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Stone toolmaking difficulty 
and the evolution of hominin 
technological skills
Antoine Muller1,2*, Ceri Shipton3,4 & Chris Clarkson2,5,6,7*

Stone tools are a manifestation of the complex cognitive and dexterous skills of our hominin 
ancestors. As such, much research has been devoted to understanding the skill requirements of 
individual lithic technologies. Yet, comparing skill across different technologies, and thus across the 
vast timespan of the Palaeolithic, is an elusive goal. We seek to quantify a series of commensurable 
metrics of knapping skill across four different lithic technologies (discoids, handaxes, Levallois, 
and prismatic blades). To compare the requisite dexterity, coordination, and care involved in each 
technology, we analysed video footage and lithic material from a series of replicative knapping 
experiments to quantify deliberation (strike time), precision (platform area), intricacy (flake size 
relative to core size), and success (relative blank length). According to these four metrics, discoidal 
knapping appears to be easiest among the sample. Levallois knapping involved an intricate reduction 
sequence, but did not require as much motor control as handaxes and especially prismatic blades. 
Compared with the other Palaeolithic technologies, we conclude that prismatic blade knapping is set 
apart by being a skill intensive means of producing numerous standardised elongate end-products.

Stone toolmaking has undergone a great deal of technological innovation throughout the last 3.3 million years, 
resulting in distinctive lithic technologies in different periods. Explaining why a particular technology emerged in 
a particular period requires an understanding of the innate requirements of each lithic technology. How efficient 
were certain technologies in terms of production time or raw material cost? How much hierarchical organisation 
was needed to understand them? How easily did they lend themselves to standardisation? And how difficult 
were they to knap? Previously, we have attempted to compare the variable levels of  efficiency1 and hierarchical 
 complexity2 involved in different lithic technologies. Here, we focus on the question of difficulty; how much skill 
do different lithic technologies require for their manufacture? We seek to approximate the requisite skill levels 
involved in discoidal, handaxe, Levallois, and prismatic blade knapping, which span much of the temporal and 
geographical history of stone tool making.

For decades, blade production was presumed to represent a dramatic leap in the technological capabilities of 
past hominins, and even became synonymous with our  species3–5. In response to this orthodoxy, Bar-Yosef and 
 Kuhn6 rightly questioned “the big deal about blades”, and since then there has been a gradual erosion of the traits 
once thought unique to prismatic blade technology. We now know that systematic blade production far pre-dates 
the emergence of Homo sapiens7,8. Prismatic blade technology is not more hierarchically complex than earlier 
Levallois  technology2, and blades are not markedly more efficient (at least until pressure blade technology) in 
terms of the amount of usable edge on all flakes produced compared with other direct percussion technologies 
of comparable  size1,9,10. However, the level of skill necessary for prismatic blade knapping in comparison with 
other technologies has not been previously tested.

The null hypothesis here is that all lithic technologies of the past involve the same amount of skill to manufac-
ture. Of course, we find this null hypothesis to be unlikely, simply by observing the sheer diversity of stone tools 
made by past hominins in different periods, as well as our own experiences of the difficulties of learning each 
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technology. We can compare for instance, two technologies that approximately bookend the vast swathe of lithic 
evolutionary history: Oldowan choppers and Neolithic Danish flint daggers. Choppers require only a handful of 
removals and the final artefact resembles the overall morphology of the original nodule from which it was made. 
Danish daggers on the other hand, involve a long and complex reduction sequence, requiring multiple percussors 
and knapping techniques, with a highly stylised end-product entirely unrelated to the shape of the original nod-
ule. We know intuitively that these technologies differ vastly in the level of skill required for their manufacture.

However, the inherent level of skill required for manufacturing other lithic technologies is perhaps less obvi-
ous. For instance, does a Levallois or a prismatic blade core require more skill to produce? Levallois reduction 
requires a long and hierarchically complex sequence of preparatory flake removals, while blade production 
requires intense platform preparation and a steady and precise hand to deliver blank removal blows. Which 
requires more skill? There may not be a straightforward answer, but thus far we lack any quantifiable way to 
compare the skill required for these technologies.

For individual technologies, a wide range of core and flake attributes have been derived archaeologically, 
ethnographically, and experimentally in order to model skill level. These attributes include a low rate of aberrant 
flake terminations (step, hinge or overshot), flakes with regular or standardised shapes, flakes that efficiently 
exploit the length of the core surface, and an absence of ineffective strikes on unsuitably high-angled surfaces 
or too far from the core’s  edge11–27.

What is common among these studies is that most seek to reconstruct skill level on individual or site-
based scales. Much recent research has been directed towards the process of skill acquisition among novice 
 knappers28–35. These studies have revealed a lot about how skill accumulates during the learning process and 
how variable levels of skill manifest in the archaeological record. To facilitate comparison between the learning 
trajectories of different knappers, each of these studies investigates skill levels in only a single mode of knapping.

In an attempt to make different stone tool types commensurable, we focus on inherent knapping properties 
(strike time, platform area, flake size, and relative blank length). By way of example, we can compare again an 
Oldowan chopper and a Danish dagger. In terms of strike time, knappers of choppers need not invest much 
time in their striking actions as each strike is accompanied by little risk. By contrast, the fine thinning removals 
of Danish daggers necessitate much care and deliberation before striking, as each flake removal is crucial for 
the next removal and for the overall appearance of the final artefact. The flakes removed during chopper and 
dagger knapping differ markedly too. While the flakes removed from choppers possess large cortical, plain, 
or dihedral  platforms36,37, the thinning flakes removed from Danish daggers typically have well-prepared and 
small  platforms38–41. The minimum level of strike precision required to successfully remove flakes on Oldowan 
choppers is obviously less than for the daggers. Similarly, the flakes removed from choppers are proportionally 
large relative to the core size, while those removed from daggers represent a much smaller fraction of the core, 
with many times more removed in the more intricate reduction sequence of the latter. To produce more flakes 
in a reduction sequence requires anticipation of future removals and maintenance of suitable platforms, so this 
measure may be related to hierarchical complexity. Removing flakes of a desired size and shape has wide margins 
of error during chopper manufacture, but making dagger thinning flakes of suitable length, without falling short 
or over-shooting the core surface, requires precise placement, angle, and strength of strikes. The stark difference 
between these two tool types makes their performance according to these four metrics readily apparent via a 
thought experiment only. For discoid, handaxe, Levallois, and prismatic blade knapping however, we require 
replicative experiments to quantify their deliberation (strike time), precision (platform area), intricacy (flake 
size), and success (relative blank length). These four traits will allow us to compare the requisite skill level for 
these four technologies.

