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Steak tournedos or beef Wellington: an attempt to
understand the meaning of Stone Age
transformative techniques
Patrick Schmidt 1,2✉

Research into human uniqueness is gaining increasing importance in prehistoric archaeology.

The most striking behaviour unique to early and modern humans among other primates is

perhaps that they used fire to transform the properties of materials. In Archaeology, these

processes are sometimes termed “engineering” or “transformative techniques” because they

aim at producing materials with altered properties. Were such transformative techniques

cognitively more demanding than other tool making processes? Were they the key factors

that separated early humans, such as Neanderthals and early Homo sapiens, from other

hominins? Many approaches to investigating these techniques rely on their complexity. The

rationale behind this is that some techniques required more steps than others, thus revealing

the underlying mechanisms of human uniqueness (e.g., unique human culture). However, it

has been argued that the interpretation of process complexity may be prone to arbitrariness

(i.e., different researchers have different notions of what is complex). Here I propose an

alternative framework for interpreting transformative techniques. Three hypotheses are

derived from an analogy with well-understood processes in modern-day cuisine. The

hypotheses are about i) the requirement in time and/or raw materials of transformative

techniques, ii) the difficulty to succeed in conducting transformative techniques and iii) the

necessity to purposefully invent transformative techniques, as opposed to discovering them

randomly. All three hypotheses make testable predictions.
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Introduction

In prehistoric archaeology, human uniqueness and the exact
moment of its appearance in time are hotly debated topics.
The pre-2000s were marked by theories proposing a late onset

of behavioural modernity (Noble and Davidson, 1991) that was
thought to appear significantly later in human evolution than
anatomical modernity (e.g., Klein, 1995; Mellars and Stringer,
1989; Bar-Yosef, 1998). This model has been refuted since (e.g.,
McBrearty and Brooks, 2000), by showing that the advent of
modernity rather was a slow and gradual process across the entire
African Middle Stone Age (300–30 ka). What all of these models
have in common is their definition of behavioural modernity: the
presence of specific artefact categories (often-called traits) in the
archaeological recorded. Such traits may be objects documenting
symbolic behaviours, such as personal ornaments or engraved
objects (e.g., Henshilwood et al., 2009; d’Errico et al., 2005),
elaborate stone tools (McBrearty and Brooks, 2000), or com-
pound tools assembled from several materials such as barbed
points (e.g., Wadley, 2010a). More recently, the concept of
behavioural modernity has been criticised for its inconsistency
throughout the archaeological record of Homo sapiens (e.g.,
Petraglia et al., 2010; Lombard and Parsons, 2011), methodolo-
gical issues (e.g., Shea, 2011) or its inability to distinguish between
different hominins (e.g., D’Errico, 2003; Zilhão, 2007). Several
alternative concepts that may explain human uniqueness have
been proposed, such as behavioural variability (Shea, 2011),
metaplasticity (Malafouris, 2010) or complex cognition (Wadley,
2013). These theories offer alternative ways to interpret objects,
behaviours or types of artefacts in their respective theoretical
framework (for example, mixing plant gum with ochre to make
adhesives requires multi-tasking and abstract thought, as in:
Wadley, 2010b). What these approaches do not provide is a
quantitative means of comparing different behaviours, i.e., it
cannot bemeasured, which behaviours are of greater relevance for
identifying human uniqueness and which of lesser. This paper
attempts to identify such a quantitative approach to under-
standing Stone Age techniques.

What are transformative techniques and early engineering?
The material leftovers of ancient people may be the result of two
apparently different types of behaviours. In Stone Age archaeology,
most of the known artefacts were made by transforming the shape
of raw materials to obtain new properties (e.g., knapping a cutting
edge on a stone tool; forming a tipped bone tool by grinding;
drilling a hole in a shell bead). The immediately visible change in
morphology is understood to be the consequence of the action.
Production methods can be learned by other individuals by
observation (Bandura, 1997). There is an ongoing debate (e.g.,
Tennie et al., 2016; Haidle and Schlaudt, 2020; Whiten, 2011) on
whether all of these techniques require a process of cultural
transmission to be learned by naïve individuals, some (Tennie
et al., 2017) even suggesting that some techniques may have been
regularly reinvented instead of transmitted culturally. In this case,
many of the earliest artefacts would contain no information about
the processes of cultural transmission per se. What is certain is that
such active shape transformations were the first manifestations of
the human lineage’s tool making behaviour from 3.3Ma on and
throughout all of the Early Stone Age (Harmand et al., 2015;
Semaw et al., 2003). Another type of Stone Age artefacts results
from human actions that do not involve immediately visible
transformations of the shapes of objects. Examples of such activ-
ities are heat treatment of stone to improve its quality for tool
knapping (e.g., Stolarczyk and Schmidt, 2018); reddening of yellow
ochre with fire (e.g., Wadley, 2013); and the distillation of plant
exudations to produce glues (e.g., Groom et al., 2015). Either these
processes result in new materials that behave differently or they

