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ABSTRACT 

At about 13,000 calendar years before present (BP) the Laacher See volcano, located 

in present-day western Germany, erupted catastrophically. It has been argued that 

this eruption and its attendant ash fallout played a causal role in the demographic 

and cultural change documented archaeologically amongst contemporaneous human 

hunter-gatherer populations in northern Europe. The population displacement and 

subsequent changes in material culture are clearly visible in the archaeological 

record, especially in southern Scandinavia. A particular challenge to this scenario is 

the apparently paradoxical proposition that the effects of the Laacher See volcanic 

eruption became more pronounced with distance from the volcano itself. There are, 

however, several documented detrimental health effects of volcanic eruptions that, 

owing to the physical properties of the ash fallout, actually do become more severe 

with distance from the eruptive centre. Volcanic eruptions introduce large amounts of 

chemicals into the atmosphere and deposit these, via ash fallout, in the environment. 

Here we explore the hypothesis that the deposition of tephra with a high fluoride 

content contributed to making the landscapes affected by Laacher See ash fallout 

unsuitable for wildlife and humans. We briefly describe the possible fate of the 

fluoride released by the Laacher See volcanic eruption, and its potential effects on 

northern European ecosystems with particular attention to impact pathways from 

wildlife to humans and to humans directly. Finally, we outline possible avenues of 

empirically investigating fluoride toxicosis in wildlife, especially large mammalian 

herbivores, following this volcanic event. 
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Introduction 

Large explosive volcanic eruptions constitute major hazards to society. Yet, they are 

relatively rare and assessing the actual risk they pose is difficult, especially in relation 

to volcanic centres with long repose periods (Donovan and Oppenheimer 2018). In 

such cases, we must turn to the evidence preserved in the historical, archaeological or 

palaeontological records in order to assess past impacts on human and animal health 

and well-being. In this paper, we combine volcanological, archaeological and (palaeo-

)pathological information to explore the possible impact of fluoride poisoning on 

wildlife and its downstream effect on contemporaneous human communities 

following the catastrophic eruption of the Laacher See volcano at about 13,000 years 

BP (Schmincke 2006; Schmincke et al. 1999).  

The last glacial period is considered to have reached its climax (Last Glacial 

Maximum, LGM) some 21,000 calendar years ago (Mix et al. 2001). After the LGM, 

the massive glaciers covering the Alps as well as large parts of northern Europe, 

northern Asia and North America began to recede. Plants, animals as well as human 

hunter-gatherers subsequently started to re-colonise the recently deglaciated regions. 

The process of human re-colonization of these regions is now reasonably well 

understood both archaeologically and genetically (e.g. Fu et al. 2016; Gamble et al. 

2005; Villalba-Mouco et al. 2019).  

Equipped with light tents and bow-and-arrow technology, small groups 

belonging to the so-called Magdalenian culture were the first to expand their home 

ranges out onto the North European Plain. High mobility, coupled with regular 

contact and exchange of information and mates, allowed these large-game hunters to 

survive in this climatically and environmentally still rather unstable period (Riede 
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2014). It is this mobility that underwrites the Magdalenian culture’s pronounced 

homogeneity. Stone, bone and antler tools look virtually identical across this culture’s 

entire territory. 

There is, however, one exception to this. In southern Scandinavia (present-day 

northern Germany, Denmark, and southern Sweden), a very different cultural 

phenomenon is encountered. Here, somewhat larger and cruder stone tools are found, 

and the tool-kit is impoverished compared to the Magdalenian culture in both stone 

tool forms as well as tools made from organic raw materials. This autochthonous 

culture is known as the Bromme culture, named after the Danish locality where it was 

first defined. As alluded to above, the Bromme culture is remarkable in (a) its 

geographic circumscription in a period of otherwise spatial homogeneity in the 

cultural sphere, (b) the larger size of its tools in a period of increasing miniaturisation 

of all lithic components, and (c) its use of large tanged points as projectile tips in a 

period that is otherwise characterised by slender side-blunted (backed) points. 

Previous studies using ballistic principles show that the large tanged points most 

likely are associated with darts thrown with the aid of a spearthrower or atlatl. While 

still a powerful weapon delivery system, the dart-and-atlatl is nonetheless inferior 

compared to bow-and-arrow technology (Riede 2009). 

One scenario explaining the origin of the Bromme culture and its seeming loss 

of technological complexity links it to the eruption of the Laacher See volcano located 

in the East Eifel Volcanic Field in present-day western Germany (Baales et al. 2002; 

Schmincke et al. 1999; Fig. 1). This eruption is dated to ~13,000 yr BP (Reinig et al. 

2020), the most recent in this volcanic field and its largest in both magnitude and 

ejection volume. Its high explosivity was related to the presence of so-called evolved 

magma, i.e., magma that had gone through fractional crystallization processes and 
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maturation from the normal, more mafic (basalt-like) magmas of the region. The 

explosivity of the eruption was further amplified by contact of the magma with 

ground water resulting in particularly explosive phreatomagmatic bouts (Schmincke 

et al. 1999). This interaction with water caused an intense magma fragmentation and 

the production of large quantities of fine glassy tephra particles.  

 

--- Figure 1 --- 

 

The impact of the eruption on the immediate surroundings was devastating. It 

has been argued that regions severely affected by tephra fallout were abandoned by 

prey animals and, in consequence, also by humans (Riede 2007, 2008, 2017). The 

population displacement following the eruption is likely to have disrupted trade and 

communication routes. It is further assumed that the material culture changes 

documented archaeologically reflect demographic disturbances amongst 

conttemporaneous foragers. It has been argued that the eruption also caused slight 

perturbations in regional climate over annual or at most decadal timescales (Graf and 

Timmreck 2001). However, the actual palaeoenvironmental evidence for longer-

lasting environmental change, especially at greater distance from the eruptive centre, 

is ambiguous (de Klerk et al. 2008; Lane et al. 2015). The notion of a causal 

relationship between the eruption of the Laacher See volcano, tephra fallout, and the 

cultural changes observed in northern Europe has also been challenged (Sørensen 

2010). 
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The tephra fallout from the Laacher See volcanic eruption (LSE) was, 

however, widespread in Europe. Thickness of the Laacher See tephra (LST) deposits 

decreased with distance from the eruptive centre, and in northern Europe ranged from 

a few centimetres to less than 1 cm (Riede et al. 2011). The decline in tephra fallout 

thickness and the attendant change in grain size composition with distance from the 

eruptive centre broadly follows a patterns also described for other eruptions (Pyle 

1989). As fallout thickness declines, the fraction of very fine particles (diameter < 

63µm) increases. Although tephra erosion may actually be fairly limited in some 

circumstances (cf. Cutler et al. 2020), exactly how the thickness measures obtained 

for existing outcrops of LST correspond to original fallout depth remains uncertain. 

We note, however, that at distances of around 250 km from the vent, near Göttingen 

in Central Germany, tephra thickness still reaches 20-40 cm in protected rock-shelters 

(e.g. Grote 2003). We also know from large-scale mining operations that the ash fell 

as a continuous blanket in, for instance, eastern Germany at a distance of about 340 

km from the vent. Relatively few robust particle size measurements are available for 

such medial and distal deposits, but these generally indicate an increasing dominance 

of fine particles with distance, albeit still with the presence of relatively large particles 

(Riede and Bazely 2009).  

At face value and given the decline in tephra fallout with distance from the 

volcano, it remains puzzling why the impact of the LSE on contemporaneous hunter-

gatherer populations appears to have increased rather than decreased with distance 

from the eruption site, as was suggested on the basis of the archaeological evidence. 

