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Abstract

‘Learning’ is a process by which an individual gains new information. In the case of ‘social
learning’, this process occurs because at least one individual has undertaken an activity that
results in another individual learning something new. For an individual, therefore, ‘learning’
is an active process that takes place in vivo. For those faced with the challenge of studying
learning in the Palaeolithic, however, all we are left with are inert objects (e.g., stone
artefacts). Yet, understanding social learning during the Palaeolithic is a fundamental step
toward understanding matters of our cultural evolution. Evolutionary biology, faced with
similar problems, has made substantial progress in understanding matters of transmission,
the effects of transmission on phenotypic variation, rates of mutation, etc. via the use of
laboratory experiments, especially through the use of so-called ‘model organisms’. Here,
we describe two experiments that use handaxe form in the manner of a ‘model organism’
in order to understand the effects of copying error. We go on to discuss why understanding
these micro-evolutionary effects can ultimately lead to a greater understanding of learning
dynamics in handaxe-making hominin populations. These experiments illustrate that the
characteristic size and shape parameters of handaxe traditions will have been inherently
unstable. In the case of shape, in particular, this suggests that a learning mechanism other
than pure observation of others’ artefacts was used. Individual (trial-and-error) learning
could conceivably constrain variation somewhat, but costs associated with knapping
would encourage the adoption of social learning mechanisms that would countermand the
inevitable effects of copying error with reduced risk to tool manufacturers.
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11.1 Introduction

One of the enduring challenges facing Palaeolithic archae-
ology is to understand its basic database—i.e., knapped
artefacts—in terms of behavioural, social, and cognitive
implications, especially as these relate to wider questions
of human evolution over the longer term (e.g., Isaac 1972;
Gowlett 2010). It is, therefore, the hope of everyone working
with the Palaeolithic record that key insights into these
factors can be provided by examining, at various scales
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of analysis, patterns observable in knapped stone artefacts,
especially as recorded in terms of their variable attributes,
form, and/or character (Clarke 1968; O’Brien and Lyman
2000; Lycett and Chauhan 2010). Major changes or trends in
the Palaeolithic record inevitably draw particular attention,
perhaps none more so than the appearance and temporal
durability of so-called “handaxes” (Gowlett 2011).

The appearance of bifacial handaxes is often taken as
evidence of a major behavioural shift in the production of
stone tools by hominins, particularly in comparison with
the preceding Oldowan (e.g., Roche 2005; Gowlett 2006;
Lepre et al. 2011; Beyene et al. 2013). This is fuelled by
the fact that their manufacture, either through the production
and shaping of large flake blanks or via the reduction of
stone nodules, involved not merely the production of discrete
flake tools as was the case with the Oldowan, but serial
knapping events strung together to produce the resultant
form (Edwards 2001; Roche 2005). Formally, ‘handaxes’ are
defined by the imposition of a long axis by means of invasive
bifacial knapping to produce a relatively large (generally
>10 cm in length) elongated, bilaterally-organized form,
with a sharp edge that extends around a major portion of their
extremities (Roe 1976; Isaac 1977; Schick and Toth 1993;
Gowlett 2006). Evidence from experiments, residue analysis,
usewear, design theory, cut-marks, and archaeological con-
text has led many to contend that the form of such artefacts
was driven, at least in part, by functional requirements
relating to demands imposed by their use as cutting and/or
chopping tools (e.g., Jones 1980; Keeley 1980; Roberts and
Parfitt 1999; Domínguez-Rodrigo et al. 2001; Simão 2002;
Gowlett 2006; Bello et al. 2009; Yravedra et al. 2010). Such
artefacts first appear in the archaeological record of Africa
�1.75–1.5 MYA (Lepre et al. 2011; Beyene et al. 2013), but
they subsequently appear in Western Europe and large parts
of Asia, and remain a persistent feature of the archaeological
record for over one million years (Clark 1994; Lycett and
Gowlett 2008; Gowlett 2011). In specific terms, production
of these artefacts represents a shift from the manufacture of
relatively simple cutting tools (flakes) produced by bouts of
knapping not necessarily directed toward the production
of deliberate core forms (Toth 1985), to a situation where
knapping events were strategically oriented toward shaping
the residual block of stone (Roche 2005; Gowlett 2006).

Models of cultural evolution highlight the importance
of understanding the mechanisms that underlie particular
historical trends seen in the archaeological record (e.g.,
Cavalli-Sforza and Feldman 1981; Boyd and Richerson
1985; O’Brien and Lyman 2000; Henrich and McElreath
2003; Mesoudi and O’Brien 2008; Mesoudi 2011; Shennan
2011; Lycett and von Cramon-Taubadel 2015). Following
Darwin (1859), these models emphasize the co-existence of
three essential factors in bringing about historical change via
a process of ‘descent with modification’: (1) a mechanism