create new substances that did not exist in nature before the
transformation process. Such activities are sometimes referred to as
the first manifestations of material engineering (as in Brown et al.,
2009) or transformative techniques (as in Wadley, 2013) because
they involve the transformation of material properties (colour,
fracture behaviour, etc.) instead of shape. Some of these transfor-
mative techniques have been interpreted as procedures that cannot
be observed or controlled during the process (Stolarczyk and
Schmidt, 2018). Such transformative processes rely on the use of
fire, pinpointing a behaviour that is fundamentally different from
that of other non-human hominids.

The first such procedure used by Homo sapiens to intentionally
alter the physical properties of materials was heat treatment of stone
(Brown et al., 2009). In Africa, it became a regular component of
tool making before 125 ka (Schmidt et al., 2020) and it remained
present throughout the archaeological record till the Holocene (see
for ex: Delagnes et al., 2016; Porraz et al., 2016). In Australia, the
first colonists began to heat-treat silcrete as soon as they arrived on
the continent (Schmidt and Hiscock, 2020a; Schmidt and Hiscock,
2020b). Heat treatment was also part of the suite of innovations
associated with the Upper Palaeolithic Solutrean culture (25.5–23 ka
BP) in Europe (Bordes, 1969; Aubry et al., 2008) and the Siberian
Dyuktai culture (~18 ka BP, Flenniken, 1987). While in Africa, the
technique used for stone heat treatment has been studied in detail
(e.g., Schmidt et al., 2015; Delagnes et al., 2016; Schmidt et al.,
2016a), heating techniques remain totally unknown for the early
archaeological record of Australia and only fragmentary data are
available for the European Solutrean (Schmidt and Morala, 2018;
Schmidt and Morala, 2020). The implications of this lack of data
about the larger part of Stone Age heat treatment in the world are
that we cannot understand the meaning of heat treatment for
human cultural evolution, the diffusion of ideas or the dynamics of
invention. For example, some authors (Wadley and Prinsloo, 2014)
argue that stone heat treatment in an oven-like structure under-
ground required analogical reasoning and complex cognition.
Others (Brown and Marean, 2010; Schmidt et al., 2016b) highlight
the need of large amounts of resources and time for such
underground processes. Only new data may allow understanding
whether these concepts are also applicable to heat treatment in
different contexts. Another Stone Age transformative technique is
the intentional transformation of pigments to obtain colourants
with staining properties not available in nature. The earliest
examples of such ochre reddening are documented in South Africa,
where they occur from ~100 ka on (Dayet et al., 2013; Dayet et al.,
2017; Wojcieszak et al., 2017). These early dates, which fall in a
period of significantly increasing ochre use in general (Hodgskiss,
2020), suggest an important role of reddened ochre in symbolic
behaviours. The concomitant use of stone and ochre heat treatment
in the later part of the Middle Stone Age (MSA) raises interesting
questions about their association and interdependence. For
example, some authors (e.g., Wadley, 2013) propose that if ochre
heat treatment relied on underground processes, similar to those
proposed for stone heat treatment in some contexts, it might be
another proxy for complex cognition in the MSA. Outside of Africa,
the earliest secure evidence of colour enhancement dates to 100 ka
in Israel (Salomon et al., 2012; Godfrey-Smith and Ilani, 2004). In
the European Upper Palaeolithic, ochre heat treatment is
documented in Italy (Cavallo et al., 2018) and France (Salomon
et al., 2013; Salomon et al., 2015). The third often cited
transformative technique is the production of glues from plant
exudations. Glue making also requires the idea to transform
naturally available resources to produce entirely new substances.
The earliest manufactured glues date to ~200 ka in Italy and are
attributed to Neanderthals (Mazza et al., 2006). A few other tar
finds are known from The Netherlands (Niekus et al., 2019) and
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Germany (Pawlik and Thissen, 2011; Grünberg et al., 1999). These
artefacts are of importance for understanding the culture and
capabilities of Neanderthals because they are made of birch tar. To
make birch tar, the bark of the birch tree must be heated so that an
adhesive is formed by distillation. This means that there is no visible
precursor phase (such as resin) that could have been observed, or
that could have provided information about the potential to make
an adhesive substance from the bark (Koller et al., 2001). Several
sites in Italy (Degano et al., 2019) and North Africa (Rots et al.,
2011) have yielded traces of resinous residues on stone tools. In
southern Africa, several MSA and Late Stone Age (LSA) sites
produced large numbers of adhesive remains that date back to ~100
ka (Wadley, 2010b; Lombard, 2007; Charrié-Duhaut et al., 2013).
The production processes of Stone Age birch tar and other
adhesives derived from plant resins remain totally unknown today.