Skill is comprised of a combination of innate physical and cognitive evolved characteristics, coupled with the 
accrual of experience via learning and  practice42. On the evolutionary side of this equation, the development of 
our hands and brains improved our ability to dexterously manipulate objects such as cores and hammerstones and 
conceptualise the process of knapping. Throughout our evolutionary history, our hands underwent significant 
changes, including the development of stronger and longer thumbs, larger joint surfaces, and unique muscle 
 architecture43–46. These derived traits accommodated the necessary grip strength and resistance to physical 
stresses associated with  knapping47,48, providing hominins with an increasing ability to deftly manipulate ham-
mers and cores. Meanwhile, evolutionary brain enlargement and changes in regions like the prefrontal, temporal 
and premotor  cortices49–54 may have enhanced hominin capacities for cognitive traits like working memory, 
procedural memory, expert cognition, and hierarchical cognition; traits that are all associated with skilful stone 
 toolmaking2,49,54–62.

The complex interplay between these physical and cognitive evolutionary traits establishes an upper limit 
on the level of skill that can be achieved by a hominin knapper. This theoretical maximum can be approached 
by years of experience. Experience can be accumulated via the interplay between declarative knowledge (con-
naissance) and implicit know-how (savoir faire), which are primarily acquired during learning and practice 
 respectively63,64. Of course, learning knowledge and practicing know-how are not mutually exclusive, but instead 
reinforce each other through positive feedback loops, in what has been called the helical  curriculum65,66. Together, 
this accrued experience allows knappers to approach the theoretical maximum level of skill determined by their 
evolutionary constraints.

So far, experimentally disentangling the contribution of evolution and experience has remained difficult, 
in part because we can observe modern knappers under experimental conditions, but we are of course unable 
to observe our hominin ancestors. Understandably therefore, most experimental studies of skill acquisition 
primarily quantify the portion of skill determined by experience, but not the portion determined by evolution. 
Directly measuring this latter portion of skill is nearly impossible, and not something we attempt here. However, 
we indirectly incorporate the evolutionary components of skill by approaching the problem from the opposite 



3

Vol.:(0123456789)

Scientific Reports |         (2022) 12:5883  | https://doi.org/10.1038/s41598-022-09914-2

www.nature.com/scientificreports/

direction. Instead of observing many knappers of variable skill levels making one technology, we observed one 
expert knapper making multiple technologies characteristic of different periods.

We estimate the level of skill required for each technology by quantifying aspects of difficulty for the experi-
mental knapper across discoidal, handaxe, Levallois, and prismatic blade knapping (Fig. 1). Importantly, the 
experimental knapper is abundantly familiar with all four technologies and has spent a similar amount of time 
learning and practicing each.

By quantifying difficulty, we are providing a proxy measure for the minimum level of skill required for the 
manufacture of these technologies, which estimates skill holistically, but blindly. We are unable to disentangle the 
portion of skill comprised of experience versus the portion comprised of evolutionary factors. However, we are 
not measuring skill in terms of experience alone, but rather the minimum level of skill necessary for past hominin 
knappers to successfully achieve a technology; the ‘minimum necessary competence’67. Past hominin knappers 
met this minimum required skill level with some combination of learning, practice, and evolved capacities.

Results
The results for deliberation (strike time), precision (platform area), intricacy (flake mass / total mass), and suc-
cess (blank length / core length) are shown in Fig. 2.

Deliberation. Figure 2a shows how strike times vary among the different technologies. When a knapper 
perceives a particular flake removal to be more difficult, they will invest more time in the lining-up and delivery 
of the strike. Here, all strikes were timed to the nearest tenth of a second, including both successful and unsuc-
cessful strikes (N = 3125). A Mann–Whitney pairwise comparison with a Bonferroni correction for multiple 
tests reveals that Levallois strikes involved significantly shorter durations than handaxe (U = 400,544, df = 2405, 
p < 0.001), discoidal (U = 132,177, df = 2006, p < 0.001), and prismatic blade (U = 173,583, df = 2225, p < 0.001) 
knapping. Meanwhile, flakes removed during the handaxe and discoidal experiments took a statistically equiva-

Figure 1.  The experimental setup and examples of the lithics.(a) Knapping footage. (b) Discoidal core and 
flakes. (c) Earlier (left) and later (right) handaxes. (d) Preferential Levallois core and flake. (e) Recurrent 
Levallois core and flakes. (f) and (g) Prismatic blade cores and blades.
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lent amount of time (U = 75,009, df = 898, p = 0.47). Lastly, prismatic blade knapping involved longer strike times 
than both handaxe (U = 94,642, df = 1117, p < 0.001) and discoidal (U = 37,339, df = 718, p < 0.001) strikes.

The elongate nature of blade cores may necessitate precise coordination of the platform, flaking surface, and 
distal end, which requires consideration of the consequences of the strike for the overall form of the piece rather 
than just the form of a single surface. On blade cores, mistakes are costly, with any repairs to the blank removal 
surface or platform resulting in significant reduction to the volume of the core.

Another element of knapping that reveals the knapper’s perception of difficulty is how frequently they switch 
hammers. In the series of experiments designed to test the validity of copper hammers as analogues for natu-
ral hammers (see the Supplementary File), the knapper chose from a range of different stone hammers and 
switched between them freely. Interestingly, Levallois knapping involved the most frequent hammer changes 
(0.83 switches/min), compared with blades (0.50 switches/min), discoids (0.16 switches/min), and handaxes 
(0.09 switches/min). This likely reflects the variety of tasks necessitated by Levallois knapping, wherein creating 
convexities, faceting platforms, and removing Levallois flakes are aided by hammers of different morphologies.

Precision. Figure 2b shows the strike precision, or the amount of tolerable error in where a core is struck; 
here measured by platform area. Only flakes with intact platforms are included here (N = 1052). Discoidal plat-
forms were significantly larger than Levallois platforms (U = 27,038, df = 692, p < 0.001), Levallois platforms 
were significantly larger than both handaxe (U = 34,889, df = 717, p < 0.001) and blade (U = 33,831.5, df = 726, 
p < 0.001) platforms, while the handaxe and blade platforms were comparable in size (U = 15,278, df = 358, 
p > 0.99). Handaxe and blade knapping thus require the highest strike precision, followed by Levallois and dis-
coidal knapping respectively. On prismatic cores precise strikes must be applied close to the edge and with the 
requisite amount of force to travel the length of the core without dissipating early or overshooting.

