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Abstract

The ability to control and direct fire is a major evolutionary step in the human story. The development of aceramic cooking 
technologies is less well understood as they rarely survive in the archaeological record. However, inferential evidence such 
as fire-cracked rocks, earthen pits and heated bones suggest a variety of cooking methods were used prior to the invention 
of ceramics. Yet there is a paucity of experimental evidence testing the efficacy of perishable organic containers in tasks 
involving their use with heat. The study presents experimental results of organic containers and their use for heating water 
related to cooking. Containers were made from deer hide and pig stomach and water was heated using two different tech-
niques: placing the container directly above a fire and placing hot stones into the container. The results suggest that different 
organic containers and heating types could attain and maintain a sub-boiling cooking temperature; however, not all could 
reach boiling point. It is argued that these sub-boiling methods may be as, or perhaps more, desirable than boiling, with 
potential implications for the development of vessels prior to the adoption of ceramics.

Keywords Aceramic · Cooking technology · Prehistory · Experimental archaeology

Introduction

The thermal alteration and processing of foodstuffs is widely 
considered to be a significant threshold in human evolution 
(Wrangham and Conklin-Brittain 2003). It has been argued 
that predation pressure acting on early hominins may have 
selected for increasing group size (Coward and Gamble 
2008; Hart and Sussman 2005) demanding a larger brain 
geared towards negotiating a greater number of more com-
plex social relationships, necessitating adaptations such as 
language (Aiello and Dunbar 1993; Dunbar 1993; Arsuaga 
and Martínez 1998; Gamble 2002; Gowlett 2006). The 
expensive tissue hypothesis, which claims that decreasing 

gut size energetically facilitated increasing brain size, is 
one explanation as to how the brain could so rapidly expand 
(Aiello and Wheeler 1995). Cooking may have reduced the 
caloric cost of digestion, providing the necessary free energy 
to help stimulate this cognitive advancement across genera-
tions (Boback et al. 2007; Aiello and Wheeler 1995; Henrich 
2015). Yet, for all the attested importance of pre-ceramic 
cooking, the physical practices and methods of containment 
and heating technologies remain relatively under-researched 
and discussed (Wrangham 2007; Wright 2004).

Speth (2015) explored the mechanism of boiling water 
in perishable materials and found it to be accessible to Pal-
aeolithic humans. Boiling has unique capabilities—such as 
fully eradicating pathogenic microbes from meat (Avens 
et al. 2002) and degrading collagen strands to the point of 
gelatin formation (Lawrie and Ledward 2006). However, 
foods that are boiled for long periods will eventually disin-
tegrate. Additionally, the fuel required to raise water to boil-
ing point and maintain it may be unavailable or a prohibitive 
investment of labour to collect. Perhaps more importantly, it 
may not be strictly necessary to achieve boiling to wet-cook 
food. When considering the use of organic containers in wet-
cooking, it is therefore important to distinguish between the 
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use of heated vs boiling water. For example, starches can be 
hydrolyzed at temperatures from 35 °C upwards (Shariffa 
et al. 2009) and when cooked become significantly more 
bioavailable (Carmody and Wrangham 2009). Likewise, 
with meat, heat will denature and unravel complex proteins 
resulting in a larger number of proteolytic cleavage points 
and a more thermodynamically efficient digestion process 
(Carmody et al. 2011). Muscle meat specifically is com-
prised of a number of structural proteins, including actin, 
α-actinin and myosin, as well as sarcoplasmic and globu-
lar proteins, all of which begin to denature at temperatures 
between 40 °C and 60 °C (Yu et al. 2017; Cheng and Parrish 
1979; Kemp et al. 2009). The benefits of heating water are 
not limited to cooking. For example, in some plants, this can 
extend to increasing ease of peeling (Henry 2017) and the 
extraction of potentially harmful compounds (Ressler et al. 
1997). However, an experimental assessment of the aceramic 
technology used in methods of cooking using a sub-boil-
ing strategy has not been explored. Given that many of the 
advantages of cooking food can be achieved with sub-boiling 
temperatures, it is important in any experiment surrounding 
aceramic cooking technology to avoid focusing solely on 
boiling temperatures and the methods and materials that can 
be used to reach and sustain them. Thus, this study aimed 
to test via a programme of experimental archaeology the 
feasibility of heating water—both to boiling and sub-boiling 
temperatures using a range of organic containers, via both 
direct and indirect heating methods, to inform the question 
of the development and nature of wet-cooking prior to the 
adoption of ceramics.

Background

Cooking before the invention of ceramics

The earliest potential use of fire by hominins—the prerequi-
site for any type of cooking—has been suggested to originate 
from Africa as early as 1.5–1 mya. Evidence includes baked 
sediment and heat altered stones recovered from Koobi Fora 
(Kenya), dating to 1.4–1 mya; concentrations of baked clay 
in association with tools and animal bones from Chesow-
anja (Kenya), dating to 1.4–1 mya; burnt bone recovered 
from Member 3 of Swartkrans (South Africa), dating to 
0.8–1 mya; and evidence of routine burning of vegetation 
from layer 10 of Wonderwerk Cave (South Africa), dating 
to 1–0.8 mya (Dunbar and Gowlett 2014; James et al. 1989; 
Gowlett 2015). The earliest substantial evidence for the 
controlled use of fire is found much later from sites includ-
ing: Gesher Benot Ya’aqov (Israel) dating to c. 790 kya, 
where ash, charcoal and burnt flint was recovered (Alper-
son-Afil and Goren-Inbar 2010); Zhoukoudian Locality 1 
(China) dating to c. 670–400 kya, where burnt bone and 

chipped-stone artefacts were identified; and Beeches Pit 
(Britain) dating to c. 400 kya, where abundant burned stone 
tools were found (Gowlett 2006, 2015; James et al. 1989). 
However, it is not until the transition from Lower to Middle 
Palaeolithic that evidence of fire control becomes a recurring 
feature of archaeological sites (Preece et al. 2006; Mallol 
et al. 2013; Roebroeks and Villa 2011).

