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ABSTRACT
The Oldowan is the archaeological record’s oldest consistent evidence of hominin technical
behavior. First appearing ∼2.6 Ma in East Africa, the Oldowan is characterized by simple core
and flake technology using direct hard hammer percussion. Archaeologists debate whether
Oldowan assemblages are uniform and what role hominin cultural abilities played in generating
these assemblages. To improve existing methods for studying Oldowan technical uniformity, we
conducted experiments involving 23 novices and one expert knapper. Subjects made simple
stone tools under two different instructional conditions (observation-only and direct active
instruction) over two hours. We used the resulting cores to track flaking efficiency, reduction
intensity, and knapping errors. We find significant differences in the expert and novice core
uniformity. Direct active teaching increased core flaking efficiency and reduced knapping errors.
Comparisons between our experimental results and an Oldowan sample from Gona, Ethiopia,
show core variability patterns that match our expert and actively taught novices.
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Introduction

Archaeologists have done relatively little experimen-
tation to understand the relationship between skill and
standardization in the production of stone tool technol-
ogy. Although often discussed, both standardization and
skill tend to be variably defined (Bamforth & Finlay, 2008;
Eerkens & Bettinger, 2001; Kuhn, 2010; Monnier &
McNulty, 2010), which can create confusion in the litera-
ture given that archaeologists regularly equate technical
skill with technological standardization (Bamforth &
Finlay, 2008; Lassen & Williams, 2015). This ascribed
equivalency is understandable, given that artefacts
may be more standardized when knapped via a series
of highly repetitive action sequences reliant on the com-
bined and increased mastery of abstract knowledge and
motor-skill know-how (Pelegrin, 1990). However, it is
important to note the differences in definitions of skill
and standardization and how these differences may
affect the interpretation of experimental results.

In this study we define standardization as a reduction
in variability (Marks et al., 2001). For stone products,
standardization typically refers to reduced variability in
artefact shapes and sizes. A less frequent, but no less
important, definition of standardization refers to
reduced variability in how toolmakers make stone
tools (Kuhn, 2010). Stone tool standardization manifests
differently in core and flake assemblages such that

standardized procedures visible on cores might result
in highly variable end products (flakes), such as is the
case with bipolar flaking (Pargeter & de la Peña, 2017),
and vice versa in the case of intensely shaped, standar-
dized flaked tool forms. Because it is most often dis-
cussed in the context of highly standardized artefact
types (e.g. Late Acheulean handaxes or Clovis Points)
there is often an inherent link assumed between stan-
dardization, mental templates, and intention. However,
it is equally as likely that honed sensorimotor control
and know-how acquired through teaching and practice
can impact the uniformity of stone cores and flakes in
the absence of intentional efforts to standardize these
artefacts (see Harush et al., 2020 and Harush &
Grosman, 2021 for an example from ceramic pro-
duction). For this reason, we focus the current paper
on tracking the role of skill and training on stone core
uniformity. Tracking skill acquisition’s role in stone tool
uniformity is especially important for the earliest parts
of the archaeological record. Particularly so prior to 2
million years ago where uniform tool forms appear
first and archaeologists have argued skillful stonework-
ing behaviors may have been present (Delagnes &
Roche, 2005; Roche et al., 1999; Semaw et al., 1997).

In this work we explore uniformity in Oldowan style
“simple” stone cores knapped by novice and expert
knappers. We ask two primary questions:
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1. Do experts and novices display significantly different
degrees of core technological uniformity?

2. Do novices with direct-active teaching show
increased core uniformity compared to novices pro-
vided with observation-only training?

We recorded and compared aspects of reduction
intensity, flake invasiveness, core battering, and core
geometry following an attribute system to compare
technical skill in Oldowan assemblages. Our study com-
pared the features of cores produced by 23 novices and
one expert during a two-hour training period. We find
that significant differences in skill are apparent
between our expert and novice knappers and that the
degree of variability and uniformity in their end-pro-
ducts is also significantly different. This is suggestive of
skill-driven variance. We find significant effects of
direct active teaching on increased core flaking invasive-
ness and reduced core edge battering. Our findings are
in line with Morgan et al. (2015) conclusions from similar
experimental work, which highlighted the importance of
active teaching and language in the transmission of
stone knapping skills. Comparisons between our exper-
imental results and an Oldowan sample from Gona,
Ethiopia, shows intermediate archaeological core varia-
bility that matches well with our expert and actively
taught novices.

Skill and lithic technology

Archaeologists argue that varying skill-level in the pro-
duction of stone tools is an important factor in the cre-
ation of lithic technological variation (Bamforth &
Finlay, 2008; Pargeter et al., 2019). Yet, the acquisition
and archaeological manifestation of knapping skill
have received relatively little structured scholarly atten-
tion and thus remain difficult to characterize (Bamforth
& Finlay, 2008; Herzlinger et al., 2017; Pargeter et al.,
2019, 2020, 2022; Torres & Preysler, 2020). As Bamforth
and Finlay (2008) note, skill is a concept that defies any
single definition, spans a wide variety of situations, and
is highly dependent on context. As such, teasing out
information relevant to the relationship between skill
and uniformity from the material record is a particu-
larly multiplex problem. Despite these incongruities,
scholars appear to be in general agreement that
skill involves the practical application of abstract
knowledge in a goal-directed manner which can be
improved with practice and training (Bamforth &
Finlay, 2008; Herzlinger et al., 2017; Ingold, 1993;
Olausson, 2008; Proctor & Dutta, 1995), as such this
will serve as our definition of “skill” for the purposes
of this paper.

