pre-Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 6.2027 36.2015 31.7439 4.4576 1.7451 28.13 

2 6.4322 38.2184 33.6601 4.5583 1.8739 29.13 

3 6.2919 38.3982 34.2338 4.1644 2.1275 33.81 

4 5.2849 36.3674 32.5108 3.8566 1.4283 27.03 
5 5.7318 36.8984 32.863 4.0354 1.6964 29.6 

6 6.1486 35.5721 31.4223 4.1498 1.9988 32.51 

7 5.6524 37.0805 33.0844 3.9961 1.6563 29.3 

8 5.7996 35.8551 31.6571 4.198 1.6016 27.62 

9 6.0181 38.4302 34.3726 4.0576 1.9605 32.58 

10 5.6859 34.9287 30.8807 4.048 1.6379 28.81 

Mean 5.9248 36.7951 32.6429 4.1522 1.7726 29.852 
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A4: Arbutus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 5.2317 35.1961 31.3474 3.8487 1.383 26.44 

2 5.3086 37.1088 33.2601 3.8487 1.4599 27.5 

3 7.7456 39.9285 33.9097 6.0188 1.7268 22.29 

4 5.7045 36.7833 32.4152 4.3681 1.3364 23.43 

5 6.5196 37.7376 32.681 5.0566 1.463 22.44 

6 4.9762 34.3675 30.6762 3.6913 1.2849 25.82 

7 6.1718 37.687 33.0398 4.6472 1.5246 24.7 

8 5.9379 36.0516 31.5646 4.487 1.4509 24.43 

9 5.3282 37.6824 33.6644 4.018 1.3102 24.59 

10 5.5855 34.774 30.4214 4.3526 1.2329 22.07 

Mean 5.851 36.7317 32.298 4.4337 1.4173 24.371 

 

A5: Betula (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 5.274 35.2749 31.3255 3.9494 1.3246 25.12 

2 5.5883 37.4421 33.1441 4.298 1.2903 23.09 

3 5.4427 37.631 33.4146 4.2164 1.2263 22.53 

4 5.7633 36.9522 32.7742 4.178 1.5853 27.51 

5 6.1213 37.3333 32.6127 4.7206 1.4007 22.88 

6 5.2717 34.6628 30.4908 4.172 1.0997 20.86 

7 5.8044 37.3212 32.9102 4.411 1.3934 24.01 

8 5.5768 35.6739 31.8353 3.8386 1.7382 31.17 

9 5.6486 38.0119 34.2355 3.7764 1.8722 33.14 

10 5.8342 35.086 30.6739 4.4121 1.4221 24.38 
Mean 5.6325 36.5389 32.3417 4.1973 1.4353 25.469 

 

A6: Buxus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or 
Foil (g) 

Post-Burning 
Weight inc. 
Crucible or 
Foil (g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 7.231 37.1766 32.0866 5.09 2.141 29.61 

2 6.7565 38.5545 34.1555 4.399 2.3575 34.89 

3 8.1565 40.312 35.0035 5.3085 2.848 34.92 

4 6.3871 37.4868 33.0621 4.4247 1.9624 30.72 

5 7.5099 38.7451 33.493 5.2521 2.2578 30.06 

6 6.6144 36.0186 31.4709 4.5477 2.0667 31.25 

7 6.5877 38.0708 33.4721 4.5987 1.989 30.19 

8 6.5643 36.6646 32.4064 4.2582 2.3061 35.13 

9 7.0236 39.4044 34.5693 4.8351 2.1885 31.16 

10 6.427 35.6529 31.4864 4.1665 2.2605 35.17 

Mean 6.9258 37.8086 33.1206 4.6881 2.3378 32.31 
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A7: Carpinus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 7.265 37.3471 32.1156 5.2315 2.1335 28.97 

2 6.6057 38.3737 33.5135 4.8602 1.7455 26.42 

3 8.2457 40.3764 34.2712 6.1052 2.1405 25.96 

4 8.3008 39.426 33.2009 6.2251 2.0757 25.01 

5 8.2433 39.4206 33.2192 6.2014 2.0419 24.77 

6 8.4093 37.8302 31.5815 6.2487 2.1606 25.69 

7 8.3573 39.799 33.7623 6.0367 2.3206 27.77 

8 6.5154 36.6064 31.9341 4.6723 1.8431 28.29 

9 7.9043 40.2879 34.5918 5.6961 2.2082 27.94 

10 7.8537 37.0707 31.3174 5.7533 2.1004 26.74 

Mean 7.7701 38.6538 32.9508 5.7031 2.077 26.756 

 

A8: Castanea (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 5.0653 35.0694 31.9625 3.1069 1.9584 38.66 

2 4.5656 36.4309 33.4117 3.0192 1.5464 33.87 

3 7.1698 39.3479 34.5606 4.7873 2.3825 33.23 

4 6.1855 37.347 33.2346 4.1124 2.0731 33.52 

5 4.8871 36.0878 33.2183 2.8695 2.0176 41.28 

6 5.4643 34.9101 31.4556 3.4545 2.0098 36.78 

7 5.0774 36.5235 34.0554 2.4681 2.6093 51.39 

8 4.9033 34.9669 31.7233 3.2436 1.6597 33.85 

9 6.5867 39.9889 34.9996 4.9893 1.5974 24.25 

10 4.7354 33.9581 31.4451 2.513 2.2224 46.93 
Mean 5.464 36.4631 33.0067 3.4564 2.0077 37.376 

 

A9: Celtis (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 1.9115 31.0596 29.6535 1.4061 0.5054 26.44 

2 1.4952 34.7499 33.735 1.0149 0.4803 32.12 

3 1.3512 35.2663 34.3066 0.9597 0.3915 28.97 

4 1.7736 43.114 41.8354 1.2786 0.495 27.91 

5 2.1031 38.7672 37.215 1.5522 0.5509 26.19 
6 1.6319 36.4667 35.2781 1.1886 0.4433 27.16 

7 1.8259 38.5182 37.2102 1.308 0.5179 28.36 

8 2.0579 33.304 31.8487 1.4553 0.6026 29.28 

9 1.1996 34.5829 33.7044 0.8785 0.3211 26.77 

10 2.1345 31.4031 29.8469 1.5562 0.5783 27.09 

Mean 1.7484 35.7232 34.4634 1.2598 0.4886 28.029 
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A10: Corylus (350°C) – Specimens 4 & 6 excluded from Means 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 5.0634 35.1271 31.3911 3.736 1.3274 26.13 
2 4.7049 36.5698 33.0926 3.4772 1.2277 26.09 

3 4.431 36.5758 33.3743 3.2015 1.2295 27.75 

4 4.3232 35.4377 33.3706 2.0671 2.2561 52.19 

5 5.2305 36.4243 32.7776 3.6467 1.5838 30.28 

6 4.57 34.0231 31.7513 2.2718 2.2982 50.29 

7 4.6947 36.2093 32.8118 3.3975 1.2972 27.63 

8 4.2226 34.2989 31.2736 3.0253 1.1973 28.35 

9 4.9144 37.3159 33.6397 3.6762 1.2382 25.20 

10 4.0282 33.2231 30.2637 2.9594 1.0688 26.53 

Mean 4.6612 35.718 32.3281 3.39 1.2712 27.245 

 

A11: Crataegus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 7.1103 36.4123 31.2527 5.1596 1.9507 27.43 

2 6.7366 40.1081 35.2029 4.9052 1.8314 27.19 

3 7.3855 41.4428 35.9962 5.4466 1.9389 26.25 

4 7.3852 48.8768 43.7129 5.1639 2.2213 30.08 

5 6.2789 43.0151 38.6285 4.3866 1.8923 30.14 

6 5.9091 40.8982 36.7722 4.126 1.7831 30.18 

7 7.5034 44.3491 38.9705 5.3786 2.1248 28.32 

8 6.9335 38.2016 33.2137 4.9879 1.9456 28.06 

9 6.9862 40.5475 35.5564 4.9911 1.9951 28.56 

10 7.3406 36.7895 31.4952 5.2943 2.0463 27.88 

Mean 6.9569 41.0641 36.0801 4.984 1.973 28.409 

 

A12: Cytisus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 5.7019 35.6588 31.5442 4.1146 1.5873 27.84 

2 5.5038 37.2707 33.3115 3.9592 1.5446 28.06 

3 5.0638 37.1353 33.4965 3.6388 1.425 28.14 

4 5.2629 36.3795 32.6057 3.7748 1.4881 28.28 

5 5.2322 36.368 32.7563 3.6117 1.6205 30.97 

6 5.8457 35.2458 30.9805 4.2653 1.5804 27.04 

7 6.7003 38.1717 33.4933 4.6784 2.0219 30.18 

8 4.9169 34.9306 31.5631 3.3675 1.5494 31.51 

9 6.1757 38.5197 34.2025 4.3172 1.8585 30.09 

10 5.3494 34.5207 30.6783 3.8424 1.507 28.17 

Mean 5.5753 36.4201 32.4632 3.957 1.6183 29.028 
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A13: Erica (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 3.9682 33.9256 31.2059 2.7197 1.2485 31.46 
2 3.7457 35.5494 33.2471 2.3023 1.4434 38.53 

3 4.2009 36.385 33.5755 2.8095 1.3914 33.12 

4 2.9183 34.0571 32.2958 1.7613 1.157 39.65 

5 3.7472 34.9606 32.3978 2.5628 1.1844 31.61 

6 3.3949 32.823 30.5599 2.2631 1.1318 33.34 

7 2.5963 34.0736 32.4207 1.6529 0.9434 36.34 

8 3.5391 33.5959 31.3252 2.3807 1.1584 32.73 

9 3.8745 36.2052 33.5142 2.691 1.1835 30.55 

10 3.274 32.5176 30.4747 2.0429 1.2311 37.60 

Mean 3.5359 34.4093 32.1017 2.3186 1.2073 34.493 

 

A14: Fagus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 8.5616 38.5057 31.7617 6.744 1.8176 21.23 

2 8.1292 39.9089 33.5605 6.3484 1.7808 21.91 

3 8.399 40.5117 34.0026 6.5091 1.889 22.50 

4 8.6802 39.7931 32.9991 6.794 1.8862 21.73 

5 8.9285 40.1773 33.2693 6.908 2.0205 22.63 

6 8.5112 37.8772 31.632 6.2452 2.266 26.62 

7 8.6613 40.1191 33.4031 6.716 1.9453 22.46 

8 9.9176 40.0241 32.3705 7.6536 2.264 22.83 

9 7.9471 40.2653 34.3665 5.8988 2.0483 25.77 

10 9.2678 38.4724 31.1262 7.3462 1.9216 20.73 

Mean 8.7003 37.5655 32.8492 6.7163 1.9839 22.841 

 

A15: Ficus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 4.0436 33.2936 30.3668 2.9268 1.1168 27.62 

2 5.0908 38.4436 34.76 3.6836 1.4072 27.64 

3 4.9937 39.0533 35.3669 3.6864 1.3073 26.18 

4 4.5846 46.0583 42.7576 3.3007 1.2839 28.00 

5 5.345 42.1089 38.2113 3.8976 1.4474 27.08 

6 5.3109 40.3451 36.5307 3.8144 1.4965 28.18 

7 4.4996 41.3592 38.1582 3.201 1.2986 28.86 

8 5.9426 37.2864 32.8906 4.3958 1.5468 26.03 

9 4.8051 38.3168 34.8764 3.4404 1.3647 28.40 

10 4.7763 34.2252 30.7586 3.4666 1.3097 27.42 

Mean 4.9392 39.049 35.4677 3.5813 1.3579 27.541 
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A16: Fraxinus (350°C) – Specimens 1 & 4 excluded from Means  

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 5.6544 35.617 32.9216 2.6954 2.959 52.33 
2 3.9362 35.6948 32.8901 2.8047 1.1315 28.75 

3 3.0964 35.2339 32.9361 2.2978 0.7896 25.79 

4 4.2731 35.4065 33.6226 1.7839 2.4892 58.25 

5 5.2136 36.4436 32.6647 3.7789 1.4347 27.52 

6 4.4685 33.9349 30.6888 3.2461 1.2224 27.36 

7 5.0734 36.6558 32.9508 3.705 1.3684 26.97 

8 3.376 33.4345 30.9535 2.481 0.895 26.51 

9 3.3546 35.7341 33.2789 2.4552 0.8994 26.81 

10 4.5007 33.6845 30.4904 3.1941 1.3066 29.03 

Mean 4.1274 35.102 32.1067 2.9954 1.131 27.3425 

 

A17: Hedera (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 4.6393 33.8778 30.5789 3.2989 1.3404 28.89 

2 5.6881 39.0436 34.984 4.0596 1.6285 28.63 

3 4.861 38.901 35.4537 3.4473 1.4137 29.08 

4 4.8233 46.2933 42.9961 3.2972 1.5261 31.64 

5 4.8048 41.5337 38.4133 3.1204 1.6844 35.06 

6 5.0951 40.0664 36.5788 3.5876 1.5075 29.59 

7 3.7423 40.55 38.1189 2.4311 1.3112 35.04 

8 4.2589 33.416 30.4955 2.9205 1.3384 31.43 

9 4.2761 37.8086 34.894 2.9146 1.3615 31.84 

10 4.8453 34.2128 30.8132 3.3996 1.4457 29.84 

Mean 4.7034 38.5703 35.3326 3.2477 1.4557 31.104 

 

A18: Hippophae (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 5.9924 35.9083 31.9908 3.9175 2.0749 34.63 

2 5.7146 37.4581 33.554 3.9041 1.8105 31.68 

3 6.0128 38.1525 34.1155 4.037 1.9758 32.86 

4 6.0844 37.1967 33.0775 4.1192 1.9652 32.30 

5 6.3523 37.5853 33.2784 4.3069 2.0454 32.20 

6 6.4083 35.8259 31.7175 4.1084 2.2999 35.89 

7 6.1363 37.6112 33.4584 4.1528 1.9835 32.32 

8 6.6797 36.7241 32.4162 4.3079 2.3718 35.51 

9 6.1678 38.5454 34.5569 3.9885 2.1793 35.33 

10 5.9109 35.2169 31.2662 3.9507 1.9602 33.16 

Mean 6.146 37.0224 32.9431 4.0793 2.0667 33.588 
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A19: Ilex (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 5.4778 35.4634 31.422 4.0414 1.4364 26.22 
2 5.873 37.7015 33.4484 4.2531 1.6199 27.58 

3 6.0336 38.1784 33.5467 4.6317 1.4019 23.23 

4 6.5998 37.7575 32.7117 5.0458 1.554 23.55 

5 6.006 37.1884 32.6618 4.5266 1.4794 24.63 

6 6.7476 36.2114 30.936 5.2754 1.4722 21.82 

7 6.1297 37.6603 33.0437 4.6166 1.5131 24.68 

8 5.4491 35.4971 31.4565 4.0406 1.4085 25.85 

9 6.3169 38.6732 33.8262 4.847 1.4699 23.27 

10 5.9572 35.1948 30.6453 4.5495 1.4077 23.63 

Mean 6.0591 36.9526 32.3698 4.5828 1.4763 24.446 

 

A20: Juglans (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 4.6403 34.5647 31.3125 3.2522 1.3881 29.91 

2 4.5376 36.2882 33.0112 3.277 1.2606 27.78 

3 4.8518 36.9492 33.3809 3.5683 1.2835 26.45 

4 4.9516 36.0528 32.5249 3.5279 1.4237 28.75 

5 5.6836 36.8579 32.7225 4.1354 1.5482 27.24 

6 5.0192 34.3973 30.7427 3.6546 1.3646 27.19 

7 4.1832 35.6402 32.8035 2.8367 1.3465 32.19 

8 4.8571 34.9144 31.5051 3.4093 1.4478 29.81 

9 5.0244 37.3786 33.6976 3.681 1.3434 26.74 

10 5.1605 34.3861 30.6401 3.746 1.4145 27.41 

Mean 4.8909 35.7429 32.2341 3.5088 1.3821 28.347 

 

A21: Juniperus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 8.1392 38.1353 33.0942 5.0411 3.0981 38.06 

2 6.4847 38.2673 33.9235 4.3438 2.1409 33.01 

3 6.3156 38.4257 34.1616 4.2641 2.0515 32.48 

4 6.5974 37.7221 33.3778 4.3443 2.2531 34.15 

5 7.6159 38.8412 34.1654 4.6758 2.9401 38.60 

6 5.9638 35.404 31.4885 3.9155 2.0483 34.35 

7 7.4101 38.9052 34.4185 4.4867 2.9234 39.45 

8 6.8945 36.9696 32.4608 4.5088 2.3857 34.60 

9 6.8262 39.2192 34.9857 4.2335 2.5927 37.98 

10 6.0488 35.3045 31.2705 4.034 2.0148 33.31 

Mean 6.8296 37.7194 33.3347 4.3848 2.4449 35.599 
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A22: Larix (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 5.7094 35.6325 32.4449 3.1876 2.5218 44.17 
2 5.7595 37.5389 33.9207 3.6182 2.1413 37.18 

3 6.1317 38.1953 34.8271 3.3682 2.7635 45.07 

4 5.0447 36.1267 32.954 3.1727 1.872 37.11 

5 6.8154 38.0319 33.8536 4.1783 2.6371 38.69 

6 5.5004 34.8929 31.3886 3.5043 1.9961 36.29 

7 6.4626 37.9315 33.8825 4.049 2.4136 37.35 

8 5.024 35.0716 32.1047 2.9669 2.0571 40.95 

9 6.3336 38.7459 35.0289 3.717 2.6166 41.31 

10 7.2242 36.4054 31.9801 4.4253 2.7989 38.74 

Mean 6.006 36.8573 33.2385 3.6188 2.3818 39.686 

 

A23: Laurus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 7.866 37.8246 32.7893 5.0353 2.8307 35.99 

2 7.5087 39.3303 34.4811 4.8492 2.6595 35.42 

3 7.6562 39.7523 34.8589 4.8934 2.7628 36.09 

4 6.0256 37.1803 32.8125 4.3678 1.6578 27.51 

5 8.6092 39.8526 34.3562 5.4964 3.1128 36.16 

6 8.6114 38.0033 32.4188 5.5845 3.0269 35.15 

7 8.0029 39.5285 34.5211 5.0074 2.9955 37.43 

8 8.3768 38.4878 33.3806 5.1072 3.2696 39.03 

9 7.3787 39.755 35.1658 4.5892 2.7895 37.80 

10 7.8424 37.1001 31.4767 5.6234 2.219 28.29 

Mean 7.7878 38.6815 33.6261 5.0554 2.7324 34.887 

 

A24: Olea (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 8.2128 38.1862 32.1156 6.0706 2.1422 26.08 

2 8.5231 40.3092 33.8698 6.4394 2.0837 24.45 

3 7.8881 39.9968 34.3955 5.6013 2.2868 28.99 

4 8.1791 39.2756 33.2832 5.9914 2.1877 26.75 

5 7.7111 38.9031 33.2791 5.624 2.0871 27.07 

6 7.605 37.0541 31.3098 5.7443 1.8607 24.47 

7 7.7075 39.1671 33.2974 5.8697 1.8378 23.84 

8 7.9597 38.0233 31.9503 6.073 1.8867 23.70 

9 7.2404 39.6226 34.362 5.2606 1.9738 27.34 

10 7.5862 36.8013 31.1343 5.667 1.9192 25.30 

Mean 7.9733 38.7339 32.8997 5.8341 2.0256 25.799 
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A25: Phillyrea (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 1.3561 31.1683 30.2509 0.9174 0.4387 32.35 
2 2.1041 33.7961 32.3659 1.4302 0.6739 32.03 

3 1.8113 33.8091 32.63 1.1791 0.6322 34.90 

4 1.7598 32.7378 31.5654 1.1724 0.5874 33.38 

5 1.65 32.7332 31.6243 1.1089 0.5411 32.79 

6 1.2998 30.5705 29.7674 0.8031 0.4967 38.21 

7 0.7741 32.0796 31.5496 0.53 0.2441 31.53 

8 1.0084 30.9171 30.2874 0.6297 0.3787 37.55 

9 1.0113 33.2163 32.5851 0.6312 0.3801 37.59 

10 1.1174 30.1553 29.4732 0.6821 0.4353 38.96 

Mean 1.3892 32.1183 31.2099 0.9084 0.4808 34.929 

 

A26: Picea (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 4.2041 34.1569 31.2283 2.9286 1.2755 30.34 

2 3.4038 35.1508 32.8192 2.3316 1.0722 31.50 

3 3.8871 36.0047 33.3791 2.6256 1.2615 32.45 

4 3.2686 34.3522 32.1382 2.214 1.0546 32.26 

5 3.8321 35.0281 32.4633 2.5648 1.2673 33.07 

6 4.3635 33.7824 31.0939 2.6885 1.675 38.39 

7 3.5833 35.0168 32.5938 2.423 1.1603 32.38 

8 3.9444 34.0305 31.5611 2.4694 1.475 37.39 

9 3.4088 35.7951 33.6712 2.1239 1.2849 37.69 

10 5.3985 34.628 31.2554 3.3726 2.0259 37.53 

Mean 3.9294 34.7946 32.2204 2.5742 1.3552 34.3 

 

A27: Pinus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 4.4813 34.5819 31.5647 3.0172 1.4641 32.67 

2 5.8367 37.7528 34.1945 3.5583 2.2784 39.04 

3 5.4243 37.6482 34.3477 3.3005 2.1238 39.15 

4 5.0901 36.3152 32.8204 3.4948 1.5953 31.34 

5 4.8649 36.132 32.8171 3.3149 1.55 31.86 

6 5.5382 35.0325 31.6667 3.3658 2.1724 39.23 

7 5.9333 37.4645 33.7912 3.6733 2.26 38.09 

8 5.5477 35.6755 31.8966 3.7789 1.7688 31.88 

9 4.8936 37.4681 34.0805 3.3876 1.506 30.77 

10 4.5914 34.1447 31.0063 3.1384 1.453 31.65 

Mean 5.2212 36.2215 32.8186 3.403 1.8172 34.568 

 

 



342 
 

A28: Pistacia (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 1.6347 30.7722 29.6331 1.1391 0.4956 30.32 
2 1.5652 34.8405 33.7766 1.0639 0.5013 32.03 

3 1.8479 35.7555 34.45 1.3055 0.5424 29.35 

4 1.5101 42.8419 41.8042 1.0377 0.4724 31.28 

5 1.3747 37.9787 37.0209 0.9578 0.4169 30.33 

6 1.6724 36.5155 35.3363 1.1792 0.4932 29.49 

7 1.5088 38.2047 37.1607 1.044 0.4648 30.81 

8 1.5661 32.7247 31.64 1.0847 0.4814 30.74 

9 1.4616 34.8316 33.7686 1.063 0.3986 27.27 

10 1.4132 30.6599 29.6475 1.0124 0.4008 28.36 

Mean 1.5553 35.5125 34.4238 1.0887 0.4667 29.998 

 

A29: Populus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 4.1234 34.0826 31.1859 2.8967 1.2267 29.75 

2 3.6868 35.4545 32.762 2.6925 0.9943 26.97 

3 4.0119 36.0895 33.4209 2.6686 1.3433 33.48 

4 4.7117 35.8215 32.6869 3.1346 1.5771 33.47 

5 4.3349 35.5454 32.4488 3.0966 1.2383 28.57 

6 3.6068 33.0123 30.465 2.5473 1.0595 29.38 

7 4.1317 35.6014 32.9236 2.6778 1.4539 35.19 

8 3.9189 33.9691 31.1037 2.8654 1.0535 26.88 

9 4.1446 36.5624 33.7806 2.7818 1.3628 32.88 

10 4.1469 33.3758 30.4455 2.9303 1.2166 29.34 

Mean 4.0818 34.9515 32.1223 2.8292 1.2526 30.591 

 

A30: Prunus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 6.3174 36.2996 31.9037 4.3959 1.9215 30.42 

2 6.5143 38.3948 33.8148 4.58 1.9343 29.69 

3 6.6527 38.8615 34.3377 4.5238 2.1289 32.00 

4 6.9237 38.1213 33.7883 4.333 2.5907 37.42 

5 5.4003 36.6464 33.1222 3.5242 1.8761 34.74 

6 5.7277 35.1326 31.4571 3.6755 2.0522 35.83 

7 7.1749 38.6782 33.8346 4.8436 2.3313 32.49 

8 6.6143 36.6663 32.1748 4.4915 2.1228 32.09 

9 6.1419 38.499 34.302 4.197 1.9449 31.67 

10 6.5075 35.7714 31.7114 4.06 2.4475 37.61 

Mean 6.3975 37.3071 33.0447 4.2625 2.135 33.396 
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A31: Pyrus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 7.7889 37.7128 32.2412 5.4716 2.3173 29.75 
2 6.7348 38.4674 34.069 4.3984 2.3364 34.69 

3 7.057 39.1342 33.9059 5.2283 1.8287 25.91 

4 7.7822 38.8731 33.2241 5.649 2.1332 27.41 

5 6.7358 37.8982 32.9589 4.9393 1.7965 26.67 

6 7.2293 36.5781 31.3025 5.2756 1.9537 27.02 

7 6.8357 38.2542 33.2683 4.9859 1.8498 27.06 

8 6.7906 36.8305 32.368 4.4625 2.3281 34.28 

9 7.1411 39.4857 34.1978 5.2879 1.8532 25.95 

10 7.9002 37.0625 31.5179 5.5446 2.3556 29.82 

Mean 7.1996 38.0297 32.9054 5.1243 2.0753 28.856 

 

A32: Quercus Deciduous (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 7.372 37.3617 32.0917 5.27 2.102 28.51 

2 7.7085 39.4797 33.6217 5.858 1.8505 24.01 

3 7.8824 39.9638 34.0022 5.9616 1.9208 24.37 

4 8.5379 39.6892 33.3175 6.3717 2.1662 25.37 

5 7.5158 38.7182 33.0315 5.6867 1.8291 24.34 

6 8.1539 37.5575 31.6795 5.878 2.2759 27.91 

7 8.0714 39.5236 33.4515 6.0721 1.9993 24.77 

8 6.8971 36.9558 31.8444 5.1114 1.7857 25.89 

9 8.327 40.6937 34.5524 6.1413 2.1857 26.25 

10 8.4467 37.6759 31.6732 6.0027 2.444 28.93 

Mean 7.8289 38.7619 32.9266 5.8354 2.0559 26.035 

 

A33: Quercus Evergreen (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 7.2559 37.189 31.8685 5.3205 1.9354 26.67 

2 5.7027 37.4664 33.3053 4.1611 1.5416 27.03 

3 6.096 38.2031 33.8532 4.3499 1.7461 28.64 

4 7.4631 38.6179 33.0881 5.5298 1.9333 25.90 

5 6.1604 37.3321 33.1297 4.2024 1.958 31.78 

6 7.5835 37.0086 31.6327 5.3759 2.2076 29.11 

7 6.9143 38.3939 33.8076 4.5863 2.328 33.67 

8 7.8519 37.9341 32.246 5.6881 2.1638 27.56 

9 7.9638 40.398 34.652 5.746 2.2178 27.85 

10 6.8118 36.0555 31.5519 4.5036 2.3082 33.89 

Mean 6.9803 37.8599 32.9135 4.9464 2.034 29.21 
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A34: Rhamnus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 6.6464 36.555 32.1663 4.3887 2.2577 33.97 
2 6.4404 38.2151 34.0591 4.156 2.2844 35.47 

3 8.3616 40.4424 34.7792 5.6632 2.6984 32.27 

4 6.8161 37.8855 33.4096 4.4759 2.3402 34.33 

5 7.0172 38.1805 33.5489 4.6316 2.3856 34.00 

6 7.2672 36.6647 32.0568 4.6079 2.6593 36.59 

7 5.8693 37.3003 33.5063 3.794 2.0753 35.36 

8 6.2146 36.2535 32.11 4.1435 2.0711 33.33 

9 6.4113 38.7176 34.4785 4.2391 2.1722 33.88 

10 6.4501 35.5958 31.29 4.3058 2.1443 33.24 

Mean 6.7494 37.581 33.1405 4.4406 2.3089 34.244 

 

A35: Salix (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 4.9209 34.8374 31.1416 3.6958 1.2251 24.90 

2 4.5548 36.3154 33.0682 3.2472 1.3076 28.71 

3 5.8017 37.9316 33.5284 4.4032 1.3985 24.11 

4 5.2374 36.3203 32.608 3.7123 1.5251 29.12 

5 5.0153 36.237 32.4938 3.7432 1.2721 25.36 

6 4.6644 34.0374 30.7291 3.3083 1.3561 29.07 

7 5.187 36.6382 32.9433 3.6949 1.4921 28.77 

8 4.7634 34.8792 31.2968 3.5824 1.181 24.79 

9 5.0648 37.4388 33.627 3.8118 1.253 24.74 

10 6.1472 35.3903 30.7791 4.6112 1.536 24.99 

Mean 5.1357 36.0026 32.2215 3.781 1.3547 26.456 

 

A36: Sambucus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 5.5367 35.5282 31.7326 3.7956 1.7411 31.45 

2 4.8145 36.593 33.3086 3.2844 1.5301 31.78 

3 4.8162 36.9072 33.6246 3.2826 1.5336 31.84 

4 4.6767 35.744 32.3946 3.3494 1.3273 28.38 

5 4.967 36.1401 32.6285 3.5116 1.4554 29.30 

6 5.4323 34.8456 31.0905 3.7551 1.6772 30.87 

7 6.3616 37.8175 33.3817 4.4358 1.9258 30.27 

8 5.062 35.0888 31.4905 3.5983 1.4637 28.92 

9 4.8787 37.2536 33.7738 3.4798 1.3989 28.67 

10 5.0793 34.2175 30.7102 3.5073 1.572 30.95 

Mean 5.1625 35.0136 32.4136 3.6 1.5635 30.243 
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A37: Sorbus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 5.6907 35.6015 31.7275 3.874 1.8167 31.92 
2 5.5754 37.385 33.6225 3.7625 1.8129 32.52 

3 5.8809 38.0705 34.1546 3.9159 1.965 33.41 

4 5.2662 36.3767 32.5973 3.7794 1.4868 28.23 

5 6.1813 37.4153 32.912 4.5033 1.678 27.15 

6 5.6888 35.076 30.9935 4.0825 1.6063 28.24 

7 7.147 38.6367 33.5332 5.1035 2.0435 28.59 

8 6.0276 36.0891 31.7878 4.3013 1.7263 28.64 

9 6.1021 38.4487 34.4106 4.0381 2.064 33.82 

10 6.1589 35.3591 30.8612 4.4979 1.661 26.97 

Mean 5.9719 36.8459 32.66 4.1858 1.7861 29.949 

 

A38: Tamarix (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 6.1231 36.1245 31.9369 4.1876 1.9355 31.61 

2 6.8055 38.6483 34.4007 4.2476 2.5579 37.59 

3 5.6689 37.8142 34.2106 3.6036 2.0653 36.43 

4 5.6858 36.7955 33.2808 3.5147 2.1711 38.18 

5 6.661 37.8787 33.3833 4.4954 2.1656 32.51 

6 6.8924 36.3306 31.6311 4.6995 2.1929 31.82 

7 5.4076 36.8956 33.4521 3.4435 1.9641 36.32 

8 7.2493 37.4368 32.5178 4.919 2.3303 32.15 

9 6.9717 39.4583 34.7674 4.6909 2.281 32.72 

10 5.8866 35.1303 31.1448 3.9855 1.9011 32.30 

Mean 6.3352 37.2513 33.0726 4.1787 2.1565 34.163 

 

A39: Taxus (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 6.4061 36.3562 33.3546 3.0016 3.4045 53.14 

2 5.9929 37.8048 34.4506 3.3542 2.6387 44.03 

3 6.0469 38.1735 34.3153 3.8542 2.1887 35.04 

4 5.6207 36.7929 33.3139 3.479 2.1417 38.10 

5 7.6122 38.8525 33.6803 5.1722 2.44 32.05 

6 6.8134 36.2201 34.1317 2.0884 4.725 69.35 

7 6.4424 37.9681 33.7494 4.2187 2.2237 34.52 

8 5.9155 36.0303 32.4804 3.5499 2.3656 39.99 

9 5.3268 37.7126 34.6184 3.0942 2.2326 41.91 

10 6.3575 35.5398 31.4277 4.1121 2.2454 35.32 

Mean 6.2534 37.1451 33.5522 3.5925 2.6606 42.345 
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A40: Ulex (350°C) 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 4.887 34.8675 31.4186 3.4489 1.4381 29.43 
2 6.1411 37.9042 33.6489 4.2553 1.8858 30.71 

3 5.1635 37.2721 33.6306 3.6415 1.522 29.48 

4 5.5285 36.6156 32.8392 3.7764 1.7521 31.69 

5 5.678 36.885 32.7718 4.1132 1.5648 27.56 

6 5.5615 34.9868 30.9453 4.0415 1.52 27.33 

7 5.946 37.4352 33.2078 4.2274 1.7186 28.90 

8 5.611 35.6553 31.948 3.7073 1.9037 33.93 

9 5.0482 37.4211 34.0981 3.323 1.7252 34.17 

10 5.2191 34.4321 30.7614 3.6707 1.5484 29.67 

Mean 5.4684 36.3475 32.527 3.8205 1.6579 30.287 

 

A41: Ulmus (350°C) – Specimens 6 & 7 excluded from Means 

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 5.8476 35.8433 31.8136 4.0297 1.8179 31.09 

2 4.529 36.3452 33.2627 3.0825 1.4465 31.94 

3 4.7509 36.9137 33.5225 3.3912 1.3597 28.62 

4 4.8386 35.9867 32.5151 3.4716 1.367 28.28 

5 5.2482 36.4535 32.9403 3.5132 1.735 33.06 

6 4.4855 33.9494 31.9538 1.9956 2.4899 55.51 

7 4.2169 35.7211 33.9703 1.7508 2.4661 58.48 

8 4.8924 35.0235 31.5841 3.4394 1.453 29.70 

9 7.4828 39.9134 34.2813 5.6321 1.8507 24.73 

10 5.6267 34.7629 30.9896 3.7733 1.8534 32.94 

Mean 5.402 36.4053 32.6137 3.7916 1.6104 30.045 

 

A42: Viburnum (350°C)  

Specimen 
Number 

Pre-
Burning 
Weight (g) 

Pre-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Post-Burning 
Weight inc. 
Crucible or Foil 
(g) 

Weight 
Loss (g) 

Charcoal 
Mass (g) 

% Weight 
Remaining 

1 5.7776 35.755 31.7704 3.9846 1.793 31.03 

2 6.3532 38.2071 33.5773 4.6298 1.7234 27.13 

3 5.9819 38.1784 33.9222 4.2562 1.7257 28.85 

4 6.5057 37.6546 33.0184 4.6362 1.8695 28.74 

5 5.9135 37.1543 32.8492 4.3051 1.6084 27.20 

6 5.855 35.248 31.3008 3.9472 1.9078 32.58 

7 6.5228 37.9922 33.2829 4.7093 1.8135 27.80 

8 5.789 35.8432 31.5839 4.2593 1.5297 26.42 

9 7.0989 39.5988 34.4219 5.1769 1.922 27.07 

10 6.9957 36.2974 31.5822 4.7152 2.2805 32.60 

Mean 6.2793 37.1929 32.7309 4.461 1.8074 28.941 
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Tables A43-A82: Original burning calculations for 39 genera at 700°C. 

A43: Acer (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 5.194 0.0689 1.33 

2 5.5686 0.0451 0.81 

3 7.1527 0.0559 0.78 

4 5.449 0.1324 2.43 

5 6.3721 0.1742 2.73 

6 4.8448 0.1005 2.07 

7 5.0832 0.0503 0.99 

8 5.5582 0.0544 0.98 

9 5.6799 0.1194 2.10 

10 4.9201 0.0107 0.22 

Mean 5.5823 0.0812 1.444 

 

A44: Alnus (700°C) – Specimen 9 excluded from Means 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 4.7397 0.0268 0.57 

2 3.8836 0.0654 1.68 

3 3.6359 0.0576 1.58 

4 4.8426 0.2206 4.56 

5 4.3789 0.0614 1.40 

6 4.8535 0.2386 4.92 

7 4.0755 0.0829 2.03 

8 4.7991 0.201 4.19 

9 4.7364 0.3947 8.33 

10 4.512 0.1699 3.77 

Mean 4.4134 0.1249 2.7444 

 

A45: Amygdalus (700°C) – Specimen 3 excluded from Means 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 5.5223 0.1113 2.02 

2 6.0365 0.1425 2.36 

3 4.9614 0.2391 4.82 

4 4.9035 0.1504 3.07 

5 5.9751 0.1735 2.90 

6 5.178 0.1263 2.44 

7 5.7412 0.1448 2.52 

8 5.4382 0.1366 2.51 

9 5.4775 0.1668 3.05 

10 5.8269 0.1538 2.64 

Mean 5.5666 0.1451 2.6122 
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A46: Arbutus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 5.4613 0.2995 5.48 

2 4.7034 0.3246 6.90 

3 6.0447 0.3461 5.73 

4 5.3139 0.2248 4.23 

5 4.7487 0.3855 8.12 

6 6.6565 0.3287 4.94 

7 5.5317 0.3227 5.83 

8 4.4365 0.4127 9.30 

9 5.143 0.3552 6.91 

10 5.6255 0.2589 4.60 

Mean 5.3665 0.3259 6.204 

 

A47: Betula (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 2.8856 0.0531 1.84 

2 5.6679 0.0763 1.35 

3 5.2037 0.0738 1.42 

4 5.4025 0.1176 2.18 

5 5.2364 0.0763 1.46 

6 5.9644 0.0883 1.48 

7 5.2404 0.1457 2.78 

8 5.1069 0.1205 2.36 

9 5.2016 0.0563 1.08 

10 4.6524 0.0593 1.27 

Mean 5.0562 0.0867 1.722 

 

A48: Buxus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 7.5057 0.2096 2.79 

2 9.3306 0.2296 2.46 

3 7.0384 0.1218 1.73 

4 8.1932 0.1668 2.04 

5 7.3181 0.2038 2.78 

6 6.5045 0.2267 3.49 

7 7.4899 0.1881 2.51 

8 7.1306 0.1468 2.06 

9 7.6848 0.2866 3.73 

10 7.8166 0.2159 2.76 

Mean 7.6012 0.1996 2.635 
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A49: Carpinus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 7.1059 0.0795 1.12 

2 8.2044 0.1628 1.98 

3 8.91 0.1588 1.78 

4 7.7464 0.1542 1.99 

5 7.5893 0.1048 1.38 

6 8.2 0.1827 2.23 

7 8.1006 0.1766 2.18 

8 6.6559 0.1653 2.48 

9 6.6491 0.1167 1.76 

10 5.6697 0.1025 1.81 

Mean 7.4831 0.1404 1.871 

 

A50: Castanea (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 5.761 0.4125 7.16 

2 5.7832 0.391 6.76 

3 5.7507 0.3294 5.73 

4 4.7731 0.0751 1.57 

5 5.6078 0.2102 3.75 

6 4.2752 0.143 3.34 

7 5.2719 0.0732 1.39 

8 5.6728 0.1409 2.48 

9 5.495 0.0842 1.53 

10 5.1288 0.1461 2.85 

Mean 5.352 0.2006 3.656 

 

A51: Celtis (700°C) – Specimen 9 excluded from Means 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 1.2489 0.1512 12.11 

2 1.6019 0.0951 5.94 

3 1.2781 0.1398 10.94 

4 1.2004 0.1771 14.75 

5 1.4069 0.1681 11.95 

6 1.2383 0.1355 10.94 

7 1.1857 0.1578 13.31 

8 1.2834 0.1379 10.74 

9 1.1919 0.2401 20.14 

10 1.3958 0.1582 11.33 

Mean 1.3155 0.1467 11.3344 
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A52: Cornus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 4.6822 0.1814 3.87 

2 4.511 0.2048 4.54 

3 4.301 0.1511 3.51 

4 4.1743 0.2108 5.05 

5 4.3403 0.1997 4.60 

6 4.5721 0.1296 2.83 

7 4.5595 0.2821 6.19 

8 4.2808 0.142 3.32 

9 3.9757 0.1153 2.90 

10 4.1085 0.1657 4.03 

Mean 4.3505 0.1783 4.084 

 

A53: Corylus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 4.9567 0.00 0.00 

2 3.8086 0.0475 1.25 

3 4.933 0.00 0.00 

4 4.7207 0.0715 1.51 

5 4.0461 0.00 0.00 

6 4.7509 0.0691 1.45 

7 4.6531 0.0694 1.49 

8 4.1909 0.0784 1.87 

9 4.5135 0.0766 1.70 

10 4.4625 0.1577 3.53 

Mean 4.5036 0.057 1.28 

 

A54: Crataegus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 6.067 0.1702 2.81 

2 6.5654 0.1586 2.42 

3 6.5383 0.1975 3.02 

4 6.5146 0.2061 3.16 

5 6.6025 0.1945 2.95 

6 7.387 0.1835 2.48 

7 7.65 0.2684 3.51 

8 6.3926 0.1718 2.69 

9 6.7628 0.2033 3.01 

10 6.2702 0.2125 3.39 

Mean 6.675 0.1966 2.944 
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A55: Cytisus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 5.9062 0.1302 2.20 

2 5.8204 0.1443 2.48 

3 5.8425 0.1401 2.40 

4 5.6915 0.1379 2.42 

5 5.2905 0.1515 2.86 

6 5.9329 0.2092 3.53 

7 5.5024 0.2038 3.70 

8 6.5463 0.1721 2.63 

9 6.1717 0.1344 2.18 

10 6.4562 0.1873 2.90 

Mean 5.9161 0.1611 2.73 

 

A56: Erica (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 4.6545 0.3646 7.83 

2 3.1151 0.1657 5.32 

3 3.2703 0.3425 10.47 

4 3.6408 0.1891 5.19 

5 3.8741 0.2551 6.58 

6 4.1364 0.3093 7.48 

7 4.1356 0.3117 7.54 

8 2.9399 0.2143 7.29 

9 3.6737 0.2507 6.82 

10 3.4615 0.2342 6.77 

Mean 3.6902 0.2637 7.129 

 

A57: Fagus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 8.0998 0.0965 1.19 

2 11.8375 0.1585 1.34 

3 7.8181 0.0671 0.86 

4 9.2864 0.0794 0.86 

5 7.4045 0.1426 1.93 

6 9.36 0.1946 2.08 

7 8.1677 0.0616 0.75 

8 10.8105 0.1318 1.22 

9 7.8908 0.1144 1.45 

10 7.7067 0.1661 2.16 

Mean 8.8382 0.1213 1.384 
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A58: Ficus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 4.2798 0.3761 8.79 

2 4.2062 0.3333 7.92 

3 4.5184 0.4493 9.94 

4 4.146 0.4209 10.15 

5 4.063 0.2767 6.81 

6 3.8622 0.3266 8.46 

7 3.8734 0.3289 8.49 

8 4.1717 0.2973 7.13 

9 3.8721 0.3119 8.06 

10 3.8136 0.3097 8.12 

Mean 4.0806 0.3331 8.387 

 

A59: Fraxinus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 3.9108 0 0.00 

2 3.9161 0 0.00 

3 4.2046 0.0387 0.92 

4 4.8279 0 0.00 

5 4.2682 0 0.00 

6 4.2057 0 0.00 

7 3.9259 0 0.00 

8 4.3969 0 0.00 

9 4.6822 0.0547 1.17 

10 4.2665 0.0784 1.84 

Mean 4.1342 0.0172 0.393 

 

A60: Hedera (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 4.1441 0.2402 5.80 

2 4.9331 0.4581 9.29 

3 4.3666 0.2352 5.39 

4 5.5558 0.1342 2.42 

5 4.2961 0.1655 3.85 

6 5.2238 0.2031 3.89 

7 4.3542 0.1902 4.37 

8 4.7512 0.2446 5.15 

9 4.0662 0.3077 7.57 

10 3.8179 0.2165 5.67 

Mean 4.5509 0.2395 5.34 
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A61: Hippophae (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 5.4849 0.021 0.38 

2 6.0177 0 0.00 

3 6.3687 0.0028 0.04 

4 3.7477 0.0326 0.87 

5 3.495 0.006 0.17 

6 3.599 0.0087 0.24 

7 3.6614 0.0066 0.18 

8 3.8122 0.0365 0.96 

9 3.72 0.0171 0.46 

10 3.4606 0.0045 0.13 

Mean 4.3367 0.0136 0.343 

 

A62: Ilex (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 5.5513 0.0299 0.54 

2 4.829 0.0438 0.91 

3 5.545 0.1226 2.21 

4 5.1598 0.0493 0.96 

5 6.2159 0.1433 2.31 

6 5.3301 0.1372 2.57 

7 5.5017 0.1125 2.04 

8 6.3635 0.1616 2.54 

9 5.6553 0.196 3.47 

10 5.5867 0.0443 0.79 

Mean 5.5738 0.1041 1.834 

 

A63: Juglans (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 5.0074 0.1291 2.58 

2 4.7312 0.1645 3.48 

3 4.1867 0.1033 2.37 

4 5.0429 0.1693 3.36 

5 4.5743 0.1723 3.77 

6 4.9623 0.1188 2.39 

7 4.8406 0.1883 3.89 

8 4.7714 0.1657 3.47 

9 4.4118 0.1601 3.63 

10 4.0005 0.1278 3.19 

Mean 4.6529 0.1499 3.213 
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A64: Juniperus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 6.3948 0.0425 0.66 

2 6.4936 0.0413 0.64 

3 6.2797 0.0211 0.34 

4 5.8842 0.0695 1.18 

5 6.3408 0.0407 0.64 

6 6.2353 0.0613 0.98 

7 6.8871 0.0499 0.72 

8 7.2057 0.0731 1.01 

9 7.1208 0.0944 1.33 

10 5.8187 0.0337 0.58 

Mean 6.4661 0.0528 0.808 

 

A65: Larix (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 4.5534 0.0509 1.12 

2 5.7344 0.0649 1.13 

3 5.0837 0.105 2.15 

4 5.1723 0.0905 1.75 

5 5.3419 0.1368 2.56 

6 5.3272 0.0988 1.85 

7 5.3884 0.0911 1.69 

8 6.458 0.0913 1.41 

9 6.5538 0.0734 1.12 

10 6.2215 0.1071 1.72 

Mean 5.5835 0.091 1.65 

 

A66: Olea (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 7.8991 0.1324 1.68 

2 7.2398 0.1792 2.48 

3 8.7337 0.158 1.81 

4 7.6488 0.1175 1.54 

5 8.488 0.2457 2.89 

6 7.5542 0.2134 2.82 

7 7.2239 0.1387 1.92 

8 8.6465 0.2495 2.89 

9 7.2125 0.1828 2.53 

10 8.2537 0.1775 2.15 

Mean 7.89 0.1795 2.271 
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A67: Picea (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 4.289 0.1328 3.10 

2 3.9317 0.1069 2.27 

3 3.7694 0.0897 2.57 

4 3.6676 0.2266 6.18 

5 4.1632 0.0805 1.93 

6 4.2804 0.1025 2.39 

7 3.8388 0.2089 5.43 

8 3.9134 0.172 4.40 

9 3.7087 0.1518 4.09 

10 3.7092 0.1846 4.98 

Mean 3.9271 0.1456 3.734 

 

 

A68: Pinus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 5.5422 0.0164 0.30 

2 4.3439 0.0096 0.22 

3 4.3777 0.0482 1.10 

4 4.8327 0.0232 0.48 

5 4.8463 0.0258 0.53 

6 4.8146 0.0216 0.45 

7 4.3639 0.0351 0.80 

8 4.5805 0.0324 0.71 

9 5.1265 0.0189 0.37 

10 4.8039 0.0408 0.85 

Mean 4.7632 0.0272 0.581 

 

A69: Viburnum (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 5.9648 0.1251 2.10 

2 6.0973 0.112 1.84 

3 5.7779 0.298 5.16 

4 6.1687 0.2279 3.69 

5 8.7376 0.3288 3.76 

6 8.1661 0.2809 3.44 

7 6.805 0.2411 3.54 

8 8.4312 0.3012 3.57 

9 8.7589 0.3032 3.46 

10 7.062 0.2438 3.45 

Mean 7.197 0.2462 3.401 
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A70: Populus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 4.6949 0.0597 1.27 

2 4.3503 0.0493 1.13 

3 3.9262 0.0822 2.09 

4 4.6361 0.0471 1.02 

5 4.0113 0.0277 0.69 

6 4.8614 0.0883 1.82 

7 4.3281 0.06 1.39 

8 4.3618 0.0406 0.93 

9 4.7876 0.0806 1.68 

10 4.5562 0.125 2.74 

Mean 4.4514 0.0661 1.476 

 

A71: Prunus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 6.3575 0.1375 2.16 

2 6.8746 0.1099 1.60 

3 5.9783 0.115 1.92 

4 5.4738 0.0855 1.56 

5 5.9597 0.1672 2.81 

6 6.9762 0.0576 0.83 

7 6.6412 0.1509 2.27 

8 5.6427 0.2128 3.77 

9 6.5964 0.1119 1.70 

10 6.1239 0.1386 2.26 

Mean 6.2624 0.1287 2.088 

 

A72: Pyrus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 7.2724 0.2055 2.83 

2 8.1236 0.1577 1.94 

3 7.2453 0.2002 2.76 

4 6.9041 0.2133 3.09 

5 6.5874 0.1263 1.92 

6 6.6078 0.2051 3.10 

7 6.5874 0.1715 2.60 

8 7.0789 0.2141 3.02 

9 6.704 0.2021 3.01 

10 7.3221 0.1974 2.70 

Mean 7.0433 0.1893 2.697 
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A73: Quercus Deciduous (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 8.7855 0.1453 1.65 

2 7.4531 0.0926 1.24 

3 9.764 0.0873 0.89 

4 8.3192 0.1042 1.25 

5 9.3897 0.1324 1.41 

6 8.2029 0.0888 1.08 

7 8.3042 0.1818 2.19 

8 6.4153 0.1143 1.78 

9 7.7399 0.1347 1.74 

10 7.5268 0.1462 1.94 

Mean 8.1901 0.1228 1.517 

 

A74: Quercus Evergreen (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 7.2336 0.1404 1.94 

2 6.8682 0.1832 2.67 

3 6.2068 0.2161 3.48 

4 6.0041 0.1502 2.50 

5 7.4406 0.0733 0.99 

6 6.0354 0.1314 2.18 

7 7.508 0.2284 3.04 

8 7.2044 0.2228 3.09 

9 5.6121 0.095 1.69 

10 8.0446 0.13 1.62 

Mean 6.8158 0.1571 2.32 

 

A75: Salix (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 4.4886 0.0097 0.22 

2 5.6621 0.0879 1.55 

3 3.6429 0.0289 0.79 

4 4.2341 0.1321 3.36 

5 4.3123 0.0784 1.82 

6 4.3909 0.0938 2.14 

7 3.8279 0.0294 0.55 

8 4.506 0.0209 0.46 

9 4.4667 0.0127 0.28 

10 4.3913 0.1088 2.48 

Mean 4.3923 0.0603 1.365 
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A76: Sambucus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 4.9843 0.4545 9.12 

2 5.0832 0.2587 5.09 

3 4.8417 0.3198 6.61 

4 5.0905 0.2844 5.59 

5 4.4302 0.374 8.44 

6 4.9674 0.3569 7.18 

7 4.7725 0.355 7.44 

8 5.2527 0.5324 10.14 

9 4.5357 0.2495 5.50 

10 4.1079 0.2931 7.14 

Mean 4.8066 0.3478 7.225 

 

A77: Sorbus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 3.1687 0.0477 1.51 

2 3.8115 0.0611 1.60 

3 5.0788 0.0792 1.56 

4 6.0102 0.0543 0.90 

5 4.8209 0.1611 3.34 

6 4.977 0.1707 3.43 

7 6.0229 0.189 3.14 

8 4.0453 0.0417 1.03 

9 6.4907 0.1573 2.42 

10 6.9575 0.1482 2.13 

Mean 5.1384 0.111 2.106 

 

A78: Tamarix (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 5.9657 0.226 3.79 

2 6.3119 0.2965 4.70 

3 6.709 0.4444 6.62 

4 6.8855 0.4221 6.13 

5 5.7589 0.2432 4.22 

6 6.3706 0.3941 6.19 

7 6.7232 0.4391 6.53 

8 6.8689 0.3029 4.41 

9 6.6503 0.1641 2.47 

10 6.5651 0.4084 6.22 

Mean 6.4809 0.3341 5.128 
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A79: Taxus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 5.4696 0.1804 3.30 

2 6.6745 0.0311 0.47 

3 6.154 0.0503 0.82 

4 6.0805 0.2585 4.25 

5 5.8228 0.2946 5.06 

6 5.9604 0.1311 2.20 
7 5.9063 0.0093 0.16 

8 5.3979 0.1308 2.42 

9 5.5757 0 0.00 

10 5.4553 0.1195 2.19 

Mean 5.8497 0.1206 2.087 

 

A80: Ulex (700°C) – Specimen 5 excluded from Means 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 7.1992 0.1814 2.52 

2 4.9575 0.1376 2.78 

3 6.3735 0.2228 3.50 

4 5.2616 0.1474 2.80 

5 5.2101 0.0654 1.26 

6 5.7363 0.1537 2.68 
7 5.9912 0.1886 3.15 

8 6.213 0.1555 2.50 

9 4.8667 0.1205 2.48 

10 4.7198 0.1132 2.40 
Mean 5.7021 0.1579 2.7567 
 

A81: Ulmus (700°C) 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 5.0826 0.0591 1.16 

2 5.6817 0 0.00 

3 4.5188 0.2478 5.48 

4 4.8019 0.0323 0.67 

5 4.4176 0.0975 2.21 

6 4.1681 0.0449 1.08 

7 4.7504 0.0313 0.66 

8 4.0029 0.0576 1.44 

9 3.8847 0.1123 2.89 

10 4.5592 0.0526 1.15 
Mean 4.5868 0.0735 1.674 
 

A82: Pistacia (700°C) – Specimen 1 excluded from Means 

Specimen Number Pre-Burning Weight 
(g) 

Charcoal Mass (g) % Weight Remaining 

1 1.332 0.3264 24.50 
2 2.5914 0.1622 6.26 

Mean 2.5914 0.1622 6.26 
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Graph A1: A graph showing a lack of correlation between the mass of charcoal crushed in Experiment 2, 
and the ratio of Large (>6mm) to Medium (3-6mm) charcoal fragments (R2 = 0.021). 

Graph A2: A graph showing a lack of correlation between the mass of charcoal crushed in Experiment 2, and the 
percentage (by mass) of charcoal fragments over 3mm (R2 = 0.024).  

IV: Appendix Four: Charcoal Production and Fragmentation Experiment Graphs. 

 

 

 

 

 

 

 

 



361 
 

 

Graph A3: A graph showing the lack of correlation between the mass of charcoal crushed in Experiment 2, and the 
number of charcoal fragments produced over 3mm (R2 = 0.013).  

 

 

Graph A4: A graph showing the lack of correlation between wood density and the percentage of charcoal 
fragmented to under 1mm (and thus lost from the recoverable anthracological record). R2 is extremely low (0.002).  
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Graph A6: A graph showing the lack of correlation between wood density and the percentage of charcoal fragments 
remaining over 3mm long (R2 = 0.001). 

 

Graph A5: A graph showing the lack of correlation between wood density and the percentage of charcoal 
fragmented to 1-3mm (R2 = 0.049).  
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Graph A7: A graph showing the lack of correlation between wood density and the ratio of Large (>6mm) to Medium 
(3-6mm) charcoal fragments (R2 = 0.042). 

Graph A8: A graph showing the lack of correlation between wood density and the number of charcoal fragments 
over 3mm (R2 = 0.02). 
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Graph A9: A graph showing the lack of correlation between wood density and the number of charcoal fragments 
over 3mm, ratioed to a standard charcoal input mass of 1g (R2 = 0.071).  

 

 

 

 

Graph A10: A graph showing the lack of correlation between my wood-to-charcoal conversion rates and Chrzazvez et 
al.’s (2014) wood-density to charcoal-density conversion rates (R2 = 0.031).  
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Graph A11: A graph showing the lack of correlation between Chrzazvez’ (2014) charcoal densities, and the 
percentage by mass of Medium and Large fragments remaining in my experiments (R2 = 0.018). This suggests that 
while charcoal density is important in determining the overall number of fragments, it does not so much determine 
the size classes that they fall into.  

 

 

 

 

Graph A12: A graph showing the low correlation between predicted wood-to-charcoal conversion rates and the 
number of >3mm charcoal fragments produced following crushing, ratioed to a standard charcoal input mass of 1g 
(R2 = 0.157). If the correlation were stronger, it would suggest that woods which produce a lot of charcoal produces 
charcoal which is less likely to fragment. This indicates that these two factors may to some degree cancel each other 
out.  
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Graph A13: A graph showing the lack of correlation between predicted wood-to-charcoal conversion rates and the 
ratio between Large (>6mm) and Medium (3-6mm) charcoal fragments following crushing (R2 = 0.026). This 
suggests that the amount of charcoal created in burning will not affect the chance of finding larger or smaller 
charcoal pieces.  
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V: Appendix Five: Middle Palaeolithic Site Recalibration Tables.  

Table A83-A144: Recalibration tables for 24 Middle Palaeolithic sites, ranked alphabetically and in layer order. 

A83: Abric del Pastor Unit IVc (75ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Fraxinus 0.22 0.26 0.67 

Juniperus 56.47 52.04 83.17 

Pinus 1.34 1.27 2.74 

Pistacia 26.79 29.30 5.09 

Quercus (Evergreen 

and Mixed) 

14.29 16.26 7.69 

Salix-Populus 0.45 0.52 0.38 

Taxus 0.45 0.35 0.26 

20.43% of charcoal excluded from recalibrations (Angiosperms, Cistaceae, Conifers, Ephedra, 

Euphorbiaceae, Fabaceae, Labiatae, Maloideae, Monocotyledoneae, Rosa, Ulmaceae). 

 

A84: Abric del Pastor Unit IVd (75ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Fraxinus 1.29 1.60 3.18 

Juniperus 69.92 66.61 83.88 

Pinus 4.37 4.29 7.29 

Pistacia 18.51 20.92 2.87 

Quercus (Evergreen 

and Mixed) 

4.11 4.94 1.83 

Salix-Populus  0.51 0.61 0.35 

Taxus 1.29 1.03 0.60 

21.41% of charcoal excluded from recalibrations (Angiosperms, Cistaceae, Conifers, Fabaceae, 

Labiatae, Rosa). 

 

A85: Abri du Maras Layer 4 (40-46ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Buxus 6.90 7.35 1.62 

Juniperus 3.45 3.34 2.65 

Pinus 89.66 89.31 95.73 

38.30% of charcoal excluded from recalibrations (Angiosperms, Conifers, Fabaceae, 

Undetermined). 
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A86: Abrigo de la Quebrada Level VIII (80-130ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Recalibration for 

Fragmentation Bias 

(and 350°C 

conversion) 

Celtis 0.30 0.37 0.02 0.40 

Juniperus 3.72 3.61 2.72 4.25 

Pinus 95.37 95.30 97.13 94.38 

Pistacia 0.10 0.12 0.01 0.13 

Quercus 

(Evergreen) 

0.41 0.48 0.10 0.68 

Viburnum 0.10 0.12 0.02 0.15 

18% of charcoal excluded from recalibrations (Angiosperms, Conifer, Ephedra, Ericacea, 

Fabaceae, Humus, Monocotyledoneae, Rosmarinus). 

 

A87: Aguilon P5 (41.9-50ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Pinus 98.20 98.14 99.49 

Prunus 1.80 1.86 0.51 

1.77% of charcoal excluded from recalibrations (Unidentifiable). 

 

A88: Bojnice III Layer IX (105.1ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Juniperus 0.55 0.55 0.63 

Picea/Larix 44.20 42.24 15.09 

Pinus 51.93 53.11 82.14 

Salix/Populus 3.31 4.10 2.14 

No charcoal excluded from recalibrations. 

 

A89: Bolomor Cave Levels XI & XIII (160-230ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Juniperus 7.41 7.21 5.44 

Pinus 92.59 92.79 94.56 

50% of charcoal excluded from recalibrations (Angiosperms, Coniferae, Undetermined). 
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A90: Cova Gran S1B-S1F (37,771-43,259 BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

Fragmentation Bias 

(and 350°C 

conversion) 

Juniperus 0.75 0.73 0.85 

Pinus  98.11 97.93 96.38 

Quercus (deciduous) 0.38 0.50 1.33 

Rhamnus 0.38 0.38 0.93 

Salix/Populus 0.38 0.46 0.50 

22.74% of charcoal excluded from recalibrations (Angiosperms, Conifers, Undetermined). 