Perhaps as a result of the scarcity of available evidence, 
discussions of Palaeolithic cuisine have traditionally focused 
on the roasting of meat over open fires (Barkai et al. 2017; 
Straus 1989; Germonpré and Lbova 1996). ‘Dry-cooking’ 
techniques of this kind are presumed to dominate in large 
measure because ‘wet-cooking’ necessitates the surrounding 
of food in water within enclosed containers, a technology 
presumed to appear much later in the archaeological record 
(Gamble 2009). Previous attempts to characterise aceramic 
cooking technologies have argued for a linear evolution-
ary model, placing different techniques into a chronologi-
cal sequence (Thoms 2009; Benison 1999). Yet it remains 
difficult to identify a clear pattern in the prehistoric record 
given the limited available evidence. Indeed, Speth (2015) 
suggests that archaeologists may not have fully appreciated 
the potential for fragile organic materials to be used for boil-
ing water directly over a fire, which amongst ethnographi-
cally documented societies includes containers made from 
bark, wood, shell, hide, animal organs and stone (Nelson 
2010). However, direct and indirect evidence for the use of 
non-ceramic or ‘aceramic vessels’ has been increasingly 
reported, which has advanced understanding.

Direct evidence includes the recovery of heated stones 
and cooking containers dating to the Middle Palaeolithic and 
Middle Stone Age (MSA) (Carbonell et al. 1996; Oestmo 
2013; Bentsen and Wurz 2017, 2019); two wooden ves-
sels from Abric Romani (Spain) dating to 45,000–49,000 
BP found in association with a hearth and a possible tripod 
(Carbonell et al. 1996); wooden troughs from the Mesolithic 
site of Friesack IV (Germany) dating to between 8170–6990 
BP (Gramsch and Kloss 1989); a wooden container and 
possible containers made of birch bark from the Early 
Mesolithic site of Star Carr (UK) dating to 9385–9260 cal 
BC–8555–8380 cal BC (Fletcher et al. 2018; Milner et al. 
2018; Taylor et al. 2018); possible containers made from 
birch bark Nizhny Veretye I (Russia) dating to 9000–8000 BP 
(Oshibkina 1989) and from the Late Mesolithic site of Szc-
zepanki (Poland) dating to ca. 7000–4500 cal BC (Gumiński 
2012; Wacnik et al. 2020). Diverse indirect traces have also 
been recognised—all of which would likely necessitate some 
type of organic container. This includes the use of containers 
to boil bones for grease extraction (Krief et al. 2015; Lupo 
and Schmitt 1997; Patania and Jaffe 2021); hot stone cooking 
from Pavlov VI (Czech Republic) dating to 26,000 BP (Svo-
boda et al. 2009), Shuidonggou Locality 12 (China) dating to 
11–12,000 BP (Gao and Dennell 2014; Gao et al. 2014), and 
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several Magdalenian examples (Lucquin 2007; March and 
Lucquin 2007; Nakazawa et al. 2009; Batchelor 1979; Bolus 
1990); circular areas devoid of remains believed to repre-
sent the negative spaces left by perishable containers on the 
floor of the Magdalenian habitation number 1 of Pincevent 
(France) (Leroi-Gourhan and Brézillon 1966); pits believed 
to be waterproofed with hide to be used as containers at the 
Magdalenian site of Gonnersdorf (Bosinski 1981); and hide 
containers used over direct heat (Speth 2015).

Indirect evidence from recovered food remains can also 
point to the probability of prehistoric wet-cooking. Charred 
food aggregates from Franchthi Cave in Greece, dating to 
between the Bølling-Allerød and early Holocene, revealed a 
starch-rich matrix made from different wild pulses (Kabukcu 
et al. 2023). The authors point to the necessity of soak-
ing, heating and possibly boiling the pulses to achieve the 
observed level of microscopic processing. Such an activity 
seemingly necessitates a container which could enclose the 
seeds and foodstuffs, while modifying them using heated 
water. Given the recovery of both direct and indirect evidence 
that might represent Palaeolithic and Mesolithic container 
use and the deep timeframe for hominin fire manipulation, 
this raises the possibility for an early origin to wet-cooking 
cuisine, with potential implications for human evolution.

The shift from aceramic to ceramic technology occurred 
much earlier than previously believed, with the oldest evi-
dence discovered in Southern China, dated to approximately 
18–20,000 BP (Kuzmin 2017; Patania et al. 2019; Patania 
and Jaffe 2021), then Japan and the Russian Far East by 
16–10,000 BP (Shoda et al. 2020). A recent geoarchaeo-
logical assessment of the early pottery site of Yuchanyan 
(18,300 cal BP) revealed a sophisticated suite of pyrotech-
nologies, including clay lined hearths and ceramics, probably 
deployed for processing and rendering bone fats (Patania and 
Jaffe 2021). This transition phase seems to have captured 
otherwise invisible information about aceramic organic con-
tainers, such as baskets or string nets, with these potentially 
serving as a template for producing pots. Cordage and net-
ting impressions on ceramic sherds have been found on the 
earliest Russian pottery (Zhushchikhovskaya 1999; Hyland 
et al. 2002) and on fired clay fragments dated from Spanish 
Palaeolithic-Mesolithic transition (Aura Tortosa et al. 2019). 
Techniques employed to build Ertebolle pointed base vessels 
may also have derived from coiled basketry (Povlsen 2013). 
The contextual evidence and discussion about how and why 
ceramics emerged and dispersed across the world has been 
discussed in a number of works over recent decades (Rice 
1999; Hayden et al. 1995; Brown 1989; Reid 1984; Sassaman 
et al. 1995; Murdock and Provost 1973; White et al. 1977; 
Jordan and Zvelebil 2016; Piezonka 2021; Dolbunova et al. 
2022). These debates highlight that both ‘functional’ and 
‘social’ driving forces contributed to the development and 
refinement of ceramics, with both requiring consideration 

when trying to understand why different societies chose to 
prioritise pottery over pre-existing aceramic cooking meth-
ods. However, a number of presumptions still prevail in these 
discussions, epitomised here by Jordan and Zvelebil:

With many organic technologies able to perform the 
roles played by pottery, what, other than direct boil-
ing ability, might have made pottery more attractive? 
(Jordan and Zvelebil 2016, 57).