of inheritance, or ‘learning’ (2) the existence of variation in
inherited properties, and (3) the differential representation
of inherited variants through time (Mesoudi et al. 2004).
What do we know about learning in prehistoric hominins
from the production of artefacts such as handaxes? ‘Social
learning’, in any form, is effectively a means by which
certain information about a particular behavioural ‘pattern’
(however defined) is transmitted from one individual to
another such that the behavioural pattern is, in turn, repeated
(Heyes 1994; Byrne and Russon 1998; Whiten et al. 2004). It
is sometimes (e.g., Mithen 1999) assumed that the repeated
production of handaxe artefacts over time and space alone
implies not only social learning, but specific forms of social
learning such as imitation (i.e. copying of behavioural factors
involved in their production, in addition to information
gleaned from seeing the artefact alone). Such assumptions
are certainly consistent with the macro-scale phenomenon
of the ‘Acheulean’ technocomplex, whereby handaxes
were repeatedly produced over large swathes of time
and space (see above). Inevitably, however, any statement
about learning from temporal and spatial patterns alone is
limited in potency and would benefit from strengthening
by other lines of enquiry. It may be worth considering
in greater detail why the repeated production of broadly
similar artefacts might be telling us something about social
learning, especially in terms of the specific parameters that
characterize the artefacts referred to as ‘handaxes’, using an
evolutionary framework that moves from the micro to macro
perspective.

Binford (e.g., 1983) noted some time ago that archaeology
faces a fundamental dilemma in terms of trying to understand
dynamic processes (human activities) from ‘static’ data (i.e.
artefacts). Anthropologists, of course, can say things about
people by studying people; archaeologists on the other hand,
are forced to say things about people by studying objects peo-
ple in the past left behind. This is the both the wonder and the
curse of archaeology (Clarke 1968). In terms of understand-
ing cultural evolutionary factors in the Palaeolithic, the basic
problem is that we want to know something about learning
and transmission from artefacts such as handaxes. In terms
of their dislocation from the population dynamics and social
processes that produced them, however, handaxes dug out of
the ground are as dead as the fossils that palaeontologists use
to reconstruct dynamic biological processes of transmission,
the generation of variation, and the processes responsible for
the sorting of that variation over time (i.e. evolution).

The analogy between ‘dead’ fossils and ‘dead’ artefacts
in terms of understanding dynamic evolutionary processes
is potentially an interesting one in terms of looking for
prospective solutions. Over several decades, evolutionary bi-
ology has made substantial progress in understanding matters
of transmission, the effects of transmission on phenotypic
variation, rates of mutation, etc. via the use of laboratory
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experiments (Bataillon et al. 2013). What is needed are
experiments that attempt to understand how the dynamics of
micro-evolutionary processes affect artefactual variation, in
order to better understand what the macro patterns seen in
the archaeological record imply on a more secure basis. Ex-
periments have a long history in the study of archaeological
artefacts, including stone tools (Johnson 1978). Surprisingly,
however, there are only a small number of experimental
studies that have expressly studied microevolutionary effects
in artefacts in order to derive their macroevolutionary impli-
cations for the study of culture as seen in the archaeological
record (Eerkens 2000; Mesoudi and O’Brien 2008; Kempe
et al. 2012; Schillinger et al. 2014).

Interestingly, biologists frequently use so-called ‘model
organisms’ in experimental studies of evolutionary
processes. ‘Model’ organisms are used because they enable
a more secure understanding of phenomena of wide
interest, from seemingly discrete, even trivial, laboratory
experiments. Commonly used model organisms, such as
fruit flies (Drosophila spp.), tend to have a variety of
characteristics that make them particularly suitable for
such experiments, including economy, speed of replication,
and controllability (e.g., Ashburner and Novitski 1976;
Greenspan 2004; Ashburner et al. 2005). The most suitable
model organisms thus display some of the complexities of
the phenomenon of interest, yet are generally not so complex
that they are unwieldy in experimental settings. Elsewhere
(Schillinger et al. 2014), we have argued that in regard
to the study of cultural evolutionary phenomena, simple
experiments that replicate certain aspects of handaxe form
(e.g., their size and/or shape) make a particularly useful
subject of study.

Here, we describe two experiments that we have under-
taken using handaxe form in the manner of a ‘model organ-
ism’ in order to understand the effects of copying errors,
or ‘mutation’ in cultural evolutionary models. We go on to
discuss these experiments in terms of why understanding
micro-evolutionary effects, such as copy error, can ultimately
lead to a greater understanding regarding issues of ‘learning’
in handaxe-making hominin populations of the Palaeolithic.

11.2 Experiment 1: Considering the Effects
of Size Mutation in the Acheulean

In the context of artefactual variation, the study of variation
generation at a microevolutionary level is the equivalent of
studying genetic mutation in biology (Cavalli-Sforza and
Feldman 1981; Eerkens and Lipo 2005). In principle, a
number of potential mechanisms (e.g., deliberate embellish-
ment) might lead to the generation of new cultural variants,
and it is important to note that the deliberate, intentional
introduction of variation does not invalidate an evolutionary

theory of cultural change (Mesoudi 2008). However, it is also
recognized that unintentional copying errors (i.e. imperfect
replication) during the manufacture of artefacts can lead
to the introduction of novel variation in material traditions
(Clarke 1968: 161; Eerkens and Lipo 2005; Hamilton and
Buchanan 2009).