A91: Cova 120 Level IV (57.9ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Arbutus 1.69 2.28 0.22 

Corylus 1.69 2.04 1.07 

Fraxinus 5.08 6.12 10.43 

Juniperus 18.64 17.24 18.61 

Phillyrea 15.25 15.04 3.75 

Pinus 44.07 41.99 61.20 

Quercus (Evergreen) 13.56 15.29 4.72 

No charcoal excluded from recalibrations. 

 

A92: Cova 120 Level V 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Juniperus 3.57 3.45 2.66 

 Pinus 92.86 92.46 96.06 

Ulmus 3.57 4.09 1.28 

No charcoal excluded from recalibrations. 

 

A93: Cova 120 Level VI 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Buxus 2.06 2.13 0.46 

Corylus 2.06 2.52 0.96 

Fraxinus 9.28 11.31 14.03 

Juniperus 2.06 1.93 1.51 

Pinus 79.38 76.54 81.17 

Quercus (deciduous) 1.03 1.32 0.40 

Ulmus 4.12 4.25 1.46 

No charcoal excluded from recalibrations. 



370 
 

A94: Cueva Anton Complex AS2 (69.1-72.2ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Juniperus 45.76 44.71 38.65 

Pinus 50.85 51.16 59.72 

Salix/Populus 3.39 4.13 1.63 

25.32% of charcoal excluded from recalibrations (Angiosperm, Conifer, Ephedra). 

 

A95: Cueva Anton Complex AS3 (55-75ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Juniperus 13.70 13.14 10.79 

Pinus 79.45 78.48 87.02 

Quercus (evergreen 

and mixed) 

6.85 8.38 2.19 

18.89% of charcoal excluded from recalibrations (Angiosperm, Artemisia, Conifer). 

 

A96: Cueva Anton Complex AS5 (68.7-77.5ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Erica 0.26 0.25 0.03 

Juniperus 15.17 14.20 12.99 

Pinus 67.74 65.27 80.66 

Prunus 0.39 0.39 0.13 

Quercus (evergreen, 

deciduous, mixed) 

15.55 18.84 5.76 

Salix-Populus 0.90 1.05 0.44 

26.40% of charcoal excluded from recalibrations (Angiosperm, Conifer, Ephedra, Equisetum, 

Fabaceae, Lamiaceae, Rosaceae). 
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A97: Cueva del Conde Level N10 (38ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

Fragmentation Bias 

(and 350°C 

conversion) 

Betula 10.10 13.05 13.95 

Castanea 2.02 1.78 4.00 

Erica 1.01 0.96 1.23 

Fraxinus 1.01 1.22 1.43 

Pinus 76.77 73.09 68.20 

Quercus (evergreen) 2.02 2.28 3.07 

Rhamnus 1.01 0.97 2.26 

Sorbus 6.06 6.66 5.86 

10.10% of charcoal excluded from recalibrations (Undeterminable). 

 

A98: Cueva del Conde Level N20A (37-38ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

Fragmentation Bias (and 

350°C conversion) 

Arbutus 1.64 2.17 1.71 

Betula 3.01 3.82 4.25 

Castanea 0.55 0.48 1.12 

Corylus 0.27 0.32 0.32 

Crataegus 0.27 0.31 0.37 

Cytisus 1.64 1.83 2.08 

Erica 1.10 1.03 1.37 

Fraxinus 1.10 1.30 1.59 

Juniperus 0.27 0.25 0.29 

Pinus 63.56 59.40 57.67 

Populus 0.27 0.29 0.27 

Rhamnus 0.27 0.25 0.61 

Salix 3.56 4.35 5.49 

Sorbus 21.64 23.34 21.38 

Ulex 0.82 0.87 1.48 

  12.89% of charcoal excluded from recalibrations (Leguminosae, Rosaceae/Pomoideae, 

Undeterminable). 
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A99: De Nadale Cave Unit 7 (70.2ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration 

for 700°C 

burning 

Recalibration for 

Fragmentation Bias 

(and 350°C 

conversion) 

Betula 10.29 13.96 7.48 14.76 

Cornus 0.74 0.99 0.23 0.79 

Picea/Larix 58.82 54.92 27.35 56.63 

Pinus 30.15 30.13 64.95 27.82 

13.92% of charcoal excluded from recalibrations (Angiosperms, Conifers). 

 

A100: El Salt Unit VIII (49.2-52.3ka BP) 

Genus Original % Recalibration 

for 350°C 

burning 

Recalibration for 

700°C burning 

Recalibration for 

Fragmentation Bias 

(and 350°C 

conversion) 

Acer 2.98 3.65 1.24 4.56 

Buxus 0.30 0.32 0.07 0.57 

Juniperus 1.49 1.43 1.11 1.64 

Pinus 93.45 92.40 96.97 89.05 

Quercus 

(deciduous and 

mixed) 

1.49 1.87 0.49 3.68 

Ulmus 0.30 0.34 0.11 0.51 

0.88% of charcoal excluded from recalibrations (Conifers, Monocotyledoneae). 

 

A101: El Salt Unit IX (52.2ka BP) 

Genus Original % Recalibration 

for 350°C 

burning 

Recalibration 

for 700°C 

burning 

Recalibration for 

Fragmentation Bias 

(and 350°C 

conversion) 

Acer 7.41 8.91 3.36 10.74 

Buxus 0.74 0.77 0.18 1.31 

Juniperus 8.15 7.69 6.60 8.50 

Pinus 77.78 75.61 87.65 70.28 

Pistacia 0.74 0.83 0.08 0.85 

Quercus (mixed) 2.22 2.70 0.76 4.71 

Salix-Populus 2.96 3.49 1.36 3.60 

12.90% of charcoal excluded from recalibrations (Angiosperms, Conifers, Fabaceae). 
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A102: El Salt Unit Xa (52.3ka BP) 

Genus Original % Recalibration 

for 350°C 

burning 

Recalibration 

for 700°C 

burning 

Recalibration for 

Fragmentation Bias 

(and 350°C conversion) 

Acer 8.46 10.13 3.81 12.06 

Juniperus 5.12 4.81 4.12 5.25 

Olea 0.79 1.02 0.23 1.21 

Pinus 80.51 77.91 90.01 71.50 

Pistacia 0.20 0.22 0.02 0.22 

Prunus 0.20 0.20 0.06 0.25 

Quercus 
(deciduous, 

evergreen, mixed) 

3.74 4.56 1.31 8.34 

Salix-Populus 0.98 1.15 0.45 1.17 

13.46% of charcoal excluded from recalibrations (Angiosperms, Conifers, Ephedra, Monocotyledoneae). 

 

A103: El Salt Unit Xb AFA 1 (52.3ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Acer 10.31 12.38 4.54 

Buxus 0.78 0.81 0.19 

Ficus 0.26 0.32 0.02 

Juniperus 0.78 0.74 0.61 

Pinus 85.90 83.37 93.97 

Quercus (deciduous, 

mixed) 

1.83 2.23 0.62 

Salix-Populus 0.13 0.15 0.06 

5.08% of charcoal excluded from recalibrations (Angiosperms, Conifers, Ephedra, Fabaceae). 

 

A104: El Salt Unit Xb AFA 2 (52.3ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Acer 7.39 8.92 3.23 

Buxus 1.32 1.38 0.32 

Ficus 0.26 0.32 0.02 

Hedera 0.33 0.36 0.04 

Juniperus 1.06 1.00 0.83 

Pinus 87.34 85.24 94.82 

Pistacia 0.13 0.15 0.01 

Quercus (mixed, 

deciduous, evergreen) 

1.91 2.32 0.62 

Salix-Populus 0.26 0.31 0.12 

5.19% of charcoal excluded from recalibrations (Angiosperms, Conifers, Fabaceae, Ulmaceae). 
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A105: El Salt Unit Xb AFA 3 (52.3ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Acer 20.73 24.26 9.90 

Buxus 1.63 1.65 0.43 

Juniperus 0.41 0.38 0.35 

Pinus 74.39 70.35 88.31 

Quercus (evergreen, 

mixed) 

2.85 3.36 1.02 

4.40% of charcoal excluded from recalibrations (Angiosperms, Conifers, Ephedra). 

 

A106: Grotta di Fumane Unit A9 (36.45-46ka BP) 

Genus Original % Recalibration 

for 350°C 

burning 

Recalibration 

for 700°C 

burning 

Recalibration for 

Fragmentation 

Bias (and 350°C 

conversion) 

Betula 0.40 0.60 0.45 0.65 

Larix 52.11 49.92 61.70 52.14 

Picea 6.84 7.58 3.58 6.52 

Picea/Larix 38.83 39.91 28.18 37.66 

Pinus 1.81 1.99 6.09 3.03 

17.17% of charcoal excluded from recalibrations (Coniferae, Dicyotyledoneae, Unidentifiable). 

 

A107: Kaldar Cave Layers 4-5 (36,750-54,400BP) 

Genus Original % Recalibration 

for 350°C 

burning 

Recalibration 

for 700°C 

burning 

Recalibration for 

Fragmentation 

Bias (and 350°C 

conversion) 

Amygdalus 35.29 36.81 28.45 34.93 

Prunus 52.94 49.35 53.40 51.22 

Salix 11.76 13.84 18.15 13.85 

46.88% of charcoal excluded from recalibrations (Angiosperms, Unidentified). 
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A108: Klissoura Cave Layer XXI 

Genus Original 

% 

Recalibration 

for 350°C 

burning 

Recalibration for 

700°C burning 

Recalibration for 

Fragmentation Bias 

(and 350°C 

conversion) 

Acer 3.17 3.08 3.71 2.26 

Amygdalus 11.11 10.11 7.19 7.04 

Juniperus 9.52 7.27 19.92 4.88 

Olea 41.27 43.46 30.73 31.83 

Prunus 1.59 1.29 1.29 0.98 

Quercus 

(deciduous) 

33.33 34.78 37.15 53.00 

12.50% of charcoal excluded from recalibrations (Angiosperm, Conifer, Maloideae, 

Prunoideae). 

A109: Klissoura Cave Layer XXg-XXe (123.30ka BP) 

Genus Original % Recalibration 

for 350°C 

burning 

Recalibration 

for 700°C 

burning 

Recalibration for 

Fragmentation Bias 

(and 350°C 

conversion) 

Acer 14.29 14.32 15.81 11.62 

Amygdalus 14.29 13.40 8.74 10.34 

Carpinus 7.13 7.46 6.09 10.25 

Juniperus 14.29 11.24 28.26 8.36 

Olea 28.57 31.00 20.10 25.15 

Quercus 

(deciduous, 

mixed) 

21.43 22.60 21.00 34.28 

46.15% of charcoal excluded from recalibrations (Angiosperms, Conifers, Maloideae, 

Prunoideae). 

 

A110: Klissoura Cave Layers XXd-c (110-123.3ka BP) 

Genus Original 

% 

Recalibration 

for 350°C 

burning 

Recalibration 

for 700°C 

burning 

Recalibration for 

Fragmentation Bias 

(and 350°C conversion) 

Acer 19.30 19.10 21.24 14.53 

Amygdalus 10.53 9.76 6.41 7.06 

Juniperus 10.53 8.18 20.71 5.71 

Olea 24.56 26.33 17.19 20.03 

Quercus 

(deciduous and 

mixed) 

35.09 36.63 34.45 52.68 

40.00% of charcoal excluded from recalibrations (Angiosperms, Conifers, Maloideae, 

Prunoideae). 
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A111: Klissoura Cave Layer XXb-a (95-110ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

Fragmentation Bias (and 350°C 

conversion) 

Acer 13.70 13.27 9.07 

Amygdalus 10.96 9.94 6.46 

Fraxinus 4.11 4.07 2.70 

Juniperus 1.37 1.04 0.65 

Olea 24.66 25.87 17.69 

Prunus 1.37 1.11 0.79 

Quercus 

(deciduous) 

39.73 41.30 58.76 

Rhamnus 2.74 2.17 2.86 

Ulmus 1.37 1.23 1.00 

13.10% of charcoal excluded from recalibrations (Angiosperm, Conifer, Prunoideae, Unidentifiable). 

A112: Klissoura Cave Layer XIX (92.84-95ka BP) 

Genus Original % Recalibration 

for 350°C 

burning 

Recalibration 

for 700°C 

burning 

Recalibration for 

Fragmentation Bias 

(and 350°C 

conversion) 

Acer 1.00 0.95 1.36 0.85 

Amygdalus 10.45 9.27 7.87 7.92 

Fraxinus 1.00 0.97 5.00 0.85 

Juniperus 2.49 1.85 6.06 1.52 

Olea 73.13 75.05 63.34 67.41 

Pinus 0.50 0.38 1.69 0.26 

Prunus 0.50 0.40 0.47 0.37 

Quercus 

(deciduous) 

10.95 11.14 14.20 20.82 

15.90% of charcoal excluded from recalibrations (Labiatae, Maloideae, Monocot, Prunoideae). 

A113: Klissoura Cave Layer XVIII (92.84ka BP) 

Genus Original % Recalibration 

for 350°C 

burning 

Recalibration for 

700°C burning 

Recalibration for 

Fragmentation Bias 

(and 350°C conversion) 

Amygdalus 23.33 21.03 18.44 18.05 

Juniperus 0.95 0.72 2.43 0.60 

Olea 61.90 64.57 56.28 58.27 

Pinus 1.90 1.48 6.75 1.03 

Prunus 0.48 0.39 0.47 0.37 

Quercus 

(deciduous) 

10.95 11.32 14.90 21.25 

Salix 0.48 0.49 0.73 0.44 

16.67% of charcoal excluded from recalibrations (Angiosperm, Compositae, Conifer, 

Prunoideae). 
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A114: Klissoura Cave Layer XVII (91.15ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

Fragmentation Bias (and 350°C 

conversion) 

Amygdalus 28.57 26.88 18.54 

Erica 2.26 1.84 1.41 

Laurus 1.50 1.21 1.77 

Olea 23.31 25.38 18.41 

Pinus 8.27 6.72 3.76 

Prunus 0.75 0.63 0.48 

Quercus 

(deciduous) 

33.08 35.69 53.86 

Rhamnus 1.50 0.86 1.20 

Salix 0.75 0.80 0.58 

19.88% of charcoal excluded from recalibrations (Angiosperm, Conifer, Prunoideae, 

Unidentifiable). 

A115: Klissoura Cave Layer XVI (82.49ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

Fragmentation Bias (and 350°C 

conversion) 

Acer 18.03 18.30 13.58 

Amygdalus 49.18 46.72 32.98 

Juniperus 0.55 0.44 0.30 

Quercus 

(deciduous) 

30.05 32.73 50.55 

Rhamnus 2.19 1.81 2.59 

42.27% of charcoal excluded from recalibrations (Angiosperm, Conifer, Labiatae, Prunoideae, 

Unidentifiable). 

A116: Klissoura Cave Layer XV (75.03-82.49ka BP) 

Genus Original % Recalibration 

for 350°C 

burning 

Recalibration for 

700°C burning 

Recalibration for 

Fragmentation Bias 

(and 350°C 

conversion) 

Acer 37.56 38.69 48.38 36.67 

Amygdalus 54.30 52.35 38.66 47.18 

Fraxinus 0.90 0.95 4.26 0.87 

Olea 0.45 0.50 0.37 0.47 

Quercus 

(deciduous) 

6.79 7.51 8.33 14.81 

35.19% of charcoal excluded from recalibrations (Angiosperm, Fabaceae, Labiatae, Prunoideae, 

Unidentifiable). 
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A117: Klissoura Cave Layer XIV (75.03ka BP) 

Genus Original % Recalibration 

for 350°C 

burning 

Recalibration 

for 700°C 

burning 

Recalibration for 

Fragmentation 

Bias (and 350°C 

conversion) 

Acer 33.33 34.84 45.36 33.68 

Amygdalus 53.54 52.38 40.28 48.15 

Juniperus 0.26 0.21 0.63 0.19 

Prunus 7.09 6.20 6.67 6.23 

Quercus 

(deciduous, 

mixed) 

5.77 6.37 7.05 11.75 

33.97% of charcoal excluded from recalibrations (Angiosperm, Prunoideae, Unidentifiable). 

 

A118: Klissoura Cave Layer XIII (53.93-75.03ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

Fragmentation Bias (and 350°C 

conversion) 

Acer 66.67 67.42 63.74 

Amygdalus 23.19 21.95 19.73 

Quercus 

(deciduous, mixed) 

8.70 9.44 14.34 

Rhamnus 1.45 1.20 2.18 

34.29% of charcoal excluded from recalibrations (Angiosperm, Prunoideae, Unidentifiable). 

 

A119: Klissoura Cave Layer XII (53.93ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

Fragmentation Bias (and 350°C 

conversion) 

Acer 28.69 31.47 26.97 

Amygdalus 7.38 7.58 6.18 

Juniperus 40.16 34.58 27.18 

Olea 1.64 1.95 1.67 

Pinus 0.82 0.73 0.48 

Pistacia 1.64 1.68 1.22 

Quercus 

(deciduous, mixed) 

16.39 18.99 31.81 

Rhamnus 2.46 2.20 3.63 

Ulmus 0.82 0.84 0.86 

15.86% of charcoal excluded from recalibrations (Angiosperm, Conifer, Unidentified). 
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A120: Klissoura Cave Layer XI (46.55ka BP) 

Genus Original % Recalibration 

for 350°C 

burning 

Recalibration 

for 700°C 

burning 

Recalibration for 

Fragmentation 

Bias (and 350°C 

conversion) 

Acer 24.09 26.97 18.06 23.62 

Amygdalus 8.03 8.41 3.33 7.00 

Juniperus 49.64 43.62 66.49 35.04 

Prunus 2.92 2.73 1.51 2.49 

Quercus 

(deciduous, 

mixed) 

15.33 18.27 10.56 31.85 

17.47% of charcoal excluded from recalibrations (Angiosperm, Conifer, Maloideae, Prunoideae, 

Unidentifiable). 

A121: Klissoura Cave Layers X-IX (46.15-46.55ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

Fragmentation Bias (and 350°C 

conversion) 

Acer 4.35 4.54 2.71 

Amygdalus 8.70 8.49 4.81 

Juniperus 8.70 7.12 3.89 

Prunus 17.39 15.17 9.40 

Quercus 

(deciduous) 

47.83 53.51 66.36 

Rhamnus 13.04 11.18 12.83 

17.86% of charcoal excluded from recalibrations (Conifer, Prunoideae, Unidentifiable). 

 

A122: Klissoura Cave Layer VIII-VII (44.8-46.15ka BP) 

Genus Original % Recalibration 

for 350°C 

burning 

Recalibration 

for 700°C 

burning 

Recalibration for 

Fragmentation 

Bias (and 350°C 

conversion) 

Acer 6.17 6.75 5.23 5.37 

Amygdalus 25.93 26.57 12.14 20.10 

Juniperus 40.74 35.00 61.68 25.54 

Olea 1.23 1.46 0.66 1.16 

Quercus 

(deciduous, 

mixed) 

25.93 30.21 20.29 47.83 

44.90% of charcoal excluded from recalibrations (Angiosperm, Conifer, Prunoideae, 

Unidentifiable). 
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A123: La Vina Cave Levels XIIIbas, XIV, XV, I.A, I.B 

Genus Original % Recalibration for 350°C burning 

Betula 27.52 32.81 

Juniperus 13.76 11.74 

Pinus 32.72 28.74 

Prunus 10.40 9.46 

Rhamnus 2.45 2.17 

Salix 13.15 15.09 

66.08% of charcoal excluded from recalibrations (Angiosperms, Cistacea, Fabaceae, Maloideae, 

Unidentified). 

 

A124: Llonin Cave Levels VIII CP, VI Gal (43,539BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Betula 31.29 37.81 13.68 

Pinus 65.03 57.90 84.29 

Salix 3.68 4.28 2.03 

81.22% of charcoal excluded from recalibrations (Angiosperms, Fabaceae, Maloideae, 

Unidentified). 

 

A125: Nesher Ramla Levels I-VIi1 (80-170ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration 

for 700°C 

burning 

Recalibration for 

Fragmentation 

Bias (and 350°C 

conversion) 

Pistacia 1.72 1.61 0.50 0.84 

Prunus 24.14 20.30 21.13 12.94 

Quercus 

(deciduous, 

mixed) 

74.14 78.09 78.37 86.22 

61.59% of charcoal excluded from recalibrations (Angiosperms, Undetermined). 
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A126: Les Canalettes Level 2 (73.5ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Acer 0.37 0.43 0.22 

Buxus 22.93 23.17 7.34 

Corylus 0.37 0.44 0.24 

Fagus 0.37 0.53 0.23 

Fraxinus 0.37 0.44 0.79 

Juglans 0.37 0.43 0.10 

Juniperus 0.37 0.34 0.39 

Pinus 57.31 54.12 83.25 

Prunus 2.67 2.61 1.08 

Pyrus 0.37 0.42 0.12 

Quercus (mixed) 13.76 16.26 6.05 

Sambucus 0.37 0.40 0.04 

Sorbus 0.37 0.40 0.15 

12.36% of charcoal excluded from recalibrations (Gymnosperms, Leguminoseae, Rosaceae). 

 

A127: Les Canalettes Level 3 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Betula 0.76  1.01 0.28 

Buxus 5.04 5.28 1.21 

Corylus 0.76 0.94 0.38 

Fraxinus 0.76 0.94 1.23 

Juglans 0.76 0.91 0.15 

Juniperus 0.76 0.72 0.60 

Pinus 86.65 84.86 94.64 

Prunus 0.76 0.77 0.23 

Quercus (mixed) 3.02 3.70 1.00 

Ulmus 0.76 0.86 0.29 

0.75% of charcoal excluded from recalibrations (Rosaceae). 

 

A128: Les Canalettes Level 4 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Betula 0.74 1.02 0.26 

Buxus 2.09 2.28 0.48 

Corylus 0.74 0.96 0.35 

Juniperus 0.74 0.73 0.55 

Pinus 94.19 93.28 97.91 

Prunus 0.74 0.78 0.21 

Quercus (mixed) 0.74 0.94 0.23 

4.43% of charcoal excluded from recalibrations (Angiosperms, Gymnosperms, Rosaceae). 
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A129: Pod Hradem Cave Level 11 (45190BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Picea/Larix 76.02 74.67 40.98 

Pinus 23.39 24.59 58.43 

Salix/Populus 0.58 0.74 0.59 

No charcoal excluded from recalibrations. 

 

A130: Pod Hradem Cave Level 10 (43750-45730BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Betula 1.23 1.77 1.56 

Juniperus 0.82 0.84 2.21 

Picea/Larix 92.21 91.30 74.69 

Pinus 5.74 6.08 21.54 

No charcoal excluded from recalibrations. 

 

A131: Pod Hradem Cave Level 9 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Betula 0.60 0.85 0.54 

Juniperus 0.60 0.61 1.15 

Picea/Larix 77.84 76.18 44.97 

Pinus 19.16 20.07 51.29 

Salix/Populus 1.80 2.28 2.05 

No charcoal excluded from recalibrations. 

 

A132: Riparo Bombrini Stratum IV (42911-43087BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Recalibration for 

Fragmentation 

Bias (and 350°C 

conversion) 

Arbutus 12.5 16.22 2.90 10.23 

Buxus 25 24.48 13.66 34.96 

Corylus 12.5 14.51 14.07 11.76 

Erica 12.5 11.46 2.53 12.23 

Juniperus 37.5 33.32 66.84 30.83 

52.94% of charcoal excluded from recalibrations (Euonymus, Leguminosae, 

Rosaceae/Maloideae). 
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A133: Scladina Cave Unit 2B (82ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Recalibration for 

Fragmentation 

Bias (and 350°C 

conversion) 

Betula 1.33 1.79 0.70 1.94 

Juniperus 4 3.86 4.48 4.34 

Picea 40 40.04 9.69 42.38 

Pinus 54.67 54.31 85.13 51.34 

No charcoal excluded from recalibrations. 

 

A134: Scladina Cave Unit 4A (88-112ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Recalibration for 

Fragmentation 

Bias (and 350°C 

conversion) 

Fraxinus 3.85 4.26 10.06 3.57 

Pinus 30.77 26.95 54.40 17.94 

Populus 6.41 6.34 4.46 4.10 

Prunus 11.54 10.46 5.68 9.39 

Quercus 

(mixed) 

47.44 51.99 25.40 65.00 

4.88% of charcoal excluded from recalibrations (Malaceae). 

 

A135: Teixoneres Cave Levels II, IIb and III (38910-48680BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Buxus 28.57 28.65 9.14 

Pinus 57.14 53.56 82.92 

Quercus (deciduous) 14.29 17.79 7.94 

81.58% of charcoal excluded from recalibrations (Angiosperm, Conifer, Undetermined). 

 

A136: Theopetra Cave Layer II3 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Carpinus 22 25.61 17.91 

Fraxinus 8 9.11 31.01 

Prunus 70 65.28 51.07 

No charcoal excluded from recalibrations. 
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A137: Theopetra Cave Layer II4a (107-150ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Carpinus 2.25 2.61 2.29 

Fraxinus 2.25 2.55 10.90 

Quercus (deciduous) 16.85 20.08 21.14 

Prunus 61.80 57.42 56.33 

Sambucus 11.24 11.53 2.96 

Ulmus 5.62 5.80 6.39 

No charcoal excluded from recalibrations. 

 

A138: Theopetra Cave Layer II4b (107-150ka BP) 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Carpinus 2 2.41 2.26 

Prunus 80 77.31 81.01 

Quercus (deciduous) 6 7.44 8.36 

Sambucus 7 7.47 2.05 

Ulmus 5 5.37 6.32 

No charcoal excluded from recalibrations. 

 

A139: Theopetra Cave Layer II5 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Carpinus 37 38.68 22.55 

Fraxinus 15 15.35 43.51 

Juniperus 3 2.36 4.23 

Prunus 20 16.75 10.92 

Quercus (deciduous) 25 26.86 18.79 

No charcoal excluded from recalibrations. 

 

A140: Theopetra Cave Layer II6 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Carpinus 42.39 43.19 28.69 

Fraxinus 10.87 10.84 35.03 

Prunus 10.87 8.87 6.59 

Quercus (deciduous) 32.61 34.14 27.22 

Ulmus 3.26 2.96 2.47 

No charcoal excluded from recalibrations. 
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A141: Theopetra Cave Layer II7 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Carpinus 10 10.93 8.11 

Fraxinus 5 5.35 19.31 

Prunus 45 39.42 32.71 

Quercus (deciduous) 35 39.33 35.02 

Salix/Populus 2 2.05 2.14 

Ulmus 3 2.92 2.72 

No charcoal excluded from recalibrations. 

 

A142: Theopetra Cave Layer II8 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Fraxinus 21.05 22.06 54.12 

Prunus 36.84 31.60 17.83 

Quercus (deciduous) 42.11 46.34 28.05 

No charcoal excluded from recalibrations. 

 

 

A143: Theopetra Cave Layer II10 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Juniperus 96 95.75 98.41 

Prunus 4 4.25 1.59 

No charcoal excluded from recalibrations. 

 

A144: Theopetra Cave Layer II11 

Genus Original % Recalibration for 

350°C burning 

Recalibration for 

700°C burning 

Juniperus 35 32.56 55.05 

Quercus (deciduous) 7 8.90 5.86 

Prunus 41 39.27 24.96 

Salix/Populus 9 10.45 8.05 

Ulmus 8 8.82 6.07 

No charcoal excluded from recalibrations. 
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VI: Appendix Six: Wood Traits, Raw Data from Hoare (2020) and Thery-Parisot et al. 

(2014). 

Tables A145-147: Calorific Values, Densities and Ash Contents of individual genera. 

Species Calorific Value (kJ/g) Mean 

Alnus glutinosa 18.995, 19.8, 19.848, 20.614, 

20.94, 21.059, 21.072 

20.33 

Amygdalus prunus 15.84, 17.376 16.61 

Arbutus unedo 17.322, 19.07, 19.142 18.51 

Betula pedula 19.761, 21.522 20.64 

Carpinus betulus 19.12 19.12 

Castanea sativa 17.13, 17.436, 17.56, 17.92, 

18.653 

17.74 

Corylus avellana 16.45 16.45 

Fagus sylvatica 17.872, 18, 18.591, 18.894, 

19.2, 19.21, 19.256 

18.72 

Fraxinus excelsior 18.688, 18.709, 18.962, 

19.29 

18.91 

Larix decidua 17.14, 17.68, 17.76, 17.8, 

18.66 

17.81 

Laurus nobilis 17.213, 19.655, 20.069, 

20.262, 20.796 

19.60 

Olea europeae 15.234, 17.556 16.40 

Phillyrea latifolia 18.577, 19.175 18.88 

Picea abies 18.4, 18.5, 18.62, 18.65, 

18.69, 18.94 

18.63 

Pinus sylvestris 17.85, 17.94, 18.07, 18.32, 

18.86, 18.86 

18.32 

Populus alba 19.133 19.133 

Prunus avium 19.622, 19.675, 19.711, 

20.061 

19.77 

Quercus ilex 18.69, 19.568 19.13 

Salix atrocinerea 19.018, 19.657, 20.171, 

21.327 

20.04 

Sorbus aria 18.21, 18.236, 19.166, 

20.331 

18.99 

Tamarix ramosissima 17.11, 17.87, 18.28, 19.07 18.08 

Taxus baccata 18.301, 20.249, 20.259, 

20.561 

19.84 

Ulex europaeus 20.91, 22.04, 22.08, 22.77 21.95 
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Species Density (g/cm3) Mean 

Acer campestre 0.6 0.6 

Alnus glutinosa 0.316, 0.355, 0.354, 0.513, 
0.625, 0.79, 0.8, 0.8, 0.84 

0.599 

Amygdalus prunus 0.78, 0.79, 0.93 0.833 

Arbutus unedo 0.61, 0.64, 0.76, 0.77 0.695 

Betula pedula 0.411, 0.512, 0.653, 0.673, 
0.801 

0.61 

Carpinus betulus 0.666, 0.691, 0.71, 0.739, 0.756, 
0.756, 0.765, 0.766, 0.784, 
0.788, 0.794 

0.747 

Castanea sativa 0.48, 0.548, 0.59, 0.59, 0.6, 0.61, 
0.639 

0.58 

Corylus avellana 0.52, 0.53, 0.54, 0.547, 0.554, 
0.56, 0.58, 0.619 

0.556 

Crataegus monogyna 0.86 0.86 

Fagus sylvatica 0.65, 0.69, 0.73, 0.73, 0.75, 0.76, 
0.76, 0.76, 0.8 

0.737 

Ficus carica 0.52, 0.908, 0.912, 0.917 0.814 

Fraxinus excelsior 0.689, 0.79, 0.8, 0.801, 0.81, 
0.81 

0.783 

Hedera helix 0.53, 0.62 0.575 

Hippophae rhamnoides 0.574 0.574 

Juglans regia 0.526 0.526 

Juniperus communis 0.539, 0.575, 0.578, 0.647, 
0.736, 0.809 

0.647 

Larix decidua 0.515, 0.536, 0.56, 0.59, 0.621 0.564 

Laurus nobilis 0.76, 0.76, 0.78, 0.8 0.775 

Olea europeae 0.49, 0.72, 0.92, 0.93, 0.941, 
0.95 

0.825 

Phillyrea latifolia 0.91 0.91 

Picea abies 0.4, 0.415, 0.428, 0.44, 0.454, 
0.455, 0.51, 0.529, 0.563, 0.564, 
0.572, 0.574, 0.575, 0.6 

0.506 

Pinus sylvestris 0.35, 0.365, 0.368, 0.448, 0.46, 
0.46, 0.492, 0.502, 0.506, 0.513, 
0.566, 0.6, 0.625 

0.481 

Populus alba 0.381, 0.48 0.431 

Prunus avium 0.625, 0.753, 0.79, 0.8, 0.83, 
0.88 

0.78 

Pyrus communis 0.72, 0.72, 0.73, 0.73, 0.75 0.73 

Quercus ilex 0.69, 0.71, 0.81, 0.88, 0.93 0.804 

Salix atrocinerea 0.72, 0.79, 0.8, 0.81 0.78 

Sambucus nigra 0.689 0.689 

Sorbus aria 0.83, 0.84, 0.85, 0.86, 0.929 0.862 

Taxus baccata 0.65, 0.66, 0.66, 0.67 0.66 

Ulmus minor 0.609, 0.754 0.682 
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Species Ash Content (%) Mean 

Alnus glutinosa 0.5, 0.7 0.6 

Amygdalus prunus 1.33, 1.4 1.365 

Arbutus unedo 0.83, 1.3, 2.35, 2.27 1.688 

Betula pedula 0.1, 0.11, 0.17, 0.17, 0.18, 
0.18, 0.18, 0.18, 0.18, 0.18, 
0.2, 0.2, 0.21, 0.23, 0.23, 
0.24, 0.25, 0.26, 0.26, 0.26, 
0.29, 0.29, 0.3 

0.211 

Carpinus betulus 0.44, 0.52, 1.56 0.84 

Castanea sativa 2.26, 7.1, 7.6, 9.5 6.615 

Cytisus scoparius 2.45, 2.8, 3, 3.29, 3.52, 3.53, 
3.87, 4.25, 4.3, 4.58 

3.559 

Fagus sylvatica 0.4, 0.4, 0.4, 0.46, 0.5, 0.5, 
0.8 

0.494 

Fraxinus excelsior 0.83 0.83 

Hedera helix 5.7 5.7 

Hippophae rhamnoides 5.3, 8.1 6.7 

Juglans regia 3.67 3.67 

Larix decidua 0.15, 0.2, 0.2, 0.25, 0.25, 0.3, 
0.4, 0.45, 0.5, 0.55 

0.325 

Laurus nobilis 2.1 2.1 

Olea europeae 1 1 

Phillyrea latifolia 0.5, 0.67 0.585 

Pinus sylvestris 0.36, 0.45, 0.47, 0.49, 0.55 0.464 

Populus alba 1.49, 1.8, 2.07, 2.71, 2.73, 
2.75, 2.77, 2.81, 2.83, 3.11, 
3.24, 3.27, 3.38, 3.4 

2.74 

Quercus ilex 1.14, 2.52, 4 2.553 

Quercus petraea 0.1, 0.1, 0.2, 0.3, 0.3, 0.3, 
0.3, 0.3, 0.4, 0.4, 0.6, 0.9 

0.35 

Tamarix ramosissima 3.55, 2.99 3.27 

Taxus baccata 2.68 2.68 

Ulex europaeus 2.8, 3.2, 3.2, 3.3, 3.4, 3.7, 
3.8, 4.2, 4.3 

3.544 

 

 

Tables A148-160: The original fire data from Hoare 2020 and Thery-Parisot et al. 2014. 

Genus Top Temperature Attained Proportion compared to 
Pinus = 1 

Populus 710 0.8050 

Betula 780 0.8844 

Carpinus 790 0.8957 

Quercus 880 0.9977 

Pinus 882 1.00 

Olea 900 1.0204 

Corylus 915 1.0374 

Thery-Parisot et al. 2014 
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Genus Top Temperature Attained Proportion compared to 
Pinus = 1 

Alnus 844 0.9814 

Larix 850 0.9884 

Pinus 860 1.00 

Betula 869 1.0105 

Fraxinus 876 1.0186 

Fagus 879 1.0221 

Quercus 890 1.0349 

Picea 1000 1.1628 

Hoare 2020, 1m fire, 35kg fuel, 11-13C ambient temperature 

 

Genus Top Temperature Attained Proportion compared to 
Pinus = 1 

Alnus 790 0.8978 

Larix 814 0.925 

Pinus 880 1.00 

Fraxinus 891 1.0125 

Betula 906 1.0295 

Fagus 908 1.0318 

Quercus 961 1.0920 

Picea 980 1.1136 

Hoare 2020, 1m fire, 35kg fuel, 0-3C ambient temperature 

 

Genus Top Temperature Attained Proportion compared to 
Pinus = 1 

Alnus 562 0.7483 

Quercus 596 0.7936 

Larix 618 0.8229 

Picea 642 0.8549 

Fraxinus 651 0.8668 

Fagus 729 0.9707 

Pinus 751 1.00 

Betula 816 1.0866 

Hoare 2020, 0.5m fire, 7kg fuel. 

 

Genus Burning Duration 
(minutes) 

Proportion compared to 
Pinus = 1 

Corylus 430 0.9620 

Populus 440 0.9843 

Pinus 447 1.00 

Betula 450 1.0067 

Olea 460 1.0291 

Quercus 650 1.4541 

Carpinus 730 1.6331 

Thery-Parisot et al. 2014 
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Genus Burning Duration 
(minutes) 

Proportion compared to 
Pinus = 1 

Alnus 125 0.7143 

Picea 135 0.7714 

Betula 170 0.9714 

Pinus 175 1.00 

Quercus 190 1.0857 

Fagus 190 1.0857 

Larix 205 1.1714 

Fraxinus 220 1.2571 

Hoare 2020, 1m fire, 35kg fuel, 11-13C ambient temperature. 

 

Genus Burning Duration 
(minutes) 

Proportion compared to 
Pinus = 1 

Alnus 90 0.4615 

Picea 140 0.7179 

Betula 150 0.7692 

Fagus 170 0.8718 

Fraxinus 170 0.8718 

Larix 185 0.9487 

Pinus 195 1.00 

Quercus 220 1.1282 

Hoare 2020, 1m fire, 35kg fuel, 0-3C ambient temperature. 

 

Genus Burning Duration 
(minutes) 

Proportion compared to 
Pinus = 1 

Picea 60 0.4444 

Alnus 75 0.5556 

Betula 85 0.6296 

Fagus 105 0.7778 

Larix 130 0.9629 

Pinus 135 1.00 

Fraxinus 140 1.0370 

Quercus 155 1.1481 

Hoare 2020, 0.5m fire, 7kg fuel. 

 

Genus Charring Rate (mm/min) Proportion compared to 
Quercus = 1 

Acer 9.8367 0.9136 

Fagus 10.1767 0.9452 

Picea 10.1867 0.9461 

Fraxinus 10.1967 0.9471 

Quercus 10.7667 1 

Hugi et al. 2007. 
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Genus Charring Rate (mm/min) Proportion compared to 
Pinus = 1 

Pinus 0.8924 1.00 

Acer 1.0465 1.1727 

Picea 1.179 1.3212 

Quercus 1.1985 1.343 

White and Nordheim 1992. 

 

Genus Charring Rate (mm/min) Proportion compared to 
Pinus = 1 

Pinus 1.295 1.00 

Acer 1.508 1.1645 

Picea 1.698 1.3112 

Quercus 1.7267 1.3334 

White 1988. 

 

Genus Times of flame 
penetration to 0.5 inches 
(mins) 

Proportion compared to 
Pinus = 1 

Acer 4.5 1.00 

Pinus 4.5 1.00 

Picea 4.5 1.00 

Betula 5.5 1.2222 

Quercus 7 1.5556 

Bryan and Doman 1940. 

 

Genus Times of flame 
penetration to 0.75 
inches (mins) 

Proportion compared to 
Pinus = 1 

Acer 21.6 0.926 

Pinus 23.325 1.00 

Castanea 26.1 1.119 

Picea 26.5 1.1361 

Quercus 27.45 1.1768 

Betula 27.5 1.179 

McNaughton 1942. 
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Graph A14: A graph showing that random selection from the Middle Palaeolithic Iberian landscape would not have 
caused burning of particularly high- or low-ash fuelwoods. The R2 value is particularly low (0.003).  

Graph A15: A graph showing that the Middle Palaeolithic Iberian landscape did not tend to contain particularly high- 
or low-calorie fuelwoods (R2 = 0.006). Pine, the most common landscape wood, had a very average value.  

VII: Appendix Seven: Miscellaneous Graphs.  
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Graph A17: A graph showing that, due to the prevalence of low-density pine in Middle Palaeolithic Iberia, random 
gathering in such a landscape would tend towards woods that have a low calorific value by volume (R2 = 0.085).  

Graph A16: A graph showing that across the natural Middle Palaeolithic Iberian landscape, the dominant pine tends 
to have a low Fuel Value Index (FVI), although this is not a statistically-significant trend (R2 = 0.017). 
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Graph A18: A graph showing the random selection of wood from a Middle Palaeolithic Iberian landscape would 
select wood with a low bending strength, although this trend is not statistically-significant (R2 = 0.110).  

Graph A19: A graph showing that the natural Middle Palaeolithic Iberian landscape did not contain predominantly 
high- or low-compressive strength woods (R2 = 0.02).  
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Graph A21: A graph showing the lack of correlation between a genus’s calorific value and the top temperature that can be 
obtained in a fire exclusively composed of that genus (R2 = 0.004). 

Graph A20: A graph showing that Middle Palaeolithic Iberian landscapes were dominated by woods with low moduli 
of elasticity, although this trend is not statistically significant (R2 = 0.161).  
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Graph A22: A graph showing the lack of correlation between the wood-to-charcoal conversion rate of a genus, and 
the top temperature that can be obtained in a fire exclusively composed of that genus (R2 = 0.025). This is to be 
expected as there is no indication that wood-to-charcoal conversion rate is correlated with any burning attributes. 
Furthermore, in my experiments, top temperatures never varied as the wood was not the temperature-controlling 
variable.  

Graph A23: A graph showing that density has little effect on the burning duration of various fuels, despite in theory 
denser woods burning more slowly (R2 = 0.175). This lack of correlation may result from different (random) fuel 
loading densities onto the fire having a greater effect than the wood’s internal density per piece of fuel.  
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Graph A24: A graph showing the lack of correlation between wood-to-charcoal conversion rates and duration of 
combustion; slower-burning woods may in theory create more charcoal, but this does not appear to be the case 
(R2 = 0.023). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Graph A25: A comparison of the first date of investigation of Middle Palaeolithic cave and open-air sites, and how 
many fire proxies have been found in each. The R2 value is very low (0.01); the suggestion is that sites excavated 
longer ago tend to show more fire evidence, possibly because more important sites were excavated longer ago, and 
more ephemeral sites are being found today.  
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Graph A26: A comparison of how the number of fire proxies found in Middle Palaeolithic cave sites varies with 
altitude. As expected, fewer proxies (and therefore probably less fire) occurred at higher altitudes, where it may be a 
product of a lack of firewood (R2 = 0.075).  

Graph A27: A similar comparison of fire proxies with altitude, for Middle Palaeolithic open-air sites. As with Graph 
A26 for cave sites, there is a similar increase of fire in lower-altitude sites (R2 = 0.091). 



399 
 

 

 

Graph A28: A comparison between wood-to-charcoal rates at 350C, and how much charcoal-pollen selections 
change when recalibration is undertaken on the charcoal. Although the R2 linear is stronger than many in this these 
(0.324), with woods with high wood-to-charcoal conversion rates correspondingly having a lowered charcoal-pollen 
selection when recalibrated, it is of course weakened by some selections including pollen and no charcoal, and thus 
nothing changing compared to the base values on recalibrating it. 

Graph A29: An identical graph to Graph A28, but calculated for conversion rates and recalibrations at 700C. 
Likewise, a negative correlation is seen, however this is significantly weaker (R2 = 0.048) than that for Graph A28.  
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Graph A30: A graph demonstrating how various genera’s charcoal-pollen selection changes following recalibration 
for 350C. A positive value in the Y-axis means that pollen-charcoal discrepancies have increased, and a negative one 
means that they have decreased (possibly suggesting that charcoal or pollen production biases were responsible for 
the discrepancy). The positive selection change is much more than the negative one, suggesting that pollen and 
charcoal production biases were not the primary cause of these charcoal-pollen discrepancies.  

Graph A31: A graph showing the ages of cave ond open-air sites containing (1) charcoal, (2) burnt lithics and (3) 
hearths. Within each set, the right-hand column represents cave sites and the left-hand column represents open-air 
sites. Although each site type has a wide spread of dates, open-air sites tend to be older.  

1 2 3 
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Graph A32: A comparison of the ages of cave and open-air sites. Although both have a wide spread, cave sites tend 
to be younger on average.  

Graph A33: A comparison of the various fire proxies in cave and open-air sites. All are almost twice as common in 
caves as open-air sites, except for burnt lithics where the trend is reversed. This Graph corresponds with Table 3.8, 
p.87.   
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Graph A34: A comparison of the number of fire proxies found in cave and open-air sites with their latitudes. The 
latitudes included are the ones where Neanderthal sites have been found, from c.30N (the Levant) to c.60N (Finland). 
Open-air sites tend to be further north on average, regardless of how many proxies are found there. This Graph 
corresponds to Table 3.9, p.92.  

Graph A35: A comparison of the spread of dates for cave and open-air sites, representing either shorter or longer 
occupation series, or more or less accurate date ranges. Open-air sites are much more likely to have only single 
dates available for them, and cave sites are most likely to represent c.11-25kyr of occupation. This Graph 
corresponds to Table 3.11, p.99. 
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Graph A36: A comparison of the number of fire proxies in undated caves and open-air sites. Undated caves tend to 
have fewer proxies than open-air sites, suggesting that cave sites may depend on the fire proxies themselves as 
dating materials (charcoal for radiocarbon dating, burnt lithics for TL etc.) more than open-air sites. This Graph 
corresponds to Table 3.12, p.99. 

Graph A37: A comparison of the average ages of caves and open-air sites, and the number of fire proxies in each 
site. Open-air sites are older in almost all instances; this is particularly noticeable in sites with 4 different fire proxies. 
However, open-air sites had few examples of sites with 4 different proxies, skewing the results towards the few (very 
old) examples. This Graph corresponds to Table 3.14, p.101.  
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Graph A38: Various wood-to-charcoal conversion rates when Malus wood was experimentally burnt at different 
temperatures. Although increasing temperatures consistently reduced charcoal yields, the largest difference by far 
was between 250C and 350C, suggesting that this is the key temperature for full charcoalification. This corresponds 
to Table 6.3, p.172.  

Graph A39: A comparison of my study with the results from Frejaville et al. (2013). This is the most similar of the 
studies to mine, and all the tested genera show very similar conversion values to my values, with the exception of 
Sorbus. This Graph corresponds to Table 7.4, p.181.  
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Graph A40: A comparison of my study with the results from Chrzazvez et al. (2014). Although some values are 
similar, this is more dissimilar than mine and Frejaville et al.’s (2013) study; particularly for Fagus and Fraxinus. This 
Graph corresponds with Table 7.5, p.182.  

Graph A41: A comparison of my higher-burning values (700C) with the higher-burning values of Chrzazvez et al. 
(2014). The values are very disparate, with myself almost always finding much higher conversion rates than 
Chrzazvez. This Graph corresponds with Table 7.6, p.183.  
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Graph A42: A comparison of my study with the results of Rossen and Olson (1985). Although some genera such as 
Acer, Celtis and Populus present similar values, others such as Juniperus and Quercus are much more disparate. This 
Graph corresponds with Table 7.8, p.184.  

Graph A43: A comparison of my study with the results of Thery-Parisot et al. (2014). All the results are extremely 
disparate between our two studies; Pinus only has identical values because everything is based around an arbitrary 
Pinus = 1 value. Otherwise, my fuelwoods consistently create more charcoal in proportion to Pinus = 1. This Graph 
corresponds to Table 7.9, p.185. 
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Graph A44: A comparison between my results and those of Chrzazvez et al. (2014). Although some values are similar, 
many are disparate, especially Pinus and Quercus. This is most likely the result of Chzazvez’ sieving size being 4mm 
and mine being 6mm, and this difference being sufficient to account for the difference in values seen here. This 
Graph corresponds to Table 7.18, p.204.  

Graph A45: A comparison of the age of sites and the number of genera burnt there. Although more recent sites are 
the only ones with over 10 genera burnt, there is no statistically-significant trend over time, and the regression line is 
virtually flat (R2 = 4.329e-4). This Graph corresponds to Table 8.36, p.239-241.  



408 
 

Bibliography. 

Aarts, J.M.M.J.G., Alink, G.M., Scherjon, F., MacDonald, K., Smith, A.C., Nijveen, H. and Roebroeks, W. 

2016. Fire usage and ancient hominin detoxification genes: protective ancestral variants dominate while 

additional derived risk variants appear in modern humans. PLoS ONE 11(9), pp.1-18.  

Abbot, P., Lowore, J., Khofi, C. and Werren, M. 1997. Defining firewood quality: A comparison of 

quantitative and rapid appraisal techniques to evaluate firewood species from a southern African 

savanna. Biomass and Bioenergy 12(6), pp.429-437.  

Abdolahzadeh, A., Leader, G.M., Li, L., Olszewski, D.I. and Schurr, T.G. 2023. Heat exposed lithics: An 

experimental approach to quantifying potlids by temperature. Journal of Archaeological Science: Reports 

48, 103894.  

Abdolahzadeh, A., McPherron, S.P., Sandgathe, D.M., Schurr, T.G., Olszewski, D.I. and Dibble, H.L. 2022. 

Investigating variability in the frequency of fire use in the archaeological record of Late Pleistocene 

Europe. Archaeological and Anthropological Sciences 14(62), DOI: 10.1007/s12520-022-01526-1.  

Abraham, V. and Kozakova, R. 2012. Relative pollen productivity estimates in the modern agricultural 

landscape of Central Bohemia (Czech Republic). Review of Palaeobotany and Palynology 179, pp.1-12.  

Abrams, G., Bello, S.M., Di Modica, K., Pirson, S. and Bonjean, D. 2014. When Neanderthals used cave 

bear (Ursus spelaeus) remains: Bone retouchers from unit 5 of Scladina Cave (Belgium). Quaternary 

International 326, pp.274-287.  

Abrunhosa, A., Marquez, B., Baquedano, E., Bicho, N., Perez-Gonzalez, A. and Arsuaga, J.L. 2014. Raw 

material study of the Mousterian lithic assemblage of Navalmaillo rockshelter (Pinilla del Valle, Spain): 

preliminary results. Estudos do Quaternario 11, pp.19-25.  

Adan, G.E., Alvarez-Lao, D., Turmero, P., Arbizu, M. and Garcia-Vazquez, E. 2009. Fish as Diet Resource in 

North Spain During the Upper Palaeolithic. Journal of Archaeological Science 36, pp.895-899. 

Adler, D.S., Bar-Oz, G., Belfer-Cohen, A. and Bar-Yosef, O. 2006. Ahead of the game: Middle and Upper 

Palaeolithic hunting behaviours in the southern Caucasus. Current Anthropology 47, pp.89-118.  

Adler, D.S., Prindiville, T.J. and Conard, N.J. 2003. Patterns of spatial organization and land use during the 

Eemian interglacial in the Rhineland: new data from Wallertheim, Germany. Eurasian Prehistory 1(2), 

pp.25-78.  

Adler, D.S. and Tushabramishvili, N. 2004. Middle Palaeolithic patterns of settlement and subsistence in 

the southern Caucasus. In N. Conard, ed, Middle Palaeolithic Settlement Dynamics. Tubingen: Kerns 

Verlag, pp.91-132. 

Agam, A., Hattermann, M., Pinkas, I., Richter, J. and Uthmeier, T. 2023. Flint Heat Treatment at Late 

Neanderthal Site Sesselfelsgrotte (Germany), Preprint, Accessed January 2023, pp.1-43.  

Agusti, B., Alcalde, G., Guell, A., Juan-Muns, N., Rueda, J.M. and Terradas, X. 1991. La cova 120, parada 

de cacadors – recollectors de paleolitic mitja. Cypsela 9, pp.7-20.  

Ahern, J.C., Karavanic, I., Paunovic, M., Jankovic, I. and Smith, F.H. 2004. New discoveries and 

interpretations of hominid fossils and artifacts from Vindija Cave, Croatia. Journal of Human Evolution 

46, pp.27-67.  

Ahler, S.A. 1983. Heat Treatment of Knife River Flint. Lithic Technology 12(1), pp.1-8. 

https://doi.org/10.1007/s12520-022-01526-1


409 
 

Aiello, L.C. and Wheeler, P. 1995. The Expensive-Tissue Hypothesis: The Brain and the Digestive System in 

Human and Primate Evolution. Current Anthropology 36(2), pp.199-221. 

Akazawa, T., Baba, H. and Endo, K. 1973. Investigation of the Douara Cave site, 1970 season. In H. Suzuki 

and F. Takai, eds, The Palaeolithic Site at Douara Cave in Syria, Part I. Tokyo: Bulletin of the University 

Museum of Tokyo, pp.9-27.  

Akazawa, T., Muhesen, S., Dodo, Y., Kondo, O., Mizoguchi, Y., Abe, Y., Nishiaki, Y., Ohta, S., Oguchi, T. and 

Haydal, J. 1995. Neanderthal infant burial from the Dederiyeh Cave in Syria. Paleorient 21(2), pp.77-86.  

Akazawa, T., Muhesen, S., Ishida, H., Kondo, O. and Griggo, C. 1999. New Discovery of a Neanderthal 

Child Burial from the Dederiyeh Cave in Syria. Paleorient 25(2), pp.129-142.  

Akazawa, T. and Nishiaki, Y. 2017. The Palaeolithic Cultural Sequence of Dederiyeh Cave, Syria. In Y. Enzel 

and O. Bar-Yosef, eds, Quaternary of the Levant. Cambridge: Cambridge University Press, pp.307-314. 

Akerman, K., Fullagar, R. and van Gijn, A. 2002. Weapons and Wunan: Production, Function and 

Exchange of Kimberley Points. Australian Aboriginal Studies 1(1), pp.13-42. 

Akintan, O., Jewitt, S. and Clifford, M. 2018. Culture, tradition, and taboo: Understanding the social 

shaping of fuel choices and cooking practices in Nigeria. Energy Research & Social Science 40, pp.14-22. 

Alakomi, H.-L., Skyttä, E., Saarela, M., Mattila-Sandholm, T., Latva-Kala, K., and Helander, I.M. 2000. Lactic 

acid permeabilizes gram-negative bacteria by disrupting the outer membrane. Applied and 

Environmental Microbiology 66, pp.2001–2005. 

Albert, R.M. 2000. Studies of ash layers through phytolith analyses from the Middle Palaeolithic levels of 

Kebara and Tabun caves (Israel). PhD Thesis, Department of Prehistory, Ancient History and Archaeology, 

University of Barcelona.   

Albert, R.M., Bar-Yosef, O., Meignen, L. and Weiner, S. 2003. Quantitative phytolith study of hearth from 

the Natufian and Middle Palaeolithic levels of Hayonim cave (Galilee, Israel). Journal of Archaeological 

Science 30, pp.461-480.  

Albert, R.M., Berna, F. and Goldberg, P. 2012. Insights on Neanderthal fire use at Kebara Cave (Israel) 

through high resolution study of prehistoric combustion features: Evidence from phytoliths and thin 

sections. Quaternary International 247, pp.278-293.  

Albert, R.M., Lavi, O., Estroff, L. and Weiner, S. 1999. Mode of occupation of Tabun Cave, Mt Carmel, 

Israel during the Mousterian period: a study of the sediments and phytoliths. Journal of Archaeological 

Science 26, pp.1249-1260.  

Albini, F.A. 1993. Dynamics and modelling of vegetation fires: observations. In P.J. Crutzen and J.G. 

Goldammer, eds, Fire in the Environment: The Ecological, Atmospheric and Climatic Importance of 

Vegetation Fires. Chichester: Wiley, pp.703-717.  

Alcade del Rio, H., Breuil, H. and Sierra, L. 1912. Les caverns de la region cantabrique. Monaco: A. Chene.  

Alcaraz-Castano, M., Alcolea-Gonzalez, J., Kehl, M.., Albert, R.M., Baena-Preysler, J., de Balbin-Behrmann, 

R., Cuartero, F., Cuenca-Bescos, G., Jiminez-Barredo, F., Lopez-Saez, J.A., Pique, R., Rodriguez-Anton, D., 

Yravedra, J. and Weniger, G.C. 2017. A context for the last Neanderthals of interior Iberia: Los Casares 

cave revisit. PLoS ONE 12, pp.1-54.  

Alday, A., 2007. Mésolithique et Néolithique au Pays Basque d’après l’abri de Mendandia (8500–6400 

BP): l’évolution de l’industrie lithique, le problème de la céramique et les stratégies d’occupation. 

L’anthropologie 111, pp.39–67. 



410 
 

Aldeais, V., Dibble, H.L., Sandgathe, D., Goldberg, P. and McPherron, S.J.P. 2016. How heat alters 

underlying deposits and implications for archaeological fire features: A controlled experiment. Journal of 

Archaeological Science 67, pp.64-79.  

Aldeais, V., Goldberg, P., Sandgathe, D., Berna, F., Dibble, H.L., McPherron, S.P., Turq, A. and Rezek, Z. 

2012. Evidence for Neanderthal use of fire at Roc de Marsal (France). Journal of Archaeological Science 

39, pp.2414-2423. 

Aldhouse-Green, S., Scott, K., Schwarcz, H., Grun, R., Housley, R., Rae, A., Bevins, R. and Redknap, M. 

1995. Coygan Cave, Laugharne, 1995. South Wales, a Mousterian Site and Hyaena den: A Report on the 

University of Cambridge Excavations. Proceedings of the Prehistoric Society London 61, pp.37-80.  

Aleinikovas, M. and Grigaliunas, J. 2006. Differences of Pine (Pinus sylvestris L.) Wood and Mechanical 

Properties from Different Forest Site Types in Lithuania. Baltic Forestry 12(1), pp.9-13.  

Alferez, F., Molero, G., Maldonado, E., Bustos, V., Brea, P. and Buitrago, A.M. 1982. Descubrimiento del 

primer yacimiento cuaternario (Riss-Wurm) de vertebrados con restos humanos en la provincial de 

Madrid (Pinilla del Valle). Coloquios de Paleontologia 37, pp.15-32.  

Ali, A.A., Higuera, P.E., Bergeron, Y. and Carcaillet, C. 2009. Comparing fire-history interpretations based 

on area, number and estimated volume of macroscopic charcoal in lake sediments. Quaternary Research 

72, pp.462-468.  

Alix, C. 1998. Provenance et circulation des bois en milieu arctique: quells choix pour les Thuléens? 

Revue d’Archéométrie 22, pp.11-22.  

Allard, M. 1993. Frechet-Aure, Grotte du Noisetier. Bilan scientifique de la region Midi-Pyrenees, pp.113-

114.  

Alley, T.R., Brubaker, L.W. and Fox, O.M. 2013. Courtship Feeding in Humans? The Effects of Feeding 

versus Providing Food on Perceived Attraction and Intimacy. Human Nature 24, pp.430-443.  

Allott, L.F. 2006. Archaeological charcoal as a window on palaeovegetation and wood-use during the 

Middle Stone Age at Sibudu Cave. South African Humanities 18, pp.173-201.  

Allue, E., Cabanes, D., Sole, A. and Sala, R. 2012. Hearth Functioning and Forest Resource Exploitation 

based on the Archaeobotanical Assemblage from Level J. In E. Carbonell, ed, High Resolution 

Archaeology and Neanderthal Behaviour. Springer, pp.373-385.  

Allue, E., Euba, I. and Sole, A. 2009. Charcoal taphonomy: the study of cell structure and surface 

deformations of Pinus sylvestris type for the understanding of formation processes of archaeological 

charcoal assemblages. Journal of Taphonomy 7(2), pp.57-72.  

Allue, E., Exposito, I., Tumung, L., Olle, A. and Bazgir, B. 2018. Early evidence of Prunus and Prunus cf. 

amygdalus from Palaeolithic sites in the Khorramabad Valley, western Iran. Comptes Rendus Palevol 

17(6), pp.335-345.  

Allue, E., Martinez-Moreno, J., Roy, M., Benito-Calvo, A. and Mora, R. 2018. Montane pine forests in NE 

Iberia during MIS 3 and MIS 2. A study based on new anthracological evidence from Cova Gran (Santa 

Linya, Iberian Pre-Pyrenees). Review of Palaeobotany and Palynology 258, pp.62-72.  

Allue, E. and Mas, B. 2020. The meaning of Pinus sylvestris-type charcoal taphonomic markers in 

Palaeolithic sites in NE Iberia. Journal of Archaeological Science: Reports 30, pp.1-10.  

Allue, E., Sole, A. and Burguet-Coca, A. 2017. Fuel exploitation among Neanderthals based on the 

anthracological record from Abric Romani (Capellades, NE Spain). Quaternary International 431, pp.6-15.  



411 
 

Allue, E. and Zaidner, Y. 2021. The charcoal assemblage from Nesher Ramla, Israel: A contribution to the 

paleo-environmental dataset from Marine Isotope Stage (MIS) 5 in the Levant. Quaternary International 

624, pp.117-127. 

