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Summary - Here we present the results of a microcontextual analysis of purported combustion features 
recovered from Middle and Upper Paleolithic occupations at the cave site of Fumane, Italy. Our analyses, which 
integrate micromorphology with organic petrology, show that only a few of the features represent primary, intact 
hearths; some of them show evidence for various phases of anthropogenic reworking, either through trampling 
or sweeping and dumping. Several of the features are multi-layered and reflect a complex formation history of 
various activities related to combustion and site maintenance. Many appear to be the remnants of occupation 
horizons only partially preserved and peripherally related to combustion. Within several of the intact hearths 
from the Mousterian, we were able to identify variable fuel sources in different features, implying a degree 
of flexibility in the fuel-selection strategies of the Neanderthal occupants of Fumane. In this study we design 
a classification system of the anthropogenic features and also conduct a spatial analysis, through which we 
can infer diachronic patterns in the frequency and intensity of site occupation and the spatial distribution of 
activities. We note a decrease in frequency of combustion features throughout the Mousterian which continues 
into the Uluzzian.  The features associated with the Protoaurignacian occupation, in contrast with those from 
the Mousterian, are multi-layered and well-defined. We argue that these trends, which correspond with other 
trends in artefact frequency, imply changes in the settlement dynamics of the site during the transition from 
the last Neanderthal occupation of the cave to the arrival of modern humans.
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Introduction

The role that fire played in human evolution 
is crucial and well established, and its investiga-
tion has been the focus of archaeological and 

anthropological research for decades (Gowlett 
2006; Karkanas et al. 2007; Roebroeks and 
Villa 2011; Sandgathe et al. 2011a,b; Fernández 
Peris et al. 2012; Shahack-Gross et al. 2014; 
Stahlschmidt et al. 2015; Sorensen 2017). The 
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international debate pays close attention to 
the colonization of the areas outside of Africa 
(Roebroeks and Villa 2011) since the timing of 
human control of fire in Europe is controversial. 
Evidence suggests that, within the European con-
text, the habitual control and use of fire became 
the norm only from the second half of the Middle 
Pleistocene, around 300-400 ka (Roebroeks 
and Villa 2011). One of the main points of the 
debate, besides the ultimate domestication of 
fire (Roebroeks and Villa 2011; Sandgathe et al. 
2011a), concentrates on the kind of relationship 
Sapiens and Neanderthals had with fire (Dibble 
et al. 2017, 2018b; Sandgathe et al. 2011a,b; 
Sorensen 2017). The site of Fumane, which con-
tains numerous combustion features spanning 
both the Middle and Upper Paleolithic, allows 
us to investigate the nature of fire use by both 
Homo sapiens and Neanderthals.

The study of traces of fire preserved within 
archaeological deposits (i. e. combustion fea-
tures) (Mallol et al. 2017) is one of the most 
direct ways of recovering information on past 
fire-related behaviours (Leierer et al. 2020). The 
presence of combustion features at an archaeo-
logical site implies not only a series of abilities 
(Bellomo 1994; Clark and Harris 1985) and 
actions, such as acquiring or producing fire, but 
they can also provide important information 
on subsistence strategies (Brown et al. 2009; 
Goudsblom 1986; Mallol et al. 2007), tech-
nological innovation (Aranguren et al. 2018; 
Schmidt et al. 2019), social organization (Kuhn 
and Steiner 2019), and adaptation to differ-
ent environmental conditions (Gowlett 2006; 
Preece et al. 2006; Rolland 2004; Wrangham et 
al. 1999), all of which play a crucial role in our 
understanding of human behavioural evolution. 
Thus, a detailed investigation of combustion 
features within a site can not only provide new 
data on human interaction with fire but can also 
provide a more complete view of the activities, 
their spatial distribution, and the range of site 
maintenance strategies adopted by past human 
groups at a site (Goldberg et al. 2009; Haaland 
et al. 2020; Karkanas et al. 2015; Miller et al. 
2013; Wadley et al. 2011). In particular, an 

in-situ combustion structure can provide direct 
evidence of fire use (Stahlschmidt et al. 2015) 
but can also be a direct link to the location of an 
occupation surface (Mallol et al. 2013) and pro-
vide information about continuity and change 
in human behaviour over time, both inside and 
outside the site (Mentzer 2014). Therefore, com-
bustion features, and anthropogenic features in 
general, should be treated as part of the mate-
rial culture of an archaeological site, on par with 
other classes of artifacts (Berna and Goldberg 
2008; Miller 2011).

The term “combustion feature” refers to any 
feature at an archaeological site that contains the 
physical evidence of fire (charcoal, ash, heated 
sediments, etc.) (Mallol et al. 2017). Therefore, 
combustion features encompass a wide range 
of features, such as hearths, destruction layers, 
kilns, and ash dumps. Mallol et al. (2017) pro-
posed a classification scheme for combustion fea-
tures that focuses on whether the burning event 
was contained or uncontained; however, they 
also point out that it is important to distinguish 
between combustion features that are intact and 
those that are reworked. With intact combustion 
features, we imply features containing physical 
by-products of fire (Mallol et al. 2017) found in 
their original position of burning. In the best-
case scenario, these features display the typical 
tripartite sequence of horizontal layers: a rubi-
fied substrate overlain by charred organic matter, 
and an ash micro-unit on the top (Meignen et al. 
2001, 2007). This microstratigraphic sequence 
often displays sharp and abrupt contacts. The 
structure of these sequences depends on several 
factors (Aldeias et al. 2016) such as fuel choice, 
the nature of the substrate, duration and setting 
of the burning event and post-depositional pro-
cesses (Mentzer 2014). It is not always easy to 
trace the remains of a combustion feature, con-
sidering that a fireplace may represent a relatively 
short-term event (Aldeias et al. 2012; Karkanas 
and Goldberg 2019). Additionally, these features 
might have a variable nature within an archaeo-
logical site, since their preservation depends on 
both depositional and post-depositional pro-
cesses that impacted the deposit. Geogenic and 
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biogenic processes can affect the preservation 
of the intact combustion feature, making their 
identification more complicated.

Although natural depositional and post-dep-
ositional processes can impact the composition 
and character of archaeological combustion fea-
tures, human actions accompanying or following 
the initial burning of fuel can also significantly 
impact the preservation and appearance of a 
combustion feature.  Intentional or uninten-
tional human reworking can occur during the 
use of the hearth (raking out, dumping, and 
sweeping) or after abandonment of the feature 
(i. e. trampling). The burning of fuel within a 
fireplace, and the subsequent trampling, sweep-
ing or dumping of the combustion remains, can 
leave traces in archaeological deposits that are 
readily recognizable through micromorphologi-
cal analysis (Mallol 2013; Miller et al. 2010).

Using the techniques of micromorphology 
and organic petrology, the goal of this study is 
to provide a detailed investigation of the anthro-
pogenic features from Fumane Cave. This work 
follows on two previous micromorphological 
studies conducted at Fumane (Cremaschi et al. 
2005; Peresani et al. 2011a) and complements 
a detailed investigation of the geogenic forma-
tion processes at the site (Kehl et al. in prep). 
The initial study by M. Cremaschi investigated 
the entire stratigraphic sequence and provided 
preliminary data on the depositional and post-
depositional processes acting within the cave 
(Bartolomei et al. 1992; Cremaschi et al. 2005). 
The work of Peresani et al. (2011a) focused on 
layer A6 (Mousterian), providing insight into 
the geogenic and anthropogenic processes within 
this single layer. Here, we present our analysis 
of the anthropogenic features including (1) a 
micromorphological analysis of the combustion 
features excavated so far and (2) an organic petro-
logical analysis of samples of combustion features 
from the Late Middle Palaeolithic contexts. With 
our results, we developed a classification system 
of anthropogenic features at the site in order to 
fill the gap between excavation, sampling strate-
gies and laboratory analysis, but also to examine 
how the study of anthropogenic features from 

Fumane adds to our understanding of the occu-
pation and use of the site during the transition 
from the Middle to the Upper Paleolithic.

Site setting

Fumane Cave, situated at 350 masl, lies in 
the western part of Veneto Pre-Alps in north-
eastern Italy. The site is located at the foot of a 
fan-shaped plateau, which reaches 1500-1600 
masl, that turns gently towards the alluvial plain 
of the Adige River. Because of its location, the 
cave is considered a strategic point on the bound-
ary between the alpine meadow and coniferous 
forest, making it a crucial campsite for access to 
different types of environments and raw materi-
als (Romandini et al. 2014).

The cave is set within a fossil karst complex 
formed during the Neogene. It opens at the base 
of a carbonatic sandstone cliff (Ooliti di San 
Vigilio Formation, Upper Lias) composed of 
alternating massive banks of oolithic sands with 
typical cross lamination and micritic banks sepa-
rated from the former by a discontinuity (Masetti 
2005; Abu Zeid et al. 2019). In the area where 
the cave opens, the Ooliti di San Vigilio forma-
tion is extensively dolomitized. The site, belong-
ing to a complex karstic system, is composed 
of a large, entrance area and three cavities, and 
preserves a remarkable stratigraphic sequence of 
Pleistocene-aged deposits. The first investiga-
tions of the site took place in 1964 and 1982 
(Broglio and Cremaschi 1989; Cremaschi et al. 
1986), but it was only in 1988 that intensive 
excavation by the University of Ferrara began, 
focusing on the main chamber.

Stratigraphy
The Pleistocene sequence is 12 m deep and 

subdivided into four macro-units (S, BR, A and 
D) defined according to their lithological compo-
sition, pedological features, and cultural remains 
(Cremaschi et al. 2005; Abu Zeid et al. 2019). 
Our interest focuses on macro-unit A because 
it spans across the transition from the Middle 
to Upper Paleolithic and preserves the primary 
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evidence for intense and repeated occupation 
inside Fumane (Broglio et al. 2003; Peresani et al. 
2011a, 2012). Macro-Unit A has been the subject 
of extensive recent excavations includes a series of 
units mostly consisting in horizontal, alternating 
layers (A13 to A1) of aeolian dust (loess), dolo-
mitic sand, and roofspall that tilt weakly towards 
the outside of the cavity (Cremaschi et al. 2005). 
There is clear evidence for frost action in these 
layers too. Finally, macro-unit D (Debris) formed 
through the collapse of the vault and consists of 
large boulders in a fine sandy matrix. This unit 
accumulated before sealing the entrance of the 
cavity, recorded human and animal use of the 
cavity (Bartolomei et al. 1992).