In our first experiment (Kempe et al. 2012) we were
interested in testing the ‘accumulated copying error’ (or
‘ACE’) model proposed by Eerkens and Lipo (2005), in
which random error in a quantitative artefact dimension
(e.g., handaxe ‘length’) is generated by the physiological
limitations of the hominin perceptual system. Eerkens and
Lipo drew on experimental findings suggesting that the ac-
curacy of human perception has physiological limits, which
influences our ability to perceive differences between objects
(e.g., Coren et al. 1994). If the difference in size between
two objects is below some threshold, then this size differ-
ence will tend to be imperceptible. Such error thresholds
are always relative to the size of the object, rather than
absolute. The perceptual threshold below which humans fail
to discriminate variation in the size of different objects is
termed the ‘Weber fraction’ and is now established at a
level of �3 % difference for a dimensional variable such
as ‘length’ (Eerkens 2000; Kempe et al. 2012). In other
words, if a person is presented with two objects and the
difference in their length is less than 3 %, they will generally
fail to perceive this difference. Such insights provide a
basis for comparing patterns of size variation in artefactual
assemblages (Eerkens 2000; Eerkens and Bettinger 2001;
Kempe et al. 2012).

Eerkens and Lipo (2005) applied this basic principle to
the repeated cultural transmission of artefacts. They assumed
that when attempting to copy the morphology of an arte-
fact as faithfully as possible, and in the absence of formal
measurement aids (e.g., scaled rules), the manufacturer will
inevitably make copying errors that are imperceptible due to
the aforementioned perception thresholds. If that person’s
copied artefact is in turn copied by another person, and
so on along a transmission chain, then copying errors will
compound over time, possibly creating significant morpho-
logical change compared to the original artefact. Moreover,
if multiple such transmission chains evolve independently,
then the variation between these diverging chains is likely
to become substantial and to increase over time. Note that
this process will take place regardless of whether any other
cultural evolutionary forces are at work. Eerkens and Lipo
presented a simple simulation model of this process in which
a continuous trait value is transmitted over successive gen-
erations of individuals with a 3 % random normal error rate,
and with 10 independently evolving chains. Their simulation
showed that, as expected, the independent chains diverged
over time as some became larger and others became smaller.
Due to the randomness of the error, the overall mean value
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did not change over time, while the between-chain variation
did increase over time.

The aim of our experiment was to provide an explicit
empirical test of Eerkens and Lipo’s (2005) ACE model of
artefact transmission. Although their assumption that 3 %
is the perceptual threshold below which humans fail to
discriminate variation in the size of different objects is based
on previous experimental findings from psychophysics, it is
unclear (1) whether this 3 % error threshold is uniform across
a large population of individuals, given that psychophysicists
typically obtain their estimates from just one or a handful
of experimental participants; (2) whether this 3 % threshold,
originally obtained for simple lines or abstract geometric
shapes, also applies to more realistic artefact shapes, such
as handaxes; and (3), whether it is valid to simply extrapo-
late a single individual’s perceptual error along successive
transmission episodes or whether there are, for example,
unexpected dynamics introduced by the compounding of
individual errors.

In order to address these three points, we (Kempe et al.
2012) first derived the ACE model within an explicit mathe-
matical framework and simulated its effects. The model op-
erated on the basis that an individual copies a continuously-
valued artefactual trait (e.g., handaxe ‘length’) with a set
amount of copying error, drawn randomly from a normal
distribution. Given that copy-error is scaled proportionally
to that of the attribute being copied, the resultant value is
obtained by multiplying the original (starting) value by the
randomly sampled copying error. Full details are provided
in Kempe et al. (2012). Simulating this model in 10 inde-
pendently evolving chains over 400 generations of copying
demonstrated that mean artefact size (across all 10 chains)
will remain stable (Fig. 11.1). This is because, although most
chains become smaller across time, the few transmission
chains that get larger become increasingly large because er-
ror is scaled relatively to the attribute being copied. Equally,
chains that tend toward the production of smaller artefacts
deviate less overall from the original value in absolute terms.
Hence, perhaps counter intuitively, the average artefact value
across independently evolving chains will remain relatively
stable across time, even though variance across the different
transmission chains increases. These results were, therefore,
broadly in agreement with Eerkens and Lipo’s (2005) origi-
nal formulation of the effects of the ACE model.