Alperson-Afil, N. 2008. Continual fire-making by Hominins at Gesher Benot Ya’aqov, Israel. Quaternary 

Science Reviews 27(17), pp.1733-1739.  

Alperson-Afil, N. and Hovers, E. 2005. Differential use of space in the Neandertal site of Amud cave, 

Israel. European Prehistory 3, pp.3-22.  

Altuna, J. (Ed). 1990. La Cueva de Amalda (Zestola, Pais Vasco). Ocupaciones paleoliticas y 

postpaleoliticas. Monografia. Coleccion Barandiaran 4.  

Alvarez, H.P. 2000. Grandmother hypothesis and primate life histories. American Journal of Physical 

Anthropology 113(3), pp.435-450. 

Alvarez-Alonso, D., de Andres Herrero, M. Diez Herrero, A. and Rojo, J. 2014. El Abrigo del Molino 

(Segovia, Espana). Un nuevo yacimiento musteriense en el interior de la Peninsula Iberica. Actas de las 

III Jornadas de Jovenes investigadores del valle del Duero 2013, Zamora, pp.17-29.  

Alvarez-Alvarez, P., Pizarro, C., Barrio-Anta, M., Camara-Obregon, A., Bueno, J.L.M., Alvarez, A., Gutierrez, 

I. and Burslem, D.F.R.P. 2018. Evaluation of Tree Species for Biomass Energy Production in Northwest 

Spain. Forests 9(4), https://doi.org/10.3390/f9040160.  

Amati, D. and Shallice, T. 2007. On the emergence of modern humans. Cognition 103, pp.358-385. 

Amick, D.S. 2002. Manufacturing Variation in Folsom Points and Fluted Preforms. Routledge: London.  

Anderson, K.L. and Burke, A. 2008. Refining the definition of cultural levels at Karabi Tamchin: a 

quantitative approach to vertical intra-site spatial analysis. Journal of Archaeological Science 35(8), 

pp.2274-2285.  

Anderson, S. and Ertug-Yaras, F. 1998. Fuel, fodder and faeces: an ethnographic and botanical study of 

dung fuel use in central Anatolia. Environmental Archaeology 1, pp.99-109.  

Anderson-Gerfaud, P. 1990. Aspects of behaviour in the Middle Palaeolithic: Functional analysis of stone 

tools from Southwest France. In P. Mellars, Ed., The Emergence of Modern Humans: An Archaeological 

Perspective. Edinburgh: Edinburgh University Press, pp.389-418.  

 

Angelucci, D.E., Anesin, D., Susini, D., Villaverde, V., Zapata, J. and Zilhao, J. 2013. Formation processes at 

a high resolution Middle Palaeolithic site: Cueva Anton (Murcia, Spain). Quaternary International 315, 

pp.24-41.  

Angelucci, D.E. and Zilhao, J. 2009. Stratigraphy and Formation Processes of the Upper Pleistocene 

Deposit at Gruta da Oliveira, Almonda Karstic System, Torres Novas, Portugal. International Journal of 

Geoarchaeology 24, pp.277-310.  

Aniszewska, M. and Gendek, A. 2014. Comparison of heat of combustion and calorific value of the cones 

and wood of selected forest tree species. Forest Research Papers 75, pp.231-223.  

Antons, A., Cirule, D., Verovkins, A. and Kuka, E. 2018. Effect of Thermal Treatment on Physical and 

Mechanical Properties of Birch and Pine Wood. Research for Rural Development 1, pp.78-85.  

Aranguren, B., Revedin, A., Amico, N., Cavulli, F., Giachi, G., Grimaldi, S., Macchioni, N. and Santaniello, F. 

2018. Wooden tools and fire technology in the early Neanderthal site of Poggetti Vecchi (Italy). PNAS 

115(9), pp.2054-2059.  

https://doi.org/10.3390/f9040160


412 
 

Arche, A. 1983. Coarse-grained meander lobe deposits in the Jarama river, Madrid. Spain. In: J.D. 

Collinson and J. Lewin, Eds., Meander and Ancient Fluvial Systems. International Association 

Sedimentology 6, pp. 313–321. 

Arobba, D. and Caramiello, R. 2009. Analisi Paleobotanica sui sediment del Riparo Bombrini (Balzi Rossi, 

Ventimiglia). Bulletin de Musée d’Anthropologie Préhistorique de Monaco 49, pp.41-48.  

Arranz-Otaegui, A. 2017. Evaluating the impact of water flotation and the state of the wood in 

archaeological wood charcoal remains: Implications for the reconstruction of past vegetation and 

identification of firewood gathering strategies at Tell Qarassa North (south Syria). Quaternary 

International 457, pp.60-73.  

Arriaza, M.D.C., Huguet, R., Laplana, C., Perez-Gonzalez, A., Marquez, B., Arsuaga, J.L. and Baquedano, E. 

2017. Lagomorph predation represented in a Middle Palaeolithic level of the Navalmaillo Rock Shelter 

site (Pinilla del Valle, Spain), as inferred via a new use of classical taphonomic criteria. Quaternary 

International 436, pp.294-306.  

Arriolabengoa, M., Iriarte, E., Aranburu, A., Yusta, I. and Arrizabalaga, A. 2015. Provenance study of 

endokarst fine sediments through mineralogical and geochemical data (Lezetxiki II cave, northern Iberia). 

Quaternary International 364, pp.231-243.  

Arrizabalaga, A., and Altuna, J., Eds, 2000. Labeko Koba (Arrasate, Paı´s Vasco): Hienas y humanos en los 

albores del Paleolıtico superior. Munibe (Antropologıa-Arkeologia) 52. 

Arsuaga, J.L., Baquedano, E., Perez-Gonzalez, A., Sala, N., Garcia, N.G., Alvarez-Lao, D., Laplana, C., 

Pamies, R.H., Sevilla, P., Maldonado, E., Blain, H.-A., Quam, R.M., Ruiz-Zapata, M.B., Sala, P., Garcia, 

M.J.G., Uzquiano, P. and Pantoja-Perez, A. 2010. El yacimiento arquepaleontologico del Pleistoceno 

Superior de la Cueva del Camino en el Calvero de la Higuera (Pinilla del Valle, Madrid). Actas de la 1a 

reunion de cientificos sobre cubiles de hyena (y otros grandes carnivoros) en los yacimientos arquelogicos 

de la Peninsula Iberica 13, pp.422-442.  

Arsuaga, J.L., Baquedano, E., Perez-Gonzalez, A., Sala, N., Quam, R.M., Rodriguez, L., Garcia, R., Garcia, 

N., Alvarez Lao, D.J., Laplana, C., Huguet, R., Sevilla, P., Maldonado, E., Blain, H., Ruiz-Zapata, M.B., Sala, 

P., Gil-Garcia, M.J., Uzquiano, P., Pantoja, A. and Marquez, B. 2012. Understanding the ancient habitats of 

the last-interglacial (late MIS 5) Neanderthals of central Iberia: Palaeoenvironmental and taphonomic 

evidence from the Cueva del Camino (Spain) site. Quaternary International 275, pp.55-75. 

Arsuaga, J.L., Gomez-Olivencia, A., Sala, N., Martinez-Pillado, V., Pablos, A., Bonmati, A., Pantoja-Perez, 

A., Lira-Garrido, J., de Velasco, A.A., Ortega, A.I., Cuenca-Bescos, G., Garcia, N., Aranburu, A., Ruiz-

Zapata, B., Gil-Garcia, M.J., Rodriguez-Alvarez, X.-P., Olle, A. and Mosquera, M. 2017. Evidence of 

palaeoecological changes and Mousterian occupations at the Galeria de las Estatuas site, Sierra de 

Atapuerca, northern Iberian plateau, Spain. Quaternary Research 88, pp.345-367.  

Arsuaga, J.L., Villaverde, V., Quam, R., Martinez, I., Carretero, J.M., Lorenzo, C. and Gracia, A. 2007. New 

Neanderthal remains from Cova Negra (Valencia, Spain). Journal of Human Evolution 52, pp.31-58.  

Ascough, P.L., Bird, M.I., Scott, A.C., Collinson, M.E., Cohen-Ofri, I., Snape, C.E. and Le Manquais, K. 2010. 

Charcoal reflectance measurements: Implications for structural characterization and assessment of 

diagenetic alteration. Journal of Archaeological Science 37(7), pp.1590-1599.  

Asouti, E. 2003. Woodland vegetation and fuel exploitation and the prehistoric campsite of Pinarbasi, 

south-central Anatolia, Turkey: the evidence from the wood charcoal macro-remains. Journal of 

Archaeological Science 30, pp.1185-1201.  



413 
 

Asouti, E. and Austin, P. 2005. Reconstructing woodland vegetation and its exploitation by past societies, 

based on the analysis and interpretation of archaeological wood charcoal macro-remains. Environmental 

Archaeology 10(1), pp.1-18.  

Assis, M.R. 2016. Mechanical and physical properties of Eucalyptus charcoal from pyrolysis under 

different conditions. PhD Thesis, Universidade Federal de Lavras.  

Assis, M.R., Brancheriau, I., Napoli, A. and Trugilho, P.F. 2016. Factors affecting the mechanics of 

carbonized wood: Literature review. Wood Science and Technology 50(3), pp.519-536.  

Attwell, L., Kovarovic, K. and Kendal, J.R. 2015. Fire in the Plio-Pleistocene: the functions of hominin fire 

use, and the mechanistic, developmental and evolutionary consequences. Journal of Anthropological 

Sciences 93, pp.1-20.  

Aubry, T., Almeida, M., Neves, M.J. and Walter, B. 2003. Solutrean laurel leaf point production and raw 

material procurement during the Last Glacial Maximum in southern Europe: two examples from Central 

France and Portugal. In H.L. Dibble and M. Soressi, eds, Multiple Approaches to the Study of Bifacial 

Technologies. Philadelphia: Museum of Archaeology and Anthropology, University of Pennsylvania, 

pp.165-182.  

Aubry, T., Barbosa, A.F., Luis, L., Santos, A.T. and Silvestre, M. 2016. Quartz use in the absence of flint: 

Middle and Upper Palaeolithic raw material economy in the Coa Valley (North-Eastern Portugal). 

Quaternary International 424, pp.113-129.  

Aubry, T., Dimuccio, L.A., Almeida, M., Buylaert, J.-P., Fontana, L., Higham, T., Liard, M., Murray, A.S., 

Neves, M.J., Peyrouse, J.-B. and Walter, B. 2012. Stratigraphic and technological evidence from the 

Middle Palaeolithic-Chatelperronian-Aurignacian record at the Bordes-Fitte rockshelter (Roches d’Abilly 

site, Central France). Journal of Human Evolution 62(1), pp.116-137.  

Audiard, B., Meignen, L., Blasco, T., Battipaglia, G. and Thery-Parisot, I. 2020. New climatic approaches to 

the analysis of the Middle Palaeolithic sequences: Combined taxonomic and isotopic charcoal analyses 

on a Neanderthal settlement, Les Canalettes (Aveyron, France). Quaternary International 593, pp.85-94. 

Audiard, B., Thery-Parisot, I., Blasco, T., Mologni, C., Texier, P.-J. and Battipaglia, G. 2019. Crossing 

taxonomic and isotopic approaches in charcoal analyses to reveal past climates. New perspectives in 

Paleobotany from the Paleolithic Neanderthal dwelling-site of La Combette (Vaucluse, France). Review of 

Palaeobotany and Palynology 266, pp.52-60.  

Augustynczik, A.L.D., Gusti, M., di Fulvio, F., Lauri, P., Forsell, N. and Havlik, P. 2024. Modelling the effects 

of climate and management on the distribution of deadwood in European forests. Journal of 

Environmental Management 354, 120382.  

Aura, J.E., Carrion, Y., Estelles, E. and Perez Jorda, G. 2005. Plant economy of hunter-gatherer groups at 

the end of the last Ice Age: plant macroremains from the cave of Santa Maira (Alacant, Spain) ca.12000-

9000 B.P. Vegetation History and Archaeobotany 14, pp.542-550.  

Austin, P. 2009. The wood charcoal macro-remains from Mesolithic midden deposits at Sand, Applecross. 

In K. Hardy and C. Wickham-Jones, Eds., Mesolithic and later sites around the Inner Sound, Scotland: the 

work of the Scotland’s First Settlers project 1998-2004. Society of Antiquaries of Scotland. 

Autengruber, M., Lukacevic, M., Grostlinger, C., Eberharsteiner, J. and Fussl, J. 2021. Numerical 

assessment of wood moisture content-based assignments to service classes in EC5 and a prediction 

concept for moisture-induced stresses soley using relative humidity data. Engineering Structures 245, 

112849.  



414 
 

Bachelet, C. 2016. Use of Wood Resources by Holocene Hunter-Gatherers of Cidade de Padra, Mato 

Grosso, Brazil. Cadernos do LEPAARQ 13(25), pp.388-400.  

Bachelet, C. and Scheel-Ybert, R. 2017. Landscape and firewood selection in the Santa Elina rock shelter 

(Mato Grosso, Brazil) during the Holocene. Quaternary International 431, pp.52-60. 

Bachellerie, J., Renard, C. and Schmidt, P. 2019. Technical innovations during the recent Solutrean in the 

southwest of France: Recognition of heat treatment of chert and estimation of heating temperatures 

based on the example of Le Piage (Lot, France). Journal of Archaeological Science: Reports, 27, 102001.   

Bachmann, J., Horton, R., Ren, T. and van der Ploeg, R.R. 2001. Comparison of the thermal properties of 

four wettable and four water-repellent soils. Soil Science Society of America Journal 65, pp.1675-1679.  

Badal, E., Villaverde, V. and Zilhao, J. 2011. The fire of Iberian Neanderthals. Wood charcoal from three 

new Mousterian sites in the Iberian Peninsula. Saguntum Extra 11, pp.77-78.  

Baena Preysler, J., Barez, S., Perez-Gonzalez, A., Roca, M., Lazaro, A., Marquez, R., Rus, I., Manzano, C., 

Cuartero, F., Ortiz, I., Rodriguez, P., Perez, T., Gonzalez, I., Polo, J., Rubio, D., Alcaraz, M. and Escobar, A. 

2009. Searchers and Miners: first signs of flint exploitation in Madrid's region. Proceedings of the 2nd 

International Conference of the UISPP Commission on Flint Mining in Pre- and Protohistoric Times 

(Madrid, 14-17 October 2009), pp.203-220. 

Baena Preysler, J., Moncel, M.-H., Cuartero, F., Chacon Navarro, M.G. and Rubio, D. 2014. Late Middle 

Pleistocene genesis of Neanderthal technology in western Europe: The case of Payre site South-East 

France. Quaternary International pp.1-27. 

Baena Preysler, J., Santafe, E.C., Lopez, V.R., Ruiz, C.C., Espinosa, I.M. and Uria, B.P. 1999. Avance de los 

trabajos realizados en el yacimiento paleolitico de la Cueva del Esquilleu (Castrocillorigo-Cantabria). 

Actas del 3 Congreso de Arqueologia Peninsular. Vila-Real (Portual), 21-27 Septiembre 1999, pp.251-262. 

Bahain, J.-J., Falgueres, C., Laurent, M., Dolo, J.-M., Shao, Q., Auguste, P. and Tuffreau, A. 2015. ESR/U-

series dating of faunal remains from the paleoanthropological site of Biache-Saint-Vaast (Pas-de-Calais, 

France). Quaternary Geochronology 30, pp.541-546.  

Bal, M.-C., Rendu, C., Ruas, M.-P. and Campmajo, P. 2010. Paleosol charcoal: Reconstructing vegetation 

history in relation to agro-pastoral activities since the Neolithic. A case study in the Eastern French 

Pyrenees. Journal of Archaeological Science 37, pp.1785-1797.  

Bailleau, J.-G. 1869. Grotte des Fées de Chatelperron. Moulins: Desrosiers. 

Baker, A.G., Zimmy, M., Keczynski, A., Bhagwat, S.A., Willis, K.J. and Latalowa, M. 2016. Pollen 

productivity estimates from old-growth forest strongly differ from those obtained in cultural landscapes: 

Evidence from the Bialowieza National Park, Poland. The Holocene 26(1), pp.80-92.  

Baines, J.A. 2019. On Contrasts in the Charcoal Assemblage of a Late Iron Age and Romano-British 

Roadside Settlement. Saguntum 51, pp.133-150.  

Bakovic, M., Mihailovic, B., Mihailovic, D., Morley, M.W., Vusovic-Lucic, Z., Whallon, R. and Woodward, J. 

2009. Crvena Stijena excavations 2004-2006, preliminary report. Eurasian Prehistory 6(1), pp.3-31.  

Banfield, J.F. and Zhang, H. 2001. Nanoparticles in the Environment. In J.F. Banfield and A. Navrotsky, 

eds, Nanoparticles and the Environment. Reviews in Mineralogy and Geochemistry 44, pp.1-58. 

Barandiaran, I. 1973. La Cueva de Los Casares (Riba de Saelices, Guadalajara). Excavaciones Arquelogicas 

en Espana 76. Madrid: Ministerio de Educacion y Ciencia.   

Barandiarán, J.M. and Altuna, J. 1969. La cueva de Ekain y sus figuras rupestres. Munibe 21, pp.329-386. 

Barboutis, I. and Lykidis, C. 2014. The Effects of Bark on Fuel Characteristics of some Evergreen 

Mediterranean Hardwood Species. In H.M. Barnes and V.L. Herian, eds, Proceedings of the 57th 



415 
 

International Convention of Society of Wood Science and Technology June 23-27, 2014 – Zvolen, Slovakia, 

pp.533-540.  

Barboutis, J.A. and Philippou, J.L. 2007. Evergreen Mediterranean hardwoods as particleboard raw 

material. Building and Environment 42(3), pp.1183-1187.  

Barham, L. and Everett, D. 2021. Semiotics and the Origin of Language in the Lower Palaeolithic. Journal 

of Archaeological Method and Theory 28, pp.535-579.  

Barham, L. and Kleindienst, M.R. 2023. Kalambo Falls, Zambia. In A. Beyin, D.K. Wright, J. Wilkins and D.I. 

Olszewski, Eds., Handbook of Pleistocene Archaeology of Africa: Hominin Behaviour, Geography, and 

Chronology. London: Springer, Pp.1167-1180.  

Barkai, R. and Gopher, A. 2011. Two Flint Caches from a Lower-Middle Palaeolithic Flint Extraction and 

Workshop Complex at Mount Pua, Israel. Proceedings of the 2nd Conference of the UISPP Commission on 

Flint Mining 

Barmpoutis, P., Lykidis, C. and Barboutis, I. 2015. Influence of Stem Diameter and Bark Ratio of Evergreen 

Hardwoods on the Fuel Characteristics of the Produced Pellets. Pro Ligno 11(4), pp.673-679. 

Barnard, P.J. 2010. From executive mechanisms underlying perception and action to the parallel 

processing of meaning. Current Anthropology 51(1), pp.39-54. 

Barroso Ruiz, C., Garcia Sanchez, M., Ruiz Bustos, A., Medina Lara, P. and Sanchidrian Torti, J.L. 1983. 

Avance al estudio cultural, antropologico y paleontologico de la cueva, del Boquete de Zafarraya 

(Alcaucin, Malaga). Antropologia y Paleoecologia Humana 3, pp.3-12.  

Barta, J. 1966. Mittelpaläolithische Besiedlung des Burgberges und der Höhle Prepoštská jaskyňka in 

Bojnice. In: J. Bárta, Ed., Eine beachtenswerte paläolithische Fundstelle in der Westslovakei. Nitra pp.10–

22.  

Barton, R.N.E. 2000. Mousterian hearths and shellfish: late Neanderthal activities on Gibraltar. In C. 

Stringer, R. Barton and J.C. Finlayson, eds, Neanderthals on the Edge. Oxford: Oxbow Books, pp.211-220.  

Barton, R.N.E. and Jennings, R.P. 2012. The lithic artefact assemblages of Gorham’s Cave. In R.N.E. 

Barton, C.B. Stringer, J.C. Finlayson, N. Barton and C.B. Stringer, eds, Neanderthals in Context: A report of 

the 1995-1998 Excavations at Gorham’s and Vanguard caves, Gibraltar. Oxford: Oxford University School 

of Archaeology Monograph 75, pp.151-187. 

Bartsiokas, A. and Arsuaga, J.-L. 2020. Hibernation in hominins from Atapuerca, Spain half a million years 

ago. L’Anthropologie 124(5) 102797.  

Bar-Oz, G. and Adler, D.S. 2005. Taphonomic history of the Middle and Upper Palaeolithic faunal 

assemblages from Ortvale Klde, Georgian Republic. Journal of Taphonomy 3, pp.185-211.  

Bar-Oz, G., Weissbrod, L., Gasparian, B., Nahapetyan, S., Wilkinson, K. and Pinhasi, R. 2012. Taphonomy 

and zooarchaeology of a high-altitude Upper Pleistocene faunal sequence from Hovk-1 Cave, Armenia. 

Journal of Archaeological Science 39, pp.2452-2463. 

Bar-Yosef, O., Arensburg, B., Belfer-Cohen, A., Goldberg, P., Meignen, L., Stiner, M.C., Munro, N.D. and 

Weiner, S. 2017. Hayonim Cave. In Y. Enzel and O. Bar-Yosef, eds, Quaternary of the Levant. Cambridge: 

Cambridge University Press. 

Bar-Yosef, O. and Tchernov, E. 1967. Archaeological Finds and the Fossil Faunas of the Natufian and 

Microlithic Industries of Hayonim Cave (Western Galilee, Israel). Israel Journal of Zoology 15, pp.104-

140.  



416 
 

Barzilai, O. and Boaretto, E. 2016. Boqer Tahtit (Boker Tachtit): Preliminary Report. Hadashot 

Arkeologiyot: Excavations and Surveys in Israel 128, pp.1-28.  

Basile, D., Castelletti, L. and Peresani, M. 2014. Results from the anthracological investigation of the 

Mousterian layer A9 of Grotta di Fumane, Italy. Quartar 61, pp.103-111.  

Bass, M. 2009. Handbook of optics. Volume 1: geometrical and physical optics, polarized light, 

components and instruments. New York: McGray-Hill. 

Bataille, G. 2010. Recurrent occupations of the Late Middle Palaeolithic Station Kabazi II, Unit II, Level 8 

(Crimea, Ukraine) – Seasonal adaptation, procurement and processing of resources. Quartar 57, pp.43-

77.  

Baumler, M.F. and Speth, J.D. 1993. A Middle Palaeolithic assemblage from Kunji Cave, Iran. In D.I. 

Olszewski and H.L. Dibble, eds, The Palaeolithic Prehistory of the Zagros-Tautus. Philadelphia: University 

Museum of Archaeology and Anthropology, University of Pennsylvania, pp.1-73.  

Bayle des Hermens, R. and Laborde, A. 1965. Le gisement mousterien de la Baume-Vallee (Haute-Loire): 

etude preliminaire. Bulletin de la Societe Prehistorique Francaise 62, pp.512-527.  

Bazgir, B., Olle, A., Tumung, L., Becerra-Valdivia, L., Douka, K., Higham, T., Van der Made, J., Picin, A., 

Saladie, P., Lopez-Garcia, J.M. et al. 2017. Understanding the emergence of modern humans and the 

disappearance of Neanderthals: Insights from Kaldar Cave (Khorramabad Valley, western Iran). Nature 

Scientific Reports 7, pp.1-16. 

Bazgir, B., Otte, M., Tumung, L., Olle, A., Ganesh Deo, S., Joglekar, P., Lopez-Garcia, M.J., Picin, A., 

Davoudi, D. and Van der Made, J. 2014. Test excavations and initial results at the Middle and Upper 

Palaeolithic sites of Gilvaran, Kaldar, Ghamari caves and Gar Arjene rockshelter, Khorramabad Valley, 

western Iran. Comptes Rendus Palevol 13(6), pp.511-525.  

Beaty, R.M. and Taylor, A.H. 2009. A 14,000 year sedimentary charcoal record of fire from the northern 

Sierra Nevada, Lake Tahoe Basin. The Holocene 19(3), pp.347-358.  

Becker, F., Conrad, N.D., Eser, R.A., Helfmann, L., Schutt, B., Schutte, C. and Zonker, J. 2020. The furnace 

and the goat – A spatio-temporal model of the fuelwood requirement for iron metallurgy on Elba Island, 

4th century BCE to 2nd century CE. PLoS ONE https://doi.org/10/1371/journal.pone.0241133.  

Belcher, C.M., Punyasena, S.W. and Sivaguru, M. 2013. Novel application of confocal laser scanning 

microscopy and 3D volume rendering toward improving the resolution of the fossil record of charcoal. 

PLoS ONE 8, pp.1-12.  

Beldados, A., Tarekegn, T. and Ossendorf, G. 2022. Post Terminal Pleistocene Reconstruction of Ancient 

Fire Wood and Human-Environment Relations in the Afro-Alpine Region of the Bale Mountains, Ethiopia: 

an Anthracological Study. Ethiopian Journal of the Social Sciences and Humanities 18(1), pp.1-32.  

Belfer-Cohen, A. and Hovers, E. 2010. Modernity, Enhanced Working Memory, and the Middle to Upper 

Palaeolithic Record in the Levant. Current Anthropology 51(1), https://doi.org/10.1086/649835.  

Belitzky, S. 1990. The morphostructural evolution of the Quneitra valley depression. In N. Goren-Inbar, 

Ed., Quneitra: a Mousterian Site on the Golan Heights. Jerusalem: Qedem-Monographs of the Institute of 

Archaeology, pp. 30-33. 

Bellomo, R.V. 1993. A methodological approach for identifying archaeological evidence of fire resulting 

from human activities. Journal of Archaeological Science 20, pp.525-553. 

Bellomo, R.V. 1994. Methods of Determining Early Hominid Behavioural Activities Associated with the 

Controlled Use of Fire at FxJi 20 Main, Koobi For a, Kenya. Journal of Human Evolution 27, pp.173-195. 

https://doi.org/10/1371/journal.pone.0241133
https://doi.org/10.1086/649835


417 
 

Benito-Calvo, A., Martinez-Moreno, J., Jorda Pardo, J., de la Torre, I. and Mora, R. 2009. Sedimentological 

and archaeological fabrics in Palaeolithic levels of the Southeastern Pyrenees: Cova Gran and Roca dels 

Bous sites (Lleida, Spain). Journal of Archaeological Sciences 36, pp.2566-2577.  

Benjamin, J., Rovere, A., Fontana, A., Furlani, S., Vacchi, M., Inglis, R.H., Galili, E., Antonioli, F., Sivan, D., 

Miko, S., Mourtzas, N., Felja, I., Meredith-Williams, M., Goodman-Tchernov, B., Kolaiti, E., Anzidei, M. 

and Gehrels, R. 2017. Late Quaternary sea-level changes and early human societies in the central and 

eastern Mediterranean Basin: An interdisciplinary review. Quaternary International 449, pp.29-57.  

Bennett, J.L. 1999. Thermal Alteration of Buried Bone. Journal of Archaeological Science 26(1), pp.1-8. 

Bentsen, S.E. 2013. Controlling the heat: An experimental approach to Middle Stone Age 

pyrotechnology. South African Archaeological Bulletin 68, pp.137-145. 

Bentsen, S.E. 2014. Using pyrotechnology: fire-related features and activities with a focus on the African 

Middle Stone Age. Journal of Archaeological Research 22, pp.141-175.  

Bentsen, S.E. and Wurz, S. 2019. Colour Me Heated? A Comparison of Potential Methods to Quantify 

Colour Change in Thermally-Altered Rocks. Journal of Field Archaeology 

https://doi.org/10.1080/00934690.2019.1591092.  

Benvenuti, M., Bahain, J.-J., Capalbo, C., Capretti, C., Ciani, F., D’Amico, C. et al. 2017. 

Palaeoenvironmental context of the early Neanderthals of Poggetti Vecchi for the late Middle 

Pleistocene of Central Italy. Quaternary Research 88, pp.327-344. 

Beran, M.J., Hopper, L.M., de Walla, F.B.M., Sayers, K. and Brosnan, S.F. 2016. Chimpanzee food 

preferences, associate learning, and the origins of cooking. Learning & Behaviour 44, pp.103-108. 

Beresford-Jones, D., Taylor, S., Paine, C., Pryor, A., Svoboda, J. and Jones, M. 2011. Rapid climate change 

in the Upper Palaeolithic: the record of charcoal conifer rings from the Gravettian site of Dolni Vestonice, 

Czech Republic. Quaternary Science Reviews 30, pp.1948-1964.  

Berger, T.D. and Trinkaus, E. 1995. Patterns of Trauma among the Neandertals. Journal of Archaeological 

Science 22(6), pp.841-852.  

Bergueda, M.M. 1998. Estudios geoarqueologico de los asentmientos prehistoricos del Pleistoceno 

Superior y el Holoceno inicial en Catalunya. BAR International Series 742, London.  

Berna, F., Goldberg, P., Horwitz, L.K., Brink, K., Holt, S., Bamford, M. and Chazan, M. 2012. 

Microstratigraphic evidence of in situ fire in the Acheulean strata of Wonderwerk Cave, Northern Cape 

province, South Africa. PNAS 109(20), pp.1215-1220. 

Bernard, V. 1998. L’Homme, le bois et la foret dans la France du Nord entre le Mesolithique et la Haut 

Moyen-Age. BAR International Series 733.   

Bertran, P., Caner, L., Langohr, R., Lemee, L. and d’Errico, F. 2008. Continental palaeoenvironments during 

MIS 2 and 3 in southwestern France: the La Ferrassie rockshelter record. Quaternary Science Review 27, 

pp.2048-2063.  

Besancon, L., Copeland, L., Hours, F, Muhesen, S., Sanlaville, P. 1981. Le Paleolithique d'El Kowm. Rapport 

preliminaire. Paleorient 7(1), pp.33-55. 

Bhatt, B.P. and Todaria, N.P. 1992. Fuelwood characteristics of some mountain trees and shrubs. 

Commonwealth Forestry Review 71, pp.183-185.  

Bhatt, B.P. and Todaria, N.P. 1993. Screening of Fuelwood Species for Energy Plantation in Garhwal 

Himalaya. In B.K. Joshi, eds, Uttaranchal. Lucknow: Pratibha Press, pp.1-10. 

https://doi.org/10.1080/00934690.2019.1591092


418 
 

Bicho, N. and Haws, J. 2008. At the Land’s End: Marine Resources and the Importance of Fluctuations in 

the Coastline in the Prehistoric Hunter-Gatherer Economy of Portugal. Quaternary Science Reviews 27, 

pp.2166-2175.  

Biglari, F. and Heydari, S. 2015. Do Ashkaft: a recently discovered Mousterian cave site in the 

Kermanshah Plain, Iran. Antiquity 75(289), pp.487-488. 

Biglari, F., Javeri, M., Mashkour, M., Yazdi, M., Shidrang, S., Tengberg, M., Taheri, K. and Darvish, J. 2009. 

Test excavations at the Middle Palaeolithic sites of Qaleh Bozi, Southwest of Central Iran. A preliminary 

report. In M. Otte, F. Biglari and J. Jaubert, eds, Iran Palaeolithic/Le Paleolithique d’Iran. UISPP, 

proceedings of the XV World Congress (Lisbon, 4-9 September 2006). Oxford: BAR 1968, pp.29-38.  

Binford, L.R. and Ho, C.K. 1985. Taphonomy at a distance: Zhoukoudian, “the cave home of Beijing man?” 

Current Anthropology 26, pp.413-442.  

Binford, L.R. and Stone, N.M. 1986. Zhoukoudian: a close look. Current Anthropology 27, pp.453-475.  

Bird, M.I. and Cali, J.A. 1998. A million-year record of fire in sub-Saharan Africa. Nature 394, pp.767-769.  

Bird, R.B., Bird, D.W., Codding, B.F., Parker, C.H. and Jones, J.H. 2008. The “fire stick farming” hypothesis: 

Australian Aboriginal foraging strategies, biodiversity, and anthropogenic fire mosaics. PNAS 105(39), 

pp.14796-14801.  

Bishop, R.R., Church, M.J. and Rowley-Conwy, P.A. 2015. Firewood, food and human niche construction: 

the potential role of Mesolithic hunter-gatherers in actively structuring Scotland’s woodlands. 

Quaternary Science Reviews 108, pp.51-75. 

Biton, R., Sharon, G., Oron, M., Steiner, T. and Rabinovich, R. 2017. Freshwater turtle or tortoise? The 

exploitation of testudines at the Mousterian site of Nahal Mahanayeem Outlet, Hula Valley, Israel. 

Journal of Archaeological Science: Reports 14, pp.409-419. 

Bjorn, G., Gebauer, K., Barkowski, R., Rosenthal, M. and Bues, C.T. 2012. Calorific value of selected wood 

species and wood products. European Journal of Wood and Wood Products 70, pp.755-757. 

Bjurhager, I., Gasmtedt, E.K., Keunecke, D., Niemz, P. and Berglund, L.A. 2013. Mechanical performance 

of yew (Taxus baccata L.) from a longbow perspective. Holzforschung 67(7), pp.763-770. 

Blacic, J.D. and Christie, J.M. 1984. Plastic and Hydrolytic Weakening of Quartz Single Crystals. Journal of 

Geophysical Research 89, pp.4223-4239.  

Blain, H.-A., Ruiz Zapata, M.B., Gil Garcia, M.J., Sese, C., Santonja, M. and Perez-Gonzalez, A. 2017. New 

palaeoenvironmental and palaeoclimatic reconstructions for the Middle Palaeolithic site of Cuesta de la 

Bajada (Teruel, eastern Spain) inferred from the amphibian and squamate reptile assemblages. 

Quaternary Science Reviews 173, pp.78-91.  

Blanc, A.C. 1937. Fauna a Ippopotamo ed industrie paleolitiche nel piempimento delle grotte litoranee 

del Monte Circeo. I. La Grotta delle Capre. II. La Grotta del Fossellone. Rendiconti della R. Accademia 

Nazionale dei Lincei, Classe di Scienze Fisiche Matematiche e Naturali 25(6), pp.88-93.  

Blanc, A.C. 1938. L’uomo fossile del Monte Circeo: un cranio neandertaliano nella Grotta Guattari a S. 

Felice Circeo. Rivista di Antropologia 32, pp.1-18.  

Blanc, A.C. 1942. Ipaleoantropi di Saccopastore e del Circero. Quartar 4, pp.1-32. 

Blasco, R., Rosell, J., Arsuaga, J.L., Bermudez de Castro, J.M. and Carbonell, E. 2010. The hunted hunter: 

the capture of a lion (Panthera leo fossilis) at the Gran Dolina site, Sierra de Atapuerca, Spain. Journal of 

Archaeological Science 37, pp.2051-2060.  



419 
 

Bleed, P. and Meier, M. 1980. An objective test of the effects of heat treatment of flakeable stone. 

American Antiquity 45(3), pp.502-507. 

Boaz, N.T., Chiochon, R.L., Xu, Q. and Liu, J. 2004. Mapping and taphonomic analysis of the Homo erectus 

loci at Locality 1 Zhoukoudian, China. Journal of Human Evolution 46, pp.519-549.  

Bocherens, H., Drucker, D., Billiou, D., Patou-Mathis, M. and Vandermeersch, B. 2005. Isotopic evidence 

for diet and subsistence pattern of the Saint-Cesaire I Neanderthal: review and use of a multi-source 

mixing model. Journal of Human Evolution 49, pp.71-87.  

Bodin, S.C., Morin-Rivat, J., Bremond, L., Scheel-Ybert, R., Tardy, C. and Vaschalde, C. 2020. Anthracology 

in the tropics. How wood charcoals help us to better understand today ecosystems. In G. Odonne and J.-

F. Molino, eds, Methods in Historical Ecology. Insights from Amazonia. Oxford: Routledge. 

Bodin, S.C., Vaschalde, C. and Ollivier, D. 2021. First insights into the wood management for the 

production of lime given by the anthracological study of a 19th century lime kiln from Martinique, Lesser 

Antilles. Journal of Archaeological Science: Reports 37, 102926.  

 

Bodu, P., Bignon, O. and Dumarcay, G. 2011. Le gisement des Bossats a Ormesson, region de Nemours 

(Seine-et-Marne): un site gravettien a faune dans le Bassin parisien. In N. Goutas, L. Klaric, D. Pesesse 

and P. Guillermin, Eds, A Les recherches de des identites gravetiennes: actualites, questionnements et 

perspectives, Actes de la table-ronde sur la Gravettien en France et dans le pays limitrophes, Aix-en-

Provence (6-8 Octobre 2008). Paris: Societe Prehistorique Francaise, Memoire 52, pp.259-272.   

Bodu, P., Salomon, H., Leroyer, M., Naton, H.G., Lacarriere, J. and Dessoles, M. 2013. An open-air site 

from the recent Middle Palaeolithic in the Paris Basin (Frances): Les Bossats at Ormesson (Seine-et-

Marne). Quaternary International 331, pp.39-59.  

Boeda, E., Bonilauri, S., Connan, J., Jarvie, D., Mercier, N., Tobey, M., Valladas, H., Al-Sakhel, H. and 

Muhesen, S. 2008a. Middle Palaeolithic bitumen use at Umm el Tlel around 70,000 BP. Antiquity 82, 

pp.853-861.  

Boeda, E., Bonilauri, S., Connan, J., Jarvie, D., Mercier, N., Tobey, M., Valladas, H. and Al Sakhel, H. 2008b. 

New evidence for significant use of bitumen in Middle Palaeolithic technical systems at Umm El Tlel 

(Syria) around 70,000 BP. Paleorient 34(2), pp.67-83.  

Boeda, E., Geneste, J.M., Griggo, C., Mercier, N., Muhesen, S., Reyss, J.L., Taha, A. and Valladas, H. 1999. 

A Levallois point embedded in the vertebra of a wild ass (Equus africanus): hafting, projectiles and 

Mousterian hunting weapons. Antiquity 73, pp.394-402.  

Boeda, E. and Muhesen, S. 1993. Umm El Tlel (El Kowm, Syrie): etude preliminaire des industries 

lithiques du Paleolithique moyen et superieur, campagne 1991–1992. Cahiers de l’Euphrate 7, pp.47–91. 

Bohnert, M., Rost, T. and Pollak, S. 1998. The degree of destruction of human bodies in relation to the 

duration of the fire. Forensic Science International 95, pp.11-21.  

Boismier, W.A. 2003. A Middle Palaeolithic site at Lynford Quarry, Mundford, Norfolk: Interim statement. 

Proceedings of the Prehistoric Society 69, pp.315-324. 

Boismier, W.A., Schreve, D.C., White, M.J., Robertson, D.A., Stuart, A.J., Etienne, S., Andrews, J., Coope, 

G.R., Green, F.M.L., Keen, D.H., Lewis, S.G., French, C., Rhodes, E., Schwenninger, J.-L., Tovey, K., 

Donahue, R.E., Richards, M.P. and O’Connor, S. 2003. A Middle Palaeolithic site at Lynford Quarry, 

Munford, Norfolk: interim statement. Proceedings of the Prehistoric Society 69, pp.315-324.  



420 
 

Bolland, A., Kern, O.A., Allstadt, F.J., Peteet, D., Koutsodendris, A., Pross, J. and Heiri, O. 2021. Summer 

temperatures during the last glaciation (MIS 5c to MIS 3) inferred from a 50,000-year chironomid record 

from Furamoos, southern Germany. Quaternary Science Reviews 264, 107008.  

Bolling, A.K., Pagels, J., Yttri, K.E., Barregard, L., Sallsten, G., Schwarze, P.E. and Boman, C. 2009. Health 

effects of residential wood smoke particles: the importance of combustion conditions and 

physicochemical particle properties. Particle and Fibre Toxicology 6(29), pp.1-20.  

Bolus, M. 2004. Settlement analysis of sites of the Blattspitzen complex in central Europe. In N.J. Conard, 

ed, Settlement Dynamics of the Middle Palaeolithic and Middle Stone Age II. Tubingen: Tubingen 

Publications in Prehistory, Kerns Verlag, pp.201-226.  

Bordes, F. 1975. Le gisement du Pech de l’Aze IV. Note preliminaire. Bulletin de la Societe Prehistorique 

Francaise 72, pp.293-308.  

Bordes, F. and Fitte, P. 1950. Un abri solutreen a Abilly (Indre et Loire). Bulletin de Societe Prehistorique 

Francais 47, pp.146-153.  

Bordes, F. and Labrot, J. 1967. La stratigraphie du gisement de Roc de Combe (Lot) et ses implications. 

Bulletin de la Société Préhistorique Française 64, pp.15–28. 

Bordes, F. and Lafille, J. 1962. Paléontologie humains: découverte d’un squelette d’en fant moustérien 

dans le gisement du Roc de Marsal, commune de Campagne du Bugue (Dordogne). Comptes Rendus de 

l’Académie des Sciences 254, pp.714-715. 

Bordes, F. and Prat, F. 1965. Observations sur les faunes du Riss et du Wurm I en Dordogne. 

L’Anthropologie 69, pp.31-46.  

Boruvka, V., Dudik, R., Zeidler, A. and Holecek, T. 2019. Influence of Site Conditions and Quality of Birch 

Wood on Its Properties and Utilization after Heat Treatment. Part I - Elastic and Strength Properties, 

Relationship to Water and Dimensional Stability. Forests 10(189), pp.1-22.  

Bosinski, G., Kulemeyer, J. and Turner, E. 1983. Ein mit tclpaläolithischer Fundplatz auf dem Vulkan 

Hummerich bei Plaidt, Kreis Mayen-Koblenz. Archäologisches Korrespondenzblatt 13, pp.415-428. 

Bourguignon, L., Ortega, I., Sellami, F., Brenet, M., Grigoletto, F., Vigier, S., Daussy, A., Deschamps, J.-F. 

and Casagrande, F. 2004. Les occupations paléolithiques découvertes sur la section Nord de la deviation 

de Bergerac: résultats préliminaires obtenus à l'issue des diagnostics. Préhistoire du Sud-Ouest 11, 

pp. 155-172.  

Botha, S., De Vynck, J.C. and Wren, C.D. 2024. Investigating Fuelwood Productivity from the Perspective 

of Early Hunter-Gatherers on the Cape South Coast, South Africa. SSRN 

https://dx.doi.org/10.2139/ssrn.4707734.  

Bourguignon, L., Sellami, F., Deloze, V., Sellier-Segard, N., Beyries, S. and Emery-Barbier, A. 2002. 

L'Habitat Mousterien de La Folie (Poitiers, Vienne): synthese des premiers resultats. Paleo 14, pp.29-48.  

Boutie, P., Ajaja, O., Banes, L., Moles, V., Kabiri, L. and Gregoire, S. 1998. Le gisement mousterien des 

Ramandils (Port-la-Nouvelle, Aude). Archeologie de la France-Informations, Languedoc-Roussillon. 

Bowman, D.M.J.S., Balch, J., Artaxo, P., Bond, W.J., Cochrane, M.A., d’Antonio, C.M., DeFries, R., 

Johnston, F.H., Krawchuk, M.A., Kull, C.A., Mack, M., Moritz, M.A., Pyne, S., Roos, C.I., Scott, A.C., Sodhi, 

N.S. and Swetnam, T.W. 2011. The human dimension of fire regimes on Earth. Journal of Biogeography 

38(12), pp.2223-2236. 

Bowman, S.G.E. and Sieveking, G. 1983. Thermoluminescence dating of burnt flint from Combe Grenal. 

Pact 9, pp.253-268.  

Braadbaart, F. and Poole, I. 2008. Morphological, chemical and physical changes during charcoalification 

of wood and its relevance to archaeological contexts. Journal of Archaeological Science 35, pp.2434-

2445.  

https://dx.doi.org/10.2139/ssrn.4707734


421 
 

Braadbaart, F., Poole, I., Huisman, H.D.J. and van Os, B. 2012. Fuel, Fire and Heat: an experimental 

approach to highlight the potential of studying ash and char remains from archaeological context. 

Journal of Archaeological Science 39, pp.836-847.  

Braadbaart, F., Poole, I. and van Brussel, A.A. 2009. Preservation potential of charcoal in alkaline 

environments: an experimental approach and implications for the archaeological record. Journal of 

Archaeological Science 36(8), pp.1672-1679.  

Brajkovic, D. and Miracle, P. 2006. Middle Palaeolithic and Early Upper Palaeolithic Subsistence Practices 

at Vindija Cave, Croatia. In L. Oosterbeek and J. Raposo, eds, XV Congress of the International Union for 

Prehistoric and Protohistoric Sciences: Book of Abracts, Vol. 1. Lisbon: UISPP, pp.107-116. 

Brandisauskas, D. 2010. Hide Tanning and its Use in the Taiga: The Case of the Orochen-Evenki Reindeer 

Herders and Hunters of Zabakalye (East Siberia). Journal of Ethnology and Folkloristics 4(2), pp.97-114.  

Bratlund, B. 1999. Taubach revisited. Jahrbuch des Romish-Germanischen Zentralmuseums Mainz 46(1), 

pp.61-174.  

Brenet, M., Folgado, M., 2003. Le débitage discoïde du gisement des Forêts à Saint Martin de Gurçon 

(Dordogne). Brit. Archaeol. Rep. 1120, 153–178. 

Bretzke, K., Kandel, A.W. and Conard, N.J. 2017. The Middle Palaeolithic sequence of Wadi Mushkuna 

Rockshelter and its implications for hominin settlement dynamics in western Syria. Quaternary 

International 435, pp.106-114.  

Breuil, H. 1924. Notes de voyage paleolitique en Europe Centrale. L’Anthropologie 34, pp.515-552.  

Brodar, M. 1958. Crvena sijena V – XIV stratum. Glasnik Zemaljskog muzeja Bosne I Hercegovine u 

Sarajevu. Arheologija 13, pp.43-64.  

Brodstrom, A., Sugita, S., Gaillard, M.-J. and Pilesjo, P. 2004. Estimating the spatial scale of pollen 

dispersal in the cultural landscape of southern Sweden. The Holocene 15(2), pp.252-262.   

Brossier, B. and Poirier, P. 2018. A new method for facilitating tree-ring measurement on charcoal from 

archaeological and natural contexts. Journal of Archaeological Science: Reports 19, pp.115-126.  

Brouwer, I.D., den Hartog, A.P., Kamwendo, O.K. and Heldens, M.W.O. 1996. Wood quality and wood 

preferences in relation to food preparation and diet composition in Central Malawi. Ecology of Food and 

Nutrition 35, pp.1-13. 

Brown, K.S., Fa, D.A., Finlayson, G. and Finlayson, C. 2011. Small Game and Marine resource Exploitation 

by Neanderthals: The Evidence from Gibraltar. In N.F. Bicho, J.A. Haws and L.G. Davis (Eds), Trekking the 

Shore: Changing Coastlines and the Antiquity of Coastal Settlement. Berlin: Springer, pp.247-272. 

Brown, K.S. and Marean, C. 2010. Wood fuel availability for heat treatment drives the rise and fall of 

silcrete as a raw material in the Middle Stone Age of South Africa. Abstracts of the PaleoAnthropology 

Society 2010 Meetings. PaleoAnthropology 2010, pp.1-40. 

Brown, K.S., Marean, C.W., Herrier, A.I.R., Jacobs, Z., Tribolo, C., Braun, D., Roberts, D.L., Meyer, M.C., and 

Bernatchez, J. 2009. Fire as an engineering tool of early modern humans. Science 325, pp.859-862. 

Brugal, J.-P. Jaubert, J. and Texier, P.-J. 1989. Decouverte d’un site mousterien de plein-air en Vaucluse. 

Bulletin de la Societe Prehistoire Francaise 86, pp.69-71. 

Bryan, J. and Donan, J.S. 1940. Fire resistance – the comparative resistance to fire of various species of 

timber. Wood 5(1), pp.19-23.  

Bujoczek, L., Szewczyk, J. and Bujoczek, M. 2018. Deadwood volume in strictly protected, natural, and 

primeval forests in Poland. European Journal of Forest Research 137, pp.401-418.  



422 
 

Bunting, M.J., Armitage, R., Binney, H.A. and Waller, M. 2005. Estimates of relative pollen productivity 

and relevant source area of pollen for major tree taxa in two Norfolk (UK) woodlands. The Holocene 

15(3), pp.459-465.  

Buonincontri, M.P., Rossi, M. and Di Pasquale, G. 2020. Medieval forest use and management in 

Southern Tyrrenian Tuscany: archaeo-anthracological research at the site of Vetricella (Scarlino, 

Grosseto) (AD 750-1250). In G. Bianchi and R. Hodges, Eds., The nEU-Med project: Vetricella, an Early 

Medieval royal property on Tuscany’s Mediterranean. All’Insegna del Giglio, pp.131-142.  

Burdukiewicz, J.M. 2014. The origins of symbolic behaviour of Middle Palaeolithic humans: Recent 

controversies. Quaternary International 326, pp.398-405.  

 

Burjachs, F. and Julia, R. 1994. Abrupt Climatic Changes during the Last Glaciation based on Pollen 

Analysis of the Abric Romani, Catalonia, Spain. Quaternary Research 42, pp.308-315.  

Burke, A. 2000. The view from Starosele: faunal exploitation at a Middle Palaeolithic site in western 

Crimea. International Journal of Osteoarchaeology 10, pp.325-335.  

Burnham, C., Holloway, J. and Davis, N. 1969. Thermodynamic properties of water to 1,000°C and 10,000 

bars. Boulder: Geological Society of America.  

Burton, F.D. 2009. Fire: The Spark that Ignited Human Evolution. Albuquerque: University of New Mexico 

Press. 

Bustos-Perez, G. and Preysler, J.B. 2016. Preliminary experimental insights into differential heat impact 

among lithic artifacts. 

Buzea, D., Cotruta, M. and Briewig, B. 2008. Experimental archaeology: the construction of a fire 

installation (hearth) on the model of those discovered at Pauleni Ciuc-Ciomortan “Dambul Cetatii”, 

Harghita County. Acta Terrae Septemcastrensis 7, pp.p.217-232.  

Byers, D.A., Picka, C. and Ray, J.H. 2014. Heat Treatment, Ozarks Cherts, and Prehistoric Toolstone Use in 

Southwest Missouri. American Antiquity 79(3), pp.507-521. 

Byrne, C., Dotte-Sarout, E. and Winton, V. 2013. Charcoals as indicators of ancient tree and fuel 

strategies: An application of anthracology in the Australian Midwest. Australian Archaeology 77(1), 

pp.94-106.  

Byrne, R.W., Busby, C. and Heizer, R.F. 1979. The Altithermal Revisited: Pollen Evidence from the Leonard 

Rockshelter. Journal of California and Great Basin Anthropology 1(2), pp.280-294.  

Byrne, R.W., Hobaiter, C. and Klailova, M. 2011. Local traditions in gorilla manual skill: evidence for 

observational learning of behavioural organization. Animal Cognition 14, pp.683-693. 

Cabanes, D., Mallol, C., Expósito, I. and Baena, J. 2010. Phytolith evidence for hearths and beds in the 

late Mousterian occupations of Esquilleu cave (Cantabria, Spain). Journal of Archaeological Science 37, 

pp.2947-2957.  

Cajochen, C., Krauchi, K. and Wirz-Justice, A. 2003. Role of Melatonin in the Regulation of Human 

Circadian Rhythms and Sleep. Journal of Neuroendocrinology 15, pp.432-437.  

Camarero, J.J. 2019. Linking functional traits and climate-growth relationships in Mediterranean species 

through wood density. IAWA 40(2), pp.215-240.  



423 
 

Camarero, J.J., Rozas, V. and Olano, J.M. 2014. Minimum wood density of Juniperus thurifera is a robust 

proxy of spring water availability in a continental Mediterranean climate. Journal of Biogeography 41, 

pp.1105-1114.  

Campbell, G.S., Jungbauer, J.D.J., Bristow, K.L. and Hungerford, R.D. 1995. Soil temperature and water 

content beneath a surface fire. Soil Science 159, pp.363-374. 

Canti, M. and Linford, N. 2000. The effects of fire on archaeological soils and sediments: temperature 

and colour relationships. Proceedings of the Prehistoric Society 66, pp.385-395.  

Caparros, M., Barroso Ruiz, C., Moigne, A.M. and Monclova Bohorquez, A. 2012. Did Neanderthals and 

Carnivores Compete for Animal Nutritional Resources in the Surroundings of the Cave of Zafarraya? 

Journal of Taphonomy 10(3), pp.395-415.  

Caracuta, V., Alex, B., Regev, L., Regev, J., Mintz, E., Barilai, O., Hershkovitz, I. and Boaretto, E. 2020. The 

Marine Isotope Stage 3 landscape around Manot Cave (Israel) and the food habits of anatomically 

modern humans: New insights from the anthracological record and stable carbon isotope analysis of wild 

almond (Amygdalus sp.). Journal of Human Evolution 160(1), DOI: 10.1016/j.jhevol.2020.102868. 

Carballo, J. 1923. Excavaciones en la Cueva del Rey, en Villanueva (Santander). Junta Superior de 

Excavaciones y Antiguedades 9(40), p.9.  

Carcaillet, C. 2001. Are Holocene wood charcoal fragments stratified in alpine and subalpine soils? 

Evidence from the Europe Alps. The Holocene 11, pp.231-242.  

Carcaillet, C. 2017. Unlimited fuel wood during the middle Mesolithic (9650-8300cal. yr BP) in northern 

Sweden: Fuel typology and pine-dominated vegetation inferred from charcoal identification and tree-

ring morphology. The Holocene 27(9), pp.1370-1378.  

Carcaillet, C., Bouvier, M., Frechette, B., Laroche, A.C. and Richard, P.J.H. 2001. Comparison of pollen-

slide and sieving methods in lacustrine charcoal analyses for local and regional fire history. The Holocene 

11, pp.467-476.  

Carcaillet, C. and Talon, B. 1996. A view of the wood charcoal stratigraphy and dating in soil: A case study 

of some soils from the French Alps. Geographie Physique Et Quaternaire 50, pp.233-244. 

Carcaillet, C. and Thinon, M. 1996. Pedoanthracological contribution to the study of the evolution of the 

upper treeline in the Maurienne Valley (North French Alps): methodology and preliminary data. Review 

of Palaeobotany and Palynology 91, pp.399-416.  

Carciumaru, M., Ion, R.-M., Nitu, E.-C. and Stefanescu, R. 2012. New evidence of adhesive as hafting 

material on Middle and Upper Palaeolithic artefacts from Gura Cheii-Rasnov Cave (Romania). Journal of 

Archaeological Science 39, pp.1942-1950.  

Carciumaru, M., Moncel, M.-H., Anghelinu, M. and Carciumaru, R. 2002. The Cioarei-Borosteni Cave 

(Carpathian Mountains, Romania): Middle Palaeolithic finds and technological analysis of the lithic 

assemblages. Antiquity 76, pp.681-690.  

Cardoso, M.B., Ladio, A.H., Dutrus, S.M. and Lozada, M. 2015. Preference and calorific value of fuelwood 

species in rural populations in northwestern Patagonia. Biomass and Bioenergy 81, pp.514-520.  

 

Carlstein, T. 1990. Time Resources Society and Ecology. Meddelanden fran lunds universitets geografiska 

institution avhandlingar LXXXVIII, Sweden.  



424 
 

Carmody, R.N., Dannermann, M., Briggs, A.W., Nickel, B., Groopman, E.E., Wrangham, R.W. and Kelso, J. 

2016. Genetic evidence of human adaptation to a cooked diet. Genome Biology and Evolution 8(4), 

pp.1091-1103. 

Carmody, R.M., Weintraub, G.S., Secor, S.M. and Wrangham, R.W. 2010. Energetic significance of food 

processing: a test of the cooking hypothesis. Integrative and Comparative Biology 50.  

Carmody, R.N., Weintraub, G.S. and Wrangham, R.W. 2011a. Energetic consequences of thermal and 

nonthermal food processing. PNAS 108, pp.19199-19203. 

Carmody, R.N., Weintraub, G.S. and Wrangham, R.W. 2011b. More valuable meat: energetic effects of 

cooking on a key hominin resource. American Journal of Physical Anthropology 144(105).  

Carmody, R.N. and Wrangham, R.W. 2009a. The energetic significance of cooking. Journal of Human 

Evolution 57, pp.379-391.  

Carmody, R.N. and Wrangham, R.W. 2009b. Cooking and the human commitment to a high-quality diet. 

Cold Spring Harbour Symposium on Quantitative Biology 74, pp.427-434.  

Carmody, R.N. and Wrangham, R.W. 2011. Energetic consequences of thermal and non-thermal food 

processing. Proceedings of the National Academy of Sciences of the United States of America 108, 

pp.19199-19203.  

Carnelli, A.L., Theurillat, J.-P., Thinon, M., Vadi, G. and Talon, B. 2004. Past uppermost tree limit in the 

Central European Alps (Switzerland) based on soil and soil charcoal. The Holocene 14, pp.393-405.  

Carrancho, A., Morales, J., Goguichaichvili, A., Alonso, R. and Terradillos, M. 2014. Thermomagnetic 

monitoring of lithic clasts buried under controlled temperature and field conditions. Implications for 

archaeomagnetism. Geofisica Internacional 53, pp.473-490.  

Carrancho, A., Villalain, J.J., Vallverdu, J. and Carbonell, E. 2016. Is it possible to identify temporal 

differences among combustion features in Middle Palaeolithic palimpsests? The archaeomagnetic 

evidence: a case study from level O at the Abric Romani rock-shelter (Capellades, Spain). Quaternary 

International 417, pp.39-50.  

Carrier, D.R. 1984. The energetic paradox of human running and hominid evolution. Current 

Anthropology 25, pp.483-495.  

Carrion, J.S., Fernandez, S., Jiminez Arenas, J.M., Munuera, M., Ochando, J., Amoros, G., Ponce de Leon, 

M., Zollikofer, C., Martin-Lerma, I., Toro-Moyano, I., Hajdas, I. and Walker, M.J. 2019. The sequence at 

Carihuela Cave and its potential for research into Neanderthal ecology and the Mousterian in southern 

Spain. Quaternary Science Reviews 217, pp.194-216.  

Carrion, J.S., Finlayson, C., Fernandez, S., Finlayson, G., Allue, E., Lopez-Salez, J.A., Lopez-Garcia, P., Gil-

Romera, G. and Gonzalez-Samperiz, P. 2008. A coastal reservoir of biodiversity for Upper Pleistocene 

human populations: palaeoecological investigations in Gorham’s Cave (Gibraltar) in the context of the 

Iberian Peninsula. Quaternary Science Reviews 27(23), pp.2118-2135. 

Carrion Marco, Y., Calatayud, P.G., Eixea, A., Martinez-Varea, C.M., Tomro, C., Badal, E., Zilhao, J. and 

Villaverde, V. 2019. Climate, environment and human behaviour in the Middle Palaeolithic of Abrigo de 

la Quebrada (Valencia, Spain): The evidence from charred plant and micromammal remains. Quaternary 

Science Reviews 217, pp.152-168.  



425 
 

Carrion-Prieto P., Martin-Ramos, P., Hernandez-Navarro, S., Sanchez-Sastre, L.F., Marcos-Robles, J.L. and 

Martin-Gil, J. 2017. Valorization of Cistus ladanifer and Erica arborea shrubs for fuel: Wood and bark 

thermal characterization. Maderas Ciencia y Tecnologia 19(4), pp.443-454. 

Cavus, V. 2020. Determination of Some Physical and Mechanical Properties of Apricot Wood (Prunus 

armeniaca L.). Journal of Bartin Faculty of Forestry 22(2), pp.457-464. 

Chabal, L. 1988. L’etude paleoecologique de sites protohistoriques a partir des charbons de bois: la 

question de l’unite de mesure. Denombrements de fragments ou pesees? Pact 22(4), pp.209-217. 

Chabal, L. 1992. La representativite paleo-ecologique des charbons de bois archeologiques issus du bois 

de feu. Bulletin de la Societe Botanique de France 139, pp.213-236.  

Chabal, L. 1997. Forêts et sociétés en Languedoc (Néolithique final, Antiquité tardive): l’anthracologie, 

méthode et paléoécologie. Documents d’Archéologie Française 63, 2735106357.  

Chabal, L. and Heinz, C. 2020. Reconstructing the heterogeneity of past woodlands in anthracology using 

the spatial distribution of charcoals in archaeological layers: Applied to the postglacial occupation of the 

Abeurador cave (Herault) in the South of France. Quaternary International 593, pp.19-35.   

Champagne, F., Champagne, C., Jauzon, P., Novel, P., 1990. Le site prehistorique des Fieux a Miers (Lot). 

Etat actuel des recherches. Gallia Prehistoire 32, pp.1-28. 

Chang, E.K.-H. 2023. The Effect of Burning on Pre-incineration Trauma in Bone. MPhil Thesis, University 

of Cape Town.  