Thus, transformative techniques appear after 200 ka in
Neanderthals and around 100 ka in Homo sapiens. These dates
correlate neither with the appearance of these species, nor with their
arrival in their respective environments. They might translate
important developments or turning points in human evolution.

Several research questions result from these observations:
What do early transformative processes tell us about the
technology of ancient people and do they imply sophisticated
cognition or social learning processes? Does the mastering of such
processes entail a different set of cognitive abilities than other
processes? How can transformative technologies be invented
when processes cannot directly be observed? The main impedi-
ment for answering these questions is that most of the steps
involved in such transformative processes remain unknown for
almost all techniques and in almost all contexts. The meaning of
transformative techniques for our understanding of the cultural
evolution of early humans therefore remains unclear today.

The aim of this paper is not to introduce archaeological or
experimental data on transformative processes, rather to provide a
framework in which such data can be interpreted. For this, I
propose an approach to the formulation of hypotheses, based on an
analogy with well-understood processes involved in modern-day
cooking: the steak vs. beef Wellington parallel. In a second step, I
will evaluate whether some of the differences identified on the bases
of this analogy may be applicable to Stone Age transformative
techniques. Those that are, will be used to formulate predictions
that can be tested by archaeological and experimental investigation.

An analogy with modern-day cooking
To draw an analogy, we will empathise with a chef, working in a
restaurant, who prepares two different dishes. For that matter,
our cook will prepare two meat-based dishes. One of the diffi-
culties associated with this, is to achieve a precise degree of
doneness (i.e., some customers like it well done, some rare, etc.).
In modern-day restaurants, this may be done with meat ther-
mometers but, for the sake of argument, we will suppose that
there are no thermometers in this restaurant. Thus, our cook has
a limited number of options, the choice of which depends on the
piece of meat to be prepared.

Consider the cooking process necessary for preparing a steak,
say a tournedos cut from the beef tenderloin. A tournedos is best
prepared by searing it in a skillet, a process during which it can be
monitored by the cook along the cooking process. This means
that doneness can be tested for during the process using a hand
test. The steak is rare if it feels (to the touch) like the soft fleshy
part of the chef’s palm between his thumb and wrist, when his
thumb and forefinger touch. The steak is medium when it feels
like the chef’s palm when his thumb and middle finger are joined,
etc. Once the steak reaches the desired degree of doneness, the
cooking process is stopped. Our chef must previously have

acquired a certain level of skill to conduct this hand test but,
generally, the test is straightforward because it can be repeated
several times during the process and the results can be compared.
Thus, our chef has the possibility to compare the evolution of the
tournedos at different moments of the cooking process.

Now, consider the case of a beef Wellington. In this recipe, a
piece of the beef tenderloin is quickly seared on all sides and then
enveloped in a duxelle (a paste made from mushrooms), thin
strips of lard and an outer layer of puff pastry. This package is
then cooked in an oven so that the pastry around it is baked and
the meat inside is brought to the desired doneness at the same
time. This means that the meat is cooked hidden from the chef’s
sight. The doneness can only virtually be assessed in the chef’s
mind who has no means of controlling for it throughout the
process: i.e., hitting the moment the Wellington must be removed
from the oven entirely depends on the chef’s experience. The only
way of achieving consistency in preparing such a dish is by fol-
lowing precise instructions. Either these may be the results of
social learning (i.e., the chef studied at a cooking school) or they
may result from a self-established referential based on previously
made beef Wellingtons that either failed or succeeded.

From these explanations, it can be intuitively appreciated why
preparing a beef Wellington many be considered as more difficult
than searing a steak. But which are the measurable differences?
The first obvious difference is that the overall complexities of both
recipes are different. In this case, complexity may be understood
as the total amount of steps needed to conduct the task (see for
ex: Bettinger and Eerkens, 1997). At first glance, this appears to be
useful because the preparation of the Wellington includes more
steps than the tournedos. However, both recipes allow a certain
degree of liberty with regard to the number of steps that are
performed. For example, the steak tournedos may be seared on
high flame in a skillet until it is done; alternatively, it might be
transferred half-cooked to a preheated oven until it reaches
doneness; or it might be finished under a salamander oven. Such
supplementary steps are not strictly necessary but provide
advantages for the workflow of our chef and are therefore com-
mon practice in modern-day cuisine. The point here is that a
customer, who is eating a steak, cannot deduce how many steps
the chef actually conducted to cook it. Thus, in our example,
making statements about the number of steps performed by the
chef, for either of the two dishes, is arbitrary from the point of
view of the customer and it likely does not reflect reality.