The experimental portion of the study aimed to determine
more accurately the variance of the distribution seen in such
copying errors and also to test whether mean and sample
variance values obtained from experimental data matched
their model-predicted values. The experiment consisted of
individual volunteers, randomly allocated to independent
transmission chains, resizing an image of a handaxe using
an iPad (Fig. 11.2). Each participant was shown the handaxe
of the previous person in their chain and then asked to resize

Fig. 11.1 Results of simulation based on copy error model. Output
shows 10 chains evolving over 400 generations (black lines) and the-
oretically predicted mean (thick black line) and variance (thick dashed
line)

Fig. 11.2 Example of the resizing experiment using electronic touch-
screen. Each participant was asked to resize the handaxe image on the
right so as to match the size of the previous participant’s as closely as
possible, which is shown on the left. Participants pressed the tick mark
to complete the copying task

a second handaxe to match the size of the previous person’s
handaxe as closely as possible. This experimental set-up, as
with the use of ‘model organisms’ referred to earlier, has the
advantage of procedural simplicity, in that it required only
application of a pinching gesture on the electronic screen and
no time limit was imposed. Hence, perceptual error was em-
phasized over manufacturing error, as is necessary given the
aims of our study. A video demonstration of the experiment
is provided in the online supplementary information (open
access) of Kempe et al. (2012).

A total of 200 participants were asked to faithfully copy
the size of the previous participant’s handaxe image us-
ing this experimental set up, divided into 20 independent
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transmission chains of 10 participants each. Two alternative
conditions were implemented. In the first condition, the size
of the image to be rescaled began at the maximum possible,
which in this instance was 14.4 cm, given the height of the
electronic screen. The second condition involved the starting
size of the image to be rescaled being set at 1/3 of maxi-
mum (i.e. 4.8 cm). The transmission chains divided equally
between these ‘start-larger’ and ‘start-smaller’ conditions.
Copying errors were found to be normally distributed and
on the order of 2.69 % for the larger condition and 3.99 %
for the smaller condition, with an overall mean of 3.43 %,
which corresponds well to the 3 % value reported in the
psychophysiological literature. The experimental findings
also supported the model’s prediction that between-chain
variance should increase over time and did so in a manner
quantitatively in line with the model. However, when the
initial size of the image that the participants resized was
larger than the size of the image they were copying, subjects
tended to increase the size of the image, resulting in the
mean size increasing rather than staying constant, as the
raw model would predict. This latter observation represents
a novel and unanticipated empirical finding that, to our
knowledge, has no precedent in psychology, illustrating the
value of experimental simulations of cultural transmission
over multiple generations rather than inferring long-term
dynamics from the characteristics of single individuals.

The final part of the study involved comparing our results
to a dataset of genuine Acheulean handaxes. This dataset
provided quantitative data for 2061 complete handaxes from
21 different sites located in a total of five countries (Is-
rael, Morocco, South Africa, Tanzania, United Kingdom)
covering an age range of some 1.2 million years (Marshall
et al. 2003). The coefficient of variation (CV) for length
in this sample was 0.30 and for breadth was 0.23. We
then simulated the output of the ACE model, setting copy-
error rates to the 3.43 % determined by our experiments.
These simulations determined that CV values of greater than
0.30 will be produced by copying error in less than 200
copying generations. Conservatively setting each generation
at 20 years would imply that in �4,000 years of copying,
variation would exceed that seen in the genuine Acheulean
sample. Indeed, copying error would need to be only on
the order of 0.17 % (i.e. 20 times smaller than the 3.43 %
seen in our experiments) in order to produce the level of
total variation seen in the 1.2 million years covered by the
handaxes concerned. Clearly, what these results imply is that
certain factors must be countermanding the inevitable effects
of size copying error and lineage mutation implied by the
model.

Further experiments and models might examine such
factors, as well as test the effect of relaxing our simplifying
assumptions. For example, we assume in the model and
experiment that transmission is one-to-one, with individuals

acquiring the trait from a single individual. Ethnographic
evidence (e.g. Stout 2005) suggests that the transmission
of artefacts may often be many-to-one, with individuals
acquiring the trait from multiple cultural parents, which
our design could easily be modified to explore (see Kempe
and Mesoudi 2014 for an experimental methodology that
incorporates multiple cultural parents).

11.3 Experiment 2: Considering the Effects
of Shape Mutation in the Acheulean

It bears emphasizing that our first experiment, as described
above, considers only mutation in the size (i.e. scale) of
handaxe attributes, and the patterns of variation that will
be produced through inevitable copying errors induced by
physiological limits to perceive such differences. Although
the analyses we describe suggest that Acheulean handaxes
exhibited a definite range of size variability (see also Cromp-
ton and Gowlett 1993; Gowlett 2009), a fundamental distin-
guishing feature of handaxes are their characteristic shape
properties (Roe 1976; Wynn 1995; Roche 2005). Shape
properties of artefacts, independently of their size, may have
specific functional or aesthetic significance (Lycett 2008;
Winter-Livneh et al. 2013). Indeed, although size and shape
are often conflated (‘form’ D size C shape), both concep-
tually and empirically, size and shape are fundamentally
distinct (Bookstein 1989; Jungers et al. 1995). While the
size of an object is a univariate property and can therefore
be described quantitatively by a single measure of scale
such as volume, shape is inherently a multivariate property.
A quantitative concept of shape, therefore, relies not on
the appreciation of a single variable such as ‘length’, but
on the relative relationships between multiple aspects of
morphometric variation in a given object. As Gowlett (2006)
has noted, the deliberate manufacture of handaxe shape
requires—minimally—the interrelated manipulation of the
relative length variable (s), width (s) and aspects of thickness
variability on the part of their manufacturer, and control of
those interrelated properties during the knapping process.