Charolla, B.C. 2015. A zooarchaeological analysis of Neanderthal cave site Arma Veirana in Liguria, Italy. 

Masters Thesis, University of Colorado, Denver.  

Chazan, M. 2017. Towards a Long Prehistory of Fire. Current Anthropology 58(16), pp.351-359.  

Chettri, N. and Sharma, E. 2007. Firewood value assessment: A comparison on local preference and 

wood constituent properties of species from a trekking corridor, West Sikkim, India. Current Science 

92(12), pp.1744-1747.  

 

Chrzazvez, J. 2006. Collecte du bois de feu et paleoenvironnements au Paleolithique. Apport 

methodologique et etude de cas: la grotte de Fumane dans les pre-Alpes italiannes. Memoire de Master 

2, Universite de Paris I, Pantheon-Sorbonne, Paris, 2006.  

Chrzazvez, J., Thery-Parisot, I., Fiorucci, G., Terral, J.-F. and Thibaut, B. 2014. Impact of post-depositional 

processes on charcoal fragmentation and archaeobotanical implications: experimental approach 

combining charcoal analysis and biomechanics. Journal of Archaeological Science 44, pp.30-42.  

Churchill, S.E. 2006. Bioenergetic perspectives on Neanderthal thermoregulatory and activity budgets. In 

J.-J. Hublin, K. Harvati and T. Harrison, eds, Neanderthals Revisited: New Approaches and Perspectives. 

New York: Springer, pp.133-133. 

Cionca, M., Mansfield-Williams, H., Sawyer, G. and Zeleniuc, O. 2008. Comparison of the mechanical 

properties of branch and stem wood for three species. Wood and Fiber Science 40(4), pp.647-656.  

Clark, A.E. 2015. Spatial Structure and Temporality of Assemblage Formation: a Comparative Study of 

Seven Open Air Middle Palaeolithic Sites in France. PhD Thesis, University of Arizona.  

Clark, G.A., Lindly, J., Donaldson, M., Garrard, A., Coinman, N., Schuldenrein, J., Fish, S. and Olszewski, D. 

1987. Palaeolithic archaeology in the southern Levant. Annual of the Department of Antiquities of Jordan 

31, pp.19-78.  



426 
 

Clark, J.D. and Harris, J.W.K. 1985. Fire and its roles in early hominid lifeways. African Archaeological 

Review 3, pp.3-27.  

Clemens, Z. and Toth, C. 2016. Vitamin C and disease: insights from the evolutionary perspective. Journal 

of Evolution and Health 1, 1–24. 

Clement, A.F., Hillson, S.W. and Aiello, L.C. 2012. Tooth wear, Neanderthal facial morphology and the 

anterior dental loading hypothesis. Journal of Human Evolution 62(3), pp.367-376.  

Clemente, I. 1995. Silex y Lustre Termico en el Paleolitico medio: Alteration o Tecnico de Talla? El Ejemplo 

de Mediona I (Alt Penedes, Barcelona). I Congreso de Arquelogia Peninsular, Porto 1993. Trabalhos de 

Antropologia e Etnologia 35(3), pp.37-45.  

Clemente-Conte, I. 1997. Thermal Alterations of Flint Implements and the Conservation of Microwear 

Polish: Preliminary Experimental Observations. In A. Ramos Millan and M.A. Bustillo, eds, Siliceous Rocks 

and Culture. Granada: Universidad de Granada, pp.525-535.  

Cochard, D., Brugal, J.-P., Morin, E. and Meignen, L. 2012. Evidence of small fast game exploitation in the 

Middle Palaeolithic of Les Canalettes Aveyron, France. Quaternary International 264, pp.32-51.  

Coetzee, J., Engelbrecht, A.H., Joubert, S.C.J. and Retief, P.F. 1979. Elephant impact on Sclerocarya caffra 

trees in Acacia nigrescens tropical plains Thornveld of the Kruger National Park. Koedoe 22, pp.39-60.  

Cohen-Ofri, I., Weiner, L., Boaretto, E., Mintz, G. and Weiner, S. 2006. Modern and fossil charcoal: 

aspects of structure and diagenesis. Journal of Archaeological Science 33, pp.428-439.  

Collard, M., Tarle, L., Sandgathe, D. and Allan, A. 2016. Faunal evidence for a difference in clothing use 

between Neanderthals and early modern humans in Europe. Journal of Anthropological Archaeology 44, 

pp.235-246.  

Collins, M.B. 1973. Additional Observations on the Thermal Treatment of Chert in the Solutrean of 

Laugerie Haute. Proceedings of the Prehistoric Society 39, pp.461-466.  

Collins, M.B. and Fenwick, J.M. 1974. Heat treating of chert: methods of interpretation and their 

application. The Plains Anthropologist 19(64), pp.134-145. 

Collins, M.J. and Copeland, L. 2011. Ancient starch: cooked or just old? PNAS USA 108(22), p.145. 

Cologne, D., Claud, E., Deschamps, M., Fourloubey, C., Hernandez, M. and Sellami, 2015. Preliminary 

results from new Palaeolithic open-air sites near Bayonne (south-western France). Quaternary 

International 364, pp.109-125.  

Combier, J. 1967. Le Paleolithique de l’Ardeche dans Son Cadre Paleoclimatique, Memoire 4. Bordeaux: 

Delmas.  

Conard, N.J., Bolus, M. and Munzel, S.C. 2012. Middle Palaeolithic land use, spatial organization and 

settlement intensity in the Swabian Jura, southwestern Germany. Quaternary International 247, pp.236-

245.  

Conard, N.J. and Kandel, A. 1999. Die neuen Ausgrabungen in Bollschweil, Kreis Breisgau-

Hochschwarzwald – ein mittelpaläolithscher Fundplatz mit Mammutresten. Archäologische 

Ausgrabungen in Baden Württemberg, pp.35-40. 

Conard, N.J., Masri, M., Bretzke, K., Napierala, H.A., Welte, B., Kandel, A.W., 2010. The 2008 excavation at 

the Middle Paleolithic site of Wadi Mushkuna Rockshelter, Damascus province, Syria. Chronique 

Archeologique en Syrie 4, 13-22.  



427 
 

Conard, N.J., Schmid, V.C., Bolus, M. and Will, M. 2019. Lithic assemblages from the Middle Palaeolithic 

of Geissenklosterle Cave provides insights on Neanderthal behaviour in the Swabian Jura. Quartar 66, 

pp.51-80.  

Congressional Research Service. 2023. Wildfire Statistics.  

Coon, C.S. 1951. Cave Explorations in Iran, 1949. Philadelphia: University Museum.  

Coon, C.S. 1956. The Seven Caves. New York: Alfred A. Knopf. 

Cooper, C.C. 2002. A Study of the Morphological Changes in Tiger Chert Resulting from Heat Treatment. 

Lithic Technology 27, pp.153-160. 

Copeland, L. 1978. The Middle Palaeolithic of Adlun and Ras El Kelb (Lebanon): first results from a study 

of the flint industries. Paleorient 4, pp.33-57.  

Copeland, L. 1998. The Middle Palaeolithic Flint Industry of Ras el-Kelb. In L. Copeland and N. Moloney, 

eds, The Mousterian Site of Ras el-Kelb, Lebanon. Oxford: BAR International Series 706, pp.73-101.  

Coradeschi, G., Morillo, N.T.J., Dias, C.B., Beltrame, M., Belo, A.D.F., Granged, A.J.P., Sadori, L. and Valera, 

A. 2023. Anthracological study of a Chalcolithic funerary deposit from Perdigoes (Alentejo, Portugal): A 

new analytical methodology to establish the wood burning temperature. PLoS ONE 

https://doi.org/10/1371/journal.pone.0287531.  

Cortes Sanchez, M. and Simon-Vallejo, M.D. 1997. Cueva Bajondillo (Torremolinos, Malaga). 

Aportaciones al Paleolitico en Andalucia. In J.M. Fullola and N. Soler, eds, El mon mediterrani despres del 

Pleiglacial (18,000-12,000B.P.) (Centre d’Investigacions Arqueologiques, Serie Monografica, Vol 17. 

Girona: Museu d’Arqueologia di Catalunya-Girona, pp.275-290. 

Cortes-Sanchez, M., Simon-Vallejo, M.D., Jiminez-Espejo, F.J., Francisco, M.C.L., Vera-Pelaez, J.L., 

Gonzalez, A.M. and Morales-Muniz, A. 2019. Shellfish collection on the westernmost Mediterranean, 

Bajondillo cave (160-135kyr BP): A case of behavioural convergence? Quaternary Science Reviews 217, 

pp.284-296.  

Costamagno, S. 2013. Bone grease rendering in Mousterian contexts: the case of Noisetier cave (Frechet 

Aure, Hautes Pyrenees, France). In J.L. Clark and J.D. Speth, eds, Zooarchaeology and Modern Human 

Origins. Dordrecht: Springer, pp.209-225.  

Costamagno, S., Meignen, I., Beauval, C., Vandermeersch, B. and Maureille, B. 2006. Les Pradelles 

(Marillac-le-Franc, France): A Mousterian reindeer hunting camp? Journal of Anthropological 

Archaeology 25, pp.466-484.  

Costamagno, S., Thery-Parisot, I., Brugal, J.P. and Guilbert, R. 2005. Taphonomic consequences of the use 

of bones as fuel. Experimental data and archaeological applications. In T. O’Connor, ed, Biosphere to 

Lithosphere: New Studies in Vertebrate Taphonomy. 9th ICAZ Conferences, Durham 2002. Oxford: Oxbow 

Books, pp.51-62.  

Courbin, P., Brenet, M., Michel, A. and Gravina, B. 2020. Spatial analysis of the late Middle Palaeolithic 

open-air site of Bout-des-Vergnes (Bergerac, Dordogne) based on lithic technology. Journal of 

Archaeological Science 32, pp.1-14. 

Courty, M.A. 2017. Fuel origin and firing product preservation in archaeological occupation contexts. 

Quaternary International 431, pp.116-130.  

Courty, M.A., Carbonell, E., Poch, J.V. and Banerjee, R. 2012. Microstratigraphic and multi-analytical 

evidence for advanced Neanderthal pyrotechnology at Abric Romani (Capellades, Spain). Quaternary 

International 247, pp.294-312.  

https://doi.org/10/1371/journal.pone.0287531


428 
 

Crabtree, D.E. 1972. An Introduction to Flintworking. Pocatello: Occasional Papers of the Idaho State 

University Museum 28.  

Crawford, A.J. and Belcher, C.M. 2020. Volumetric measurement of fossil charcoal: Principles, 

applications and potential. The Holocene 30(10), https://doi.org/10.1177/0959683620932971.  

Crawford, L.J. 2020. Thule-Era Fuel Selection and Management at Cape Espenpberg, Alaska. Alaska 

Journal of Anthropology 18(2), pp.37-54.  

Cremaschi, M. and Christopher, C. 1984. Palaeolithic settlement and environment in the Middle 

Pleistocene of Northern Italy: the Ghiardo site. The Third Conference of Italian Archaeology, The 

Environment, Vol. 1. London: B.A.R., pp.87-104.  

Cremaschi, M., Fedoroff, N., Guerreschi, A., Huxtable, J., Colombi, N., Castelletti, L. and Maspero, A. 

1990. Sedimentary and pedological processes in the Upper Pleistocene loess of northern Italy. The 

Bagaggera sequence. Quaternary International 5, pp.23-38.  

Cremaschi, M., Zerboni, A., Nicosia, C., Negrino, F., Rodnight, H. and Spotl, C. 2015. Age, soil-forming 

processes, and archaeology of the loess deposits at the Apennine margin of the Po plain (northern Italy): 

New insights from the Ghiardo area. Quaternary International 376, pp.173-188.  

Cremers, J. 1925. Belvédère (de meest interessante plek van Nederland). Natuurhisl. Maandbl. 14, pp. 

150-153. 

Crezzini, J., Boscato, P., Ricci, S., Ronchitelli, A., Spagnolo, V. and Boschin, F. 2016. A spotted hyaena den 

in the Middle Palaeolithic of Grotta Paglicci (Gargano promontory, Apulia, Southern Italy). Archaeoogical 

andl Anthropological Sciences 8, pp.227-240.  

Cuartero, F., Alcaraz Castano, M., Lopez Recio, M., Carrion-Santafe, E. and Baena Preysler, J. 2015. 

Recycling economy in the Mousterian of the Iberian Peninsula: the case study of El Esquilleu. Quaternary 

International 361, pp.113-130.  

Cuenca-Bescos, G., Martinez, I., Mazo, C., Sauque, V., Rio, D.R., Rabal-Garces, R. and Canudo, J.I. 2010. 

Nuevo yacimiento de vertebrados del Cuaternario del Sur del Ebro en Aguilon, Zaragoza, Espana. 

Jornadas de la Sociedad Espanola de Paleontologia 26, pp.106-108.  

Cui, Q., Marquer, L., Arzarello, M. and Lebreton, V. 2009. An attempt to separate anthropic and natural 

fire signals in an archaeological context – The case of the Mousterian site Grotta Reali (Rocchetta a 

Volturno Molise, Central Italy). Frontiers of Earth Science in China 3(2), pp.171-174. 

Curry, A. 2024. Rare wooden artifacts show the smarts of early Neanderthals. Science 384(6691), pp.13-

14.  

 

Cutts, R.B. 2021. Campfire or Wildfire? Advancing Techniques Determining Anthropogenic Fire in the 

Archaeological Record. PhD Thesis, University of Georgia. 

Cyrek, K., Socha, P., Steafiak, K., Madeyska, T., Miroslaw-Grabowska, J., Sudol, M. and Czyzewski, L. 2010. 

Palaeolithic of Bisnik Cave (Southern Poland) within the environmental background. Quaternary 

International 220(1), pp.5-30. 

Czarnowski, S.J. 1924. Jaskinie I schroniska na Gory Koronnej na lewym brzegu Pradnika pod Ojcowem. 

Prace I Materialy antropologiczno-archeologiczne i etnograficzne 3, pp.3-26.  

 

Dadile, A.M. and Sotannde, O.A. 2020. Evaluation of Indigenous Knowledge and Fuel Value Index of 

Some Selected Sudano-Sahelian Fuelwood Species in Damaturu, Yobe State of Nigeria. Journal of Energy 

Research and Reviews 4(1), pp.30-38.  

 

https://doi.org/10.1177/0959683620932971


429 
 

Daniau, A.-L., d’Errico, F. and Sanchez Goni, M.F. 2010. Testing the Hypothesis of Fire Use for Ecosystem 

Management by Neanderthal and Upper Palaeolithic Modern Human Populations. PLoS ONE 5(2), pp.1-

10.  

Darlas, A. and de Lumley, H. 1999. Palaeolithic research in Kalamakia Cave, Areopolis, Peloponnese. In 

G.N. Bailey, ed, The Palaeolithic Archaeology of Greece and Adjacent Areas: proceedings of the ICOPAG 

Conference, Ioannina, September 1994. Athens: British School at Athens, pp.293-302.  

Darwin, C. 1871. The Descent of Man. London: John Murray.  

Daschek, E.J. and Mester, Z. 2020. A site with mixed occupation: Neanderthals and carnivores at Erd 

(Hungary). Journal of Archaeological Science Reports 29, pp.102-116.   

Daujeard, C., Abrams, G., Germonpre, M., Le Pape, J.-M, Wampach, A., Di Modica, J. and Moncel, M.-H. 

Neanderthal and animal karstic occupations from southern Belgium and south-eastern France: Regional 

or common features? Quaternary International pp.1-19.  

Daujeard, C., Vettese, D., Britton, J., Bearez, P., Boulbes, N., Cregut-Bonnoure, E., Desclaux, E., Lateur, N., 

Pike-Tay, A., Rivals, F., Allue, E., Chacon, M.G., Puaud, S., Richard, M., Courty, M.-A., Gallotti, R., Hardy, B., 

Bahain, J.J., Falgueres, C., Pons-Branchu, E., Valladas, H. and Moncel, M.-H. 2017. Neanderthal selective 

hunting of reindeer? The case study of Abri du Maras (south-eastern France). Archaeological and 

Anthropological Sciences 11(3), pp.985-1011.  

Daura, J., Sanz, M., Allue, E., Vaquero, M., Lopez-Garcia, J.M., Sanchez-Marco, A., Domenech, R., 

Martinell, J., Carrion, J.S., Ortiz, J.E., Torres, T., Arnold, L.J., Benson, A., Hoffmann, D.L., SSkinner, A.R. and 

Julia, R. 2017. Palaeoenvironments of the last Neanderthals in SW Europe (MIS 3): Cova del Coll 

Verdaguer (Barcelona, NE of Iberian Peninsula). Quaternary Science Reviews 177, pp.34-56.  

Daura, J., Sanz, M., Julia, R., Garcia Fernandez, D., Fornos, J.J., Vaquero, M., Allue, E., Lopez-Garcia, J.M., 

Blain, H.-A., Ortiz, H.E., Torres, T., Albert, R.M., Rodriguez Cintas, A., Sanchez Marco, A., Cerdeno, E., 

Skinner, A.R., Asmeron, Y., Polyak, V.J., Garces, M., Arnold, L.J., Demuro, M., Pike, A.W.G., Euba, I., 

Rodriguez, R.F., Yague, A.S., Villascusa, L., Gomez, S., Rubio, A., Pedro, M., Fullola, J.M. and Zilhao, J. 

2015. Cova del Rinoceront (Castelldefels, Barcelona): a terrestrial record for the Last Interglacial period 

(MIS 5) in the Mediterranean coast of the Iberian Peninsula. Quaternary Science Reviews 114, pp.203-

227.  

Daura, J., Sanz, M., Pike, A.W.G., Subira, M.E., Fornos, J.J., Fullola, J.M., Julia, R. and Zilhao, J. 2010. 

Stratigraphic context and direct dating of the Neanderthal mandible from Cova del Gegant (Sitges, 

Barcelona). Journal of Human Evolution 59, pp.109-122.  

Daura, J., Sanz, M. and Vaquero, M. 2005. El Pleistoceno de la Cova del Rinoceront (Castellldefels, 

Barcelona). In N. Ferreira-Bico, ed, O Paleolitico. Actas do IV Congresso de Arqueologia Peninsular, 

Promontoria Monografica 2, pp.217-227.  

David-Barrett, T. and Dunbar, R.I.M. 2016. Bipedality and hair loss in human evolution revisited: The 

impact of altitude and activity scheduling. Journal of Human Evolution 94, pp.72-82.  

Davies, R. and Underdown, S.J. 2006. The Neanderthals: a social synthesis. Cambridge Archaeological 

Journal 16(2), pp.145-164. 

Dawson, M.-C., Bernard-Guelle, S., Rue, M. and Fernandes, P. 2012. New data on the exploitation of flint 

outcrops during the Middle Palaeolithic: the Mousterian workshop of Chene Vert at Dirac (Charente, 

France). Paleo 23, pp.55-84.  

Dayet, L., Faivre, J.-P., Le Bourdonnec, F.-X., Discamps, E., Royer, A., Claud, E., Lahaye, C., Cantin, N., 

Tartat, E., Queffelec, A., Gravina, B., Turq, A. and d’Errico, F. 2019. Manganese and iron oxide use at 



430 
 

Combe-Grenal (Dordogne, France): A proxy for cultural change in Neanderthal communities. Journal of 

Archaeological Science: Reports 25, pp.239-256.  

De Azevedo, L.W. and Scheel-Ybert, R. 2020. Contributions to Proto-Je Archaeology in the Southern 

Brazilian Highlands: Wood, Fire, and Landscape. Latin American Antiquity 31(2), pp.325-341.  

De Becdelievre, C., Thiol, S., Santos, F. and Rottier, S. 2015. From fire-induced alterations on human 

bones to the original circumstances of the fire: An integrated approach of human cremains drawn from a 

Neolithic collective burial. Journal of Archaeological Science: Reports 4, pp.210-225.  

De Carle, D.E. 2014. Changing plant subsistence in Prehistoric Southwest Britain: archaeobotanical and 

anthracological evidence from the South Cadbury Environs Project. PhD Thesis, University of Sheffield. 

Deckers, K. 2011. The “Dung-as-Fuel” Model Tested at Two Syrian Jezirah Sites. In K. Deckers, ed, 

Holocene Landscapes through Time in the Fertile Crescent. Turnhout: Brepols, pp.143-156. 

Deforce, K., Boeren, I., Adriaenssens, S., Bastiaens, J., De Keersmaeker, L., Haneca, K., Tys, D. and 

Vandekerkhove, K. 2013. Selective woodland exploitation for charcoal production. A detailed analysis of 

charcoal kiln remains (ca. 1300-1900AD) from Zoersel (northern Belgium). Journal of Archaeological 

Science 40, pp.681-689.  

Deforce, K. and Hanca, K. 2012. Ashes to ashes. Fuelwood selection in Roman cremation rituals in 

Northern Gaul. Journal of Archaeological Science 39, pp.1338-1348.  

DeForest, D.S. and Lyman, R.L. 2022. Characteristicws of Lithic Sound to Assess a Rock’s Predictability of 

Flaking. Lithic Technology 47(3), https://doi.org/10.1080/01977261.2022.2029284.   

Degano, L., Soriano, S., Villa, P., Pollarolo, L., Lucejko, J.J., Jacobs, Z., Douka, K., Vitagliano, S. and Tozzi, C. 

2019. Hafting of Middle Palaeolithic tools in Latium (central Italy): new data from Fossellone and 

Sant’Agostino caves. PloS ONE 14, pp.1-29.  

Deka, D., Saikia, P. and Konwer, D. 2007. Ranking of Fuelwood Species by Fuel Value Index. Energy 

Sources, Part A: Recovery, utilization, and Environmental Effects 29(16), p.1499-1506.  

de Lafontaine, G. and Asselin, H. 2011. Soil charcoal stability over the Holocene across boreal 

northeastern North America. Quarternary Research 76, pp.196-200.  

Delage, C. and Sunseri, J. 2004. Lithic Heat Treatment in the Late Epipalaeolithic of the Southern Levant: 

Critical Review of Evidence. Lithic Technology 29, pp.161-173. 

Delagnes, A., Brenet, M., Gravina, B. and Santos, F. 2023. Exploring the relative influence of raw material, 

percussion techniques, and hominin skill levels on the diversity of the early Oldowan assemblages: 

Insights from the Shungura Formation, Lower Omo Valley, Ethiopia. PLoS ONE 

https://doi.org/10.1371/journal.pone.0283250.  

Delagnes, A., Schmidt, P., Douze, K., Wurz, S., Bellot-Gurlet, L., Conard, N.J., Nickel, K.G., van Niekerk, K.L. 

and Henshilwood, C.S. 2016. Early Evidence for the Extensive Heat Treatment of Silcrete in the 

Howiesons Poort at Klipdrift Shelter (Layer PBD, 65ka), South Africa. PLoS ONE 11(10).  

de la Rasilla, M., Duarte, E., Sanchis, A., Carrion, Y., Canaveras, J.C., Marin-Arroyo, A.B., Real, C., Nunez-

Lahuerta, C., Sanchez-Moral, S., Gutierrez-Zugasti, I., Jones, J.R., Rigaud, S., Martinez-Cuesta, R., Torres, 

L., Agudo, L. and Santos, G. 2020. Environment and subsistence strategies at La Vina rock shelter and 

Llonin cave (Asturias, Spain) during MIS3. Journal of Archaeological Science: Reports 30, pp.1-17.  

Delhon, C. 2018. Is Choice Acceptable? How the Anthracological Paradigm may Hinder the Consideration 

of Fuel Gathering as a Cultural Behaviour. Environmental Archaeology pp.1-10.  

https://doi.org/10.1080/01977261.2022.2029284
https://doi.org/10.1371/journal.pone.0283250


431 
 

Delhon, C., Moreau, C., Magnin, F. and Howarth, L. 2017. Rotten posts and selected fuel: Charcoal 

analysis of the first Middle Neolithic village identified in Provence (Cazan-Le Clos du Moulin, Vernegues, 

Bouches-du-Rhone, South of France). Quaternary International 458, pp.1-13.  

De los Terreros, J.Y.S., Gomez-Castanedo, A., Picado, J. and Preysler, J.B. 2014. Specialised hunting of 

Iberian ibex during Neanderthal occupation at El Esquilleu Cave, northern Spain. Antiquity 88, pp.1035-

1049.  

De Lumley, H., Darlas, A., Anglada, R., Cataliotti-Valdina, J., Desclaux, E., Dubar, M., Falgueres, C., 

Keraudren, B., Lecervoisier, B., Mestour, B., Renault-Miskovsky, J., Trantalidou, K. and Vernet, J.-L. 1994. 

Grotte de Kalamakia (Areopolis, Peloponnese). Bull. Corresp. Hellenique 118, pp.535-559.  

Demay, l., Pean, S. and Pathou-Mathis, M. 2012. Mammoths used as food and building resources by 

Neanderthals: zooarchaeological study applied to layer 4, Molodova I (Ukraine). Quaternary 

International 276, pp.212-226.  

Demirbas, A. 2017. Higher heating values of lignin types from wood and non-wood lignocellulosic 

biomasses. Energy Sources, Part A: Recovery, Utilization, and Environmental Effects 39(6), 

https://doi.org/10.1080/15567036.2016.1248798.  

Demirbas, A., Ahmad, W., Alamoudi, R. and Sheikh, M. 2016. Sustainable charcoal production from 

biomass. Energy Sources Part A: Recovery, Utilization and Environmental Effects 38(13), pp.1882-1889.  

De Mortillet, G. 1872. Classification de l’Age de la pierre. Materiaux pour l’Histoire primitive et naturelle 

de l’Homme. Huitieme Annee 2(3), pp.464-465.  

Derevianko, A.P., Olsen, J.W., Tseveendorj, D., Gladyshev, S.A., Zenin, A.N., Tsybankov, A.A. and 

Chargynov, T.T. 2004. Arkheologicheskie issledovaniya Rossiisko-mongolsko-amerikanskoi ekspeditsii. 

Problemy arkeologii, etnografi i, antropologii Sibiri i sopredelnykh territorii 10, Novosibirsk IAE SO RAN, 

pp.87-89.  

Derevianko, A.P., Postnov, A.V., Rybin, E.P., Kuzmin, Y.V. and Keates, S.G. 2005. The Pleistocene Peopling of 

Siberia: A Review of Environmental and Behavioural Aspects. Indo-Pacific Prehistoric Association Bulletin 

3, pp.57-68. 

D’Errico, F., Julien, M., Liolios, D., Vanhaeren, M. and Baffier, D. 2003. Many awls in our argument. Bone 

tool manufacture and use in the Chatelperronian and Aurignacian levels of the Grotte du Renne at Arcy-

sur-Cure. In J. Zilhao and F. d’Errico, Eds., The Chronology of the Aurignacian and of the Transitional 

Technocomplexes. Dating, Stratigraphies, Cultural Implications. Lisbon: Instituto Portugues de 

Arquelogia, pp247-270.  

De Santuola, M.S. 1880. Breves apuntes sobre algunos objetos prehistoricos de la provincial de 

Santander. Santander: Imp y Lit. de Telesforo Martinez.  

Deschamps, M. 2019. Identification of Quina and Vasconian technocomplexes in Gatzarria Cave (north-

western Pyrenees), based on the stratigraphic, taphonomic and technological revision of the George 

Laplace collections. Comptes Rendus Palevol 18, pp.569-586.  

Dias Jr, A.F., Pirola, L.P., Takeshita, S., Lana, A.Q., Brito, J.O. and de Andrade, A.M. 2016. Higroscopicity of 

Charcoal produced in Different Temperatures. Cerne 22(4), pp.423-430.  

Dibble, H.L., Aldeais, V., Goldberg, P., McPherron, S.P. and Sandgathe, D. 2017. How did Hominins adapt 

to Ice Age Europe without fire? Current Anthropology 58(16), pp.278-287.  

Dibble, H.L., Aldeais, V., Goldberg, P., McPherron, S.P., Sandgathe, D. and Steele, T.E. 2015. A critical look 

at evidence from La Chapelle-aux-Saints supporting an intentional Neandertal burial. Journal of 

Archaeological Science 53, pp.649-657.  

https://doi.org/10.1080/15567036.2016.1248798


432 
 

Dibble, H.L., Sandgathe, D., Goldberg, P., McPherron, S. and Aldeias, V. 2018. Were Western European 

Neandertals Able to Make Fire? Journal of Palaeolithic Archaeology pp.1-26. 

Di Blasi, C., Branca, C., Santoro, A. and Hernandez, E.G. 2001. Pyrolytic behaviour and products of some 

wood varieties. Combust Flame 124, pp.165-177. 

Diedrich, C.D. 2012. Late Pleistocene Crocuta Crocuta spelaea (Goldfuss 1823) clans as Prezewalski horse 

hunters and woolly rhinoceros scavengers at the open air commuting den and contemporary 

Neanderthal camp site Westeregeln (central Germany). Journal of Archaeological Science 39, pp.1749-

1767.  

Díez, C., García, M.A., Gil, E., Jordá Pardo, J.F., Ortega, I., Sánchez, A. & Sánchez, B. 1989. La cueva de 

Valdegoba (Burgos). Primera campaña de excavaciones. Zephyrus 42, pp.55–74. 

 

Dillian, C.D. 2017. Heat Treatment of Pennsylvania jasper. North American Archaeologist 38(2), 

https://doi.org/10.1177/0197693116682082.  

Dimitrakopoulos, A.P. and Panov, P.I. 2001. Pyric properties of some dominant Mediterranean vegetation 

species. International Journal of Wildland Fire 10, pp.23-27. 

Dincauze, D.F. 2000. Environmental Archaeology: Principles and Practice. Cambridge: Cambridge 

University Press. 

Discamps, E., Bachellerie, F., Baillet, M. and Sitzia, L. 2019. The use of spatial taphonomy for interpreting 

Pleistocene palimpsest: an interdisciplinary approach to the Chatelperronian and carnivore occupations 

at Cassenade (Dordogne, France). Palaeoanthropology 2019 pp.362-388.  

Doaigey, A.R., El-Zaidy, M., Alfarhan, A., Milagy, A.E-S. and Jacob, T. 2018. Pollen morphology of certain 

species of the family Lamiaceae in Saudi Arabia. Saudi Journal of Biological Sciences 25(2), pp.354-360.  

Domanski, M. and Webb, J.A. 1992. Effect of heat treatment on siliceous rocks used in prehistoric lithic 

technology. Journal of Archaeological Science 19(6), pp.601-614. 

Domanski, M. and Webb, J.A. 2007. A review of heat treatment research. Lithic technology 32(2), 

pp.153-194. 

Domanski, M., Webb, J.A. and Boland, J. 1994. Mechanical Properties of Stone Artifact Materials and the 

Effect of Heat Treatment. Archaeometry 36(2), pp.177-208. 

Domanski, M., Webb, J.A., Glaisher, R., Gurba, J. and Zakoscilna, A. 2009. Heat treatment of Polish flints. 

Journal of Archaeological Science 36, pp.1400-1408.  

Domingo, R., Pena-Monne, J.L., de Torres, T., Ortiz, J.E. and Utrilla, P. 2017. Neanderthal highlanders: Las 

Callejuelas (Monteagudo del Castillo, Teruel, Spain), a high-altitude site occupied during MIS 5. 

Quaternary International 435, pp.129-143.  

Dominguez-Rodrigo, M., Barba, R., Soto, E., Sese, C., Santonja, M., Perez-Gonzalez, A., Yravedra, J. and 

Galan, A.B. 2015. Another window to the subsistence of Middle Pleistocene hominins in Europe: A 

taphonomic study of Cuesta de la Bajada (Teruel, Spain). Quaternary Science Reviews 126, pp.67-95.  

Doronicheva, E.V., Golovanova, L.V., Doronichev, V.B., Nedomolkin, A.G., Korzinova, A.S., Tselmovitch, 

V.A., Kulkova, M.A., Odinokova, E.V., Shirobokov, I.G., Ivanov, V.V., Nesmeyanov, S.A., Voeykova, O.A., 

Muriy, A.A., Tregub, T.F., Volkov, M.A., Shackley, M.S. and Spasovskiy, Y.N. 2019. The first laminar 

Mousterian obsidian industry in the north-central Caucasus, Russia (preliminary results of a multi-

disciplinary research at Saradj-Chuko Grotto). Archaeological Research in Asia 18, pp.82-99. 

https://doi.org/10.1177/0197693116682082


433 
 

Doronicheva, E.V. and Shackley, M.S. 2014. Obsidian Exploitation Strategies in the Middle and Upper 

Palaeolithic of the Northern Caucasus: New Data from Mesmaiskaya Cave. PaleoAnthropology pp.565-

585.  

Dotte-Sarout, E., Carah, X. and Byrne, C. 2015. Not just carbon. Assessment and prospects for the 

application of anthracology in Oceania. Archaeology of Oceania 50, pp.1-22.  

Dotte-Sarout, E. and Kahn, J.G. 2017. Ancient woodlands of Polynesia: A pilot anthracological study on 

Maupiti Island, French Polynesia. Quaternary International 457, pp.6-28. 

Douka, K., Bergman, C.A., Hedges, R.E.M., Wesselingh, F.P. and Higham, T.F.G. 2013. Chronology of Ksar 

Akil (Lebanon) and Implications for the Colonization of Europe by Anatomically Modern Humans. PloS 

ONE 8(9), pp.1-10. 

Dowdy, A.J. and Mills, G.A. 2012. Characteristics of lightning-attributed wildland fires in south-east 

Australia. International Journal of Wildland Fire 21, pp.521-524.  

Driscoll, K. and Menuge, J. 2011. Recognising burnt vein quartz artefacts in archaeological assemblages. 

Journal of Archaeological Science 38, pp.2251-2260. 

Dubost, J.-M., Kongchack, P., Deharo, E., Sysay, P., Her, C., Vichith, L., Sebastien, D. and Krief, S. 2021. 

Zootherapeutic uses of animals excreta: the case of elephant dung and urine use in Sayaboury province, 

Laos. Journal of Ethnobiology and Ethnomedicine 17(62), pp.1-18.  

Dufraisse, A. 2008. Firewood management and woodland exploitation during the late Neolithic at Lac de 

Chalain (Jura, France). Vegetation History and Archaeobotany 17, pp.199-210. 

Dufraisse, A. 2012. Firewood and Woodland Management in their Social, Economic and Ecological 

Dimensions. New Perspectives. In E. Badal, Y. Carrion, M. Macias and M. Ntinou, Eds., Wood and 

Charcoal: Evidence for Human and Natural History. Valencia: SAGVNTVM, Papeles del Laboratorio de 

Arquelogia de Valencia, Extra-13, pp.65-74.  

Dufraisse, A. 2014. Relation entre modes de collecte du bois de feu et état du milieu forestier: essai 

d’application du principe du moindre effort. In R.-M. Arbogast and A. Greffier-Richard, Eds., Entre 

archéologie et écologie, une Préhistoire de tous les milieux. Mélanges offerts à Pierre Pétrequin. 

Besançon: Presses universitaires de Franche-Comté, pp.493-504.  

Dufraisse, A., Coubray, S., Girardclos, O., Nocus, N., Lemoine, M., Dupouey, J.-L. and Marguerie, D. 2018. 

Anthraco-typology as a key approach to past firewood exploitation and woodland management 

reconstructions. Dendrological reference dataset modelling with dendro-anthracological tools. 

Quaternary International 463, pp.232-249.  

Dufraisse, A., Petrequin, A.-M. and Petrequin, P. 2007. La gestion du bois de feu: un indicateur des 

contexts socio-ecologiques. Approche ethnoarcheologique dans les Hautes Terres de Panua (Nouvelle-

Guinee Indonesienne). In Societies neoliques. Des faits archeologiques aux fonctionnements 

socioeconomiques. Lausanne: Cahiers d’Archeologie Romande, pp.115-126.  

Dunbar, R.I. and Gowlett, J.A. 2014. Fireside chat: the impact of fire on hominin socioecology. Lucy Lang: 

Benchmark Papers, pp.277-296.  

Dunham, R.A., Cameron, A.D. and Petty, J.A. 1999. The Effect of Growth Rate on the Strength Properties 

of Sawn Beams of Silver Birch (Betula pendula Roth). Scandinavian Journal of Forest Research 14(1), 

pp.18-26. 



434 
 

Dunnell, R.C., McCutcheon, P.T., Ikeya, M., Toyoda, S. 1994. Heat treatment of Mill Creek and Dover chert 

on the Malden Plain, southeast Missouri. Journal of Archaeological Science 21, pp.79-89.  

Dupree, L., Lattmann, L.H. and Davis, R.S. 1970. Ghar-i-Mordeh Gusfand (cave of the dead sheep): a new 

Mousterian locality in north Afghanistan. Science 167(3925), pp.1610-1612. 

Durhmaz, E., Ucuncu, T., Karamanoglu, M. and Kaymakci, A. 2019. Effects of Heat Treatment on Some 

Characteristics of Scots Pine (Pinus sylvestris L.) Wood. BioResources 14(4), pp.9531-9543.  

Dussol, L., Elliot, M., Michelet, D. and Nondedeo, P. 2016a. Ancient Maya silviculture of breadnut 

(Brosimum alicastrum Sw.) and sapodilla (Manilkara zapota (L.) P. Royen) at Naachtun (Guatemala): a 

reconstruction based on charcoal analysis. Quaternary International 457, pp.29-42.  

Dussol, L., Elliott, M., Pereira, G. and Michelet, D. 2016b. The use of firewood in ancient Maya funerary 

rituals: a case study from Rio Bec (Campeche, Mexico). Latin American Antiquity 27, pp.51-73.  

Duttine, M., Guibert, P., Perraut, A., Lahaye, C., Bechtel, F. and Villaneuve, G. 2005. Effects of Thermal 

Treatment on TL and EPR of flints and their importance in TL-dating: Application to French Mousterian 

sites of Les Forets (Dordogne) and Jiboui (Drome). Radiation Measurements 39, pp.375-385.  

Duzkale, G., Bektas, I., Tunc, H.H. and Doganlar, Y. 2015. The Determination of Some Physical and 

Mechanical Characteristics of Olive Wood (Olea europaea). Ormancilik Dergisi 10(2), pp.29-35.  

Eckmeier, E., Gerlach, R., Skjemstad, J.O. et al. 2007a. Only small changes in soil organic carbon and 

charcoal found one year after experimental slash-and-burn in a temperate deciduous forest. 

Biogeosciences Discussions 4, pp.595-614.  

Eckmeier, E., Rosch, M., Ehrmann, O., Schmidt, M.W.I., Schier, W. and Gerlach, R. 2007b. Conversion of 

biomass to charcoal and the carbon mass balance from a slash-and-burn experiment in a temperate 

deciduous forest. The Holocene 17, pp.539-542.  

Edwards, P.C. and Edwards, W.I. 1990. Heat Treatment of Chert in the Natufian Period. Mediterranean 

Archaeology 3, pp.1-5. 

Eichhorn, G. 1909. Die Paläolithischen Funde von Taubach in den Museen zu Jena und Weimar. Jena: Jena 

Verlag. 

Eisenmann, V., Adrover, R., Moissenet, E. and Mourer-Chauvire, C. 1993. Le Cheval de Monteagudo del 

Castillo (Province de Teruel, Espagne). Paleontologia i Evolucio Sabadell 23, pp.239-252.  

Eixea, A., Villaverde, V., Roldan, C. and Zilhao, J. 2014. Middle Palaeolithic flint procurement in Central 

Mediterranean Iberia: implications for human mobility. Journal of Lithic Studies 1, pp.103-115.  

Elenga, H., Peyron, O., Bonnefille, R., Prentice, I.C., Jolly, D., Cheddadi, R., Guiot, J., Andrieu, V., Bottema, 

S., Buchet, G., de Beaulieu, J.L., Hamilton, A.C., Maley, J., Marchant, R., Perez-Obiol, R., Reille, M., Riollet, 

G., Scott, L., Straka, H., taylor, D., Van Campo, E., Vincens, A., Laarif, F. and Jonson, H. 2000. Pollen-based 

biome reconstructions for southern Europe and Africa 18,000yr BP. Journal of Biogeography 27, pp.621-

634.  

Enloe, J.G., David, F. and Baryshnikov, G. 2000. Hyenas and hunters: zooarchaeological investigations at 

Prolom II Cave, Crimea. International Journal of Osteoarchaeology 10, pp.310-324.  

Ennos, A.R. and Chan, T.L. 2016. ‘Fire hardening’ spear wood does slightly harden it, but makes it much 

weaker and more brittle. Biology Letters 12, pp.1-4. 



435 
 

Erdene-Ochir, T., Ishiguri, F., Nezu, I., Tumenjargal, B., Baasan, B., Chultem, G., Ohshima, J. and Yokota, S. 

2020. Utilization potential of naturally regenerated Mongolian Betula platyphylla wood based on growth 

characteristics and wood properties. Silva Fennica 54(3), pp.1-16. 

Eriksen, B.V. 1997. Implications of Thermal Pre-Treatment of Chert in the German Mesolithic. In R. Schild 

and Z. Sulgostowska, eds, Man and Flint: Proceedings of the VII International Flint Symposium, Warzawa-

Ostrowiec Swietokrzyski, September 1995. Warsaw, Poland, pp.325-329.  

Estalrrich, A. and Rosas, A. 2015. Division of Labour by Sex and Age in Neanderthals: An Approach 

through the Study of Activity-Related Dental Wear. Journal of Human Evolution 80, pp.51-63. 

Esteves, B., Sen, U. and Pereira, H. 2023. Influence of Chemical Composition on Heating Value of 

Biomass: A Review and Bibliometric Analysis. Energies 16(1), https://doi.org/10.3390/en16104226.  

Estigaribbia, L., Caceres, D.M., Pastor, N. and Diaz, S. 2023. What makes a good fire? Local actor- and 

science-based knowledge of fuel-related functional traits of Chaco plants. Ecologia Austral 33, pp.395-

410.  

 

Evelyn, J. 1664. Sylva, or A Discourse of Forest-Trees. Royal Society, London: John Martyn.  

Ewing, J.F. 1947. Preliminary note on the excavations at the Palaeolithic site of Ksar ‘Akil, Republic of 

Lebanon. Antiquity 21, pp.186-196.  

Fabiani R. 1902. La fauna fossile della Grotta di San Bernardino nei Colli Berici. Atti Istituto Veneto 

SS.LL.AA. 62, pp.657-671. 

Facciola, S. 1990. Cornucopia – A Source Book of Edible Plants. Vista, CA: Kampong Publications. 

Fagernas, L., Kuoppala, E., Tiilikkala, K. and Oasmaa, A. 2012. Chemical composition of birch wood slow 

pyrolysis products. Energy Fuels 26, pp.1275-1283. 

Fang, S., Liu, Z., Cao, Y., Liu, D., Yu, M. and Tang, L. 2011. Sprout development, biomass accumulation and 

fuelwood characteristics from coppiced plantations of Quercus acutissima. Biomass and Bioenergy 35, 

pp.3104-3114. 

Farizy, C., David, J. and Jaubert, J. 1994. Hommes et bisons du Paleolithique Moyen a Mauran (Haute-

Garonne). Gallia Prehistoire supplement 30. 

Fathi, L., Hasanagic, R., Iranmanesh, Y., Ghalehno, M.D., Humar, M. and Bahmani, M. 2022. Physical and 

Chemical Properties of Three Wild Almond Wood Species grown in Zagros Forests. Les/Wood 71(1), 

pp.23-30.  

Feranec, R., Garcia, N., Diez, J.C. and Arsuaga, J.L. 2010. Understanding the ecology of mammalian 

carnivorans and herbivores from Valdegoba cave (Burgos, northern Spain) through stable isotope 

analysis. Palaeogeography, Palaeoclimatology, Palaeoecology 297(2), pp.263-272.  

Ferembach, D. 1964. La molaire humaine inferieure mousterienne de Bombarral (Portugal). 

Comunicacoes dos Servicos Geologicos de Portugal 48, pp.185-190.  

Ferme, L.C. and Civalero, M.T. 2019. Fuel management in high mobility groups in Patagonia (Argentina) 

during the Holocene: Anthracological evidences of the sites Cerro Casa de Piedra 5 and Cerro Casa de 

Piedra 7. The Holocene pp.1-11. 

Ferraris, M., Sala, B. and Scola, V. 1990. The Late Pleistocene fauna with Pliomys lenki from the 

Ghiacciaia cave loess (northern Italy). Quaternary international 5, pp.71-79. 



436 
 

Feurdean, A. 2021. Experimental production of charcoal morphologies to discriminate fuel source and 

fire type: an example from Siberian taiga. Biogeosciences 18, pp.3805-3821.  

Field, H. 1951. Reconnaissance in Southwestern Asia. Southwestern Journal of Anthropology 7, pp.86-

102.  

Fiers, G., Halbrucker, E., De Kock, T., Vandendriessche, H., Crombe, P. and Cnudde, V. 2021. Thermal 

Alternation of Flint: An Experimental Approach to Investigate the Effect on Material Properties. Lithic 

Technology 46(1), https://doi.org/10.1080/01977261.2020.1805215.  

Figueiral, I. 1995. Evidence from charcoal analysis for environmental change during the interval late 

Bronze Age to Roman, at the archaeological site of Castro de Penices, N.W. Portugal. Vegetation History 

and Archaeobotany 4, pp.93-100.  

Figueiral, I., Fabre, L. and Bel, V. 2010. Considerations on the nature and origin of wood-fuel from Gallo-

Roman cremations, in the Languedoc region (southern France). Quaternaire 21, pp.325-331. 

Figueiral, I., Ivorra, S., Breuil, J.-Y., Bel, V. and Houix, B. 2017. Gallo-Roman Nimes (southern France): A 

case study on firewood supplies for urban and proto-urban centres (1st B.C. – 3rd A.D.). Quaternary 

International 458, pp.103-112.  

Figueiral, I. and Mosbrugger, V. 2000. A review of charcoal analysis as a tool for assessing Quaternary and 

Tertiary environments: Achievements and limits. Palaeogeography, Palaeoclimatology, Palaeoecology 

164(1), pp.397-407.  

Finlayson, C., Brown, K., Blasco, R., Rosell, J., Negro, J.J., Bortolotti, G.R., Finlayson, G., Sanchez Marco, A., 

Pacheco, F.G., Vidal, J.R., Carrion, J.S., Fa, D.A. and Llanes, J.M.R. 2012. Birds of a Feather: Neanderthal 

Exploitation of Raptors and Corvids. PLOS ONE 7(10), https://doi.org/10.1371/annotation/5160ffc6-

ec2d-49e6-a05b-25b41391c3d1 

Finlayson, C., Fa, D.A., Jiminez, F., Carrion, J., Finlayson, G., Giles, F., Rodriguez, J., Stringer, C. and 

Martinez, F. 2008a. Gorham’s Cave, Gibraltar. The persistence of a Neanderthal population. Quaternary 

International 181, pp.64-71.  

Finlayson, S., Finlayson, G., Guzman, F.G. and Finlayson, C. 2019. Neanderthals and the cult of the Sun 

Bird. Quaternary Science Reviews 217, pp.217-224.  

Fiore, I., Gala, M. and Tagliacozzo, A. 2004. Ecology and Subsistence Strategies in the Eastern Italian Alps 

During the Middle Palaeolithic. International Journal of Osteoarchaeology 1, pp.273-286. 

Fischer, A. 2007. Coastal fishing in Stone Age Denmark – evidence from below and above the present sea 

level and from human bones. In N. Milner, G. Bailey and O. Craig (Eds.), Shell Middens and Coastal 

Resources along the Atlantic façade. Oxford: Oxbow, pp.54-69.  

Fisher, D.C. 1995. Experiments on subaqueous meat-caching. Current Research in the Pleistocene 12, 77–

80. 

Flannery, K.V. 1969. Origins and ecological effects of early domestication in Iran and the Near East. In P.J. 

Ucko and G.W. Dimbleby, eds, The domestication and exploitation of plants and animals. Chicago: Aldine, 

pp.73-100.  

Flenniken, J.J. and Garrison, E.G. 1975. Thermally altered Novaculite and stone tool manufacturing 

techniques. Journal of Field Archaeology 2, pp.125-131. 

Fleuret, P.C. and Fleuret, A.K. 1978. Fuelwood Use in a Peasant Community: A Tanzanian Case Study. The 

Journal of Developing Areas 12(3), pp.315-322. 

https://doi.org/10.1080/01977261.2020.1805215
https://doi.org/10.1371/annotation/5160ffc6-ec2d-49e6-a05b-25b41391c3d1
https://doi.org/10.1371/annotation/5160ffc6-ec2d-49e6-a05b-25b41391c3d1


437 
 

Foereid, B., Lehmann, J. and Major, J. 2011. Modeling black carbon degradation and movement in soil. 

Plant Soil 345, pp.223-236.  

Formosov, A.A. 1958. The cave site Starosele and its place in the Palaeolithic. Materials and 

Investigations of the Archaeology of the USSR 71. 

Formozov, A.A. 1959. The Mousterian site Kabazi in the Crimea. Soviet Archaeology 29, pp.143-158.  

Fortea, J. 1981. Investigaciones en la Cuenca media del Nalon (Asturias, Espana). Noticia y primeros 

resultados. Zephyrus 32, pp.5-16.  

Frahm, E. and Feinberg, J.M. 2013. From flow to quarry: magnetic properties of obsidian and changing 

the scale of archaeological sourcing. Journal of Archaeological Science 40, pp.3706-3721.  

Fraipont, J. and Lohest, M. 1887. La race humaine de Neanderthal ou de Canstadt, en Belgique. 

Recherches ethnographiques sur des ossements humains decouverts dans les depots quaternaires d'une 

grotte a Spy et determination de leur age geologique. Note preliminaire. Bulletins de l'Academie Royale 

de Belgique 3(12), p.741-784. 

Frejaville, T., Carcaillet, C. and Curt, T. 2013. Calibration of charcoal production from trees biomass for 

soil charcoal analyses in subalpine ecosystems. Quaternary International 289, pp.16-23.  

French, K. 2013. Lithic Technology and Risk: Winter Houses at Bridge River Villages. MA Thesis, University 

of Montana.  

Freund, G. 1968. Mikrolithen aus dem Mittelpaläolithikum der Sesselfelsgrotte im unteren Altmühltal, 

Lkr. Kelheim. Quartär 19, pp.133-154. 

Frick, J.A. 2016. Visualizing Occupation Features in Homogenous Sediments. Examples from the Late 

Middle Palaeolithic of Grotte de la Verpilliere II, Burgundy, France. In S. Campana, R. Scopigno, G. 

Carpentiero and M. Cirillo, eds, Proceedings of the 43rd Annual Conference on Computer Applications 

and Quantitative Methods in Archaeology. Oxford: Archaeopress Publishing Ltd., pp.699-714. 

Frick, J.A., Hoyer, C.T., Herkert, K. and Floss, H. 2012. Comparative heating experiments on flint from the 

Cote Chalonnaise, Burgundy, France. Anthropologie 3, pp.295-321. 

Friesem, D.E., Zaidner, Y. and Shahack-Gross, R. 2014. Formation processes and combustion features at 

the lower layers of the Middle Palaeolithic open-air site of Nesher Ramla, Israel. Quaternary 

International pp.1-11.  

Froehle, A.W. and Churchill, S.E. 2009. Energetic Competition between neandertals and Anatomically 

Modern Humans. PaleoAnthropology 2009, pp.96-116. 

Frouin, M., Lahaye, C., Hernandez, M., Mercier, N., Guibert, P., Brenet, M., Folgado-Lopez, M. and 

Bertran, P. 2014. Chronology of the Middle Palaeolithic open-air site of Combe Brune 2 (Dordogne, 

France): a multi luminescence dating approach. Journal of Archaeological Science 52, pp.524-534.  

Fuente-Fernandez, O. 2022. Environmental conditions around fire inside Palaeolithic caves. The hearths 

of Tito Bustillo (Ribadesella, Asturias, Spain). Journal of Archaeological Science: Reports 45, 103590.  

Fukuda, J. and Nakashima, S. 2008. Water at high temperatures in a microcrystalline silica (chalcedony) 

by in-situ infrared spectroscopy: physiochemical states and dehydration behaviour. Journal of 

Mineralogical and Petrological Sciences 103, pp.112-115. 

Fumanal, M. 1993. El yacimiento premusteriense de la Cova de Bolomor (Tavernes de la Valldigna, Pais 

Valenciano). Estudio geomorfologico y sedimentoclimatico. Valencia: Universidad de Valencia.  

Fusco, V. 1961. Stazioni del Paleolitico medio in grotte costiere del golfo di Policastro. Rivista di Scienze 

Preistoriche 16, pp.1-14.  



438 
 

Gabarayeva, N.I., Blackmore, S. and Rowley, J.R. 2003. Observations on the experimental destruction and 

substructural organisation of the pollen wall of some selected Gymnosperms and Angiosperms. Review 

of Palaeobotany and Palynology 124(3), pp.203-226.  

Gabucio, M.J., Fernandez-Laso, M.C. and Rosell, J. 2018. Turning a rock shelter into a home. Neanderthal 

use of space in Abric Romani levels M and O. Historical Biology 30(6), pp.743-766.  

Gaillard, M.-J., Trondman, A.-K., Githumbi, E., Azuara, J., Feurdean, A., Grindean, R., Lebreton, V., 

Marquer, L., Mazier, F., Nebout-Combourieu, N., Nielsen, A.-B., Sugita, S., Tantau, I. and Theuerkauf, M. 

New synthesis of European Relative Pollen Productivities (RPPs) and RPP values used in the second 

generation of REVEALS reconstruction for Europe.  

Gala, M., Raynal, J.-P. and Tagliacozzo, A. 2005. Bird remains from Baume-Vallee (Haute-Loire, France): 

preliminary results. Feathers, grit and symbolism. Birds and humans in the ancient Old and New Worlds. 

Proceedings of the 5th Meeting of the ICAZ Bird Working Group in Munich [26.7.28.7.2004]. Documenta 

Archaeobiologiae 3, 141-145. 

Gale, R. and Carruthers, W. 2000. Charcoal and charred seed remains from Middle Palaeolithic levels at 

Gorham’s and Vanguard Caves. In C. Stringer, R.N.E. Barton and C. Finlayson, eds, Neanderthals on the 

edge: 150th anniversary conference of the Forbes’ Quarry discovery, Gibraltar. Oxford: Oxbow Books, 

pp.207-210.  

Galvan, B., Hernandez, C.M., Alberto, V., Barro, A., Francisco, M.I. and Rodriguez, A. 2001. Las 

sociedades cazadoras recolectoras Neandertales de los valles de Alcoy (Alicante, Espana). El Salt como 

un centro de intervencion referencial. Tabona 10, pp.7-33.  

Gao, X., Zhang, S., Zhang, Y. and Chen, F. 2017. Evidence of Hominin Use and Maintenance of Fire at 

Zhoukoudian. Current Anthropology 58(16), pp.267-277.  

Garbarino, M., Marzano, R., Shaw, J.D. and Long, J.N. 2015. Environmental drivers of deadwood 

dynamics in woodlands and forests. Ecosphere 6(3), pp.1-24.  

Gabora, L. and Smith, C. 2018. Two cognitive transitions underlying the capacity for cultural evolution. 

Journal of Anthropological Sciences 96, pp.1-26.  

Gabora, L. and Steel, M. 2020. A model of the transition to behavioural and cognitive modernity using 

reflexively autocatalytic networks. Journal of the Royal Society 17, 20200545.  

Garcia-Diez, M. 2022. ‘Art’: Neanderthal symbolic graphic behaviour. In F. Romagnoli, F. Rivals and S. 

Benazzi, Eds., Updating Neanderthals: Understanding Behavioural Complexity in the Late Middle 

Palaeolithic. Academic Press, pp.251-260. 

Gardeisen, A. 1999. Middle Palaeolithic subsistence in the West Cave of ‘Le Portel’ (Pyrenees, France). 

Journal of Archaeological Science 26, pp.1145-1158.  

Gargett, R.H. 1989. Grave Shortcomings: the evidence for Neanderthal burial. Current Anthropology 30, 

pp.157-190.  

Garofoli, D. 2015a. Do early body ornaments prove cognitive modernity? A critical analysis from situated 

cognition. Phenomenology and the Cognitive Sciences 14, pp.803-825.  

 

Garofoli, D. 2015b. A Radical Embodied Approach to Lower Palaeolithic Spear-Making. Journal of Mind 

and Behaviour 36(1), pp.1-26.  

 

Garofoli, D. 2016. Cognitive archaeology without behavioural modernity: An eliminativist attempt. 

Quaternary International 405, pp.125-135.  



439 
 

Garofoli, D. 2017. Ornamental Feathers without Mentalism: A Radical Enactive View on Neanderthal 

Body Adornment. In C. Durt, T. Fuchs and C. Tewes, Eds., Embodiment, Enaction, and Culture: 

Investigating the Constitution of the Shared World. Cambridge, MA: MIT Press, pp.279-306.  

Garralda, M.D., Giacobini, G. and Vandermeersch, B. 2005. Neanderthal cutmarks: Combe-Grenal and 

Marillac (France). A SEM analysis. Anthropologie 43, pp.189-197.  

Garrard, A. 1998. Food Procurement by Middle Palaeolithic Hominids at Ras el-Kelb Cave in Lebanon. In 

L. Copeland and N. Moloney, eds, The Mousterian Site of Ras el-Kelb, Lebanon. Oxford: British 

Archaeological Reports International Series, Vol. 706, pp.45-65.  

Garrod, D.A.E. 1955. Excavations at the Mugharet Kebara, Mount Carmel, 1931: The Aurignacian 

Industries. Proceedings of the Prehistoric Society 20(2). 

Garrod, D. A. E. & Bate, D. M. A. 1937. The Stone Age of Mount Carmel. Excavations at the Wady El-

Mughara. Oxford: Clarendon Press. 

Garrod, D.A.E., Buxton, L.H.D., Smith, G.E. and Bate, D.M.A. 1928. Excavation of a Mousterian rock-

shelter at Devil’s Tower, Gibraltar. Journal of the Royal Anthropological Institute 58, pp.33-111.  

Garrod, D.A.E. and Kirkbride, D. 1961. Excavation of Abri Zumoffen, A Palaeolithic rockshelter near 

Adlun, in South Lebanon, 1958. Bulletin du Musee de Beyrouth 16, pp.7-15. 

Gaudzinski, S. and Roebroeks, W. 2000. Adults only: Reindeer hunting at the Middle Palaeolithic site 

Salzgitter Lebenstedt, northern Germany. Journal of Human Evolution 38, pp.497-521. 

Gaudzinski-Windheuser, S., Kindler, L., MacDonald, K. and Roebroeks, W. 2023. Hunting and processing 

of straight-tusked elephants, 125.000 years ago – implications for Neanderthal behaviour. Science 

Advances 9, pp.1-15.  

Gaudzinski-Windheuser, S., Noack, E.S., Pop, E., Herbst, C., Pfleging, J., Buchli, J., Jacob, A., Enzmann, F., 

Kindler, L., Iovita, R., Street, M. and Roebroeks, W. 2018. Evidence for close-range hunting by last 

interglacial Neanderthals. Nature 2, pp.1087-1092.  

Gayton, A.H. 1948. Yokuts and Western Mono Ethnography I-II. Berkeley: University of California Press.  

Germonpre, M., Udrescu, M. and Fiers, E. 2014. Possible evidence of mammoth hunting at the 

Neanderthal site of Spy (Belgium). Quaternary International 337, pp.28-42.  

Geyer, W.A., Argent, R.M. and Walawender, W.P. 1987. Biomass properties and gasification behaviour of 

7-year-old Siberian elm. Wood and Fiber Science 19(2), pp.176-182. 

Giebel, C.G., 1850. Mitteilungen über das Vorkommen der diluvialen Knochen in der Provinz Sachsen. 

Jahresberichte der Naturwissenschaftlichen Vereinigung Halle 3, pp.12-21. 

Gilead, I. and Grigson, C. 2014. Far’ah II: A Middle Palaeolithic Open-Air Site in the Northern Negev, 

Israel. Proceedings of the Prehistoric Society 50(1), pp.71-97. 

Gilles, R. 1950. Presentation de silex tailles d’un abri-sous-roche du department de l’Ardeche. Bulletin de 

Societe Prehistoire Francais 47, p.202. 

Gilles, R. 1986. La grotte de St-Marcel d’Ardèche. Ardèche Archéologie 3, pp. 1-7. 

Gilligan, I. 2007. Neanderthal extinction and modern human behaviour: the role of climate change and 

clothing. World Archaeology 39(4), pp.499-514.  