Initial studies of knapping skill were largely descriptive
and based on subjective criteria. These studies often
focus on replicating technological systems and end pro-
ducts with a high degree of morphological standardiz-
ation, such as Danish flint daggers (Apel, 2001) or
fluted Paleoindian points (Flenniken, 1978). Such stan-
dardized technologies are also often used in learning
and cultural transmission studies (Apel, 2008; O’Brien
et al., 2014). However, stone tool making is a complex,
goal-oriented behavior in which variability is manifest
at several points in the production phase and not just
in the final tools. Elementary success requires simul-
taneous control over various interacting variables,
including the force of a blow, the angle of an impact,
and the stabilization of the core during knapping
(Bleed, 2008; Bril et al., 2010; Roux & David, 2005). Achiev-
ing higher levels of skill requires even more consistent
control over these variables gained through continued
deliberate practice and training (Bleed, 2008; Ericsson
et al., 1993; Olausson, 2008; Pargeter et al., 2019).
Mastery of stone knapping observed in modern experts
and ethnographic contexts can take years and is highly
dependent on continued experience, often within struc-
tured social settings (Bleed, 2008; Ericsson et al., 1993;
Stout, 2005; Stout et al., 2002), or “communities of prac-
tice” (Lave & Wenger, 1991; Wendrich, 2013). This contin-
ued practice and eventual mastery is associated with a
knapper’s ability to achieve higher degrees of both pro-
cedural and morphological uniformity even when start-
ing with highly variable raw materials.

Archaeologists typically distinguish between knowl-
edgeable practice (also called connaissance) and practi-
cal knowledge (also called savoir-faire) (sensu Pelegrin,
1993), the two broad realms of knowledge employed
during knapping. Knowledgeable practice refers to the
abstract planning process involved in stone tool
making, including “cognitive understanding” of the
techno-behavior being undertaken and “strategic
decision making” (Bamforth & Finlay, 2008; Pargeter
et al., 2020). Practical knowledge encompasses the prac-
tical aspects of knapping, or know-how, including
manual dexterity and technical actions (Bamforth &
Finlay, 2008; Pelegrin, 1990). Skill can be considered
the active engagement and interaction between these
two general realms of knowledge at their intersection
(Bamforth & Finlay, 2008. Bril et al., 2010). A mastery of
both realms and the ability to employ them simul-
taneously is essential for increasing flaking predictability
and the consistent production of more standardized
end-products (Nonaka et al., 2010).

Through continued practice the relationship between
these knowledge domains will change and develop, as
will the relation between the toolmaker’s mind and the
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material being worked (Bamforth & Finlay, 2008; Olaus-
son, 2008). Although sociocultural context is a major.

factor affecting skill, individual skill is largely deter-
mined by some (poorly understood) combination of
the amount of time devoted to practicing/training and
individualities such as baseline aptitude (Eren et al.,
2008; Herzlinger et al., 2017; Olausson, 2008).

Skill and uniformity in the early stone age

Knapping skill and uniformity in the earliest stages of
stone tool evolution have been of long interest to
archaeologists and paleoanthropologists (Guilmet,
1977; Isaac, 1986; Oakley, 1969; Roche et al., 1999;
Stout et al., 2009; Toth et al., 2006). This is, at least in
part, due to preconceived notions long held in
Western science and society about linear technological
progress throughout human history and its link to our
cognitive and cultural evolution (Monnier & McNulty,
2010; Oakley, 1969; Trigger, 1996). Despite this interest,
a much larger proportion of work focused on uniformity
in lithic technology has been devoted to Middle/Upper
Paleolithic or Middle/Later Stone Age transitions than
earlier periods (Marks et al., 2001; Monnier & McNulty,
2010), perhaps due to the perceived technological stag-
nation and lack of uniformity in early stone technologies,
such as the Oldowan.

The Oldowan Industrial Complex (OIC) is the oldest
well-known and best-documented evidence for
hominin behavior found in the archaeological record
(but see Harmand et al., 2015) and represents a major
dietary, adaptive shift for our lineage (Barsky, 2009;
Plummer, 2004; Toth & Schick, 2018). First appearing
∼2.6 Ma in East Africa (Braun et al., 2019; Semaw et al.,
1997, 2003), the Oldowan is characterized as a relatively
simple core and flake technology directed towards the
production of sharp flakes via hard hammer percussion
(Barsky, 2009; de la Torre, 2004; Leakey, 1971;
Plummer, 2004; Toth & Schick, 2018). Assemblages
classified OIC appear until about 1 Ma (Toth & Schick,
2018) but Oldowan-like, or “Mode 1” (Clark, 1969),
lithic technology appears in Eurasia even more recently
in time (Barsky 2009).