Materials and Methods

The present study focuses on a microcontex-
tual investigation of the anthropogenic features 
found in units A10, A9, A6, A5, A4, A3, A1, 
A2, and layer D3bAlpha (from A9 we analysed 
the thin section already prepared since on the 
field note the features from this layer have com-
mon characteristics) (Tab. 1 Supplementary 
Material). We employ micromorphology as the 
main technique but augment the results with 
data obtained through organic petrographic 
analysis of thin sections and polished blocks.

Micromorphology
Micromorphology is the study of undis-

turbed and oriented blocks and thin sections of 
sediments under transmitted light in order to 
identify the composition of a deposit’s constitu-
ents and their spatial relationship to one another 
(Courty et al. 1989; Goldberg and Macphail 
2006; Stoops 2021). It is an essential tool in geo-
archaeological research that can provide a high-
resolution view of the depositional and post-
depositional processes that affect the deposits of 
an archaeological site (Stoops 2021). Moreover, 
the microscopic analysis of anthropogenic com-
ponents of a deposit allows for a detailed recon-
struction of past human activities in and around 
an archaeological site.

In Fumane Cave, the oriented blocks are usu-
ally collected systematically from whole squares 
as well as microunits during the excavation, espe-
cially where changes in the sediment characteris-
tics were noted and from possible combustion fea-
tures. The Massimo Sbrana-Servizi per la Geologia 
laboratory at Piombino (LI) Italy produced the 
thin sections from A2 to A9 units without arti-
ficial heating and embedded with diluted polyes-
ter resin. The Geoarchaeology Laboratory at the 
University of Tübingen processed the samples col-
lected from unit A10. After drying in an oven at 
40°C, they were impregnated with a mixture of 
unpromoted polyester resin, styrene, and methyl 
ethyl ketone peroxide (MEKP) (700/300/5)/L. 
After the blocks were fully hardened, thin sec-
tions were then produced by the Terrascope Thin 
Section Slides laboratory, in Troyes, France. We 
conducted the thin section analysis with a Zeiss 
Axio Imager petrographic microscope under 
plane-polarized (PPL) and cross-polarized (XPL) 
light. The description of the thin sections follows 
Courty et al. (1989), Nicosia and Stoops (2017) 
and Stoops (2021) in a systematic descriptive 
template (Marcazzan and Meinekat 2022).

Organic petrology
We carried out the organic petrographic anal-

ysis on two polished sediment blocks (MM25 
from A9_SXX and RF-19-31 from A10IV_
SVIII) and a specially polished thin section (sam-
ple MM31 from A6_SII), finished with a multi-
step, dry fine polishing (without lubricants). 
The petrographic analysis under oil immer-
sion (Ligouis 2017) relies on a Leica DMRX/
MPV-SP microscope photometer in reflected 
white-light (RLo) and incident ultra-violet 
light (UVLo), and in plane polarized (RPPLo) 
and cross polarized light (RXPLo). Meanwhile, 
the identification of the organic components 
relies on magnification ranging from 200x to 
500x. The description and classification of the 
organic micro-components (macerals) follows 
the nomenclature of macerals in brown coal and 
coal (Sýkorová et al. 2005; Taylor et al. 1998;).

The determination of reflectance of plant tis-
sues is an established method used to measure 
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Tab. 1 - Characteristics of the hearths, hearth-bases, and dumping/reworking areas.

FEATURE 
TYPE

SUBTYPE MICROMORPHOLOGY AND ORGANIC 
PETROLOGY 

NOTES

Hearth Typical 
micro-
stratigraphy 
of an intact 
hearth 
(Mentzer 
2014) 

Distinctive micro-units (top to bottom):
Ash micro-unit (grey)
Frequent ash with visible calcium carbonate 
pseudomorphs of prismatic crystals
Organic micro-unit (very dark brown-black) rich 
in burnt mixed material
Well-defined layer usually characterized by 
undifferentiated b-fabric
Abrupt contacts
Geogenic micro-unit (light brown-yellow)
Not observed evidence of heating of the primary 
substrate
Pedofeatures mostly relates to frost action:
Thick microlaminated cappings observed in all 
the microunits
Within micro-unit (1), cappings includes ash
Organic petrology:
Woody or herbaceous tissues, rare fat-derived 
char, all of which appears crushed in situ (without 
reworking), leading to the collapse of their structure

Micro-unit 1:
It can show cementation and bedding
Ash is often exposed to weathering
Micro-unit 2:
Contains Burnt and calcined bones, 
charcoal, burnt limestone, fat-derived 
char fragments, and other organic 
matter
Chert debitage, often exhibiting thermal 
alteration

Examples:
Unit A10 feature SI and A6 features SXV 
and SXXV
Two hearths show microstratigraphic 
evidence for two consecutive burning 
events:
S17 (Protoaurignacian)
A10IV_SVIII (Mousterian) (Fig. 2) 

Changes 
in colour of 
aggregates 
and 
groundmass

Distinctive micro-units (top to bottom):
very dark brown or black
Preserves more burnt elements (burnt bones 
and charcoals)
Red or dark reddish-brown
Light reddish-brown or yellow
Gradual contacts between the microunits

The colour change strictly correlates 
with the clay aggregates (Fig. 3)
The multiple origins of the aggregates 
(allochthonous and autochthonous) do 
not interfere with colour change
Examples:
Unit A6, features SV and SVII (Fig. 5), 
and unit A5 feature SI

Hearth-
base

Distinctive micro-unit:
One single micro-unit, at the top, consisting of
Organic matter and charcoal fragments
Undifferentiated b-fabric
Abrupt interface with the underlying micro-units
Organic petrology shows:
Charcoals appear burned to partially humified 
and characterized by droplets of humic gels 
attached to the cell walls

No evidence of the typical hearth 
sequence
No ash
Examples:
Unit A5 features SIII and unitA9, feature 
SXXI (Fig. 4)

Dumping/ 
reworking 
area

Distinctive micro-unit:
Black to dark brown colour
Rich in organic matter and anthropogenic 
material, both burnt and unburnt
Poorly sorted
Highly interconnected voids, open-spongy 
microstructure
Components:
Different sizes from coarse sand to fine gravel
Random distribution and orientation
No evidence of compaction or in situ snapping or 
cracking of bones
In a few cases rolling pedofeatures, such as 
coatings around the coarse fraction

Identified in the field as areas with 
concentration of dark sediment, no 
sublayers and random orientation and 
inclination of the components
Not common within the Fumane 
deposits, although it might be biased 
due to sampling strategy and/or that 
dumping occurred in uninvestigated 
areas of the site
Examples:
Unit A6 features SI, and unit
A10 feature SV-SIX.
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the maturation degree of organic matter in peats, 
brown coals, coals, and sedimentary rocks 
(Borrego et al. 2006). In soil and paleoenviron-
mental studies, measurements of reflectance help 
to characterize the humification process (Jacob 
1974, 1980; Schwaar et al. 1990) and to charac-
terize charcoal particles (Bustin and Guo 1999; 
Guo and Bustin 1998; Jones et al. 1991). We 
measured the random reflectance in oil (mean % 
Rr) of the organic particles according to standard 
procedure (Taylor et al. 1998).

The photomicrographs obtained during the 
organic petrographic analysis and presented 
here are in reflected white light and in incident 
ultra-violet light, taken with a Leica DFC550 
Digital Camera, using 20x and 50x oil immer-
sion objectives (total magnification respectively: 
200x and 500x).

Results

 Field observation
Based on the reports of the excavators 

(Supplementary Material B), the most common 
shapes of the combustion features at Fumane are 
circular or subcircular, although features with an 
elongated or elliptic shape were also reported. The 
excavators noticed some with irregular morphol-
ogy, with undulating and wavy contacts, which 
they ascribed as indicating post-depositional 
alteration. The diameter of the features generally 
ranges from 20 to 50 cm and in rare cases up to 1 
m, while the depth generally ranges between 4 to 
10 cm. Many features preserve several sublayers 
that were also discernible during the excavation. 
On average, there are between 2 or 3 sublayers, 
while few features, the more complex ones, have 
5-6 sublayers. Colour (usually greyish, blackish, 
dark brownish or reddish) and the material con-
tent were the primary means of differentiating 
these sublayers during the excavation.

The excavators categorized the anthropo-
genic features encountered during excavation 
into a number of different types, including what 
they called buca di palo (postholes), a bacino 
(basin), lente (lens) or planare (flat). The features 

that they called postholes usually displayed clear 
limits with the surrounding sediment. They were 
filled with vertically oriented anthropogenic 
material and did not contain any internal sub-
layers. In contrast, the basin-like features dis-
played a deeper profile (usually up to 6 cm) and 
had an internal structure, including several sub-
layers. Within these observations, the flat type 
stands for a layered feature with a more regular 
shape than a lens type. In fact, lenses are those 
features usually more discrete, often described in 
a range of 1-2 cm of depth with very few if any 
sublayer and with an irregular shape. However, 
the final field interpretation (Tab. 2) usually does 
not derive from a standardized description.

Postholes and basin-like features are the most 
common within the Protoaurignacian, with post-
holes only in unit A2 (Bartolomei et al. 1992; 
Broglio et al. 2003). From A2 (Supplementary 
Information), the features appear well-stratified, 
and the majority in relation to large limestone 
boulders. Basins and flat features are present 
also in the Uluzzian (Peresani et al. 2016). 
On the other hand, lenses and flat features 
(Supplementary Information) are typical for the 
Late Mousterian (A10, A9, A6, A5, and A4), 
where the excavators identified them mainly by 
a slight change in the sediment colour and from 
the presence of few burnt materials (charcoal and 
burnt bones).

Micromorphological results
The analysis of the thin sections provides 

not only new, detailed information on the evi-
dence of human activities at the site, but also 
helps elucidate some of the natural depositional 
and post-depositional processes that were active 
in Fumane Cave. We described all 86 thin sec-
tions from combustion features collected at 
Fumane (Table Supplementary Material) noting 
not just the components but also microstrati-
graphic units, microstructure, pedofeatures, 
etc. Detailed descriptions of the thin sections 
are included in the supplemental information. 
Below we provide information on the anthro-
pogenic components, whereas the geogenic and 
biogenic components are into the supplementary 
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material. The results of the micromorphological 
analysis are summarized in figures 2, 3, 4, and 5 
and include data on the microstratigraphy of the 
various features.