The potential importance of shape copying errors in the
case of handaxe production is particularly emphasized given
that it has been proposed that the production of artefacts
via knapping may be a particularly ‘error prone’ process.
For instance, some time ago, Deetz (1967) noted that in the
case of a ‘reductive’ process of manufacture, such as the
knapping of stone artefacts, errors are not easily reversed.
As Baumler (1995: 11) put it more recently, in the case of
stone tool manufacture “each [flake] removal is irrevocable
and its consequences are permanent”. Conversely, Deetz
(1967) contended that in the case of more readily reversible
(or ‘additive’) processes of manufacture, such as basketry
or pottery, errors are readily corrected due to the ease by
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Fig. 11.3 Flint replica handaxe provided to participants as the ‘target’ model during the copying task. Participants in each condition were asked
to copy the shape of this handaxe from standardized plasticine blocks using a steel table knife (Replica knapped by SJL.)

which material can be either added or removed. According
to Deetz, differences between such alternative manufacturing
processes would lead inevitably to greater levels of variation
in non-reversible manufacturing traditions, such as those
used in handaxe production.

Testing predictions of this form through studies of the
archaeological record would be fraught with difficulty given
the differing situational conditions under which alternative
sets of artefacts (e.g., pots versus baskets) might be made,
even within the same community. Moreover, comparing
variation in artefacts across differing raw materials may be
problematic given that the medium of manufacture itself
(e.g., stone versus clay) might influence variation patterns
in particular ways. A further specific problem in the case of
artefacts such as handaxes is that their production requires
skilled behaviour built over months, if not years, of practice
(Edwards 2001) and is an activity that can even prove dan-
gerous (Whittaker 1994). Such issues provide serious chal-
lenges to the implementation of an experimental approach
that requires ready-recruitment of participants in numbers
amenable to the implementation of statistical analysis. What
is needed is a ‘model organism’ approach that enables imple-
mentation of fundamental controls such that the key contrasts
between the two alternative manufacturing conditions are
emphasized, while replicating the essential (i.e. ‘additive’
and ‘reductive’) features of the processes of interest under
safe conditions.

Given these considerations, we (Schillinger et al. 2014)
implemented an experimental procedure that consisted of a
simple copying task. Participants were asked to copy the
shape of a replica Acheulean handaxe (Fig. 11.3) as accu-
rately as possible using a standardized block of plasticine
and a stainless steel table knife. Following Deetz (1967), the
central prediction that we tested is that the implementation
of reductive manufacturing processes, where material can
be removed but not added, automatically leads to an overall
higher rate in copying error for shape than under reversible
manufacturing conditions. In the context of this hypothesis,
we specifically targeted the statistical effects of copying error
on shape attributes, using a dataset of size-adjusted morpho-
metric variables. It should be noted, therefore, that in contrast
to the type of experiment described earlier, this experiment
is not so much aimed at the issue of perceptual bias (in
terms of establishing a baseline error rate), as procedural bias
(i.e. additive versus reductive manufacturing processes) and
establishing whether one procedure has intrinsically greater
error rates than the other.

A total of 60 participants were recruited to take part in
this experiment. Of these, 30 were female (mean age D 26,
s.d. D 5.4, age range D 18–44 years) and 30 were male
(mean age D 28, s.d. D 9.8, age range D 18–64 years). Equal
numbers of males and females were employed deliberately
in order to control for any potential confound in terms of
sex differences in visuo-spatial abilities (see e.g., Wynn et al.
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1996). The participants were divided equally between two
experimental conditions: an ‘additive-reductive’ condition,
whereupon participants were instructed that they were free
to both remove and add plasticine during the manufacture
of their replica, and a ‘reductive-only’ condition in which
participants were strictly required only to remove material
in producing their copy. In order to control for memory
effects (see e.g., Eerkens 2000), participants were permitted
to examine the target handaxe for 1 min prior to beginning
the copying task, and were free to compare their model to the
target at any point during the 30 min allotted for completion
of the task. All participants were able to complete the task
within this timeframe.

Upon completion of the task, each participant’s model
was photographed in plan- and profile-views according to
a standardized orientation protocol (see Schillinger et al.
2014 for full details). Thereafter, measurements were ob-
tained digitally for 42 standardized variables (28 plan-view
and 14 profile-view) from each plasticine handaxe using
the freely available morphometrics software tpsDig v2.16
(Rohlf 2010). Given that our analysis specifically focused
on monitoring shape-related changes, the data were size-
adjusted via use of the geometric mean method (Jungers et al.
1995; Lycett et al. 2006). This method of size-adjustment
effectively removes size (scaling) variation between speci-
mens by equalizing their volumes, yet retains their relevant
shape data (Jungers et al. 1995). The geometric mean of
a series of n variables (a1, a2, a3 : : : an) is equivalent to
n
p

a1 � a2 � a3 � � � � � an . Simply, the geometric mean is
the nth root of the product of all n variables (Sokal and Rohlf
1995: 43). The method proceeds on a specimen-by-specimen
basis, dividing each variable in turn by the geometric mean
of the variables to be size-adjusted. Hence, to implement
the method, the geometric mean of each handaxe replica
was calculated separately and thereafter each of the 42
morphometric variables for each specimen were divided by
the geometric mean for that particular specimen. The size-
adjusted values of the 42 morphometric variables for each
of the 60 replicas were subtracted from the equivalent 42
variables of the target flint replica. Thereafter, mean shape
error was computed for each of the 42 morphometric vari-
ables across the 30 replicas obtained in each experimental
condition.