Intricacy. Figure 2c shows the intricacy of each technology, quantified by the mass of each flake as a ratio to 
the total mass of all flakes from the same core. Among the flakes produced during this experiment (N = 1509), 
those from the discoidal reduction sequences comprised on average a significantly greater proportion of flake 
mass compared with the flakes removed during the blade (U = 18,560, df = 453, p < 0.001), handaxe (U = 21,370, 
df = 521, p < 0.001), and Levallois (U = 36,370, df = 862, p < 0.001) iterations. Meanwhile, the flakes removed 
during blade and handaxe manufacture were statistically comparable (U = 47,410, df = 645, p = 0.46). Lastly, the 

Figure 2.  Results of the proxy measures for knapping difficulty. (a) Boxplot of the strike times (seconds) 
taken for Levallois (N = 1757, median = 0.53s), handaxe (N = 649, median = 0.60s), discoidal (N = 250, 
median = 0.60s), and prismatic blade (N = 469, median = 0.77s) knapping. (b) Boxplot of the flake platform area 
values for the discoidal (N = 150, med = 160.08mm2), Levallois (N = 543, med = 79.91mm2), handaxe (N = 175, 
med = 38.27mm2), and prismatic blade (N = 184, med = 38.53mm2) flakes. (c) Boxplot of individual flake 
mass versus total flake mass from the same core for the discoidal (N = 165, med = 0.0067), handaxe (N = 357, 
med = 0.0039), prismatic blade (N = 289, med = 0.0036), and Levallois (N = 698, med = 0.0024) iterations of this 
experiment. A logarithmic scale on the y-axis in b and c is used to better display the positively skewed data. (d) 
Histograms showing the percent of blank length to core length for the discoidal (N = 118, med = 90), Levallois 
(N = 18, med = 85) and prismatic blade (N = 169, med = 70) iterations.
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flakes removed during the Levallois reduction sequences were the smallest of all, being significantly smaller 
in terms of total flake mass compared with the handaxe (U = 110,800, df = 1054, p = 0.019), blade (U = 81,990, 
df = 986, p < 0.001), and discoidal (U = 36,370, df = 862, p < 0.001) flakes. In terms of proportional flake mass 
therefore, Levallois knapping required the most and smallest flakes, making it a more intricate technology to 
produce.

Success. Easier lithic technologies should be undertaken more successfully, with flakes travelling across a 
higher proportion of the core’s length. Figure 2d shows the theoretical ideal distribution of blank lengths com-
pared with the actual blank length proportions for discoidal, Levallois, and prismatic blade knapping. Kolmogo-
rov–Smirnov tests were used to compare the actual distributions of blank lengths with the ideal. Discoidal blanks 
(D = 0.12, p = 0.38), and to a lesser extent Levallois blanks (D = 0.38, p = 0.074), approximately conform to this 
ideal distribution, with most blanks between 70–100% of the core’s length. However, the prismatic blade sample 
includes many blanks that are shorter and longer than ideal, with a significantly flatter distribution (D = 0.32, 
p = 0.001). Compared with discoidal and Levallois knapping, removing prismatic blade blanks approaching the 
length of the core is thus more difficult.

A similar pattern emerges when we consider the proportion of different termination types for each technol-
ogy. Prismatic blade blanks more frequently possess aberrant terminations (27.22%), compared with discoidal 
(4.24%), and Levallois (11.11%) knapping, as well as a slightly higher breakage rate (23.08% compared with 
17.80% and 16.67% for discoids and Levallois respectively). Prismatic blade blanks are significantly more fre-
quently broken or possess an aberrant termination  (X2 = 24.40, p < 0.001).

For prismatic blades, the long and narrow blanks make successful removals more difficult, as the imparted 
force from the hammer has more chance to dissipate early, leaving a step or hinge termination. The biconical 
shape of discoidal cores makes removing relatively large flakes easier, while the lateral and distal convexities of 
Levallois upper core surfaces assist in making the blank terminate before the edge of the core.

Stone hammers. As explored in the Experimental Methods section, the Supplementary File contains a 
methodological test of the suitability of copper hammers as an analogue for natural hammers in this present 
study. This secondary set of experiments was conducted with the aim of ensuring no confounding influence 
from this choice of hammers, but it also serves to confirm the key findings of the main portion of this study. 
Regardless of hammer choice, prismatic blade knapping involved the longest strike times, smallest platform 
areas, and shortest blank lengths as a proportion of core length, while Levallois knapping involved the most 
intricate reduction sequences, in terms of relative flake masses (Supplementary File).

Discussion
Here, we compared for the first time the difficulty of producing four different lithic technologies representing 
some of the most significant innovations along the branching paths of lithic evolution. We explored how different 
technologies influence knapping outcomes. We hope future experimentation will incorporate multiple knappers 
of different skill levels to explore the complex interplay between the technologies, the skill of the knapper, and 
the final morphology of lithic artefacts produced. Additionally, different technologies could be chosen to explore 
knapping difficulty, and we hope future studies will examine a greater range of stone tool types made by different 
knappers. However, we chose these four technologies due to the thresholds they represent in defining periods of 
the Palaeolithic. By focussing on the more complex technologies of different periods, we can hope to approach 
an understanding of the technical and cognitive capacities of past hominins. Regardless of which technologies 
are chosen, the key challenge for quantifying skill lies in finding meaningful comparisons between them.

Discoidal, handaxe, Levallois, and prismatic blade technology possess markedly different goals, reduction 
sequences, and end-products, making comparisons difficult. We thus sought to identify commensurate traits that 
could chart the general difficulty involved in their manufacture. Deliberation (strike time), precision (platform 
area), intricacy (flake mass / total flake mass), and success (blank length / core length) all proved useful at dif-
ferentiating the technologies. Success (blank length / core length) could not be applied to handaxes, as core-tools 
do not involve blank removals, but otherwise, the four quantifications of knapping difficulty were applicable to 
the four technologies. Precision, intricacy, and success primarily relate to how strictly the knapper must apply 
their strikes in terms of location, angle, and force. The amount of tolerable error in strike position and success has 
clear implications for the physical components of skill such as manual dexterity and motor control. Meanwhile, 
strike time and frequency relate primarily to the difficulty level of each strike, as perceived by the knapper, and 
the overall difficulty of the sequence in terms of the cumulative number of accurate strikes.