The end-products of Oldowan knapping are con-
sidered largely non-uniform throughout time and lack
any imposed tool forms (Braun et al., 2019; de la Torre,
2004; Plummer, 2004; Sahnouni et al., 2002; Semaw
et al., 1997). Some recent work from younger OIC sites
like Garba IV at Melke Kunture, Ethiopia, dated to
∼1.7 Ma, has shown potential evidence for imposed
form and artefact uniformity, in this case associated
with the exploitation of high quality obsidian for the
production of small pointed objects (Gallotti & Mussi,

2015). The authors argue that this does not require the
invocation of a “cognitive leap,” but supports the
capacity for a degree of uniformity in the OIC.

While evidence for morphological uniformity and
imposition of shape is scant in the Oldowan, some scho-
lars have identified relatively sophisticated knapping
capabilities and tool behaviors at some sites, even
some of the earliest known (Delagnes & Roche, 2005;
Finestone, 2019; Roche et al., 1999; Semaw et al., 1997).
At sites such as the 2.3 million year old Lokalalei 2C in
West Turkana, lithic refits, in some cases nearly entire
reduction sequences, demonstrate early Oldowan knap-
pers were able to control knapping in an efficient,
regular, and structured manner (Roche et al., 1999).
Later Oldowan sites have been argued to bear evidence
for increased technical abilities and in some cases “tech-
nological homogeneity” (Sánchez-Yustos et al., 2017),
perhaps anticipating subsequent Acheulean technology.
These sites are sometimes classified as Developed
Oldowan (Braun et al., 2008; de la Torre, 2011; de la
Torre & Mora, 2005, 2014, Proffitt, 2018; Sánchez-Yustos
et al., 2017; Stiles, 1979), butmore recently the consensus
has shifted away from this classification.

These inconsistent patterns of skill and uniformity
across both space and time have been a matter of
great discussion in the literature. Some hold out that,
despite the observed range of variation, there is a
general trend to increased skill and technological com-
plexity in the OIC through time (Carbonell et al., 2016;
de Lumley, 2022; de Lumley et al., 2009; Sánchez-
Yustos, 2021). This is despite mounting evidence for rela-
tively high levels of skill and complex knapping behavior
early in the Oldowan (Delagnes & Roche, 2005; Fines-
tone, 2019; Roche et al., 1999; Semaw et al., 1997), com-
parably lackluster exhibitions of skill at some more
recent sites like HWK EE (∼1.7 Ma) (de la Torre & Mora,
2018) and Kilombe (∼1.78 Ma) (Gowlett et al., 2022),
and nearly opposite levels of skill displayed at nearly
the same time within the same localities (e.g. Lokalalei
1A and 2C; Delagnes & Roche, 2005; Kibunjia 1994;
Roche et al., 1999).

Toth et al. (2006) attempted to evaluate skill in the
Oldowan using an extensive list of attributes for both
flakes and cores with the potential to indicate knapper
skill. They compared Oldowan-style artefacts experimen-
tally produced by modern-day Homo sapiens and trained
captive Pan paniscus, the bonobo Kanzi and his half-sister
Panbanisha, as well as archaeological material produced
by hominins at the 2.6 million year old Oldowan site of
Gona, Ethiopia (Semaw et al., 1997). Humans were used
as the expert group, Oldowan hominins as the intermedi-
ate, and bonobos as the lower skill level. This study found
that many of the authors’ recorded attributes were not
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significantly different between their different skill groups,
narrowing down their list to a series of “key” attributes.
These are related to overall core reduction efficiency (i.e.
more cutting edge per unit mass of stone and more inva-
sive flaking) and maintenance of the platform edges (i.e.
less edge-battering, suitable platform angles).

These authors found that Homo sapiens were better
at reducing cores and limiting mistakes/knapping acci-
dents. Gona hominins were found to have relatively
sophisticated abilities for core reduction and the
efficient production of flakes, perhaps not as efficient
as the modern knappers, but more so than the
bonobo assemblage. This assemblage was either clus-
tered with H. sapiens or was intermediate between
humans and bonobos, depending on the particular attri-
bute. While P. paniscus was able to produce stone arte-
facts through conchoidal fracture not totally unlike the
Oldowan, their assemblages bore a number of distinc-
tions that clearly separated them from Oldowan tool-
makers. These include the production of less flakes and
relatively limited core reduction as well a greater
degree of variability in their ability to avoid edge batter-
ing and maintain acute platform angles. Recent work
suggests that Kanzi’s poor training environment and
lack of sufficiently scaffolded learning may have led to
his reduced flaking performance (Eren et al., 2020).
These results support the need for further investigation
into the role of teaching, training, and skill acquisition on
Oldowan-like stone toolmaking capacities.

Materials and methods

In addition to one expert knapper acting as a demon-
strator and instructor, a total of 23 healthy individuals
lacking prior stone tool making experience were
recruited from Emory University and the surrounding
area for a pilot study on teaching Oldowan-style, least
effort stone toolmaking. The goal of this experiment
was to evaluate the effect of active expert instruction

on novice knappers’ ability to produce flakes. Partici-
pants were randomly placed under one of two exper-
imental conditions: observation-only or direct-active
teaching. In the former condition the novice knappers
were permitted to observe the demonstrator as well as
other novices around them but could not discuss the
task at hand and did not receive any direct instruction
from the expert. Individuals in the latter group were
unconstrained in the degree of communication per-
mitted between participants and received direct instruc-
tions, including verbal and gestural, from the expert
demonstrator (the second author).