In terms of results, the additive-reductive condition had
an overall mean copying error rate of 0.115 (s.d. D 0.040)
across all variables. The reductive-only condition had a mean
of 0.134 (s.d. D 0.053) across all variables. The results of a
conservative Mann-Whitney U test demonstrated that copy-
ing error rates for the 42 variables in the reductive-only con-
dition were statistically greater than in the additive-reductive
condition (U D 621.5; asymptotic p D 0.0191; Monte Carlo
p D 0.0199). Figure 11.4 shows the overall distribution of the

Fig. 11.4 Box plots showing shape error distribution in each of the two
experimental conditions. Horizontal lines indicate the median error in
each case, boxes depict the 25–75 percentile, while whiskers mark the
largest datum point �1.5� box range

copy errors from the two conditions in the form of 25–75
percentile box plots.

Overall, the results of these analyses were, therefore,
entirely consistent with the proposition of Deetz (1967) that
copying errors, at least in terms of shape, will be higher
in artefacts produced via processes of irreversible reduc-
tion, than in artefacts produced via reversible processes of
manufacture. In other words, ‘mutation’ rates in the shape
attributes of artefacts produced under irreversible, or ‘re-
ductive’, conditions—such as handaxes produced via stone
knapping—are intrinsically greater than those produced via
alternative means.

11.4 Discussion

Here, we have reviewed the results of two experiments de-
signed to examine mutation rates produced by copying error
in cultural evolutionary models. At this juncture, however,
the reader may well be asking what any of this implies for
questions concerning the learning of handaxe production in
the hominin societies that made them.

The value of these experiments in approaching questions
of this type, we would contend, lies in their microevolution-
ary perspective. Evolution is a process in which inherited
variants are replicated differentially, and imperfectly, through
time. Variants are replicated differentially because certain
variants fail to be reproduced either due to ‘selective’ factors
(i.e. differences between variants lead to a differential like-
lihood of successful replication in given circumstances) or
due to some random (chance) factor, which results in ‘drift’
of characteristics within populations. The replication process
in any genuine evolutionary system is, however, always im-
perfect (even if only in very subtle ways), thus ensuring that
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new variants may appear across time. These new variants,
of course, become the engine for yet further evolutionary
change. In the case of artefacts, this was recognised some
time ago by Harrison (1930: 111) who noted:

it is clear that the size and form of any one-piece artifact, or of
any such component of a compound artifact, may be altered very
considerably by the cumulative effect of a number of changes
each small in itself : : : In some instances, variational modifica-
tions arise through the copying from other artifacts of features
of form, with resultant changes in shape and proportions; : : : It
also plays a part in mutational progress.

The results of the first experiment we describe (Kempe
et al. 2012), considered the role of size mutation in these
terms. We simulated the assumptions of the accumulated
copying error model under realistic size copying-error rates
established via empirical experiment. These analyses were
able to show that drift alone would lead to size variation
exceeding that seen in archaeological samples of handaxes
in, conservatively, as little as 4,000 years. In other words,
it seems that in the case of a learning model in which
individuals simply copied the size of handaxes made by
those nearby, mutation effects over time would inevitably
lead relatively quickly to unrealistic levels of size variation.

Simple learning (size copying) plus a level of random
variation does not, therefore, explain the relatively con-
strained levels of size variation seen across the samples of
handaxes considered in our study (Kempe et al. 2012). What
this plausibly suggests is that functionally-related cultural
selection, such as the need to fit into the hand comfortably
(Gowlett 2006), was constraining variation in ways that do
not fit the simple drift-copying model. Such constraints may
have been inducted by individual (‘trial-and-error’) learn-
ing, whereby an individual hominin ‘scaled’ their handaxes
to what worked well in a functional capacity given their
own physical size, strength, etc. Indeed, the importance
of ‘feedback’ mechanisms between considerations of this
nature and the attributes of artefacts such as handaxes was
mentioned some time ago by Clarke (1968: 181–182, 649).
However, within any socially-mediated context of observa-
tion of, and learning about, handaxe production and usage,
some notion of suitable size parameters is also likely to have
been inducted in novice handaxe producers through direct
observation of others’ tools (Fragaszy et al. 2013), essentially
‘resetting’ the drift clock with each generation, especially in
terms of the population mean.