Anthropogenic components
The anthropogenic features are defined in 

the field as such based on the high concentration 
of anthropogenic materials concentrated within 

Tab. 2 - Characteristics of occupation horizons, laminated anthropogenic features, and isolated con-
centrations of anthropogenic material.

Feature type Micromorphological characteristics Notes

Occupation 
horizon

Distinctive micro-unit:
Very dark brown to black groundmass
Heterogeneous mix of burnt and unburnt anthropogenic 
components (charcoals, bones, and derived-fat char), 
biogenic components, within prevailing geogenic matrix
Complex microstructure (channel-vughy)
Lenticular microstructure when associated with thick 
cappings and link cappings
Unlaminated, horizontal microunit with localized evidence 
for in situ crushing
Rare evidence of trampling
Pedofeatures mostly relates to bioturbation:
Common passage features such as burrow
Organic petrology:
Charcoals derives from woody tissues (rarely from grass).
Burning ranges around 250-400 °C
Charcoals are either well-preserved, crushed in situ 
and compressed, without a planar orientation of the 
components suggesting that they were affected by 
reworking

Occur mainly in the atrial zone of the 
cave
Excavators described these features 
as combustion structures, noting their 
appearance as darker patches with 
higher concentration of burnt material, 
charcoal, and organic matter
Due to anthropogenic input and its 
horizontal development, this black 
microlayer might reflect the activity of 
the cave’s occupants

Examples:
Unit A9, features SXXI (Fig. 4) and 
SIX, or A4, feature SI, or A2, feature 
S16

Laminated 
anthropogenic 
feature

Distinctive micro-units:
Upwards of three or more micro-units
Abrupt interfaces between them
Groundmass exhibits a close porphyric c/f-related 
distribution
Typical modifications attributed to the trampling process 
(Banerjea et al. 2015; Miller 2017; Rentzel et al. 2017):
Compaction
Causing a massive microstructure, made by the alternation 
of different lenses of sediment compressed during or after 
the deposition
Horizontal orientation and parallel distribution of 
components, such as bones, charcoals, and mica

Indicative of the intensity of the use of 
space at a site
Development of laminated bedding 
structures, arranged in an alternating 
sequence of several layers, described 
as trampled occupation deposit 
(Banerjea et al., 2015) and identified 
as the accumulation of various mineral 
and organic components during the 
occupation (Rentzel et al., 2017)

Examples:
Unit A9 feature SXI (Fig. 3), or A2 
feature S20

Isolated 
concentration 
of 
anthropogenic 
material

Distinctive micro-unit:
Distinction between feature and non-feature not always 
identifiable
Components include material with geogenic, and biogenic 
(very few-rare anthropogenic) origins mixed
Not a proper arrangement
Microstructure usually complex microstructure (vughy-
channel-lenticular)
C/f-related distribution often porphyric or chitonic when 
the calcite sand is dominant

In the field, these features generally 
appeared as dark stains or shadows 
with more archaeological material 
compared to the surrounding sediment
They have a lower anthropogenic input

Examples:
Unit A9, features SIII and SV, or A6, 
features SVI and SXVI
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a discrete area. The thin section analysis of these 
features confirms that anthropogenic compo-
nents make up a significant part of the features 
and that many of these anthropogenic compo-
nents have been influenced by heating.

We noted the presence of a few chert frag-
ments (Fig. 1D) ranging from fine to coarse 
sand size (few also at cm size) with angular and 
sharp edges. These are ascribed to the debit-
age of the intense and repeated knapping that 
took place within Fumane Cave (Delpiano et 
al. 2018; Falcucci and Peresani 2018; Peresani 
2012; Peresani et al. 2017). Very few preserve 
the cortex surface, indicating that the raw mate-
rial was likely introduced to the site and then 
worked. In addition to evidence for weathering 
that is concentrated mainly on the cortex surface, 
some of these chert fragments show the develop-
ment of an internal fine pattern of cracks, which, 
as seen in experimental studies, may be related 
to heat damage that begins to appear at 400°C 
(Angelucci 2017; Domański et al. 2009).

One of the main proxies for activities related 
to fire is the large number of burnt bone frag-
ments. Although their abundance and size differ 
between features (from very fine sand up to fine 
gravel), they are primarily subangular or sub-
rounded with smooth surfaces. Burnt bone frag-
ments are usually present in micro-units rich in 
organic material, charcoal, or other burning by-
products. They exhibit variations in their colour 
and optical properties depending on the degree 
of burning (Mallol et al. 2017). The colour range 
indicates that they were likely heated to a tem-
perature between 300°C and 400°C (Fig. 1A), 
with some cases above this range. Indeed, there 
are rare, very fine to fine sand-sized fragments of 
calcined bones (Fig. 1B), with lower order inter-
ference colours from bluish grey to grey with a 
milky cast, typical of bones burnt between 800°C 
and 1000°C (Villagrain et al. 2017a). There are 
also rare fragments of char, likely derived from 
animal fat (Fig. 1F). This amorphous organic 
residue, produced from the burning of flesh and 
fat, appears in a few features as an opaque-black 
fragment with high porosity due to the numer-
ous vesicles of varying size and distribution and 

with small fissures or cracks (Goldberg et al. 
2009; Ligouis 2017; Mallol et al. 2017).

Charcoal (Fig. 1C) is mostly present as very 
fine-to-medium sand-sized fragments, with some 
falling within the fine gravel size. The charcoal 
appears as opaque fragments in plane and crossed 
polarized light and some maintain the typical 
woody plant structures. Some is found in dis-
crete microunits composed almost exclusively of 
charcoal, whereas others are found distributed 
randomly in the matrix.

Another important anthropogenic component 
that we noted in the thin sections from Fumane 
and that is linked with fire activity is ash (Fig. 1B) 
which is present in the form of calcite (CaCO3) 
pseudomorphs derived from the decomposi-
tion through heating of calcium oxalate crystals, 
a biogenic part of many woody species (Canti 
2003; Canti and Brochier 2017 2017; Shahack-
Gross and Ayalon 2013). Within the deposits at 
Fumane, ash residues are mainly concentrated in 
units A6 and A10, with a few examples found in 
A2 and A9. Ash is present with its typical rhom-
boidal shape; however, it often appears altered by 
both chemical and mechanical post-depositional 
processes. Chemical alteration is recognizable 
through partial dissolution and recrystallization 
of the rhombs. On the other hand, ash rhombs 
that have been mechanically altered retain their 
typical shape and birefringence but are found as 
components within rounded aggregates.

Another possible proxy for burning in 
Fumane comes from the heat alteration of clay 
aggregates (supplementary information), both 
those derived from soils and those from endo-
karstic sources. In some of the anthropogenic fea-
tures, the clay aggregates show a clear change in 
colour throughout the thin section, from a light 
orange at the bottom to a dark red at the top that 
may be indicative of increasing of the heat. There 
is also evidence from the limestone fragments for 
heat alteration of biogenic elements as a few lime-
stone fragments appear burnt, with cracks, deseg-
regation, and alteration of the calcite minerals.

The last anthropogenic constituent con-
sists of material containing mineral phases of 
Fe oxides that Cavallo et al. (2016) identified 
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as ochre (Figs. 1G, 1H). In Fumane, previous 
analysis (Cavallo et al. 2016) indicates the local 
origin for this mineral, likely in the surroundings 
of the site. This is in only one feature from unit 
A2 (S21) and in A2R, where appears as small-
rounded aggregates but also spread in the matrix 
and part of the pedofeatures (such as coatings 
and external hypocoatings).

Organic petrology results
Organic petrographic analysis reveals a 

diverse range of organic matter types present 

in the anthropogenic features at Fumane. The 
selected samples come from three Mousterian 
units (A10, A9, A6). All of them preserved at 
least one micro-unit rich in organic matter and 
burnt material, which was the main focus of the 
petrographic analysis. From A10IV, we chose 
feature SVIII (TS RF-19-31), a stratified feature 
with five micro-units in thin section (Fig. 6A) 
between alternating ash-rich and organic matter-
rich micro-units. In RF-19-31 (A10IV_SVIII), 
the upper black layer is rich in organic mat-
ter represented exclusively by fibrous charcoal 

Fig. 1 - Anthropogenic components, both in PPL (left) and XPL (right). (A) Burnt bone fragments 
(MM12, A9_SXII). (B) Calcine bone with embedded in a groundmass rich in calcite deriving from 
weathered ash (RF-19-31, A10IV_SVIII). (C) Charcoal fragment (MM13, A2 S16). (D) Micro-
debitage flakes of microcrystalline chert. Note the sharp boundaries (RF-19-31, A10IV_SVIII). (E) 
Ash oxalate pseudomorphs resulting of the burning of calcium oxalate crystals from plants (RF-19-
31, A10IV_SVIII). (F) Fat-derived char (MM49, A6_SXIV). (G) and (H) Ochre (MM22, A2 S21).
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tissues (fusinite) (Figs. 6A2, 6A3), which prob-
ably derive from herbaceous plants. The size of 
the tissues varies from about 50 μm to more than 
300 μm. However, it was not possible to measure 

the tissue reflectance due to the tenuousness of 
the cell walls smaller than 2 μm (the measur-
ing diaphragm has a diameter of 2 μm, so the 
particle to be measured must have a diameter of 

Fig. 2 - (A) Location of the feature A10IV_SVIII and sample RF-19-31 (red squares). (B) and (C) 
Field photos in top view and profile. The feature’s profile exhibits alternating sub-layers (grey and 
black), detectable in thin section. (D), (E) and (F) Thin section scans (RF-19-31) in PPL, XPL, and 
micro-unit subdivision. The thin section indicates five micro-units with mainly abrupt interfaces. (1) 
is comparable to the A10 sediment outside of the features: light brown colour, crystallitic b-fabric 
(calcite), single space porphyric c/f related distribution, and a complex microstructure (vughy-
channel). (2) and (4) are rich in organic matter, with (2) preserving a higher content of anthropo-
genic material (arrows) (G). Both have a black colour with a crystallitic b-fabric (2) or mainly undif-
ferentiated b-fabric (4) (H). (3) and (5) are rich in ash and plant material The micromass appears 
grey with a crystallitic b-fabric (calcite) (I). The c/f limit is at 20 μm (very fine sand), and the c/f 
related distribution is single-spaced porphyric. Micro-units (3) and (5) have a complex microstruc-
ture, often spongy-granular (H) and (I) and in few areas slightly lenticular. Common voids along 
the thin section are vughs, channels, compound packing voids and lenses. Pedofeatures include thin 
silty nonlaminated cappings (arrows), with ash as the main component in microunit 3 and 5 (J) and 
dusty microlaminated cappings and link cappings (mainly in microunits 1 and 2).