Several previous investigations have explored possible detrimental effects that would 

have affected wildlife and humans living in areas exposed to the ash fallout. One 

study has suggested, for instance, that the increasingly fine-grained nature of the ash 
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fall in more distal fallout regions would have caused severe respiratory irritation 

(Riede and Bazely 2009). Another study showed that the hardness of the ash particles 

is so great as to have caused a dramatic increase in dental wear when taken up along 

with food items (Riede and Wheeler 2009). This effect is well known from more 

recent volcanic eruptions and can lead to increased mortality in herbivorous mammals 

(e.g. Bolt et al. 1975).  

The aim of the present paper is to explore another possible mechanistic link 

between the Laacher See tephra fallout and its detrimental effects on 

contemporaneous wildlife and, in consequence, human populations: fluoride 

poisoning. Against a background of recent accounts of fluoride toxicosis in the wake 

of volcanic eruptions and of what we know about fluoride effects on animals, large 

mammalian herbivores in particular, we hypothesise that the LST caused fluoride 

poisoning amongst Late Pleistocene wildlife and perhaps humans (Box 1). We briefly 

review fluorine in volcanic contexts and the signs and symptoms associated with 

elevated fluoride intake. Finally, we outline a protocol for empirical investigation of 

this hypothesis. 

 

BOX 1: Did the eruption of the Laacher See volcano (13,000 years BP) cause 

fluoride poisoning amongst contemporaneous wildlife and human foragers? A 

hypothesis 

Observation 1: The 13,000 years BP eruption of the Laacher See volcano correlates 

chronologically with the depopulation of some regions of Central Germany and the 

emergence of the so-called Bromme culture in southern Scandinavia. 
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Observation 2: Ash from volcanic eruptions has been reported to carry larger amounts 

of fluorine into far fields. 

Observation 3: Elevated fluoride intake can lead to acute and/or chronic poisoning 

and hence elevated mortality and morbidity. 

Hypothesis: Fluorine was one hazardous agent associated with the LSE and its tephra 

fallout – especially at increasing distance from the eruptive centre – impacting 

ecosystems at annual to decadal timescales following deposition. 

Expectation 1: Fluorine levels in Laacher See ejecta are high, especially in those from 

early eruption phases. The ejecta were transported towards the north-east. 

Expectation 2: Fallout thickness was low where the greatest impacts on humans are 

observed and did not severely impede grazing by large mammalian herbivores. 

Expectation 3: Grain size of LST particles decreases with distance from the eruptive 

centre. 

Expectation 4: Animal/human bones and teeth from the period shortly after the 

eruption and from the region where tephra fallout was moderate in thickness but high 

in fluorine content, display signs of chronic fluoride poisoning in the form of skeletal 

and dental fluorosis.  

 

Occurrence of fluorine in nature and its release by volcanic activity  

Fluorine (F) is a ubiquitous halogen that has the highest electronegativity of all 

elements (Fina and Rigalli 2015; Fuge 2019; Greenwood and Earnshaw 1997). In 

consequence, in nature it is always present in its reduced state (= fluoride, oxidation 
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state of -1). Fluorine is a lithophile element that occurs in the earth’s crust in 

geographically variable concentrations of mostly some hundred to a few thousand 

ppm (mg/kg) (Fuge 2019; Weinstein and Davison 2004). Much higher values are, 

however, recorded for highly fractioned peraluminous and peralkaline granitoids and 

some basaltic rocks (Koga and Rose-Koga 2018). F-containing minerals occur as vein 

deposits associated with igneous rocks in various regions of the world, and 

weathering and dissolution of these minerals releases fluoride into soils and water 

(Johnston and Strobel 2020; Koga and Rose-Koga 2018). Alkaline groundwater 

(pH > 8) can effectively solubilize fluoride from minerals, and geothermal waters also 

typically exhibit high F-concentrations (Edmunds and Smedley 2013; Johnston and 

Strobel 2020). Volcanic processes are critical in recycling fluoride from these 

lithospheric reservoirs into the bio- and atmosphere (Johnston and Strobel 2020; Pyle 

and Mather 2009; Weinstein and Davison 2004), mainly in the form of HF, but, in 

lower amounts, also as NH4F, SiF4, (NH4)2SiF6, NaSiF6, K2SiF6, and KBF4 

(D’Alessandro 2006; Garcia and Borgnino 2015).  

Harms and Schmincke (2000) measured the F-content of undegassed glass 

inclusions trapped in ejecta from the LSE showing that especially the initial highly 

explosive phreatomagmatic eruption phases were extremely F-enriched. F-

concentrations in the matrix glass measured in their study reached up to 8780 mg/kg. 

How such petrologically measured F-values translate into bioavailable fluoride is 

presently not well known. In a review of the post-eruptive fate of fluoride, Cronin et 

al. (2000) conclude that this is a complex process and that there is considerable 

variation in the transformation from the initial F-content to bioavailable fluoride 

Later, Cronin et al. (2003) demonstrated that slowly soluble F-compounds such as 

CaF2, AlF3, and Ca5(PO4)3 dominate in the products of phreatomagmatic eruptions, 
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while highly soluble F-compounds (NaF, CaSiF6) are less prevalent. In the following, 

we explore the pathways of fluoride uptake in animals and humans and present a 

protocol for how potential F-poisoning could be identified in the context of the LSE. 

 

Routes of fluoride uptake by grazing animals and humans 

The main route of fluoride uptake by grazing animals inhabiting areas exposed to F-

emissions from natural or anthropogenic sources is ingestion of fluoride compounds 

adhering to plant surfaces (Cronin et al. 2000; Ranjan and Ranjan 2015; Shupe and 

Olson 1983). In areas exposed to fallout of volcanic ash, uptake of F-rich tephra 

particles deposited on the vegetation is considered the dominant exposure pathway for 

herbivores. Numerous studies of F-toxicosis in grazing animals related to tephra 

deposition in volcanic areas are available (Araya et al. 1990; Armienta et al. 2011; 

Cronin et al. 2000, 2003; Flueck 2016a; Flueck and Smith-Flueck 2013; Georgsson 

and Petursson 1972; Roholm 1937), although these cover only a fraction of possible 

eruption types and post-eruptive ecological interactions. This work has demonstrated 

severe health deterioration and mortality peaks in animals feeding on ash-laden plants 

and/or inadvertently or purposely (Sheppard 1998) ingesting F-contaminated soil. 

It has been shown that phreatomagmatic eruptions in particular are able to 

scavenge substantial amounts of fluoride, and that relative F-concentrations increase 

as particles become smaller owing to the proportional increase of surface area to 

volume (Cronin et al. 2003; Frogner Kockum et al. 2006; Óskarsson 1980). This 

lighter ash has the potential to travel long distances. Regarding the risk of fluoride 

toxicosis in grazing animals, the Icelandic volcanologist Thorarinsson (1979, p. 143) 

suggested that “[as] fluorine adheres to the surface of the grains, fine-grained tephra is 
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likely to transport more fluorine than a coarse-grained one. The deposition per unit of 

tephra-transported fluorine thus depends on both the particle size of the tephra and the 

thickness of a layer […]. Most dangerous for the grazing animals is a layer of F-

contaminated tephra that is so thin that it does not hinder grazing and so fine-grained 

that the tephra particles stick easily to the vegetation and thus get into the digestive 

organs of the animals. Therefore, fluoride toxicosis in grazing animals is usually more 

severe farther away from the erupting volcano”. 