Knapping protocol

Each individual was supplied 9 nodules (see Table 1 for
start and end metrics for blanks/cores) of the same
variety of basalt and allowed to produce flakes via free-
hand direct percussion over the course of a 2-hour
period. While the majority of flaking attempts were
freehand, some participants, mostly in the obser-
vation-only group, spontaneously adopted a bipolar
technique using the ground as an anvil (see Pargeter
et al., In Press for further details). Raw material was
kept consistent across knappers to control for the
effects of raw material variability, a factor which has
been found by Proffitt et al. (2022) to greatly affect
both the manifestation of varying skill levels in the
material record as well as inhibit the identification of
skill variation. Furthermore, this kind of raw material
is archaeologically consistent with materials used by
early tool making hominins for Oldowan stone tool
manufacture (Plummer, 2004). Participants chose ham-
merstones used for flaking from a provided selection
which allowed them to choose stones that were both
ergonomic and comfortable to use. Under both instruc-
tional conditions, novices had a chance to examine
their intended end-product, flakes, prior to knapping
and were informed that the desired end-goal was to
produce as many flakes as possible within the given
time. Cores were considered exhausted when partici-
pants felt they could no longer reduce them. A single
expert knapper was used to reduce inter-instructor
bias.

Target analysis

We analyzed all cores produced by both the expert and
novices in both instruction conditions throughout the
two-hour knapping session (n = 190). This allowed us
to not only compare the effects of skill, but also evaluate
the effect of training condition for each novice. Only
cores were selected for this analysis as we report on

Table 1. Relevant blank and core metrics for novice participants.
Only metrics relevant to this study are reported and only for the
novices.

Mean Median SD Min Max

Starting mass
Observation only (n = 99) 995.7 949.6 278.3 503.3 1876.2
Actively taught (n = 108) 956.2 862.5 296.9 459 1786.7

Starting max length
Observation only (n = 99) 144.2 143.5 17.1 105.3 180.5
Actively taught (n = 108) 143.6 143 16.2 111 180.2

Final mass
Observation only (n = 99) 236.8 180.5 179.4 28.5 953.9
Actively taught (n = 108) 144.8 128.6 89.9 17.5 371

Final max length
Observation only (n = 99) 82.1 76.1 21.7 43 169.2
Actively taught (n = 108) 70.3 68.7 16.2 36.6 110.9
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the experiment’s flake assemblage in a separate study
(Pargeter et al., In Press). Cores were analyzed and eval-
uated for a number of attributes others have argued are
key to evaluating flaking success in relatively simple
Oldowan-like flaking systems (e.g. Stout et al., 2010,
2019; Toth et al., 2006). Overall, these attributes relate
to an expert’s ability to consistently reduce cores to a
greater degree than novices by removing a higher
number of relatively more invasive flakes and retain a
flakable platform by minimizing edge battering while
limiting knapping mistakes (Table 2).

We evaluated reduction intensity in three indepen-
dent ways: (1) by the flake scar density index (Clark-
son, 2013), (2) by comparing nodule starting mass to
core final mass as a percentage of mass lost during
the reduction, and (3) through a visual estimate of
the percentage cortex remaining on the surface to
the nearest 5%. Visual assessment has been found to
be a reliable and effective method for discerning the
percentage of remaining cortex on a core by Dibble
et al. (2005). We tracked failed removals, poor platform
preparation, and misguided perseverance by tracking
the frequency and extent of battering across the
area of available platform. A lower prevalence of plat-
form battering was associated with more expertly
flaked cores, so the percentage area of the available
striking platform edge exhibiting battering was esti-
mated through visual assessment also to the nearest
5%.

Statistical methods

Participants were placed in one of three experimental
groups: expert, actively taught novices, and observation-
only novices. Each resulting core variable in Table 2 was
first plotted individually andcomparedviaANOVA toevalu-
ate significant differences in the average performance
between the three groups. For the flake scar invasiveness
index, we regressed core maximum flake dimension
against core maximum dimension to derive a set of
residuals that accounted for this relationship after account-
ing for allometric effects.We thencompared these residuals
between the three groups. Cortex values are expressed as
proportions (range: 0–1) and we modeled them using a
beta regression using R version 4.0.3’s (R Core Team,
2013) betareg package (Cribari-Neto & Zeileis, 2010). To
determine if these skill-related attributes also trackuniform-
ity, we then compared our groups using a Bartlett test of
homogeneity of variance to assess significant differences
in variance in our recorded attributes. The paper’s R code
and raw datafiles are freely available here: https://github.
com/Raylc/PaST_core_standardization.

Results

Group level comparisons between expert and
novice knappers

The expert, on average, produced significantly higher
flake scar densities (F [2, 186] = 19.1, p < 0.01) than

Table 2. All recorded attributes, their definitions, how they were measured, and our predictions for each attribute with increasing
uniformity.
Attribute Definition How we measured the variable Predictions under Increased uniformity

Flake scar
density index
(SDI)

A measure of reduction intensity capturing a
knappers ability to remove more flakes per
core unit mass. Higher values show greater
reduction intensity.

All flake scars >10 mm were counted and
divided by the surface area of the core
generated from 3D scans.

With increased uniformity we predict the
average SDI to be similar across an
individual’s cores. The expert is expected
to produce higher SDI values than
novices.