Occupation features of Grotta di Fumane

47

more than 3 μm). In contrast, the lower black 
layer is composed almost exclusively of charcoal 
derived from woody tissues (Figs. 6A5, 6A6) 
and rarely from herbaceous plants. The second 

sample comes from A9II_SXX (MM25) (Fig. 
6B). We subdivide this feature into five micro-
units. The top of the sample presents a lenticular 
unit that corresponds to a mass of wood-derived 

Fig. 3 - (A) Location of the feature A9_SXI and sample MM8 (red square). (B) and (C) Field pho-
tos in top view and profile. (D), (E) and (F) Thin section scans (MM8) in PPL, XPL, and micro-unit 
subdivision. The groundmass exhibits a close porphyric c/f-related distribution, with the geogenic 
coarse fraction composed mainly of dolomite sand, very fine-fine sand quartz grain, and mica. The 
b-fabric is generally crystallitic, characterized by small birefringent of calcite. Except for the units 
rich in organic matter where there is an undifferentiated b-fabric. The thin section preserves several 
micro-units (3 different areas detected). Pay particular attention to the micro-units in the centre 
(area 2) characterized by the alternation of micro-units (G) rich in clay and mica and micro-units 
rich in organic matter. The first has an orange colour, a crystallitic b-fabric (mica and quartz), a 
close porphyric c/f related distribution and a massive microstructure (G) and (H). It preserves mica, 
quartz grains, calcite sand, organic matter and charcoals. Instead, the micro-units rich in organic 
matter have a black colour, an undifferentiated b-fabric, a close porphyric c/f related distribution, 
and a massive-vesicular microstructure. Its main component is organic matter and very few mica, 
quartz, and calcite sand (G) and (H). The lateral areas of the thin section show a dark brown colour, 
crystallitic b-fabric (calcite), a massive microstructure with very few voids such as vughs, channels 
(I) and very few planes (on the right area) (J). The components include mica, quartz, calcite sand, 
limestone fragments, pure clay aggregates, bones, organic matter, coprolite, and charcoals.
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charcoal tissues (Figs. 6B2, 6B3). The tissues, 
whose size ranges from 300 to 400 μm, are 
mixed with numerous smaller tissue fragments 
(cell walls) whose size is smaller than 50 μm and 
appear light grey in reflected white light. Their 

reflectance varies from 0.60 to 1.34 %Ro with 
a mean of 0.86 %Ro (see reflectance histogram 
supplementary material), classifying them as low 
reflecting fusinite (semifusinite). This interval 
of reflectance indicates formation temperatures 

Fig. 4 - (A) Location of the feature A9II_SXXI and sample MM25 (red square). (B) Report drawing. 
(C), (D), and (E) Thin section scans (MM25) in PPL, XPL, and micro-units subdivision. Voids are more 
or less homogeneous along the thin section, these are mainly vughs and channels, with very few 
vesicles. Micro-units (1), (3), and (4) have a brown-light brown colour, a crystallitic b-fabric (cal-
cite), a close porphyric c/f related distribution, and a vughy microstructure. (2) preserves the simi-
lar characteristics of the previous micro-units (microstructure more complex vughy-channel) (F) but 
has a dark brown-blackish colour. It is a mix of geogenic, biogenic, and anthropogenic components, 
both burnt and unburnt (G). (5) has a black colour, an undifferentiated b-fabric, close porphyric c/f 
related distribution and a complex microstructure (vughy-channel) (H). It is rich in organic matter 
and charcoal fragments and has an abrupt interface with the lower unit. Pedofeatures are usually 
dusty microlaminated or nonlaminated cappings (micro-units 1, 2, 3, 4), external calcite hypocoat-
ings (I) (micro-unit 4), and calcite infillings (micro-unit 5).
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approximating 254°C to 340°C (Jones and Lim 
2000). This temperature range is also character-
istic of the other samples analysed when the cell 
size allowed the measurement. These are strongly 
fragmented, and usually, the particle’s size varies 
from 40 to 200 μm. Fat-derived char particles 

(Fig. 6B6) were detected too, with a different 
abundance and homogeneity within the micro-
unit in the middle of the thin section. A6_SII 
(MM31) is the third feature that we analysed 
using organic petrology. The thin section shows 
four micro-units (Fig. 6C). The top micro-unit 

Fig. 5 - (A) Location of the feature A6_SVII and sample MM34 (red square). (B) and (C) Field pho-
tos in top view and profile. (D), (E), and (F) Thin section scans (MM34) in PPL, XPL, and micro-unit 
subdivision. Note that the thin section includes three different micro-units (the 4 is a borrow). The 
upper one (3) is identifiable from the high content of organic matter, charcoals, and burnt materi-
als (G). It has a dark brown-black colour, a crystallitic b-fabric (calcite), a single-spaced porphyric 
related distribution. The predominance of vughs gives the micro-unit a vughy microstructure. The 
lowers (1 and 2) differ from each other only from the colour change of the clay aggregates (arrows) 
(H), light orange (1) to dark orange (2). Both show a crystallitic b-fabric (calcite) and a chitonic 
c/f related distribution. Both have a complex microstructure. (1) is vughy-lenticular-subangular 
blocky (I), characterized by lenses and planar voids (arrows), rather than the (2) with a vughy 
microstructure with a lenticular area within the left side (J). The main pedofeatures are dusty clay 
nonlaminated cappings and link cappings. 
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Fig. 6 - Organic petrology analysis (incident white light, oil immersion) of samples RF-19-31, MM25, 
MM31. (A) RF-19-3 form A10 SVIII. (A1) and (A4) Micromorphological overview of the upper and 
lower organic layer (PPL and XPL). (A2) and (A3) Detail of collapsed tiny herbaceous-derived char-
coal tissues. (A5) Burnt partly humified woody tissue. (A6) Burnt partly humified woody tissue 
showing droplets of humic gels. (B) MM25 from A9 SXXI. (B1) and (B4) Micromorphological over-
view of the upper and lower organic layer (PPL and XPL). (B2) and (B3) In situ crushed wood-
derived charcoal (B5) Burnt and fragmented partly humified wood tissue. (B6) Fragmented fat-
derived char particle (on the left) and fragments of wood-derived charcoal (on the right). (C) MM31 
form A10 SII. (C1) and (C4) Micromorphological overview of the black organic layer in the centre 
(PPL and XPL). (C2) In situ crushed tiny tissues of fusinite, partly replaced by phosphates. (C3) 
Strongly fissured wood-derived charcoal, partly replaced by phosphates. (C5) In situ crushed fusin-
ite, partly replaced by phosphates. (C6) The same field of view of (C5), but in incident light fluores-
cent mode, oil immersion. Note the fluorescent rounded mineral aggregates are rich in phosphates 
and charcoal fragments embedded in phosphate-rich matrix.
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is rich in organic matter composed of charcoal 
(woody tissues). The black micro-unit in the 
middle of the thin section (under an ash micro-
unit) has charcoal both from wood and herba-
ceous plants (Figs. 6C2, 6C3) but also a high fre-
quency of bone fragments and very few particles 
of fat-derived char.

In all three samples analysed with organic 
petrology, we note that all of the vegetal tissues 
display evidence of having undergone humi-
fication prior to burning. They show droplets 
of humic gels attached to swollen cell walls 
(Braadbaart and Poole, 2008; Braadbaart et al. 
2012; Villagrain et al. 2017b) (Figs. 6A5, 6A6). 
Moreover, charcoal tissues originating from wood 
and herbaceous plants are either strongly fis-
sured or crushed in situ. They keep their original 
structure, and frequently phosphates fill their cell 
cavities (especially in sample MM31) (Figs. 6C5, 

6C6). Further, numerous charcoal tissues display 
corrosion, and often secondary carbonates (cal-
cite) fill the spaces between the broken cell walls.

Discussion

Micromorphological classification system of features
In total we analysed 86 thin sections from 59 

anthropogenic features at Fumane (4 thin sec-
tions analysed in this study did not come from 
anthropogenic features), spanning across 8 units 
including the Mousterian (A10, A9, A6, A5, and 
A4), the Uluzzian (A3), the Protoaurignacian 
(A2) and late Protoaurignacian (layer D3bAlpha). 
In order to identify both spatial and diachronic 
trends in the occurrence of the features, we 
decided to employ a classification system (Tables 
supplementary information).

Fig. 7 - Micromorphological classification system. (1) Shorter-term event group, Hearths, hearths 
base, and dumping/reworked area. (2) longer-term event group. Occupation horizon and laminated 
anthropogenic feature. (3) Isolated concentration of anthropogenic material.
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Fig. 8 - Site maps of Fumane Cave showing the spatial distribution of the features by layers (A10, A9, 
A6, A5, A4, A3, and A2). Hearth (H) in red; hearth with change in clay colour (HC) in burgundy; ochre 
feature in pink; dumping/reworking area (DU) in yellow; occupation horizon (OH) in blue; laminated 
anthropogenic feature (TR) in violet; isolated concentration of anthropogenic material (IC) green; 
and feature with no data (not sampled or without a thin section) in grey. The dark green area with 
line filling pattern identifies a borrow.
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Although we do not follow a strict micro-
facies analysis in this study (e.g., Courty 2001; 
Goldberg et al. 2009; Haaland et al. 2020; 
Karkanas et al. 2015; Miller et al. 2013), by 
classifying the anthropogenic features based on 
their microscopic characteristics we are broadly 
employing a facies concept which allows us to 
link shared depositional characteristics with an 
interpretation of human activities (Villagran et 
al. 2017b). All detailed information on each cat-
egory is summarised in Tables 1 and 2 and Figure 
7. Thus, the classification system developed for 
the features at Fumane both simplifies the spa-
tial and diachronic analysis and also allows us to 
make genetic interpretations of the various types 
of anthropogenic features.