 Contrary to grazing animals, the principal pathway of excess F-uptake in 

humans is the consumption of contaminated water, either groundwater or F-enriched 

rainwater, (Allibone et al. 2012; Edmunds and Smedley 2013). In several regions of 

the world, hazardously elevated F-concentrations are present naturally in ground 

water, which is frequently associated with endemic F-toxicity in humans and animals 

(Ahmed et al. 1998; Bardsen et al. 1999; Garcia and Borgnino 2015; Roholm 1937; 

Simon et al. 2014; Thorarinsson 1979; A. E. Villa et al. 1998). It has long been 

recognised that F-toxicosis in humans and animals can occur in areas of active 

volcanism due to uptake of F-contaminated water (Cronin et al. 2003; D’Alessandro 

2006; Thorarinsson 1979). Other routes of excess F-exposure in humans include 

domestic (indoor) coal burning in unvented stoves (e.g. Chen et al. 2014), the 

consumption of F-accumulating plants or of products from such plants such as tea 

(see Weinstein and Davison 2004; World Health Organization 2002), and, in modern 

times, the use of fluoridated toothpaste and other dental hygiene products (World 

Health Organization 2002). In addition, early occupational health studies reported 

acute and chronic poisoning in workers exposed to high F-levels (e.g. H. Trendley 

Dean 1936; Roholm 1937). 
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Effects of fluoride on animals and humans 

There currently exists no evidence to suggest that fluorine is an essential element for 

animals and humans (Ranjan and Ranjan 2015). However, the pronounced cariostatic 

effect of fluoride has led to its widespread use in oral care products and to water 

fluoridation in several areas of the world, and moderate exposure to fluoride is 

generally considered to be beneficial for human dental health (DenBesten and Li 

2011; Ellwood et al. 2008; World Health Organization 2002). While it was 

historically believed that, during tooth development, fluoride had to be incorporated 

into the crystal lattice of enamel (and dentin) to exert its cariostatic effect, it was later 

shown that the effect of fluoride is mainly topical due to its influence on the processes 

triggered by acidic challenges (DenBesten and Li 2011; Ellwood et al. 2008). This 

means that an effective caries control can be achieved using fluoridated toothpaste or 

mouth rinses without the need to actually ingest fluoride. 

Absorption of fluoride from the gastrointestinal tract occurs by passive 

diffusion (Buzalaf and Whitford 2011; Whitford 1996). In the absence of higher 

concentrations of cations (calcium, magnesium, aluminium) that can complex 

fluoride, F-absorption is a very rapid process. The speed of gastric F-absorption is 

influenced by the acidity of the stomach content (Whitford 1996). At low pH, fluoride 

is mainly present in the form of the uncharged HF molecule that readily crosses 

membranes (non-ionic diffusion), including that of the gastric mucosa. With rising pH 

value, the concentration of the ionic form (F-) increases, whose coefficient of 

permeability of lipid bilayer membranes is much lower than that of HF (Buzalaf and 

Whitford 2011). Contrary to gastric absorption, fluoride absorption from the small 

intestine occurs predominantly in the ionic form through tight junctions between cells 
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or paracellular channels and is therefore not affected by pH (Buzalaf and Whitford 

2011). 

 Several biomarkers can be used to assess the F-exposure of individuals. F-

levels in blood, saliva, and urine allow an assessment of recent exposure to fluoride, 

while F-concentrations in nails and hairs enable an assessment of exposure over 

medium time scales of weeks to months (Pessan and Buzalaf 2011; Ranjan and 

Ranjan 2015; Rugg-Gunn et al. 2011). Long-term exposure to fluoride is mostly 

assessed by measuring F-concentrations in bone and dentine (U. Kierdorf et al. 2012, 

2016; Ranjan and Ranjan 2015; Richter et al. 2011). Fluoride is an avid mineralized 

tissue seeker, and the growing skeleton of young individuals has been shown to be 

capable of F-uptake at a particularly high rate (A. E. Villa et al. 2010; Whitford 

1996). It has also been demonstrated that deer antlers, which constitute the fastest 

growing bones in the animal kingdom, can accumulate large amounts of fluoride 

within their short growth period of some months (U. Kierdorf and Kierdorf 2002; J. 

W. Suttie et al. 1985) 

Depending mainly on the dose and duration of exposure, uptake of excessive 

amounts of fluoride can cause acute or chronic poisoning. Susceptibility to excess 

fluoride varies among species (National Research Council 1974; Ranjan and Ranjan 

2015; Shupe and Olson 1983). In domestic ruminants, fluoride tolerance levels in dry-

matter feed range between 30 and 50 mg/kg, with sheep and goats being able to 

tolerate somewhat higher dietary F-levels than cattle (Ranjan and Ranjan 2015). 

Skeletal F-concentrations in domestic animals suffering from chronic F-toxicosis are 

elevated compared to controls. For instance, F-levels in bones of 6-year-old dairy 

cattle showing severe chronic F-toxicosis ranged between 5622 and 8676 mg/kg (on a 

dry-matter basis), compared to 653-1221 mg/kg in individuals not exposed to excess 
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fluoride (Shupe et al. 1984). Within a given species, F-toxicity is affected by a variety 

of factors, including age, sex, health, physical activity, and various dietary factors, 

including the supply of calcium and other mineral elements (Everett 2010; Nelson et 

al. 2016; Ranjan and Ranjan 2015; Whitford 1996). Studies on inbred mouse (Mus 

musculus) strains have also demonstrated genetic variability in susceptibility to F-

toxicity during amelogenesis (enamel formation) and osteogenesis (Everett 2010; 

Kobayashi et al. 2014). There is evidence to suggest that also in humans, 

polymorphism in genes involved in the formation of dental enamel is related to 

variation in dental fluorosis susceptibility (Küchler et al. 2017; Tremillo-Maldonado 

et al. 2020). 

Acute F-poisoning is caused by the uptake of large doses of highly soluble 

fluoride compounds. Almost all organ systems are affected by acute F-toxicity, with a 

nearly instantaneous onset of signs and symptoms after ingestion (Ranjan and Ranjan 

2015; Whitford 1992). Death from acute F- poisoning will leave no traces in the 

skeleton and can therefore not be ascertained by studying skeletal remains. 

The probably toxic dose (PTD) of fluoride following oral uptake, i.e., the 

minimum oral F-dose that could cause serious or life-threatening systemic signs and 

symptoms in humans is regarded to be 5.0 mg/kg body weight (Whitford 1996). The 

certainly lethal dose (CLD) of fluoride for an adult male human individual of 70 kg 

has been estimated to range between 32 and 64 mg/ kg body weight (Whitford 1996). 

In single exposure experiments on animals, the LD50, for the oral administration of 

fluoride (given as NaF, SnF2 or Na2PO3F) to laboratory mice, i.e., the F-dose killing 

50% of a test population, ranged between 25.5 and 94.0 mg/kg body weight. For 

laboratory rats (Rattus norvegicus) the corresponding LD50 values ranged between 31-

102 g/kg (World Health Organization 2002). Oral F-uptake of ≥ 100 mg/kg body 



 18 

weight respectively, is considered acutely lethal for sheep and cattle (Cronin et al. 

2003; National Research Council 1974).  