Glaser, B., Lehmann, J. and Zech, W. 2002. Ameliorating physical and chemical properties of highly 

weathered soils in the tropics with charcoal – a review. Biological Fertility of Soils 35, pp.669-678.  

Glazewski, M. 2006. Experiments in Bone Burning. Oshkosh Scholar 1, pp.17-25.  



440 
 

Goder-Goldberg, M., Cheng, H., Edwards, R.L., Marder, O., Peleg, Y., Yeshurun, R. and Frumkin, A. 2012. 

Emanuel Cave: the site and its bearing on early Middle Palaeolithic technological variability. Paleorient 

38(1), pp.203-225.  

Goder-Goldberger, M., Weiner, S., Barzilai, O. and Boaretto, E. 2017. Heating of flint artifacts from the 

site of Boker Tachtit (Israel) was not detected using FTIR peak broadening. Journal of Archaeological 

Science: Reports 12, pp.173-182.  

Godfrey, A.J., Denis, K., Daniel, W. and Akais, O.C. 2010. Household Firewood Consumption and its 

Dynamics in Kalisizo Sub-County, Central Uganda. Ethnobotanical Leaflets 14, pp.841-855. 

Godfrey-Smith, D.I. and Ilani, S. 2003. Earliest evidence for deliberate heat treatment of archaeological 

ochre from a 100,000 year old horizon at Qafzeh Cave, Israel. In S. Feinstein, A. Agnon, E. Farber, S. Ezra, 

Y. Azin and Y. Levi, eds, Abstracts of the Annual Meeting of the Israel Geological Society, 25-27 March, Ein 

Bokek. Jerusalem: Israel Geological Society.  

Godwin, H. and Tansley, A.G. 1941. Prehistoric Charcoals as Evidence of Former Vegetation, Soil and 

Climate. Journal of Ecology 29(1), pp.117-126. 

Goel, V. L. and Behl, H. N. 1996. Fuelwood quality of promising tree species for alkaline soil sites in 

relation to tree age. Biomass Bioenergy 10, pp.57–61. 

Goksu, H.Y. and Wieser, A. 1989. 100°C TL peak records the ancient heat treatment of flint. Ancient TL 

7(1), pp.15-17.  

Goldberg, P., Aldeais, V., Dibble, H., McPherron, S., Sandgathe, D. and Turq, A. 2013. Testing the Roc de 

Marsal Neandertal “Burial” with geoarchaeology. Archaeological and Anthropological Sciences pp.1-11.  

Goldberg, P. and Bar-Yosef, O. 1998. Site Formation Processes in Kebara and Hayonim Caves and their 

significance in Levantine Prehistoric Caves. In A. Akazawa, ed, Neandertals and Modern Humans in 

Western Asia. New York: Plenum Press, pp.107-125. 

Goldberg, P., Dibble, H., Berna, F., Sandgathe, D., McPherron, S.J.P. and Turq, A. 2012. New evidence on 

neanderthal use of fire: examples from Roc de Marsal and Pech de l’Aze IV. Quaternary International 

247(1), PP.325-340.  

Goldberg, P. and MacPhail, R.I. 2012. Gorham’s Cave sediment micromorphology. In R.N.E. Barton, C.B. 

Stringer and J.C. Finlayson, eds, Neanderthals in Context: a report of the 1995-1998 excavations at 

Gorham’s and Vanguard Caves, Gibraltar. Oxford: Oxford University School of Archaeology, pp.50-61.  

Goldberg, P., Weiner, S., Bar-Yosef, O., Xu, Q.Q. and Liu, J.Y. 2001. Site formation processes at 

Zhoukoudian, China. Journal of Human Evolution 41, pp.483-530.  

Goldfield, A.E., Booton, R. and Marston, J.M. 2018. Modelling the role of fire and cooking in the 

competitive exclusion of Neanderthals. Journal of Human Evolution 124, pp.91-104.  

Golovanova, L.V. 1995. Report on the 1994 Northern Caucasus Palaeolithic Expedition. Unpublished 

report to the L.S.B. Leakey Foundation.  

Gomes, G.S.L., Neto, S.N.O., Carneiro, A.C.O., Lopes, L.S.S., Leite, H.G. and Caldeira, M.V.W. 2024. 

Influence of spacing between trees on wood and charcoal quality indicators. Cerne 30, doi: 

10.1590/01047760202430013270. 

Gomez, L.O., Martinez, M.C., Huerta, R.P., Ballbe, E.G., Seijo, M.M., Baiges, G.S., Anton, D.R., Carrasco, 

M.Q., Mazzucco, N., Casas, D.G., Bonilla, S.D. and Clemente Conte, I. 2021. Firewood-gathering strategies 



441 
 

in high mountain areas of the Parc Nacional d’Aiguestortes i Estany de Sant Maurici (Central Pyrenees) 

during Prehistory. Quaternary International 593, pp.129-143.  

Gomez-Olivencia, A., Sala, N., Nunez-Lahuerta, C., Sanchis, A., Arlegi, M. and Rios-Garaizar, J. 2018. First 

data of Neandertal bird and carnivore exploitation in the Cantabrian Region (Axlor; Barandiaran 

excavations; Dima, Biscay, Northern Iberian Peninsula). Nature Scientific Reports 8 pp.1-14.  

Goren-Inbar, N., Alperson, N., Kislev, M.E., Simchoni, O., Melamed, Y., Ben-Nun, A. and Werker, E. 2004. 

Evidence of Hominin Control of Fire at Gesher Benot Ya’aqov, Israel. Science 304(5671), pp.725-727.  

Gorjanovic–Kramberger, D. 1899. Krš Zagrebačke gore. Hrvatski planinar 11, pp.161–164. 

Gorjanovic-Kramberger, K. 1899. Der Palaolithische Mensch und seine Zeitgenossen aus dem Diluvium 

von Krapina in Croatien. Mitt. Anthrop. Ges. Wien 29, pp.65-68. 

Gould, R.A. 1976. A Case of Heat Treatment of Lithic Materials in Aboriginal Northwestern California. The 

Journal of California Anthropology 3(1), pp.142-144.  

Gowlett, J.A.J. 2006. The early settlement of northern Europe: fire history in the context of climate 

change and the social brain. Comptes Rendus Palevol 5, pp.299-310.  

Gowlett, J.A.J. 2015. The origins of human fire use: current hypotheses and earliest evidence. In H. de 

Lumley, Ed., Sur le chemin de ‘humanite. Via humanitatis: les grandes etapes de l’evolution 

morphologique et Culturelle de l’Homme: emergence de l’etre humain. Colloque international de 

l’Academie Pontificale des Sciences, Cite du Vatian Avril 2013. Paris: Academie Pontificale des Sciences, 

pp.171-197.  

Gowlett, J.A.J. 2016. The discovery of fire by humans: a long and convoluted process. Philosophical 

Transactions B 371, pp.1-12.  

Gowlett, J.A.J., Cole, J.N. and Rucina, S.M. 2023. Chesowanja (Baringo Basin), Kenya. In A. Beyin, D.K. 

Wright, J. Wilkins and D.I. Olszewski, Eds., Handbook of Pleistocene Archaeology of Africa. Springer: 

London, pp.537-548. 

Gowlett, J.A.J., Gamble, C. and Dunbar, R. 2012. Human evolution and the archaeology of the social 

brain. Current Anthropology 53, pp.693-722.  

Gowlett, J.A.J., Harris, J.W.K., Walton, D. and Wood, B.A. 1981. Early archaeological sites, hominid 

remains and traces of fire from Chesowanja, Kenya. Nature 294, pp.125-129.  

Gowlett, J.A.J. and Wrangham, R.W. 2013. Earliest fire in Africa: the convergence of archaeological 

evidence and the cooking hypothesis. Azania: Archaeological Research in Africa 48, pp.5-30.  

Gracia, M.A. 2017. Mesolithic fuel use and woodland in the Middle Ebro Valley (NE Spain) through wood 

charcoal analysis. Quaternary International 431, pp.39-51.  

Graetsch, H., Florke, O.W. and Miehe, G. 1985. The nature of water in chalcedony and opal-C from 

Brazilian agate geodes. Physics and Chemistry of Minerals 12, pp.300-306. 

Graham, A.F. 2020. Fuelwood collection as daily practice: a wood charcoal study for the colonial period 

North Carolina Piedmont. Southeastern Archaeology 39(3), pp.166-182.  

Graham, R.H. and Hell, P. 1985. On the History of the Minimum Spanning Tree Problem. Annals of the 

History of Computing 7(1), pp.43-57.  

Grandal-D’Anglade, A. 1993. El oso de las cavernas en Galicia, el yacimiento de Cova Eiros. Laboratorio 

Xeoloxico de Laxe. Sada: Edicions O Castro. 



442 
 

Gravina, B. and Discamps, E. 2015. MTA-B or not to be? Recycled bifaces and shifting hunting strategies 

at Le Moustier and their implication to the Late Middle Palaeolithic in southwestern France. Journal of 

Human Evolution 84, pp.83-98.  

Grayson, D.K. and Delpech, F. 2008. The large mammals of Roc de Combe (Lot, France): The 

Chatelperronian and Aurignacian assemblages. Journal of Anthropological Archaeology 27, pp.338-362.  

Grayson, D.K. and Millar, C.I. 2008. Prehistoric human influence on the abundance and distribution of 

deadwood in alpine landscapes. Perspectives in Plant Ecology, Evolution and Systematics 10, pp.101-108. 

Green, A.E. and Schultz, J.J. 2017. An Examination of the Transition of Fracture Characteristic in Long 

Bones from Fresh to Dry in Central Florida: Evaluating the Timing of Injury. Journal of Forensic Sciences 

62(2), pp.282-291.  

Gregg, M.L. and Grybush, R.J. 1976. Thermally altered silicious stone from prehistoric contexts: 

Intentional verses unintentional alteration. American Antiquity 41(2), pp.189-192. 

Grienenberger, E. and Quilichini, T.D. 2021. The Toughest Material in the Plant Kingdom: An Update on 

Sporopollenin. Frontiers in Plant Science 12, https://doi.org/10.3389/fpls.2021.703864.  

Grieve, M. 1984. A Modern Herbal. City of Westminster: Penguin. 

Griggo, C. 2004. Mousterian fauna from Dederiyeh Cave and comparisons with fauna from Umm el Tlel 

and Douara Cave. Paleorient 30, pp.149-162.  

Grimaldi, S. and Spinapolice, E. 2010. The Late Mousterian of the Grotta Breuil (Monte Circeo, Lazio, 

Italy): Interpreting New and Ancient Data. Acta Universitatis Wratislaviensis, Studia Archeologiczne 3207, 

pp.1-11.  

Gronli, J., Byrkjedal, I.K., Bjorvatn, B., Nodtvedt, O., Hamre, B. and Pallesen, S. 2016. Reading from an 

iPad or from a book in bed: the impact on human sleep. A randomized controlled crossover trial. Sleep 

Medicine 21, pp.86-92.  

Groopman, E.E., Carmody, R.N. and Wrangham, R.W. 2015. Cooking increases net energy gain from a 

lipid-rich food. American Journal of Physical Anthropology 156(1), pp.11-18.  

Grunberg, J.M. 2002. Middle Palaeolithic birch-bark pitch. Antiquity 76, pp.15-16.  

Guerin, G., Valladas, H., Joron, J.-L., Mercier, N., Reyss, J.-L. and Zaidner, Y. 2017. Apports de la datation 

par la luminescence des sites du Proche-Orient et resultats preliminaires du site de Nesher Ramla 

(Israel). L'Anthropologie 121(1), pp.35-45.  

Guillaud, E., Bearez, P., Daujeard, C., Defleur, A.R., Desclau, E., Rosello-Izquierdo, E., Morales-Muniz, A. 

and Moncel, M.-H. 2021. Neanderthal foraging in freshwater ecosystems: A reappraisal of the Middle 

Palaeolithic archaeological fish record from continental Western Europe. Quaternary Science Reviews 

252, pp.1-21.  

Gunduz, G., Aydemir, D., Kaygin, B. and Aytekin, A. 2009. The effect of treatment time on dimensionally 

stability, moisture content and mechanical properties of heat treated Anatolian Chestnut (Castanea 

sativa Mill.) wood. Wood Research 54(2), pp.117-126. 

Gur-Arieh, S., Mintz, E., Boaretto, E. and Shahack-Gross, R. 2013. An ethno-archaeological study of 

cooking installations in rural Uzbekistan: development of a new method for identification of fuel sources. 

Journal of Archaeological Science 40, pp.4331-4347.  

https://doi.org/10.3389/fpls.2021.703864


443 
 

Gur-Arieh, S., Shahack-Gross, R., Maeir, A.M., Lehmann, G., Hitchcock, L.A. and Boaretto, E. 2014. The 

taphonomy and preservation of wood and dung ashes found in archaeological cooking installations: case 

studies from Iron Age Israel. Journal of Archaeological Science 46, pp.50-67. 

Gurbuz, R.B. and Lycett, S.J. 2021. Could woodworking have driven lithic tool selection? Journal of 

Human Evolution 156, 102999.  

 

Gusi, F., Carbonell, E., Estevez, J., Mora, R., Mateu, J. and Yll, R. 1983. Avance preliminar sobre el 

yacimiento del Pleistoceno medio, Tossal de la Font (Vilafamés, Castellón). Cuadernos de Prehistoria y 

Arqueología Castellonenses 7, pp.7-29. 

Gutierrez-Zugasti, I., Rios-Garaizar, J., Marin-Arroyo, A.B., Rasines del Rio, P., Maroto, J., Jones, J.R., 

Bailey, G.N. and Richards, M.P. 2017. A chrono-cultural reassessment of the levels VI-XIV from El Cuco 

rock-shelter: A new sequence for the Late Middle Palaeolithic in the Cantabrian region (northern Iberia). 

Quaternary International pp.1-12. 

Gryba, E.M. 2002. The case of the use of heat treated lithics in the production of fluted points by Folsom 

knappers. In E. Clark and M.B. Collins, eds, Folsom Technology and Lifeways, Lithic Technology, Special 

Publication 4. Oklahoma: Department of Anthropology, University of Tulsa, pp.309-314.  

Habelitz, S., Pascuala, I. and Duran, A. 2001. Transformation of tricalcium phosphate into apatite by 

ammonia treatment. Journal of Material Science 36, pp.4131-4135. 

Hahn, J. 1988. Die Geissenklosterle-Hohle im Achtal bei Blaubeuren I. Fundhorizontbildung und 

Besiedlung im Mittelpalaolithikum und im Aurignacien. Stuttgart: Konrad Theiss Verlag.  

Halsall, K.M., Ellingsen, V.M., Asplund, J., Bradshaw, R.H.W. and Ohlson, M. 2018. Fossil charcoal 

quantification using manual and image analysis approaches. The Holocene 28(8): 1345–1353. 

Hallett, D.J., Lepofsky, D.S., Mathewes, R.W. and Lertzman, K.P. 2003. 11,000 years of fire history and 

climate in the mountain hemlock rain forests of southwestern British Columbia based on sedimentary 

charcoal. Canadian Journal of Forest Research 33, pp.292-312.  

Hanckel, M. 1985. Hot Rocks: Heat Treatment at Burrill Lake and Curarong, New South Wales. 

Archaeology in Oceania 20, pp.98-102.  

Hanninen, T., Tukiainen, P., Svedstrom, K., Serimaa, R., Saranpaa, P., Kontturi, E., Hughes, M. and 

Vuorinen, T. 2012. Ultrastructural evaluation of compression wood-like properties of common juniper 

(Juniperus communis L.). Holzforschung 66, pp.389-395.  

Hansen, J.M. 1991. The palaeoethnobotany of Franchthi Cave: excavations at Franchthi Cave, Greece 7. 

Bloomington: Indiana University Press. 

Hao, H., Chow, C.L. and Lau, D. 2020. Effect of heat flux on combustion of different wood species. Fuel 

278, 118325.  

Hao, K., Tian, Z.-X., Wang, Z.-X. and Huang, S.-Q. 2020. Pollen grain size associated with pollinator feeding 

strategy. Proceedings of the Royal Society B 287(1933), https://doi.org/10.1098/rspb.2020.1191.  

Hardy, B.L. 2010. Climatic variability and plant food distribution in Pleistocene Europe: Implications for 

Neanderthal diet and subsistence. Quaternary Science Reviews 29(5), pp.662-679. 

Hardy, B.L., Leifeld, J., Knicker, H., Dufey, J.E., Deforce, J. and Cornelis, J.T. 2017. Long term change in 

chemical properties of preindustrial charcoal particles aged in forest and agricultural temperature soil. 

Organic Geochemistry 107, pp.33-45.  

Hardy, B.L. and Moncel, M.-H. 2011. Neanderthal Use of Fish, Mammals, Birds, Starchy Plants and Wood 

125-250,000 Years Ago. PLoS ONE 6(8), pp.1-10.  

https://doi.org/10.1098/rspb.2020.1191


444 
 

Hardy, B.L., Moncel, M.H., Daujeard, C., Fernandes, P., Bearez, P., Desclaux, E., Chacon, M.G., Puaud, S. 

and Gallotti, R. 2013. Impossible Neanderthals? Making string, throwing projectiles and catching small 

game during Marine Isotope Stage 4 (Abri du Maras, France). Quaternary Science Review 82, pp.23-40.  

 

Hardy, B.L., Moncel, M.-H., Kerfant, C., Lebon, M., Bellot-Gurlet, L. and Melard, N. 2020. Direct evidence 

of Neanderthal fibre technology and its cognitive and behavioural implications. Nature Scientific Reports 

10(4889), pp.1-9.  

Hardy, K., Buckley, S., Collins, M.J., Estalrrich, A., Brothwell, D., Copeland, L., Garcia-Tabernero, A., Garcia-

Vargas, S., de la Rasilla, M., Lalueza-Fox, C., Huguet, R., Bastir, M., Santamaria, D., madella, M., Wilson, J., 

Cortes, A.F. and Rosas, A. 2012. Neanderthal medics? Evidence for food, cooking, and medicinal plants 

entrapped in dental calculus. Naturwissenschaften 99, pp.617-626.  

Harmand, S., Lewis, J.E., Feibel, C.S., Lepre, C.J., Prat, S., Lenoble, A., Boes, X., Quinn, R.L., Brenet, M., 

Arroyo, A., Taylor, N., Clement, S., Daver, G., Brugal, J.-P., Leakey, L., Mortlock, R.A., Wright, J.D., Lokorodi, 

S., Kirwa, C., Kent, D.V. and Roche, H. 2015. 3.3-million-year-old stone tools from Lomekwi 3, West 

Turkana, Kenya. Nature 521, pp.310-315.  

Harrison, F.E. and May, J.M. 2009. Vitamin C function in the brain: vital role of the ascorbate transporter 

SVCT2. Free Radical Biology and Medicine 46, 719–730. 

Harvati, K., Panagopoulou, E. and Karkanas, P. 2003. First Neanderthal Remains from Greece: The 

evidence from Lakonia. Journal of Human Evolution 45, pp.465-473.  

Hauck, T.C. 2010. The Mousterian sequence of Hummal (Syria). PhD Thesis, Universitat Basel.  

Hayden, B. 1979. The Ho Ho classification and nomenclature committee report. In B. Hayden, ed, Lithic 

Use-Wear Analysis. New York: Academic Press, pp.133-136. 

Hedrick, U.P. 1972. Sturtevant’s Edible Plants of the World. New York: Dover Publications. 

Hein, M., Weiss, M., Otcherednoy, A. and Lauer, T. 2020. Luminescence chronology of the key-Middle 

Palaeolithic site Khotylevo I (Western Russia) – Implications for the timing of occupation, site formation 

and landscape evolution. Quaternary Science Advances 2, pp.1-18.  

Heiss, A.G. and Oeggl, K. 2008. Analysis of the fuel wood used in Late Bronze Age and Early Iron Age 

copper mining sites of the Schwaz and Brixlegg area (Tyrol, Austria). Vegetation History and 

Archaeobotany 17, pp.211-221.  

Henry, A.G. 2017. Neanderthal Cooking and the Costs of Fire. Current Anthropology 58(16), pp.329-336.  

Henry, A.G., Brooks, A.S. and Piperno, D.R. 2011. Microfossils in calculus demonstrate consumption of 

plants and cooked foods in Neanderthal diets (Shanidar III, Iraq; Spy I and II, Belgium). PNAS USA 108, 

pp.486-491. 

Henry, A.G., Brooks, A.S. and Piperno, D.R. 2014. Plant foods and the dietary ecology of Neanderthals 

and early modern humans. Journal of Human Evolution pp.1-11.  

Henry, A.G., Coli, V.L., Valdeyron, N. and Thery-Parisot, I. 2020. Old taphonomy issues, new charcoal data 

for Mesolithic contexts: Impact of fragment size and sampling context on the assemblages of Escabasses 

cave (SW France). Journal of Archaeological Science: Reports 30, pp.1-10.  

Henry, A.G. and Thery-Parisot, I. 2014. From Evenk campfires to prehistoric hearths: charcoal analysis as 

a tool for identifying the use of rotten wood as fuel. Journal of Archaeological Science 52, pp.321-336.  



445 
 

Henry, A.G., Zavadskaya, E., Alix, C., Kurovskaya, E. and Beyries, S. 2018. Ethnoarchaeology of fuel use in 

northern forests: towards a better characterization of prehistoric fire-related activities. Journal of 

Archaeological, Ethnographic and Experimental Studies 10(2), pp.99-120.  

Henry, D.O. 2017. The Middle Palaeolithic of Southern Jordan. In Y. Enzel and O. Bar-Yosef, eds, 

Quaternary of the Levant. Cambridge: Cambridge University Press, pp.585-591. 

Henry, D.O., Belmaker, M. and Bergin, S.M. 2017. The effect of terrain on Neanderthal ecology in the 

Levant. Quaternary International 435, pp.94-105.  

Henry, D.O., Hall, S.A., Hietala, H.J., Demidenko, Y.E., Usik, V.I., Rosen, A.M. and Thomas, P.A. 1996. 

Middle Palaeolithic behavioural organization: 1993 excavation of Tor Faraj, southern Jordan. Journal of 

Field Archaeology 23, pp.31-53.  

Hernandez, M., Mercier, N., Rigaud, J.P., Texier, J.P. and Delpech, F. 2014. A revised chronology for the 

Grotte Vaufrey (Dordogne, France) based on TT-OSL dating of sedimentary quartz. Journal of Human 

Evolution 75, pp.53-63.  

Herries, A.I.R. and Fisher, E.C. 2010. Multidimensional GIS modelling of magnetic mineralogy as a proxy 

for fire use and spatial patterning: Evidence from the Middle Stone Age bearing sea cave of Pinnacle 

Point 13B (Western Cape, South Africa). Journal of Human Evolution 59(3), pp.306-320.  

Herrmann, N.P. and Bennett, J.L. 1999. The differentiation of traumatic and heat related fractures in 

burned bone. Journal of Forensic Science 44(3), pp.461-469.  

Hess, T. and Riede, F. 2022. The Occurrence of Lithic Raw Materials in the Western Part of Central 

Germany. Open Quaternary 8(1), pp.1-16.  

Hicks, H. 1867. Discovery of a Hyaena-den, near Laugharne, Carmarthenshire. Geological Magazine 4, 

pp.307-309. 

Hirniak, J.N., Smith, E.I., Johnsen, R., Ren, M., Hodgkins, J., Orr, C., Negrino, F., Riel-Salvatore, J., Fitch, S., 

Miller, C.E., Zerboni, A., Mariani, G.S., Harris, J.A., Gravel-Miguel, C., Strait, D., Peresani, M., Benazzi, S. 

and Marean, C.W. 2020. Discovery of cryptotephra at Middle-Upper Palaeolithic sites Arma Veirana and 

Riparo Bombrini, Italy: a new link for broader geographic correlations. Journal of Quaternary Science 

35(1), pp.199-212.  

Hlubik, S. 2013. GIS Spatial Analysis of FxJj20 AB, Koobi Fora, Kenya, with Implications on Modern 

Behaviour and Fire Control. Masters Thesis, State University of New Jersey.  

Hlubik, S., Berna, F., Feibel, C., Braun, D. and Harris, J.W.K. 2017. Researching the Nature of Fire at 1.5 

Mya on the Site of FxJj20 AB, Koobi For a, Kenya, Using High-Resolution Spatial Analysis and FTIR 

Spectrometry. Current Anthropology 58(16), https://doi.org/10.1086/692530.  

Hoare, S. 2020. Assessing the Function of Palaeolithic Hearths: Experiments on Intensity of Luminosity 

and Radiative Heat Outputs from Different Fuel Sources. Journal of Palaeolithic Archaeology 3, pp.537-

565.  

Hoffecker, J.F. 2018. The complexity of Neanderthal technology. PNAS 115(9), pp.1959-1961.  

 

Hoffecker, J.F., Baryshnikov, G. and Potapova, O. 1991. Vertebrate remains from the Mousterian site of 

Il’skaja I (Northern Caucasus USSR): New analysis and interpretation. Journal of Archaeological Science 

18, pp.113-147.  

Hofmann, T., Retfalvi, T., Unger, W., Krackler, V., Wetzig, M. and Niemz, P. 2012. Relations between 

selected chemical properties and wood durability as well as mechanical features of thermally modified 

https://doi.org/10.1086/692530


446 
 

wood. Hardwood Science and Technology, The 5th Conference on Hardwood Research and Utilisation in 

Europe, pp.7-16. 

Hole, F. and Flannery, K.V. 1967. The prehistory of Southwestern Iran: a preliminary report. Proceedings 

of the Prehistoric Society 22, pp.147-206.  

Holt, B.M., Negrino, F., Riel-Salvatore, J., Formicola, V., Arellano, A., Arobba, D., Boschian, G., Churchill, 

S.E., Cristiani, E., Di Canzio, E. and Vicino, G. 2019. The Middle-Upper Palaeolithic transition in Northwest 

Italy: new evidence from Riparo Bombrini (Balzi Rossi, Liguria, Italy). Quaternary International 508, 

pp.142-152.  

Holyoke, K.R., Blair, S.E. and Shaw, C.S.J. 2020. Aesthetics or function in heat-treating? The influence of 

colour preference in lithic preparation on the Maritime Peninsula, Eastern Canada. Journal of 

Anthropological Archaeology 60, 101229.  

Hood, V.P. and McCollough, C.R. 1976. The effects of heat treatment on significant silica minerals of the 

Middle Tennessee region. In C.R. McCollough and C.H. Faulkner, eds, Third Report of the Normandy 

Reservoir Salvage Project. Report of Investigations 16. University of Tennessee: Department of 

Anthropology, pp.195-215.  

Hora, M., Pontzer, H., Wall-Scheffler, C.M. and Sladek, V. 2020. Dehydration and persistence hunting in 

Homo erectus. Journal of Human Evolution 138, 102682.  

Horwitz, L.K. and Goldberg, P. 1989. A Study of Pleistocene and Holocene Hyaena Coprolites. Journal of 

Archaeological Science 16, pp.71-94. 

Hovers, E. 2004. Cultural ecology at the Neandertal site of Amud cave, Israel. In A.P. Derevianko and T.I. 

Nokhrina, eds, Arkheologiya I Paleoekologiya Evrasii [Archaeology and Paleoecology of Eurasia]. Papers 

in Honor of Vadim Ranov. Novosibirsk: Institute of Archaeology and Ethnology, SB RAS Press, pp.218-231.  

Hovers, E. and Belfer-Cohen, A. 2006. "Now You See It, Now You Don't" - Modern Human Behaviour in 

the Middle Palaeolithic. In E. Hovers and S. Kuhn, Eds., Transitions Before The Transition: Evolution and 

Stability in the Middle Palaeolithic and Middle Stone Age. Springer, pp.295-304.  

Hovers, E., Ekshtain, R., Greenbaum, N., Malinsky-Buller, A., Nir, N. and Yeshurun, R. 2014. Islands in a 

stream? Reconstructing site formation processes in the late Middle Palaeolithic site of ‘Ein Qashish, 

northern Israel. Quaternary International 331, pp.216–233.  

Hovers, E., Ilani, S., Bar-Yosef, O. and Vandermeersch, B. 2003. An early case of colour symbolism: ochre 

use by early modern humans in Qafzeh Cave, Israel. Current Anthropology 44, pp.491-522.  

Hovers, E., Vandermeersch, B. and Bar-Yosef, O. 1997. A Middle Palaeolithic engraved artefact from 

Qafzeh Cave, Israel. Rock Art Research 14(2), pp.79-87. 

Hu, W., Feng, Z., Yang, J., Gao, Q., Ni, L., Hou, Y., He, Y. and Liu, Z. 2021. Combustion behaviours of 

moulded bamboo charcoal: Influence of pyrolysis temperatures. Energy 226, 120253.  

Hubau, W., Van den Bulcke, J., Bostoen, K., Clist, B.O., Smith, A.L., Defoirdt, N., Mees, F., Nsenga, L., Van 

Acker, J. and Beeckman, H. 2013. Archaeological charcoals as archives for firewood preferences and 

vegetation composition during the late Holocene in the southern Maymbe, Democratic Republic of the 

Congo (DRC). Vegetation History and Archaeobotany 23, pp.591-606.  

Hublin, J.-J., Barroso Ruiz, C., Medina Lara, P., Fontugne, M. and Reyss, J.-J. 1995. The Mousterian site of 

Zafarraya (Andalucia, Spain): Dating and implications on the Palaeolithic peopling processes of western 

Europe. Comptes Rendues de l’Academie des Sciences de Paris 2(321), pp.931-937. 



447 
 

Hudspith, V.A., Hadden, R.M., Bartlett, A.I. and Belcher, C.M. 2018. Does Fuel Type influence the Amount 

of Charcoal produced in Wildfires? Implications for the Fossil Record. Paleontology 61(2), pp.159-171.  

Huebert, J.M. and Allen, M.S. 2016. Six centuries of anthropogenic forest change on a Polynesian high 

island: archaeological charcoal records from the Marquesas Islands. Quaternary Science Reviews 137, 

pp.79-96.  

Huebert, J.M., Allen, M.S. and Wallace, R.T. 2010. Polynesian Earth Ovens and their Fuels: Wood Charcoal 

Remains from Anaho Valley, Nuku Hiva, Marquesas Islands. The Journal of the Polynesian Society 119(1), 

pp.61-97.  

Hughes, M.K. 1971. Seasonal calorific values from a deciduous woodland in England. Ecology 52, pp.923-

926. 

Hugi, E., Wuersch, M., Risi, W. and Wakili, K.G. 2007. Correlation between charring rate and oxygen 

permeability for 12 different wood species. Journal of Wood Science 53, pp.71-75.  

Huisman, D.J., Braadbaart, F., van Wijk, I.M. and van Os, B.H.J. 2012. Ashes to ashes, charcoal to dust: 

micromorphological evidence for ash-induced disintegration of charcoal in Early Neolithic LBK soil 

features in Elsloo (The Netherlands). Journal of Archaeological Science 394, pp.994-1004.  

Hunt, C.O., Pomeroy, E., Reynolds, T., Tilby, E. and Barker, G. 2023. Shanidar et ses fleurs? Reflections on 

the palynology of the Neanderthal ‘Flower Burial’ hypothesis. Journal of Archaeological Science, In Press: 

105822. 

Hunyadi, L. 1962. Az érdparkvárosi gerinces ősmaradvány-lelőhely. Földtani Közlöny 92 (4), pp.460–463. 

Hurst, S., Cunningham, D. and Johnson, E. 2015. Experiments in Late Archaic methods of heat-treating 

Ogallala Formation quartzarenite clasts along the Southern High Plains eastern escarpment of Texas. 

Journal of Archaeological Science 3, pp.207-215.  

Hurst, S., Cunningham, D. and Johnson, E. 2015. Experiments in Late Archaic methods of heat-treating 

Ogallala Formation quartzarenitew clasts along the Southern High Plains eastern escarpment of Texas. 

Journal of Archaeological Science: Reports 3, pp.207-215.  

Ilarioni, L., Nasini, L., Brunori, A. and Proietti, P. 2013. Experimental measurement of the biomass of Olea 

europaea L. African Journal of Biotechnology 12(11), pp.1216-1222.  

Isaac, G.L. 1977. Olorgesailie: Archaeological studies of a Middle Pleistocene lake basin in Kenya. 

Chicago: University Press. 

Jaakkola, T., Makinen, H. and Saranpaa, P. 2005. Wood density in Norway spruce: changes with thinning 

intensity and tree age. Canadian Journal of Forest Research 35(7), pp.1767-1778. 

Jacobs, O.S. and Biggs, R. 2002. The impact of the African elephant on marula trees in the Kruger 

National Park. South African Journal of Wildlife Research 32(1), pp.13-22.  

Jain, R.K. 1992. Fuelwood Characteristics of Certain Hardwood and Softwood Tree Species of India. 

Bioresource Technology 41(2), pp.129-133. 

Jain, R.K. and Singh, B. 1999. Fuelwood Characteristics of Selected Indigenous Tree Species from Central 

India. Bioresource Technology 68(3), pp.305-308. 

Jakobitsch, T., Wiesinger, S., Heiss, A.G., Faltner, F., Oeggl, K., Grabner, M. and Trebsche, P. 2022. Wood 

use and forest management at the Late Bronze Age copper mining site of Prigglitz-Gasteil in the Eastern 

Alps – A combined anthracological, archaeological and palynological approach. Journal of Archaeological 

Science: Reports 46, 103673.  



448 
 

Jambrina-Enriquez, M., Herrera-Herrera, A.V., de Vera, C.R., Leierer, L., Connolly, R. and Mallol, C. 2019. 

N-Alkyl nitriles and compound-specific carbon isotope analysis of lipid combustion residues from 

Neanderthal and experimental hearths: Identifying sources of organic compounds and combustion 

temperatures. Quaternary Science Reviews 222. 

James, S.R. 1989. Hominid use of fire in the Lower and Middle Pleistocene: a review of the evidence. 

Current Anthropology 30, pp.1-26.  

Jansen, D. and Nelle, O. 2014. The Neolithic woodland – archaeoanthracology of six Funnel Beaker sites 

in the lowlands of Germany. Journal of Archaeological Science 51, pp.154-163.  

Jardine, P.E., Fraser, W.T., Lomax, B.H. and Gosling, W.D. 2015. The impact of oxidation on spore and 

pollen chemistry. Journal of Micropalaeontology 34, pp.139-149.  

Jardine, P.E., Hoorn, C., Beer, M.A.M., Barbolini, N., Woutersen, A., Bogota-Angel, G., Gosling, W.D., 

Fraser, W.T., Lomas, B.H., Huang, H., Sciumbata, M., He, H. and Dupont-Nivet, G. 2021. Sporopollenin 

Chemistry and its Durability in the Geological Record: An Integration of Extant and Fossil Chemical Data 

across the Seed Plants. Palaeontology 64(2), pp.285-305.  

Jaubert, J., Lorblanchet, M. Laville, H., Slott-Moller, R., Turq, A. and Brugal, J.-P. 1990. Les chasseurs 

d’aurochs de La Borde. Paris: Editions de la Maison des Sciences de L’Homme. 

Jaubert, J., Verheyden, S., Genty, D., Soulier, M., Cheng, H., Blamart, D., Burlet, C., Camus, H., Delaby, S., 

Deldicque, D., Edwards, R.L., Ferrier, C., Lacrampe-Cuyaubere, F., Leveque, F., Maksud, F., Mora, P., Muth, 

X., Regnier, E., Rouzaud, J.-N. and Santos, F. 2016. Early Neanderthal constructions deep in Bruniquel 

Cave in southwestern France. Nature 534(7605), pp.1-13.  

Jennings, R.P., Giles, F., Barton, R.N.E., Collcutt, S.N., Gale, R., Gleed-Owen, C.P., Gutierrez-Lopez, J.M., 

Higham, T.F.G., Parker, A., Price, C., Rhodes, E., Santiago-Perez, A., Schwenninger, J.L. and Turner, E. 2009. 

New dates and palaeoenvironmental evidence for the Middle to Upper Palaeolithic occupation of 

Higueral de la Valleja Cave, southern Spain. Quaternary Science Reviews 9, pp.830-839.  

Jequier, C.A., Peresani, M., Romandini, M., Delpiano, D., Joannes-Boyau, R., Limbo, G., Livraghi, A., Lopez-

Garcia, J.M., Obradovic, M. and Nicosia, C. 2015. The de Nadale cave, a single layered Quina Mousterian 

site in the North Italy. Quartar 62, pp.7-21.  

Jew, N.P. and Erlandson, J.M. 2013. Paleocoastal Flaked Stone Heat Treatment Practices on Alta 

California’s Northern Channel Islands. California Archaeology 5, pp.79-104.  

Jiminez-Escobar, N.D. and Martinez, G.J. 2018. Firewood knowledge, use and selection by rural 

populations in the Dry Chaco of Sierra de Ancasti, Catamarca, Argentina. Ethnobiology and Conservation 

8(3), pp.1-19.  

Johnson, J.K. 1979. Archaic biface manufacture: production failures, a chronicle of the misbegotten. 

Lithic Technology 8(2), pp.25-35. 

Johnston, E. 1989. Human modified bones from early Southern Plains sites. In R. Bonnichsen and M.H. 

Sorg, eds, Bone Modification. Orono: Centre for the Study of the First Americans, Institute for 

Quaternary Studies, University of Maine, pp.431-471.  

Joly, D., Santoro, C.M., Gayo, E.M., Ugalde, P.C., March, R.J., Carmona, R., Marguerie, D. and Latorre, C. 

2017. Late Pleistocene Fuel Management and Human Colonization of the Atacama Desert, Northern 

Chile. Latin American Antiquity DOI: 10.1017/laq.2016.8.  



449 
 

Jones, A. 2006. Iqaluich Niġiñaqtuat, Fish That We Eat. Final Report No. FIS02-023. U.S. Fish and Wildlife 

Service, Office of Subsistence Management, Fisheries Resource Monitoring Program, Anchorage. 

Jones, K., Gilvear, D., Willby, N. and Gaywood, M. 2007. Willow (Salix spp.) and aspen (Populus tremula) 

regrowth after felling by the Eurasian beaver (Castor fiber): implications for riparian woodland 

conservation in Scotland. Aquatic Conservation: Marine and Freshwater Ecosystems 7, pp.1-15.  

Jorda, C., Chabal, L. and Banchemanche, P. 2008. Lattara entre terres et eaux: paleogeographie et 

paleoboisements autour du port protohistorique de Lattes (Herault). Gallia 65, CNRS editions, Paris, 

pp.11-21.  

Joyce, D.J. 1985. Heat Treatment of Alibates Chalcedony. Lithic Technology 14(1), pp.36-40. 

Jude, F., Marguerie, D., Badalyan, R., Smith, A.T. and Delwaide, A. 2016. Wood resource management 

based on charcoals from the Bronze Age site of Gegharot (central Armenia). Quaternary International 

395, pp.31-44.  

Kabukcu, C. 2015. Prehistoric vegetation change and woodland management in central Anatolia: late 

Pleistocene-mid Holocene anthracological remains from the Konya Plain. PhD Thesis, University of 

Liverpool.  

Kabukcu, C., Asouti, E. and Losh, J. 2021. Woodland vegetation, fuelwood and timber use at Çatalhöyük: 

the anthracological remains from the 1996 to 2017 excavations. In I. Hodder, ed, Peopling the landscape 

of Çatalhöyük: reports from the 2009-2017 seasons, pp.73-89.  

Kabukcu, C. and Chabal, L. 2020. Sampling and quantitative analysis methods in anthracology from 

archaeological contexts: Achievements and prospects. Quaternary International 593, pp.6-18.  

Kabukcu, C., Hunt, C., Hill, E., Pomeroy, E., Reynolds, T., Barker, G. and Asouti, E. 2023. Cooking in caves: 

Palaeolithic carbonised plant food remains from Franchthi and Shanidar. Antiquity 97(391), pp.12-28. 

Kaiser, K., Opgenoorth, L., Schoch, W.H. and Miehe, G. 2009. Charcoal and fossil wood from palaeosols, 

sediments and artificial structures indicating Late Holocene woodland decline in southern Tibet (China). 

Quaternary Science Reviews 28, pp.1539-1554.  

Karkanas, P. 2001. Site formation processes in Theopetra Cave: a record of climatic change during the 

Late Pleistocene and early Holocene in site formation processes in Theopetra Cave. Geoarchaeology: an 

International Journal 16(4), pp.373-399.  

Karkanas, P. and Kyparissi-Apostolika, N. 2024. Revisiting Palaeolithic combustion features of Theopetra 

Cave: A diachronic use of dung and peat as fuel. Journal of Archaeological Science 165, 105958.  

Karkanas, P., Kyparissi-Apostolika, N., Bar-Yosef, O. and Weiner, S. 1999. Mineral assemblages in 

Theopetra, Greece: a framework for understanding diagenesis in a prehistoric cave. Journal of 

Archaeological Science 26, pp.1171-1180.  

Karkanas, P., Marean, C., Bar-Matthews, M., Jacobs, Z., Fisher, E. and Braun, K. 2021. Cave life histories of 

non-anthropogenic sediments help us understand associated archaeological contexts. Quaternary 

Research 99, pp.270-289.  

Karkanas, P., Rigaud, J.-P., Simek, J.F., Albert, R.M. and Weiner, S. 2002. Ash bones and guano: a study of 

the minerals and phytoliths in the sediments of Grotte XVI, Dordogne, France. Journal of Archaeological 

Science 29, pp.721-732.  

Karr, L.P. 2012. The Analysis and Interpretation of Fragmented Mammoth Bone Assemblages: 

Experiments in Bone Fracture with Archaeological Applications. PhD Thesis, University of Exeter.  



450 
 

Kataki, R. and Konwer, D. 2001. Fuelwood characteristics of some indigenous woody species of north-

east India. Biomass Bioenergy 20, pp.17-23.  

Kebede, B. and Soromessa, T. 2018. Allometrix equations for aboveground biomass estimation of Olea 

europaea L. subsp. cuspidate in Mana Angetu Forest. Ecosystem Health and Sustainability 4(1), pp.1-12. 

Kedar, Y. and Barkai, R. 2019. The Signicance of Air Circulation and Hearth Location at Palaeolithic Cave 

Sites. Open Quaternary 5(4), https://doi.org/10.5334/oq.52.  

Kedar, Y., Kedar, G. and Barkai, R. 2020. Setting fire in a Palaeolithic Cave: The influence of cave 

dimensions on smoke dispersal. Journal of Archaeological Science: Reports 29, 102112.  

Kefa, C.A., Gregory, A., Espira, A. and Lung, M. 2018. Does Wood Fuel Gathering for Household Use 

Follow and Optimality Model? A Study from Kakamega Forest, Western Kenya. Human Ecology 46, 

pp.473-484.  

Kegode, H.J.S., Oduol, J., Wario, A.R., Muriuki, J., Mpanda, M. and Mowo, J. 2017. Households’ Choices 

of Fuelwood Sources: Implications for Agroforestry Interventions in the Southern Highlands of Tanzania. 

Small-Scale Forestry 16, pp.535-551.  

Kehl, M., Alvarez-Alonso, D., de Andres-Herrero, M., Diez-Herrero, A., Klasen, N., Rethemeyer, J. and 

Weniger, G.-C. 2018. The rock shelter Abrigo del Molino (Segovia, Spain) and the timing of the late 

Middle Palaeolithic in Central Iberia. Quaternary Research 90(1), pp.1-21.  

Kehl, M., Burow, C., Hilgers, A., Navazo, M., Pastoors, A., Weniger, G.C., Wood, R. and Jorda, J.F. 2013. 

Late Neanderthals at Jarama VI (central Iberia)? Quaternary Research 80(2), pp.218-234.  

Kehl, M., Eckmeier, E., Franz, S.O., Lehmkuhl, F., Soler, J., Soler, N., Reicherter, K. and Weniger, G.C. 2014. 

Sediment sequence and site formation processes at the Arbreda Cave, NE Iberian Peninsula, and 

implications on human occupation and climate change during the Last Glacial. Climate of the Past 10, 

pp.1673-1692.  

Kersten, A.M.P. 1991. Birds from the Palaeolithic rock shelter of Ksar ‘Akil, Lebanon. Paleorient 17(2), 

pp.99-116.  

Keskin, H., Erturk, N.S., Colakoglu, M.H. and Korkut, S. 2013. Mechanical properties of Rowan wood 

impregnated with various chemical materials. International Journal of Physical Sciences 8(2), pp.73-82.  

Keunecke, D., Eder, M., Burgert, I. and Niemz, P. 2008. Micromechanical properties of common yew 

(Taxus baccata) and Norway spruce (Picea abies) transition wood fibers subjected to longitudinal 

tension. Journal of Wood Science 54, pp.420-422. 

Keunecke, D., Evans, R. and Niemz, P. 2009. Microstructural Properties of Common Yew and Norway 

Spruce determined with Silviscan. IAWA Journal 30(2), pp.165-178. 

Keunecke, D., Marki, C. and Niemz, P. 2007. Structural and Mechanical Properties of Yew Wood. Wood 

Research 52(2), pp.23-38. 

Keunecke, D. and Niemz, P. 2008. Axial Stiffness and Selected Structural Properties of Yew and Spruce 

Microtensile Specimens. Wood Research 53(1), pp.1-14. 

Key, A., Pargeter, J. and Schmidt, P. 2021. Heat Treatment Significantly Increases Sharpness of Silcrete 

Stone Tools. Archaeometry 63(3), pp.447-466.  

Khan, J.A. and Siddiqui, K.M. 1984. Density and Strength Properties of Tamarix aphylla Wood in Air Dry 

Condition. The Pakistan Journal of Forestry, pp.36-39. 

https://doi.org/10.5334/oq.52


451 
 

Kiaei, M. 2012. Effect of site and elevation on wood density and shrinkage and their relationships in 

Carpinus betulus. Forestry Studies in China 14(3), pp.229-234.  

Kiaei, M. 2013. Effect of Cultivation Methods on Wood Static Bending Properties in Alnus Glutinosa. 

Drvna Industrija 64(4), pp.265-271.  

Kiaei, M., Bakhshi, R., Saffari, M. and Golkari, S. 2015. The Within-tree Variation in Wood Density and 

Mechanical Properties and Their Relationship in Juniperus polycarpos. Journal of Forest and 

Environmental Science 31(4), pp.267-271.  

Kiers, L. 2018. Differential etching after lithic heat treatment: First results of an experimental study. 

Journal of Lithic Studies 5(1), https://doi.org/10.2218/jls.1456.  

King, F. and Dotte-Sarout, E. 2019. Wood charcoal analysis in tropical rainforest: a pilot study identifying 

firewood used at toxic nut processing sites in northeast Queensland, Australia. Vegetation History and 

Archaeobotany 28, pp.163-185.  

Knapp, H., Nelle, O. and Kirleis, W. 2015. Charcoal usage in medieval and modern times in the Harz 

Mountains Area, Central Germany: Wood selection and fast overexploitation of the woodlands. 

Quaternary International 366, pp.51-69.  

Knapp, H., Robin, V., Kirleis, W. and Nelle, O. 2013. Woodland history in the upper Harz Mountains 

revealed by kiln site, soil sediment and peat charcoal analyses. Quaternary International 289, pp.88-100.  

Kochiyama, T., Ogihara, N., Tanabe, H.C., Kondo, O., Amano, H., Hasegawa, K., Suzuki, H., Ponce de Leon, 

M.S., Zollikofer, C.P.E., Bastir, M., Stringer, C., Sadato, N. and Akazawa, T. 2018. Reconstructing the 

Neanderthal brain using computational anatomy. Nature Scientific Reports 8(629), pp.1-9.  

Koebnick, C., Strassner, C., Hoffmann, I. and Leitzmann, C. 1999. Consequences of a longterm raw food 

diet on body weight and menstruation: results of a questionnaire survey. Annals of Nutrition and 

Metabolism 43, pp.69-79.  

Kolb, M.J. and Murakami, G.M. 1994. Cultural dynamics and the ritual role of firewoods in pre-contact 

Hawai’i. Asian Perspectives 33, pp.57-78.  

Koller, J., Baumer, U. and Mania, D. 2001. High-tech in the Middle Palaeolithic: Neanderthal-

manufactured pitch identified. European Journal of Archaeology 4, pp.385–397. 

Kolosov, Y.G. 1973. Palaeoanthropological finds neaby the Aл-Kaya rock. Voprosy antropologii 44, pp.162-

166. 

Kolosov, Y.G. 1986. Akkajskaya Musterskaya Kultura. Kiev: Naukova Dumka.  

Koon, H.E.C. 2006. Detecting cooked bone in the archaeological record: a study of the thermal stability 

and deterioration of bone collagen. PhD Thesis, University of York.  

Koon, H.E.C., Nicholson, R.A. and Collins, M.J. 2003. A practical approach to the identification of low 

temperature heated bone using TEM. Journal of Archaeological Science 30, pp.1393-1399.  

Koon, H.E.C., O’Connor, T.P. and Collins, M.J. 2010. Sorting the butchered from the boiled. Journal of 

Archaeological Science 37(1), pp.62-69.  

Korkut, S. and Budakci, M. 2010. The effects of high-temperature heat-treatment on physical properties 

and surface roughness of Rowan (Sorbus aucuparia L.) wood. Wood Research 55(1), pp.67-78. 

Korkut, S., Guller, B., Aytin, A. and Kok, M.S. 2009. Turkey’s Native Wood Species: Physical and 

Mechanical Characterisation and Surface Roughness of Rowan (Sorbus aucuparia L.). Wood Research 

54(2), pp.19-30.  

https://doi.org/10.2218/jls.1456


452 
 

Korkut, S. and Hiziroglu, S. 2009. Effect of heat treatment on mechanical properties of hazelnut wood 

(Corylus colurna L.). Materials and Design 30, pp.1853-1858. 

Korkut, S., Kok, M.S., Korkut, D.S. and Gurleyen, T. 2008. The effects of heat treatment on technological 

properties in Red-bud maple (Acer trautvetteri Medw.) wood. Bioresource Technology 99, pp.1538-1543. 

Korkut, S. and Kudakci, M. 2009. Effect of High-Temperature Treatment on the Mechanical Properties of 

Rowan (Sorbus aucuparia L.) Wood. Drying Technology 27, pp.1240-1247. 

Kovacik, P. and Cummings, L.S. 2018. Reconstruction of woodland vegetation and firewood exploitation 

in Nine Mile Canyon, Utah, based on charcoal and pollen analysis. Quaternary International 463, pp.312-

326.  

Kozowyk, P.R.B., Fajardo, S. and Langejans, G.H.J. 2022. The use of fire is a synchronization event in 

Palaeolithic tar production techniques. ESHE 2022 Conference Poster Presentation Number 34, Session 1, 

p.515.  

Kozowyk, P.R.B., Fajardo, S. and Langejans, G.H.J. 2023. Scaling Palaeolithic tar production processes 

exponentially increases behavioural complexity. Scientific Reports 13, 14709.  

Kozowyk, P.R.B., Soressi, M., Pomstra, D. and Langejans, G.H.J. 2017. Experimental methods for the 

Palaeolithic dry distillation of birch bark: implications for the origin and development of Neanderthal 

adhesive technology. Science Reports 7, pp.1-9. 

Krajcarz, M.T., Krajcarz, M., Ginter, B., Goslar, T. and Wojtal, P. 2018. Towards a Chronology of the 

Jerzmanowician – a New Series of Radiocarbon dates from Nietoperzowa Cave (Poland). Archaeometry 

60(2), pp.383-401. 

Kretschmann, D.E. and Green, D.W. 1999. Mechanical Grading of Oak Timbers. Journal of Materials in 

Civil Engineering 11(2), pp.91-97.  

Krueger, K.L., Ungar, P.S., Guatelli-Steinberg, D., Hublin, J.-J., Perez-Perez, A., Trinkaus, E. and Willman, 

J.C. 2017. Anterior dental microwear textures show habitat-driven variability in Neanderthal behaviour. 

Journal of Human Evolution 105, pp.13-23.  

Kuijper, W.J. 2014. Investigation of inorganic, botanical and zoological remains of an exposure of last 

interglacial (Eemian) sediments at Neumark-Nord 2 (Germany). In S. Gaudzinski-Windheuser and W. 

Roebroeks, eds, Multidisciplinary studies of the Middle Palaeolithic record from Neumark-Nord 

(Germany). Halle, Saale: Landeamt fur Denkmalplege und Archaologie Sachsen-Anhalt – Landesmuseum 

fur Vortgeschichte, pp.79-95.  

Kunkel, G. 1984. Plants for Human Consumption. Oberreifenberg: Koeltz Scientific Books. 

Kurosaki, F., Ishimaru, K., Hata, T., Bronsveld, P., Kobayashi, E. and Imamura, Y. 2003. Microstructure of 

wood charcoal prepared by flash heating. Carbon 41, pp.3057-3062.  

Kurth, V.J. 2004. Charcoal in ponderosa pine ecosystems of western Montana: decomposition, 

mineralization, and quantification. Masters Thesis, The University of Montana.  

Kwon, S.-M., Jang, J.-H. and Kim, N.-H. 2014. Dimensional Change of Carbonized Woods at Low 

Temperatures. Journal of Forest and Environmental Science 30(2), pp.226-232.  

Kyparissi-Apostolika, N. 1990. Prehistoric inhabitation in Theopetra cave, Thessaly. In K. Gallis, L. 

Darmezin, J.C. Decourt, L. Deriziotis, A. Doulgeri-Intzessiloglou, B. Helly, V. Vongraeve, H. Intzessiloglou, 

Z. Loucas, P. Pantos, M. Di Salvatore, A. Tzafalias and C. Walters, Eds, Actes du Colloque International: 



453 
 

Quinze Années de Recherches Archéologiques, 1975–1990. Bilans et Perspectives. Lyon. 17–22 Avril 1990, 

pp.103–108. 

Lacaille, A.D. 1947. Chatelperron: a New Survey of its Palaeolithic Industry. Archaeologia 92.  

Lalueza-Fox, C., Gigli, E., de la Rasilla, M., Fortea, J. and Rosas, A. 2009. Bitter taste perception in 

Neanderthals through the analysis of the TAS2R38 gene. Biology Letters 5, pp.809-811. 

Lalueza-Fox, C. and Perez-Perez, A. 1993. The diet of the Neanderthal child Gibraltar 2 (Devil’s Tower) 

through the study of the vestibular striation pattern. Journal of Human Evolution 24, pp.29-41.  

Lancelotti, C., Madella, M., Ajithprasad, P. and Petrie, C.A. 2010. Temperature, compression and 

fragmentation: an experimental analysis to assess the impact of taphonomic processes on charcoal 

preservation. Archaeological and Anthropological Sciences 2, pp.307-320.  

Lanczont, M., Madeyska, T., Bogucki, A., Sytnyk, O., Kusiak, J., Frankowski, Z., Komar, M., Nawrocki, J. and 

Zogala, B. 2014. Stratigraphic position and natural environment of the oldest Middle Palaeolithic in 

central Podolia, Ukraine: New data from the Velykyi Glybochok site. Quaternary International 326, 

pp.191-212.  

Laroulandie, V. and d’Errico, F. 2004. Worked bones from Buran-Kaya III level C and their taphonomic 

context. In V.P. Chabai, K. Monigal and A.E. Marks, eds, The Middle Palaeolithic and Early Upper 

Palaeolithic of Eastern Crimea. Liege: ERAUL 104, pp.83-94.  

Laroulandie, V., Faivre, J.-P., Gerbe, M. and Mourre, V. 2016. Who brought the bird remains to the Middle 

Palaeolithic site of Les Fieux (Southwestern France)? Direct evidence of a complex taphonomic story. 

Quaternary International 421, pp.116-133.  

Lautidrou, J.P., Letavernier, G., Lindé, K., Etliher, B. and Ozouf, J. 1986. Porosity and frost susceptibility of 

flints and chalk: laboratory experiments, comparison of ‘glacial’ and ‘periglacial’ surface texture of flint 

materials, and field investigations. In G. de G. Sieveking and M.B. Hart, eds, The human uses of flint and 

chert: proceedings of the Fourth International Flint Symposium held at Brigton Polytechnic, 10-15 April 

1983. Cambridge: Cambridge University Press, pp.269-282.  

Laveri, C.K. 1962. Just a Simple String of Beads. Lapidary Journal 16, pp.696-702. 

Lavin, L. 1983. Heat-treatment and its effects on chert color: the results of thermal experimentation on 

some Hudson and Delaware Valley chert types. Bulletin and Journal of the Archaeology of New York State 

87, pp.1-12. 

Lawing, A.M., Blois, J.L., Maguire, K.C., Goring, S.J., Wang, Y. and McGuire, J.L. 2021. Occupancy models 

reveal regional differences in detectability and improve relative abundance estimations in fossil pollen 

assemblages. Quaternary Science Reviews 253, 106747.  

Lawrence, T.S. and Mudd, D.J. 2015. Before the fire was lit: using the effect of heat on flint to understand 

disturbed palimpsests at Lyminge, Kent, UK. Lithics 36, pp.18-40.  

Lazuen, T. 2012. European Neanderthal stone hunting weapons reveal complex behaviour long before 

the appearance of modern humans. Journal of Archaeological Science 39(7), pp.2304-2311.  

Lebamba, J., Vincens, A., Jolly, D., Ngomanda, A., Schevin, P., Maley, J and Bentaleb, I. 2009. Modern 

pollen rain in savanna and forest ecosystems of Gabon and Cameroon, Central Atlantic Africa. Review of 

Palaeobotany and Palynology 153, pp.34-45.  

Lebel, S., Trinkaus, E., Faure, M., Fernandez, P., Guerin, C., Richter, D., Mercier, N., Valladas, H. and 

Wagner, G.A. 2001. Comparative morphology and palaeobiology of Middle Pleistocene human remains 

from the Bau de l’Aubesier, Vaucluse-France. PNAS 98(20), pp.11097-11102.  



454 
 

Le Bourdonnec, F.-X., Nomade, S., Poupeau, G., Guillou, H., Tushabramishvili, N., Moncel, M.-H., 

Pleurdeau, D., Agapishvili, T., Voinchet, P., Mgeladze, A. and Lordkipanidze, D. 2012. Multiple origins of 

Bondi Cave and Ortvale Klde (NW Georgia) obsidians and human mobility in Transcaucasia during the 

Middle and Upper Palaeolithic. Journal of Archaeological Science 39, pp.1317-1330.  

Lebreton, V., Messager, E., Marquer, L. and Renault-Miskovsky, J. 2010. A neotaphonomic experiment in 

pollen oxidation and its implications for archaeopalynology. Review of Palaeobotany and Palynology 

162(1), pp.29-38.  

Leclercq, A. 1997. Wood Quality of White Willow. Biotechnologie, Agronomie, Société et Environnement 

1(1), pp.59-64. 

Leierer, L., Jambrina-Enriquez, M., Herrera-Herrera, A.V., Connolly, R., Hernandez, C.M., Galvan, B. and 

Mallol, C. 2019. Insights into the timing, intensity and natural setting of Neanderthal occupation from 

the geoarchaeological study of combustion structures: A micromorphological and biomarker 

investigation of El Salt, unit Xb, Alcoy, Spain. PLoS ONE https://doi.org/10/1371/journal.pone.0214955  

Lennox, S.J. and Bamford, M.K. 2017. Identifying Asteraceae, particularly Tarchonanthus 

parvicapitulatus, in archaeological charcoal from the Middle Stone Age. Quaternary International 457, 

pp.155-171.  

Lennox, S., Bamford, M. and Wadley, L. 2017. Middle Stone Age wood use 58000 years ago in KwaZulu-

Natal: charcoal analysis from two Sibudu occupation layers. South African Humanities 30, pp.247-286.  

Leroi-Gourhan, A. 1964. Chronologie des grottes d’Arcy-sur-Cure (Yonne). I: Climats du quaternaire 

recent. II: Industries du Paleolithique superieur. Gallia Prehistoire 7, pp.36-64.  

Lev, E., Kislev, M. and Bar-Yosef, O. 2005. Mousterian vegetal food in Kebara Cave, Mt. Carmel. Journal of 

Archaeological Science 32, pp.475-484.  

Leveque, F. and Vandermeersch, B. 1980. Decouverte de restes humains dans un horizon castelperronien 

de Saint-Cesaire (Charente-Maritime). Bulletin de la Societe Prehistorique Francaise 77(35). 

Leys, B., Carcaillet, C., Dezileau, L., Ali, A.A. and Bradshaw, R.H. 2013. A comparison of charcoal 

measurements for reconstruction of Mediterranean palaeo-fire frequency in the mountains of Corsica. 

Quaternary Research 79, pp.337-349.  