Percentage
mass reduced

Final core mass as a percentage of original
nodule mass. Higher values show greater
overall reduction intensity.

Cores were weighed before and after
knapping on a scale.

Experts should show greater amounts of
mass reduced on their cores more
consistently. Novices should be more
variable in their overall reduced mass.

Percentage
Remaining
Cortex

A measure of a knappers ability to remove
the core’s original outer surface and access
the higher quality material within

Visually assessed to the nearest 5% Increased uniformity should restrict the
variability in remaining cortex frequency
across cores indicating the removal of a
consistent proportion of the core’s
original surface.

Flake
Invasiveness

A measure of a knapper’s ability to produce
relatively long flakes using as much of the
available flaking surface as possible. Higher
values show greater differences between
core maximum dimension and flake
maximum dimension.

The maximum dimension of all flake scars
>10 mm were averaged for each core and
regressed against the maximum
dimension. Residuals from this model were
compared between the groups to
eliminate allometric effects of core size
differences.

Experts should be able to make flakes closer
to the maximum dimension of the core
more consistently than novices, leading
to lower residual values.

Platform
Battering

The frequency and extent of crushing and
battering across the area of available
striking platform. Captures a knappers
failed removals, poor platform preparation,
and misguided perseverance.

Visually assessed to the nearest 5% With increased uniformity, the variability in
knapping damage should decrease as
knappers better grasp their own limits as
well as the constraints of their raw
material, retiring a core before battering
it profusely.
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novices in either teaching condition (Figure 1, Table 3).
While on average higher, the Bartlett test indicates the
expert exhibits the same range of variation (K-squared
= 6.1, df = 2, p-value = 0.05) in the flake scar densities
across their cores. This is unexpected and runs counter
to our predictions of reduced variation in the expert
sample.

Comparing the percentage of core mass reduced we
find significant (F [2, 176] = 11.4, p < 0.01) differences
between the expert and novice groups (Figure 2, Table
4). The two novice groups do not show significant differ-
ences to each other. Bartlett’s test found significant differ-
ences in variance (K-squared = 58.2, df = 2, p-value < 0.01)
between the groups driven by the expert’s very low var-
iance. The expert exhibits a more constrained range of
variation than novices indicating their ability to regularly
reduce cores to a greater degree. This result suggests
that the SDImeasure is not a precisemeasure of reduction
intensity, which might justify the surprising result that our
expert knapper showed similar SDI variance to our
novices.

In the case of flake invasiveness we also find significant
(F [2, 190] = 34.1, p < 0.01) average differences across our
groups (Figure 3, Table 5). The expert once again plots
away from both novice groups, producing relatively
longer, more invasive flakes on average, reflecting their
ability to regularly exploit more of the available flaking

surface. The two training groups show significant differ-
ences Bartlett’s test found significant differences in var-
iance (K-squared = 46.9, df = 2, p-value < 0.01) across our
three groups. The expert exhibits a more constrained
range of variation than novices indicating their ability to
regularly produce more invasive flakes.

We found significant differences in core edge batter-
ing frequencies between the groups (Figure 4, Table 6).
The expert produced significantly less battering
damage on average (F [2, 187] = 24.5, p < 0.01) than
novices in both teaching conditions. The observation-
only novices showed significantly higher average fre-
quencies of edge battering compared to both experts
and actively taught novices. Bartlett’s test found signifi-
cant differences in variance (K-squared = 65.4, df = 2, p-
value < 0.01) across groups. The expert shows far less
variation in edge battering compared to novices,
perhaps reflecting his ability to more consistently
apply the force necessary and in the proper place on
the core to produce flakes. Actively taught novices sit
intermediate between the expert and observation-
only novices.

Figure 5 (also see Table 7) compares the cortex pro-
portions across our three groups. The beta regression
results show strong significant differences between the
expert and novice groups (Phi = 4.1, p < 0.01). The two
novice groups show no significant differences. The

Figure 1. Comparison of the flake scar density index across our
three groups. The expert shows significantly higher SDI values
(p < 0.01) than novices with non-significant differences in var-
iance (p = 0.05).

Table 3. Scar Density Index (SDI) summary statistics for our
three experimental groups.

Mean Median SD Min Max

Observation only (n = 71) .003 .003 .002 .000 .01
Actively taught (n = 92) .003 .003 .001 .000 .007
Expert (n = 29) .005 .005 .002 .001 .007

Figure 2. Comparison of percentage core mass reduced across
our three groups. The expert reduced significantly more mass
on their cores (p < 0.01) than both groups of novices with a sig-
nificantly lower overall variance (p < 0.01).

Table 4. Percentage of Core Mass Reduced summary statistics
for our three experimental groups.

Mean Median SD Min Max

Observation only (n = 71) 76.6 81.4 18.7 18.3 97.7
Actively taught (n = 92) 81.5 85 12.7 18.8 98.2
Expert (n = 16) 96.2 96.2 .484 92.1 98.9
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expert showed a notably lower cortex standard devi-
ation (sd = 12) compared to the observation only and
actively taught novice groups (sd = 21 and sd = 18).
This result demonstrates that the expert overall
managed to reduce the nodule cortex more intensively
and uniformly than the novices.