Prolonged overexposure to fluoride below the level of acute toxicity causes 

chronic F-toxicosis, a condition characterized by pathological changes in both 

mineralized and various non-mineralized tissues (Nelson et al. 2016; Ranjan and 

Ranjan 2015; Shupe and Olson 1983; Whitford 1996). Chronic F-poisoning is much 

more common than acute poisoning in both humans and animals. First signs and 

symptoms of chronic F-toxicity tend to occur several weeks, months or even years 

after the onset of F-overexposure (Ranjan and Ranjan 2015; Shupe and Olson 1983). 

When dealing with archaeological skeletal remains, the diagnosis of chronic F-

poisoning in an individual must primarily be based on dental and bone lesions, with 

the possible aid of measuring F-concentration in bones or teeth.  

The bone lesions of chronic F-toxicity are referred to as skeletal fluorosis or 

osteofluorosis, the dental lesions as dental fluorosis (DenBesten and Li 2011; 

Fejerskov et al. 1988; Ranjan and Ranjan 2015; Roholm 1937; Shupe and Olson 

1983; World Health Organization 2002). The latter term refers to pathological 

changes in dental enamel, and the terms dental fluorosis and enamel fluorosis, as well 

as the older term ‘mottled enamel’, can therefore be used synonymously (Clawson et 

al. 1940; Dean 1935; DenBesten and Li 2011). It should, however, be noted that 

chronic F-poisoning causes pathological changes also in the dentine that forms the 

bulk of a tooth. Contrary to the F-induced enamel lesions, which can be assessed by 

macroscopic inspection of teeth, recording of the dentinal lesions requires histological 

or radiographic analysis (Fejerskov et al. 1979; Richter et al. 2010; Rojas-Sánchez et 

al. 2007). Generally, dental fluorosis is regarded as the earliest clinical manifestation 

of chronic F-poisoning. 
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Fluoride-induced pathological changes of enamel only form if F-overexposure 

occurs during dental development, more specifically the period of tooth crown 

formation (DenBesten and Li 2011; Fejerskov et al. 1988; H. Kierdorf et al. 2004; 

Shupe and Olson 1983). Any excess F-exposure after the permanent dentition is 

completed will therefore not cause pathological changes in enamel (DenBesten and Li 

2011; Fejerskov et al. 1988; Shupe and Olson 1983). As dental enamel is a highly 

mineralized extracellular matrix incapable of remodelling, the fluoride-induced 

enamel lesions are permanent and constitute a life-long biomarker of chronic F-

poisoning during dental development (DenBesten 1994; U. Kierdorf and Kierdorf 

1999). The enamel-forming cells (ameloblasts) are very sensitive to fluoride, and the 

pathophysiology of F-toxicity during amelogenesis has been studied extensively 

(Bronckers et al. 2009; DenBesten and Li 2011; Deng et al. 2019; Jalali et al. 2017; 

H. Kierdorf and Kierdorf 1997; Richter et al. 2010; Sharma et al. 2010).  

F-induced pathological changes tend to occur in a bilaterally-symmetric 

fashion within the dentition (Fejerskov et al. 1988; Shupe and Olson 1983). Typically, 

not all teeth are affected by fluorotic lesions to the same degree (e.g., U. Kierdorf and 

Kierdorf 2000). Instead lesion severity tends to vary in a systematic way within the 

dentition (Fig. 2) This variation is mainly related to the differential F-exposure of the 

respective teeth during their crown formation periods (Fejerskov et al. 1988; U. 

Kierdorf and Kierdorf 2000; Richter et al. 2011; Shupe and Olson 1983).  

The macroscopic and histological features of fluorotic enamel are largely 

similar across mammals (Boulton et al. 1997; Fejerskov et al. 1977, 1988; H. Kierdorf 

et al. 2000, 2004; U. Kierdorf et al. 1993; U. Kierdorf and Kierdorf 2000; Richter et 

al. 2010; Shupe and Olson 1971, 1983; Thylstrup and Fejerskov 1978). The most 

obvious F-induced developmental defect is a hypomineralization of variable intensity 
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and extension that gives the entire enamel or certain enamel areas an opaque to 

chalky-white, rather than the normal glossy and semi-translucent, appearance (Fig. 2). 

The hypomineralization of fluorotic enamel manifests as a subsurface porosity 

beneath a thin well-mineralized outermost layer (Fejerskov et al. 1977; H. Kierdorf et 

al. 2000; U. Kierdorf et al. 1993, 1996, 2016; Thylstrup and Fejerskov 1978). In 

addition, fluorotic enamel shows morphological aberrations in the form of 

accentuated and structurally altered incremental lines, and, in some species, also of 

hypoplastic defects (e.g. Fejerskov et al. 1979; H. Kierdorf et al. 2000, 2004; U. 

Kierdorf et al. 1993, 1996, 2016). These aberrations indicate an effect on ameloblasts 

during the secretory stage of amelogenesis, during which the enamel matrix is 

secreted and initially mineralized. It should be noted, however, that accentuated 

incremental lines and hypoplastic defects of enamel are not diagnostic 

(pathognomonic) of dental fluorosis, as these changes can be produced by a variety of 

causes and are therefore of an unspecific nature (Hillson 2014; H. Kierdorf et al. 

2009).  

 

--- Figure 2 --- 

 

The hypomineralization and resulting decrease in mechanical resistance of 

fluorotic enamel cause a number of secondary changes following the eruption of the 

teeth into the oral cavity (DenBesten and Li 2011; Fejerskov et al. 1988; U. Kierdorf 

et al. 1996, 2016; U. Kierdorf and Kierdorf 2000; Shupe and Olson 1971, 1983). 

These changes include a variably intense staining (yellowish to brownish 

discolouration) of the abnormally porous enamel, the post-eruptive loss (flaking 
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away) of enamel portions sometimes referred to as pitting, occasional occurrence of 

tooth breakage, and a moderately to severely increased wear of the affected teeth (cf. 

Figs. 2 and 3). Post-eruptive enamel loss, tooth breakage, and the abnormally 

intensified wear of fluorotic teeth can lead to grossly disfigured and dysfunctional 

tooth crowns, a phenomenon that is particularly pronounced in the dentition of large 

herbivorous mammals (H. Kierdorf et al. 2000; U. Kierdorf et al. 1996; Shupe and 

Olson 1971, 1983). Moreover, the excessive wear of fluorotic teeth can cause 

sequelae in the form of alveolar bone loss and associated tooth loss, dental pulp 

exposure, periapical lesions, and osteomyelitis of the jaws (Fig. 2; Schultz et al. 1998; 

Shupe and Olson 1971). 

 

--- Figure 3 --- 

 

The skeletal manifestations of chronic F-toxicity are varied, including 

localized or generalized periosteal hyperostosis, osteophytosis, osteosclerosis, 

osteomalacia, and formation of enthesophytes (Fig. 4; Boivin and Meunier 1990; 

Choubisa and Choubisa 2016; Death et al. 2017; Ranjan and Ranjan 2015; Roholm 

1937; Schultz et al. 1998; Shupe and Olson 1971, 1983; Simon et al. 2014; Weatherell 

and Weidmann 1959). Skeletal fluorosis has been reported in humans and a wide 

variety of other mammals exposed to excess fluoride from either natural or 

anthropogenic sources (see Death et al. 2017 for a recent review). Contrary to dental 

fluorosis, skeletal fluorosis can develop throughout the life of an individual. Excess F-

exposure occurring after completion of the permanent dentition will therefore cause 

skeletal fluorosis but not dental fluorosis. The severity and localization of 
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osteofluorotic lesions varies depending on different factors, including the level of F-

exposure, the nutritional situation (calcium supply in particular) of the individual, the 

stage of skeletal development, and the biomechanical forces acting upon the skeleton 

(Death et al. 2017). Osteofluorosis-associated stiffness and lameness as well as 

fragility fractures have been reported in various mammalian species (Choubisa and 

Choubisa 2016; Death et al. 2017; Ranjan and Ranjan 2015; Shupe and Olson 1971, 

1983), and the histological features of fluorotic bone have been studied in detail 

(Boivin et al. 1989; Boivin and Meunier 1990; Death et al. 2017; Simon et al. 2014; 

Weatherell and Weidmann 1959). 