The only way a customer can distinguish both recipes in terms of
what happened in the kitchen, is by identifying proxies, in the steak
or the Wellington, that he can link to specific processes of the
cooking procedure. The observation of proxies in the finished dish
allows for testing hypotheses that the customer formulated. For
example, it seems to be possible to separate both dished based on
the investment they require. A prediction would be: the Wellington
requires more ingredients and a higher investment in total time.
This prediction can be tested, even without knowledge of the
cooking technique, because it is possible to i) count the observable
ingredients (one proxy) and ii) gather experimental data on the
requirements of meat to reach a given doneness in both conditions
(i.e., a 2.5 cm thick tournedos vs. a 12 x 20 cm piece of tenderloin
wrapped in pastry; the doneness observed in the finished dish is the
other proxy). The consequences of this prediction are important—
in our example, they are: the total amount of used ingredients and
the time invested by the chef would likely lead to the Wellington
being higher priced on the restaurant’s menu.

There also appears to be another way to distinguish both dishes
based on testable criteria: by identifying the risk associated with
their preparation. This directly translates into saying that one dish is
more difficult than the other. In our example, the rationale behind
this is that, only for the steak tournedos, our chef has the possibility
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to intervene in the cooking process, terminate it or change para-
meters. For the Wellington, every infidelity in executing the recipe
may cause deviance from the projected outcome. A possible pre-
diction therefore is: preparing steak tournedos results in a higher
success rate than beef Wellington. This prediction can be tested by
measuring success rate over a given time span in learners and expert
chefs (perhaps by ordering the same dishes repeatedly or with the
help of the disciples of a cooking school). The consequences of the
prediction are that only chefs who have acquired a higher level of
skill can prepare the beef Wellington.

There even seems to be one more level of difference between
both dishes, which can only be understood if they are put in their
historical context. It is unclear when exactly the technique of searing
was invented in the history of humankind but it is likely rather old.
What is certain is that the history of the beef Wellington is sig-
nificantly shorter. Whether the often held believe that the dish was
invented in celebration of the first Duke of Wellington’s victory at
Waterloo is true, or whether the dish predates 1815, being base on
the continental filet de bœuf en croute, cannot be decided here.
What this historical perspective suggests, is that the beef Wellington
is an evolution of other techniques that may have helped inventing
it. Thus, the prediction is: the beef Wellington is the result of the
combination of earlier cooking techniques. This prediction can be
tested by gathering data on the phylogenetic relationship between
traits (in this case components involved in the Wellington; searing,
smoking and curing of lard, etc., in other word our customer has to
become a historian of culinary arts, or at least contact one). If the
hypothesis were confirmed, it would translate into saying that the
Wellington can be considered as more evolved (i.e., it is a combi-
nation of several older concepts).

Are these concepts applicable to the study of Stone Age
transformative techniques?
Following the three levels of difference established on the example
of the steak tournedos and the beef Wellington, it might be
possible to identify similar levels of difference for the archae-
ological study of transformative techniques.

[1] As for the first hypothesis described above, which stated that
the Wellington is associated with greater cost than the steak, it
appears that some techniques require more time and/or raw
materials than others. Producing artefacts with these techniques is
therefore associated with higher cost of one or more types. For
example, cost-benefit relationships have previously been used for
understanding fire making (e.g., Henry et al., 2018). This approach,
based on the caloric expenditure necessary for firewood collection
and its relation to the caloric advantage provided by fire (e.g.,
cooking), provide a quantitative understanding of the cost-benefit
ratio of fire in archaeological contexts (Henry, 2017). Transfor-
mative techniques that are based on gathering different raw mate-
rials from potentially different geological and ecological frameworks
may be investigated by similar methods. Other approaches address
the cost-benefit relation of local vs. non-local raw materials. For
example, some authors (e.g., Gould and Saggers, 1985) found that
tool-stone quality justified supplementary investment in raw
material procurement. This might also be applicable to the study of
transformative techniques. Unfortunately, it is not straightforward
to quantify the real benefits provided by most transformative
technologies (e.g., Schmidt and Mackay, 2016). However, time and
energy requirement, even without the understanding of benefit,
may be a quantifiable criterion for distinguishing transformative
techniques from other techniques. This is of course only if time and
energy investment were to be found superior to other techniques.
For example, transformative techniques that are based on indirect
heating in underground oven-like structures (Kozowyk et al., 2017;
Eriksen, 1997; Wadley, 2013) might document the willingness to