The two assumptions here—that aceramic technologies are 
incapable of direct boiling, and that boiling is in itself the 
most useful and productive cooking technique—deserve to 
be interrogated more fully. Despite advances based on the 
increasing available material evidence for early pottery and 
their uses, expansion of the discussion to the likely organic 
technologies that preceded it remains limited. Closer con-
sideration of how and when humans began to use aceramic 
containers for wet-cooking is therefore required, with experi-
mental archaeology being an important methodological tool 
for advancing understanding in this area. To address Speth’s 
(2015) challenge to explore the possibilities and evidence for 
boiling and aceramic wet-cooking more generally in archae-
ology, an experimental programme was designed with the 
aim of testing how aceramic vessels perform and the par-
ticular material properties involved in their functionality.

Materials and methods

Methods

In total, six experiments were conducted: in five cases 
attempting to heat water to boiling and sub-boiling thresholds, 
and one experiment attempting to reach and sustain a ‘long-
time low-temperature’ cooking range of 45–70 °C. Of the 
six experiments carried out, five used a ‘Direct Heat’ method 
(defined as the suspension of the container over a heat source 
to heat directly) and one used a ‘Hot Stone’ method (defined 
as an indirect heating technique where stones are heated and 
transported into the container which heats the contents). Two 
organic container materials were tested: red deer hide and pig 
stomach. Experiments consisted of:

A) Direct heat via a fire using a suspended pig stomach 
container (Fig. 1);

B) Direct heat via a fire using a suspended red deer hide 
container with decreasing distance to the fire (Fig. 1);

C) Direct heat via a fire using a suspended red deer hide 
container with stable distance from the fire (Fig. 1);

D) Direct heat via embers contained within a pit covered 
with a red deer hide container (Fig. 2);

E) Indirect heating using hot stones added to a suspended 
pig stomach container (Fig. 3); 6) and direct heat via a 
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fire using a suspended red deer hide container for over 
three hours (Fig. 1).

Each experiment consisted of a heating source (direct fire, 
embers, hot stones), a container and water, allowing for the 
following variables to be measured:

A) Increase and decrease in water temperature over time;
B) The time taken for the water to reach boiling or sub-

boiling point;
C) Fuel consumed to achieve water heating;
D) Whether cooking of the foodstuff was achieved;
E) The type and extent of damage or modification to the 

organic container

This allowed for contrasts between both material types 
using the same heat source and for comparisons between 
the heating methods.

The experiments were conducted in two phases. Phase 
one was primarily qualitative and aimed to test aceramic 
boiling using a sample of materials and heating methods 
discussed by Speth (2015). Phase two expanded on the 
results of phase one, testing sustained sub-boiling. The 
temperature of a litre of water was raised to and held 
between 45–70 °C for 3 h, thus subjecting the container 
to conditions consistent with ‘long-time, low-tempera-
ture’ cooking. An unprocessed red deer hide suspended 
directly over a fire was used, which allowed for the test-
ing of Speth’s (2015) challenge of using organic perish-
able containers placed directly into a fire, while also being 
compatible with the earliest technology available to pro-
duce ‘simple containers’, based on early dates for animal 
skinning (Verheijen et al. 2023).

Experiment 1: Direct Heat methods

In order to establish the efficiency of heating water with 
the heat source positioned directly beneath the vessel, 

Fig. 1  Photographs of the Direct Heat method experiments. a Vessel Three (V3) red deer hide with water over a fire. b Vessel Two (V2) red deer 
hide being filled with water. c Pig stomach Vessel One (V1) suspended over a fire

Fig. 2  Pit cooking method photographs of Vessel Four (V4). a Sticks 
being used to stop the hide slipping into the fire. b Steam visible as 
the water heats up



Archaeological and Anthropological Sciences (2023) 15:142 

1 3

Page 5 of 17 142

two container types (pig stomach, red deer hide) and two 
suspension techniques (pit, tripod) were tested across 
four vessels: V1–V4. Vessel 1 (V1) was made from pig 
stomach (Sus scrofa) and was suspended from a tripod 
over a fire using paracord (Fig. 1). V1 was filled with c. 
1 L of water for the experiment. The pig stomach mem-
branes proved ineffective in pre-experiment testing. Water 
penetrated between the inner and outer membranes, caus-
ing a bubble. Instead, the stomachs were used inside out, 
which prevented this problem during experimentation. The 
sphincters and mechanical damage were repaired using a 
leather sewing kit which produced a pouch, into which 
water could be poured. V2 and V3 used red deer hide con-
tainers (Fig. 1) each containing c. 2 L of water and tied 
with paracord to a tripod built from hazel poles, suspended 
over a fire. The fur-bearing side of the hide was used as 
the outside of the container and the interior was filled with 
water. Hearths were centrally located beneath each tripod 
and a vessel suspended from each using cord. The experi-
ments differed only in the distance from the fire, which 
was kept the same in V3 and progressively lowered into 
the fire until the base of the hide was resting on the coals 
in V2. V4 used a deer hide container suspended over a 
c. 50 × 50 × 25 cm pit filled with burning coals, embers 
and fresh wood. V4 was then placed over the pit with the 
central depression filled with c. 2 L of water and the edges 
secured with branches (Fig. 2).

Experiment 2: Hot Stone methods

The Hot Stone method heats the contents of the container 
by placing heated stones directly inside the vessel. The aim 
of these experiments was to attempt to heat the water in the 
containers solely through the indirect transfer of heat via 
the stones. Pig stomach (V5) was selected for testing due 
to their ability to hold both water and heated stones. The 

pig stomach (V5) was prepared as in Experiment One and 
suspended from a branch with c. 1 L of water added (Fig. 3). 
In order to raise the temperature, the hot stones needed to 
be placed into the water and quickly removed from the con-
tainer before being added to the fire to reheat. To avoid ther-
mal shock and for safety, rapid heating of stones was avoided 
by placing stones c. 30 cm away from the fire and moving 
them closer over time to allow for controlled heating to c. 
250–500 °C. It was common throughout the experiments for 
multiple stones to be used simultaneously; typically two, in 
order to maximise the heating potential.