In general, the anthropogenic features at 
Fumane can be sorted into three groups that 
relate to the anthropogenic activities responsible 
for their formation and that generally correspond 
to their degree of resolution. The first (Tab. 1) 
includes relatively high-resolution, shorter-term 
events, such as a single episode or action that 
took place within the cave and includes features 
that we interpret as hearths or dumping/rework-
ing areas. The second group (Tab. 2) consists of 
lower-resolution, longer term events, character-
ized by the development of a surface that likely 
formed as a result of trampling. Within this 
group, it is possible to distinguish between 1) 
laminated features resembling “trample” depos-
its as described by Banerjea et al. (2015) and 2) 
a more homogeneous surface we called occupa-
tion horizons. A third category (Tab. 2), more 
difficult to define precisely, consists of isolated 
concentrations of anthropogenic material. It 
includes all those features which, on analysis of 
thin sections, show similar characteristics to each 
other, and do not fall within the types of the first 
and second groups.

Fuel selection strategies
The lack of complexity in the structure 

of the Middle Paleolithic combustion fea-
tures does not imply a lack of complex behav-
iour by Neanderthals. The combination of 
micromorphology with organic petrographic 

analysis demonstrates diversity in the range 
of Neanderthal’s fire-related behaviours. We 
identified three different types of fuel (Fig. 6) 
within the hearth bases examined from A10, 
A9, and A6 (Late Mousterian). We noted only 
herbaceous tissues in RF-19-31 hearth base 
(A10IV_SVIII), only woody tissues in MM25 
(A9_SXXI) and a mix of wood, herbaceous and 
bones in MM31 (A6_SII). Firstly, these observa-
tions highlight the preference of plant material 
over bones for fire-making. Secondly, by identi-
fying three Neanderthal hearths directly stacked 
on top of one another, with three different fuel 
compositions, we argue for some differentiation 
of Neanderthal’s fire and fuel selection strategies. 
Previous analysis of charcoal remains recovered 
from two of these units (A9 and A6) (Basile 
et al. 2014; Peresani et al. 2011a, 2013) does 
not suggest an adaptation to drastically differ-
ent ecological contexts that would have led the 
groups to choose a woody fuel instead of a mix 
of wood, grass, and bones, as suggested in other 
archaeological contexts (e.g., Hohle Fels Cave, 
Miller 2015). Additionally, the ecological con-
text of A6 does not imply a scarcity of wood that 
may have encouraged the use of bone (Théry-
Parisot et al. 2002).

Interestingly, humified organic matter was 
identified in all studied combustion features 
from the Middle Paleolithic. Humified wood 
burns poorly and incompletely compared to dry 
wood, and therefore may appear as the dominant 
residue in combustion features regardless of the 
original composition of the fuel, making it diffi-
cult to quantify a selective use of partially humi-
fied wood (Théry-Parisot et al. 2010). However, 
the presence of partially humified material in 
all the analysed hearths implies that humified 
material formed at least part of the fuel used by 
Neanderthals to light their fires. The presence of 
humified plant material in the hearths suggests 
that Neanderthals probably collected their fuel 
either at the edge of a river or from surround-
ings in the undergrowth. While the collection 
of humified material may represent an expedi-
ent strategy, it is also possible that the harvesting 
of decayed plant material may indicate a specific 
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choice due to its particular characteristics during 
combustion, such as reduction of combustion 
time or a need for less intensive fuel manage-
ment; additionally, selection of humified plant 
material can also allow for a greater extension 
of the supply area for fuel (Théry-Parisot 2006). 
The identification of humified plant material in 
some of the Middle Paleolithic combustion fea-
tures at Fumane can be useful for assessing the 
use of the site (e.g., Théry-Parisot et al. 2005; 
Théry-Parisot 2006). As Théry-Parisot (2006) 
has argued, the selection of decayed wood sug-
gests that the groups were highly mobile and that 
they used the sites for short-term occupation 
Collection of degraded wood by Neanderthals 
was also inferred from taphonomic evidence 
at de Nadale Cave, a context situated east of 
Fumane and dated to the beginning of MIS4 
(Vidal-Matutano et al. 2022). 

Spatial distribution and occupational intensity
A microcontextual analysis combined with 

the development of a classification system pro-
vides evidence for a greater diversity of activities 
and behaviours beyond simple burning inside 
Fumane. Here we were able to interpret the 
anthropogenic features as representing hearths, 
dumping areas, laminated “trample”, and occu-
pation horizons.

The identification of different feature types 
and their spatial distribution can be related to 
other spatial archaeological data. Recent studies 
(Fiore et al. 2016; Martellotta et al. 2020) from 
A9 revealed that faunal remains and retouchers 
mainly occur where there are fewer combus-
tion features (north-eastern sector of the cave 
in the proximity of the left wall), suggesting 
the existence of distinct areas for production 
activities, prey exploitation, combustion, and 
waste. Further, the number of features present 
tracks with general trends in the density of lithic 
and faunal materials, possibly correlating with 
changes in site occupation and use. Peresani et al. 
(2011b) showed that the accumulation of faunal 
remains and lithic artefacts shifts from intense 
and persistent (A6) to more ephemeral (A5), a 
pattern we also observe with the anthropogenic 

features (18 in A6 and 5 in A5). In fact, the num-
ber of artifacts seems to follow the pattern seen 
with the number of features (Fig. 8), suggesting 
a strong link between the anthropogenic features 
and the amount of the archaeological material 
(such as bones and lithic artefacts). Looking 
simply at the number of features (Fig. 8), within 
the entire atrial area excavated, what we observe 
is a decreasing trend through the Mousterian 
(from A10 to A4). Within the Uluzzian (A3) and 
Protoaurignacian (A2), the number rises again 
with a substantial number (21 features) in A2. 
The late Protoaurignacian (D3balpha), however, 
is only represented by one anthropogenic feature.

What we do not see at Fumane is a dia-
chronic change in the types of human activities, 
an observation that stands in contrast to simi-
lar micromorphological studies of sites from 
Middle Stone Age contexts in South Africa 
(Goldberg et al. 2009; Haaland et al. 2020; 
Karkanas et al. 2015; Miller et al. 2013; Wadley 
et al. 2011). From the Middle to the Upper 
Paleolithic the activities that formed the fea-
tures are the same (hearth burning, dumping, 
trampling, etc.). However, what does appear to 
change is the complexity of the activities that 
resulted in the formation of the features. In the 
Middle Paleolithic, the vast majority of features 
formed from a single activity and therefore a 
single feature can fall under one of our classifi-
cation groups.  We note only two exceptions to 
this observation: A5_SIII and A10IV_SVIII. 
The first, A5_SIII (Supplementary Materials 
A4), has considerable size (100 cm of diameter 
and 10-15 cm of depth), a half-circle of boul-
ders surrounded it, and it has several sublay-
ers (Peresani et al. 2011a), all of which implies 
that this features likely represents the centre of 
the site’s activities. This feature is very unusual 
for the Middle Paleolithic of Europe, consid-
ering that intact combustion features from 
Middle Paleolithic contexts are usually flat, 
and only a few cases exhibit a basin shape or 
are delimitated by stones (Leierer et al. 2020). 
The second complex feature from the Middle 
Paleolithic at Fumane is A10IV_SVIII (Fig. 
2), which preserves a structure composed of 
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6 sublayers, with alternation of both ash lay-
ers and organic-rich layers. Despite these two 
exceptions, compared to the Middle Paleolithic 
combustion features, those from the Upper 
Paleolithic appear more complex and more 
stratified. Within unit A2 (Protoaurignacian), 
the features analysed are micro-stratified and 
record different activities in palimpsest within 
the same feature (e. g. intact combustion fea-
ture and scatter). Feature S16, for instance, 
preserves both an occupation horizon and an 
isolated concentration. Feature S17 is a hearth 
with trampling evidence nearby; meanwhile, 
Feature S20 includes both an occupation hori-
zon and laminated anthropogenic deposits.

Occupation horizons have often been used in 
comparison to intact hearths and other anthro-
pogenic features to infer the frequentation pat-
tern of the site and its duration. In particular, 
as previously suggested and demonstrated by 
Karkanas et al. (2015) and others (Goldberg et 
al. 2009; Haaland et al. 2020; Miller et al. 2013; 
Wadley et al. 2011), intact hearths often cor-
relate with a pattern of site use dominated by 
shorter visits. In contrast, thicker (usually more 
reworked) anthropogenic horizons and burned 
deposits suggest more intensive use of the site. 
They are reminiscent of a prolonged period of 
occupation, showing the overlapping of human 
activities. At Fumane, we do not have thick and 
laterally extensive anthropogenic horizons, but 
rather thin (3 to 5 cm) and limited patches. Since 
post-depositional alteration has only partially 
impacted their preservation (Kehl et al. in prep.), 
it is likely that they are directly related to human 
presence at the site. Therefore, we are inclined 
to think that these thin and limited patches are 
linked to the intensive use of the site but, given 
their characteristics more likely to short but 
repeated frequentations.

In general, the diachronic change in the fre-
quency, but not type, of features at Fumane may 
suggest that these changes do not so much reflect 
a shift in the site-use patterning but rather are 
more related to changes in mobility strategies, 
since this shift coincides with the disappear-
ance of Neanderthals and the arrival of modern 

humans in the region. In addition, we would sug-
gest that the variation in feature complexity and 
the connection to occupation horizons between 
the Middle and Upper Palaeolithic may reflect 
variation in the duration of site use. With ‘sim-
pler’ features contrasting with the occupation 
horizon, the Middle Palaeolithic appears charac-
terised by short-term but frequent cave use for 
the lower units. The features seem to decrease as 
we approach the Uluzzian, hinting that human 
groups frequented the site less and less or more 
sporadically. This trend sees a reversal with the 
Protoaurignacian. Although the features appear 
more complex, and the site-use pattern itself 
appears to be more organised, suggesting longer-
term occupation in the Upper Palaeolithic.