Collectively, these metrics revealed the difficulty involved in the four technologies under investigation. Dis-
coidal flaking was repeatedly found to be the easiest among the sample, involving large platforms, large flakes 
relative to total mass, long blanks relative to flaking surface length, and short strike times.

Levallois technology involved the most intricate reduction sequence, involving the removal of the most and 
smallest flakes, in accordance with previous analyses showing that it is the most hierarchically  complex2. How-
ever, this long and complicated sequence of flake removals did not require the most attention and deliberation 
of the knapper. The strike times involved in Levallois knapping were the shortest among the sample, which lends 
support to previous studies suggesting Levallois draws considerably upon acquired  expertise58,68,69. The Leval-
lois blanks often approached the length of the core, overshooting only occasionally, showing flaking success was 
relatively easy to achieve.

Handaxes and prismatic blade cores appeared to require the most motor control. For instance, the platform 
area of flakes produced during handaxe and blade knapping were the smallest in the sample. Invasive and 
fragile bifacial thinning flakes require a very precise application of force, close to the core edge, thus resulting 
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in small platforms. Similarly, long blade removals require precise strikes on small, prepared platforms. Beyond 
precision, blade blanks possessed the shortest length relative to cores, accompanied by the highest frequency 
of breakages and aberrant terminations. Moreover, in terms of core preparation, blade technology involved the 
longest strike times.

The null hypothesis that all technologies examined would require the same level of skill can be confidently 
discarded. Instead, much variability is noted throughout the evolution of lithic technology, with technologies 
like handaxes and prismatic blade cores requiring a great deal of dexterity and motor control. In terms of the 
quantifications of difficulty we employed, prismatic blade production was in three out of four cases found to be 
the most challenging of the technologies investigated.

Why then, at particular times in particular regions, did hominins transition from comparably easier technolo-
gies to more difficult ones like handaxes and prismatic blade technology? It is possible that both technologies 
fulfil functional necessities that offset the greater production costs associated with more skilfully demanding 
technologies. They may represent different strategies for achieving similar goals. For instance, handaxes provide 
a long and durable use-edge that can be repeatedly retouched. Similarly, an explanation for the manufacture of 
blades despite being more skilfully taxing may lie in their elongate and standardised morphology, offering two 
long and straight cutting-edges. Prismatic blade cores produce many such blanks of predetermined form. From 
our experiment, of all the flakes produced during Levallois knapping, only 2.58% were predetermined blanks, 
compared with 40.83% of flakes produced during blade core knapping. For discoidal knapping, 100% of the flakes 
removed during the sequence can perhaps be considered blanks, but none of these are of predetermined form.

Both Levallois and blade cores involve methods of shaping that influence the morphology of the resultant 
blanks. With hafting technology likely emerging among Levallois-producing  hominins70–74, this predetermina-
tion may be a response to the need for the predictable end-products that can be attached to a haft. Shifts to blade 
production may have been driven by the need for greater levels of standardisation, such as when repairing hafted 
tools or hafting inserts in  series75. More work is needed to demonstrate the extent to which Levallois blanks and 
prismatic blade blanks can be standardised. At the very least however, by the Epipalaeolithic and Neolithic, when 
small, standardised blades were used as serially hafted inserts in tools like sickles, prismatic blade production 
was meeting this need for multiple standardised  blanks76,77.

Prismatic blade production was once thought to represent a dramatic leap in the technological complexity of 
past hominins, but this view has become unpopular in recent decades. However, across almost all proxy measures 
for knapping difficulty tested here, prismatic blade knapping consistently required the most skill. Collating our 
findings from other analyses regarding the  complexity2,  efficiency1, and skill (present study) of these four differ-
ent technologies, we can start to encapsulate how these technologies differ in terms of their inherent properties 
(Fig. 3). Discoidal technology involves lower relative levels of all three traits. Varied levels of complexity and 
skill can be invested in the production of handaxes, producing many usable flakes and one long, robust use-edge. 
Meanwhile, Levallois technology requires moderate skill, produces moderate amounts of efficiency, but requires 
heightened hierarchical complexity. Lastly, prismatic blade technology involves less hierarchical complexity than 
Levallois, and slightly greater efficiency, but a markedly higher level of skill. Compared with other Palaeolithic 
technologies therefore, prismatic blade knapping is set apart by being a skilful means of producing a high number 
of predetermined blanks.

Figure 3.  Visual approximation of the inherent traits of the technologies investigated here. 3D scatter plot of 
the skill, efficiency and hierarchical complexity involved in (a) discoidal, (b) handaxe, (c) Levallois, and (d) 
prismatic blade knapping.
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Methods
As we seek to investigate the level of knapping skill possessed by hominins during different periods of our evo-
lutionary past, it is important that we examine technologies that approach the technological and skilful limits 
of these periods. For this reason, we chose four technologies that were integral to the history of technological 
evolution and represent new conceptual leaps and innovations in stone toolmaking: discoidal, handaxe, Leval-
lois, and prismatic blade  knapping78,79. To ensure experimental control and repeatability, the knapper closely 
followed known reduction sequences derived both archaeologically and experimentally.

Sample. Recognised from at least 1.65 mya, and lasting for more than 1.5 million years, handaxes represent 
a key innovation in the history of lithic evolution. For the experiment, they were knapped according to archaeo-
logical and experimental reduction  sequences80–83, with two equivalent hemispheres maintained via bifacial flak-
ing that exploits the flake scar from the previous strike as the platform for the subsequent strike. The stages of 
handaxe manufacture identified by  Newcomer81 were followed by the experimental knapper, namely roughing-
out, thinning and shaping, followed by marginal trimming. For the two earlier Acheulean handaxe iterations of 
the experiment, only minimal thinning and finishing was undertaken to better conform to the larger and slightly 
cruder handaxes found in the earlier stages of the Acheulean. The shaping stage was aimed at establishing a 
rounded base and either a pointed or ovate tip, with an axis of symmetry between this tip and base.

Discoidal knapping, a common technology in the Middle Palaeolithic, involved removing flakes bifacially in a 
centripetal and cordal/tangential pattern, creating a biconical and self-maintaining  core84–86. Each flake removal 
leaves a scar which serves as a low angled platform from which further flakes can be removed from the opposing 
face. For the experiment, the knapper followed Boëda’s84 volumetric conception of Middle Palaeolithic discoidal 
reduction, as well as  archaeological87,88 and  experimental9,89–91 accounts of this technology. The goal of discoidal 
reduction throughout the experiment was to produce as many large, thick flakes from the core as possible while 
maintaining a biconical and radial core shape. The resultant flakes included the relatively diverse products typical 
of discoidal reduction, including rectangular, square, and triangular flakes, as well as pseudo-Levallois flakes, 
and pseudo-blades9,84,91. These flakes possessed mostly plain and dihedral  platforms90. The discoidal reduction 
conducted in this experiment is closer to that seen in the Middle Palaeolithic than the more ad-hoc and rela-
tively ephemeral appearance of bifacial centripetal flaking patterns occasionally occurring in the  Oldowan21,92,93.