Comparisons with archaeological Oldowan cores
from Gona, Ethiopia

Our archaeological comparisons are limited by the
availability of comparable metrics from Oldowan sites.
Toth et al. (2006) report summary data for core edge
battering and surface cortex on cores from two sites
with nearly identical lithic technology from the early
Oldowan locality of Gona, Ethiopia, East Gona (EG) 10
and EG 12. The earliest deposits at Gona date to
roughly 2.6 million years old, making it one of the
oldest currently known Oldowan sites (Semaw et al.,
2003). The combined EG10 and EG12 assemblage is
dominated by unifacial flaked cores characterized by
evidence for skillful core reduction efficiency and flake
production (Toth et al., 2006). These data allow for
limited qualitative comparisons with our experimental
results.

Toth et al. (2006) scored edge battering in four
classes: none, low, moderate, and high. The frequencies

of battering in each of these classes showed a wider
range in their Gona cores compared with their two
expert knappers (Table 8). We recorded edge battering
as a continuous variable, but one could class our data
into four sub-portions based on edge battering frequen-
cies (0%, <25%, 25–75%, 76–100%). The Gona data sit
between our direct-actively taught and expert groups
in having few to no instances of high edge battering,
but with variance across the remaining three edge bat-
tering classes. Our observation-only novice group
showed the inverse pattern with no cores absent edge
battering and variance spread across the remaining
three higher battering classes.

Toth et al. (2006) scored flake invasiveness as shallow,
moderate and invasive. Their Gona and expert knapper
samples show similar variances across these categories
though with inverse patterns (higher invasive flaking in
the Gona sample compared to their experts due to the
nature of their experimental design) (Table 8). We
reclassed our flaking invasiveness measure into three
equally sized groups for comparisons with Toth et al.
(2006) shallow, moderate and invasive classes. This
result lines up with the Toth et al. (2006) data showing
that Gona flaking invasiveness classes resemble our
expert and actively taught groups more than the direct
observation novice group.

Figure 3. Comparison of flaking invasiveness across our three
groups. The expert produced significantly more (p < 0.01) inva-
sive flakes than novices with a significantly lower degree of var-
iance (p < 0.01).

Table 5. Flake Invasiveness summary statistics for our three
experimental groups.

Mean Median SD Min Max

Observation only (n = 71) 9.35 5.56 21.4 −27.9 88.8
Actively taught (n = 92) −.743 −.005 13.7 −39.4 65
Expert (n = 30) −19.8 −21.1 6.39 −31 −5.13

Figure 4. Comparison of platform battering, measured as the
percentage of available platform area with battering, across
our three groups. The expert battered their cores significantly
less (p < 0.01) than both groups of novices with a significantly
smaller degree of variance (p < 0.01).

Table 6. Edge battering summary statistics for our three
experimental groups.

Mean Median SD Min Max

Observation only (n = 73) 38.8 35 29.7 0 95
Actively taught (n = 87) 32.8 25 28 0 95
Expert (n = 30) 6.4 4.5 6.6 0 25
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Toth et al. (2006) note higher variance in their Gona
core cortex frequencies compared to their expert knap-
pers (Mean/SD Gona = 53.4/16.1 vs. Mean/SD Expert =
61.6/11.2) (also see Stout et al., 2010: Supplementary
Table 1). Our experiment showed a similar lower
degree of expert core cortex variance (Mean/SD
Expert = 7.43/12) compared to our novice samples
(Mean/SD Novice = 27.5/19.7) with variance decreasing
with direct active teaching (Mean/SD Direct active
teaching = 25.9/18.3, Mean/SD observation-only = 29.6/
21.2). This result suggests that Gona knappers
managed core reduction intensity and cortex removal
in a manner comparable to our expert and direct
actively taught knappers and less like our obser-
vation-only group.

Although limited in number and scope due to
incomparable data, the comparisons we can make
between our results, Toth and colleagues’ experiment,
and the archaeological data indicate that Oldowan
hominins achieved variable levels of skill across space
and through time. Earlier Oldowan toolmakers at
Gona produced flakes of similar invasiveness to both
Toth et al.’s (2006) and our expert and managed
reduction intensity and cortex removal more like our
expert and actively taught novices than the obser-
vation-only group.

Discussion

Our results show significant group-level differences in
flake scar density, percentage mass lost during
reduction, flake invasiveness, platform battering, and
core cortex between our expert and the novice groups.
These data reflect these groups’ differing abilities to
invasively flake and reduce cores efficiently. Our results
also point to important effects of direct-active teaching
with the actively taught novices showing significantly
more invasive flaking and lower core edge battering
than the observation only group, at least in this relatively
short practice period. Given more practice time, it is
possible these differences would disappear with more
time for individual learning. A series of Bartlett tests of
homogeneity of variances and examinations of cortex
standard deviation found strong differences in four out
of our five variables (scar density index did not show sig-
nificant variance differences). As we predicted, the
expert reduced more mass, flaked more invasively,
showed less battering, and removed cortex more uni-
formly than either of the novice groups. Actively
taught individuals were more uniform in their flaking
invasiveness and edge battering than subjects in the
observation-only group. This suggests that skill is signifi-
cantly correlated with core uniformity in relatively
simple Oldowan-style flaking and that the attributes
recorded in this study can be used to track these
differences.