Several studies have used the accumulation 
of sediments and cultural material as a proxy 
for palaeodemography. Estimates of the den-
sity of a specific class of cultural material or the 
dietary value of any faunal remains recovered at 
a cave should reveal a positive correlation with 
the occupational intensity of a site. Thus, we 
can use the accumulation rates of hearths, stone 
tools and bones, albeit influenced by a range of 
local environmental, economic and social factors 
(see French 2016 for review), to infer variations 
in occupation intensities with, on a larger scale, 
increases or decreases in population densities. 
Estimations about Neanderthal and early Homo 
sapiens changing population numbers in Europe 
seem to reveal an increase in favour of the latter 
(Malleras and French 2011; Conard et al. 2006, 
2012). However, these studies do not provide 
clues about the demographic dynamics of these 
local natives before and at the dawn of their 
demise. Models built on an ensemble of proxies 
indicate that the disappearance of Neanderthals 
might be related to the small size of their pop-
ulation, which caused them to cross a critical 
biological threshold for the population’s persis-
tence (Vaesen et al. 2019; Kolodny and Feldman 
2017). Thus, the demise of the Neanderthals 
could have been caused by inbreeding, Allee 
effects and stochasticity even in the absence 
of competition with modern humans (ibid.). 
Internal, demographic dynamics of Neanderthal 
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populations leading to shrinking population 
densities could be reflected in the distribution of 
the archaeological record, producing ephemeral 
signatures of human occupation of caves, shel-
ters, open-air sites and of whole territories previ-
ously inhabited for a long time and in a variety 
of ways. Currently, the decrease in the number of 
hearths at Fumane corresponding with the disap-
pearance of the Neanderthals encourages further 
investigation. Additional data on the density of 
archaeological remains across units A11 to A4 
combined with age models and sedimentation 
rates will be crucial for examining population 
trends over time.

Conclusions

In this study, we investigated the anthro-
pogenic features through a macro- and micro-
contextual approach. We started with a field 
description analysis to which we added micro-
morphology and organic petrology. By starting 
with the field reports, we wanted to highlight the 
importance of standardized field observations 
and sampling procedures, which are the basis of 
a multi-analytical approach. On the other hand, 
the use of micromorphology and organic petrol-
ogy allowed us to build a solid and systematic 
classification for describing anthropogenic evi-
dence. This system proved to be fundamental to 
understand the nature of the features and trace 
changes and patterns within the human occupa-
tion at Fumane.

With our results, we were able to highlight 
the considerable variety in number and types of 
the features, providing new information on the 
nature of the human activities at the site, the 
intensity of the occupation, and behavioural pat-
terns. We suggested that the human activities do 
not change diachronically within the site. What 
changes is the complexity of the feature itself 
between the Neanderthal and Homo sapiens 
occupants. This likely indicates variation within 
the duration of the cave occupation, with mod-
ern humans likely using the site more intensively 
and for longer periods of time compared to the 

Neanderthals. By applying organic petrological 
analyses to the micromorphological samples, 
we were able to document variation in the fuel 
selected for burning in the Middle Paleolithic 
and also identify the presence of humified plant 
material within the Middle Paleolithic combus-
tion features. These results suggest that the fuel 
selection strategies of Neanderthals at Fumane 
were flexible and likely coupled with other strate-
gies as part of a highly mobile settlement system.

Acknowledgements

The authors are grateful to Dr. Kristen Wroth, 
Dr. Susan M. Mentzer, and Dr. M. Kehl for pro-
viding comments and advice on earlier drafts 
of the paper, as well as Panagiotis Kritikakis 
(Senckenberg Centre for Human Evolution and 
Palaeoenvironment (HEP), Tübingen, Germany), 
for producing new thin sections. Data were col-
lected thanks to a doctoral scholarship (granted 
to D. Marcazzan), funded by the state of Baden-
Württemberg and the University of Tübingen 
(Evolution of Cultural Modernity research project). 
Research at the Grotta di Fumane is coordinated by 
the University of Ferrara (M. Peresani), with the 
collaboration of Italian and European research cen-
tres. The fieldwork and research are supported by 
the Ministry of Cultural Heritage - Archaeological 
Superintendence SAPAB, public institutions 
(Comunità Montana della Lessinia Mountain 
Community of Lessinia - Regional Natural Park, 
B.I.M. Adige, Municipality of Fumane), private 
associations and companies. We would like to thank 
the anonymous reviewers for providing helpful com-
ments to this manuscript.

Authors’ contributions

M.P., D.M., C.E.M., and N.J.C. designed the 
research, M.P., R.D. and D.M., provided field 
descriptions of the anthropogenic features, D.M. 
performed micromorphological analyses and B.L. 
organic petrology analyses, D.M. wrote the manu-
script with contributions of all authors. 



Occupation features of Grotta di Fumane

57

Conflicts of interests

The authors declare that there are no conflicts of 
interests.

References

Abu Zeid N, Bignardi S, Russo P, et al (2019) Deep 
in a Paleolithic archive: Integrated geophysical 
investigations and laser-scanner reconstruction at 
Fumane Cave, Italy. J Archaeol Sci Rep 27:101976. 
https://doi.org/10.1016/j.jasrep.2019.101976

Aldeias V, Goldberg P, Sandgathe D, et al (2012) 
Evidence for Neandertal use of fire at Roc de 
Marsal (France). J Archaeol Sci 39:2414-2423. 
https://doi.org/10.1016/j.jas.2012.01.039

Aldeias V, Dibble HL, Sandgathe D, et al (2016) 
How heat alters underlying deposits and impli-
cations for archaeological fire features: A con-
trolled experiment. J Archaeol Sci 67:64-79. 
https://doi.org/10.1016/j.jas.2016.01.016

Angelucci DE (2017) Lithic artefacts. 
In: Archaeological Soil and Sediment 
Micromorphology, John Wiley & Sons Ltd, 
Chichester, UK, p. 223-229.

Aranguren B, Revedin A, Amico N, et al (2018) 
Wooden tools and fire technology in the early 
Neanderthal site of Poggetti Vecchi (Italy). Proc 
Natl Acad Sci USA 115:2054-2059. https://
doi.org/10.1073/pnas.1716068115

Banerjea RY, Bell M, Matthews W, et al (2015) 
Applications of micromorphology to un-
derstanding activity areas and site forma-
tion processes in experimental hut floors. 
Archaeol Anthropol Sci 7:89-112. https://doi.
org/10.1007/s12520-013-0160-5

Bartolomei G, Broglio A, Cassoli P, et al (1992) La 
Grotte-Abri de Fumane. Un site Aurignacien au 
Sud des Alps. Preist Alp 28:131-179.

Basile D, Castelletti L, Peresani, M (2014) Results 
from an anthracological investigation of the 
Mousterian layer A9 at Grotta di Fumane, Italy. 
Quartär 61:103-111. https://doi.org/10.7485/
QU61_05

Bellomo RV (1994) Methods of determining early 
hominid behavioral activities associated with 

the controlled use of fire at FxJj 20 Main, Koobi 
Fora, Kenva. J Hum Evol 27:173-195. https://
doi.org/10.1006/jhev.1994.1041

Berna F, Goldberg P (2008) Assessing Paleolithic 
pyrotechnology and associated hominin behav-
ior in Israel. Isr J Earth Sci 56:107-121.

Borrego AG, Araujo CV, Balke A, et al (2006) 
Influence of particle and surface quality on the 
vitrinite reflectance of dispersed organic matter: 
comparative exercise using data from the quali-
fying system for reflectance analysis working 
group of ICCP. Int J Coal Geol 68:151-170. 
https://doi.org/10.1016/j.coal2006.02.002

Braadbaart F, Poole I (2008) Morphological, 
chemical and physical changes during charcoali-
fication of wood and its relevance to archaeo-
logical contexts. J Archaeol Sci 35:2434-2445. 
https://doi.org/10.1016/j.jas.2008.03.016

Braadbaart F, Poole I, Huisman HDJ, et al (2012) 
Fuel, Fire and Heat: an experimental ap-
proach to highlight the potential of studying 
ash and char remains from archaeological con-
texts. J Archaeol Sci 39:836–847. https://doi.
org/10.1016/j.jas.2011.10.009

Broglio A, Cremaschi M (1989) Riparo di 
Fumane. Riv Sci Preist XLII:350-352.

Broglio A, Cremaschi M, Peresani M, et al (2003) 
L’Aurignacien dans le territoire préalpin: la 
Grotte de Fumane. In: SA Vasilev, O Soffer, JK 
Kozlowski (eds) Perceived landscapes and built 
environments. The cultural geography of Late 
Palaeolithic Eurasia, BAR Int. S. 1122:93-104. 
https://doi.org/10.30861/9781841714981

Brown, KS, Marean, CW, Herries, AIR, et al. 
(2009) Fire as an engineering tool of early mod-
ern humans. Science 325:859-862.  https://doi.
org/10.1126/science.1175028

Bustin RM, Guo Y (1999) Abrupt changes 
(jumps) in reflectance values and chemical com-
positions of artificial charcoals and inertinite in 
coals. Int J Coal Geol 38:237-260. https://doi.
org/10.1016/S0166-5162(98)00025-1

Canti MG (2003) Aspects of the chemi-
cal and microscopic characteristics of plant 
ashes found in archaeological soils. Catena 
(Amst) 54:339-361. https://doi.org/10.1016/
S0341-8162(03)00127-9



Occupation features of Grotta di Fumane

58

Canti MG, Brochier JE (2017) Plant ash. In: 
Archaeological soil and sediment micromor-
phology,  John Wiley & Sons Ltd, Chichester, 
UK, p. 147-154.

Cavallo G, Fontana F, Gonzato F, et al (2017) 
Textural, microstructural, and composi-
tional characteristics of Fe-based geomateri-
als and Upper Paleolithic ocher in the Lessini 
Mountains, Northeast Italy: Implications for 
provenance studies. Geoarchaeology 32:437-
455. https://doi.org/10.1002/gea.21617

Clark JD, Harris JWK (1985) Fire and its roles in 
early hominid lifeways. Afr Archaeol Rev 3:3-
27. https://doi.org/10.1007/BF01117453

Cremaschi M, Ferraris MR, Scola V, et al (1986) 
Note preliminari sul deposito pleistocenico 
sel riparo di Fumane (Verona). Sedimenti e 
tipologia litica. Boll Museo Civ St Nat Verona 
13:535-567.

Cremaschi M, Ferraro F, Peresani, M., et al (2005) 
Il sito: Nuovi contributi sulla stratigrafia, la 
cronologia, le faune a macromammiferi e le in-
dustrie del paleolitico antico. In: Pitture pale-
olitiche nelle Prealpi Venete: Grotta di Fumane 
e Riparo Dalmeri, Atti del Simposio, Memorie 
Museo Civico di Storia Naturale di Verona, 2. 
serie, Sezione Scienze dell’Uomo 9, Preist alp, 
nr. Speciale, p. 12-22.