Experiment 3: Direct Heat ‘long‑time, 
low‑temperature’

A single unprocessed red deer hide was modified to create a 
simple container by periodically piercing the outer edge with 
a sharp flint flake and threading string through the perfora-
tions. The hide was then attached to a simple wooden tri-
pod—made from three pieces of wood tied together—using 
the string (Fig. 1). A litre of water was added to the hide and 
an assessment of any damage to the hide container—indi-
cated by leakage—was made prior to the commencement 
of the experiment. Hide container integrity was actively 
managed via periodic checking for tears or leakage, involv-
ing a reorientation of the hide when this occurred. This 
experiment placed greater emphasis on quantification to 
understand the dynamics involved in LTLT (long-time, low-
temperature) cooking. Firewood was measured before and 
after the experiment by measuring out an area in cubic feet, 
filling the space with the wood before use, and measuring 
the remainder after the experiment concluded, to quantify 
total consumption. Thermocouples were used to record tem-
perature data in both the container and the fire. Temperature 
data was recorded every 5 min on the commencement of 
the experiment, which for the purpose of timing, was taken 

Fig. 3  Photographs of the Hot 
Stone method. a Vessel Five 
(V5) pig stomach vessel with 
water discolouration from the 
stones. b The stone rotation 
method, whereby stones were 
heated and then slowly dried out 
after use to avoid thermal shock
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as the water in the hide container reached the desired tem-
perature threshold. The experiment proceeded to attempt to 
maintain this temperature for 3 h to simulate LTLT cooking 
conditions. Temperature was actively managed by adjusting 
the distance between the heat source and container using the 
strings to raise up or lower down the container.

Materials

The experiments were conducted outdoors at the York 
Experimental Archaeology Research (YEAR) Centre, 
Department of Archaeology, University of York (UK) over 
two sessions, one in the autumn and the second in the spring. 
The vessels which required direct heat had their own sep-
arate hearths within the YEAR Centre. An infrared laser 
digital thermometer (temperature range: − 50–750 °C; accu-
racy: ± 2 °C) was used to make all temperature recordings 
for the first session, and a thermocouple set (TM-RS232 
Thermometer) was used for the second. Other equipment—
tripods, sewing kits, flint, etc.—were supplied by the YEAR 
Centre. For the first session, firewood was a mix of horse 
chestnut (Aesculus hippocastanum) and elder (Sambucus 

nigra) derived from the YEAR Centre itself, supplemented 
by kiln dried birch (Betula pendula), purchased from a com-
mercial supplier. For the second session, the firewood was 
mixed hardwood from a commercial supplier. The heating 
stone selection was balanced against the need for safety 
whilst maintaining archaeological and ethnographic fidel-
ity. Coarse-grained, commercially shaped and rounded 
(8 cm × 6 cm × 2 cm) basalt was selected for its resilience to 
thermal fracture (Shantry 2020; Wilson and DeLyria 1999). 
To comply with ethical guidelines set out by the university, 
unprocessed adult male red deer (Cervus elaphus) hides and 

pig stomachs (Sus scrofa) used in making containers were 
procured from commercial suppliers.

Results

The results from Experiments 1 and 2 are presented in 
Table 1 and Fig. 5. Each experiment is discussed in turn, 
along with a summary comparison of Direct Heat results, 
Hot Stone results, with the two methods then compared.

Results: Direct Heat method

The results of experiment V1—a pig stomach vessel contain-
ing 1 L of water, suspended 50 cm above an open fire—are 
presented in Table 1 and Fig. 4. Figure 4 presents the change 
in temperature recorded through time for experiments 
V1–V5 and shows that the water temperature inside the 
V1 container rose rapidly, reaching a maximum of 69.1 °C. 
However, this was not consistently maintained throughout 
the experiment (Fig. 4). While this experiment failed to 
achieve a temperature to boil water, a sub-boiling tempera-
ture suitable for cooking food or other non-cooking tasks 
was achieved and maintained. As the experiment contin-
ued, physical modifications to the vessel became apparent. 
The stomach shrank significantly, dropping its water capac-
ity from an initial 1 L to a final capacity of approximately 
300 mL, a loss of c. 70% (Fig. 5). Shrinkage of this magni-
tude may have implications for the types of uses or lengths 
of time to which a vessel of this kind might be employed. 
Colour change in the container was also detected, likely as 
a result of the container beginning to cook after prolonged 
exposure to the heat source.

Table 1  Results of heating experiments V1–V5

The table shows the type of experiment configuration, the length of each experiment, the maximum water temperature achieved within this time 
and whether a cooking temperature was achieved, plus modifications to the vessel observed during the experiment

Vessel Material Type Distance to heat 
(cm)

Water vol. (mL) Time (min) Max water 
temp (°C)

Cook-
ing temp. 
achieved

Vessel modification

V1 Pig stomach Tripod, direct 30 1000 180 69.1 Yes Colour change, 
shrinkage (c. 
70%)

V2 Red deer hide Tripod, direct 50 initial, reducing 
to 0

2000 300 63 Yes Stiffening, charring 
of fur

V3 Red deer hide Tripod, direct 50 2000 90 48.2 Yes Stiffening, charring 
of fur

V4 Red deer hide Pit, direct 25 2000 90 88.6 Yes Stiffening, charring 
of fur, perforation

V5 Pig stomach Tree branch, hot 
stone

0 1000 40 100 Yes Colour change, 
shrinkage (c. 
50%)
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The results of experiment V2—a red deer hide vessel 
containing 2 L of water, suspended over and gradually low-
ered into a fire via a tripod—are presented in Table 1 and 
Fig. 4. Recorded water temperature inside the V2 container 
initially rose rapidly, eventually reaching a maximum tem-
perature of 63 °C, which was maintained for the remainder 
of the experiment (Table 1, Fig. 4). In this experiment, the 
distance between heat source and the base of the container 
was gradually reduced until the container was in direct con-
tact with the fire and hot coals; nonetheless, the container 
did not achieve the greatest recorded temperature. The result 

suggests that both proximity to and structure of the fire are 
important for conserving and directing the heat into the ves-
sel, rather than losing it into the surrounding air. As the 
experiment progressed, changes to the container became 
apparent. This included increasing rigidity of the hide and 
charring and blackening of the outer surface facing the heat 
source, but with no evidence of shrinkage (Fig. 5).