Lhomme, G. 1983. Un nouveau gisement paleolithique dans la Moyenne vallee du Rhone: l’Abri des 

Pecheurs a Casteljau (Ardeche). In Cong. Prehist. France, 21st section. Paris: Montauban-Cahors, Soc. 

Prehist. Fr. Edit, pp.182-188.  

Lhomme, V., Bemilli, C., Beyries, S., Christensen, M. and Connet, N. 1998. Interpretations et reflexions 

sur un site du Pleistocene moyen en context alluvial. In J.-P. Brugal, L. Meignen and M. Patou-Mathis, 

eds, Economie prehistorique: les comportements de subsistence au Paleolithique. Actes des XVIIIe 

Rencontres internationals d’archeologie et d’histoire d’Antibes, Octobre 1997, Editions APDCA, pp.257-

271.  

Li, H., An, C.-B., Dong, W., Wang, W., Hu, Z., Wang, S., Zhao, X. and Yang, Y. 2017. Woodland vegetation 

composition and prehistoric human fuel collection strategy at the Shannashuzha site, Gansu Province, 

northwest China, during the middle Holocene. Vegetation History and Archaeobotany 26, pp.213-221.  

Li, N.P., Bailey, J.M., Kenrick, D.T. and Linsenmeier, J.A.W. 2002. The necessities and luxuries of mate 

preferences: Testing the tradeoffs. Journal of Personality and Social Psychology 82, pp.947-955.  

Li, Y., Nielsen, A.B., Zhao, X., Shan, L., Wang, S., Wu, J. and Zhou, L. 2015. Pollen production estimates 

(PPEs) and fall speeds for major tree taxa and relevant source areas of pollen (RSAP) in Changbai 

Mountain, northeastern China. Review of Palaeobotany and Palynology 216, pp.92-100.  

https://doi.org/10/1371/journal.pone.0214955


455 
 

Lieberman, D.E., Bramble, D.M., Raichlen, D.A. and Shea, J.J. 2009. Brains, brawn, and the evolution of 

human endurance running capabilities. In F.E. Grine, J.G. Fleagle and R.E. Leakey, Eds., The First Humans: 

Origin and Early Evolution of the Genus Homo. Vertebrate Palaeobiology and Palaeoanthropology, pp.77-

92.  

Lindly, J.M. and Clark, G.A. 1987. A preliminary lithic analysis of the Mousterian site of Ain Difla (WHS 

Site 634) in the Wadi Ali (West Central Jordan). Proceedings of the Prehistoric Society 53, pp.279-292.  

Lingens, A., Windeinsen, E. and Wegener, G. 2005. Investigating the combustion behaviour of various 

wood species via their fire gases. Wood Science and Technology 39, pp.49-60.  

Lintz, C. 1989. Experimental thermal discolouration and heat conductivity studies of caliche from Eastern 

New Mexico. Geoarchaeology 4, pp.319-346.  

Liu, F., Ma, M., Li, G., Ren, L., Li, J., Peng, W., Yang, Y. and Zhang, H. 2022. Prehistoric firewood gathering 

on the northeast Tibetan plateau: environmental and cultural determinism. Vegetation History and 

Archaeobotany https://doi.org/10.1007/s00334-021-00860-z.  

Livraghi, A., Fanfarillo, G., Colle, M.D., Romandini, M. and Peresani, M. 2019. Neanderthal ecology and 

the exploitation of cervids and bovids at the onset of MIS4: a study on De Nadale cave, Italy. Quaternary 

International 586, pp.24-41.  

Lloveras, L. 2010. The application of actualistic studies to assess the taphonomic origin of Mousterian 

rabbit accumulations from Arbreda Cave (North-East Iberia). Archaeofauna 19, pp.99-119.  

Lloveras, L., Moreno-Garcia, M., Nadal, J. and Zilhao, J. 2011. Who brought in the rabbits? Taphonomic 

analysis of Mousterian and Solutrean leporid accumulations from Gruta do Caldeirao (Tomar, Portugal). 

Journal of Archaeological Science 38, pp.2434-2449.  

Locht, J.-L., Antoine ,P., Bahain, J.-J., Dwrila, G. and Raymond, P. 2003. Le gisement paléolithique moyen 

et les séquences pléistocènes de Villiers-Adam (Val-d’Oise): chronostratigraphie, environnement et 

implantations humaines. Gallia Préhistoire – Archéologie de la France préhistorique 45, pp.1-111. 

Loecker, D., Kolen, J., Roebroeks, W. and Hennekens, P. 2003. A Refitter’s Paradise: on the conjoining of 

artefacts at Maastricht-Belvedere (The Netherlands). In N. Moloney and M.J. Shott, eds, Lithic Analysis at 

the Millennium. London: Institute of Archaeology, pp.113-136.  

Lombard, M. and Hogberg, A. 2021. Four-Field Co-evolutionary Model for Human Cognition: Variation in 

the Middle Stone Age/Middle Palaeolithic. Journal of Archaeological Method and Theory 28, pp.142-177. 

Lopez-Garcia, J.M., Blain, H.-A., Burjachs, F., Ballesteros, A., Allue, E., Cuevas-Ruiz, G.E., Rivals, F., Blasco, 

R., Morales, J.I., Rodriguez Hidalgo, A., Carbonell, E., Serrat, D. and Rosell, J. 2012. A multidisciplinary 

approach to reconstructing the chronology and environment of southwestern European Neanderthals: 

the contribution of Teixoneres cave (Moia, Barcelona, Spain). Quaternary Science Review 43, pp.33-44.  

Lopez-Garcia, J.M., Cuenca-Bescos, G., Blain, H.-A., Alvarez-lao, D., Uzquiano, P., Adan, G., Arbizu, M. and 

Arsuaga, J.L. 2011a. Palaeoenvironment and palaeoclimate of the Mousterian-Aurignacian transition in 

northern Iberia: the small-vertebrate assemblage from Cueva del Conde (Santo Adriano, Asturias). 

Journal of Human Evolution 61, pp.108-116.  

Lopez-Garcia, J.M., Luzi, E. and Peresani, M. 2017. Middle to Late Pleistocene environmental and climatic 

reconstruction of the human occurrence at Grotta Maggiore di San Bernardino (Vicenza, Italy) through 

the small-mammal assemblage. Quaternary Science Reviews 168, pp.42-54.  



456 
 

Lopez-Gonzalez, F., Grandal-d’Anglade, A. and Vidal-Romani, J.R. 2006. Deciphering bone depositional 

sequences in caves through the study of manganese coatings. Journal of Archaeological Science 33, 

pp.707-717. 

Loreau, P. 1994. Du bois au charbon de bois: approche experimentale de la combustion. D.E.A. Universite 

de Montpellier II.  

Lorenzo, J.M., Maggiolino, A., Gallego, L., Pateiro, M., Perez Serrano, M., Dominguez, R., Diaz, A., 

Landete-Castillejos, T. and De Palo, P. 2019. Effect of age on nutritional properties of Iberian wild red 

deer meat. Journal of the Science of Food and Agriculture 99(4), pp.1561-1567.  

Lourdeau, A. 2011. Stability in the intermittence. A spatio-temporal approach to Mousterian behaviour 

in the Near East based on the technological analysis of lithic industries of Complex V13 at Umm et Tlel 

(Central Syria). In N.J. Conard and J. Richter, eds, Neanderthal Lifeways, Subsistence and Technology: One 

Hundred Fifty Years of Neanderthal Study, Vertebrate Palaeobiology and Palaeoanthropology. Springer, 

pp.167-186.  

Lovick, S.K. 1983. Fire-Cracked Rock as Tools: Wear Pattern Analysis. Plains Anthropologist 28, pp.41-52. 

Lozano, L.F., Pena-Rico, M.A., Jango-Cho, H., Heredia, A., Villarreal, E., Ocotlan-Flores, J., Gomez-Cortes, 

A.L., Aranda-Manteca, F.J., Orozco, E. and Bucio, L. 2002. Thermal properties of mineralized and non-

mineralized type 1 collagen in bone. Materials Research Society Symposium Proceedings 724, pp.123-

128.  

Luedtke, B.E. 1992. An Archaeologist’s Guide to Chert and Flint. Institute of Archaeology, University of 

California, Los Angeles. 

Lukyanova, I.E., Mikailova, V.A., Kantemiov, I.F. and Yakshibaev, I.N. 2019. Study of ignition of binding 

substances used in foundation tanks. IOP Conference Series: Earth and Environmental Science 378, pp.1-

7. 

Lundberg, J. and McFarlane, D.A. 2021. The impact of burning on the structure and mineral composition 

of bat guano. International Journal of Speleology 50(2), pp.189-202.  

Lupo, K.D. and Schmidt, D.N. 1997. Experiments in bone boiling: nutritional returns and archaeological 

reflections. In M. Kokabi and J. Wahl, eds, Anthropozoologia: Proceedings of the 7th ICAS Conference 

1994, Constance, Germany. Paris: L’Homme et ‘Animal, Societe de Recherche Interdisciplinaire, pp.137-

144.  

Ma, T., Tarasov, P.E., Zheng, Z., Han, A. and Huang, K. 2016. Pollen- and charcoal-based evidence for 

climatic and human impact on vegetation in the northern edge of Wuyi Mountains, China, during the last 

8200 years. The Holocene 26(10), pp.1616-1626.  

MacDonald, D.H., Adamowicz, W.L. and Luckert, M.K. 1998. Valuing Fuelwood Resources Using a Site 

Choice Model of Fuelwood Collection. Rural Economy 98(1), pp.1-23.  

Machado, J., Hernandez, C.M., Mallol, C. and Galvan, B. 2013. Lithic production, site formation and 

Middle Palaeolithic palimpsest analysis: in search of human occupation episodes at Abric del Pastor 

stratigraphic unit IV (Alicante, Spain). Journal of Archaeological Science 40, pp.2254-2273.  

Machado, J., Mayor, A., Hernandez, C.M. and Galvan, B. 2019. Lithic refitting and the analysis of Middle 

Palaeolithic settlement dynamics: a high-temporal resolution example from El Pastor rock shelter 

(Eastern Iberia). Archaeological and Anthropological Sciences 11, pp.4539-4554.  



457 
 

Machado, J. and Perez, L. 2016. Temporal frameworks to approach human behaviour concealed in 

Middle Palaeolithic palimpsests: a high-resolution example from El Salt stratigraphic unit X (Alicante, 

Spain). Quaternary International 417, pp.66-81.  

Machovsky-Capuska, G.E., Coogan, S.C.P., Simpson, S.J. and Raubenheimer, D. 2016. Motive for Killing: 

What Drives Prey Choice in Wild Predators? Ethology 122, pp.1-9.  

MacPhail, R.I. and Goldberg, P. 2000. Geoarchaeological investigations of sediments from Gorham’s and 

Vanguard Caves, Gibraltar: Microstratigraphical (soil micromorphological and chemical) signatures. In 

C.B. Stringer, ed, Neanderthals on the edge. Papers from a conference marking the 150th anniversary of 

the Forbes’ Quarry discovery, Gibraltar. Oxford: Oxbow Books, pp.183-200.  

Madella, M., Jones, M.K., Goldberg, P., Goren, Y. and Hovers, E. 2002. The exploitation of plant resources 

by Neanderthals in Amud cave (Israel): the evidence from phytolith studies. Journal of Archaeological 

Science 29, pp.703-719.  

Magniez, P. 2009. Taphonomic study of the Middle and Upper Palaeolithic large mammal assemblage 

from Tournal Cave (Bize-Minervois, France). Journal of Taphonomy 7(2), pp.203-233.  

Maillo-Fernandez, J.M., Arteaga, C., Iriarte-Chiapusso, M.-J., Antonio, F., Wood, R. and Bernaldo de 

Quiros, F. 2014. Cueva Morin (Villanueva de Villaescusa, Cantabria). In R.S. Ramos, ed, Pleistocene and 

Holocene Hunter-Gatherers in Iberia and the Gibraltar Strait: The Current Archaeological Record. 

Fundacion Atapuerca: Universidad de Burgos, pp.72-78. 

Mainkaew, A., Pattiya, A. and Jansri, S.N. 2023. Optimization of elephant dung green fuel briquette 

production using a low-pressure densification technique and its characterizations, and emissions. 

Bioresource Technology Reports 21, 101328.  

Majkic, A., Evans, S., Stepanchuk, V., Tsvelykh, A. and d’Errico, F. 2017. A decorated raven bone from the 

Zaskalnaya VI (Kolovskaya) Neanderthal site, Crimea. PloS ONE 12, pp.1-33.  

Malez, M. 1979. Nalazista paleolitskog i mezolitskog doba u Hrvatskoj. In A. Benac, ed, Praistorija 

Jugoslavenskih Zemalja 1. Sarajevo: Akademija nauka i umjetnosti Bosne i Hecegovine, pp.227-276.  

Mallegni, F. and Ronchitelli, A. 1987. Decouverte d;une mandible neandertalienne a l’abri du Molare 

pres de Scario (Salerne-Italie): Observations stratigraphiques et palethnologiques. Etude 

anthropologique. Anthropologie 91, pp.163-174.  

Mallol, C., Cabanes, D. and Baena, J. 2010. Microstratigraphy and diagenesis at the upper Pleistocene 

site of Esquilleu Cave Cantabria, Spain. Quaternary International 214, pp.70-81.  

Mallye, J.-B., Thiebaut., C., Mourre, V., Costamagno, S., Claud, E. and Weisbecker, P. 2012. The 

Mousterian bone retouchers of Noisetier Cave: experimentation and identification of marks. Journal of 

Archaeological Science 39, pp.1131-1142.  

Maloney, T.R. and Street, M. 2020. Hot debate: Identifying heat treatment in Australian archaeology 

using science and modern indigenous knowledge. Quaternary Science Reviews 241, 106431.  

Mandeville, M.D. 1973. A consideration of the thermal pretreatment of chert. Plains Anthropologist 

18(61), pp.177-202. 

Mandeville, M.D. and Flenniken, J.J. 1973. A comparison of the flaking qualities of Nehawka chert before 

and after thermal pretreatment. Plains Anthropologist 19(64), pp.146-148.  

Mantanis, G.I. and Birbilis, D. 2010. Physical and Mechanical Properties of Athel Wood (Tamarix aphylla). 

Suleyman Demirel Universitesi Orman Fakultesi Dergisi Seri 2, pp.82-87. 



458 
 

March, R.J., Lucquin, A., Joly, D., Ferreri, J.C. and Muhieddine, M. 2014. Processes of formation and 

alternation of archaeological fire structures: complexity viewed in the light of experimental approaches. 

Journal of Archaeological Method and Theory 21, pp.1-45. 

Marchal, F., Monchot, H., Coussot, C., Desclaux, E., Deschamp, P., Thiebaut, C., Bahain, J.J., Falgueres, C. 

and Dolo, J.M. 2009. Neanderthals palaeoenvironment in Western Provence: The contribution of Les 

Auzieres 2 (Methamis, Vaucluse, France). Comptes Rendus Palevol 8, pp.493-502.  

Marean, C.W. and Kim, Y. 1998. Mousterian faunal remains from Kobeh Cave (Zagros Mountains, Iran): 

Behavioural implications for Neanderthals and early modern humans. Current Anthropology 39, pp.79-

114.  

Marguerie, D. and Hunot, J.Y. 2007. Charcoal analysis and dendrology: data from archaeological sites in 

north-western France. Journal of Archaeological Science 34(9), pp.1417-1433.  

Marin, J., Daujeard, C., Saladie, P., Rodriguez-Hidalgo, A., Vettese, D., Rivals, F., Boulbes, N., Cregut-

Bonnoure, E., Lateur, N., Gallotti, R., Arbez, L., Puaud, S. and Moncel, M.-H. 2020. Neanderthal faunal 

exploitation and settlement dynamics at the Abri du Maras, level 5 (south-eastern France). Quaternary 

Science Reviews 243, pp.1-22.  

Marini, F., Manetti, M.C., Corona, P., Portoghesi, L., Vinciguerra, V., Tamantini, S., Kuzminsky, E., Zikeli, F. 

and Romagnoli, M. 2021. Influence of forest stand characteristics on physical, mechanical properties and 

chemistry of chestnut wood. Nature 11(1549), pp.1-10.  

Marin-Arroyo, A.B. 2013. New Opportunities for Previously Excavated Sites: Palaeoeconomy as a Human 

Evolutionary Indicator at Tabun Cave (Israel). In J. Clark and J. Speth, eds, Zooarchaeology and Modern 

Human Origins: Human Hunting Behaviour during the Later Pleistocene. Dordrecht: Springer Verlag, 

pp.59-75. 

Marin-Arroyo, A.B. and Mihailovic, B. 2017. The Chronometric Dating and Subsistence of Late 

Neanderthals and Early Anatomically Modern Humans in the Central Balkans: Insights from Salitrena 

Pecina (Mionica, Serbia). Journal of Anthropological Research 73(3), pp.413-447.  

Marks, A.E. 1983. Prehistory and Paleoenvironments in the Central Negev, Israel: The Avdat/Aqev Area. 

SMU Press. 

Marks, A. E., Phillips, J., Crew, H. and Ferring, C. R. 1971. Prehistoric sites near En-Avdat in the Negev. 

Israel Exploration Journal 21, pp.13–24.  

Marlowe, F.W. 2010. The Hadza: hunter-gatherers of Tanzania. Berkeley: University of California Press. 

Marquez, B., Mosquera, M., Baquedano, E., Perez-Gonzalez, A., Arsuaga, J.L., Panera, J., Espinosa, J.A. 

and Gomez, J. 2013. Evidence of a Neanderthal-made quartz-based technology at Navalmaillo rock 

shelter (Pinilla del Valle, Madrid Region, Spain). Journal of Anthropological Research 69(3), pp.373-395.  

Marra, F., Ceruleo, P., Jicha, B. and Salari, L. 2015. A new age within MIS 7 for the Homo 

neanderthalensis of Saccopastore in the glacio-eustatically forced sedimentary successions of the Aniene 

River Valley, Rome. Quaternary Science Reviews 129, pp.260-274.  

Marrin-Arroyo, A.B., Geilling, J.M., Jones, J.R., Gonzalez Morales, M., Straus, L.G. and Richards, M.P. 

2018. The Middle to Upper Palaeolithic transition at El Miron Cave (Cantabria, Spain). Quaternary 

International 544, pp.23-31.  

Marston, J.M. 2009. Modelling wood acquisition strategies from archaeological charcoal remains. Journal 

of Archaeological Science 36, pp.2192-2200.  



459 
 

Marston, J.M., Holdaway, S.J. and Wendrich, W. 2017. Early- and middle-Holocene wood exploitation in 

the Fayum basin, Egypt. The Holocene DOI: 10.1177/0959683617708443.  

Marti, A.P., d’Errico, F., Turq, A., Lebraud, E., Discamps, E. and Gravina, B. 2019. Provenance, modification 

and use of manganese-rich rocks at Le Mousterier (Dordogne, France). PLOS ONE 

https://doi.org/10.1371/journal.pone.0218568 

Martinez, C.A. 1997. El yacimiento musteriense de Cueva Anton (Mula, Murcia). Memorias de 

Arquelogia de la Region de Murcia 6, pp.18-47.   

Martinez, M.C., Rodriguez, J.A.E., Ballesteros, J.A.G., Hernandez-Robles, A., Uriarte, M.H. and Lopez, A.B. 

2023. Mapping rural and urban confluences through the consumption of firewood in the medieval city of 

Murcia (Spain). Quaternary International  

Martinez-Moreno, J., Mora, R. and de La Torre, I. 2004. Methodological Approach for Understanding 

Middle Palaeolithic Settlement Dynamics at La Roca dels Bous (Noguera, Catalunya, Northeast Spain). In 

N.J. Conard, ed, Settlement Dynamics of the Middle Palaeolithic and Middle Stone Age. Tubingen: Kerns 

Verlag, pp.393-414. 

Martinez-Perez, R., Pedraza-Bucio, F.E., Origuela-Equihua, R., Lopez-Albarran, P. and Rutiaga-Quinones, 

J.G. 2015. Calorific Value and Inorganic Material in Ten Mexican Wood Species. Wood Research 60(2), 

pp.281-292.  

Martinez Valle, R., Guillem Calatayud, P.M. and Villaverde Bonilla, V. 2016. Bird consumption in the final 

stage of Cova Negra (Xativa, Valencia). Quaternary International 421, pp.85-102.  

Martinka, J., Martinka, F., Rantuch, P., Hrusovsky, I., Blinova, L. and Balog, K. 2017. Calorific value and fire 

risk of selected fast-growing wood species. Journal of Thermal Analysis and Calorimetry 131, pp.899-906. 

Martin-Seijo, M. and Vila, M.C. 2019. Oak, ash and pine: the role of firewood in funerary rituals at the 

Roman site of Reza Vella (Ourense, Spain). Archaeological and Anthropological Sciences 

https://doi.org/10.1007/s12520-018-0641-7.  

Marz, V.A. 2019. Into the Fire: An Experimental Approach to Quanitfying the Effects of Thermal Alteration 

on Chert. PhD Thesis, University of Tulsa.   

Masojc, M., Szykulski, J., Gunchinsuren, B., Odsuren, D., Winiarska-Kabacinska, M. and Szmit, M. 2019. A 

Levalloisian jasper cache from the Arts Bogdyn Nuruu massif in the Gobi Altai Mountains, southern 

Mongolia. Comptes Rendus Palevol 18(4), pp.479-491.  

Matsutani, A. 1987. Plant remains from the 1984 excavations at Douara Cave. In T. Akazawa and Y. 

Sakaguchi, eds, Palaeolithic site of Douara Cave, Bulletin No. 21. Tokyo: Tokyo University, pp.117-122. 

Matsuzawa, T. 2015. Sweet-potato washing revisited: 50th anniversary of the Primates article. Primates 

56, pp.285-287.  

Matthias, I., Nielsen, A.B. and Giesecke, T. 2012. Evaluating the effect of flowering age and forest 

structure on pollen productivity estimates. Vegetation History and Archaeobotany 21(6), pp.471-484.  

Mazier, F., Brostrom, A., Gaillard, M.-J., Sugita, S., Vittoz, P. and Buttler, A. 2008. Pollen productivity 

estimates and relevant source area of pollen for selected plant taxa in a pasture woodland landscape of 

the Jura Mountains (Switzerland). Vegetation History and Archaeobotany 17(5), pp.479-495.  

Mazier, F., Gaillard, M.J., Kunes, P., Sugita, S., Trondman, A.-K. and Brostrom, A. 2012. Testing the effect 

of site selection and parameter setting on REVEALS-model estimates of plant abundance using the Czech 

Quaternary Palynological database. Review of Palaeobotany and Palynology 187, pp.38-49.  

https://doi.org/10.1371/journal.pone.0218568
https://doi.org/10.1007/s12520-018-0641-7


460 
 

Mazo, C. and Alcolea, M. 2020. New data concerning Neanderthal occupation in the Iberian System: First 

results from the late Pleistocene (MIS 3) Aguilon P5 cave site (NE Iberia). Quaternary International 551, 

pp.105-122. 

Mazza, P.P.A., Martini, F., Sala, B., Magi, M., Coombini, M.P., Giachi, G., Landucci, F., Lemorini, C., 

Modugno, F. and Ribechini, E. 2006. A new Palaeolithic discovery: tar-hafted stone tools in a European 

Mid-Pleistocene bone-bearing bed. Journal of Arcaeological Science 33, pp.1310-1318.  

McBurney, C.B.M. and Callow, P. 1971. The Cambridge excavations at La Cotte de St Brelade, Jersey—a 

preliminary report. Proceedings of the Prehistoric Society 37, pp.167–207. 

McCauley, B., Collard, M. and Sandgathe, D. 2020. A Cross-Cultural Survey of On-site Fire Use by Recent 

Hunter-Gatherers: Implications for Research on Palaeolithic Pyrotechnology. Journal of Palaeolithic 

Archaeology 3, pp.566-584.  

McCown, T.D. and Keith, A. 1939. The Stone Age of Mount Carmel II: The Fossil Human Remains from the 

Levalloiso-Mousterian. Oxford: Clarendon Press.  

McGarry, S.F. and Caseldine, C. 2004. Speleothem Palynology: an undervalued tool in Quaternary 

studies. Quaternary Science Reviews 23(23), pp.2389-2404.  

McGinnes, E.A., Kandeel, S.A. and Szopa, P.S. 1971. Some structural changes observed in the 

transformation of wood into charcoal. Wood Fiber 3, pp.77-83.  

McKinley, J.I. 2000. The Analysis of Cremated Bone. In M. Cox and S. Mays, eds, Human Osteology: In 

Archaeology and Forensic Science. Cambridge: Cambridge University Press, pp.403-421. 

McKinnon, M., Henneberg, M., Simpson, E. and Higgins, D. 2021. Effects of thermal insult on bone tissue 

as observed by micro computed tomography. Forensic Imaging 24, 200437.  

McNaughton, G.C. 1942. Comparative performance of different species of untreated wood in various fire-

test methods. Unpublished Report. Madison, WI: USDA, Forest Service, Forest Products Laboratory.  

McParland, L.C., Collinson, M.E., Scott, A.C., Campbell, G. and Veal, R. 2010. Is vitrification in charcoal a 

result of high temperature burning of wood? Journal of Archaeological Science 37(10), pp.2679-2687.  

Medler, M.J. 2011. Speculations about the Effects of Fire and Lava Flows on Human Evolution. Fire 

Ecology 7(1), pp.13-23.  

Meetei, S.B., Singh, E.J. and Das, A.K. 2015. Fuel wood properties of some oak tree species of Manipur, 

India. Journal of Environmental Biology 36, pp.1007-1010. 

Meignen, L. 1981. L’abri mousterien du Brugas a Vallabrix (Gard). Gallia Prehistoire 24, pp.239-253.  

Meignen, L., Bar-Yosef, O., Belfer-Cohen, A., Speth, J.D. and Vandermeersch, B. 2017. Kebara Cave. In Y. 

Enzel and O. Bar-Yosef, eds, Quaternary of the Levant. Cambridge: Cambridge University Press, pp.241-

250. 

Meignen, L., Geneste, J.-M., Koulakovskaia, L. and Sytnik, A. 2004. Koulichivka and its place in the 

Middle-Upper Palaeolithic transition in Eastern Europe. In P.J. Brantingham, S.L. Kuhn and K. Kerry, eds, 

The Early Upper Palaeolithic Beyond Western Europe. Berkeley: University of Califonia Press, pp.50-63. 

Meignen, L., Goldberg, P. and Bar-Yosef, O. 2007. The hearths at Kebara Cave and their role in site 

formation processes. In O. Bar-Yosef and L. Meignen, eds, Kebara Cave, Mt Carmel, Israel. Cambridge: 

Peabody Museum of Archaeology and Ethnology, Harvard University, pp.91-122.  

Melcher, C. and Zimmerman, D. 1977. Thermoluminescent determination of prehistoric heat treatment 

of chert artifacts. Science 37, pp.901-906. 



461 
 

Melchionna, M., Di Febbraro, M., Carotenuto, F., Rook, L., Mondanaro, A., Castiglione, S., Serio, C., Vero, 

V.A., Tesone, G., Piccolo, M., Diniz-Filho, J.A.F. and Raia, P. 2018. Fragmentation of Neanderthals’ pre-

extinction distribution by climate change. Palaeogeography, Palaeoclimatology, Palaeoecology  

Mellars, P. 1996. The Neanderthal Legacy: An Archaeological Perspective from Europe. Princeton: 

Princeton University Press.  

Menendez, M., Alvarez-Alonso, D., Andrez-Herrero, M., de Carral, P., Garcia-Sanchez, E., Jorda, J.F., 

Quesada, J.M. and Rojo, J. 2017. The Middle to Upper Palaeolithic transition in la Guelga Cave (Asturias 

Northern Spain). Quaternary International 474A, pp.71-84.  

Menendez, M. and Martinez Villa, A. 1992. Excavaciones arquelogicas en la Cueva de La Guelga. 

Campanas de 1989-1990. Excavaciones arquelogicas en Asturias 1987-1990, pp.75-80.  

Mentzer, S.M. 2011. Macro- and Micro-Scale Geoarchaeology of Ucagizli Caves I and II, Hatay, Tukey. 

PhD Thesis, School of Anthropology, University of Arizona.  

Meray, C. 1869. L’age de la pierre a Germolles. Materiaux d’Histoire et d’Archeologie, pp.83-86.  

Mercier, N., Valladas, H., Bar-Yosef, O., Vandermeersch, B., Stringer, C. and Joron, J.L. 1993. 

Thermoluminescence dating for the Mousterian burial site of Es-Skhul, Mt. Carmel. Journal of 

Archaeological Science 20, pp.169-174.  

Mercier, N., Valladas, H., Froget, L., Joron, J.-L., Reyss, J.-L., Balescu, S., Escutenaire, C., Kozlowski, J., 

Sitlivy, V., Sobczyk, K. and Zieba, A. 2003. Luminescence dates for the Palaeolithic site of Piekary Iia 

(Poland): Comparison between TL of burnt flints and OSL of a loess-like deposit. Quaternary Science 

Reviews 22, pp.1245-1249.  

Mercier, N., Valladas, H., Froget, L., Joron, J.-L., Reyss, J.-L., Weiner, S., Goldberg, P., Meignen, L., Bar-

Yosef, O., Belfer-Cohen, A., Chech, M., Kuhn, S.L., Stiner, M.C., Tillier, A.-M., Arensburg, B. and 

Vandermeersch, B. 2007. Hayonim Cave: a TL-based chronology for this Levantine Mousterian sequence. 

Journal of Archaeological Science 34, pp.1064-1077.  

Mercier, N., Valladas, H., Joron, J.L., Reyss, J.-L., Leveque, F. and Vandermeersch, B. 1991. 

Thermoluminescence dating of the late Neanderthal remains from Saint-Cesaire. Nature 351, pp.737-

739. 

Mercier, N., Valladas, H., Meignen, L., Joron, J.-L. and Tushabramishvili, N. 2010. Dating the Early Middle 

Palaeolithic laminar industry from Djruchula Cave, Republic of Georgia. Paleorient 36(2), pp.163-173.  

Mercierca, A. 2000. Burnt and broken: An experimental study of heat fracturing in silcrete. Australian 

Archaeology 51, p.40-47.  

Mercierca, A. and Hiscock, P. 2008. Experimental insights into alternative strategies of lithic heat 

treatment. Journal of Archaeological Science 35(9), pp.2634-2639. 

Meray, C. 1869. L’age de la pierre a Germolles. Materiaux d’Histoire et d’Archeologie, pp.83-86.  

 

Merela, M. and Cufar, K. 2013. Mechanical Properties of Sapwood versus Heartwood in three different 

Oak Species. Drvna Industrija 64(4), pp.323-334. 

Miah, M.D. and Islam, G.A. 2020. Reckoning physical properties of firewood with its preference by the 

rural households in a selected village of Narsingdi district of Bangladesh. Environment, Earth and Ecology 

4, pp.15-30.  

 

Michel, M., Cnuts, D. and Rots, V. 2019. Freezing in-sight: the effect of frost cycles on use-wear and 

residues on flint tools. Archaeological and Anthropological Sciences 11, pp.5423-5443.  



462 
 

Milch, J., Vavrcik, H., Tippner, J. and Brabec, M. 2016. The effect of growth conditions in specific areas of 

Croatia and the Czech Republic on the physical and mechanical properties of black alder wood (Alnus 

glutinosa Gaertn.). Turkish Journal of Agriculture and Forestry 40, pp.7-12. 

Miller, G. 2011. Sweet here, salty there: evidence for a taste map in the Mammalian Brain. Science 

333(6047), pp.1213.  

Millington, W.F. and Chaney, W.R. 1973. Shedding of shoots and branches. In T.T. Kozlowski, ed, Shedding 

of plant parts. London: Academic Press, pp.149-204.  

Milot, J., Siebenaller, L., Bezliat, D., Lea, V., Schmidt, P. and Binder, D. 2017. Formation of Fluid Inclusions 

during Heat Treatment of Barremo-Bedoulian Flint: Archaeometric Implications. Archaeometry 59(3), 

pp/417-434. 

Mir, A. and Friexas, A. 1993. La Font Voltada, un yacimiento de finales del Paleolitico Superior en 

Montbrio de la Marca (La Conca de Barbera, Tarragona). Cypsela 10 pp.13-21.  

Miracle, P.T. 2005. Late Mousterian subsistence and cave use in Dalmatia: the zooarchaeology of Mujina 

Pecina, Croatia. International Journal of Osteoarchaeology 15, pp.84-105. 

Miracle, P.T., Lenardic, J.M. and Brajkovic, D. 2010. Last glacial climates, “Refugia”, and faunal change in 

Southeastern Europe: Mammalian assemblages from Veternica, Velika Pecina, and Vindija Caves 

(Croatia). Quaternary International 212, pp.137-148.  

Miyamoto, B.T. 2017. Establishing Design Values for Potential Utilization of Western Juniper as a Building 

Material. Masters Thesis, Oregon State University.  

Miyamoto, B.T., Sinha, A., Leavengood, S., Morrell, J., DeVisser, D. and Kruse, D. 2018. Mechanical 

Property Assessment for Establishing Design Values of Western Juniper. Wood and Fiber Science 50(2), 

pp.1-13. 

Mlaouhi, A., Khouaja, A., Saoudi, H. and Depeyre, D. 1999. Trials of Wood Carbonization of some Forest 

and Fruit-Bearing Species. Renewable Energy 16, pp.1118-1121.  

Molero, G., Maldonado, E., Iñigo, C., Sánchez, F.L. & Díez, A. 1989. El yacimiento del Pleistoceno superior 

de la Cueva del Búho (Perogordo, Segovia) y su fauna de vertebrados. Jornadas de Paleontología 5, pp. 

101-102. 

Molina, R.T., Rodriguez, A.M., Palaciso, I.S. and Lopez, F.G. 1996. Pollen production in anemophilous 

trees. Grana 35(1), pp.38-46.  

Molinski, W., Fabisiak, E. and Srodecki, L. 2010. Selected mechanical properties of thermally modified 

American ash wood. Forestry and Wood Technology 72, pp.32-36. 

Molinski, W., Mania, P. and Tomczuk, G. 2016. The usefulness of different wood species for bow 

manufacturing. Folia Forestalia Polonica 58(4), pp.183-187. 

Monarca, D., Cecchini M., Colantoni, A. and Marucci, A. 2011. Feasibility of the Electric Energy 

Production through Gasification Processes of Biomass: Technical and Economic Aspects. In B. Murgante 

et al., eds, ISCCSA Part IV. Berlin: Springer-Verlag, pp.307-315. 

Moncel, M.-H., Allue, E., Bailon, S., Barshay-Szmidt, C., Bearez, P., Cregut, E., Daujeard, C., Desclaux, E., 

Debard, E., Lartigot-Campin, A.-S., Puaud, S. and Roger, T. 2015. Evaluating the integrity of 

palaeoenvironmental and archaeological records in MIS 5 to 3 karst sequences from southeastern 

France. Quaternary International 378, pp.22-39.  



463 
 

Moncel, M.-H., Brugal, J.-P., Prucca, A. and Lhomme, G. 2008. Mixed occupation during the Middle 

Palaeolithic: Case study of a small pit-cave-site of Les Pecheurs (Ardeche, south-eastern France). Journal 

of Anthropological Archaeology 27, pp.382-398. 

Moncel, M.-H., Moigne, A.-M. and Combier, J. 2012. Towards the Middle Palaeolithic in Western Europe: 

The case of Orgnac 3 (southeastern France). Journal of Human Evolution 63, pp.653-666.  

Moncel, M.-H. and Rivals, F. 2011. On the question of short-term Neanderthal site occupations: Payre, 

France (MIS 8-7) and Taubach/Weimar, Germany (MIS 5). Journal of Anthropological Research 67, pp.47-

75. 

Monik, M., Hadraba, H., Milde, D., Chlup, Z., Nerudova, Z. and Schnabl, P. 2021. Heat treatment and 

mechanics of Moravian Jurassic cherts. Archaeological and Anthropological Sciences 13, pp.157-158.  

Monik, M., Nerudova, Z. and Schnabl, P. 2017. Experimental Heating of Moravian Cherts and its 

Implication for Palaeolithic Chipped Stone Assemblages. Archaeometry 59(6), pp.1190-1206.  

Monik, M., Nerudova, Z. and Schnabl, P. 2021. Investigation of heat-treated artefacts from Pleistocene 

sites. Journal of Archaeological Science 37, 102920.  

Monik, M., Nerudova, Z., Schnabl, P., Kdyr, S. and Hadraba, H. 2019. Did heat treatment of flints take 

place in the Moravian Magdalenian? The case of Balcarka Cave. Journal of Archaeological Science: 

Reports 25, pp.610-620.  

Monteiro, P.D., Ferme, L.C. and Bicho, N. 2017. Charcoal analyses from Muge shellmidden (Portugal): 

Comparative analyses from Cabeco da Arruda and Cabeco da Amoreira. Quaternary International 457, 

pp.190-197.  

Monteiro, P.D., Zapata, L. and Bicho, N. 2017. Fuel uses in Cabeco da Amoreira shell-midden: An insight 

from charcoal analyses. Quaternary International 431, pp.27-38. 

Moody, D. 1976. Thermal Alteration of Quartzite from Spanish Diggings, Wyoming – a Prehistoric Quarry. 

Transactions of the Nebraska Academy of Sciences 3, pp.8-11.  

Mooney, S.D. and Radford, K. 2001. A simple and fast method for the quantification of macroscopic 

charcoal in sediments. Quaternary Australasia 19(1), pp.43-46.  

Mooney, S.D. and Tinner, W. 2000. The analysis of charcoal in peat and organic sediments. Mires and 

Peat 7(9), pp.1-18.   

Moore, G.R., Blankenhorn, P.R., Beall, F.C. and Kline, D.E. 1974. Some Physical Properties of Birch 

carbonized in a Nitrogen Atmosphere. Wood and Fiber 6(3), pp.193-199. 

Morales, J.I., Cebria, A., Burguet-Coca, A., Fernandez-Marchena, J.L., Garcia-Argudo, G., Rodriguez-

Hidalgo, A., Soto, M., Talamo, S., Tejero, J.-M., Vallverdu, J. and Fullola, J.M. 2019. The Middle-to-Upper 

Palaeoliuthic transition occupations from Cova Foradada (Calafell, NE Iberia). PLoS ONE 14(5), pp.1-41.  

Morin, E. 2012. Reassessing Palaeolithic subsistence: the Neanderthal and modern human Foragers of 

Saint-Cesaire. Cambridge: Cambridge University Press.  

Morin, E., Tsanova, T., Sirakov, N., Rendu, W., Mallye, J.B. and Leveque, F. 2005. Bone refits in stratified 

deposits: Testing the chronological grain at Saint-Cesaire. Journal of Archaeological Science 32(7), 

pp.1083-1098.  

Morosan, N.N., 1929. Noi contributii preistorice asupra Basarabiei de Nord. Academia Româna, 

Memoriile sectiunii stiintifice 3 (1), pp.34-45. 



464 
 

Morrison, T.A., Holdo, R.M. and Anderson, T.M. 2016. Elephant, damage, not fire or rainfall, explains 

mortality of overstorey trees in Serengeti. Journal of Ecology 104, pp.409-418.  

Moser, D., Nelle, O. and Pasquale, G.D. 2018. Timber economy in the Roman Age: charcoal data from the 

key site of Herculaneum (Naples, Italy). Archaeological and Anthropological Sciences 10, pp.905-921.  

Moskal-del Hoyo, M. 2012. The use of wood in funerary pyres: random gathering or special selection of 

species? Case study of three necropolises from Poland. Journal of Archaeological Science 39, pp.3386-

3395.  

Moskal-del Hoyo, M., Wachowiak, M. and Blanchette, R.A. 2010. Preservation of fungi in archaeological 

charcoal. Journal of Archaeological Science 37, pp.2106-2116.  

Moulin, F. 1904. L’abri mousterien du Bau de l’Aubesier. Bull. Soc. Prehist. Franc 1, pp.14-20.  

Mountford, E.P. 2002. Fallen dead wood levels in the near-natural beech forest at La Tillaie reserve, 

Fontainebleau. France Forestry 75, pp.203-208. 

Mourre, V., Villa, P. and Henshilwood, C.S. 2010. Early use of pressure flaking on lithic artifacts at 

Blombos Cave, South Africa. Science 330, pp.659-662. 

Moutsiou, T. 2011. The Obsidian Evidence for Scale of Social Life During the Palaeolithic. PhD 

Dissertation, Royal Holloway, University of London. 

Moya, R. and Tenorio, C. 2013. Fuelwood characteristics and its relation with extractives and chemical 

properties of ten fast-growth species in Costa Rica. Biomass and Bioenergy 56, pp.14-21. 

Mraz, V.A., Fisch, M., Erin, M.I., Lovejoy, C.O. and Buchanan, B. 2019. Thermal engineering of stone 

increased prehistoric toolmaking skill. Nature Scientific Reports 9, 14591.  

Mrazkova, J., Malinovska, L. and Wimmerova, M. 2019. Microscopy examination of red blood and yeast 

cell agglutination induced by bacterial lectins. PLoS ONE https://doi.org/10.1371/journal.pone.0220318.  

Mujtaba, M., Kaya, M. and Ceter, T. 2018. Differentiation of Thermal Properties of Pollens on Genus 

Level. Communications of the Ankara University Faculty of Sciences Series C 27(2), pp.177-184.  

Muller, A., Clarkson, C. and Shipton, C. 2017. Measuring behavioural and cognitive complexity in lithic 

technology throughout human evolution. Journal of Anthropological Archaeology 48, pp.166-180.  

 

Muller, M.N., Mpongo, E., Stanford, C.B. and Boehm, C. 1995. A note on scavenging by wild chimpanzees. 

Folia Primatologica 65, pp.43-47. 

Munalula, F. and Meincken, M. 2009. An evaluation of South African fuelwood with regards to calorific 

value and environmental impact. Biomass and Bioenergy 33, pp.415-420.  

Munro, L.E., Longstaffe, F.J. and White, C.D. 2007. Burning and boiling of modern deer bone: effects on 

crystallinity and oxygen isotope composition of bioapatite phosphate. Palaeogeography, 

Palaeoclimatology, Palaeoecology 249, pp.90-102.  

Murphree, W.C. and Aldeias, V. 2022. The evolution of pyrotechnology in the Upper Palaeolithic of 

Europe. Archaeological and Anthropological Sciences 14(202), pp.21-26.  

Nadel, D. 1989. Flint Heat Treatment at the Beginning of the Neolithic Period in the Levant. Journal of the 

Israel Prehistoric Society 22, pp.61-67.  

Nafradi, K., Sumegi, P. and Torocsik, T. 2012. Charcoal and Pollen analyses and vegetation reconstruction 

of the Alpine foreland in West Hungary. Central European Journal of Geosciences 4(4), pp.592-602.  

https://doi.org/10.1371/journal.pone.0220318


465 
 

Nakahashi, W. 2017. The effect of trauma on Neanderthal culture: A mathematical analysis. HOMO 

68(2), pp.83-100.  

Navarro, A., Banon, S., Olmos, E., and Sanchez-Blanco, M.J. 2007. Effects of sodium chloride on water 

potential components, hydraulic conductivity, gas exchange and leaf ultrastructure of Arbutus unedo 

plants. Plant Science 172, pp.473-480.  

Navazo Ruiz, M., Benito-Calvo, A., Alonso-Alcalde, R., Alonso, P., de la Fuente, H., Santamaria, M., 

Santamaria, C., Alvarez-Vena, A., Arnold, L.J., Iriarte-Chiapusso, M.J., Demuro, M., Lozano, M., Ortiz, J.E. 

and Torres, T. 2021. Late Neanderthal subsistence strategies and cultural traditions in the northern 

Iberian Peninsula: Insights from Prado Vargas, Burgos, Spain. Quaternary Science Reviews 254, pp.1-20.  

Nejman, L., Lisa, L., Dolakova, N., Horacek, I., Bajer, A., Novak, J., Wright, D., Sullivan, M., Wood, R., 

Gargett, R.H., Pacher, M. Sazelova, S., Nyvltova Fisakova, M., Rohovec, J. and Kralik, M. 2018. Cave 

deposits as a sedimentary trap for the Marine Isotope Stage 3 environmental record: The case study of 

Pod Hradem, Czech Republic. Palaeogeography, Palaeoclimatology, Palaeoecology 497, pp.201-217.  

Nelson, L.L. 1968. The effect of annealing on properties of Edwards Plateau flint. Unpublished MS thesis, 

University of Denver.  

Neruda, P. 2017. GIS analysis of the spatial distribution of Middle Palaeolithic artefacts in Kulna Cave 

(Czech Republic). Quaternary International 435, pp.58-76.  

Neruda, P. and Kaminska, L. 2013. Neanderthals at Bojnice in the context of Central Europe. Studies in 

Anthropology, Palaeoethnology, Palaeontology and Quaternary Geology. Brno-nitra: Moravske Zemske 

Muzeum.  

Neuville, R. 1951. Le Paleolithique et le Mesolithique du desert de Judee. Archives de l’Institut de 

Paleontologie Humaine, Memoire 24. Paris.  

Newman, C., O’Connell, M., Dillon, M. and Molloy, K. 2006. Interpretation of charcoal and pollen data 

relating to a late Iron Age ritual site in eastern Ireland: a holistic approach. Vegetation History and 

Archaeobotany 16, pp.349-365.  

Nichols, G.J., Cripps, J.A., Collinson, M.E. and Scott, A.C. 2000. Experiments in waterlogging and 

sedimentology of charcoal: results and implications. Palaeogeography, Palaeoclimatology, Palaeoecology 

164, pp.43-56.  

Nicholson, R.A. 1993. A morphological investigation of burnt animal bone and an evaluation of its utility 

in archaeology. Journal of Archaeological Science 28, pp.411-428.  

Nickle, K.G. and Schmidt, P. 2022. Knapping force as a function of stone heat treatment. PLoS ONE 

https://doi.org/10.1371/journal.pone.0278643.  

Nielsen, A.B. 2004. Modelling pollen sedimentation in Danish lakes at c. AD 1800: an attempt to validate 

the POLLSCAPE model. Journal of Biogeography 31(10), pp.1693-1709.  

Nielsen, J., Diebold, J., Walton, T., Boyle, M. and Walt, R. 2011. Converting Riparian Restoration Waste to 

Energy: Testing Tamarisk (Tamarix spp.) Woody Biomass as Fuel for Downdraft Gasification. Ecological 

Restoration 29(3), pp.270-278. 

Niemz, P., Clauss, S. and Michel, F. 2014. Physical and Mechanical Properties of Common Ash (Fraxinus 

excelsior L.). Wood Research 59(4), pp.671-682. 

Niklas, K.J. 1999. Variations of the mechanical properties of Acer saccharum roots. Journal of 

Experimental Botany 50(331), pp.193-200. 

https://doi.org/10.1371/journal.pone.0278643


466 
 

Niklas, K.J. and Spatz, H.-C. 2010. Worldwide Correlations of Mechanical Properties and Green Wood 

Density. American Journal of Botany 97(10), pp.1587-1594.  

Nilsson, M., Ingemarsson, A., Pedersen, J.R. and Olsson, J.O. 1999. Slow pyrolysis of birch (Betula) 

studied with GC/MS and GC/FTIR/FID. Chemosphere 38, pp.1469-1479. 

Nishiaki, Y. and Akazawa, T. 2015. Patterning of the early Middle Palaeolithic occupations at Douara Cave 

and its implications for settlement dynamics in the Palmyra basin, Syria. L’anthropologie 119, pp.519-

541.  

Nishiaki, Y. and Aripdjanov, O. 2020. A new look at the Middle Palaeolithic lithic industry of the Teshik-

Tash Cave, Uzbekistan, West Central Asia. Quaternary International 596, pp.22-37.  

Nishiaki, Y., Kanjo, Y., Muhesen, S. and Akazawa, T. 2012. The temporal variability of Late Levantine 

Mousterian lithic assemblages from Dederiyeh Cave, Syria. Eurasian Prehistory 9(1), pp.3-27.  

Nishida, T. 1987. Local traditions and cultural transmission. In B.B. Smuts, D.L. Cheney, R.M. Seyfarth, 

R.W. Rangham and T.T. Shruhsaker, eds, Primate Society. Chicago: University of Chicago Press, pp.462-

474. 

Niven, L.B. 2013. A diachronic evaluation of Neanderthal cervid exploitation and site use at Pech de l’Aze 

IV, France. In J. Clark and J. Speth, eds, Zooarchaeology and Modern Human Origins: Human Hunting 

Behaviour during the Later Pleistocene. Dordrecht: Springer Verlag, pp.151-162.  

Niven, L.B., Steele, T.E., Rendu, W., Mallye, J.B., McPherron, S.P., Soressi, M., Jaubert, J. and Hublin, J.J. 

2012. Neanderthal mobility and large-game hunting: the exploitation of reindeer during the Quina 

Mousterian at Chez-Pinaud Jonzac (Charente-Maritime, France). Journal of Human Evolution 63, pp.624-

635.  

Nocetti, M., Brunetti, M., Ducci, F., Romagnoli, M. and Santi, F. 2010. Variability of wood properties in 

two wild cherry clonal trials. Wood Science and Technology 44, pp.621-637. 

Novak, J., Lisa, L., Pokorny, P. and Kuna, M. 2012. Charcoal analyses as an environmental tool for the 

study of Early Medieval sunken houses infills in Roztoky near Prague, Czech Republic. Journal of 

Archaeological Science 39, pp.808-817.  

Ntinou, M. 2021. Vegetation change in southeastern Greece during the Late Pleistocene. The wood 

charcoal record from Klissoura Cave 1 (Peloponnese, Greece). Quaternary International 593, pp104-117.  

Ntinou, M. and Kyparissi-Apostolika, N. 2016. Local vegetation dynamics and human habitation from the 

last interglacial to the early Holocene at Theopetra cave, central Greece: the evidence from wood 

charcoal analysis. Vegetation History and Archaeobotany 25, pp.191-206.  

Ntinou, M. and Tsartsidou, G. 2017. Domestic and ritual use of plants and fuels in the Neolithic cave of 

Alepotrypa, southern Peloponnese, Greece: The wood charcoal and phytolith evidence. Quaternary 

International 457, pp.211-227.  

Nuberg, I.K., Gunn, B., Tavune, M., Sumareke, A. and Kravchuk, O. 2015. Evaluation of short-rotation 

coppicing fuelwood production systems for Paua New Guinea. Biomass and Bioenergy 78, pp.126-139.  

Nunez-Regueira, L., Proupin Castineiras, J.Y. and Rodriguez Anon, J.A. 1996. Calorific values and 

flammability of forest species in Galicia. Coastal and hillside zones. Bioresource Technology 57, pp.283-

289. 



467 
 

Nunez-Regueira, L., Rodriguez-Anon, J.A. and Castineiras, J.P. 1997. Calorific values and flammability of 

forest species in Galicia. Continental high mountainous and humid Atlantic zones. Bioresource 

Technology 61, pp.111-119.  

Oakley, K.R. 1962. On Man’s Use of Fire, with Comments on Tool-Making and Hunting. In S.I. Washburn, 

ed, Social Life of Early Man. London: Routledge, pp.176-193.  

Ochando, J., Carrion, J.S., Blasco, R., Fernandez, S., Amoros, G., Munuera, M., Sanudo, P. and Peris, J.F. 

2019. Silvicolous Neanderthals in the far West: the mid-Pleistocene palaeoecological sequence of 

Bolomor Cave (Valencia, Spain). Quaternary Science Reviews 217, pp.247-267.  

Ochando, J., Carrion, J.S., Blasco, R., Rivals, F., Rufa, A., Demuro, M., Arnold, L.J., Amoros, G., Munuera, 

M., Fernandez, S. and Rosell, J. 2020. Neanderthals in a highly diverse, Mediterranean-Eurosiberian 

forest ecotone: The Pleistocene pollen record of Teixoneres Cave, northeastern Spain. Quaternary 

Science Reviews 241, pp.1-21.  

Ochsner, T.E., Horton, R. and Ren, T.S. 2001. A new perspective on soil thermal properties. Soil Science 

Society of America Journal 65, pp.1641-1647.  

Octobon, F.C.E. 1965. Grotte du Lazaret. (A-M) huitieme etude sur les fouilles executes dans le locus VIII 

de cette grotte (ancienne grotte Lympia) et sur la geologie quinter naire locale. Bulletin du Musee 

d’Anthropologie Prehistorique de Monaco 12, pp.23-101.  

O’Donnell, L. 2016. The power of the pyre – A holistic study of cremation focusing on charcoal remains. 

Journal of Archaeological Science 65, pp.161-171.  

O’Donnell, L. 2017. Woodland dynamics and use during the Bronze Age: New evidence from Irish 

archaeological charcoal. The Holocene 27(8), pp.1078-1091.  

Oettel, J., Zolles, A., Gschwantner, T., Lapin, K., Kindermann, G., Schweinzer, K.-M., Gossner, M.M. and 

Essl, F. 2023. Dynamics of standing deadwood in Austrian forests under varying forest management and 

climatic conditions. Journal of Applied Ecology 60, pp.696-713.  

Ohlson, M. and Tryterud, E. 2000. Interpretation of the charcoal record in forest soils: forest fires and 

their production and deposition of macroscopic charcoal. The Holocene 10, pp.519-525.  

Ojelel, S., Otiti and Mugisha, S. 2015. Fuel value indices of selected woodfuel species used in Masindi 

and Nebbi districts of Uganda. Energy, Sustainability and Society 5(14), pp.1-6.  

Olami, Y. 1984. Prehistoric Carmel. Jerusalem: Israel Exploration Society.  

Olausson, D.S. 1983. Experiments to Investigate the Effects of Heat Treatment on Use-Wear on Flint 

Tools. Proceedings of the Prehistoric Society 49, pp.1-13.  

Olausson, D.S. and Larsson, L. 1982. Testing the Presence of Thermal Pre-treatment of Flint in the 

Mesolithic and Neolithic of Sweden. Journal of Archaeological Science 9, pp.275-285.  

Onoratini, G., Arellano, A., Del Lucchese, A., Moulle, P.E. and Serre, F. 2012. The Barma Grande cave 

(Frimaldi, Vintimiglia, Italy): From Neanderthal, hunter of “Elephas antiquus”, to Sapiens with ornaments 

of mammoth ivory. Quaternary International 255, pp.141-157.  

Oliver, J.S. 1993. Carcass processing by the Hadza: bone breakage from butchery to consumption. In J. 

Hudson, ed, From Bones to Behaviour. Carbondale: Centre for Archaeological Investigations, Southern 

Illinois University, Occasional Paper No. 21, pp.200-227.  

Olle, A., Saladie, P., Vallverdu, J., Caceres, I., van der Made, J., Exposito, I., Burjachs, F., Lopez-Polin, L., 

Lorenzo, C., Bennasar, M., Salazar-Garica, D.C. and Olaria, C. 2014. La Cova de Dalt del Tossal de la Font. 



468 
 

In R.S. Ramos, E. Carbonell, J.M. Bermudez de Castro and J.S. Arsuaga, eds, Pleistocene and Holocene 

Hunter-Gatherers in Iberia and the Gibraltar Strait: The Current Archaeological Record. Burgos: 

Universidad de Burgos, Servicio de Publicaciones e Imagen Institucional, pp.413-417.  

Oron, M. and Goren-Inbar, N. 2014. Mousterian intra-site spatial patterning at Quneitra, Golan Heights. 

Quaternary International 331, pp.186-202.  

Ortiz, G., Ramos, R.S. and Alavar, A. 2017. Fire, rituals and domesticity. Forest resource management in 

the sub-Andean region of Jujuy, Argentina (2000BP): First anthracological evidence. Journal of 

Anthropological Archaeology 47, pp.96-108.  

Ortiz Nieto-Márquez, I. & Baena Preysler, J. 2015. Experiments around the fire. Discovering human and 

natural processes in Middle Paleolithic Hearths. Anthropologie 53(3), p.501-518. 

Ortiz Nieto-Marquez, I. and Baena Preysler, J. 2017. Did stones speak about people? Flint catchment and 

Neanderthal behaviour from Area 3 (Canaveral, Madrid-Spain). Quaternary International 435, pp.144-

163.  

Ortiz Nieto-Marquez, I., Baena Preysler, J. and Chacon, G. 2012. GIS Spatial distribution analysis in raw 

material quarrying sites: the example of El Canaveral (Madrid, Spain). In A. Garcia, J. Garcia, A. 

Maximiano and J. Rios-Garaizar, eds, Debating Spatial Archaeology. Proceedings of the International 

Workshop on Landscape and Spatial Analysis in Archaeology. Santander, pp.199-211.  

Ortner, D.J. and Putschar, W.G.J. 1981. Identification of Pathological Conditions in Human Skeletal 

Remains. Smithsonian Institution Press.  

Otte, M., Léotard, J.-M., Schneider, A.-M., Gautier, A., Gilot, E., Aitken, M. 1983. Fouilles aux grottes de 

Sclayn (Namur). Helinium 23, 112-142. 

Out, W.A. 2010. Firewood collection strategies at Dutch wetland sites in the process of Neolithisation. 

The Holocene 20(2), pp.191-204.  

Pagel, M. and Bodmer, W. 2003. A naked ape would have fewer parasites. Proceedings of the Royal 

Society of London 270, pp.117-119.  

Pakdel, H., Nepo Murwanashyaka, J. and Roy, C. 2002. Extraction of botulin by vacuum pyrolysis of birch 

bark. Journal of Wood Chemistry and Technology 22, pp.147-155.  

Palkopoulou, E., Dalen, L., Lister, A.M., Vartanyan, S., Sablin, M., Sher, A., Edmark, V.N., Brandstrom, 

M.D., Germonpre, M., Barnes, I. and Thomas, J.A. 2013. Holarctic genetic structure and range dynamics 

in the woolly mammoth. Proceedings of the Royal Society B 280, pp.1-9. 

Palma di Cesnola, A. 1963. Prima campagna di scavi nella Grotta del Cavallo presso Santa Caterina 

(Lecce). Rivista Scienze Preistoriche 18, pp.41-74. 

Panagopoulou, E., Karkanas, T., Tsartsidou, G., Kotjaboulou, E., Harvati, K. and Ntinou, M. 2004. Late 

Pleistocene archaeological and fossil human evidence from Lakonis Cave, Southern Greece. Journal of 

Field Archaeology 29, pp.323-349.  

Paradis-Grenouillet, S., Dufraisse, A. and Allee, P. 2009. Radius of curvature measurements and wood 

diameter: a comparison of different image analysis techniques. Article of the 4th International Meeting of 

Anthracology in Brussels 4-9 September 2008.  

Pardo, J.F.J. 2001. Dataciones isotopicas del yacimiento del Pleistoceno Superior de Jarama VI (alto valle 

del jarama, Guadalajara, Espana) y sus implicaciones cronoestratigraficas. In D. Buchner, ed, Studien in 

memoriam Wilhelm Schule. Rahden/Westfalen, pp.225-235.  



469 
 

Parks, G.A. 1990. Surface Energy and Adsoption at Mineral-Water Interfaces: an Introduction. In M.F. 

Hochella and A.F. White, eds, Mineral-Water Interface Geochemistry. Mineralogical Society of America, 

Reviews in Mineralogy 23, pp.133-175. 

Pasqualini, S., Cassiodoro, G. and Dellepiane, J.M. 2016. Logistical mobility in plateaus in Central-

Western Santa Cruz, Argentina. An approach from technological, archaeofaunal and anthracological 

evidence. Quaternary International 422, pp.135-151. 

Pastor-Villegas, J., Meneses Rodriguez, J.M., Pastor-Valle, J.F. and Garcia Garcia M. 2007. Changes in 

commercial wood charcoal by thermal treatments. Journal of Analytical and Applied Pyrolysis 80(2), 

pp.507-514.  

Patou-Mathis, M. 2004. Subsistence behaviours in a Middle Palaeolithic site in Poland: the Raj Cave. 

International Journal of Osteoarchaeology 14, pp.244-255.  

Patterson, L.W. 1979a. Quantitative Characteristics of Debitage from Heat Treated Chert. Plains 

Anthropologist 24, pp.255-259. 

Patterson, L.W. 1984. Comments on studies of thermal alteration of Central Pennsylvania jasper. 

American Antiquity 49, pp.168-173. 

Patterson, L.W. 1995. Thermal damage of chert. Lithic Technology 20(1), p.72-80. 

Pavlovics, G., Dolacis, J., Daugaviete, M., Circule, D., Alksne, A., Lavnikovica, I. and Antons, A. 2009. 