Conard NJ, Bolus M, Goldberg P, et al (2006) The 
Last Neanderthals and First Modern Humans 
in the Swabian Jura. 11th ICAZ International 
Conference, Paris, 23-28 August 2010, p.113.

Conard NJ, Bolus M, Münzel SC (2012) Middle 
Paleolithic land use, spatial organization and 
settlement intensity in the Swabian Jura, south-
western Germany. Quat Int 247:236-245. htt-
ps://doi.org/10.1016/j.quaint.2011.05.043

Courty MA, Goldberg P, Macphail R (1989) 
Soils and Micromorphology in Archaeology. 
Cambridge University Press, Cambridge.

Courty M-A (2001) Microfacies Analysis Assisting 
Archaeological Stratigraphy. In: Earth Sciences 
and Archaeology, Springer, Boston, MA, p. 
205-239.

Delpiano D, Heasley K, Peresani M (2018) 
Assessing Neanderthal land use and lithic raw 
material management in Discoid technology. J 

Anthropol Sci 96:89-110. https://doi:10.4436/
JASS.96006 

Dibble HL, Abdolahzadeh A, Aldeias V, et al (2017). 
How did hominins adapt to ice age Europe 
without fire? Curr Anthropol 58:S278-S287. 
https://doi.org/10.1086/692628

Domański M, Webb J, Glaisher R, et al (2009) 
Heat treatment of Polish flints. J Archaeol Sci 
36:1400-1408. https://doi.org/10.1016/j.
jas.2009.02.002

Falcucci A, Peresani M (2018) Protoaurignacian 
Core Reduction Procedures: Blade and Bladelet 
Technologies at Fumane Cave. Lithic Technol 
43:125-140. https://doi.org/10.1080/0197726
1.2018.1439681

Fernández Peris J, González VB, Blasco R, et 
al (2012) The earliest evidence of hearths in 
Southern Europe: The case of Bolomor Cave 
(Valencia, Spain). Quat Int 247:267-277. htt-
ps://doi.org/10.1016/j.quaint.2010.10.014

Fiore I, Gala M, Tagliacozzo A (2004) Ecology 
and subsistence strategies in the eastern 
Italian Alps during the Middle Palaeolithic. 
Int J Osteoarchaeol 14:273-286. https://doi.
org/10.1002/oa.761

Fiore I, Gala M, Romandini M, et al (2016) 
From feathers to food: Reconstructing the 
complete exploitation of avifaunal resources by 
Neanderthals at Fumane cave, unit A9. Quat 
Int 421:134-153. https://doi.org/10.1016/j.
quaint.2015.11.142.

French JC (2016) Demography and the 
Palaeolithic archaeological record. J Archaeol 
Method Theory 23:150-199. https://doi.
org/10.1007/s10816-014-9237-4

Goldberg P, Macphail R (2006) Pratical and theo-
retical geoarchaeology. Blackwell Publishing.

Goldberg P, Miller CE, Schiegl S, et al (2009) 
Bedding, hearths, and site maintenance in the 
Middle Stone Age of Sibudu Cave, KwaZulu-
Natal, South Africa. Archaeol Anthropol 
Sci 1:95-122. https://doi.org/10.1007/
s12520-009-0008-1

Goudsblom J (1986) The human monopoly on 
the use of fire: Its origins and conditions. Hum 
Evol 1:517-523. https://doi.org/10.1007/
BF02437468



Occupation features of Grotta di Fumane

59

Gowlett JAJ (2006) The early settlement of north-
ern Europe: Fire history in the context of climate 
change and the social brain. C R Palevol 5:299–
310. https://doi.org/10.1016/j.crpv.2005.10.008

Guo Y, Bustin RM (1998) FTIR spectroscopy and 
reflectance of modern charcoals and fungal de-
cayed woods: implications for studies of inerti-
nite in coals. Int J Coal Geol 37:29-53. https://
doi.org/10.1016/S0166-5162(98)00019-6

Haaland MM, Miller CE, Unhammer OF, et al 
(2021) Geoarchaeological investigation of oc-
cupation deposits in Blombos Cave in South 
Africa indicate changes in site use and settle-
ment dynamics in the southern Cape during 
MIS 5b-4. Quat Res 100:170-223. https://doi.
org/10.1017/qua.2020.75

Jacob H (1974) Mikroskop-photometrie der orga-
nischen Stoffe von Böden. III. Reflexions- und 
Fluoreszenz-Photometrie der organischen Substanz 
von zwei Schwarzerden. Bodenkultur 25:1-9.

Jacob H (1980) Die Anwendung der 
Mikrophotometrie in der Organische 
Petrologie. Leitz Mitteilungen für Wissenschaft 
und Technik 7:209-216.

Jones TP, Scott AC, Cope M (1991) Reflectance 
measurements and the temperature of forma-
tion of modern charcoals and implications for 
studies of fusain. Bull Soc Géol Fr 162:193-200.

Jones TP and Lim B (2000) Extraterrestrial im-
pacts and wildfires. Palaeogeogr Palaeoclimatol 
Palaeoecol 164:57–66. https://doi.
org/10.1016/S0031-0182(00)00175-9

Karkanas P, Shahack-Gross R, Ayalon A, et al 
(2007) Evidence for habitual use of fire at 
the end of the Lower Paleolithic: site-forma-
tion processes at Qesem Cave, Israel. J Hum 
Evol 53:197-212. https://doi.org/10.1016/j.
jhevol.2007.04.002

Karkanas P, Brown KS, Fisher EC, et al (2015) 
Interpreting human behavior from depositional 
rates and combustion features through the study 
of sedimentary microfacies at site Pinnacle 
Point 5-6, South Africa. J Hum Evol 85:1-21. 
https://doi.org/10.1016/j.jhevol.2015.04.006.

Karkanas P, Goldberg P (2018) Reconstructing 
Archaeological Sites: Understanding the 
Geoarchaeological Matrix, John Wiley & Sons.

Kolodny O, Feldman MW (2017) A parsimoni-
ous neutral model suggests Neanderthal re-
placement was determined by migration and 
random species drift. Nat Commun 8:1040. 
https://doi.org/10.1038/s41467-017-01043-z

Kuhn SL, Stiner MC (2019) Hearth and Home 
in the Middle Pleistocene. J Anthropol Res 75: 
305-327. https://doi.org/10.1086/704145

Leierer L, Carrancho Alonso Á, Pérez L, et al 
(2020) It’s getting hot in here – Microcontextual 
study of a potential pit hearth at the Middle 
Paleolithic site of El Salt, Spain. J Archaeol 
Sci 123:105237. https://doi.org/10.1016/j.
jas.2020.105237

Ligouis B (2017) Reflected Light. In: Archaeological 
Soil and Sediment Micromorphology, John 
Wiley & Sons Ltd, Chichester, UK, p. 461-470.

Mellars P, French JC (2011) Tenfold population 
increase in western Europe at the neandertal–
to–modern human transition. Science 333:623-
627. https://doi.org/10.1126/science.1206930 

Mallol C, Marlowe FW, Wood BM, et al 
(2007) Earth, wind, and fire: ethnoarchaeo-
logical signals of Hadza fires. J Archaeol Sci 
34:2035-2052. https://doi.org/10.1016/j.
jas.2007.02.002

Mallol C, Hernández CM, Cabanes D, et al (2013) 
The black layer of Middle Palaeolithic combus-
tion structures. Interpretation and archaeostrati-
graphic implications. J Archaeol Sci 40:2515-
2537. https://doi.org/10.1016/j.jas.2012.09.017

Mallol C, Goldberg P (2017) Cave and rock 
shelter sediments. In: Archaeological Soil and 
Sediment Micromorphology, John Wiley & 
Sons Ltd, Chichester, p. 359-381.

Mallol C, Mentzer SM and Miller CE (2017) 
Combustion features. In: Archaeological Soil 
and Sediment Micromorphology, John Wiley 
& Sons, Ltd, Chichester, p. 299-330.

Marcazzan D, Meinekat SA (2022) Creating 
qualitative datasets in geoarchaeology: An 
easy-applicable description template for ar-
chaeological thin section analysis using Stoops 
2003. MethodsX 9:101663. https://doi.
org/10.1016/j.mex.2022.101663 2215-0161.

Martellotta EF, Delpiano D, Govoni M, et 
al (2020) The use of bone retouchers in a 



Occupation features of Grotta di Fumane

60

Mousterian context of Discoid lithic technol-
ogy. Archaeol Anthropol Sci 12:228. https://
doi.org/10.1007/s12520-020-01155-6

Masetti D (2005) Litologia delle pietre dipinte. 
In: Pitture paleolitiche nelle Prealpi Venete: 
Grotta di Fumane e Riparo Dalmeri, Atti del 
Simposio, Memorie Museo Civico di Storia 
Naturale di Verona, 2. serie, Sezione Scienze 
dell’Uomo 9, Preist Alp, nr. speciale, p. 45-46.

Meignen L, Bar-Yosef O, Goldberg P, et al (2000) 
Le feu au Paléolithique moyen: recherches sur 
les structures de combustion et le statut des 
foyers. L’exemple du Proche-Orient. Paléorient 
26:9-22. http://www.jstor.org/stable/41496578

Meignen L, Goldberg P, Bar-Yosef O (2007) The 
hearths at kebara cave and their role in site for-
mation processes. Kebara Cave, Mt Carmel, 
Israel: The Middle and Upper Paleolithic 
Archaeology, Part I, p. 91-122.

Mentzer SM (2014) Microarchaeological ap-
proaches to the identification and inter-
pretation of combustion features in prehis-
toric archaeological sites. J Archaeol Method 
Theory 21: 616–668 https://doi.org/10.1007/
s10816-012-9163-2.

Miller CE (2011) Deposits as artifacts. TÜVA 
Mitteilungen 12:91-107.

Miller CE, Conard NJ, Goldberg P, et al (2010) 
Dumping, sweeping and trampling: experimen-
tal micromorphological analysis of anthropo-
genically modified combustion features. In: The 
Taphonomy of Burned Organic Residues and 
Combustion Features in Archaeological Contexts. 
Proceedings of the Round Table, Valbonne, May 
27–29 2008. P@lethnologie 2:25-37.