Following well known reduction  sequences94–97, preferential and recurrent varieties of Levallois knapping were 
conducted by establishing a hierarchical plane of intersection between the upper and lower core hemispheres via 
radial flaking. Unlike discoidal cores, where the interchangeable flaking surfaces are at an angle to the plane of 
intersection, with increasing convexity as flaking  proceeds84,87,88, the Levallois flaking surface is approximately 
parallel to the plane of intersection. Distal and lateral convexities were maintained on the upper hemisphere with 
shorter dihedral flakes. The platforms for Levallois blank removals were carefully faceted and, when necessary, 
shaped into chapeau de gendarme platforms. Of the five Levallois iterations, one was preferential, two were recur-
rent centripetal, and two were recurrent point varieties. Levallois flakes were knapped with the aim of removing 
as much of the upper hemisphere surface as possible, without overshooting the distal or lateral margins.

Lastly, unidirectional prismatic blade knapping involved preparing a strong striking platform, either flat or 
slightly concave in shape, and removing as many blades as possible from the core face following known reduc-
tion  sequences9,98–101. The striking platform was maintained via faceting and abrasion throughout the reduction 
sequences. Core tablet (platform rejuvenation) flakes were removed where necessary. The three blade cores 
knapped for this experiment were all unidirectional, and one involved the use of cresting following archaeologi-
cal  examples102,103. While the method was unidirectional, removals from the distal or lateral surfaces of the core 
were undertaken to maintain the morphology of the flaking surface. Prismatic blades were removed by exploiting 
long ridges on the core surface, with each removal creating two new ridges along which further blades could be 
knapped. This generalised method of unidirectional, direct percussion, prismatic blade production was followed 
throughout the experiment. Prismatic blades have been found since the later Middle  Pleistocene7,8,104,105, but 
became more common and formalised in the Upper  Palaeolithic106.

Experimental methods. These four lithic technologies were knapped by an experimental knapper (CC) 
using the same highly cryptocrystalline Texan flint under controlled laboratory conditions. The knapping was 
filmed, and each flake produced (N = 1509) collected in sequence for later analysis. Every action (strike, core 
rotation, platform preparation etc.) was timed to the nearest tenth of a second using this footage. Summary data 
for the 14 reduction sequences that were filmed for this study are shown in the Supplementary Data file.

By using one experimental knapper, experience and evolutionary morphology was kept constant, allow-
ing us to use quantifications of difficulty to estimate the minimum level of skill required for the four different 
technologies. The experiment was conducted with a view to analysing hierarchical complexity and the resultant 
data was only reanalysed in retrospect to address the present questions, so the knapper was at the time naïve to 
the goal and metrics of the experiment.

For all reduction sequences the experimental knapper used the same copper-headed billet as an analogue 
for natural hammers like those made of antler, wood, bone, or stone. Copper is similar in hardness to natural 
hammers, while allowing more experimental control. Moreover, we previously found the flakes produced with 
copper-headed billets to be indistinguishable from those produced with common natural soft-hammers1. Cop-
per is obviously anachronistic to the Palaeolithic but was chosen here to maximise experimental control and 
reproducibility. Actual hammers used in the Palaeolithic are diverse, and the specific hammer used to knap a 
specific core is very rarely able to be determined. As such, selecting only one natural hammer to use throughout 
this experiment, or allowing the knapper to use multiple hammer types would introduce much unwanted vari-
ability. Moreover, no two natural hammers are the same, in terms of morphology and physical properties, making 
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experiments with machine-made copper hammers considerably more reproducible. If such a hammer breaks dur-
ing an experiment, it can be exactly replaced. For these reasons, we chose to use a single copper-headed hammer 
for the primary portion of the experiment. However, to ensure that this choice did not introduce confounding 
variability, we also conducted a second series of experiments using only stone hammers as a secondary test of 
this method. The findings of the experiment can only be considered valid if the results obtained using a copper 
hammer are similar to those obtained with the stone hammers.

See the Supplementary File for the results of this methodological test. Importantly, every measure considered 
in this study performed similarly under the two test conditions: copper hammer and stone hammers. Thus. for 
this experiment at least, the use of a copper hammer does not add confounding influence to the results. Of course, 
for more replicative experiments aimed at reconstructing past knapping methods and reduction sequences, we 
caution against the use of copper hammers. But we find them suitable for lithic experiments conducted under 
laboratory conditions requiring tight experimental control. This is in line with much modern lithic experimenta-
tion, where more control necessitates more anachronism. For example, the most controlled lithic experiments are 
those conducted with ball bearings or pistons on glass  cores107–110. None of these items are present in prehistory, 
yet these experiments have revealed much about fracture mechanics and past human behaviour.

The data for this present study centres on the timed footage and measured flakes produced during the primary 
14 repetitions of the experiment (not the 4 repetitions from the method validation study conducted with stone 
hammers). More iterations of each technology were conducted for those that possess a greater number of vari-
ants. For instance, five Levallois reduction sequences were knapped to encompass preferential, recurrent, and 
point variants of this technology. Meanwhile two handaxes were produced using simple shaping techniques that 
resemble those in the earlier parts of the Acheulean, and two were produced using complex thinning techniques, 
such as turning the edge and platform preparation, that resemble some in the later parts of the Acheulean. See 
the Supplementary Data file for a summary table of these 14 iterations of the experiment.

Despite the wide range of technologies and variations under investigation, they all involve different combina-
tions of the same physical gestures or actions, and all involve the creation of flakes. Due to these shared qualities, 
exploring the time taken for particular knapping actions and the morphology of the resultant flakes allows us to 
compare these otherwise markedly different technologies. We therefore seek to identify metrics of these actions 
and flakes that quantify knapping difficulty, which are also shared among the different technologies.

Deliberation. Whether consciously, or subconsciously, a knapper must choose how much time they invest 
into an individual flake removal. A knapper is likely to take great care and spend more time ‘lining-up’ a strike 
when it is more difficult to successfully remove. Shorter strike times occur when difficulty is low, and the flaking 
can be approached more haphazardly.