 

--- Figure 4 --- 

 

Diagnosing dental and skeletal fluorosis 

The diagnosis of dental and skeletal fluorosis in recent individuals and in 

archaeological/sub-fossil or fossil specimens requires a thorough knowledge of dental 

and bone development and of the spectrum of morphological and histological changes 

associated with various pathological conditions. A single type of dental or bone 

lesion, for instance enamel hypoplasia or periosteal hyperostosis, is not 

pathognomonic for a certain condition, including chronic F-toxicosis (Shupe and 

Olson 1983). Instead, it is the combination of different lesions in an individual and the 

characteristic distribution of the pathological changes within a dentition (Figs. 2 and 

3) or a skeleton that may enable a well-substantiated diagnosis (Fejerskov et al. 1988; 

Nelson et al. 2016; Shupe and Olson 1983). 
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 Different classification/scoring systems are utilized in the diagnosis of dental 

fluorosis. For human teeth, Dean’s (1942) index is most often used, occasionally with 

some modifications for easier application (e.g. Petrone et al. 2019). Another 

classification system used in human dentistry was developed for permanent teeth by  

Thylstrup and Fejerskov (1978). It is based on the inspection of individual tooth 

surfaces and relates the macroscopic appearance of the teeth to the degree of enamel 

hypomineralization. While the brownish staining of the fluorotic enamel is mentioned 

as a diagnostic feature by Dean (1942), the system of Thylstrup and Fejerskov (1978) 

implies that this posteruptively acquired discoloration is ignored. In both 

classification approaches, scoring of dental fluorosis is performed by macroscopic 

(naked eye) inspection under good lighting conditions. With regard to clinical 

examinations, Fejerskov et al. (1988) stress the importance of plaque removal for the 

diagnosis of milder forms of dental fluorosis. They further stress that the tooth 

surfaces should be dried prior to inspection. While archaeological human teeth are 

already dry, the removal of mineralized plaque (= dental calculus) may be necessary 

prior to scoring.  

 A clinical classification system for the macroscopic evaluation of dental 

fluorosis in bovine incisor teeth was developed by Shupe and Olson (1983). These 

authors suggest that the examination should use both direct and back lighting of the 

teeth to achieve accurate results. In animal skeletal remains from archaeological sites, 

the incisors are quite often missing, and therefore scoring of cheek teeth for fluorotic 

lesions seems the more promising option. A scoring system for the permanent 

mandibular cheek of deer has been developed, and its applicability has been 

demonstrated in studies on chronic F-toxicosis in cervids from areas polluted by 

fluoride from anthropogenic sources (H. Kierdorf et al. 1999; U. Kierdorf et al. 2012; 
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U. Kierdorf and Kierdorf 1999). Scoring was routinely done based on macroscopic 

inspection, and only occasionally a magnifying lens (×10) was used. As the cheek 

teeth of deer do not possess coronal cementum (H. Kierdorf and Kierdorf 1992; 

Weatherell and Weidmann 1959), the inspection of cervid enamel for fluorotic 

alterations is straightforward. Larger amounts of dental calculus, if present, need to be 

removed prior to the scoring. In contrast to cervid cheek teeth, the premolars and 

molars of equids and many bovid species are covered by coronal cementum, which 

hampers the assessment of the crown surfaces for developmental lesions of enamel 

(H. Kierdorf et al. 2006). Sometimes this coronal cementum has been (partially) lost 

in archaeological teeth. If still present, it must either be removed prior to inspection, 

or only the enamel present on the occlusal surfaces of worn teeth can be assessed for 

fluorotic changes.  

With respect to diagnosing dental fluorosis in living humans, Fejerskov et al. 

(1988, p. 62) concluded that the “enamel changes resulting from long-term ingestion 

of fluoride during the period of tooth development are very distinctive” and that “it is 

most unlikely that any enamel changes of non-fluoride origin will constitute a 

differential diagnostic problem”. Other authors are less confident is this respect. Thus, 

Cutress and Suckling (1990) emphasize the risk of misdiagnosing dental lesions as 

fluoride-induced. According to these authors, in order to establish a diagnosis of 

dental fluorosis, information on the levels of fluoride available to individuals and 

populations is required. 

More recently, a study on fallow deer (Dama dama) found that some dental 

changes (hypomineralization and associated posteruptive defects of enamel) known 

from deer exposed to excess fluoride can also be found in animals supposedly 

suffering from dietary calcium deficiency (H. Kierdorf, Filevych, et al. 2016). 
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However, enamel hypoplasia, which is a common finding especially in more severe 

cases of dental fluorosis in deer (H. Kierdorf et al. 2000; H. Kierdorf and Kierdorf 

1997; U. Kierdorf et al. 1993), was not observed in the teeth of the fallow deer (H. 

Kierdorf, Filevych, et al. 2016). It must therefore be stressed that in order to establish 

a diagnosis of dental fluorosis the full spectrum of F-induced dental lesions should be 

addressed as well as the distribution of these lesions within the dentition. However, a 

correct diagnosis of individual cases may still remain problematic, especially if the 

changes are of minor intensity. 

Including microscopic analysis of teeth and measurement of fluoride 

concentrations in enamel and dentine (including the determination of fluoride 

profiles) into the assessment can markedly increase the reliability of a diagnosis of 

dental fluorosis (H. Kierdorf et al. 1997; H. Kierdorf, Rhede, et al. 2016; U. Kierdorf 

et al. 1993, 1996, 2016; U. Kierdorf and Kierdorf 2000; Petrone et al. 2019; Richards 

et al. 1989, 1994; Richter et al. 2010, 2011).  

Due to the progressive nature of skeletal fluorosis, osteofluorotic lesions are 

typically more severe in older compared to younger individuals (Nelson et al. 2016; 

Ranjan and Ranjan 2015; Sellami et al. 2020; Shupe and Olson 1983). Especially the 

diagnosis of early stages of skeletal fluorosis is difficult, as corresponding bone 

changes can also be found in conditions unrelated to F-toxicity (Nelson et al. 2019; 

Ranjan and Ranjan 2015; Sellami et al. 2020; Shupe and Olson 1983). Confirming 

skeletal fluorosis therefore requires a thorough differential diagnosis that includes a 

variety of other conditions with a similar spectrum of bone lesions. Contrary to dental 

fluorosis, lesion scoring is only rarely applied in the diagnosis of skeletal fluorosis 

(e.g. Death et al. 2017). 
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Recently, strong evidence for the occurrence of skeletal fluorosis was obtained 

in human skeletons from an archaeological site (Ray Site, Illinois, USA) using this 

approach (Nelson et al. 2016, 2019). The differential diagnosis included a wide 

variety of other pathological conditions. Interestingly, five of the eight individuals 

from the site displaying skeletal changes suggestive of osteofluorosis also showed 

enamel changes consistent with a diagnosis of dental fluorosis. The conclusion that 

the humans from the Ray Site had experienced chronic F-poisoning was further 

supported by the finding of elevated ambient F-levels (river water, soils) in the region 

(Nelson et al. 2016; Omueti and Jones 1977).  