Changes of the Physico-Mechanical Properties in the Stem longitudinal and Transverse Directions for 

Wild Cherry Wood. In A.C.E. Bergstedt, ed, Proceedings of the 5th Meeting of the Nordic-Baltic Network 

in Wood Material Science and Engineering (WSE), Copenhagen, Denmark, pp.115-120.  

Pawlik, A. and Thissen, J. 2011. Hafted armatures and multi-component tool design at the Micoquian site 

of Inden-Altdorf, Germany. Journal of Archaeological Science 38(7), pp.1699-1708.  

Paysen, A. 2012. Charcoal research before modern Anthracology. In E. Badal, Y. Carrion, M. Macias and 

M. Ntinou, eds, Wood and Charcoal Evidence for Human and Natural History. Saguntum Extra 13, 

pp.269-274. 

Pean, S., Puaud, S., Crepin, L., Prat, S., Quiles, A., van der Plicht, J., Valladas, H., Stuart, A.J., Drucker, D.G., 

Patou-Mathis, M., Lanoe, F. and Yanevich, A. 2013. The Middle to Upper Palaeolithic sequence of Buran-

Kaya III (Crimea, Ukraine): New stratigraphic, palaeoenvironmental, and chronological results. 

Radiocarbon 55(2), pp.1454-1469.  

Pearce, E., Stringer, C. and Dunbar, R.I.M. 2013. New insights into differences in brain organization 

between Neanderthals and anatomically modern humans. Proceedings of the Royal Society B 280(1758), 

20130168. 

Pearsall, D.M. 2000. Paleoethnobotany: A Handbook of Procedures. Academic Press: San Diego, 

California.  

Pearson, O.M. and Grine, F.E. 1997. Re-analysis of the hominid radii from Cave of Hearths and Klasies 

River Mouth, South Africa. Journal of Human Evolution 32, pp.577-592. 

Peleg, Y., Marder, O., Belmaker, M., Goder, M., Yeshurun, R. and Frumkin, A. 2010. Emanuel Cave: 

Preliminary Report. Hadashot Arkheologiyot: Excavations and Surveys in Israel 122, pp.280-287.  

Pelegrin, J. 2009. Cognition and the emergence of language: A contribution from lithic technology. In 

S.A. de Beaune, F.L. Coolidge and T. Wynn, Eds., Cognitive Archaeology and Human Evolution. 

Cambridge: Cambridge University Press, pp.95-100.  



470 
 

 

Pelisiak, A. 1993. Jaskinia Bisnik (gmina Wolbrom, woj. Katowickie) – badania z 1991 roku. Acta 

Archaeologica Carpathica 32, pp.125-150.  

Pelletier, M., Royer, A., Holloday, T.W., Discamps, E., Madelaine, S. and Maureille, B. 2017. Rabbits in the 

grave! Consequences of bioturbation on the Neandertal “burial” at Regourdou (Montignac-sur-Vezere, 

Dordogne). Journal of Human Evolution 110, pp.1-17.  

Percin, O., Sofuoglu, S.D. and Uzun, O. 2015. Effects of Boron Impregnation and Heat Treatment on Some 

Mechanical Properties of Oak (Quercus petraea Liebl.) Wood. BioResources 10(3), pp.3963-3978. 

Peresani, M. 2009. The range of caching behaviour among the past hunter-gatherers of Europe. In S. 

Bonnardin, C. Hamon, M. Lauwers and B. Quilliec, Eds., Du Materiel au Spirituel. Realites Archeologiques 

et Historiques des “Depots” de la Prehistoire a Nos Jours, XXIXe reconstres internationals d’archaeologie 

et d’histoire d’Antibes. Antibes: Editions APDCA, pp.87-95.  

Peresani, M., Fiore, I., Gala, M., Romandini, M. and Tagliacozzo, A. 2011. Late Neanderthals and the 

intentional removal of feathers as evidenced from bird bone taphonomy at Fumane Cave 44ky B.P., Italy. 

PNAS 108(10), pp.3888-3893.  

Peresani, M. and Gurioli, F. 2007. The Rio Secco Cave: A New Final Middle Palaeolithic Site in North-

Eastern Italy. Eurasian Prehistory 5, pp.85-94. 

Peresani, M., Romandini, M., Duches, R., Jequier, C., Nannini, N., Pastoors, A., Picin, A., Schmidt, I., 

Vaquero, M. and Weniger, G.-C. 2014. New evidence for the Mousterian and Gravettian at Rio Secco 

Cave, Italy. Journal of Field Archaeology 39(4), pp.401-416.  

Perez, L., Sanchis, A., Hernandez, C.M., Galvan, B., Sala, R. and Mallol, C. 2017. Hearths and bones: An 

experimental study to explore temporality in archaeological contexts based on taphonomic changes in 

burnt bones. Journal of Archaeological Science: Reports 11, pp.287-309. 

Person, A., Bocherens, H., Mariotti, A. and Renard, M. 1996. Diagenetic evolution and experimental 

heating of bone phosphate. Palaeogeography, Palaeoclimatology, Palaeoecology 126, pp.135-149.  

Pettitt, P.B. 1995. The Mousterian debate and Middle Palaeolithic variability: time please, ladies and 

gentlemen. In A.J. Schofield, ed, Lithics in context. Suggestions for the future direction of lithic studies. 

London: Lithic Studies Society, pp.37-44.  

Pettitt, P.B. 1997. The Middle Palaeolithic Site of Combe-Capelle Bas (France). Journal of the Royal 

Anthropological Institute 3(1). 

Peyrony, D. 1934. La Ferrassie. Mousterien, Perigordien, Aurignacien. Prehistoire. Paris: E. Leroux.  

Peyrony, D. 1934. Stratigraphie du gisement prehistorique de Combe Capelle, Dordogne. Congres 

Prehistorique de France 2eme session, pp. 418–420. 

Pickenpaugh, T.E. and Collins, M.B. 1978. Heat Treated Materials from the Brokaw Site. Ohio 

Archaeologist 28, pp.5-10. 

Picornell-Gelabert, L., Asouti, E. and Allue Marti, E.A. 2011. The ethnoarchaeology of firewood 

management in the Fang villages of Equatorial Guinea, central Africa: implications for the interpretation 

of wood fuel remains from archaeological sites. Journal of Anthropological Archaeology 30(3), pp.375-

384.  

Picornell-Gelabert, L. 2020. An archaeological approach to people-tree interactions: The 

ethnoarchaeology of firewood procurement and consumption among the Benga people of the island of 

Mandji (Corisco, Equatorial Guinea, Central Africa). Journal of Archaeological Science: Reports 34, 

102591.  



471 
 

Piga, G., Thompson, T.J.U. and Enzo, S. 2009. The potential of X-ray diffraction in the analysis of burned 

remains from forensic contexts. Journal of Forensic Science 54, pp.534-539.  

Pijoan, C.M.A., Mansilla, J., Leboreiro, I., Lara, V.H. and Bosch, P. 2007. Thermal alterations in 

archaeological bones. Archaeometry 49, pp.713-727.  

Pike-Tay, A., Valdes, V.C. and de Quiros, F.B. 1999. Seasonal variations of the Middle-Upper Palaeolithic 

transition at El Castillo, Cueva Morin and El Pendo (Cantabria, Spain). Journal of Human Evolution 36, 

pp.283-317.  

Pinhasi, R., Gasparian, B., Nahapetyan, S., Bar-Oz, G., Weissbrod, L., Bruch, A., Hovsepyan, R. and 

Wilkinson, K. 2011. Middle Palaeolithic human occupation of the high altitude region of Hovk-1, 

Armenia. Quaternary Science Reviews 30, pp.3846-3857.  

Pinhasi, R., Gasparian, B., Wilkinson, K., Bailey, R., Bar-Oz, G., Bruch, A., Chataigner, C., Hoffmann, D.L., 

Hovsepyan, R., Nahapetyan, S., Pike, A.W.G., Schreve, D. and Stephens, M. 2008. The Middle and Upper 

Palaeolithic of Armenia: a preliminary chronological framework. Journal of Human Evolution 55, pp.803-

816.  

Pinto-Llona, A., Clark, G.A., Karkanas, P., Blackwell, B., Skinner, A., Andrews, P., Reed, K., Miller, A., 

Macias-Rosado, R. and Vakiparta, J. 2012. The Sopena rockshelter, a new site in Asturias (Spain) bearing 

evidence on the Middle and Early Upper Palaeolithic in Northern Iberia. Munibe (Antropologia-

Arkeologia) 53, pp.45-79.  

Pinto-Llona, A.C., Clark, G., Miller, A. 2005. Sopeña, a new Middle and early Upper Palaeolithic site in the 

northern Iberian Peninsula. In N. Bicho, Ed., Actas do IV° Congresso de Arqueologia Peninsular. Faro: 

Universidade do Algarve, pp.407–418. 

Pique, R. 1999. Quantification in Archaeobotany: Charcoal Analysis and Firewood Management. In J.A. 

Barcelo, I. Briz and A. Vila, Eds., New Techniques for Old Times. CAA98. Computer Applications and 

Quantitative Methods in Archaeology. Proceedings of the 26th Conference, Barcelona, March 1998 (BAR 

International Series 757). Oxford: Archaeopress, pp.189-200.  

Pique, R., Morera, N., Revelles, J., Castells, E., Lopez-Bulto, O., Franch, A. and Burjachs, F. 2018. The 

Distribution and Use of Box (Buxus sempervirens L.) in the Northeastern Iberian Peninsula During the 

Holocene. Environmental Archaeology: The Journal of Human Palaeoecology 26(2), pp.179-191.  

Pirson, S., Court-Picon, M., Haesaerts, P., Bonjean, D. and Damblon, F. 2008. New data on geology, 

anthracology and palynology from the Scladina Cave Pleistocene sequence: preliminary results. Memoirs 

of the Geological Survey of Belgium 55, pp.71-93.  

Poggiali, F., Buonincontri, M.P., D’Auria, A., Volante, N. and Di Pasquale, G. 2017. Wood selection for 

firesetting: First data from the Neolithic cinnabar mine of Spaccasasso (South Tuscany, Italy). Quaternary 

International 458, pp.134-140.  

Ponce, E.R., Ponce, L.B. and Maurillo, L.A. 1991. Preferred Characteristics of Multipurpose Tree Species: A 

Case Study with Lowland and Upland Farmers in Leyte, Philippines. Forestry/Fuelwood Research and 

Development (F/FRED) Project Winrock International.  

Ponomarenko, E.V., Ershova, E.G., Stashenkov, D.A., Ponomarenko, D.S. and Kochkina, A.F. 2020. Tracing 

land use history using a combination of soil charcoal and soil pollen analysis: An example from colluvial 

deposits of the Middle Volga region. Journal of Archaeological Science: Reports 31, 102269. 

Poole, H. 1925. Palaeoliths from Great Pan Farm, Isle of Wight. Papers and Proceedings of the Hampshire 

Field Club 9, pp.305-319.  



472 
 

Pop, E., Kuijper, W., van Hees, E., Smith, G., Garcia-Moreno, A., Kindler, L., Gaudzinski-Windheuser, S. and 

Roebroeks, W. 2016. Fire at Neumark-Nord 2, Germany: An analysis of fire proxies from a Last Interglacial 

Middle Palaeolithic basin site. Journal of Field Archaeology 41(5), pp.603-617.  

Popescu, M.-C., Popescu, C.-M., Lisa, G. and Sakata, Y. 2011. Evaluation of morphological and chemical 

aspects of different wood species by spectroscopy and thermal methods. Journal of Molecular Structure 

988(1), pp.65-72.  

Poska, A., Meltsov, V., Sugita, S. and Vassiljev, J. 2011. Relative pollen productivity estimates of major 

anemophilous taxa and relevant source area of pollen in a cultural landscape of the hemi-boreal forest 

zone (Estonia). Review of Palaeobotany and Palynology 167(1), pp.30-39.  

Pote, J., Shackleton, C., Cocks, M. and Lubke, R. 2006. Fuelwood harvesting and selection in Valley 

Thicket, South Africa. Journal of Arid Environments 67(2), pp.270-287.  

Power, R.C. 2019. Neanderthals and Their Diet. In eLS. Chichester: John Wiley & Sons Ltd. DOI: 

10.1002/9780570015902.a0028497.  

Price, T.D., Chappell, S. and Ives, D.J. 1982. Thermal alteration in Mesolithic assemblages. Proceedings of 

the Prehistoric Society 48, pp.467-485. 

Price-Williams, D. 1973. Environmental archaeology in the western Negev. Nature 242, pp.501-503. 

Prior, J. and Alvin, K.L. 1983. Structural changes on charring woods of Dichrostachys and Salix from 

southern Africa. International Association of Wood Anatomists Bulletin 4, pp.197-206.  

Prior, J. and Gasson, P. 1993. Anatomical changes on charring six African hardwoods. IAWA 14, pp.77-86.  

Prosek, F. 1952. Vyzkum Prepostske jeskyne v Bojnicich r. 1950. Archeologicke rozhledy 4, pp.3-9.  

Pryor, A.J.E., Pullen, A., Beresford-Jones, D.G., Svoboda, J.A. and Gamble, C.S. 2016. Reflections on 

Gravettian firewood procurement near the Pavlov Hills, Czech Republic. Journal of Anthropological 

Archaeology 43, pp.1-12.  

Puchinger, L., Sauter, F., Leder, S. and Varmuza, K. 2007. Studies in organic archaeometry VII. 

Differentation of wood and bark pitches by pyrolysis capillary gas chromatography (GY-CGC). Annales de 

Chimie et Physique 97, pp.513-525.  

Puech, E., Bamford, M., Porraz, G., Val, A. and Thery-Parisot, I. 2021. Evaluating sampling methods in 

charcoal-rich layers and high diversity environment: A case study from the Later Stone Age of Bushman 

Rock Shelter, South Africa. Quaternary International 593, pp.36-49.  

Purdy, B.A. 1974. Investigation Concerning the Thermal Alteration of Silica Materials: An Archaeological 

Approach. Tebiwa 17(1), pp.37-66.  

Purdy, B.A. and Brooks, H.K, 1971. Thermal Alteration of Silica Minerals: An Archaeological Approach. 

Science 173, pp.322-325.  

Purohit, A.N. and Nautiyal, A.R. 1987. Fuel wood value index of Indian mountain tree species. 

International Tree Crops Journal 4, pp.177-182.  

Putilov, A.A., Donskaya, O.G. and Zakharenko, L.P. 2018. What was useful for us in the Neanderthal’s 

genome? An example of DNA regions regulating circadian clocks and sleep. International Conference 

Chromosome 2018, Novosibirsk, Russia, August 20-24. 

Py, V., Durand, A. and Ancel, B. 2013. Anthracological analysis of fuel wood used for firesetting in 

medieval metallic mines of the Faravel district (southern French Alps). Journal of Archaeological Science 

40(11), pp.3878-3889.  



473 
 

Quam, R.M., Arsuaga, J.L., Bermudez de Castro, J.M., Diez, C.J., Lorenzo, C., Carretero, M., Garcia, N. and 

Ortega, A.I. 2001. Human remains from Valdegoba Cave (Huermeces, Burgos, Spain). Journal of Human 

Evolution 41(5), pp.385-435.  

Rabinovich, R., Bar-Yosef, O., Vandermeersch, B. and Horwitz, L.K. 2004. Hominid-carnivore interactions 

in the Palaeolithic site of Qafzeh Cave, Israel. Revue de Paleobiologie, Geneve 23, pp.627-637.  

Rabinovich, R. and Hovers, E. 2004. Faunal analysis from Amud Cave: preliminary results and 

interpretations. International Journal of Osteoarchaeology 14(3), pp.287-306.  

Radovcic, D., Srsen, A.O., Radovcic, J. and Frayer, D.W. 2015. Evidence for Neanderthal jewelry: modified 

white-tailed eagle claws at Krapina. PLoS ONE 10(3), pp.1-14. 

Ragland, K.W., Aerts, D.J. and Baker, A.J. 1991. Properties of Wood for Combustion Analysis. Bioresource 

Technology 37, pp.161-168.  

Rajchal, R. 2009. Seabuckthorn (Hippophae salicifolia) Management Guide. The Rufford Small Grants for 

Nature Conservation. 

Rampelli, S., Turroni, S., Mallol, C., Hernandez, C., Galvan, B, Sistiaga, A., Biagi, E., Astolfi, A., Brigidi, P., 

Benazzi, S., Lewis, C.M., Warinner, C., Hofman, C.A., Schnorr, S.L. and Candela, M. 2021. Components of 

a Neanderthal gut microbiome recovered from fecal sediments from El Salt. Communications Biology 4, 

169.  

Rubiales, J.M., Hernandez, L., Romero, F. and Sanz, C. 2011. The use of forest resources in central Iberia 

during the Late Iron Age. Insights from the wood charcoal analysis of Pintia, a Vaccaean oppidum. 

Journal of Archaeological Science 38(1), pp.1-10.  

Ramos, M.A., de Medeiros, P.M., de Almeida, A.L.S., Feliciano, A.L.P. and de Albuquerque, U.P. 2008. 

Can wood quality justify local preferences for firewood in an area of caatinga (dryland) vegetation? 

Biomass and Bioenergy 32(6), pp.503-509.  

 

Ramos Fernandez, J., Douka, K., Pike, A.W., Thomas, L., van Calsteren, P. and Zilhao, J. 2012. Dating of the 

Middle to Upper Palaeolithic transition at the Abrigo 3 de Humo (Malaga, Spain). Mainake 38, pp.275-

284.  

Rampelli, S., Turroni, S., Mallol, C., Hernandez, C., Galvan, B., Sistiaga, A., Biagi, E., Astolfi, A., Brigidi, P., 

Benazzi, S., Lewis, C.M., Warinner, C., Hofman, C.A., Schnorr, S.L. and Candela, M. 2021. Components of 

a Neanderthal gut microbiome recovered from fecal sediments from El Salt. Communications Biology 4, 

169.  

Rasanen, S., Suutari, H. and Nielsen, A.B., 2007. Pollen productivity from the forest-tundra ecotone in 

west-central Sweden: implications for vegetation reconstruction at the limits of the boreal forest. The 

Holocene 18(2), pp.323-332.  

Rasic, J.T. 2004. Debitage Taphonomy. In C.T. Hall and M.L. Larson, eds, Aggregate Analysis of Chipped 

Stone. Salt Lake City: University of Utah Press, pp.112-135. 

Ray, R.C. and Joshi, V.K. 2015. Fermented foods: past, present and future. In: Ray, R.C. and Montet, D. 

(eds.), Microorganisms and Fermentation of Traditional Foods. CRC Press, Boca Raton, FL, pp. 1–36. 

Raynal, J.-P., Moncel, M.-H., Daujeard, C., Fernandes, P., Fiore, I., Tagliacozzo, A., Lecorre-Le Beux, M., 

Navarro, G.C. and Theodoropoulou, A. 2012. Neanderthal land-use and related tool-kits at the MIS 5/4 

boundary in the South-East portion of the French Massif Central. In K. Ruebens, I. Romanowska and R. 

Bynoe, eds, Unravelling the Palaeolithic: Ten years of research at the Centre for the Archaeology of 



474 
 

Human Origins (CAHO, University of Southampton). Oxford: Archaeopress, BAR International Series 

2400, pp.53-72.  

Ready, E. 2013. Neanderthal foraging during the late Mousterian in the Pyrenees: new insights based on 

faunal remains from Gatzarria Cave. Journal of Archaeological Science 40, pp.1568-1578.  

Real, C., Eixea, A., Sanchis, A., Morales, J.V., Klasen, N., Zilhao, J. and VIllaverde, V. 2018. Abrigo de la 

Quebrada Level IV (Valencia, SPain): Interpreting a Middle Palaeolithic Palimpsest from a 

Zooarchaeological and Lithic Perspective. Journal of Palaeolithic 

Archaeology  https://doi.org/10.1007/s41982-018-0012-z.  

Reidsma, F.H., van Hoesel, A., van Os, B.J.H., Megens, L. and Braadbaart, F., 2016. Charred bones; 

Physical and chemical changes during laboratory simulated heating under reducing conditions and its 

relevance for the study of fire use in archaeology. Journal of Archaeological Science: Reports 10, pp.282-

292. 

Rendu, W., Beauval, C., Crevecoeur, I., Bayle, P., Balzeau, A., Bismuth, T., Bourguignon, L., Delfour, G., 

Faivre, J.-P., Lacrampe-Cuyaubere, F., Tavormina, C., Todisco, D., Turq, A. and Baureille, B. 2014. Evidence 

supporting an intentional Neandertal burial at La Chapelle-aux-Saints. PNAS 111(1), pp.81-86.  

Rendu, W., Costamagno, S., Meignen, L. and Soulier, M.-C. 2012. Monospecific faunal spectra in 

Mousterian contexts: Implications for social behaviour. Quaternary International 247, pp.50-58. 

Rey-Rodriguez, I., Lopez-Garcia, J.M., Bennasar, M., Banuls-Cardona, S., Blain, H.-A., Blanco-Lapaz, A., 

Rodriguez-Alvarez, X.-P., de Lombera-Hermida, A., Diaz-Rodriguez, M., Amiejenda-Iglesias, A., Agusti, J., 

Gabregas-Valcarce, R. 2016. Last Neanderthals and first Anatomically Modern Humans in the NW Iberian 

Peninsula: climatic and environmental conditions inferred from the Cova Eiros small-vertebrate 

assemblage during MIS 3. Quaternary Science Reviews 151, pp.185-197.  

Rhodes, A.N. 1998. A method for the preparation and quantification of microscopic charcoal from 

terrestrial lacustrine sediment cores. The Holocene 8(1), pp.113-117.  

Richards, M.P., Falgueres, C., Valladas, H., Ghaleb, B., Pons-Branchu, E., Mercier, N., Richter, D. and 

Conard, N.J. 2019. New electron spin resonance (ESR) ages from Geissenklosterle Cave: a chronological 

study of the Middle and early Upper Palaeolithic layers. Journal of Human Evolution 133, pp.133-145.  

Richards, M.P., Harvati, K., Grimes, V., Smith, C., Smith, T., Hublin, J.-J., Karkanas, P. and Panagopoulou, E. 

2007. Strontium isotope evidence of Neanderthal mobility at the site of Lakonis, Greece using laser-

ablation PIMMS. Journal of Archaeological Science pp.1-6. 

Richards, M.P., Taylor, G., Steele, T., McPherron, S.P., Soressi, M., Jaubert, J., Orschiedt, J., Mallye, J.B., 

Rendu, W. and Hublin, J.J. 2008. Isotopic dietary analysis of a Neanderthal and associated fauna from the 

site of Jonzac (Charente-Maritime), France. Journal of Human Evolution 55, pp.179-185.  

Richards, M.P. and Trinkaus, E. 2009. Isotopic evidence for the diets of European Neanderthals and early 

modern humans. PNAS USA 106, pp.16034-16039.  

Richter, D., Alperson-Afil, N. and Goren-Inbar, N. 2011. Employing TL methods for the verification of 

macroscopically determined heat alteration of flint artefacts from Palaeolithic contexts. Archaeometry 

53, pp.842-857. 

Richter, D., Mercier, N., Valladas, H., Jaubert, J., Texier, P.J., Brugal, J.P., Kervazo, B., Reyss, J.L., Joron, J.L. 

and Wagner, G.A. 2007. Thermoluminescence dating of heated flint from the Mousterian site of 

Berigoule, Murs, Vaucluse, France. Journal of Archaeological Science 34(4), pp.532-539.  

https://doi.org/10.1007/s41982-018-0012-z


475 
 

Richter, D., Rink, W.J., Schwarcz, H.P., Julig, P.J. and Schroeder, H.B. 2001a. The Middle to Upper 

Palaeolithic Transition in the Levant and New Thermoluminescence Dates for a Late Mousterian 

Assemblage from Jerf al-Ajla Cave (Syria). Paleorient 27(2), pp.29-46.  

Richter, J. 1986. Experimental study of heat induced morphological change in fish bone collagen. Journal 

of Archaeological Science 12, pp.477-481.  

Richter, J. 2006. Neanderthals in their Landscape. In B. Demarsin and M. Otte, eds, Neanderthals in 

Europe. Proceedings of the International Conference held in the Gallo-Roman Museum in Tongeren 

(September 17-19th 2004). Liege: ERAUL, pp.51-66. 

Rick, J.W. 1978. Heat-altered cherts of the Lower Illinois Valley. An Experimental Study in Prehistoric 

Technology. Evanston, IL: Northwestern Archeological Program Prehistoric Records 2. 

Rick, J.W. and Chappell, S. 1983. Thermal Alteration of Silica Materials in Technological and Functional 

Perspective. Lithic Technology 12(3), pp.69-80. 

Riel-Salvatore, J., Ludeke, I.C., Negrino, F. and Holt, B.M. 2013. A spatial analysis of the late Mousterian 

levels of Riparo Bombrini (Balzi Rossi, Italy). Canadian Journal of Archaeology 37, pp.70-92. 

Rigaud, J.-P. 1988. La Grotte Vaufrey. Paleoenvironnement, Chronologie, activites humaines. Memoires 

de la Societe Prehistorique Francaise XIX.  

Rigaud, J.-P., Simek, J. and Thierry, G. 1995. Mousterian Fires from Grotte XVI (Dordogne, France). 

Antiquity 69, pp.902-912. 

Rink, W.J., Kandel, A.W. and Conard, N.J. 2002. The ESR Geochronology and Geology of the Open-Air 

Palaeolithic Deposits in Bollschweil, Germany. Archaeometry 44(4), pp.635-650. 

Rink, W.J. Richter, D., Schwarcz, H.P., Marks, A.E., Monigal, K. and Kaufman, D. 2003. Age of the Middle 

Palaeolithic site of Rosh Ein Mor, central Negev, Israel: implications for the age range of the Early 

Levantine Mousterian of the Levantine corridor. Journal of Archaeological Science 30, pp.195-204.  

Rink, W.J., Schwarcz, H.P., Lee, H.K., Cabrera Valdes, V., Bernaldo de Quiros, F. and Hoyos, M. 1997. ESR 

dating of Mousterian levels at El Castillo Cave, Cantabria, Spain. Journal of Archaeological Science 24, 

pp.593-600. 

Rios-Garaizar, J., Lopez-Bulto, O., Iriarte, E., Perez-Garrido, C., Pique, R., Aranburu, A., Iriarte-Chiapusso, 

M.J., Ortega-Cordellat, I., Bourguignon, L., Garate, D. and Libano, I. 2018. A Middle Palaeolithic wooden 

digging stick from Aranbaltza III, Spain. PLoS ONE https://doi.org/10/1371/journal.pone.0195044.  

 

Rios-Garaizar, J., Maidagan, D.G. and Gomez-Olivencia, A. 2013. La Cueva de Arlanpe (Lemoa): 

Ocupaciones Humanas Desde El Paleolitico Medio Antiguo hasta La Prehistoria Reciente. Kobie Serie 

BAI3, Diputacion Foral de Bizkaia, Bilbao.  

Rios-Garaizar, J., Maidagan, D.G., Gomez-Olivencia, A., Iriarte, E., Arceredillo-Alonso, D., Iriarte-

Chiapusso, M.J., Garcia-Ibaibarriaga, N., Garcia-Moreno, A., Gutierrez-Zugasti, I., Torres, T., Aranburu, A., 

Arriolabengoa, M., Bailon, S., Murelaga, X., Orediales, A., Ortiz, J.E., Rofes, J. and San Pedro, Z. 2015. 

Short-term Neanderthal occupations in the Late Middle Pleistocene of Arlanpe (Lemoa, Northern Iberia 

Peninsula). Comptes Rendus Paleovol 14(3), pp.233-244.  

Robins, G.V., Seeley, N.J., Symons, M.C.R. and McNeil, A.C. 1981. Manganese (II) as an Indicator of 

Ancient Heat Treatment in Flint. Archaeometry 23(1), pp.103-107.  

Roebroeks, W. and Gamble, C. 1999. The Middle Palaeolithic occupation of Europe. Leiden: European 

Science Foundation and University of Leiden. 

https://doi.org/10/1371/journal.pone.0195044


476 
 

Roebroeks, W., Kolen, J., Van Poecke, M. and Van Gijn, A.L. 1997. “Site H”: an early Weichselian (Middle 

Palaeolithic) flint scatter at Maastricht-Belvedere, The Netherlands. Paleo 9, pp.143-172.  

Rodriguez-Hidalgo, A., Morales, J.I., Cebria, A., Courtenay, L.A., Fernandez-Marchena, J.L., Garcia-Argudo, 

G.G., Marin, J., Saladie, P., Sotom, M., Tejero, J. and Fullola, J. 2018. The Chatelperronian Neanderthals of 

Cova Foradada (Calafell, Spain) used Iberian imperial eagle phalanges for symbolic purposes. Peer J 

Preprints 6, pp.1-19. 

Rodriguez-Vidal, J., d’Errico, F., Pacheco, F.G., Blasco, R., Rosell, J., Jennings, R.P., Queffelec, A., Finlayson, 

G., Fa, D.A., Lopez, J.M.G., Carrion, J.S., Negro, J.J., Finlayson, S., Caceres, L.M., Bernal, M.A., Jiminez, S.F. 

and Finlayson, C. 2014. A rock engraving made by Neanderthals in Gibraltar. PNAS 111(37), pp.13301-

13306.  

Rolfo, M.F., Bini, M., Di Mario, F., Ferracci, A., Giaccio, B., Hsun-Ming, H., Isola, I., Sadori, L., Shen, C.-C., 

Vignola, C. and Zanchetta, G. 2023. Neanderthal bones collected by hyena at Grotta Guattari, central 

Italy, 66-65 ka: U/Th chronology and palaeoenvironmental setting. Quaternary Science Reviews 311, 

108132.  

Rolland, N. and Dibble, H.L. 1990. A New Synthesis of Middle Palaeolithic Variability. American Antiquity 

55, pp.480-499. 

Romandini, M., Fiore, I., Gala, M., Cestari, M., Guida, G., Tagliacozzo, A. and Peresani, M. 2016. 

Neanderthal scraping and manual handling of raptors wing bones: Evidence from Funame Cave. 

Experimental activities and comparison. Quaternary International 421, pp.154-172.  

Romandini, M., Nannini, N., Tagliacozzo, A. and Peresani, M. 2014. The ungulate assemblage from layer 

A9 at Grotta di Fumane, Italy: A zooarchaeological contribution to the reconstruction of Neanderthal 

ecology. Quaternary International 337, pp.11-27.  

Romandini, M., Peresani, M., Laroulandie, V., Metz, L., Pastoors, A., Vaquero, M. and Slimak, L. 2014. 

Convergent Evidence of Eagle Talons Used by Late Neanderthals in Europe: A Further Assessment on 

Symbolism. PLoS ONE https://doi.org/10.1371/journal.pone.0101278  

Römer, F. 1875. Über eine mit Knochen aus gestorbener Säugethiere erfüllte Höhle bei Olkusz im 

Königreich Polen; desgl. und inneues Vorkommengediegenen Kupfers bei Börnchenunfern 

Hohefriedeberg. Zweiundfünfzigster Jahres-Bericht der Schlesischen Gesellschaft für vaterländische 

Cultur. Enthält Den Generalberichtüber Die Arbeiten Und Veränderungen Der Gesellschaft Im Jahre 1974, 

pp.23–25.  

Ronchitelli, A., Boscato, P., Surdi, G., Masini, F., Petruso, D., Accorsi, C.A. and Torri, P. 2011. The Grotta 

Grande of Scario (Salerno, Italy): archaeology and environment during the last interglacial (MIS 5) of the 

Mediterranean region. Quaternary International 231, pp.95-109. 

Roque-Rosell, J., Torchy, L., Roucau, C., Lea, V., Colomban, P., Regert, M., Binder, D., Pelegrin, J. and Sciau, 

P. 2011. Influence of Heat Treatment on the Physical Transformations of Flint Used by Neolithic Societies 

in the Western Mediterranean. MRS Online Proceedings Library 1319, 

https://doi.org/10.1557/opl.2011.926.   

Rosell, J., Blasco, R., Rivals, F., Chacon, M.G., Arilla, M., Camaros, E., Rufa, A., Sanchez-Hernandez, C., 

Picin, A., Andres, M., Blain, H.-A., Lopez-Garcia, J.M., Iriarte, E. and Cebria, A. 2017. A resilient landscape 

at Teixoneres Cave (MIS 3; Moia, Barcelona, Spain): The Neanderthals as disrupting agent. Quaternary 

International 435, pp.195-210.  

Rossen, J. and Olson, J. 1985. The controlled carbonization and archaeological analysis of SE U.S. wood 

charcoal. Journal of Field Archaeology 12, pp.445-456.  

https://doi.org/10.1371/journal.pone.0101278
https://doi.org/10.1557/opl.2011.926


477 
 

Roth, B.J. and Dibble, H.L. 1998. The production and transport of blanks and tools at the French Middle 

Palaeolithic site of Combe-Capelle Bas. American Antiquity 63, pp.47-62.  

Rots, V. 2009. The functional analysis of the Mousterian and Micoquian assemblages of Sesselfels-grotte, 

Germany: Aspects of tool use and hafting in the European Late Middle Palaeolithic. Quartar 56, pp.37-

66.  

Rots, V. 2013. Insights into early Middle Palaeolithic tool use and hafting in Western Europe. The 

functional analysis of level Iia of the early Middle Palaeolithic site of Biache-Saint-Vaast (France). Journal 

of Archaeological Science 40, pp.497-506. 

Rottlander, R.C.A. 1989. Verwitterungerscheinungen an Silices und Knochen. Tubingen: Archaeologica 

Venatoria.  

Rousseau, T. 1874. Habitation prehistorique de La Crouzade. Bull. Soc. Hist. Nat. Toulouse 8, pp.363-372.  

Rouzaud, F., Soulier, M. and Lignereux, Y. 1996. La grotte de Bruniquel. Spelunca 60, pp.27-34.  

Rowney, M. and White, J.P. 1997. Detecting heat treatment on silcrete: Experiments with methods. 

Journal of Archaeological Science 24, pp.649-657. 

Rovira, N. and Chabal, L. 2008. A foundation offering at the Roman port of Lattara (Lattes, France); the 

plant remains. Vegetation History and Archaeobotany 17, pp.191-200.  

Rubiales, J.M., Hernandez, L., Romero, F. and Sanz, C. 2011. The use of forest resources in central Iberia 

during the Late Iron Age. Insights from the wood charcoal analysis of Pintia, a Vaccaean oppidum. 

Journal of Archaeological Science 38, pp.1-10.  

Rufa, A., Blasco, R., Roger, T., Rue, M. and Daujeard, C. 2018. A rallying point for different predators: the 

avian record from a Late Pleistocene sequence of Grotte des Barasses II (Balazuc, Ardeche, France). 

Archaeological and Anthropological Sciences 10, pp.1459-1476. 

Ruiz-Alonso, M. and Zapata, L. 2015. Transformation and human use of forests in the Western Pyrenees 

during the Holocene based on archaeological wood charcoal. Quaternary International 364, pp.86-93.  

Rumpel, C., Ba, A., Darboux, F., Chaplot, V. and Planchon, O. 2009. Erosion budget and process selectivity 

of black carbon at meter scale. Geoderma 134, pp.131-137.  

Rusch, L., Gregoire, S., Pois, V. and Moigne, A.-M. 2019. Neanderthal and carnivore occupations in unit II 

from the Upper Pleistocene site of Ramandils Cave (Port-la-Nouvelee, Aude, France). Journal of 

Archaeological Science: Reports 28, pp.1-21.  

Rust, A., 1933. Beitrag zur Erkenntnis der Abwicklung der vorgeschichtlichen Kulturperioden in Syrien. 

Praehist. Z. 24, pp.205–282. 

Sadegh, A.N., Kiaei, M. and Samariha, A. 2012. Experimental Characterization of Shrinkage and Density 

of Tamarix aphylla Wood. Cellulose Chemistry and Technology 46(5), pp.369-373.  

Sadori, L., Mercuri, A.M. and Lippi, M.M. 2010. Reconstructing past cultural landscape and human 

impact using pollen and plant macroremains. Plant Biosystems 144(4), pp.940-951.  

Sahoo, U.K., Lalremruata, J. and Lalramnghinglova, H. 2014. Assessment of fuelwood based on 

community preference and wood constituent properties of tree species in Mizoram, north-east India. 

Forests, Trees and Livelihoods 23(4), https://doi.org/10.1080/14728028.2014.943684.  

 

Sala, N., Algaba, M., Arsuaga, J.L., Aranburu, A. and Pantoja, A. 2012. A taphonomic study of the Buho 

and Zarzamora caves. Hyenas and humans in the Iberian Plateau (Segovia, Spain) during the Late 

Pleistocene. Journal of Taphonomy 10, pp.477-497.  

https://doi.org/10.1080/14728028.2014.943684


478 
 

Salavert, A. and Dufraisse, A. 2014. Understanding the impact of socio-economic activities on 

archaeological charcoal assemblages in temperate areas: A comparative analysis of firewood 

management in two Neolithic societies in Western Europe (Belgium, France). Journal of Anthropological 

Archaeology 35, pp.153-163.  

Salisbury, E.J. and Jane, F.W. 1940. Charcoals from Maiden Castle and their Significance in relation to the 

Vegetation and Climatic Conditions in Prehistoric Times. Journal of Ecology 28(2), pp.310-325.  

Salomon, H., Vignaud, C., Coquinot, Y., Beck, L., Stringer, C., Strivay, D. and d’Errico, F. 2012. Selection and 

heating of colouring materials in Mousterian levels of es-Skhul (ca. 100,000 years B.P., Mount Carmel, 

Israel). Archaeometry 54, pp.698-722.  

Salomon, H., Vignaud, C., Lahlil, S. and Menguy, N.F. 2015. Solutrean and Magdalenian ferruginous rocks 

heat-treatment: accidental and/or deliberate action? Journal of Archaeological Science 55, pp.100-112.  

Salvagnoli, A. and Marchetti, A. 1843. Armi e utensili nella grotto de’Santi presso il Monte Argentario. 

Atti 5 Riunione Degli Scienziati Italiani, p.264.  

Samson, D.R., Crittenden, A.N., Mabulla, I.A., Mabulla, A.Z.P. and Nunn. C.L. 2017. Chronotype variation 

drives night-time sentinel-like behaviour in hunter-gatherers. Proceedings of the Royal Society B 284, 

pp.1-8.  

Sanchez-Hernandez, C., Rivals, F., Blasco, R. and Rosell, J. 2014. Short but repeated Neanderthal visits to 

Teixoneres Cave (MIS 3, Barcelona, Spain): a combined analysis of tooth microwear patterns and 

seasonality. Journal of Archaeological Science 49, pp.317-325.  

Sanchez-Romero, L., Benito-Calvo, A., Marin-Arroyo, A.B., Agudo-Perez, L., Karampaglidis, T. and Rios-

Garaizar, J. 2020. New insights for understanding spatial patterning and formation processes of the 

Neanderthal occupation in the Amalda I cave (Gipuzkoa, Spain). Scientific Reports 10, pp.1-15.  

Sanchez-Romero, L., Canals, A., Perez-Gonzalez, A., Marquez, B., Mosquera, M., Karampaglidis, T., 

Arsuaga, J.L. and Baquedano, E. 2017. Breaking the palimpsest: an approach to the cultural sequence of 

Neanderthal occupation at the Navalmaillo rockshelter, Pinilla del Valle (Spain). Trabajos de Prehistoria 

74(2), pp.225-237.  

Sanchis, A., Real, C., Sauque, V., Nunez-Lahuerta, C., Eguez, N., Tormo, C., Perez Ripoll, M., Carrion 

Marco, Y., Duarte, E. and de la Rasilla, M. 2019. Neanderthal and carnivore activities at Llonin Cave, 

Asturias, northern Iberian Peninsula: Faunal study of Mousterian levels (MIS 3). Comptes Rendus Palevol 

18(1), pp.113-141.  

Sander, R.E. 2009. Hot Rock Boiling with Granite, Sandstone, and Siltstone from Sawyer County 

Wisconsin. BSc Thesis, University of Wisconsin-La Crosse.  

Sandgathe, D.M. 2017. Identifying and describing pattern and process in the evolution of hominin use of 

fire. Current Anthropology 58(16), pp.360-370. 

Sandgathe, D.M., Dibble, H.L., Goldberg, P., McPherron, S.P., Turq, A., Niven, L. and Hodgkins, J. 2011. On 

the Role of Fire in Neanderthal Adaptations in Western Europe: Evidence from Pech de l’Aze IV and Roc 

de Marsal, France. PaleoAnthropology 2011, pp.216-242.  

Santini, A., Fagnani, A., Ferrini, F., Mittempergher, L., Brunetti, M., Crivellaro, A. and Macchioni, N. 2004. 

Elm breeding for DED resistance, the Italian clones and their wood properties. Invest Agrar: Sist Recur 

For 13(1), pp.179-184.  



479 
 

Santonja, M. and Perez-Gonzalez, A. 2001. Cuesta de la Bajada (teruel) and human occupation of the 

Eastern zone of the Iberian Peninsula in the Middle Pleistocene. In Von den Meseta-Kulturen zur Palao-

Okologia. Festschrift fur Wilhelm Schule. Freiburg: Wissenschaft & Offentlichkeit, pp.418-426.  

Santonja, M., Perez-Gonzalez, A., Dominguez-Rodrigo, M., Panera, J., Rubio-Jara, S., Sese, C., Soto, E., 

Arnold, L.J., Duval, M., Demuro, M., Ortiz, J.E., Torres, T., de Mercier, N., Barba, R. and Yravedra, J. 2014. 

The Middle Palaeolithic site of Cuesta de la Bajada (Teruel, Spain): a perspective on the Acheulean and 

Middle technocomplexes in Europe. Journal of Archaeological Science 49, pp.556-571.  

Sanudo, P., Blasco, R. and Fernandez Peris, J. 2016. Site formation dynamics and human occupations at 

Bolomor Cave (Valencia, Spain): An archaeostratigraphic analysis of levels I to XII (100-200 ka). 

Quaternary International 417, pp.94-104.  

Sanz, M. and Daura, J. 2018. Carnivore involvement in bone assemblages based on taphonomic and 

zooarchaeological analyses of Cova del Coll Verdaguer site (Barcelona, Iberian Peninsula). Historical 

Biology: An International Journal of Paleobiology 30(6), pp.807-820. 

Sanz, M., Daura, J., Eguez, N. and Cabanes, D. 2015. On the track of anthropogenic activity in carnivore 

dens: Altered combustion structures in Cova del Gegant (NE Iberian Peninsula). Quaternary International 

437(B), pp.102-114.  

Saos, T., Gregoire, S., Bahain, J.J., Higham, T., Moigne, A.M., Testu, A., Boulbes, N., Bachellerie, M., 

Chevalier, T., Becam, G., Duran, J.P., Alladio, A., Ortega, M.I., Deviese, T. and Xiao, Q. 2020. The Middle 

and Upper Palaeolithic of la Crouzade cave (Gruissan, Aude, France): New excavations and a 

chronostratigraphic framework. Quaternary International 551, pp.85-104. 

Savi, T., Tintner, J., Da Sois, L., Grabner, M., Petit, G. and Rosner, S. 2018. The potential of Mid-Infrared 

spectroscopy for prediction of wood density and vulnerability to embolism in woody angiosperms. Tree 

Physiology 39, pp.503-510. 

Scheel-Ybert, R. and Bachelet, C. 2020. A Good Place to Live: Plants and People at the Santa Elina Rock 

Shelter (Central Brazil) from Late Pleistocene to the Holocene. Latin American Antiquity 31(2) 

Schindler, D.L., Hatch, J.W., Hay, C.A. and Bradt, R.C. 1982. Aboriginal thermal alteration of a central 

Pennsylvania jasper: analytical and behavioural implications. American Antiquity 47(3), pp.526-544. 

Schmidt, P. 2014. What causes failure (overheating) during lithic heat treatment? Archaeological and 

Anthropological Sciences 6, pp.107-112. 

Schmidt, P. 2016. The ‘Sand-Bath’ and Lithic Heat Treatment in the South African Middle Stone Age: 

Myth or Reality? African Archaeological Review 33, pp.99-105.  

Schmidt, P., Badou, A. and Frohlich, F. 2011. Detailed FT near-infrared study of the behaviour of water 

and hydroxyl in sedimentary length-fast chalcedony, SiO2, upon heat treatment. Spectrochimica Acta 

Part A: Molecular and Biomolecular Spectroscopy 81, pp.552-559. 

Schmidt, P., Blessing, M., Rageot, M., Iovita, R., Pfleging, J., Nickel, K.G., Righetti, L. and Tennie, C. 2019. 

Birch tar production does not prove Neanderthal behavioral complexity. PNAS 116(36), pp.17707-17711.  

Schmidt, P., Buck, G., Berthold, C., Lauer, C. and Nickel, K.G. 2019. The mechanical properties of heat-

treated rocks: a comparison between chert and silcrete. Archaeological and Anthropological Sciences 11, 

pp.2489-25066. 

Schmidt, C., Collette, F., Cajochen, C. and Peigneux, P. 2007. A time to think: circadian rhythms in human 

cognition. Cognitive Neuropsychology 24, pp.755-789. 



480 
 

Schmidt, P., February, E., Bretzke, K. and Bellot-Gurlet, L. 2017. Tempering-residue on heat-treated 

silcrete: an experimental perspective and a potential analytical protocol. Journal of Archaeological 

Science 15, pp.611-619.  

Schmidt, P. and Hiscock, P. 2019. Evolution of Silcrete Heat Treatment in Australia – a Regional Pattern on 

the South-East Coast and Its Evolution over the last 25ka. Journal of Palaeolithic Archaeology 2, pp.74-

97.  

Schmidt, P. and Hogberg, A. 2018. Heat treatment in the Still Bay – A case study on Hollow Rock Shelter, 

South Africa. Journal of Archaeological Science 21, pp.712-720.  

Schmidt, P., Koch, T.J., Blessing, M.A., Karakostis, F.A., Harvati, K., Dresely, V. and Charrie-Duhaut, A. 

2023. Production method of the Konigsaue birch tar documents cumulative culture in Neanderthals. 

Archaeological and Anthropological Sciences 15(84), pp.1-13.  

Schmidt, P., Lea, V., Sciau, P.H. and Frohlich, F. 2013. Detecting and Quantifying Heat Treatment of Flint 

and other Silica Rocks: A New Non-Destructive Method applied to Heat-Treated Flint from the Neolithic 

Chassey Culture, Southern France. Archaeometry 55(5), pp.794-805.  

Schmidt, P., Masse, S., Laurent, G., Slodczyk, A., Le Bourhis, E., Perrenoud, C., Livage, J. & Fröhlich, F. 

2012. Crystallographic and structural transformations of sedimentary chalcedony in flint upon heat 

treatment. Journal of Archaeological Science 39, p.135-144. 

Schmidt, P. and Morala, A. 2018. First Insights into the Technique Used for Heat Treatment of Chert at 

the Solutrean Site of Laugerie-Haute, France. Archaeometry 60(5), pp.885-897.  

Schmidt, P., Paris, C. and Bellot-Gurlet, L. 2016. The investment in time needed for heat treatment of flint 

and chert. Archaeological and Anthropological Sciences 8(4), pp.839-848.  

Schmidt, P., Sanchez, O.S. and Kind, C.-J. 2017. Stone heat treatment in the Early Mesolithic of 

southwestern Germany: Interpretation and identification. PLoS ONE 12(12), e0188576.  

Schmidtgen, O. 1932. Neue Fundstellen altpaläolithischer Werkzeuge im Löss in der Umgebung von 

Mainz. Proceedings of the Ist International Congress of Pre- and Protohistorical Sciences, London, 1—6 

August, pp. 82-83. 

Schrempp, G. 2011. Catching Wrangham: On the Mythology and the Science of Fire, Cooking, and 

Becoming Human. Journal of Folklore Research 48(2), pp.109-132.  

Schreve, D. 2006. The taphonomy of a Middle Devensian (MIS 3) vertebrate assemblage from Lynford, 

Norfolk, UK, and its implications for Middle Palaeolithic subsistence strategies. Journal of Quaternary 

Science 21(5), pp.543-556. 

Schroedter, T.M., Hofmann, R., Muller-Scheessel, N., Muller, J. and Nelle, O. 2012. Late Neolithic 

vegetation around three sites in the Visoko Basin, Bosnia, based on archaeo-anthracology - spatial 

variation versus selective wood use. In Wood and Charcoal: Evidence for Human and Natural History. 

SAGVNTVM Extra-13, pp.53-64.  

Schulz, H.-P., Eriksson, B., Hirvas, HJ., Huhta, P., Jungner, H., Purhonen, P., Ukkonen, P. and Rankama, T. 

2002. Excavations at Susiluola Cave. Eripainos, Suomen Museo 109, Vuosikerta. 

Scott, A.C. 1989. Observations on the nature and origins of fusain. International Journal of Coal Geology 

12(1), pp.443-475.  

Scott, A.C. 2010. Charcoal recognition, taphonomy and uses in palaeoenvironmental analysis. 

Palaeogeography, Palaeoclimatology, Palaeoecology 291, pp.11-39.  



481 
 

Scott, A.C. and Jones, T.P. 1991. Fossil charcoal: a plant fossil record preserved by fire. Geology Today 7, 

pp.214-216.  

Scott, K. 1980. Two hunting episodes of Middle Palaeolithic Age at La Cotte de Saint-Brelade, Jersey 

(Channel Islands). World Archaeology 12(2), pp.137-152.  

Scott, R.V. and Hosfield, R. 2021. Fire in the round: A holistic approach to the Lower Palaeolithic record. 

Journal of Archaeological Science: Reports 37, 102938.  

Sedlar, T., Sinkociv, T., Trajkovic, J., Sefc, B., Jambrekovic, B. and Istok, I. 2017. Relationship between 

Strength and Density as an Indicator of Sycamore Maple (Acer pseudoplatanus L.) Wood Quality. In 28th 

International Conference on Wood Science and Technology, Implementation of Wood Science in 

Woodworking Sector, pp.93-100.  

Seiler, M. and Runck, D. 2003. Ein neuer mittelpaläolithischer Fundplatz in den Basiskiesen der Mulde-

Niederterrasse bei Bitterfeld (Sachsen-Anhalt) - erste Auswertungsergebnisse. In J. M. Burdukiewicz, L. 

Fiedler, W.-D. Heinrich, A. Justus and E. Brühl, Eds. Erkenntnisjäger. Kultur und Umwelt des frühen 

Menschen. Festschrift für Dietrich Mania. Veröffentlichungen des Landesamtes für Archäologie Sachsen-

Anhalt - Landesmuseum für Vorgeschichte. Saale: Halle, pp.541-558. 

Senelwa, K. and Sims, R.E.H. 1999. Fuel characteristics of short rotation forest biomass. Biomass and 

Bioenergy 17(2), pp.127-140. 

Sergant, J., Crombe, P. and Perdaen, Y. 2006. The “invisible” hearths: a contribution to the discernment 

of Mesolithic non-structured surface hearths. Journal of Archaeological Science 33, pp.999-1007.  

Sergi, S. 1929. La scoperto di un cranio del tipi di Neandertal presso Roma. Riv. Antropol. 28, pp.457-

462.  

Serra-Ràfols, J.C., Villalta, J.F., Thomas, J. and Fuste, M. 1957. Livret Guide des excursions B2-B3. 

Alentours de Barcelona et Moià. V Congrés International del INQUA, Madrid, pp.5–25. 

Shackleton, C.M. and Prins, F. 1992. Charcoal analysis and the “Principle of Least Effort” – a conceptual 

model. Journal of Archaeological Science 19(6), pp.631-637.  

Sharon, G., Grosman, L., Fluck, H., Melamed, Y., Rak, Y., Rabinovich, R. and Oron, M. 2010. The first two 

excavation seasons at NMO: a Mousterian site at the bank of the Jordan River. Eurasian Prehistory 7(1), 

pp.129-151.  

Shaw, J.D. 2012. Economies of driftwood: Fuel harvesting strategies in the Kodiak Archipelago. 

Etudes/Inuit/Studies 36(1), pp.63-88. 

Shepard, A.O. 1968. Ceramics for the Archaeologist. Washington, D.C.L Carnegie Institution of 

Washington.  

Sherwood, N.L. 2021. Lithic Quality Comparisons between Sterkfontein and Swartkrans in the Oldowan 

and Early Acheulean, South Africa. South African Archaeological Bulletin 76, pp.93-108.  

Shimelmitz, R., Kuhn, S.L., Jelinek, A.J., Ronen, A., Clark, A.E. and Weinstein-Evron, M. 2014. ‘Fire at will’: 

The emergence of habitual fire use 350,000 years ago. Journal of Human Evolution 77, pp.196-203.  

Shipman, P., Foster, G. and Schoeninger, M. 1984. Burnt bones and teeth: an experimental study of 

colour, morphology, crystal structure and shrinkage. Journal of Archaeological Science 11, pp.307-325.  

Shirazi, R. and Shirazi, Z. 2012. Vegetation Dynamic of Southern Sistan during the Bronze Age: 

Anthracological Studies at Shahr-I Sokhta. Iranian Journal of Archaeological Studies 2(1), pp.27-37.  



482 
 

Siafaca, L., Adamandiadou, S. and Margaris, N.S. 1980. Caloric content in plants dominating maquis 

ecosystems in Greece. Oecologia 44, pp.276-280.  

Sievers, C. and Wadley, L. 2008. Going underground: experimental carbonization of fruiting structures 

under hearths. Journal of Archaeological Science 35, pp.2909-2917.  

Simek, J.F. and Smith, F.H. 1997. Chronological changes in stone tool assemblages from Krapina (Croatia). 

Journal of Human Evolution 32, pp.561-575.  

Simmons, G. and Cooper, W.H. 1978. Thermal Cycling Cracks in Three Igneous Rocks. International 

Journal of Rock Mechanics, Mining Sciences and Geomechanics 15, pp.145-148.  

Sisk, M.L. 2011. Settlement and Site Location in the Middle Palaeolithic and Upper Palaeolithic of the 

Vezere Valley, France. PhD Thesis, Stony Brook University, New York.  

Sitlivy, V., Sobczyk, S., Kalicki, T., Escutenaire, C., Zieba, S. and Kaczor, K. 1999. The new Palaeolithic site of 

Ksiecia Josefa (Cracow, Poland) with blade and flake reduction. 

Sitzia, L., Bertran, P., Boulogne, S., Brenet, M., Crassard, R., Delagnes, A., Frouin, M., Hatte, C., Jaubert, J., 

Khalidi, L., Messager, E., Mercier, N., Meunier, A., Peigne, S., Queffelec, A., Tribolo, C. and Macchiarelli, R. 

2012. The palaeoenvironment and lithic taphonomy of Shi’Bat Dihya 1, a Middle Palaeolithic site in Wadi 

Surdud, Yemen. Geoarchaeology 27(6), pp.471-491.  

Skinner, A.R., Blackwell, B.A.B., Martin, S., Ortega, A., Blickstein, J.I.B., Golovanova, L.V. and Doronichev, 

V.B. 2005. ESR dating at Mezmaiskaya Cave, Russia. Applied Radiation and Isotopes 62, pp.219-224.  

Smirnov, Y. 1989. Intentional Human Burial: Middle Palaeolithic (Last Glaciation) Beginnings, Journal of 

World Prehistory 3(2), pp.199-233. 

Smith, A.R., Carmody, R.N., Dutton, R.J. and Wrangham, R.W. 2015. The significance of cooking for early 

hominin scavenging. Journal of Human Evolution 84, pp.62-70.  

Smith, F.H. 1983. Behavioural interpretations of changes in craniofacial morphology across the 

archaic/modern Homo sapiens transition. In E. Trinkaus, ed, The Mousterian Legacy. Oxford: BAR 

International Series 164, pp.141-163.  

Smith, G.M. 2012. Middle Palaeolithic subsistence: The role of hominins at Lynford, Norfolk, UK. 

Quaternary International 252, pp.68-81. 

Smith, G.M. 2015. Neanderthal megafaunal exploitation in Western Europe and its dietary implications: 

a contextual reassessment of La Cotte de St Brelade (Jersey). Journal of Human Evolution 78, pp.181-201. 

Smith, R.M.H. and Botha-Brink, J. 2011. Morphology and composition of bone-bearing coprolites from 

the Late Permian Beaufort Group, Karoo Basin, South Africa. Palaeogeography, Palaeoclimatology, 

Palaeoecology 312(1), pp.40-53.  

Smithson, P.A. 1991. Inter-Relationships between Cave and Outside Air Temperatures. Theoretical and 

Applied Climatology 44, pp.65-73.  

Snoeck, C., Lee-Thorp, J.A., Schulting, R.J., de Jong, J., Debouge, W. and Mattielli, N. 2015. Calcined bone 

provides a reliable substrate for strontium isotope ratios as shown by an enrichment experiment. Rapid 

Communication in Mass Spectrometry 29, pp.107-114.  

Soepboer, W., Sugita, S., Lotter, A.F., van Leeuwen, J.F.N. and van der Knaap, W.O. 2007. Pollen 

productivity estimates for quantitative reconstruction of vegetation cover on the Swiss Plateau. The 

Holocene 17(1), pp.65-77.  



483 
 

Solecki, R.S. 1975. Shanidar IV, a Neanderthal Flower Burial in Northern Iraq. Science 190(4217), pp.880-

881.  

Solecki, R.S. 1986. A reappraisal of Rust’s cultural stratigraphy of Yabroud Shelter I. Paleorient 12(1), 

pp.53-60.  

Soler, N. and Maroto, J. 1987. L’estratigrafia de la cova de l’Arbreda (Serinya, Girona). Cypsela VI. 

Girona: Centre d’Investigacions Arqueologiques de Girona, pp.53-66.  

Soleymani, S. and Alibaigi, S. 2018. Qaleh Kurd Cave: a Middle Palaeolithic site on the Western Borders 

of the Iranian Central Plateau. Al-Rafidan 39, pp.43-54.  

Sollberger, J.B. and Hester, T.R. 1973. Some Additional Data on the Thermal Alteration of Siliceous Stone. 

Bulletin of the Olkahoma Anthropological Society 21, pp.181-185.  

Sommer, J.D. 1999. The Shanidar IV ‘Flower Burial’: a Re-evaluation of Neanderthal Burial Ritual. 

Cambridge Archaeological Journal 9, pp.127-129.  

Sonderegger, W., Martienssen, A., Nitsche, C., Ozyhar, T., Kaliske, M. and Niemz, P. 2013. Investigations 

on the physical and mechanical behaviour of sycamore maple (Acer pseudoplatanus L.). European 

Journal of Wood and Wood Products 71(1), pp.91-99. 

Sorensen, A.C., Claud, E. and Soressi, M. 2018. Neanderthal fire-making technology inferred from 

microwear analysis. Nature Scientific Reports 8(10065), pp.1-16.  

Sorensen, A.C. and Scherjon, F. 2018. fiReproxies: A Computational Model providing Insight into Heat-

Affected Archaeological Lithic Assemblages. PLoS ONE 13(5).  

Soressi, M. and d’Errico, F. 2007. Pigments, gravures, parures: les comportements symboliques 

controversies des Neandertaliens. In Les Neandertaliens. Biologie et cultures. Paris: Editions du CTHS, 

pp.297-309.  

Sossa-Rios, S., Mayor, A., Hernandez, C.M., Bencomo, M., Perez, L., Galvan, B., Mallol, C. and Vaquero, M. 

2022. Multidisciplinary evidence of an isolated Neanderthal occupation in Abric del Pastor (Alcoi, Iberian 

Peninsula). Nature Scientific Reports 12, 15883.  

Sousa, V.B., Louzada, J.L. and Pereira, H. 2018. Variation of Ring Width and Wood Density in Two 

Unmanaged Stands of the Mediterranean Oak Quercus faginea. Forests 9(44), pp.1-10. 

Spagnolo, V., Aureli, D., Ekberg, I., Boschin, F., Crezzini, J., Poggi, G., Boscato, P. and Ronchitelli, A. 2020a. 

Short and close in time. Overlapped occupation from the layer 56 of the Molare Rock shelter (Southern 

Italy). Archaeological and Anthropological Science 12(92), pp.1-35.  

Spagnolo, V., Crezzini, J., Marciani, G., Capecchi, G., Arrighi, S., Aureli, D., Ekberg, I., Scaramucci, S., 

Tassoni, L., Boschin, F. and Moroni, A. 2020b. Neandertal camps and hyena dens. Living floor 150A at 

Grotta dei Santi (Monte Argentario, Tuscany, Italy). Journal of Archaeological Science: Reports 30, pp.1-

26.  