During these experiments, every action involved in knapping was timed to the nearest tenth of a second using 
the video player timestamp, including each individual strike against the core. This allows us to compare the strike 
time for each of the four technologies under investigation here, which is the duration between the moment the 
hammer is placed near the point on the core where it is to be struck, to the moment the flake is removed by the 
strike. This includes any small motions that withdraw the hammer from the core in order to ‘line-up’ a strike, 
as well as the time taken to draw-back the hammer-holding hand prior to the blow, and finally the time taken 
to deliver the blow.

In a sense, this is a phenomenological measure of how much the knapper deems a strike to be important and 
difficult. It is thus a subjective measure when comparing different knappers, but internally consistent when the 
strike times of only one knapper are compared, as was done here. In this way, strike time reveals much about 
how knappers apportion their time and about the difficulty level they personally perceive.

Precision. A key component of knapping skill is the dexterous manipulation of hammers and cores. The abil-
ity to strike a core’s platform precisely with sufficient force is the difference between a successful flake removal 
and a flake with an aberrant termination or no removal at all. Strike precision has been used to quantify knapper 
skill before, with knappers of different skill levels asked to mark their intended impact point on the  core15,29. The 
difference between the intended and actual impact point provides a useful metric for knapper strike precision, 
with skilled knappers striking close to their intended mark.

Rather than focussing on the difference among knappers of different skill levels, here we are interested in the 
inherent differences among various technologies. By virtue of their core morphology and associated fracture 
mechanics, flakes struck with great precision close to the platform edge result in small platforms. Even a small 
deviation from that actual impact point would have resulted in a vastly different removal, or even more likely, no 
removal at all. Meanwhile, for flakes with large platforms, a similarly successful flake could have been removed 
even if the knapper struck the core a few centimetres away from the actual impact point.

Platform area (platform width x platform thickness) is therefore a proxy measure for the amount of tolerable 
error in strike precision. Technologies that routinely produce flakes with smaller platforms allow for less error 
and thus require more precision. We are not measuring the precision of strikes for a particular flake (a trait 
inherent to the knapper), but rather we are measuring the minimum required amount of striking precision (a 
trait inherent to each of the technologies).

Intricacy. More difficult and complicated technologies should involve a larger number of small flakes. The 
mass of each flake removal as a proportion of the total mass of all flakes removed from the core offers a quantifi-
cation of knapping intricacy. Mass was recorded with digital scales to the nearest hundredth of a gram.

Technologies that require more flakes and smaller flakes are inherently more difficult, as to sustain suitable 
platforms for many removals, blows to the core must be precise and appropriately angled and imparted within 
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a narrow range of force. By contrast, larger flakes allow greater leeway in these variables, and are therefore more 
forgiving of the knapping errors that occur frequently among less skilled knappers.

Success. To remove a flake of a desired size and shape requires careful control of strike placement, angle, and 
force. The efficiency of core surface exploitation has previously been used by Eren et al.24 to chart skill acquisition 
during the Levallois learning process. They used the proportion of flake surface area to core ventral surface area 
as a measure of how well the knappers established their core morphology and controlled the placement, angle, 
and force of their final strike.

To make comparisons between technologies easier, we compared the proportion of each blank removal’s 
length to the length of the core at the point of its removal. Here, we make a distinction between blank removals 
and preparatory removals. Preparatory removals are flakes that serve to shape the core for later blank removals, 
while blank removals are the desired flakes removed from a core with the intention to either use as an unre-
touched tool, or to retouch into a specific tool type. Blanks must also satisfy typological constraints. For instance, 
blade blanks must be at least twice as long as they are wide, with parallel or convergent lateral margins. The 
handaxe iterations of the experiment were excluded from this metric as they are not primarily made to create 
blanks. Of course, the flakes involved in producing handaxes could be used as  blanks111, but most agree that their 
primary function is the thinning and shaping of core-tools.

We assume that for discoidal, Levallois, and prismatic blade knapping, an efficient and desired blank removal 
will as closely as possible approach 100% of the core’s length, without overshooting. For Levallois and blade cores 
this core length is measured orthogonally from the platform surface to the end of the core, while for discoids, 
the maximum core length is measured from the intersection of the hemispheres where the flake was struck to 
the central apex of the core’s biconical morphology. The ratio of blank length to core length could not be physi-
cally measured, as that would involve interrupting the knapping process and potentially influencing the natural 
decision-making process of the knapper. Instead, we used the knapping footage to visually estimate the propor-
tion of blank to core length in increments of 10%. As each blank was removed, the length of its negative scar was 
compared to the length of the core at the time of blank removal.

Ideally, blanks should mostly be around 70–100% of the core’s length. Blanks less than 70% have consumed a 
viable platform without exploiting much of the core’s surface. Conversely, blanks greater than 100% have overshot, 
both shortening the core’s flaking surface and resulting in a flake with a bulky and dull termination. Technologies 
for which it is less difficult to efficiently remove flakes should have very few overshot blanks.

Data availability
All data generated or analysed during this study are included in this published article (and its supplementary 
information files).

Received: 14 September 2021; Accepted: 17 March 2022

References
 1. Muller, A. & Clarkson, C. Identifying major transitions in the evolution of lithic cutting edge production rates. PLoS One 11, 

e0167244 (2016).
 2. Muller, A., Clarkson, C. & Shipton, C. Measuring behavioural and cognitive complexity in lithic technology throughout human 

evolution. J. Anthropol. Archaeol. 48, 166–180 (2017).
 3. Mellars, P. Major issues in the emergence of modern humans. Curr. Anthropol. 30, 349–385 (1989).
 4. Mellars, P. Technological changes across the Middle-Upper Palaeolithic transition: Economic, social and cognitive perspectives. 

In The Human Revolution: Behavioural and Biological Perspectives on the Origins of Modern Humans (eds Mellars, P. & Stringer, 
C.) 338–365 (Edinburgh University Press, 1989).