Our expert shows a non-significant difference in the
flake scar density index compared to both novice
groups. This is counter to our initial predictions of
reduced variance in reduction intensity due to more
consistent reduction strategies and skillful applications
of force. This is not completely surprising as during
flaking, previous flake scars are often removed, thus,
extensively exhausted cores will lack many, if not most,
of the total flake scars produced. This interpretation is
corroborated by the degree of mass reduced results
which show clear and significant expert-novice
differences.

Flaking invasiveness matched our predictions with
the expert showing a significantly lower range of varia-
bility in the average invasiveness of their flakes than
novices. The expert regularly exploited more of the avail-
able flaking surface than novices, hypothetically optimiz-
ing the amount of cutting edge produced from the
available raw material. Unlike our reduction intensity
measures, the actively taught novice groups made
more invasive flakes compared with the observation-
only group. Flaking invasiveness is particularly relevant
to the archaeological record as, based on our data, it
reliably tracks skill-related variation in core morphology

Figure 5. Comparison of core cortex across our three groups.
The expert reduced significantly more cortex (p < 0.01) than
both groups of novices with a notably more uniform
distribution.

Table 7. Cortex frequency summary statistics for our three
experimental groups.

Mean Median SD Min Max

Observation only (n = 73) 33.5 30 19.2 0 85
Actively taught (n = 87) 22.5 20 18.7 0 75
Expert (n = 30) 7.4 0 12 0 40
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and is relatively easy and inexpensive to record both in
the lab and the field without the need for much equip-
ment or 3D scans.

Novices in both groups batter cores at a higher
average frequency and with a significantly larger
degree of variability than our expert. The observation-
only group exhibits the largest variance with some
cores bearing no battering and others with striking plat-
forms nearly covered with it. Actively taught novices
show a lower average frequency of battering and a
slightly lower range of variability than observation
only, but still significantly higher than the expert. The
expert is far less variable in edge battering with the
majority of their cores bearing little to no battering.
While this attests to our groups’ differing abilities to suc-
cessfully produce flakes via controlled application of
force, it is also likely related to a knapper knowing
when a flaking surface or even an entire core is no
longer flakable. This can be thought of as knowing
when to give up on the one hand and, on the other,
as relating to a disposition toward tenacity/determi-
nation (Pargeter et al., 2019) and is likely tied with
discard behaviors. Novices seem to batter through
obstacles when they lack the skill to overcome or
avoid them. Our flake invasiveness and edge battering
variables are particularly useful for tracking these pat-
terns in the archaeological record because they are rela-
tively straightforward to record.

Our data match up well with Toth et al. (2006) Gona
core data. Across the three comparable attributes
(edge battering, flake invasiveness, and remaining
cortex), Gona consistently shows intermediate degrees
of variation between our expert and actively taught
novices. Hominins at Gona show a degree of core batter-
ing between our expert and actively taught novices. This
suggests that Gona knappers were less variable in their
ability to successfully produce flakes without damaging
the platform than would be expected if knapping beha-
viors were carried out at low levels of performance. Toth
et al. (2006) data also suggest that knappers at Gona dis-
played judgment about when to give up on a core com-
parable to our expert and actively taught novices.

Similarly, Gona hominins show a degree of variance in
flake invasiveness intermediate between our expert and
actively taught novices and a comparably high degree of
performance as our expert. The majority of the Gona
cores show invasive flake removals much like our
expert attesting to a similar consistency in invasive
flaking. Our results show that even modern human lear-
ners will show a few hours of highly variable knapping
without instruction and this can be much more rapidly
reduced through instruction. If we assume that the
Gona assemblages represent an entire community of
knappers, including children/novices, then the high
and invariant skill suggest very rapid learning akin to
our instructed participants.

Comparing variance in the remaining cortex between
our expert and novices and Gona we find, once again,
comparable ranges of variability. Gona hominins are
largely comparable to our expert and actively taught
novices and much less like our observation-only group.
This further suggests the potential role of more direct,
active teaching in the Oldowan and the importance of
skilled individuals in the successful transmission and
maintenance of stone technologies over long periods
of time. Our results highlight the importance of direct-
active teaching in the efficient acquisition of technical
skill and the development of regular and consistent
control over the knapping process. Our preliminary com-
parisons to Gona Oldowan archaeological material
support this as the case even in the earliest parts of
the archaeological record. This supports transmission
and transgenerational upkeep of lithic technologies via
direct-active teaching from skilled individuals. Our
experimental data compared to the Oldowan archaeolo-
gical data from Gona do not indicate vast differences in
uniformity between early hominin knappers and
modern knappers. It should also be noted that the raw
materials used at Gona, hard, round river cobbles, are
much more difficult to knap than the angular basalt
used in this experiment. In fact, the same expert
knapper from this study achieved a much lower
degree of core reduction on the Gona raw materials
(between 50 and 60% on average) compared to the

Table 8. Comparable attribute data from Toth et al. (2006) compared to data from this study.

Gona Toth experts
This study
expert

Active
teaching

Observation
only

n % n % n % n % n %

Edge battering None 7 30.4 26 83.9 9 30 5 5.5 5 7.1
Low 10 43.5 4 12.9 20 66.6 40 44.4 20 28.5
Moderate 6 26.1 1 3.2 1 3.3 43 47.7 26 37.1
High 0 0 0 0 0 0 2 2.2 19 27.1

Flaking invasiveness Shallow 0 0 1 3.2 0 0 27 29.3 37 52.1
Moderate 7 30.4 19 61.3 2 6.6 43 46.7 19 26.7
Invasive 16 69.6 11 35.5 28 93.3 22 23.9 15 21.1
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basalt (average of 96%) (see Table 2 in Stout et al., 2019).
This leaves the possibility that hominins at Gona would
have displayed even higher levels of skill had they had
access to the same raw materials used in this
experiment.