As reviewed above, the fluoride content of bone is a robust biomarker of long-

term F-exposure in studies addressing spatial and temporal variation of environmental 

F-levels (Gutowska et al. 2019; U. Kierdorf et al. 2012; U. Kierdorf and Kierdorf 

2002). In the case of archaeological bone, the use of F-concentrations as exposure 

markers is, however, problematic, as buried bones can absorb larger amounts of 

fluoride from the surrounding soil. Petrone et al. (2013) used a mathematical model to 

correct measured F-values in archaeological bone from victims of the Vesuvius 

eruption in AD 79 for the fraction taken up in the course of diagenesis from the 

surrounding F-rich soil. However, such an approach may not always be feasible in 

human or animal skeletal assemblages from other locations due to variable soil 

conditions within a site or lack of information on soil F-levels at the localities from 

which the bones were recovered.  

In paleopathology, the diagnosis of chronic F-toxicosis in humans or animals 

must therefore be based primarily on a detailed analysis of the spectrum of 

pathological changes present in the skeletal remains. Especially the co-occurrence of 

dental and bone lesions matching F-induced changes in recent individuals, and the 
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distribution of these lesions within the dentition and/or skeleton will, in certain cases, 

enable a well-supported diagnosis. However, if only a few or single bones or isolated 

teeth are available for study, the diagnosis can, at best, be tentative.  

 

Tephra-related fluoride poisoning 

Volcanic ash is unpleasant to ingest and chew. We therefore consider it likely that 

humans to a very large degree would have cleaned their food of ash, thereby avoiding 

F-poisoning from dietary sources. If F-toxicosis had occurred in humans following 

the LSE, it would probably primarily have been through the consumption of water 

with high F-content. This assumption is consistent with the observation of a high 

prevalence of dental fluorosis in a recent human population using F-enriched 

rainwater, due to contamination by a volcanic plume, as their primary supply of 

potable water (Allibone et al. 2012). However, in the case of the LSE, exposure to 

excess fluoride via drinking water, if it occurred, would probably have been rather 

short-lived (weeks to months), as the eruption was of only short duration (Schmincke 

et al. 1999) and F-levels in waters exposed to tephra fallout tend to decline rapidly (cf. 

Georgsson and Petursson 1972). 

Grazing animals would not have had the option to avoid the uptake of food 

covered by volcanic ash, thereby exposing them to the risk of acute or chronic F-

poisoning, as has historically been recorded for instance from Iceland (Georgsson and 

Petursson 1972; Roholm 1937; Thorarinsson 1979). It has been estimated that sheep 

dying from acute F-poisoning shortly after the eruption of the Hekla volcano on 

Iceland in 1970 may have ingested as much as 100 mg F/ kg body weight (Georgsson 

and Petursson 1972). Ash samples from this eruption taken in the first days following 
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the eruption contained up to 2000 mg/kg of water-soluble fluoride, while F-

concentrations in stagnant surface waters varied between 4 and 70 mg/litre and in 

running surface water reached up to 10 mg/litre. F-levels in both ash and water 

rapidly declined in the weeks following the eruption. Dental fluorosis lesions in teeth 

that had formed after the eruption were also frequently observed in the sheep in the 

months after the eruption, as well as initial bones lesions denoting chronic F-

poisoning (Georgsson and Petursson 1972). 

Cronin et al. (2003) assessed the potential F-uptake of sheep due to ingestion 

of tephra particles from the 1995/1996 eruptions of Ruapehu volcano located on the 

North Island of New Zealand. The highest total F-concentration in their tephra 

samples was 969 mg/kg, and they used this value for their calculations. Assuming that 

(1) about 300 mg/kg of fluoride was inaccessibly bound (‘fixed’) in the tephra 

particles and (2) the bioavailability of the remaining fluoride was 50% (corresponding 

to that from CaF2), a sheep of 50-55 kg body weight would have to ingest around 15 

to 16 kg of tephra in order to receive an acutely lethal F-dose (100 mg/kg body 

weight). Cronin and colleagues further argued that, when considering the physical 

stress of tephra ingestion and other health impacts of the tephra fall, uptake of 

considerably lower amounts of tephra would probably already be fatal. 

Given the high F-concentrations reported for LST by Harms and Schmincke 

(2000), the potential for F-poisoning of grazing animals upon tephra ingestion would 

have been severe, especially when coupled with substantial gastric upset caused by 

the sharp and highly abrasive glassy ash. In fact, given the high F-concentrations (up 

to 8780 mg/kg) reported for proximal LST, ingestion of only several hundred grams 

to a few kilograms of tephra over a short period of time (~days) would been fatal in 

herbivores feeding on the ash-laden vegetation. Exposure to elevated, but not acutely 
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toxic F-levels via ash ingestion, could have caused widespread chronic F-toxicosis in 

the affected populations. 

Pertinent observations of F-effects on domestic animals and wildlife were 

more recently made following the eruption in 2011 of the Cordón Caulle volcano 

located in the Southern Andes of Chile (Flueck 2014, 2016a; Stewart et al. 2016). The 

eruption dispersed tephra over an area of about 350.000 km2 (extent of the 0.1 mm 

isopach) east of the volcano, with most of the ash fallout occurring in Argentina. The 

median concentration of water-soluble fluoride in tephra samples from the 2011 

eruption was 67 mg/kg with a range from 12 to 167 mg/kg. Especially in extra-

Andean arid regions characterized by persistent strong winds, the ash deposits were 

extensively remobilized (Wilson et al. 2011). 

Large livestock losses occurred in the area affected by tephra deposition from 

the Cordón Caulle volcanic eruption (Flueck 2016b; Stewart et al. 2016). There was 

also clear evidence for excess F-exposure (elevated bone F-levels) and widespread 

chronic F-poisoning, especially the occurrence of dental fluorosis, in both livestock 

and in wild ruminants (Flueck 2016a; Flueck and Smith-Flueck 2013). For instance, 

F-levels in antlers of red deer (Cervus elaphus, a non-native species introduced as 

hunting game) from the tephra fallout area in Argentina averaged 657 mg/kg (dry wt) 

in antlers cast in 2012 compared to an average of 63 mg/kg in antlers from 2009, i.e., 

antlers grown prior to the eruption (Flueck and Smith-Flueck 2013). The F-content of 

the (annually regenerated) antlers of deer has previously been shown to be a useful 

biomarker of F-exposure (Jelenko and Pokorny 2010; U. Kierdorf and Kierdorf 2002; 

J. W. Suttie et al. 1985). The dental lesions observed in the Argentine red deer (see 

Flueck and Smith-Flueck 2013) match those seen in deer from areas exposed to 

industrial F-pollution (Karstad 1967; U. Kierdorf et al. 1993, 1996, 2012; U. Kierdorf 
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and Kierdorf 1999; J. S. Suttie et al. 1987; Vikøren and Stuve 1996), in wapiti 

(Cervus canadensis) and other wild ruminants from the Yellowstone area exposed to 

excess fluoride from geothermal waters (Garrott et al. 2002; Shupe et al. 1984), and in 

white-tailed deer (Odocoileus virginianus) fed excess amounts of fluoride (J. W. 

Suttie et al. 1985). A supposed first case of skeletal fluorosis in a red deer from the 

tephra fallout region in Argentina was observed in 2014 (Flueck 2016b), i.e. three 

years after the eruption. Due to ash remobilisation (Wilson et al. 2011) but also due to 

post-depositional fragmentation leaching F into water sources (Genareau et al. 2016), 

exposure to abrasive and toxic ash is likely to persist for many years to come. 