 5. Foley, R. Hominid species and stone-tool assemblages: How are they related?. Antiquity 61, 380–392 (1987).
 6. Bar-Yosef, O. & Kuhn, S. L. The big deal about blades: Laminar technologies and human evolution. Am. Anthropol. 101, 322–338 

(1999).
 7. Johnson, C. R. & McBrearty, S. 500,000 year old blades from the Kapthurin Formation, Kenya. J. Hum. Evol. 58, 193–200 (2010).
 8. Wilkins, J. & Chazan, M. Blade production ∼500 thousand years ago at Kathu Pan 1, South Africa: Support for a multiple origins 

hypothesis for early Middle Pleistocene blade technologies. J. Archaeol. Sci. 39, 1883–1900 (2012).
 9. Eren, M. I., Greenspan, A. & Sampson, C. G. Are Upper Paleolithic blade cores more productive than Middle Paleolithic discoidal 

cores? A replication experiment. J. Hum. Evol. 55, 952–961 (2008).
 10. Hoggard, C. S. & Stade, C. M. The efficiency of Middle Palaeolithic technological blade strategies: An experimental investigation. 

Lithics 39, 52–67 (2018).
 11. Assaf, E., Barkai, R. & Gopher, A. Knowledge transmission and apprentice flint-knappers in the Acheulo-Yabrudian: A case 

study from Qesem Cave, Israel. Quat. Int. 398, 70–85 (2016).
 12. Bleed, P. Skill matters. J. Archaeol. Method Theory 15, 154–166 (2008).
 13. Hirth, K. & Andrews, B. Pathways to prismatic blades: Sources of variation in Mesoamerican lithic technology. In Pathways to 

Prismatic Blades: A Study in Mesoamerican Obsidian Core-Blade Technology (eds Hirth, K. & Andrews, B.) 1–14 (The Cotsen 
Institute of Archaeology, University of California, 2002).

 14. Nichols, J. & Allstadt, D. J. Hinge fracture rates of novice flintknappers. Lithic Technol. 7, 1–2 (1978).
 15. Nonaka, T., Bril, B. & Rein, R. How do stone knappers predict and control the outcome of flaking? Implications for understand-

ing early stone tool technology. J. Hum. Evol. 59, 155–167 (2010).
 16. Shelley, P. H. Variation in lithic assemblages: An experiment. J. F. Archaeol. 17, 187–193 (1990).
 17. Stout, D. Skill and cognition in stone tool production: An ethnographic case study from Irian Jaya. Curr. Anthropol. 43, 693–722 

(2002).
 18. Stout, D. & Semaw, S. Knapping skill of the earliest stone toolmakers: Insights from the study of modern human novices. In The 

Oldowan Case Studies into the Earliest Stone Age (eds Toth, N. & Schick, K.) 307–320 (Stone Age Institute Press, 2006).
 19. Toth, N. & Schick, K. D. A comparative study of the stone tool-making skills of Pan, Australopithecus, and Homo sapiens. In 

The Oldowan: Case Studies into the Earliest Stone Age (eds Schick, K. & Toth, N.) 155–222 (Stone Age Institute Press, 2006).



10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:5883  | https://doi.org/10.1038/s41598-022-09914-2

www.nature.com/scientificreports/

 20. Carroll, S. Tracking Flintknapper Skill Variation Through Debitage: An Experimental Approach. MA Thesis. University of 
Wyoming (2016).

 21. De La Torre, I. Omo revisited: Evaluating the technological skills of pliocene hominids. Curr. Anthropol. 45, 439–465 (2004).
 22. Delagnes, A. & Roche, H. Late Pliocene hominid knapping skills: The case of Lokalalei 2C, West Turkana, Kenya. J. Hum. Evol. 

48, 435–472 (2005).
 23. Eren, M. I., Lycett, S. J., Roos, C. I. & Sampson, C. G. Toolstone constraints on knapping skill: Levallois reduction with two 

different raw materials. J. Archaeol. Sci. 38, 2731–2739 (2011).
 24. Eren, M. I., Bradley, B. A. & Sampson, C. G. Middle Paleolithic skill level and the individual knapper: An experiment. Am. Antiq. 

76, 229–251 (2011).
 25. Finlay, N. Blank concerns: Issues of skill and consistency in the replication of Scottish later Mesolithic blades. J. Archaeol. Method 

Theory 15, 68–90 (2008).
 26. Geribàs, N., Mosquera, M. & Vergès, J. M. What novice knappers have to learn to become expert stone toolmakers. J. Archaeol. 

Sci. 37, 2857–2870 (2010).
 27. Harmand, S. et al. 3.3-million-year-old stone tools from Lomekwi 3, West Turkana, Kenya. Nature 521, 310–315 (2015).
 28. Pargeter, J., Khreisheh, N. & Stout, D. Understanding stone tool-making skill acquisition: Experimental methods and evolution-

ary implications. J. Hum. Evol. 133, 146–166 (2019).
 29. Pargeter, J., Kreisheh, N., Shea, J. J. & Stout, D. Knowledge vs. know-how? Dissecting the foundations of stone knapping skill. J. 

Hum. Evol. 145, 102807 (2020).
 30. Stade, C. M. Lithic Morphological Variability as a Proxy for Palaeolithic Linguistic Ability: A Knapping Training Study Exploring 

Cultural Transmission, Theory of Mind and Language. PhD Thesis. University of Southampton (2017).
 31. Putt, S. S., Woods, A. D. & Franciscus, R. G. The role of verbal interaction during experimental bifacial stone tool manufacture. 

Lithic Technol. 39, 96–112 (2014).
 32. Lombao, D., Guardiola, M. & Mosquera, M. Teaching to make stone tools: New experimental evidence supporting a technologi-

cal hypothesis for the origins of language. Sci. Rep. 7, 1–14 (2017).
 33. Cataldo, D. M., Migliano, A. B. & Vinicius, L. Speech, stone tool-making and the evolution of language. PLoS One 13, e0191071 

(2018).
 34. Morgan, T. J. H. et al. Experimental evidence for the co-evolution of hominin tool-making teaching and language. Nat. Commun. 

6, 6029 (2015).
 35. Ohnuma, K., Aoki, K. & Akazawa, T. Transmission of tool-making through verbal and non-verbal communication: Preliminary 

experiments in Levallois flake production. Anthropol. Sci. 105, 159–168 (1997).
 36. Toth, N. The Oldowan reassessed: A close look at early stone artifacts. J. Archaeol. Sci. 12, 101–120 (1985).
 37. Semaw, S. The world’s oldest stone artefacts from Gona, Ethiopia: Their implications for understanding stone technology and 

patterns of human evolution between 2.6–1.5 million years ago. J. Archaeol. Sci. 27, 1197–1214 (2000).
 38. Apel, J. Knowledge, know-how and raw material—The production of Late Neolithic flint daggers in Scandinavia. J. Archaeol. 