Our second experimental analysis (Schillinger et al.
2014), considered copying error in terms of shape mutation,
independently of size factors. The participants engaged
in one of two alternative conditions; one representing an
irreversible (‘reductive-only’) manufacturing process, and
the other representing a reversible (‘additive-reductive’)
manufacturing process. Participants in each condition were
asked to copy the shape of a target form (a flint replica

handaxe) as accurately as possible utilizing a standardized
block of plasticine and a stainless steel table knife. Our
analysis found that replicas produced in the reductive-only
condition displayed statistically greater levels of shape-
copying error than those produced in the additive-reductive
condition. In other words, mutation rates in the shape
properties of material traditions produced under reductive
conditions (such as stone knapping) are intrinsically greater
than those produced via alternative means. Hence, shape
mutation rates are process dependent, and in the case of
traditions produced through knapping will be inherently
prone to copying error, especially via an imitative (i.e. goal
copying) form of learning. This point is especially notable
given that the characteristic shape of handaxes was imposed
by hominins through the knapping sequence itself, and is
not easily determined merely by selection of starting form as
might more easily be the case with ‘size’ parameters. Indeed,
handaxes were produced on tabular material, rounded
nodules and cobbles, and flake blanks, the latter of which
sometimes involved the instigation of regionally distinctive
knapping routines that produced such flake ‘blanks’ (Sharon
2009). Hence, the characteristic form of handaxes seen in the
archaeological record was imposed on materials comprised
of a variety of differing ‘start’ points. Indeed, at least one
study suggests that handaxes made of stone and bone at the
same locality show no statistical differences in outline shape,
despite the differing nature of these materials (Costa 2010).

Elsewhere, we have noted that the appearance rate of
new cultural variants may conceptually be linked to potential
for evolutionary change (Schillinger et al. 2014: 137) akin
to the concept of ‘evolvability’ in biology (Ridley 2004:
587). It must be stressed, of course, that while ‘evolvability’
in these terms might be used to describe the potential for
change brought about by selective factors (either natural or
cultural), it can also be used to describe potential for the
degradation of culturally transmitted traits, leading eventu-
ally to their extinction, or cultural ‘collapse’ of a particular
tradition. Indeed, although variation is required for selection
to operate, and is therefore a prerequisite of cumulative
cultural evolution, equally it has been known for some time
in biology that ‘mutation load’ is a factor that may ultimately
prove fatal to population viability (Simpson 1953). Hence,
in the case of items of material culture, such as handaxes
produced via reductive processes, their potential for evolu-
tionary ‘corruption’ in terms of shape would be higher than
artefactual traditions produced via processes in which errors
are more easily corrected. A visual demonstration of this
effect is shown in Fig. 11.5, which illustrates merely 15
‘generations’ of different experimental participants copying
the previous participant’s copy in the form of a transmission
chain, when the initial shape starts out in a form similar to
that of a handaxe. In this (albeit anecdotal) example, it is
readily visible that erosion due to effects of copying error can
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Fig. 11.5 Transmission chain produced by 15 participants copying the
3D shape of the ‘artefact’ of the previous participant (starting initial
‘target’ shown top left). Each of these 3D models was carved from
standardized foam blocks (22.3 � 11 � 7.8 cm) using a plastic table
knife. It should be noted, therefore, that the production of these shapes
requires no specialized skills or knowledge, and they are produced on
an easily malleable material

potentially have potent effects on the integrity of ‘handaxe’
shape within a limited number of generations.

Given these findings, what does this imply for the learn-
ing of ‘shape’ in handaxe-producing communities of the
Palaeolithic? One possibility is that individual (trial-and-
error) learning helped to mitigate the relatively strong effects
of shape mutation in handaxe traditions, at least once the
‘concept’ of handaxe tools had been instigated via other
means (e.g., stimulus enhancement learning and emulation).
There are reasons, however, to be cautious that individual
learning alone explains phenomena of the scale attested in
the archaeological record. One pertinent factor to consider
here is the inherently dangerous nature of flintknapping
involving the percussive removal of razor sharp stone flakes,
which inevitably also leads to small flakes and sharp chips
of stone being thrown into the air. Ethnographically and
historically recorded comments on such injury risks are
attested in the literature (e.g., Pope 1918: 117; Kroeber
1961: 184; Hampton 1999: 267). Today, many flintknap-
pers who produce stone artefacts for academic purposes
or recreation deliberately wear protective gear in the form
of safety glasses, gloves and thick padding. One contem-
porary academic flintknapper is known to have severed a
tendon with a small flake (�5 � 20 mm) requiring corrective
surgery and causing permanent debilitation of movement
in his hand (Whittaker 1994: 3–4). Painful open wounds,
blood loss, risk of infection to injuries, eye damage/loss are
noted risks, in addition to damaged ligaments that might be

caused by incorrect form. These factors are important when
we consider that there is widespread agreement that social
learning strategies will be favourable to asocial learning
strategies (i.e. trial-and-error learning) whenever the activity
to be learned is costly or hazardous (Boyd and Richerson
1985; Feldman et al. 1996). This is strongly supported by
empirical evidence from studies of learning in non-human
animals, which indicate that social learning will be favoured
wherever asocial learning is more costly (e.g., Mineka and
Cook 1988; Chivers and Smith 1995; Kelley et al. 2003),
as well as in contemporary humans using similar computer-
based learning tasks as those described above (Mesoudi and
O’Brien 2008).