invest large amounts of time and raw material. This is so because to
conduct them one must invest energy in building underground
structures, afford the raw materials and spend time waiting for the
(generally slow) underground processes to take place. Consider an
example: in stone heat treatment, the heating conditions (tem-
perature and duration) attained in heat-treated artefacts can be
reconstructed through the rocks’ thermal transformations (for a
possible methodology see: Schmidt et al., 2019b). Based on these
data, it is possible to conduct an experimental programme to
investigate the time and resources necessary to attain the degree of
thermal transformation measured in artefacts. This was done for
the time investment necessary to heat-treat two different raw
materials, the silica rocks chert and silcrete (Schmidt et al., 2016b;
Schmidt, 2014; Schmidt et al., 2013). The results showed that chert
requires more than double the time to attain the perused thermal
transformations than silcrete (compare: Schmidt et al., 2016b;
Schmidt et al., 2017). These findings shed light on the minimum
time requirement necessary to heat-treat both materials and allows
for comparing the cost of two transformative techniques conducted
in different archaeological contexts (namely contexts in which
either chert or silcrete was heat-treated). The approach was based
on physically measurable time requirements for achieving thermal
transformations in materials (i.e., only the kinetics of the chemical
transformations and measurable physical processes like heating and
cooling rates were compared). It was not based on interpretations of
the duration of possible sequences of actions performed during heat
treatment (that are highly arbitrary). This approach bears potential
for similar studies on other transformative techniques.

[2] Similar to the hypothesis that a Wellington may be more
difficult to prepare than a steak, some Stone Age techniques also
appear to include greater risk of failure than others. To increase
expected likelihood of success when conducting high-risk tech-
niques, specific processes—recipes—must be executed precisely.
Lewis and Laland (2012) argued that high fidelity copying is one
of the key elements for the built-up of cumulative culture. The
idea was later questioned by Saldana et al. (2019) who argue that
cumulative culture may also result from mechanisms based on
low fidelity copying. The aim of this paper is not to take part in
the fidelity debate (in the sense that is does or does not indicate
cumulative culture), rather it is to try to identify testable ways of
separating techniques based on the required know-how. This
know-how may be better understood by Csibra and Gergely’s
(2011) concept of cognitively opaque skills, which describes
mechanisms than cannot be understood by the person who
executes them. Knowledge with opaque content must be trans-
mitted via high fidelity copying, perhaps even requiring com-
municative knowledge transmission (Csibra and Gergely, 2011).
Processes that take place hidden from sight in transformative
techniques (underground for example) are likely to be cognitively
opaque in this sense. The question then becomes, how can we
investigate whether transformative techniques require special
know-how and therefore cultural transmission such as high
fidelity copying? One possibility might be by examining if a
specific technique requires high fidelity execution of a recipe. And
indeed, some primatologists have used success rates to infer
degree of fidelity in copying (e.g., Canteloup et al., 2020). The
potential of measuring success rate for archaeological science may
be illustrated by an example, such as the production of Palaeo-
lithic birch tar. We know several birch tar remains made by
Neanderthals (Mazza et al., 2006; Grünberg et al., 1999; Niekus
et al., 2019) but up until today, it remains totally unknown with
which technique the tars were made. This question can most
likely be answered by chemical analysis of the known artefacts
(for a possible methodology see: Rageot et al., 2019). In this way,
it can be decided whether Palaeolithic birch tar production
included indirect heating underground (hidden from the sight of
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an observer) or whether it did not, e.g., being an above-ground
open-air process (compare: Kozowyk et al., 2017; Schmidt et al.,
2019a). In a second step, the success rate of the found technique
can be investigated experimentally by experts that are skilled in
making birch tar and learners. These data can be compared with
published success rate data of experts and learners in other
techniques (e.g., for stone knapping, see: Bril et al., 2010) or with
similar experiments conducted by the same experimenters. If
several different birch tar production techniques can be identified
based on the known artefacts, success rate can be compared
between them. Such an approach gives insight into the need for
high fidelity copying for executing these techniques and, thus, the
cognitive effort required for their learning and execution.

[3] It appears that even the historical differences between the
Wellington and the steak may find their analogue in archae-
ological science—raising a point that is somehow related to
hypothesis 2. This means that some techniques may be more
(technologically) evolved than others. Tomasello (2009) proposes
that the evolution of cumulative culture is based on a ratcheting
effect (i.e., one trait builds upon the other). In this sense, cumu-
lative culture is likely unique to humans (Tennie et al., 2009). It
has even been proposed (Tennie et al., 2016) that many Stone age
techniques do not pinpoint the presence or absence of cumulative
culture in some of the older archaeological contexts like the
Oldowan (for an alternative view, see: Haidle and Schlaudt, 2020).
While this proposition was not meant, and is likely not useful, to
help our understanding of the contexts that yielded the transfor-
mative techniques discussed in this paper (i.e., postdating 200 ka),
it nonetheless raises another important question. Can we test for
different degrees of the mechanisms underlying cumulative culture
through archaeological observation? In other words, do different
techniques rely more on a ratcheting effect than others? In the
case of Stone Age transformative techniques, this question can be
investigated by gathering data on whether techniques can be
discovered randomly or whether they were more likely cultural
evolutions (at least in parts) of previous techniques, i.e., ratcheting.
For example, if it will be found that intentionally reddened ochre,
as it was found at Fumane Cave in Italy (Cavallo et al., 2018) relied
on heat treatment using open-air fires, it may be concluded that
such a technique can be the result of a random discovery. It is easy
to imagine that ochre fell in a fire at one point in the history of the
cave and that the colour change of the ochre was noticed subse-
quently. If, on the other hand, ochre was and had to be slowly
heated underground (as proposed for some contexts, e.g., Wadley,
2013), a process that is much less likely to be discovered for-
tuitously, it may be argued that this process represents a later step,
i.e., the technical evolution of another, perhaps simpler, technique.
In the latter case, ochre heat treatment can be considered a
technical evolution that must be invented on purpose.