We consider the impact on the red deer population resident in the tephra 

fallout area from the recent Cordón Caulle volcanic eruption a valuable modern-day 

analogue of the suggested effects on deer and other mammalian herbivores (e.g. 

horses) exposed to ash deposits from the Late Pleistocene LSE. While the Cordón 

Caulle eruption differs in its volcanological parameters from the LSE, we suggest 

very similar post-eruptive ecological effects and mechanism. Specifically, we 

presume that the latter event led to large-scale F-overexposure in herbivorous 

wildlife, resulting in increased morbidity and mortality of the affected populations. 

Wapiti from the Yellowstone area exhibiting dental fluorosis have a markedly 

shorter life expectancy than unaffected individuals, due to the formers’ dentitions 

becoming dysfunctional much earlier in life (Garrott et al. 2002). A comparable 

situation is envisaged for the herbivorous wildlife exposed to excess fluoride from the 

LSE. In addition, it is suggested that the increased tooth wear of the animals due to 

the F-induced enamel hypomineralization was exacerbated by the abrasive nature of 

the LST (Riede and Wheeler 2009). We further assume that the impaired body and 

health condition and the shortened life expectancy of the animals exposed to the ash 
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fallout from the LSE had effects at the population level due to a reduced reproductive 

performance and possibly also an increased predation risk. As a result, we 

hypothesise that the declining abundance of game animals may have contributed to 

the demographic and cultural changes in the hunter-gatherers depending on them. 

When trying to test the above hypothesis on the effects of the LSE on large 

mammalian herbivores, deer are a particularly promising subject for study. Reasons 

for this are that (a) the dental lesions caused by F-overexposure in deer are well 

known at the macroscopic (Garrott et al. 2002; Karstad 1967; U. Kierdorf et al. 1993, 

1996; U. Kierdorf and Kierdorf 1999; Shupe et al. 1984; J. S. Suttie et al. 1987; J. W. 

Suttie et al. 1985; Vikøren and Stuve 1996) and the microstructural level (H. Kierdorf 

et al. 1997; H. Kierdorf and Kierdorf 1997; U. Kierdorf et al. 1993, 1996), (b) we 

understand the causes underlying the variation in severity of fluorotic lesions within 

the dentition of deer (U. Kierdorf and Kierdorf 2000; Richter et al. 2011), (c) a 

scoring system for fluorotic lesions in cheek teeth of deer is available (H. Kierdorf et 

al. 1999, 1999; U. Kierdorf et al. 2012; U. Kierdorf and Kierdorf 2000) and (d) 

different cervid species (Capreolus capreolus, Cervus elaphus, Alces alces) have been 

identified at archaeological and palaeontological sites dating around the time of the 

LSE (Baales et al. 2002).  

 

Empirical protocol 

The many observations on dental and skeletal fluorosis in mammals exposed to 

excess fluoride from volcanic or anthropogenic sources offer guidelines for testing the 

hypothesis suggested here, namely that elevated ambient F-levels due to ash-fall from 

the LSE impacted contemporaneous populations of large mammalian herbivores. One 
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key requirement for such a test is that faunal remains, ideally including skulls with a 

more or less complete set of permanent teeth, are identified that shortly (up to several 

years) postdate the eruption and that come from an area originally affected by 

moderate tephra fallout. Table 1 summarises our suggested preliminary protocol that 

may have to be adapted depending on the characteristics of a site and the composition 

of its skeletal assemblage.  

 

--- Table 1 --- 

 

Given the petrological measurements of F-contents in undegassed Laacher See 

ejecta, regions to the north-east of the volcano are of special interest here. While the 

eruption itself was of a short duration, remobilisation of ash due to wind may have 

circulated the loose ash for some time, as is shown by the observations following the 

Cordón Caulle volcanic eruption (Flueck 2016a, 2016b). This example and other 

observations (Wilson et al. 2011) indicate that the detrimental effects of ash ingestion 

extend over periods of at least several years following a volcanic eruption. That said, 

there are substantial barriers to testing the hypothesis proposed here. First, the 

availability of sub-fossil faunal remains from the time period in question is extremely 

limited (Fahlke 2009). Second, the identification especially of milder cases of dental 

and skeletal fluorosis can be difficult and, as detailed above, requires a thorough 

differential diagnostic approach. In this respect, the co-occurrence of dental and 

skeletal lesions suggestive of chronic F-poisoning in a specimen would be most 

helpful. However, finds of articulated skeletons with a complete dentition are very 
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rare at archaeological sites, as the skeletal remains typically stem from animals that 

had been killed and subsequently dismembered by human hunters.  

As they would have cleaned their plant food items from adherent ash particles 

prior to consumption, and fluoride does not accumulate in soft tissues, F-toxicosis in 

humans following the Laacher See volcanic eruption could primarily have occurred 

via the drinking of contaminated water. Given the scarcity across Europe of human 

remains dating to the relevant period (cf. Orschiedt et al. 2017), it is unlikely that, 

even if F-toxicosis in contemporaneous hunter-gatherers had actually occurred, 

evidence for this will be obtained in the future.  

 

Preliminary analyses of animal skeletal material from archaeological sites 

shortly postdating the Laacher See volcanic eruption 

Thus far, we have macroscopically inspected animal skeletal material from two 

archaeological sites for the presence of fluorotic lesions. At Rochedane in the French 

Jura, Drucker et al. (2009) report stable isotope proxies from several red deer 

indicating a temperature decline. These individuals derive from layer A4, which 

corresponds to the period just after the Laacher See eruption. Direct inspection of the 

material did not yield evidence of dental or skeletal fluorosis. It must, however, be 

taken into account that the Rochedane site lies at the edge of the LST fallout zone and 

also in the southern fallout lobe where the tephra is not expected to be as highly F-

loaded as in the north-eastern lobe. 

Our second analysis focused on a single, radiometrically dated horse (Equus 

ferus) specimen from Hässleberga in southern Sweden. We examined the left 
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mandible of the individual that had died shortly after the LSE (L. Larsson et al. 2002). 

In the mandible, all deciduous incisors had been lost post-mortem. Of the cheek teeth, 

only the deciduous second to fourth premolars and the first molar were erupted. Our 

macroscopic inspection of this specimen revealed no evidence of either skeletal and 

dental fluorosis. As this was a young individual (estimated age at death about 16 

months), this finding is unsurprising. It has been suggested that a substantial placental 

barrier to F-transfer from mare to foetus exists in horses (Shupe and Olson 1971). 

Moreover, only limited transfer of fluoride from blood to milk has been demonstrated 

in lactating mammals (Shupe and Olson 1983). Therefore, the foetus and the suckling 

foal are considered to be largely protected against excess F-levels even if the pregnant 

or lactating mare ingests higher amounts of fluoride. The deciduous premolars of the 

domestic horse are already erupted at birth, while the first molar erupts at about 1 year 

of age (Habermehl 1975). This means that crown formation in these teeth occurs 

during the ‘protected’ period and fluorotic lesions would not be expected to occur in 

the case of elevated ambient F-levels. In addition, it must be considered that although 

the north-eastern lobe of the LST fallout did extend into southern Sweden, the actual 

fallout in the region would have been extremely low (S. A. Larsson and Wastegård 

2018).  