Miller CE, Goldberg P, Berna F (2013) 
Geoarchaeological investigations at Diepkloof 
Rock Shelter, Western Cape, South Africa. 
J Archaeol Sci 40: 3432-3452. https://doi.
org/10.1016/j.jas.2013.02.014

Miller CE (2015) A Tale of Two Swabian Caves. 
Geoarchaeological Investigations at Hohle Fels 
and GeiBenklösterle, Tübingen Publications in 
Prehistory, Kerns Verlag, Tübingen.

Miller CE (2017) Trampling. In: Encyclopedia 
of Geoarchaeology, Springer, Dordrecht, p. 
981-982.

Nicosia C, Stoops G (2017) Archaeological Soil 
and Sediment Micromorphology, John Wiley 
& Sons Ltd, Chichester, UK.

Peresani M, Chrzavzez J, Danti A, et al (2011a) 
Fire-places, frequentations and the environ-
mental setting of the final Mousterian at Grotta 
di Fumane: a report from the 2006-2008 re-
search. Quartär 58:131-151.

Peresani M, Fiore I and Gala M (2011b) Late 
Neandertals and the intentional removal of 
feathers as evidenced from bird bone taphono-
my at Fumane Cave 44 ky BP, Italy. Proc Natl 
Acad Sci USA 108:3888-3893. https://doi.
org/10.1073/pnas.1016212108

Peresani M (2012) Fifty thousand years of 
flint knapping and tool shaping across the 
Mousterian and Uluzzian sequence of Fumane 
cave. Quat Int 247:125-150. https://doi.
org/10.1016/j.quaint.2011.02.006

Peresani M, Vanhaeren M, Quaggiotto E, et al 
(2013) An ochered fossil marine shell from the 
mousterian of fumane cave, Italy. PLoS One 
8:e68572. https://doi.org/10.1371/journal.
pone.0068572

Peresani M, Cristiani E, Romandini M (2016) The 
Uluzzian technology of Grotta di Fumane and 
its implication for reconstructing cultural dy-
namics in the Middle–Upper Palaeolithic transi-
tion of Western Eurasia. J Hum Evol 91:36–56. 
https://doi.org/10.1016/j.jhevol.2015.10.012 

Peresani M, Delpiano D, Duches R, et al (2017) 
Il Musteriano delle unità A10 e A11 a Grotta 
di Fumane (VR). Risultati delle campagne di 
scavo 2014 e 2016. FOLD&R FastiOnLine 
documents & research 397:1-13.

Preece RC, Gowlett JAJ, Parfitt SA, et al (2006) 
Humans in the Hoxnian: habitat, context and 
fire use at Beeches Pit, West Stow, Suffolk, UK. J 
Quat Sci 21:485-496. https://doi.org/10.1002/
jqs.1043

Rentzel P, Nicosia C, Gebhardt A, et al (2017) 
Trampling, poaching and the effect of traf-
fic. In: Archaeological Soil and Sediment 
Micromorphology, John Wiley & Sons Ltd, 
Chichester, UK, p. 281-297.

Roebroeks W and Villa P (2011) On the earliest 
evidence for habitual use of fire in Europe. Proc 



Occupation features of Grotta di Fumane

61

Natl Acad Sci USA 108:5209-5214. https://
doi.org/10.1073/pnas.1018116108

Rolland N (2004) Was the Emergence of Home 
Bases and Domestic Fire a Punctuated Event? 
A Review of the Middle Pleistocene Record in 
Eurasia. Asian Perspect 43:248-280.

Romandini M, Nannini N, Tagliacozzo A, et al 
(2014) The ungulate assemblage from layer 
A9 at Grotta di Fumane, Italy: A zooarchaeo-
logical contribution to the reconstruction of 
Neanderthal ecology. Quat Int 337:11-27. 
https://doi.org/10.1016/j.quaint.2014.03.027

Romandini M, Crezzini J, Bortolini E, et al 
(2020) Macromammal and bird assemblages 
across the late Middle to Upper Palaeolithic 
transition in Italy: an extended zooarchaeologi-
cal review. Quat Int 551:188-223. https://doi.
org/10.1016/j.quaint.2019.11.008

Sandgathe DM, Dibble HL, Goldberg P, et al 
(2011a) On the role of fire in Neandertal ad-
aptations in Western Europe: evidence from 
Pech de l’Azé IV and Roc de Marsal, France. 
PaleoAnthropology 2011:216-242. https://doi.
org/10.4207/PA.2011.ART54 

Sandgathe DM, Dibble HL, Goldberg P, et al 
(2011b) Timing of the appearance of habitual 
fire use. Proc Natl Acad Sci USA 108:5209-5214. 
https://doi.org/10.1073/pnas.1106759108

Schmidt P, Blessing M, Rageot M, et al 
(2019) Birch tar production does not prove 
Neanderthal behavioral complexity. Proc Natl 
Acad Sci USA 116:17707-17711. https://doi.
org/10.1073/pnas.1911137116

Schwaar J, Jacob H, Hufnagel H (1990) Zur 
Bewertung von Bodenverbesserungsmitteln 
durch Bestimmung von Zersetzungsgrad und 
Rotte der organischen Substanz. Geologisches 
Jahrbuch 24:3-160.

Sýkorová I, Pickel W, Christanis K, et al (2005) 
Classification of huminite-ICCP System 
1994. Int J Coal Geol 62:85-106. https://doi.
org/10.1016/j.coal2004.06.006

Shahack-Gross R, Ayalon A (2013) Stable carbon 
and oxygen isotopic compositions of wood ash: 
an experimental study with archaeological im-
plications. J Archaeol Sci 40:570-578. https://
doi.org/10.1016/j.jas.2012.06.036

Shahack-Gross R, Berna F, Karkanas P, et al 
(2014) Evidence for the repeated use of a cen-
tral hearth at Middle Pleistocene (300 ky ago) 
Qesem Cave, Israel. J Archaeol Sci 44:12-21. 
https://doi.org/10.1016/j.jas.2013.11.015

Stahlschmidt MC, Miller CE, Ligouis B, et 
al (2015) On the evidence for human use 
and control of fire at Schöningen. J Hum 
Evol 89:181-201. https://doi.org/10.1016/j.
jhevol.2015.04.004

Stoops G (2021) Guidelines for analysis and de-
scription of soil and regolith thin sections, John 
Wiley & Sons.

Sorensen AC (2017) On the relationship be-
tween climate and Neandertal fire use during 
the Last Glacial in south-west France. Quat 
Int 436:114-128. https://doi.org/10.1016/j.
quaint.2016.10.003

Taylor GH, Teichmüller M, Davis A, et al (1998) 
Organic petrology, Gehrüder Borntraeger, 
Berlin, Stuttgart, p. 704.

Théry-Parisot I (2002) Gathering of firewood 
during the Palaeolithic. Charcoal analy-
sis. Methodological approaches, palaeoeco-
logical results and wood uses. BAR Int. S. 
1063:243-249.

Théry-Parisot I, Costamagno S, Brugal J-P, et 
al (2005) The use of bone as fuel during the 
Palaeolithic, experimental study of bone com-
bustible properties. In: J. Mulville & A. K. 
Outram (eds) The zooarchaeology of fats, oils, 
milk and dairying, Oxbow Books, Oxford.

Théry-Parisot I, Texier PJ (2006) La collecte 
du bois de feu dans le site moustérien de la 
Combette (Bonnieux, Vaucluse, France): impli-
cations paléo-économiques et paléo-écologiques. 
Approche morphométrique des charbons de 
bois. Bull Soc Préhist Fr 103:453-463.

Théry-Parisot I, Chabal L, Chrzavzez J (2010) 
Anthracology and taphonomy, from wood gath-
ering to charcoal analysis. A review of the tapho-
nomic processes modifying charcoal assem-
blages, in archaeological contexts. Palaeogeogr 
Palaeoclimatol Palaeoecol 291:142-153. htt-
ps://doi.org/10.1016/j.palaeo.2009.09.016

Vaesen K, Scherjon F, Hemerik L, et al (2019). 
Inbreeding, Allee effects and stochasticity might 



Occupation features of Grotta di Fumane

62

be sufficient to account for Neanderthal extinc-
tion. PLoS One 14:e0225117. https://doi.
org/10.1371/journal.pone.0225117

Vidal-Matutano P, Livraghi A, 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). Rev Palaeobot Palynol 298:104594. htt-
ps://doi.org//10.1016/j.revpalbo.2021.104594

Villagran XS, Huisman H, Mentzer SM, 
et al (2017a) Bone and other skeletal tis-
sues. In: Archaeological Soil and Sediment 
Micromorphology, John Wiley & Sons Ltd, 
Chichester, UK, p. 11-38.

Villagran XS, Strauss A, Miller C, et al (2017b) 
Buried in ashes: Site formation processes 
at Lapa do Santo rockshelter, east-central 
Brazil. J Archaeol Sci 77:10-34. https://doi.
org/10.1016/j.jas.2016.07.008

Wadley L, Sievers C, Bamford M, et al (2011) 
Middle Stone Age Bedding Construction and 

Settlement Patterns. Science 334:1388-1391. 
https://doi.org/10.1126/science.1203513

Wrangham RW, Jones JH, Laden G, et al (1999) 
The Raw and the Stolen. Cooking and the 
Ecology of Human Origins. Curr Anthropol 
40:567-594. https://doi.org/10.1086/300083

Villagran XS, Strauss A, Miller C, et al (2017b) Buried 
in ashes: Site formation processes at Lapa do Santo 
rockshelter, east-central Brazil. J Archaeol Sci 77:10-
34. https://doi.org/10.1016/j.jas.2016.07.008

Wadley L, Sievers C, Bamford M, et al (2011) 
Middle Stone Age Bedding Construction and 
Settlement Patterns. Science 334:1388-1391. 
https://doi.org/10.1126/science.1203513

Wrangham RW, Jones JH, Laden G, et al (1999) 
The Raw and the Stolen. Cooking and the 
Ecology of Human Origins. Curr Anthropol 
40:567-594. https://doi.org/10.1086/300083

Editor, Giovanni Destro Bisol

This work is distributed under the terms of a Creative Commons Attribution-NonCommercial 4.0 Unported License http://creativecom-

mons.org/licenses/by-nc/4.0/