The results of experiment V3—a red deer hide vessel 
containing 2 L of water, suspended over a fire via a tripod—
are presented in Table 1 and Fig. 4. The heating pattern for 
the water in container V3 was markedly different to other 

Fig. 4  Graph showing tem-
perature (°C) achieved through 
time (minutes) in experiments 
V1–V5

Fig. 5  Photographic illustra-
tions of damage and wear to 
the organic vessels during 
cooking. a Pig stomach (V1) 
showing signs of discolouration 
and shrinkage from the heat. 
b The fur burning and coming 
away from the red deer hide 
vessel (V6). c The blackening 
and scorching of the hide when 
placed over the fire (V6)
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experiments, with initial heating occurring gradually, fol-
lowed by a rapid decline and equally rapid increase, before 
finally plateauing (Fig. 4). Fuelling of the fire may have con-
tributed; the maximum temperature achieved was the low-
est recorded: 48.2 °C across the direct heating experiments 
(Table 1, Fig. 4). However, the highest temperature recorded 
for the fire (877 °C) was associated with this experiment: 
evidencing a dramatic loss of heat in the air space between 
fire and container. It is probable that the thick deer hide 
acted as an efficient insulator, limiting heat transfer from 
fire to water. Observed changes to the vessel were in keep-
ing with V2 (charring, blackening and stiffening), but less 
marked given the increased distance from the heat source.

The results of experiment V4—a red deer hide vessel con-
taining 2 L of water, suspended over a pit with hot embers—
are presented in Table 1 and Fig. 7. The water within the 
V4 container was rapidly heated over a short period of time 
(Fig. 4). This is likely due to the small distance between 
heat source and container, but also because the pit walls and 
container base acted to trap and channel the heat. Because 
the heat source could not be replenished, a sharp temperature 
decline was observed prior to the termination of the experi-
ment (Fig. 4). The greatest temperature of all direct heating 
experiments (88.6 °C) was achieved in this configuration, 
likely due to the short distance between container base and 
heat source and the channelling of heat. Modifications to 
the deer hide container were again similar to V2, but with 
no reduction in container capacity. A perforation in the con-
tainer developed where the hide was not protected by water 
shortly after the termination of the experiment.

In summary, the results of the Direct Heat methods dem-
onstrate the difficulty of raising water to boiling point within 
an organic container. Neither hide nor stomach is efficient 
conductors of heat and the fur on the exterior of the hide 
may have increased its insulating properties. This is in line 
with thermal conductivity studies of cow hides showing 
that hide has a similar efficiency level as air—an extremely 
poor conductor (Maia et al. 2009). Nonetheless, sub-boiling 
temperatures were readily attained and maintained. While 
fuel consumption was not measured quantitatively, it was 
clear that the tripod method used significantly more firewood 
than the pit method. Characteristic modifications to the red 
deer hide containers were observed across experiments, with 
extent varying with specific experimental parameters, espe-
cially proximity to the heat source. In contrast to the pig 
stomach container, those made from deer hide displayed no 
visible signs of shrinkage.

Results: Hot Stone method

The results of experiment V5—a pig stomach vessel contain-
ing 1 L of water into which hot stones were placed—are pre-
sented in Table 1 and Fig. 4. The water temperature within 

container V5 rapidly and continuously heated throughout 
the experiment, exceeding the boiling point threshold of 
100 °C prior to termination of the experiment (Fig. 4). To 
achieve this temperature, rapid rotation of heated stones was 
required to prevent the water cooling in between. A total 
of six stones were found to be sufficient: two were placed 
into the container while four heated in the fire. The stones 
themselves survived multiple rounds of heating and quench-
ing with minimal cracking in the process. Repeated use of 
stones from the fire did, however, mean that the water began 
to be contaminated with ash, dirt and other particulates. This 
could have been mitigated by washing the stones before they 
were placed into the container after they had been heated and 
this should be taken into consideration when appraising the 
efficiency of heating the water. Physical modifications to 
the stomach were also noted. This included colour change, 
likely from cooking of the stomach in direct contact with 
hot stones, and shrinkage of around 50%. Despite this, it 
remained in a suitable condition to be reused for further 
heating. Overall the observations noted during this experi-
ment closely matched many of those made by Ryder over 
50 years ago, when he attempted to heat water in an animal 
stomach. The loss of volume through shrinkage, minor water 
displacement from the addition of hot stones and bubbling 
over of water at boiling point were observed during both 
experiments (Ryder 1969).

In summary, the two Hot Stone experiment results dem-
onstrate that water can be heated rapidly and to a higher 
temperature when compared with Direct Heat methods. The 
experiments proved to be effective at boiling water (V5). 
However, there is a problem of contamination due to transfer 
of stones from a fire. Whilst indirect, the method is also fuel 
intensive as a fire must be maintained to heat the stones for 
the duration of the experiment. It should always be acknowl-
edged that actualistic experimentation carries many vari-
ables related to the skill and experience of the practitioners, 
and replication of these experiments by others would help 
make these results more rigorous. Nonetheless, given that 
the aim of all experiments was to heat water, and that many 
forms of cooking do not require boiling water, both sets of 
results can be said to have achieved their initial goals.

Results: Direct Heat ‘long‑time, low‑temperature’

The results of experiment V6—a red deer hide vessel con-
taining 1 L of water suspended over a fire for 3 h—are 
presented in Table 2, Figs. 5, 6 and 7. Results demonstrate 
the viability of heating water to a consistent sub-boiling 
temperature for a protracted period without the vessel fail-
ing (Table 2; Fig. 6). Charring of the deer hide occurred 
and this was consistent with other direct heat experiments 
(Fig. 5). Active management requirements were minimal, 
with two interventions required: firstly, to rearrange the 
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hide to prevent the water pressure forcing a minor leak, 
and secondly, to raise the vessel slightly to prevent the 
water becoming too hot. The volume of water remain-
ing at the conclusion of the experiment was measured 
and totalled 650 mL. When completely cooled, it became 
apparent that the substance had gelatinised, suggesting that 
the water was slowly breaking down the collagen from 
the interior membranes of the hide container. The fuel 
usage was approximately 65 kg, which is high for a camp-
fire (Pryor et al. 2016); however, this probably reflects 
the artificial nature of the experiment and the intentions 
of the practitioners to keep the fire as high as possible, 
knowing the temperature read-out from the thermocouple. 
Under ‘realistic’ circumstances, hunter-gatherer fires are 
often multipurpose and a cooking vessel placed over a fire 
would be just one function amongst many (insect repellant, 
warmth, social gathering, craftwork). Therefore, it is dif-
ficult to directly compare the firewood usage for this single 
experiment with a lifelike scenario.