Snyder et al. (2022) recently argued that early stone
knapping does not necessitate social transmission of
behavioral form and should thus be attributed to low
fidelity social learning mechanisms combined with inde-
pendent individual innovation. Our study, like that of
Morgan et al., 2015, addresses the separate question of
potential benefits associated with direct active instruc-
tion. While it may be possible to re-discover various
Oldowan methods and techniques, this does not mean
it was easy or likely for Oldowan hominins (Stout et al.,
2019), and we should expect the hypothesized fitness
benefits of stone tool making (Shea, 2017) to put
pressure on the evolution of a more reliable means of
transmission even at the earliest stages of this technol-
ogy. Further, regarding animal behavior studies, there
is no reason to assume that the simplest explanation is
most likely correct and higher resolution experimental
designs are necessary to address competing theories
(Heyes, 2012). Our experiment tracks several variables
related to the maintenance and management of
Oldowan-like core reduction. Collectively, these vari-
ables demonstrate the key differences between expert
and novice knapping abilities and the role(s) of skill in
managing Oldowan-like reduction sequences.

We know that lithic variability is driven by a number
of factors, including raw material properties (Jones,
1994; Proffitt et al., 2022) and possibly species-level
differences in biomechanics (Key & Dunmore, 2018)
and cognition (Assaf et al., 2016). Skill is an additional
potential driver of lithic variability in the Oldowan,
which may also underlie or interact with others, such
as biomechanics (Williams-Hatala et al., 2020). Given
the amount of practice required to master stone tool
making, much of the record must contain artefacts and
possibly entire assemblages created by novices (Assaf
et al., 2016; Herzlinger et al., 2017). This, along with
differences in knapping strategies (Stout et al., 2019), is
a likely factor behind the wide range of variability
observed in the Oldowan across both space and time,
even in roughly contemporaneous localities such as
Lokalalei 1A and 2C (Delagnes & Roche, 2005; Kibunjia
1994) and Gona.

Although the work presented in this paper would
benefit from a larger, more diverse sample and longer
training times, the experimental exploration of the link
between uniformity and skill in the Early Stone Age is
a relatively novel approach. Given the results of previous
work on the importance of extended practice time in

knapper skill acquisition (Pargeter et al., 2019), we
expect the differences between actively taught and
observation-only novices to become even more signifi-
cantly different from one another and actively taught
novices to approach the expert’s level and range of vari-
ation as practice time increased. With a larger sample it
would be useful to incorporate a variety of raw materials
to investigate the intra-individual effects of raw material
properties and further establish archaeologically rel-
evant and compatible results. Further, the current exper-
iment included only one expert knapper/instructor,
which inherently creates some bias towards the idiosyn-
crasies and instructional style of that expert. This likely
contributes to some of the variation between our
results and other studies including expert stone
workers. Additional experiments may benefit from a
larger sample of experts as well as comparisons
between them to better understand how individual
expert variation affects both skill manifestation as well
as teaching/demonstration and thus transmission.

Better comparisons to currently known Oldowan
material need to be made to further contextualize our
results within the archaeological record, which requires
compatible datasets. By applying our adapted attri-
bute list to Oldowan archaeological assemblages we
can then begin doing these comparisons at a variety
of scales both spatial and temporal. This higher resol-
ution may shed light on how variability in the OIC
changes, if at all, over time and varies across space.
Perhaps as the result of variably skilled stone tool
markers within a species or different hominin species
endowed with fundamental differences in their tool-
making ability.

Conclusions

This study contributes to a growing body of research on
the cognitive and perceptual-motor foundations of
stone toolmaking skills by investigating the relative con-
tributions of direct-active teaching and skill differences
to core uniformity in Oldowan-like flaking systems. We
find that novice knappers produce significantly less
uniform core patterning and that direct active instruction
with language plays a role in increasing core uniformity
within novices. Our findings emphasize the critical role
of training, practice, and direct-active teaching in facilitat-
ing successful flake production even in relatively simple
Oldowan-like flaking systems. Even approximately 2 h of
dedicated practice was insufficient for novices in our
study to develop these skills. Instead they adopted strat-
egies that reduced flaking invasiveness and core
reduction intensity while increasing edge battering fre-
quencies. This included repeated failed attempts to
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overcome less than ideal platform conditions through
force alone resulting in blunted platforms and heavily
stepped flaking surfaces that further inhibited their
ability to flake efficiently. Actively taught novices dis-
played some improvement, but even that performance
fell significantly short of our expert after ∼2 h of training.
Novice cores thus remain well short of both modern
expert and Oldowan hominin performance, which
would likely have taken many hours to achieve. Placed
in a comparative framework with the tool skills of earlier
hominins, these relatively intense demands suggest that
biocultural mechanisms supporting apprenticeship learn-
ing would all have been likely targets of selection acting
on Oldowan toolmaking aptitudes.
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