These three ways to compare different techniques are based on
criteria that can be either measured in artefacts or investigated by
experimentation. They build a theoretical framework and provide
an alternative to the often-used concept of complexity (compare
Langley et al., 2008; Niekus et al., 2019; Kozowyk et al., 2017;
Kuhn and Hovers, 2013). Complexity theory in Archaeology
normally refers to larger patterns such as whole societies and their
evolution (Bentley and Maschner, 2007). Some authors (e.g.,
Wengrow and Graeber, 2015; McNiven, 2019) strongly argue
against a distinction between ‘complex’ and ‘simple’ when
applying the notion of complexity to the study of ancient societies
because it may entail colonial attitudes to ideas around ancient
technology. In a narrower sense, the notion of complex behaviours
has been used to understand isolated Stone Age techniques (see
among others: Langley et al., 2008; Niekus et al., 2019). In this
sense, the notion is often used to refer to something complicated
(i.e., including many working parts) rather than complex (i.e.,

having deterministic but unpredictable behaviour). Originally, the
concept was used for understanding the production of personal
ornaments (White, 1989) or stone tools (Roche and Texier, 1991)
quantitatively. More recently, complexity has been used to signal
the presence of traits indicating behavioural modernity (e.g.,
Dayet et al., 2017; Wadley et al., 2009; Shea and Sisk, 2010).
Indeed, some authors call archaeological behaviours complex if
they involve specific artefacts, such as compound adhesives (as in
Wadley, 2010b) or stone-tipped spears (as in Ambrose, 2001).
There is often no quantitative definition of complexity that would
allow for comparing different behaviours (Perreault et al., 2013),
so that the term effectively becomes a synonym of modernity.
Other Authors (e.g., Milks, 2020) advise to be cautious when
using the notion of complexity (as opposed to simplicity) because
of the often made association of complexity and cognitive abilities
of past populations. There are, however, a few approaches that
aim at using complexity as a purely quantitative measure. In these
works, complexity is often understood as the total amount of
steps needed to conduct a task (Bettinger and Eerkens, 1997) or it
might be approached through the length of a problem-solution
distance (Köhler, 1963; Haidle, 2014). While no uniquely accep-
ted definition of complexity is used across a larger corpus of
works, the number of steps performed during a technique or
behaviour appears to be a concept common to most approaches
(although steps may be called differently: phases; procedural
units; etc., see for ex: Perreault et al., 2013; Haidle, 2014). In the
case of stone tool knapping, such approaches based on the
number of steps, may allow to make quantitative statements on
production processes because most performed steps leave traces
that can be read though technological analysis (Perreault et al.,
2013). In the case of transformative techniques, however, a major
problem arises: most performed steps do not leave traces in the
artefacts found by archaeologists. As illustrated by the steak vs.
beef Wellington analogy above, it is not straightforward to test
assumptions on the number of steps performed. Even with
approaches that aim at identifying the minimum number of steps
needed (i.e., the easiest way of doing something), it cannot be
tested whether interpretations correspond to reality. Stone Age
techniques may have been executed with more steps ‘than
necessary’ (if they were embedded in another technique or a
ritual, etc.). Alternatively, techniques may have been executed
with less steps than expected (if a modern-day analyst did not
identify the easiest way to perform the task). Even future devel-
opments of new ways to analyse and interpret steps (computer-
aided graphical or logical interpretations of processes, analysis of
algorithms, cognitive task analysis,etc.; for some of these concepts
see: Clark et al., 2007; Dechter, 2003) will be based on the same
assumption (that there were so many of steps and what these
steps were), the correctness of which cannot be verified.

Thus, the accuracy of any interpretation based on the steps of a
procedure cannot be properly tested for, in other words there is
no mechanism that would allow to ascertain that the choice of
steps reflects reality. On the other hand, the three approaches
outlined above - comparing i) the requirement in time and/or raw
materials, ii) the difficulty of a technique and iii) the possibility to
discover the technique randomly - are based on testable criteria.