The temperature data collected using thermocouples 
allows for characterisation of the thermodynamic system, 
expressed via a temperature against time curve T(t) model 
(Fig. 7). As the experiment was actualistic, a number of 
assumptions were made: 1 kg of water was heated over an 
open fire using a red deer skin vessel; the skin was approx-
imately 1 mm thick; the fur, predominantly keratin, was 

assumed to be redundant following its rapid destruction 
by the fire; and the contact area (A) between the hide and 
fire was reasoned to be 800 cm2. The T(t) curve was evalu-
ated using Newton’s heating law for the heating phase up 
to 215 min and after removal of the heat source, Newton’s 
cooling law was applied to fit the respective part of the 
curve.

The fit used is based on the following consideration: an 
instantaneous change in the transferred heat dQ is related 
to a small change of temperature dT by:

where mwater is the mass of the heated water and cwater the 
specific heat of water. Hence, the heating rate is

Correspondingly, the heat transfer through the hide is 
proportional to the temperature gradient dT/dx and depends 
on its heat conductivity kskin as well as the area A. The cor-
responding heating rate is then given in one dimension by

combining Eqs. 1 and 2 leads then to

dQ = mwater × cwater × dTwater

dQ

dt
= m

water
× c

water
×

dT
water

dt

dQ

dt
= −kskin × A ×

Twater − Tsurface

dskin

Table 2  The results for the Direct Heat ‘long-time, low-temperature’ experiment using vessel V6

Vessel Material Type Distance to heat 
(cm)

Water vol. (mL) Time (min) Max water temp 
(°C)

Cooking temp. 
achieved

Vessel modifica-
tion

V6 Red deer hide Tripod, direct 20, raised to 30 
at 85 min

1000 215 71.5 Yes Fur burnt, minor 
membrane 
damage

Fig. 6  The temperature meas-
urements for the Direct Heat 
‘long-time, low-temperature’ 
experiment. Readings were 
taken every 5 min and the fire 
extinguished at 215 min in order 
to measure the cooling rate of 
the vessel
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rearranging this we get

This is a first order differential equation in space and 
time. Assuming now a linear gradient dT/dx = ΔT/d with 
d being the thickness of the skin this can be simplified to

Integration with the boundary condition  Twater either the 
initial temperature before heating or  Tsurface the temperature 
before cooling. Distinguishing between the heating and cool-
ing phases we find in the case of heating

and in the case of cooling

(1)

m
water

× c
water

×
dT

water

dt
= −k

skin
× A ×

T
water

− T
surface

d
skin

(2)
T
water

− T
surface

d
skin

=
m

water
× c

water

−k
skin

× A
×
dT

water

dt

dT
water

dt
=

−k
skin

× A

m
water

× c
water

×
T
water

− T
surface

d
skin

∫
Twater

Twater (0)

dT
�

water

Twater� − Tsurface

= −∫
t

0

kskin × A

mwater × cwater × dskin

× dt�

(3)
Twater(t) = Tsurface −

(

Tsurface − Twater(0)
)

× exp
−kskin×A

mwater ×cwater ×dskin
∙t

Equations 3 and 4, respectively, were used to fit the exper-
imental T(t) data for heating and cooling with the parameters 
A = 800 cm2, kskin = 0.7 W/mK for collagen, cwater = 4184 J/
kg for water, d = 1 mm,  Twater = 6 °C (temperature of the 
environment) and  Tsurface = 70 °C (temperature of the heating 
zone above the fire).

The values for the kskin/cwater ratios during the heating 
and cooling phase are 2.19 10–4 kg/ms and 2.25 10–4 kg/
ms, respectively. Given the approximations made, this is in 
remarkable proximity to the expected value of 1.75 10–4 kg/
ms, corroborating the assumptions.

Overall, the measured time dependence of temperature 
increase and decrease confirm that the key component of the 
hide acting as vessel for the heated water is the collagenous 
deer skin. A comparison of the deer hide data with those 
theoretically expected for a ceramic vessel with a similar 
thickness revealed that the significantly higher thermal con-
ductivity of ceramics led to attainment of the target tempera-
ture of 70 °C more quickly, while the cooling would also be 
faster. Hence, a deer hide based vessel is less favourable in 
terms of heating time to reach a targeted temperature but 
would keep the heated water hot for a longer period of time.

A number of useful observations can be drawn from these 
results. Firstly, the initial heating requirements are likely 

(4)
Twater(t) = Twater(0) −

(

Twater(0) − Tsurface

)

× exp
−kskin×A

mwater ×cwater ×dskin
∙t

Fig. 7  Calculated temperature curves for the V6 Direct Heat ‘long-
time, low-temperature’ experiment. The experimental data is plotted 
against a theoretical fit, as well as a comparative calculated ceramic 

curve. Equations 3 and 4 have been included with the corresponding 
colours for ‘heating’ and ‘cooling’
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much greater to transfer the heat through the hide in compar-
ison to ceramics, but the greater insulation properties sug-
gest that either the fire could be reduced in intensity or even 
extinguished and the hide continues to cook the foodstuffs 
for longer. Secondly, the outer layer of fur may contribute 
little to nothing to both the vessel’s heating and cooling, pre-
sumably because the damage from the fire has undermined 
the molecular properties of the keratin fur matrix. Thirdly, 
that unprocessed animal hide functions perfectly well as 
a vessel for LTLT cuisine—by eliminating the stipulation 
that cooking is synonymous with boiling, this type of direct 
heat food processing makes best use of the hide’s thermal 
properties.