One social learning mechanism potentially available to
handaxe-producing hominins, beyond pure copying of arte-
fact shape (i.e. emulation), is imitation. This would imply
some copying of not only the form of the object (the goal,
or ‘end state’) but also some fidelity in terms of copying the
actual behaviours used by others in the manufacture of their
handaxes. Subtle differences in the details of manufacture, or
‘process controls’ (sensu Patten 2005) that aim to increase
the likelihood of intended outcomes during the knapping
process would make obvious targets for such bouts of im-
itation. Such possibilities would also explain why metric
studies of handaxe form have persistently indicated sta-
tistical differences between assemblages of handaxes from
different regions or sites (e.g., Wynn and Tierson 1990;
Lycett and Gowlett 2008; Lycett and von Cramon-Taubadel
2015), which remain difficult to explain solely on the basis
of reduction and/or raw material factors (Sharon 2008; Eren
et al. 2014; Lycett and von Cramon-Taubadel 2015). How-
ever, further support for the instigation of imitative learning
must be further substantiated via independent means.

11.5 Conclusions

Assertions of social learning are often invoked for handaxe
production, sometimes even invoking specific mechanisms
of social learning such as imitation (e.g., Mithen 1999).
These assertions are made largely on the strength that these
mechanisms most plausibly explain the repeated pattern of
handaxe production over considerable swathes of time and
space. Given the scale of the phenomenon under considera-
tion, these assertions are not necessarily unreasonable. This
is especially the case given what we have learned in recent
decades about the role of social learning in the acquisition
of tool use behaviours of our closest living primate relatives
(e.g., Lonsdorf et al. 2004; Whiten and Mesoudi 2008;
Horner and de Waal 2009; Humle et al. 2009; Biro et al.
2010), and what we know from the ethnographic record in
terms of the learning of stone artefacts that are similar to
handaxes (e.g., Stout 2005). However, such assertions are
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problematic in the case of prehistoric handaxes without con-
sidering the role, scale, incidence and potential magnitude of
cumulative copying errors in precise terms. In essence, what
our experiments show is that inevitable copying error in size
and shape factors would relatively quickly lead to the dis-
integration of handaxe traditions attested empirically in the
archaeological record. Handaxe traditions are not inherently
stable; in fact, a combination of factors relating to copying
error in both size and shape factors would make them
inherently unstable. In the case of shape, in particular, this
suggests that a learning mechanism other than pure obser-
vation of others’ artefacts (i.e. goal emulation, or ‘end-state’
copying), was used in the learning of handaxe manufacture.
Individual (trial-and-error) learning could conceivably con-
strain variation somewhat, but the costs associated with
knapping would encourage the adoption of social learning
mechanisms that would countermand the inevitable effects
of copying error that we describe with reduced risk to tool
manufacturers. Determining what such mechanisms are—in
precise terms—will, however, require further work. Hence,
do we still have a long way to go in order to fully understand
the dynamics of learning in the Acheulean? Absolutely.
What the preceding discussion should demonstrate, however,
is the importance of an evolutionary perspective that can
work from a micro- to macro-scale level, and importantly,
is informed by data derived from experimental work of the
type we describe.

11.6 Final Remarks in the Context
of the RNMH Project Objectives

As Nishiaki (2013: 173) noted recently, a primary objective
of the RNMH research project is to investigate potential
factors in the replacement of hominin populations referred to
as ‘Neanderthals’ by those commonly referred to as ‘Modern
Humans’. If the points we have made here regarding imi-
tation capacities in handaxe producing hominin populations
are correct (and we re-emphasize the need for further cor-
roboration), then imitative capacities were a plesiomorphic
feature, present in the last common ancestor of both groups
of populations. Hence, if we are correct, differences in imita-
tive capacities are unlikely to have played a major role in the
replacement process. This, it should be noted, is despite the
fact that imitation may be a key variable in the fidelity of so-
cial learning systems, which a priori, may make it a potential
explanative candidate. If modal differences in the innate (i.e.
genetically determined) social learning capacities of these
two hominin populations played any role in the replacement
of one by another, this leaves only two potential candidates:
(1) that capacities for more sophisticated social learning
mechanisms, such as teaching (Tehrani and Riede 2008),
were different or (2) that one population possessed greater

capacity for innovation than the other, which in turn, pro-
vided an advantage in a competitive environment. Personally,
we are doubtful that innate differences between these two
groups of populations will provide a fully satisfactory answer
to the question of population replacement, partly because
of the demonstrable resilience of Neanderthal populations
over millennia prior to their disappearance, and the proximity
of their biological relationship to contemporary populations
of H. sapiens. However, we acknowledge the considerable
amount of work that needs to be done to fully support our
position.
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