Predictions made for early fire-based transformative
techniques
Three hypotheses can be formulated from this. The order of the
latter two arguments discussed above is inversed in these
hypotheses. If they are supported by experimental and archae-
ological data in the future, Stone Age transformative techniques
may be regarded as more meaningful for our understanding of
human evolution than other contemporaneous techniques.
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Hypothesis [1]: (Some) transformative techniques require
greater investment in time and resources than other con-
temporaneous techniques. If hypothesis 1 will find support, its
implications are that the objects produced by these techniques
were potentially of higher value than other objects. Under-
standing required investment does not necessarily require a
complete understanding of the processes actually used in the
Stone Sage. The test conditions for this are as follows:

- Different techniques are reproduced experimentally or in
laboratory conditions. This allows for understanding
reaction kinetics of the processes.

- Raw material requirement is investigated by chemical
analysis of the artefacts (i.e., how many raw materials are
observed to form part of an artefact, e.g., in a composite
adhesive?).

- Results are compared between different techniques from
within specific archaeological contexts (i.e., one transfor-
mative technique vs. another and vs. other non-
transformative techniques).

Finding that (some) transformative techniques are more time
and resource demanding than other techniques (i.e., more costly)
would provide a first argument in favour of their importance for
human evolution.

Hypothesis [2]: (Some) transformative techniques reflect a
higher degree of technical evolution than other contemporaneous
techniques. Unlike for hypothesis 1, investigating hypothesis 2
requires an understanding of the pathways actually used for
conducting techniques in the Stone Age. The test conditions are
as follows:

- Different techniques are reproduced experimentally in
different ways to obtain reference samples.

- Proxies that pinpoint specific transformation pathways are
identified in these reference samples (proxies are likely
quantities measurable by chemistry and material science).

- These proxies are compared in experimental reference
samples and artefacts to identify which transformation
pathway was used in the Stone Age.

- This, in turn, allows to identify whether the pathway
includes processes that can accidentally be triggered (i.e.,
without the intent to perform a transformative technique)
or whether they must be invented.

If the technique can be discovered randomly, it cannot be argued
to reflect cumulative culture. If the technique includes processes
that cannot be discovered randomly, i.e., that must be derived or
improved from other known processes, it may be argued to
document the ratcheting effect (Tomasello, 2009) associated with
cumulative culture. Thus, if hypothesis 2 will find support, it may
be argued that some fire-based transformative techniques required
a higher degree of cultural transmission than other techniques.

Hypothesis [3]: Fire-based transformative techniques (perhaps
only those that include invisible processes) require higher fidelity
copying than other techniques (and those transformative techniques
that do not include invisible processes). From answering hypothesis
2, it will be known which techniques include invisible processes.
The test conditions for hypothesis 3 are therefore as follows:

- Different techniques are conducted by learners and experts
(these are experimenters that will have acquired skill in
performing the techniques). Several experimental runs are
repeated for a statistically significant number of times.

- The data provided by these tests reflect success rate
(including as a function of the presence or absence of
invisible processes). These data can be analysed in terms of
the need, or not, of high fidelity copying.

If this hypothesis will be supported by experimental and
archaeological data, its implications are that some techniques,
e.g., those that include hidden processes, in other words that
contain elements that cannot be understood (Csibra and Gergely,
2011), are more difficult, i.e. demand more effort to be carried out
successfully, than other non-transformative techniques. They
could be understood to require higher fidelity copying than other
contemporaneous techniques.