Discussion

Recent years have seen an increase in interest in hunter-gath-
erer aceramic container technologies and the keystone role 
they have played in our species survival and evolution, with 
ethnographic data used to inform a non-exhaustive range of 
uses, including: short and long-term storages and mobility of 
foodstuffs, water, raw materials, colourants, medicine, tools, 
equipment in addition to the carrying of infants and burial of 
corpses (Henrich 2015; Langley and Suddendorf 2020; Sud-
dendorf et al. 2020). Not all, but many of these storage con-
tainers are made from materials that can be used for cooking 
and are at least semi-fire retardant (e.g., shells, plant leaves/
fibres, animal skins/organs); however, the equation between 
containers and cooking is far from being a simplistic one. The 
right amount of heat, requiring the use of the right type of 
vessel for cooking a particular foodstuff, has implications for 
how digestible the food is (e.g., detoxifying, tenderising and 
breaking down tubers and other fibrous plants; breaking down 
proteins found in meat), the digestive workload of our mouths, 
stomachs and colons, and ultimately, the degree of energetic 
benefits (Carmody and Wrangham 2009; Henrich 2015).

The experimental archaeological results demonstrate the 
effectiveness, but also key differences, between multiple 
methods of heating water in organic perishable containers. 
Experimental replication and use of hide containers with the 
Direct Heat method indicate that cooking at sub-boiling tem-
peratures is achievable, while boiling may not be. Results 
from the stone cooking experiments confirm that this tech-
nique is more fuel efficient and effective at rapidly raising 
water temperature than placing the container directly over 
the heat. It is, however, interesting to consider that these 
results differ from other research investigating stone cook-
ing. In Holman and Egan’s (1985) experimental work study-
ing the traditional methods of maple syrup production, they 
record that hot stone cooking was amongst the least efficient 
methods of reducing the liquid to a syrup. The time taken 
to make the syrup was measured at between 5 and 6 h: an 

impractical amount of time to constantly rotate and manoeu-
vre the stones. This suggests that the efficiency of hot stone 
heating may be quickly undermined when the cooking pro-
cedure requires many hours of heat. This is consistent with 
previously published work on stone boiling, which suggests 
the process can be rapid but increases labour costs (Driver 
and Massey 1957).

Across all experiments, there was appreciable variation in 
the degree of monitoring and labour required to heat water. 
Hot stones were effective in raising the internal tempera-
ture of the vessel; however, they demanded a higher level of 
observation, planning, activity and monitoring. The use of 
animal skins directly over a fire may still require more active 
engagement than pottery, but for the user it is less involved 
than using heated stones. Equally, while both methods 
proved to be viable, the pit method was more fuel efficient 
than the tripod methods, which may have been a pertinent 
consideration when selecting the type of method to achieve 
a specific task. The container material also proved to be an 
important variable. The pig stomach container was more 
efficient at initial heat transfer when compared with the red 
deer hide containers, perhaps indicating that internal organ 
membranes might be more desirable as a vessel. It is, how-
ever, important to stress that containers were not tested to 
the point of destruction; in which case, its thinness, lower 
insularity and tendency towards shrinkage may prove less 
effective for slow cooking. When taken together, the results 
suggest that the material used in creating the vessel and the 
configuration used to heat its contents would be prominent 
variables that were actively considered in diverse tasks in 
different archaeological contexts. Viewing these results in 
the context of evolving and developing cooking strategies, 
it is likely that cooking foods using pottery would change 
the engagement for the user from active to potentially semi-
active or passive. The social implications for users practis-
ing different methods of aceramic cooking are deserving 
of closer consideration in the future (see Wrangham 2010; 
Dunbar and Gowlett 2014).

Speth (2015) questioned the types of damage and altera-
tion that might be seen in organic containers and the results 
provide insight. Red deer hides suspended above a fire using 
a tripod became increasingly hard and inflexible in the time 
it took to heat water. The fur on the underside of the hides 
became blackened and scorched but the heat failed to dam-
age the skin tissues. The hide suspended above a pit was 
damaged soon after the experiment ended when the embers 
burnt through the sections which were unprotected by the 
heated water, demonstrating that a level of skill and atten-
tion is required to maintain even this method. The stomach 
containers used for hot stone and direct heating methods 
shrank considerably during the experiments, losing over half 
of their usable volume, likely due to the sensitivity of the 
tissue to heat. This suggests that contrary to Speth (2015), 
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hot stone cooking can be equally as damaging to the con-
tainer as a direct method, depending on the material used. 
These findings further support the view that the material 
from which to make a container was taken into consideration 
when selecting the cooking method. For example, the capac-
ity for damage from indirect hot stone cooking has been a 
key factor in identifying the function of different pottery 
styles (Sassaman et al. 1995).

A related area of consideration is the extent to which 
inclusions from stone transfer or derived from leaching from 
the heated stones changes water composition, such as pH. 
While the experiments made use of basalt for safety reasons, 
globally it remains a lesser utilised stone and alternatives 
such as quartz and limestone may have their own effects on 
the cooking process. It is possible that specialised forms of 
plant processing relied on the deliberate selection of stones 
with particular properties. For example, work on a variety of 
plants has shown that alkaline solutions generated through 
limestone use can produce dramatic changes in plant and 
seed biochemistry (Ellwood et al. 2013; Abdel-Gawad 1993). 
Alongside changes in water composition is the more quali-
tative and sensory question of taste. Stone boiling has the 
potential to introduce foreign objects including ash, soil, 
grit and other particulate matter into the food. This can be 
avoided by cleaning the stones after they have left the fire, but 
before they are placed into the water, either through manually 
brushing or momentarily dipping them into another container 
of water. Fresh hide is not an instinctively appealing ves-
sel material to contemporary western sensibilities, being a 
potential vector for zoonotic diseases, and potentially pro-
ducing unpleasant odours and tastes if not used immediately 
from the animal. However, this should be balanced against 
knowledge from the ethnographic record that taste and smell 
are culturally contingent, and rotting, putrefying or decaying 
foods can be highly prized and savoured in different cuisines 
(Speth and Eugène 2022). Therefore, unprocessed animal 
skin can be considered viable when considering possible 
material choices throughout prehistory. Of course, other 
organic materials should also be trialled for their thermal 
properties in future research. Bark and wood are often noted 
in the ethnographic record as an alternative to animal-based 
containers, and an expansion of this type of actualistic experi-
mentation into their working properties is essential to charac-
terising aceramic cooking technologies as a whole.