Spagnolo, V., Marciani, G., Aureli, D., Berna, F., Boscato, P., Ranaldo, F. and Ronchitelli, A. 2016. Between 

hearths and volcanic ash: The SU 13 palimpsest of the Oscurusciuto rock shelter (Ginosa-Southern Italy): 

Analytical and interpretative questions. Quaternary International 417, pp.105-121.  

Spagnolo, V., Marciani, G., Aureli, D., Berna, F., Toniello, G., Astudillo, F.J., Boschin, F., Boscato, P. and 

Ronchitelli, A. 2019. Neanderthal activity and resting areas from Statigraphic Unit 13 at the Middle 

Palaeolithic site of Oscurusciuto (Ginosa-Taranto, Southern Italy). Quaternary Science Review 217, 

pp.169-193.  



484 
 

Spahni, J.C. 1955. Grotte de la Campana a Pinar (Grenade, Espagne). Bulletin de la Societe Prehistorique 

Francaise 52, pp.248-249.  

Spearpoint, M.J. and Quintiere, J.G. 2001. Predicting the piloted ignition of wood in the cone calorimeter 

using an integral model - effect of species, grain orientation and heat flux. Fire Safety Journal 36(4), 

pp.391-415. 

Specht, M.J., Pinto, S.R.R., Albuquerque, U.P., Tabarelli, M. and Melo, F.P.L. 2015. Burning biodiversity: 

Fuelwood harvesting causes forest degradation in human-dominated tropical landscapes. Global Ecology 

and Conservation 3, pp.200-209.  

 

Speer, C.A. 2010. Understanding the Effects of Heat Treatment on Edwards Plateau Chert. 

Ethnoarchaeology 2(2), pp.153-172. 

Speth, J.D. 2006. Housekeeping, Neanderthal-style: hearth placement and midden formation in Kebara 

Cave (Israel). In E. Hovers and S.L. Kuhn, eds, Transitions before the Transition: Evolution and Stability in 

the Middle Palaeolithic and Middle Stone Age. New York: Springer, pp.171-188.  

Speth, J.D. 2017. Putrid Meat and Fish in the Eurasian Middle and Upper Palaeolithic: Are We Missing a 

Key Part of Neanderthal and Modern Human Diet? PaleoAnthropology 2017, pp.44-72.  

Speth, J.D. and Tchernov, E. 2001. Neanderthal hunting and meat-processing in the Near East, evidence 

from Kebara Cave. In C.B. Stanford and H.T. Bunn, eds, Meat-Eating and Human Evolution. Oxford: Oxford 

University Press, pp.52-72.  

Spikins, P., Needham, A., Tilley, L. and Hitchens, G. 2018. Calculated or caring? Neanderthal healthcare in 

social context. World Archaeology 50(3), pp.384-403.  

Spinapolice, E.E. 2018. Neanderthal mobility pattern and technological organization in the Salento 

(Apulia, Italy). In V. Borgia and E. Cristiani, eds, Palaeolithic Italy. Advanced studies on early human 

adaptations in the Apennine peninsula. Leiden: Sidestone Press, pp.95-124.  

Squires, K.E., Thompson, T.J.U., Islam, M. and Chamberlain, A. 2011. The application of 

histomorphometry and Fourier Transform Infrared Spectroscopy to the analysis of early Anglo-Saxon 

burned bone. Journal of Archaeological Science 38, pp.2399-2409.  

Stahl, A.B. 1984. Hominid dietary selection before fire. Current Anthropology 25(2), pp.151-168.  

Stahlschmidt, M.C., Miller, C.E., Ligouis, B., Hambach, U., Goldberg, P., Berna, F., Richter, D., Urban, B., 

Serangeli, H. and Conard, N.J. 2015. On the evidence for human use and control of fire at Schoningen. 

Journal of Human Evolution 89, pp.181-201.  

Starkovich, B.M. 2017. Palaeolithic subsistence strategies and changes in site use at Klissoura Cave 1 

(Peloponnese, Greece). Journal of Human Evolution 111, pp.63-84.  

Steffen, M. and Mackie, Q. 2005. An Experimental Approach to Understanding Burnt Fish Bone 

Assemblages within Archaeological Hearth Contexts. Canadian Zooarchaeology 23, pp.11-38.  

Stepanchuk, V.N. 1993. Prolom II, a Middle Palaeolithic cave site in the eastern Crimea with non-

utilitarian bone artefacts. Proceedings of the Prehistoric Society 59, pp.17-37.  

Stepanchuk, V.N., Vasilyev, S.V., Khaldeeva, N.I., Kharlamova, N.V. and Borutskaya, S.B. 2015. The last 

Neanderthals of Eastern Europe: Micoquian layers IIIa and III of the site of Zaskalnaya VI (Kolosovskaya), 

anthropological records and context. Quaternary International 428(A), pp.132-150.  

Stevenson, J. and Haberle, S. 2005. Macro Charcoal Analysis: A modified technique used by the 

Department of Archaeology and Natural History. Palaeoworks Technical Papers 5, pp.1-7.  



485 
 

Stimely, G.I. and Blankenhorn, P.R. 1985. Effects of species, specimen size, and heating rate on char yield 

and fuel properties. Wood and Fiber Science 17(4), pp.477-489.  

Stiner, M.C. 1991. The faunal remains from Grotta Guattari: A taphonomic perspective. Current 

Anthropology 32, pp.103-117.  

Stiner, M.C., Kuhn, S.L., Weiner, S. and Bar-Yosef, O. 1995. Differential Burning, Recrystallization, and 

Fragmentation of Archaeological Bone. Journal of Archaeological Science 22(2), pp.223-237.  

Stokes, A. and Mattheck, C. 1996. Variation of wood strength in tree roots. Journal of Experimental 

Botany 47(298), pp.693-699.  

Stokland, J., Woodall, C., Fridman, J. and Stahl, G. 2016. Burial of downed dead wood is strongly affected 

by log attributes, forest ground vegetation, edaphic conditions, and climate zones. Canadian Journal of 

Forest Research  

Stolarczyk, R.E. and Schmidt, P. 2018. Is early silcrete heat treatment a new behavioural proxy in the 

Middle Stone Age? PLoS ONE 13(10), pp.1-21. 

Street, M. 2002. Plaidter Hummerich. An Early Weichselian Middle Palaeolithic site in the central 

Rhineland, Germany. Mainz: Mit einem Beitrag von T.v.Kolfschoten. Monographien des Romisch-

Germanischen Zentralmuseums 45. 

Stringer, C.B., Barton, R.N.E., Currant, A.P., Finlayson, J.C., Goldberg, P., MacPhail, R. and Pettit, P.B. 1999. 

New Excavations at Gorham’s and Vanguard Caves 1995-7. In W. Davies and R. Charles, eds, Dorothy 

Garrod and the Progress of the Palaeolithic. Studies in the Prehistoric Archaeology of the Near East and 

Europe. Oxford: Oxbow Books, pp.84-96.  

Stringer, C.B., Finlayson, J.C., Barton, R., Fernandez-Jalvo, Y., Caceres, I., Sabin, R.C., Rhodes, E.J., Currant, 

A.P., Rodriguez-Vidal, J., Giles-Pacheco, F. and Riquelme-Cantal, J.A. 2008. Neanderthal exploitation of 

marine mammals in Gibraltar. PNAS USA 105, pp.14319-14324. 

Stuart, G.S.L. and Walker, E.G. 2017. Pollen and charcoal studies at the Wolf Willow sites, Wanuskewin 

Heritage Park, Saskatoon, Canada. Vegetation History and Archaeobotany 27, pp.507-525.  

Sugita, S., Gaillard, M.J. and Brodstrom, A. 1999. Landscape openness and pollen records: A simulation 

approach. Holocene 9(4), pp.409-421.  

Sugita, S., Hicks, S. and Sormunen, H. 2009. Absolute pollen productivity and pollen-vegetation 

relationships in northern Finland. Journal of Quaternary Science 25(5), pp.724-736.  

Sugumaran, P. and Seshadri, S. 2009. Evaluation of selected biomass for charcoal production. Journal of 

Scientific and Industrial Research 68, pp.719-723. 

Sun, N., Li, X., Luo, F. and Xiao, L. 2022. Mechanical properties of charcoal and its representativeness of 

vegetation in northern China. PLoS ONE 17(4), e0267044.  

Sun, Q., Lu, C., Cao, L., Li, W., Geng, J. and Zhang, W. 2016. Thermal properties of sandstone after 

treatment at high temperature. International Journal of Rock Mechanics and Mining Sciences 85, pp.60-

66.  

Sunseri, J.U. and Delage, C. 2016. The Colour of Transformation: Investigations into Heat Treatment of 

Natufian Artefacts from Hayonim Terrace (Israel). Mediterranean Archaeology and Archaeometry 16(3), 

pp.51-64.  

Susott, R.A. 1980. Thermal behaviour of conifer needles extractives. Forest Science 26, pp.347-360.  



486 
 

Suzuki, H. and Takai, F. 1970. The Amud Man and his Cave Site. Tokyo: University of Tokyo Press.  

Syntnyk, O.S. and Bogucki, A. 1998. Paleolit Podillia: Velykyi Glybochok I. Lviv.  

Sytnyk, O., Bogucki, A.B., Lanczont, M. and Madeyska, T. 2010. The Dniesterian Mousterian from the 

Velykyi Glybochok site related to palaeoenvironmental changes. Quaternary International 220, pp.31-46.  

Szmidt, C.C., Daugeard, C. and Moncel, M.H. 2010. New data on the late Mousterian in Mediterranean 

France: first radiocarbon (AMS) dates at Saint-Marcel cave (Ardeche). Comptes Rendus Palevol 9, pp.185-

199.  

Tabuti, J.R.S., Dhillion, S.S. and Lye, K.A. 2003. Firewood use in Bulamogi County, Uganda: species 

selection, harvesting and consumption patterns. Biomass and Bioenergy 25(6), pp.581-596.  

 

Tagliacozzo, A., Romandini, M., Fiore, I., Gala, M. and Peresani, M. 2013. Animal Exploitation Strategies 

during the Uluzzian at Grotta di Fumane (Verona, Italy). In J. Clark and J. Speth, eds, Zooarchaeology and 

Modern Human Origins: Human Hunting Behaviour during the Later Pleistocene. Dordrecht: Springer 

Verlag, pp.129-150.  

Talamo, S., Blasco, R., Rivals, F., Picin, A., GemaChacon, M., Iriarte, E., Manuel Lopez-Garcia, J., Blain, H.-

A., Arilla, M., Rufa, A., Sanchez-Hernandez, C., Andres, M., Camaros, E., Ballesteros, A., Cebria, A., Rosell, 

J. and Hublin, J.-J. 2016. The Radio-Carbon Approach to Neanderthals in a Carnivore Den Site: a Well-

Defined Chronology for Teixoneres Cave (Moia, Barcelona, Spain). Radiocarbon 58(2), pp.247-265.  

Taylor, R.E., Hare, P.E. and White, T.D. 1995. Geochemical criteria for thermal alteration of bone. Journal 

of Archaeological Science 22, pp.115-119. 

Teklay, G., Gebraslassie, H. and Mehari, A. 2014. Assessing Households’ Fuel Wood Tree Species 

Preference, The Case of Desa’a Afro Alpine Forest, Tigray. Civil and Environmental Research 6(9), pp.48-

51.  

 

Telmo, C. and Lousada, J. 2011. Heating values of wood pellets from species. Biomass and Bioenergy 35, 

pp.1634-1639.  

Terradillos-Bernal, M., Fernandez-Lomana, J.C.D., Jorda Pardo, J.-F., Benito-Calvo, A., Clemente, I. and 

Hilgers, A. 2014. In R.S. Ramos, E. Carbonell, J.M. Bermudez de Castro and J.S. Arsuaga, eds, Pleistocene 

and Holocene Hunter-Gatherers in Iberia and the Gibraltar Strait: The Current Archaeological Record. 

Burgos: Universidad de Burgos, Servicio de Publicaciones e Imagen Institucional, pp.584-586.  

Terral, J.-F. 1996. Wild and cultivated olive (Olea europaea L.): a new approach to an old problem using 

inorganic analyses of modern wood and archaeological charcoal. Review of Palaeobotany and Palynology 

91, pp.383-397.  

Texier, P.-J., Brugal, J.-P., Desclaux, E., Lemorini, C., Lopez-Saez, J.A., Thery, I. and Wilson, L. 2003. La 

Combette (Bonnieux, Vaucluse, France): a Mousterian sequence in the Luberon mountain chain, 

between the plains of the Durance and Calavon rivers. Preistoria Alpina 39, pp.77-90.  

Thaler, N., Zlahtic, M. and Humar, M. 2014. Performance of recent and old sweet chestnut (Castanea 

sativa) wood. International Biodeterioration & Biodegradation 94, pp.141-145. 

Thenevon, F., Williamson, D., Vincens, A., Taieb, N., Merdaci, O., Decobert, M. and Buchet, G. 2003. A 

late-Holocene charcoal record from Lake Masoko, SW Tanzania: climatic and anthropogenic implications. 

The Holocene 13(5), pp.785-792.  



487 
 

Thery, I., Grill, J., Vernet, J.L., Meignen, L. and Maury, J. 1996. Coal use for Fuel at Two Prehistoric Sites in 

Southern France: Les Canalettes (Mousterian) and Les Usclades (Mesolithic). Journal of Archaeological 

Science 23(4), pp.,509-512.  

Thery-Parisot, I. 2001. Economie des combustibles au Paleolithique. Experimentation, anthracologie, 

Taphonomie. Paris: D.D.A. 20. CNRS-Editions.  

Thery-Parisot, I., Chabal, L. and Chrzavzez, J. 2010. Anthracology and taphonomy, from wood gathering 

to charcoal analysis. A review of the taphonomic processes modifying charcoal assemblages, in 

archaeological contexts. Palaeogeography, Palaeoclimatology, Palaeoecology 291(1), pp.142-153.  

Thery-Parisot, I., Chabal, L., Ntinou, M., Bouby, L. and Carre, A. 2014. Du bois au charbon de bois: 

aproche experimentale de la combustion. Conference: taphonomie des residus organiques brules et des 

structures de combustion en milieu archeologique (actes de la Table Ronde, 27-29 Mai 2008, CEPaM).  

Thery-Parisot, I., Gril, J., Vernet, J.L., Meignen, L. and Maury, J. 1996. Coal used for Fuel at Two 

Prehistoric Sites in Southern France: Les Canalettes (Mousterian) and Les Usclades (Mesolithic). Journal 

of Archaeological Science 23, pp.509-512. 

Thery-Parisot, I. and Henry, A. 2012. Seasoned or green? Radial cracks analysis as a method for 

identifying the use of green wood as fuel in archaeological charcoal. Journal of Archaeological Science 

39(2), pp.381-388. 

Thery-Parisot, I. and Texier, P. 2006. L’utilisation du bois mort dans le site mousterien de la Combette 

(Vaucluse). Apport d’une approche morphometrique des charbons de bois a la definition des fonctions 

de site au Paleolithique. Bulletin de la Societe Prehistorique Francaise 103, pp.453-463.  

Thery-Parisot, I., Thiebault, S., Delannoy, J.-J., Ferrier, C., Feruglio, V., Fritz, C., Gely, B., Guilbert, P., 

Monney, J., Tosello, G., Clottes, J. and Geneste, J.-M. 2018. Illuminating the cave, drawing in black: wood 

charcoal analysis at Chauvet-Pont d’Arc. Antiquity 92(362), pp.320-333.  

Theuerkauf, M., Kuparinen, A. and Joosten, H. 2013. Pollen productivity estimates strongly depend on 

assumed pollen dispersal. The Holocene 23(1), pp.14-24.  

Thiébault, S. 2001. Anthracoanalyse des établissements néolithiques de la région liguro-provençale. 

Bulletin de la Société Préhistorique Française 98 (3), pp.399–409. 

Thiel, B. 1972. An Analysis of Changes in Chert Due to Heating. Ms. On file, University of Kentucky, 

Department of Anthropology.  

Thieme, H. 2005. The Lower Palaeolithic art of hunting: the case of Schoningen 13 II-4, Lower Saxony, 

Germany. In C. Gamble and M. Porr, eds, The hominid individual in context: archaeological investigations 

of Lower and Middle Palaeolithic landscapes, locales and artefacts. London: Routledge, pp.115-132.  

Thissen, J. 2007. Ein Camp des Micoquian im Indetal bei Altdorf. Archaologie im Rheinland 2006, pp.42-

45. 

Thomas, E., Douterlungne, D., Vandebroek, I., Heens, F., Goetghebeur, P. and Van Damme, P. 2011. 

Human impact on wild firewood species in the Rural Andes community of Apillapampa, Bolivia. Environ 

Monit Assess 178, pp.333-347.  

 

Thompson, B. 1798. The Generation of Heat in the Combustion of Fuel. In Essays Political, Economical, 

and Philosophical. London: Cadell, pp.127-145. 

Thoms, A.V. 2008. The fire stones carry: Ethnographic records and archaeological expectations for hot-

rock cookery in western North America. Journal of Anthropological Archaeology 27, pp.443-460. 



488 
 

Thun Hohenstein, U., Bertolini, M., Channarayapatna, S., Modolo, M. and Peretto, C. 2018. Bone 

Retouchers from Two North Italian Middle Palaeolithic Sites: Riparo Tagliente and Grotta della 

Ghiacciaia, Verona. In The Origins of Bone Tool Technologies. Mainz: Romisch Germanisches 

Zentralmuseum, pp.1-16.  

Tihay-Felicelli, V., Santoni, P.A., Gerandi, G. and Barboni, T. 2017. Smoke emissions due to burning of 

green waste in the Mediterranean area: Influence of fuel moisture content and fuel mass. Atmospheric 

Environment 159, pp.92-106. 

Tillet, T., Bernard-Guelle, S., Delfour, G., Bressy, C., Argant, J., Lemorini, C. and Guibert, P. 2004. Jiboui, 

station mousterienne d'altitude dans le Vecors (Drome). L'anthropologie 108, pp.331-365. 

Timmermann, A. 2020. Quantifying the potential causes of Neanderthal extinction: Abrupt climate 

change versus competition and interbreeding. Quaternary Science Reviews 238, pp.1-14. 

Tinner, W., Conedera, M., Ammann, B., Gaggeler, H.W., Gedye, S., Jones, R. and Sagesser, B. 1998. Pollen 

and charcoal in lake sediments compared with historically documented forest fires in southern 

Switzerland since AD 1920. The Holocene 8, pp.31-42.  

Tinner, W., Hofsetter, S., Zeugin, F., Conedera, M., Wohlgemuth, T., Zimmermann, L. and Zweifel, R. 2006. 

Long-distance transport of macroscopic charcoal by an intensive crown fire in the Swiss Alps – 

implications for fire history reconstruction. The Holocene 16(2), pp.287-292.  

Toffin, G. and Wiart, J.. 1985. Recherches sur l’Ethnobotanique des Tamang du Massif du Ganesh Himal 

(Népal central): les plantes non cultivées. Journal d’Agriculture Traditionnelle et de Botanique Appliquée 

32 (1), pp.127–175. 

Torelli, N. and Zupancic, M. 2000. Mock privet (Phillyrea latifolia L.) and its wood. Les (Ljubljana) 52(3), 

pp.60-64.  

Torres, T., Ortiz, J.E., Cobo, R., Hoz, P., Garcia-Redondo, A. and Rainer, G. 2007. Hominid exploitation of 

the environment and cave bear populations. The case of Ursus spelaeus Rosenmuller-Heinroth in 

Amutxate Cave (Aralar, Navarra-Spain). Journal of Human Evolution 52, pp.1-15.  

Tostevin, G.B. and Skrdla, P. 2006. New Excavations at Bohunice and the Question of the Uniqueness of 

the Type-Site for the Bohunician Industrial Type. Anthropologie 44(1), pp.31-48. 

Tournal, P. 1827. Note sur deux cavernes à ossemens, découvertes à Bize, dans les environs de 

Narbonne. Annales des Sciences Naturelles 12, 78-82. 

Toyoda, S., Ikeya, M., Dunnell, R.C., McCutcheon, P.T. 1993. The use of electron spin resonance (ESR) for 

the determination of prehistoric lithic heat treatment. Applied Radiation and Isotopes 44, pp.227-231.  

Tran, H.C. and White, E.R.H. 1992. Burning rate of solid wood measured in a heat release rate 

calorimeter. Fire and Materials 16, pp.197-206. 

Trinkaus, E. 1980. Sexual differences in Neanderthal limb bones. Journal of Human Evolution 9, pp.377-

397. 

Trinkaus, E. 1985. Cannibalism and burial at Krapina. Journal of Human Evolution 14(2), pp.203-216.  

Tuffreau, A., Munaut, A.V., Puisségur, J.-J., Sommé, J. 1982. Stratigraphie et environnement de la 

séquence archéologique de Biache-Saint-Vaast (Pas-de-Calais). Bulletin de l'Association française pour 

l'étude du Quaternaire 19, 57-61. 

Turk, M. and Kosir, A. 2017. Mousterian osseous artefacts? The case of Divje Babe I, Slovenia. Quaternary 

International 450, pp.103-115.  



489 
 

Tushabramishvili, N., Lordkipanidze, D., Vekua, A., Tvalcherlidze, M., Muskhelishvili, A. and Adler, D.S. 

1999. The Middle Palaeolithic rockshelter of Ortvale Klde, Imereti Region, the Georgian Republic. 

Prehistoire Europeenne 15, pp.65-77.  

Twiddle, C.L., Jones, R.T., Caseldine, C.J. and Sugita, S. 2012. Pollen productivity estimates for a pine 

woodland in eastern Scotland: The influence of sampling design and vegetation patterning. Review of 

Palaeobotany and Palynology 174, pp.67-78.  

Twomey, T. 2013. How domesticating fire facilitated the evolution of human cooperation. Biology and 

Philosophy 29(1), pp.89-99. 

Ulker, O., Imirzi, O. and Burdurlu, E. 2012. The effect of densification temperature on some physical and 

mechanical properties of Scots Pine (Pinus sylvestris L.). BioResources 7(4), pp.5581-5592. 

Umbanhowar, C.E., Jr. and McGrath, M.J. 1998. Experimental production and analysis of microscopic 

charcoal from wood, leaves, and grasses. The Holocene 8, pp.341-346.  

Urban, B. and Bigga, G. 2015. Environmental reconstruction and biostratigraphy of late Middle 

Pleistocene lakeshore deposits at Schoningen. Journal of Human Evolution 89, pp.57-70.  

Ure, A. 1824. Dictionary of Chemistry. London: Tegg.  

Usta, A., Yilmaz, M., Kahveci, E., Yilmaz, S. and Ozturk, H. 2014. Effects of different site conditions on 

some of the wood properties of black alder (Alnus glutinosa (L.) Gartner subsp. barbata (C.A. Meyer) 

Yalt). Fresenius Environmental Bulletin 23(8), pp.1840-1851. 

Uthmeier, T. 2004. Planning depth and Saiga hunting: on-site and off-site activities of late Neanderthals 

in Level B1 of Buran-Kaya III. In V.P. Chabai, K. Monigal and A.E. Marks, eds, The Middle Palaeolithic and 

Early Upper Palaeolithic of Eastern Crimea. Liege: Universite de Liege, ERAUL 104, pp.193-231. 

Uthmeier, T. 2006. Stone Tools, Horses and Cognition: Transformation of Lithic Raw Materials at the 

Middle Palaeolithic Open Air Kill and Butchering Site of Kabazi II, Level III/1. In V. Chabai, J. Richter and T. 

Uthmeier, eds, Kabazi III: The 70,000 Years Since the Last Interglacial. Palaeolithic Sites of Crimea, Vol. 2. 

Simferopol-Cologne: Shlyak, pp.253-268. 

Uthmeier, T. and Chabai, V. 2018. Formation processes at sites with high-resolution sequences in the 

Crimean Middle Palaeolithic: The Kabazi V rock shelter and the open-air site of Kabazi II compared. 

Quaternary International pp.1-24.  

Uzquiano, P. 2006. Woodfire management and vegetation in the Cantabrian Region during 40-37 ka BP. 

Charcoal analyses of 1st Aurignacian occupation (layer 18) of “El Castillo” cave (Puente Viesgo, Cantabria, 

Spain). In V. Cabrera, ed, El Centenario de la Cueva de El Castillo: el ocaso de los Neandertales. Santona: 

UNED, pp.417-434.  

Uzquiano, P. 2008. Domestic fires and vegetation cover among Neanderthalians and anatomically 

modern human groups (>53-30kyr BP) in the Cantabrian region (Cantabria, Northern Spain). In G. 

Fiorentino and D. Magri, eds, Charcoals from the Past: Cultural and Palaeoenvironmental Implications. 

Proceedings of the Third International Meeting of Anthracology. Cavallino-Lecce (Italy). 28th June – 1st 

July 2004. British Archaeological Reports 1807, pp.273-285.  

Uzquiano, P., Yravedra, J., Zapata, B.R., Garcia, J.G., Sese, C. and Baena, J. 2010. Bone experiences at El 

Esquilleu cave (Western Cantabria, Northern Spain); Domestic hearths management, human behaviour 

and adaptations to environmental trends between 53-30Kyrs BP. Hominin subsistence in the Old World 

during Pleistocene and Early Holocene Session S4-3, ICAZ Congress, Paris, 23-28 August 2010.  



490 
 

Uzquiano, P., Yravedra, J., Zapata, B.R., Garcia, J.G., Sese, C. and Baena, J. 2012. Human behaviour and 

adaptations to MIS 3 environmental trends (53-30ka BP) at Esquilleu cave (Cantabria, northern Spain). 

Quaternary International 252(27), pp.82-89.  

Vaesen, K., Scherjon, F., Hemerik, L. and Verpoorte, A. 2019. Inbreeding, Allee effects and stochasticity 

might be sufficient to account for Neanderthal extinction. PLoS ONE 14(11), pp.1-15.  

Vahdati Nasab, H., Berillon, G., Jamet, G., Hashemi, M., Jayez, M., Khaksar, S., Anvari, Z., Guerin, G., 

Heydari, M., Kharazian, M.A., Puaud, S., Bonilauri, S., Zeitoun, V., Seveque, N., Khatooni, J.D. and 

Khaneghah, A.A. 2019. The open-air Palaeolithic site of Mirak: northern edge of the Iranian Central 

Desert (Semnan, Iran): Evidence of repeated human occupations during the late Pleistocene. Comptes 

Rendus Palevol 18, pp.465-478.  

Valde-Nowak, P., Alex, B., Ginter, B., Krajcarz, M.T., Madeyska, T., Miekina, B., Sobczyk, K., Stefanski, D., 

Wojtal, P., Zajaz, M. and Zarzencka-Szubinska, K. 2014. Middle Palaeolithic sequences of the Ciemna Cave 

(Pradnik valley, Poland): The problem of synchronization. Quaternary International 326, pp.125-145.  

Valensi, P., Cregut-Bonnoure, E. and Defleur, A. 2012. Archaeozoological data from the Mousterian level 

from Moula-Guercy (Ardeche, France) bearing cannibalized Neanderthals remains. Quaternary 

International 252, pp.48-55.  

Valensi, P., Michel, V., El Guennouni, K. and Liouville, M. 2013. New data on human behaviour from a 

160,000 year old Acheulean occupation level at Lazaret cave, south-east France: An archaeozoological 

approach. Quaternary International 316, pp.123-139.  

Valladas, H. and Joron, J.-l. 1993. Application de la methode de datation par la thermoluminescence a 

l'abri des Canalettes. In L. Meignen, Ed., L'Abri des Canalettes. Un Habitat Mousterien sur les Grands 

Causses (Nant, Aveyron). Paris: CNRS Editions, pp.14-146. 

Valladas, H., Mercier, N., Ayliffe, L.K., Falgueres, C., Bahain, J.J., Dolo, J.M., Froget, L., Joron, J.L., 

Masaoudi, H., Reyss, J.L. and Moncel, M.H. 2008. Radiometric dates for the Middle Palaeolithic sequence 

of Payre (Ardeche, France). Quaternary Geochronology 3, pp.377-389.  

Valladas, H., Mercier, N., Froget, L., Joron, J.-L., Reyss, J.-L., Karkanas, P., Panagopoulou, E. and Kyparissi-

Apostolika, N. 2007. TL age-estimates for the Middle Palaeolithic layers at Theopetra cave (Greece). 

Quaternary Geochronology 2, pp.303-308. 

Valladas, H., Mercier, N., Joron, J.L., McPherron, S.P., Dibble, H.L. and Lenoir, M. 2003. TL dates for the 

Middle Palaeolithic site of Combe-Capelle Bas, France. Journal of Archaeological Science 30, pp.1443-

1450.  

Vallin, L., Masson, B. and Caspar, J.P. 2001. Taphonomy at Hermies, France: a Mousterian knapping site in 

a loessic context. Journal of Field Archaeology 28, pp.419-436. 

Vallverdu, J., Vaquero, M., Caceres, I., Allue, E., Rosell, J., Saladie, P., Chacon, G., Olle, A., Canals, A., Sala, 

R., Courty, M.A. and Carbonell, E. 2010. Sleeping Activity Area within the Site Structure of Archaic 

Human Groups: Evidence from Abric Romani Level N Combustion Activity Areas. Current Anthropology 

51(1), pp.137-145.  

Vallverdu-Poch, J., de Soler, B.G., Vaquero, M. and Bischoff, J.L. 2012. The Abric Romani site and the 

Capellades region. In I. Carbonell and E. Roura, ed, High Resolution Archaeology and Neanderthal 

Behaviour: Time and Space in Level J of Abric Romani (Capellades, Spain). Dordrecht: Springer, pp.19-46.  

Valoch, K. and Moncel, M.-H. 2013. Neanderthals at Bojnice in the Context of Central Europe. Brno: 

Moravske Zemske Muzeum Archeologicky Ustav Sav.  



491 
 

Vandevelde, S., Brochier, J.E., Petit, C. and Slimak, L. 2017. Establishment of occupation chronicles in 

Grotte Mandrin using sooted concretions: rethinking the Middle to Upper Palaeolithic transition. Journal 

of Human Evolution 112, pp.70-78.  

Vandermeersch, B. 1995. Le problem des premieres sepultures. In J. Cros and J. Large, eds, La Mort, 

passé, present, conitionnel. La Roche-sur-Yon: Groupe vendeen d’etudes prehistoriques, pp.17-23.  

Val-Peon, C., Maie, T., Lopez-Saez, J.A., Santisteban, J.I., Mediavilla, R. and Reicherter, K. 2023. 

Representation and biases: Pollen-vegetation relationships and their contribution to the study of fossil 

pollen records in SW Iberia. Review of Palaeobotany and Palynology 316, 104919.  

Vaquero, M., Rando, J.M. and Chacon, M.G. 2004. Neanderthal spatial behaviour and social structure: 

Hearth-related assemblages from the Abric Romani Middle Palaeolithic site. In N. Conard, ed, Settlement 

Dynamics of the Middle Palaeolithic and Middle Stone Age 2. Tubingen: Kerns Verlag, pp.367-392.  

Vaquero, M., Vallverdu, J., Rosell, J., Pasto, I. and Allue, E. 2001. Neanderthal Behaviour at the Middle 

Palaeolithic Site of Abric Romani, Capellades, Spain. Journal of Field Archaeology 28(1), pp.93-114.  

Vargas, C.A., Nascimento, M.B., de Muniz, G.I.B. and Nisgoski, S. 2012. Physical and Mechanical 

Properties of Four Salix Species. Brazil Journal of Wood Science 3(2), pp.80-90. 

Vaughan, A. and Nichols, G. 1995. Controls on the deposition of charcoal: implications for sedimentary 

accumulations of fusain. Journal of Sedimentary Research 65, pp.129-135.  

Vazquez, C., Goncalves, R., Bertoldo, C., Bano, V., Vega, A., Crespo, J. and Guaita, M. 2015. Determination 

of the mechanical properties of Castanea sativa Mill. using ultrasonic wave propagation and comparison 

with static compression and bending methods. Wood Science and Technology pp.1-16. 

Velazquez-Marti, B., Lopez-Cortes, I., Salazar-Hernandez, D. and Callejon-Ferre, A.J. 2017. Modelling the 

Calorific Value of Biomass from Fruit Trees Using Elemental Analysis Data. In J.S. Tumuluru, ed, Biomass 

Volume Estimation and Valorization for Energy. Rijeka: InTech, pp.271-292. 

Venzo, S. 1948. Rilevamento geomorfologico dell'apparato morenico dell'Adda di Lecco. Atti Soc It Sc Nat 

87. pp.79-140. 

Verpoorte, A. 2006. Neanderthal energetics and spatial behaviour. Before Farming 3(2), pp.1-6. 

Veselsky, A.P. 2008. Kabazi V: Production and Rejuvenation of Bifacial Tools. In V. Chabai, J. Richter and T. 

Uthmeier, eds, Kabazi V: Interstratification of Micoquian and Levallois-Mousterian Camp Sites. Cologne: 

National Academy of Sciences of Ukraine, Institute of Archaeology Crimean Branch, Institute of 

Prehistoric Archaeology, University of Cologne, pp.455-481.  

Vettese, D., Marin-Arroyo, A.B. and Hohenstein, U.T. 2021. The Mousterian Levels of Riparo Tagliente 

(MIS 3-4, Italy): Monospecific hunting strategy of roe deer by Neanderthal. 1st Virtual Conference for 

Women Archaeologists and Palaeontologists, Toulouse, France.  

Viala, M.C., Giner, P.J., Canada, L.M.S. and Piqueras, L.H. 2020. Understanding woodworking in 

Palaeolithic times by means of use-wear analysis. Journal of Archaeological Science: Reports 29, 102119.  

 

Vicino, G., 1984. Lo scavo paleolitico al Riparo Bombrini (Balzi Rossi di Grimaldi, Ventimiglia). Rivista 

Ingauna Intemelia 39, 1–10. 

Vidal, L.M. 1911. Abric Romani, Estacio Agur, Cova de l’Or o dels Encantats. Estacions prehistoriques de 

les epoques mosteriana, magdaleniana I neolitica a Capellades I Sta. Creu d’Olorde (Barcelona). Anuari 

de l’Institut d’Estudis Catalans 4, pp.267-302.  

Vidal-Matutano, P. 2018. Anthracological data from Middle Palaeolithic contexts in Iberia: What do we 

know? Munibe Antropologie-Arkeologia 69, pp.5-20.  



492 
 

Vidal-Matutano, P., Blasco, R., Sanudo, P. and Peris, J.F. 2019. The Anthropogenic Use of Firewood During 

the European Middle Pleistocene: Charcoal Evidence from Levels XIII and XI of Bolomor Cave, Eastern 

Iberia (230-160ka). Environmental Archaeology 24(4), pp.269-284.  

Vidal-Matutano, P., Henry, A. and Thery-Parisot, I. 2017. Dead wood gathering among Neanderthal 

groups: Charcoal evidence from Abric del Pastor and El Salt (Eastern Iberia). Journal of Archaeological 

Science 80, pp.109-121.  

Vidal-Matutano, P., Hernandez, C.M., Galvan, B. and Mallol, C. 2015. Neanderthal firewood 

management: evidence from stratigraphic unit IV of Abric Del Pastor (Eastern Iberia). Quaternary Science 

Reviews 111, pp.81-93. 

Vidal-Matutano, P., Livraghi, A. and Peresani, M. 2022. New charcoal evidence at the onset of MIS 4: First 

insights into fuel management and the local landscape at De Nadale cave (northeastern Italy). Review of 

Palaeobotany and Palynology 298, pp.1-11.  

Vidal-Matutano, P., Perez-Jorda, G., Hernandez, C.M. and Galvan, B. 2018. Macrobotanical evidence 

(wood charcoal and seeds) from the Middle Palaeolithic site of El Salt, Eastern Iberia: 

Palaeoenvironmental data and plant resources catchment areas. Journal of Archaeological Science: 

Reports 19, pp.454-464. 

Villa, P. and Bartram, L. 1996. Flaked bone from a hyena den. Paleo 8(1), pp.143-159.  

Villa, P., Soriano, S., Pollarolo, L., Smriglio, C., Gaeta, M., D’Orazio, M., Conforti, J. and Tozzi, C. 2020. 

Neanderthals on the beach: Use of marine resources at Grotta dei Moscerini (Latium, Italy). PLoS ONE 

15(1), pp.1-35.  

Villaluenga, A., Arrizabalaga, A. and Rios-Garaizar, J. 2012a. Multidisciplinar Approach to two 

Chatelperronian Series: Lower IX Layer of Labeko Koba and X Level of Ekain (Basque Country, Spain). 

Journal of Taphonomy 10(3), pp.499-520.  

Vinas, R. 1972. Observaciones sobre los depositos cuaternarios de la Cova del Gegant. Sitges (Barcelona). 

Speleon 19, pp.115-126.  

Vines, G. 1928. La Cova Negra (Jativa). Archivo de Prehistoria Levantina 1, pp.11-14.  

Vitagliano, S. and Bruno, M. 2012. Late and final Mousterian setting in the Fossellone Cave (Latium, 

Italy): Patterns of settlement, micro-environmental factors and evidence of coloured material in a 

transitional context. Quaternary International 259, pp.48-58.  

von Stedingk, H., Fyfe, R. and Allard, A. 2008. Pollen productivity estimates from the forest-tundra 

ecotone in west-central Sweden: implications for vegetation reconstruction at the limits of the boreal 

forest. The Holocene 17(1), pp.65-77.  

Voulgaridis, E.V. and Passialis, C.N. 1995. Characteristics and technological properties of the wood of 

Mediterranean evergreen hardwoods. Foret Mediterraneenne 16(1), pp.3-12. 

Vukovic, S. 1949. Prehistorijsko nalaziste spilje Vindije. Historijski Zbornik 2, pp.243–249. 

Wadley, L. 2001. What is Cultural Modernity? A General View and a South African Perspective from Rose 

Cottage Cave. Cambridge Archaeological Journal 11(2), pp.201-221.  

Wadley, L., de la Pena, P. and Prinsloo, L.C. 2017. Responses of South African Agate and Chalcedony 

When Heated Experimentally, and the Broader Implications for Heated Archaeological Minerals. Journal 

of Field Archaeology 42, pp.364-377.  



493 
 

Wadley, L. and Prinsloo, L.C. 2014. Experimental heat treatment of silcrete implies analogical reasoning 

in the Middle Stone Age. Journal of Human Evolution 70, pp.49-60.  

Waechter, J.D. 1951. Excavations at Gorham’s Cave, Gibraltar. Proceedings of the Prehistorical Society 17, 

pp.83-92.  

Wales, N. 2012. Modelling Neanderthal clothing using ethnographic analogues. Journal of Human 

Evolution 63(6), pp.781-795.   

Walker, M.J., Gilbert, J., Lopez, M.V., Vincent Lombarda, A., Perez-Perez, A., Zapata, J., Ortega, J., Higham, 

T., Pike, A., Schwenninger, J.L., Zilhao, J. and Trinkaus, E. 2008. Late Neanderthals in southeastern Iberia: 

Sima de las Palomas del Cabezo Gordo, Murcia, Spain. PNAS 105(52), pp.20631-20636.  

Walker, M.J., Gilbert, J., Sanchez, F., Lombardi, A.V., Serrano, I., Gomez, A., Eastham, A., Ribot, F., Arribas, 

A., Cuenca, A., Gilbert, L., Albadalejo, S. and Andreu, J.A. 1999. Excavations at new sites of early man in 

Murcia, Sima de las Palomas del Cabezo Gordo and Cueva Negra del Estrecho del Rio Quipar de la 

Encarnacion. Human Evolution 14, pp.99-123.  

Wandsnider, L. 1997. The roasted and the boiled: food composition and heat treatment with special 

emphasis on pit-hearth cooking. Journal of Anthropological Archaeology 16, pp.1-48.  

Wang, F. and Konietzky, H. 2020. Thermal damage evolution of granite under slow and high-speed 

heating conditions. Computers and Geotechnics 123, 103590.  

Wang, R. and Dobritsa, A.A. 2021. Loss of THIN EXINE2 disrupts multiple processes in the mechanism of 

pollen exine formation. Plant Physiology 187(1), pp.133-157.  

Warneken, F. and Rosati, A.G. 2015. Cognitive capacities for cooking in chimpanzees. Proceedings of the 

Royal Society B 282, pp.1-9.  

Watkins, T. 1996. Excavations at Pinarbasi: the early stages. In I. Hodder, ed., On the Surface: Catalhoyuk 

1993-1995. Cambridge: McDonald Institute for Archaeological Research, pp.47-58.  

Webb, J. and Domanski, M. 2009. Fire and stone. Science 325, pp.820-821.  

Weidenreich, F. 1945. The palaeolithic child from the Teshik-Tash Cave in Southern Uzbekistan (Central 

Asia). American Journal of Physical Anthropology 3(2), pp.151-163.  

Weiner, S., Goldberg, P. and Bar-Yosef, O. 2002. Three-dimensional distribution of minerals in the 

sediments of Hayonim cave, Israel: diagenetic processes and archaeological implications. Journal of 

Archaeological Science 29, pp.1289-1308.  

Weiner, S., Xu, Q., Goldberg, P., Liu, J. and Bar-Yosef, O. 1998. Evidence for the use of fire at Zhoukoudian, 

China. Science 283, p.299.  

Weinstein-Evron, M., Zaidner, Y., Tsatskin, A., Yeshurun, R. and Hershkovitz, I. 2017. Misliya Cave, Mount 

Carmel, Israel. In Y. Enzel and O. Bar-Yosef, eds, Quaternary of the Levant. Cambridge: Cambridge 

University Press, pp.225-229.  

Weiss, I.M., Muth, C., Drumm, R. and Kirchner, O.K. 2018. Thermal decomposition of the amino acids 

glycine, cysteine, aspartic acid, asparagine, glutamic acid, glutamine, arginine and histidine. BMX 

Biophysics 11(2), pp.1-15.  

Weiss, M. 2015. Stone tool analysis and context of a new late Middle Palaeolithic site in western central 

Europe – Pouch-Terrassenpfeiler, Ldkr. Anhalt-Bitterfeld, Germany. Quartaer 62, pp.23-62.  



494 
 

Wells, C.G., Campbell, R.E., DeBano, L.F., Lewis, C.E., Fredriksen, R.L., Franklin, E.C., Foelich, R.C. and 

Dunn, P.H. 1979. Effects of Fire on Soil. Denver: U.S. Department of Agriculture.  

Werts, S.P. and Jahren, A.H. 2007. Estimation of temperatures beneath archaeological campfires using 

carbon stable isotope composition of soil organic matter. Journal of Archaeological Science 34, pp.850-

857.  

Weyrich, L.S., Duchene, S., Soubrier, J., Arriola, L., Llamas, B., Breen, J., Morris, A.G., Alt, K.W., Caramelli, 

D., Dresely, V., Farrell,M., Farrer, A.G., Francken, M., Gully, N., Haak, W., Hardy, K., Harvati, K., Held, P., 

Holmes, E.C., Kaidonis, J., Lalueza-Fox, C., de la Rasilla, M., Rosas, A., Semal, P., Soltysiak, A., Townsend, 

G., Usai, D., Wahl, J., Hudson, D.H., Dobney, K. and Cooper, A. 2017. Neanderthal behaviour, diet, and 

disease inferred from ancient DNA in dental calculus. Nature 544, pp.357-361.  

Wheeler, J. 2011. Charcoal analysis of industrial fuelwood from medieval and early modern iron-working 

sites in Bilsdale and Rievaulx, North Yorkshire, UK: evidence for species selection and woodland 

management. Environmental Archaeology 16(1), pp.16-35.  

Whitau, R., Balme, J., O’Connor, S. and Wood, R. 2017a. Wood charcoal analysis at Riwi cave, Gooniyandi 

country, Western Australia. Quaternary International 457, pp.140-154.  

White, E.M. and Hannus, L.A. 1981. Approximate method for estimating soil charcoal contents. 

Communications in Soil Science and Plant Analysis 12, pp.363-371.  

White, M.J. and Pettitt, P.B. 2011. The British Late Middle Palaeolithic: an interpretative synthesis of 

Neanderthal occupation at the northwestern edge of the Pleistocene world. Journal of World Prehistory 

24(1), pp.25-97.  

White, M.J, Pettitt, P.B. and Schreve, D. 2016. Shoot first, ask questions later: Interpretative narratives of 

Neanderthal hunting. Quaternary Science Reviews 140, pp.1-20. 

White, R.H. 1988. Charring rates of different wood species. PhD Thesis, University of Wisconsin-Madison: 

Madison, WI, USA. 

Wiaderek, I. and Waliszewska, B. 2010. Selected mechanical properties of one-year old twigs of Salix 

acutifolia. Forestry and Wood Technology 72, pp.427-432. 

Wiafe, E.D. and Kwakwa, P.A. 2013. Fuel-wood usage assessment among rural households in Ghana. 

Spanish Journal of Rural Development 4(1), pp.41-48.  

 

Wieczorek, M. and Herzschuh, U. 2020. Compilation of relative pollen productivity (RPP) estimates and 

taxonomically harmonised RPP datasets for single continents and Northern Hemisphere extratropics. 

Earth System Science Data 12(4), pp.3515-3528.  

Wilk, M., Magdziarz, A., Kalemba, I. and Gara, P. 2016. Carbonisation of wood residue into charcoal 

during low temperature process. Renewable Energy 85, pp.507-513. 

Wilke, P.J. 1996. Bullet-shaped microblade cores of the Near Eastern Neolithic: experimental replicative 

studies. In S.K. Kozlowski and H.G.K. Gebel, eds, Neolithic Chipped Stone Industries of the Fertile 

Crescent, and Their Contemporaries in Adjacent Regions. Studies in Early Near Eastern Production, 

Subsistence and Environment 3. Berlin: Ex Oriente, pp.289-310. 

Willcox, G. 1999. Charcoal analysis and Holocene vegetation history in southern Syria. Quaternary 

Science Reviews 18, pp.711-716.  



495 
 

Wilson, B.F. and McComb, B.C. 2005. Dynamics of dead wood over 20 years in a New England oak forest. 

Canadian Journal of Forest Research https://doi.org/10.1139/x05-003.  

Winterhalder, B., Larsen, R. and Thomas, R.B. 1974. Dung as an Essential Resource in a Highland Peruvian 

Community. Human Ecology 2, pp.89-104. 

Wisniewski, A., Adamiec, G., Badura, J., Bluszcz, A., Kowalska, A., Kufel-Diakowska, B., Mikolajczyk, A., 

Murczkiewcz, M., Musil, R., Przybylski, B., Skrzypek, G., Stefaniek, K. and Zych, J. 2011. Occupation 

dynamics north of the Carpathians and Sudetes during the Weichselian (MIS 5d-3): The Lower Silesia 

(SW Poland) case study. Quaternary International 294, pp.20-40.  

Wisniewski, A., Lauer, T., Chlon, M., Pyzewicz, K., Weiss, M., Badura, J., Kalicki, T. and Zarzecka-Szubinska, 

K. 2019. Looking for provisioning places of shaped tools of the late Neanderthals: a study of the 

Micoquian open-air site, Pietraszyn 49a (southwestern Poland). Comptes Rendus Palevol 18, pp.367-389.  

Wisniewski, A., Serwatka, K. and Badura, J. 2015. Nowe znaleziska kultury pradnickiej z terenu 

Płaskowyzu Głubczyckiego. Sl. Spraw. Archeol. 57, pp.7–30. 

Wobber, V., Hare, B. and Wrangham, R. 2008. Great apes prefer cooked food. Journal of Human Evolution 

55, pp.340-348.  

Wolf, M., Lehndorff, E., Wiesenberg, G.L.B., Stockhausen, M., Schwark, L. and Amelung, W. 2013. 

Towards reconstruction of past fire regimes from geochemical analysis of charcoal. Organic 

Geochemistry 55, pp.11-21.  

Wood, W.R. and Johnson, D.J. 1978. A survey of disturbance processes in archaeological site formation. 

In M.B. Schiffer, ed, Advances in Archaeological Method and Theory. New York: Academic Press, pp.315-

381.  

Wragg Sykes, R.M. 2015. To see a world in a hafted tool: birch pitch composite technology, cognition and 

memory in Neanderthals. In F. Coward, R. Hosfield, M. Pope and F. Wenban-Smith, eds, Settlement, 

Society and Cognition in Human Evolution. Cambridge: Cambridge University Press, pp.117-137. 

Wrangham, R.W. 2009. Catching Fire: How Cooking Made Us Human. Basic Books, New York.  

Wrangham, R.W. 2017. Control of Fire in the Palaeolithic: Evaluating the Cooking Hypothesis. Current 

Anthropology 58(16), pp.303-313.  

Wrangham, R.W. and Carmody, R.N. 2010. Human adaptation to the control of fire. Evolutionary 

Anthropology 19(5), pp.187-199.  

Wrangham, R.W. and Conklin-Brittain, N. 2003. Cooking as a biological trait. Comparative Biochemistry 

and Physiology Part A 136, pp.35-46.  

Wrangham, R.W., Jones, J.H., Laden, G., Pilbeam, D. and Conkin-Brittain, N. 1999. The Raw and the 

Stolen: Cooking and the Ecology of Human origins. Current Anthropology 40(5), pp.567-594.  

Wright, N.J., Fairbairn, A.S., Faith, T.J. and Matsumura, K. 2015. Woodland modification in Bronze and 

Iron Age Central Anatolia: an anthracological signature for the Hittite State? Journal of Archaeological 

Science 55, pp.219-230.  

Wu, L., Li, L., Zhou, H., Wang, X. and Zhang, G. 2019. Holocene fire in relation to environmental change 

and human activity reconstructed from sedimentary charcoal of Chaohu Lake, East China. Quaternary 

International 507, pp.62-73.  

https://doi.org/10.1139/x05-003


496 
 

Wurz, S. 1999. The Howiesons Poort Backed Artefacts from Klasies River: An Argument for Symbolic 

Behaviour. South African Archaeological Bulletin 54(169), pp.38-50. 

Wynn, T. and Coolidge, F.L. 2011. The implications of the Working Memory Model for the evolution of 

modern cognition. International Journal of Evolutionary Biology 741357, pp.1-13.  

Wynn, T., Overmann, K.A. and Malafouris, L. 2021. 4E cognition in the Lower Palaeolithic. Adaptive 

Behaviour 29(2), pp.99-106.  

Yamamoto, N., Matsuki, Y., Yokoyama, H. and Matsuki, H. 2015. Relationships among Indoor, Outdoor, 

and Personal Airbourne Japanese Cedar Pollen Counts. PLoS ONE 10(6), pp.1-14.  

Yapici, F. and Ulucan, D. 2012. Prediction of Modulus of Rupture and Modulus of Elasticity of Heat 

Treated Anatolian Chestnut (Castanea sativa) Wood by Fuzzy Logic Classifier. Drvna Industrija 63(1), 

pp.37-43.  

Yegorov, D., Marder, O., Khalaily, H., Milevski, I. and Rosen, S.A. 2020. Heat treated or not heat treated: 

Archaeological and experimental interpretation of flint assemblage from the Middle Pre-Pottery 

Neolithic B site of Yiftahel. Journal of Archaeological Science: Reports 29, 102090.  

Yeshurun, R., Bar-Oz, G. and Weinstein-Evron, M. 2007. Modern hunting behaviour in the early Middle 

Palaeolithic: faunal remains, from Misliya Cave, Mount Carmel, Israel. Journal of Human Evolution 53(6), 

pp.656-677.  

Yetish, G., Kaplan, H., Gurven, M., Wood, B., Pontzer, H., Manger, P.R., Wilson, C., McGregor, R. and 

Siegel, J.M. 2015. Natural Sleep and Its Seasonal Variations in Three Pre-Industrial Societies. Current 

Biology 25(21), pp.2862-2868. 

Yevtushenko, A.I., Burke, A., Ferring, C.R., Chabai, V. and Monigal, K. 2003. The Middle Palaeolithic site of 

Karabi Tamchin (Crimea, Ukraine): 1999-2001 excavations. Proceedings of the Prehistoric Society 69, 

pp.137-159.  

Yildiz, U.C., Temiz, A., Gezer, E.D. and Yildiz, S. 2004. Effects of the wood preservatives on mechanical 

properties of yellow pine (Pinus sylvestris L.) wood. Building and Environment 39, pp.1071-1075. 

Yravedra, J., Alvarez-Alonso, D., Estaca-Gomez, V., Lopez-Cisneros, P., Arrizabalaga, A., Elorza, M., Iriarte, 

M.J., Pardo, J.F.J., Sese, C. and Uzquiano, P. 2016. New evidence of bones used as fuel in the Gravettian 

level at Coimbre cave, northern Iberian Peninsula. Archaeological and Anthropological Sciences 9, 

pp.1153-1168.  

Yravedra, J., Baena, J., Arrizambalaga, A. and Iriarte, J. 2006. El empleo de material oseo como 

combustible durante el Paleolitici Medio y Superior en el Cantabrico. Observaciones experimentales. In J. 

Lasheras and R. Montes, eds, Neandertales cantabricos. Estado de la cuestion, vol. 20. Altamira: Museo 

Nacional de Altamira, pp.369-383.  

Yravedra, J., Panera, J., Rubio-Jara, S., Manzano, I., Exposito, A., Perez-Gonzalez, A., Soto, E. and Lopez-

Recio, M. 2014. Neanderthal and Mammuthus interactions at EDAR Culebro 1 (Madrid, Spain). Journal of 

Archaeological Science 42, pp.500-508.  

Yravedra, J., Rubio-Jara, S., Panea, J., van der Made, J. and Perez-Gonzalez, A. 2019. Neanderthal diet in 

fluvial environments at the end of the Middle Pleistocene/early Late Pleistocene of Preresa site in the 

Manzanares Valley (Madrid, Spain). Quaternary International 520, pp.72-83.  



497 
 

Yravedra, J. and Uzquiano, P. 2013. Burnt bone assemblages from El Esquilleu cave (Cantabria, Northern 

Spain): deliberate use for fuel or systematic disposal of organic waste? Quaternary Science Reviews 68, 

pp.175-190.  

Yravedra, Y., Rubio-Jara, S., Panera, J., Uribelarrea, D. and Perez-Gonzalez, A. 2012. Elephants and 

subsistence. Evidence of the human exploitation of extremely large mammal bones from the Middle 

Palaeolithic site of Preresa (Madrid, Spain). Journal of Archaeological Science 39, pp.1063-1071.  

Yravedra-Sainz de los Terreros, J., Gomez-Castanedo, A., Aramendi-Picado, J., Montes-Barquin, R. and 

Sanguino-Gonzalez, J. 2015. Neanderthal and Homo sapiens subsistence strategies in the Cantabrian 

region of northern Spain. Archaeological and Anthropological Science 

Zafren, K., Durrer, B., Herry, J.-P. and Brugger, H. 2005. Lightning injuries: prevention and on-site 

treatment in mountains and remote areas. Official guidelines of the International Commission for 

Mountain Emergency Medicine and the Medical Commission of the International Mountaineering and 

Climbing Federation (ICAR and UIAA MEDCOM). Resuscitation 65, pp.369-372. 

Zaidner, Y., Frumkin, A., Porat, N., Tsatskin, A., Yeshurun, R., Weissbrod, L. 2014. A series of Mousterian 

occupations in a new type of site: the Nesher Ramla karst depression, Israel. Journal of Human Evolution 

66, pp.1–17. 

Zanchetta, G., Giaccio, B., Bini, M. and Sarti, L. 2018. Tephrostratigraphy of Grotta del Cavallo, Southern 

Italy: insights on the chronology of Middle to Upper Palaeolithic transition in the Mediterranean. 

Quaternary Science Review 182, pp.65-77.  

Zapata, L., Pena, L., Ibanez, J.J. and Gonzalez, J.E. 2003. Ethnoarchaeology in the Moroccan Jebala 

(Western Riff): Wood and dung as fuel. In K. Neumann, A. Butler and S. Kahlheber, eds, Food, Fuel and 

Fields. Process in African Archaeobotany. Koln: Barth-Institut-Hendrik, pp.163-175.  

Zarski, M., Winter, H., Nadachowski, A., Urbanowski, M., Socha, P., Kenig, K., Marcinkowski, B., 

Krzeminska, E., Stefaniak, K., Nowaczewska, W. and Marciszak, A. 2017. Stratigraphy and 

palaeoenvironment of Stajnia Cave (southern Poland) with regard to habitation of the sit by 

Neanderthals. Geological Quarterly 61, pp.350-369.  

Zavernyaev, F.M. 1978. Khotylevskoe paleoliticheskoe mestonahozhdenie. Leningrad: Nauka. 

Zhao, S., Pereira, P., Wu, X., Zhou, J., Cao, J. and Zhang, W. 2020. Global karst vegetation regime and its 

response to climate change and human activities. Ecological Indicators 113, 106208.  

Zhong, M., Shi, C., Gao, X., Wu, X., Chen, F., Zhang, S., Zhang, X. and Olsen, J.W. 2014. On the possible use 

of fire by Homo erectus at Zhoukoudian, China. Chinese Science Bulletin 59, pp.335-343. 

Zhou, X., Wang, Y., Wang, L., Lv, J., Zhao, R., Yao, L. and Chen, Z. 2017. Cell Wall Structure and Mechanical 

Properties of Salix psammophila. Wood Research 62(1), pp.1-12. 

Zhou, Z., Gian, Y., Gao, X. and Wang, C. 2013. Heat treatment and associated early modern human 

behaviours in the Late Palaeolithic at the Shuidonggou site. Chinese Science Bulletin 58, pp.1801-1810. 

Zhou, Z., Huan, Y., Shao, Y., Dai, Y. and Yang, H. 2014. Heat treated stone artifacts at Shuidonggou, 

Northwest China and their archaeological implication. Quaternary International 347, pp.84-90. 

Zickler, G.A., Schoberl, T. and Paris, O. 2006. Mechanical properties of pyrolyzed wood: A 

nanoindentation study. Philosophical Magazine 86(10), pp.1373-1386.  



498 
 

Zieva, A., Sitlivy, V., Sobczyk, K. and Kolesnik, A.V. 2008. Raw material exploitation and intra-site spatial 

distribution at two late Middle and early Upper Palaeolithic sites in the Krakow region: Piekary Iia and 

Ksiecia Jozefa. Archaeology, Ethnology and Anthropology of Eurasia 33, pp.46-57.  

Zilhao, J. 1992. Gruta do Caldeirao O Neolitico Antigo. Lisbon: Instituto Portugues do Patrimonio 

Arquitectonico e Arquelogico (Trabalhos de Arquelogia 6). 

Zilhao, J., Ajas, A., Badal, E., Burow, C., Kehl, M., Lopez-Saez, J.A., Pimenta, C., Preece, R.C., Sanchis, A., 

Sanz, M., Weinger, G.-C., White, D., Wood, R., Angelucci, D.E., Villaverde, V. and Zapata, J. 2016. Cueva 

Anton: A multi-proxy MIS 3 to MIS 5a palaeoenvironmental record for SE Iberia. Quaternary Science 

Reviews 146, pp.251-273. 

Zilhao, J., Banks, W.E., d’Errico, F. and Gioia, P. 2015. Analysis of Site Formation and Assemblage Integrity 

Does Not Support Attribution of the Uluzzian to Modern Humans at Grotta del Cavallo. PLoS ONE 10, 

pp.1-40. 

Zilhao, J., Cardoso, J.L., Pike, A.W.G. and Weniger, B. 2011. Gruta Nova da Columbeira (Bombarral, 

Portugal): Site stratigraphy, age of the Mousterian sequence, and implications for the timing of 

Neanderthal extinction in Iberia. Quartar 58, pp.93-112.  

Zilhao, J., d’Errico, F., Bordes, J.-G., Lenoble, A., Texier, J.-P. and Rigaud, J.-P. 2008. Grotte des Fees 

(Chatelperron): history of research, stratigraphy, dating, and archaeology of the Chatelperronian type-

site. PalaeoAnthropology 2008, pp.1-42.  

Zilio, L., Hammond, H., Karampaglidis, T., Sanchez-Romero, L., Blasco, R., Rivals, F., Rufa, A., Picin, A., 

Chacon, M.G., Demuro, M., Arnold, L.J. and Rosell, J. 2021. Examining Neanderthal and carnivore 

occupations of Teixoneres Cave (Moia, Barcelona, Spain) using archaeostratigraphic and intra-site spatial 

analysis. Nature Scientific Reports 11, 4339.  

Zipf, G.K. 1949. Human behaviour and the principle of least effort. Addison-Wesley.  

Zwane, B., Bamford, M., van Wijk, Y. and Wurz, S. 2023. An analysis and environmental interpretations of 

wood charcoal from the Later Stone Age deposit at Klasies River cave 1, Tsitsikamma Coast. South African 

Journal of Botany 160, pp.147-156.  

 

 