As none of the specimens analysed so far are optimal in relation to our 

protocol, we do not consider the results in the case of the individuals from Rochedane 

and Hässleberga as conclusive negative evidence against the notion that the LSE and 

its fallout led to F-poisoning in contemporaneous wildlife. Further investigations of 

skeletal assemblages shortly postdating the LSE for evidence of chronic fluoride 

toxicosis are needed. 
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Perspective 

Volcanic eruptions can introduce high F-loads into ecosystems, leading to F-toxicosis 

especially in grazing animals. Against this background, we have here elaborated the 

hypothesis that the cataclysmic eruption of the Laacher See volcano of 13,000 years 

BP similarly brought hazardously elevated F-loads into contemporaneous ecosystems. 

Drawing on petrological measurement of F-concentrations in ejecta from the eruption, 

we further specify that the north-eastern fallout may have been particularly hazardous 

in this regard. Particle size of tephra fallout decreases with distance from the eruptive 

centre, while the potential of these particles to carry high F-loads increases. We 

therefore suggest that in the north-eastern region, where the tephra cover was not too 

thick to prevent animals from grazing and not too thin as to be more or less harmless, 

the chemical loading may have caused elevated game animal mortality and morbidity 

and associated population declines. This in turn would have affected the human 

hunter-gatherers and could have contributed to the documented demographic and 

cultural changes in the aftermath of the LSE. 

Our hypothesis combines palaeoenvironmental, palaeopathological and 

archaeological reasoning, and its testing therefore requires an interdisciplinary 

approach. Although in principle our hypothesis is readily testable, the empirical 

requirements for actually doing so are relatively high: One would need to identify 

well-preserved faunal assemblages dating to no more than some years or at most a 

few decades after the LSE in, ideally, the area north-eastern fallout sector of the 

Laacher See and at some distance from the eruption centre. The next step would then 

be a thorough palaeopathological analysis of the finds. Such assemblages are not 

available at present, although targeted fieldwork seeking to identify relevant sites in 

precisely this region is ongoing (Riede et al. 2018; Sauer et al. 2018).  
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We have here outlined not only a hypothesis that can go some way towards 

addressing the seeming increase of the impact of the LSE on human hunter-gatherers 

with distance from the eruptive centre, but also an analytical template for how to 

search for the relevant traces in the zooarchaeological record. We have done so in the 

hope that future work will not only produce the necessary faunal assemblages, but 

that these will be investigated using the approach outlined above. Finally, we urge 

modelling work that considers the risk of future eruptive activity in the Eifel Volcanic 

Fields (e.g. Leder et al. 2017) to not only focus on infrastructural damage but also on 

the indirect and potentially highly detrimental effects of poisoning mediated by airfall 

ash. 
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Figure legends 

Fig. 1 Map showing the location of the Laacher See volcano in Germany and the 

archaeological sites mentioned in this paper. The palaeogeographic base map is 

courtesy of http://www.zbsa.eu/zbsa/publikationen/open-access-datenmaterial/epha-

european-prehistoric-and-historic-atlas/  

Fig. 2 Dental fluorosis in European roe deer (Capreolus capreolus). Shown are the 

permanent mandibular cheek teeth (permanent premolars P2 to P4 and molars M1 to 

M3) of an unaffected animal (a) and two individuals with dental fluorosis due to 

exposure to fluoride emissions from brown-coal fired power plants (b, c). In the 

unaffected (control) animal, all teeth show normal (white and glossy) enamel. In 

contrast, in the fluorotic tooth rows only the M1 has normal enamel. The M2 exhibits 

only minor enamel changes (slight discolouration), while P2-4 and the M3 are more 

severely affected, showing marked enamel opacity and staining, enamel defects, and 

abnormal wear. The distribution of the pathological changes within the cheek teeth is 

typical for the species and caused by differential F-exposure of the teeth during crown 

formation related to the developmental sequence of the permanent dentition 

Fig. 3 Severe fluorotic changes in permanent mandibular cheek teeth of a red deer 

(Cervus elaphus) exposed to fluoride emissions from brown-coal fired power plants. 

While the M1 has retained a normal shape and exhibits only opacity and staining of its 

enamel, the permanent premolars (P2-4) and the M2 show excessive wear with partial 

or complete loss of the tooth crowns. The M3 has been lost intravitally, presumably 

due to excessive wear or fracture, and its alveolus has been partly filled with bone 

(asterisk). Note also reduction of alveolar bone height as a sequel of excessive tooth 

http://www.zbsa.eu/zbsa/publikationen/open-access-datenmaterial/epha-european-prehistoric-and-historic-atlas/
http://www.zbsa.eu/zbsa/publikationen/open-access-datenmaterial/epha-european-prehistoric-and-historic-atlas/
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wear. The animal from which the mandible originated had been found dead. It had 

probably starved to death due to its dentition becoming dysfunctional 

Fig. 4 Osteofluorotic lesions in long bones of a sheep (Ovis aries) exposed to fluoride 

emissions from an aluminium smelter. (a) proximal portion of right ulna and radius, 

cranial view. Note occurrence of marked periosteal hyperostosis/osteophytosis that 

also affects the shaft of the radius. (b) right metacarpus, caudal view. This bone 

likewise exhibits periosteal hyperostosis that is most prominent in the proximal half 

 

 

Table caption 

Table 1 A tabular summary of the proposed interdisciplinary protocol for the 

systematic investigation of fluoride toxicosis in the wake of the Laacher See volcanic 

eruption. This protocol is readily adaptable to other past eruptions. *For human teeth, 

the classification systems by Dean (1942) and Thylstrup and Fejerskov (1978) can be 

used, for ungulate teeth those by Shupe and Olson (1983) and U. Kierdorf et al. 

(2012). **For methods see Death et al. (2017), H. Kierdorf et al. (1997, 2000, 2004), 

U. Kierdorf et al. (1993, 1996, 2016), Richter et al. (2010), Schultz et al. (1998), 

Petrone et al. (2019). ***For methods (analysis of bulk samples and measurements 

along profiles) see Richards et al. (1989, 1994), H. Kierdorf et al. (2000; 2016), 

Petrone et al. (2019) and Richter et al. (2011) 

 



STEP TASK + CRITERIA - CRITERIA METHODS 

I 

Site & specimen selection 

o High-precision numerical dating to 
just after the LSE 

o Stratigraphic association between 
bone-bearing layer and underlying 
LST 

o NE fallout lobe 
o Medial or distal fallout zone 

o S fallout lobe 
o Proximal or ultra-distal fallout 

zone 
o Poor dating 
o No or uncertain stratigraphic 

association 

o Literature review 
o Re-dating of 

relevant legacy 
materials 

o Targeted 
excavations 

II 

Tephra characterisation 
o Small grain size 
o Moderate original fallout thickness 
o High F-content of tephra 

o Large grain size 
o Thick or very thin original 

fallout thickness 
o Low F-content of tephra 

o Sedimentological 
analysis 

o Petrological analysis 
of undegassed 
inclusions 

III 

Palaeopathological analysis 

o Bones and teeth preserved from the 
same individual(s) 

o Minor taphonomic changes, good 
histological preservation 

o Adult individual(s) 
o Elevated F-content in hard tissues 
o Signs of chronic F-toxicosis 

o Isolated bones and teeth 
o Major taphonomic changes, 

poor histological preservation 
o Juvenile individual(s) 
o Low F-content in hard tissues 
o No signs of chronic F-toxicosis 

o Macroscopic 
inspection 

o Histological studies 
(light microscopy, 
scanning electron 
microscopy) 

o µCT analysis 
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