During phase one of the experimental programme, boiling 
of water using hot stones and direct heat was only achieved 
once. In this respect, reaching and maintaining boiling via 
aceramic methods can be seen to be challenging, but nonethe-
less, viable. Sub-boiling temperatures that would allow food-
stuffs, such as starch or meat, to begin exhibiting biochemi-
cal changes that would aid in their processing and digestion 
were consistently achieved. Phase two of the experimentation 
demonstrated that such sub-boiling temperatures can also be 

sustained for protracted periods. Depending on the cuisine, 
maintaining consistent, low temperatures can be preferable 
to boiling. For example, cooking meat in water for long 
periods of time below 60 °C (‘long-time, low temperature’ 
(LTLT) cooking) results in significant collagen denatura-
tion, while temperatures above this result in the meat being 
tougher (Latorre et al. 2019; Paul 1963; Bertola et al. 1994). 
The research suggests that LTLT cooking produces a supe-
rior product both in flavour and tenderness (Christensen et al. 
2012; Tornberg 2005; Dominguez-Hernandez et al. 2018), 
which is likely a prominent factor in why many cuisines 
employ long, slow cooking (Wandsnider 1997). When these 
insights are applied to prehistoric contexts, it can be suggested 
that a cooking technology which is unable to attain boiling 
temperatures, but which can still heat water, may have even 
been desirable and advantageous. As Fig. 8 demonstrates, 
the temperature spectrum of water possesses numerous use-
ful sub-boiling thresholds, highlighting that the advantages 
of wet-cooking begin at lower temperatures than archaeolo-
gists have previously acknowledged. The experimental data 
indicates that Direct Heat cooking might be particularly well 
suited to harnessing the LTLT effect to process raw meat, 
and perhaps other types of food, into a bioavailable resource.

This conclusion is consistent with other experiments across 
diverse contexts. For example, a study by Hanson et al. (2019) 
of acorn processing tested both stone boiling and simmering 
in ceramic vessels, concluding that boiling the acorns had the 
effect of binding the bitter tannins to the nutmeat, while sim-
mering methods instead leached them. Discussing the origins 
of ceramics during the North American Woodland Period, 
Skibo et al. (2009) observed that water boiling can bring with 
it limitations, including overflow into the fire, unsuitability 
for extracting greases and oils and the bubbling surface can 
inhibit skimming of fats. It should, however, be noted that 
boiling can have distinct advantages over heating in other 
contexts. For example, Ellwood et al. (2013) demonstrate 
that using heated limestone to cook and nixtamalise maize 
relies on rapidly heating the water to between 70 and 100 °C, 
which provides the optimal environment for the kernels to 
absorb the alkaline water. Arnold’s (1988) argument that the 
development of pottery was driven by the need to detoxify 
and make available the stored energy and nutrients in various 
plant foods remains important. Listing commonly used plants 
from around the world which require prolonged boiling to be 
rendered safe and edible also highlights a key advantage of 
pottery over aceramic cooking methods—the ability to with-
stand high temperatures for long periods of time. It has been 
proposed that the appearance of early pottery might be related 
to the exploitation of seasonal abundance of oily fish species, 
notably to the processing or storing of ‘prized’ aquatic oil with 
a highly symbolic value (Hayden 1995). Alternatively, pottery 
may have been used to cook previously stored commodities 
such as dried fish, as suggested by organic residue analysis 
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of Incipient and Initial Jomon pottery (Lucquin et al. 2018). 
Lengthy simmering temperatures would have been easier to 
obtain using ceramic vessels in addition to providing a more 
secure and durable container within a context of increasing 
exploitation of aquatic ecotones (Wang and Sebillaud 2019).

Speth’s (2015) original question of ‘how did humans learn 
to boil?’ can thus be usefully expanded to ‘how did humans 
learn to cook?’. Since boiling may be both unnecessary and 
undesirable in various cooking recipes, separating ‘rapid 
boiling’ from ‘LTLT’ and recognising them as two specific 
and distinct methods of processing foods, each with potential 
advantages depending on the specific context, is important, 
with potential implications for human evolution, the develop-
ment of organic container technologies, and the transition to 
the use of ceramics. Thus, these two methods may have coex-
isted, targeting different commodities, fulfilling two different 
roles within a complex system involving diverse forms of food 
preparation: forming a cuisine.

Conclusions

Results from this experimental programme demonstrate the 
complexity of engaging with the evolution of material tech-
nologies and the benefits of experimentally testing latent 
assumptions. The results demonstrate that organic, perish-
able containers placed over direct heat are capable of heat-
ing water sufficiently to process foods, bringing into ques-
tion the presupposition that a cooking technology should 
be necessarily judged on its ability to heat more quickly 
and to a higher temperature than another. In some contexts, 

higher temperatures can be undesirable and instead a lower 
and more stable temperature may be favoured. The ability 
to heat water and to boil water should be seen as two sepa-
rate methods of food processing. Combining the scientific 
research into ‘long-time, low-temperature’ cooking with 
the experimental data of direct heat cooking in perishable 
containers, it is proposed that the need for lengthy sim-
mering temperatures, as opposed to rapid boiling tempera-
tures, may have been a driver in the creation of ceramic 
vessels during the Upper Palaeolithic and a factor in their 
increase in dominance thereafter. Future research can more 
fully test this hypothesis by characterising other common 
organic vessel materials, such as bark and wood. Finally, 
the results demonstrate how experimental archaeology is 
an important method for understanding the functionality 
of different material properties and container technologies, 
even for a topic as seemingly mundane as heating water.
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Fig. 8  The utility of heated water does not begin at boiling point, impor-
tant biochemical changes occur in different plant and animal products 
at sub-boiling temperatures for different periods of time. Many of these 
are crucial to either detoxifying or rendering carbohydrates and proteins 

available for human digestion. (1) (Shi et al. 2017); (2 & 4) (Hickman 
et al. 2000); (3) (Shariffa et al. 2009); (5) (Dominguez-Hernandez et al. 
2018); (6) (Oke 1983); (7) (Senica et  al. 2016); (8) (Thompson et  al. 
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