An example of a potential application: birch tar from the
European Middle Palaeolithic
As outlined above, the technique Neanderthals used to make birch
tar in unknown. Hypotheses include underground processed that
cannot be observed (Kozowyk et al., 2017) but also fully visible
open-air processes (Schmidt et al., 2019a). For now, the only
available information that can be analysed in terms of the three
predictions outlined above is the composition of some of the known
birch tar artefacts (Niekus et al., 2019). CT-scans of the Zandmotor
artefact document traces of charcoal and potentially sediment (both
may result from the production process) but no deliberate mixing of
ingredients. Thus, from the point of view of observable ingredients,
the tar artefact appears to be comparable with common con-
temporaneous artefacts where only few raw materials were used.
The reaction kinetics of tar formation from birch bark have recently
been found to be rather fast. 15min of heating the bark produces
the amount of tar that can be produced at a given heating tem-
perature (Koch and Schmidt, 2021). This minimal time requirement
seems to be in agreement with the time requirement for con-
temporaneous non-transformative techniques (like stone knapping
for example). Thus, hypothesis 1 (that Middle Palaeolithic birch tar
demanded more investment per se than other contemporaneous
techniques) is not supported by the available direct archaeological
data because only a single raw material is actually documented
(birch bark) and the measurable reaction kinetics of tar formation
are short. It might be (rightly) argued that supplementary raw
materials must have been involved in tar making and that the whole
process must have taken more time than the measurable reaction
kinetics but without the knowledge of which technique was used, the
number of raw materials and the duration of the procedure are
speculative. And indeed, it has been found that usable amounts of
birch tar can be made in rather short time periods and using only
few raw materials (Blessing and Schmidt, 2021). What about
hypothesis 2, that the known birch tar artefacts document a higher
degree of technological evolution than other contemporaneous
artefacts? For now, this hypothesis cannot be answered based on the
available data, but the experimental programme necessary to either
support or refute it is obvious: A reference collection containing
birch tar samples made with different aceramic techniques must be
built. Analysing these samples in terms of their chemistry (e.g.,
Rageot et al., 2019) should allow to pinpoint chemical markers of
different formation environments (e.g., oxygen-depleted under-
ground vs. fully oxygenated above-ground). If these markers can be
identified in one or more of the known birch tar artefacts, it will be
known whether Neanderthals distilled tar from bark in a hidden
invisible environment or above-ground in plain sight. In the former
case, birch tar can be understood to document a high degree of
cumulative culture involved in Neanderthal technology because it is
unlikely that an invisible underground process was invented ex
nihilo (in other words, there must have been a another process that
can be discovered randomly and on which the observed technique is
based). In the latter case, birch tar making cannot be understood as
a proxy for cultural transmission or cumulative culture. The for-
mation of birch tar might have been discovered accidentally and
there would be no indication that the initial discovery was altered
through passing it on culturally (in other words, Neanderthals might
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have discovered the technique several times independently instead
of maintaining it as a lasting cultural tradition). Today, there are no
data to support or refute the hypothesis that birch tar documents a
higher degree of cumulative culture than other non-transformative
Neanderthal techniques (n.b. it is not suggested here that birch tar
making alone can resolve the question whether Neanderthal tech-
nology relied on cumulative culture or not; investigating hypothesis
2 is intended to help understand the role of transformative tech-
nologies as opposed to other techniques). The third hypothesis, that
birch tar making was more difficult than other contemporaneous
techniques, cannot be evaluated yet either. There are some data on
success rate of different aceramic birch tar making techniques,
suggesting that some techniques relying on invisible processes fail
more often than fully visible procedures (e.g., Kozowyk et al., 2017;
Schenck and Groom, 2018; Blessing and Schmidt, 2021). Whether
one of these techniques was actually used in the Middle Palaeolithic
remains unknown. If some aspects of the chemical and physical
processes involved in the actually used Stone Age techniques can be
identified (allothermic vs autothermic, with separation or without,
condensation or dripping, for these concepts see: Kurzweil and
Todtenhaupt, 1992; Rageot et al., 2019; Schmidt et al., 2019a), it will
be possible to evaluate the success rate associated with different
aceramic techniques that contain such processes through an
experimental programme. Such success rate data can be compared
with the success rate of non-transformative techniques to under-
stand whether birch tar making was more difficult than other
contemporaneous technologies. The implications would be that tar
making relied more on high fidelity copying than other technologies.

Investigating these three hypotheses constitutes a means of
comparing birch tar making with other Neanderthal techniques.
The projected outcome may appear less spectacular than discus-
sions on Neanderthal complex behaviours but the approach leaves
less room to arbitrariness. Should future data support hypotheses 2
and 3, it may be argued that Middle Palaeolithic birch tar is a
stronger proxy for the reliance of Neanderthal technology on
cumulative culture and for social mechanisms that enable high
fidelity copying, than other contemporaneous artefacts.

Conclusion
This paper identifies three ways to interpret early transformative
techniques. These three aspects may appear to be limited in
comparison with broader discussion on the advent of modern
behaviours or the cognitive evolution of early humans, but they
constitute a basis for future, perhaps more philosophical, dis-
cussions on the meaning of transformative technologies, allowing
them to be rooted in testable data. Three questions can be asked
for this: how investment-intensive were fire-based transformative
techniques relative to other techniques? How difficult were they
relative to other techniques? Must they be evolved from other
pre-existing techniques? Quantifying complexity, in terms of
required or preformed steps, is less promising for comparing
techniques because the correctness of the underlying assumptions
cannot be verified through measurements or experimentation.
The test conditions for supporting or refuting the three hypoth-
eses are relatively straightforward in terms of methodology.
However, investigating these hypotheses relies on a large corpus
of knowledge that is currently unavailable for most transforma-
tive techniques in most archaeological contexts. Such knowledge
on the chemical and physical pathways associated with trans-
formative techniques must be produced by future studies. The
most promising approach for future studies is the combination of
experimentation, chemical or physical analysis of experimentally
produced reference objects and the comparison of experimental
samples and archaeological artefacts. The results might allow a

better understanding of early transformative techniques in an
evolutionary model.
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