Method Theory 15, 91–111 (2008).
 39. Callahan, E. Neolithic Danish daggers: An experimental peek. In Skilled Production and Social Reproduction: Aspects of Tradi-

tional Stone-Tool Technologies (eds Apel, J. & Knutsson, K.) 115–137 (Societas Archaeologica Upsaliensis, 2006).
 40. Nunn, G. R. Using the Jutland type IC Neolithic Danish dagger as a model to replicate parallel, edge-to-edge pressure flaking. In 

Skilled Production and Social Reproduction: Aspects of Traditional Stone-Tool Technologies (eds Apel, J. & Knutsson, K.) 81–113 
(Societas Archaeologica Upsaliensis, 2006).

 41. Stafford, M. In search of Hindsgavl: Experiments in the production of Neolithic Danish flint daggers. Antiquity 72, 338–349 
(1998).

 42. Stout, D. The cognitive science of technology. Trends Cogn. Sci. 25, 964–977 (2021).
 43. Marzke, M. W. Tool making, hand morphology and fossil hominins. Philos. Trans. Royal Soc. B:Biol. Sci. 368(1630), 20120414 

(2013).
 44. Marzke, M. W. Precision grips, hand morphology, and tools. Am. J. Phys. Anthropol. 102, 91–110 (1997).
 45. Rolian, C., Lieberman, D. E. & Zermeno, J. P. Hand biomechanics during simulated stone tool use. J. Hum. Evol. 61, 26–41 

(2011).
 46. Susman, R. L. Fossil evidence for early hominid tool use. Science 265, 1570–1573 (1994).
 47. Key, A. J. M. Manual loading distribution during carrying behaviors: Implications for the evolution of the hominin hand. PLoS 

One 11, e0163801 (2016).
 48. Key, A. J. M. & Dunmore, C. J. The evolution of the hominin thumb and the influence exerted by the non-dominant hand during 

stone tool production. J. Hum. Evol. 78, 60–69 (2015).
 49. Stout, D., Hecht, E., Khreisheh, N., Bradley, B. & Chaminade, T. Cognitive demands of Lower Paleolithic toolmaking. PLoS One 

10, e0121804 (2015).
 50. Uomini, N. T. & Meyer, G. F. Shared brain lateralization patterns in language and Acheulean stone tool production: A functional 

transcranial doppler ultrasound study. PLoS One 8, e72693 (2013).
 51. Putt, S. S., Wijeakumar, S., Franciscus, R. G. & Spencer, J. P. The functional brain networks that underlie Early Stone Age tool 

manufacture. Nat. Hum. Behav. 1, 1–8 (2017).
 52. Schoenemann, P. T. Evolution of the size and functional areas of the human brain. Annu. Rev. Anthropol. 35, 379–406 (2006).
 53. Stout, D., Toth, N., Schick, K., Stout, J. & Hutchins, G. Stone tool-making and brain activation: Position emission tomography 

(PET) studies. J. Archaeol. Sci. 27, 1215–1223 (2000).
 54. Stout, D., Toth, N., Schick, K. & Chaminade, T. Neural correlates of early stone age toolmaking: Technology, language and 

cognition in human evolution. Philos. Trans. R. Soc. B 363, 1939–1949 (2008).
 55. Shipton, C. Hierarchical organization in the Acheulean to Middle Palaeolithic transition at Bhimbetka, India. Camb. Archaeol. 

J. 26, 601–618 (2016).
 56. Wynn, T. & Coolidge, F. L. Technical cognition, working memory and creativity. Pragmat. Cogn. 22, 45–63 (2014).
 57. Coolidge, F. L. & Wynn, T. Executive functions of the frontal lobes and the evolutionary ascendancy of Homo sapiens. Cambridge 

Archaeol. J. 11, 255–260 (2001).
 58. Wynn, T. & Coolidge, F. L. The expert Neandertal mind. J. Hum. Evol. 46, 467–487 (2004).
 59. Herzlinger, G., Wynn, T. & Goren-Inbar, N. Expert cognition in the production sequence of Acheulian cleavers at Gesher Benot 

Ya’aqov, Israel: A lithic and cognitive analysis. PLoS One 12, e0188337 (2017).
 60. Coolidge, F. L. & Wynn, T. Working memory, its executive functions, and the emergence of modern thinking. Cambr. Archaeol. 

J. 15, 5–26 (2005).
 61. Sumner, T. A. Psychological components of Middle Paleolithic technology: The proceduralization of lithic core reduction. J. 

Anthropol. Archaeol. 30, 416–431 (2011).
 62. Shipton, C. et al. Generativity, hierarchical action and recursion in the technology of the Acheulean to Middle Palaeolithic 

transition: A Perspective from Patpara, the Son Valley, India. J. Hum. Evol. 65, 93–108 (2013).
 63. Pelegrin, J. Prehistoric lithic technology: Some aspects of the research. Archaeol. Rev. Cambr. 9, 117–125 (1990).



11

Vol.:(0123456789)

Scientific Reports |         (2022) 12:5883  | https://doi.org/10.1038/s41598-022-09914-2

www.nature.com/scientificreports/

 64. Pelegrin, J. A framework for analysing prehistoric stone tool manufacture and a tentative application to some early stone indus-
tries. In The Use of Tools by Human and Non-Human Primates (eds Bethelet, A. & Chavaillon, J.) 303–317 (Clarendon Press, 
1993).

 65. Shipton, C. & Nielsen, M. The acquisition of biface knapping skill in the Acheulean. In Evolution of Primate Social Cognition 
(eds Di Paolo, L. et al.) 283–297 (Springer, 2018).

 66. Whiten, A. Experimental studies illuminate the cultural transmission of percussive technologies in homo and pan. Philos. Tran. 
R. Soc. B Biol. Sci. 370, 20140359 (2015).

 67. Wynn, T. Piaget, stone tools and the evolution of human intelligence. World Archaeol. 17, 32–43 (1985).
 68. Wynn, T. & Coolidge, F. L. How Levallois reduction is similar to, and not similar to, playing chess. In Stone Tools and the Evolu-

tion of Human Cognition (eds Nowell, A. & Davidson, I.) 83–103 (University Press of Colorado, 2010).
 69. Wynn, T. & Coolidge, F. L. The expert performance model of Neandertal cognition. In Learning Among Neanderthals and 

Palaeolithic Modern Humans: Archaeological Evidence (eds Nishiaki, Y. & Jöris, O.) 23–34 (Springer, 2019).
 70. Degano, I. et al. Hafting of Middle Paleolithic tools in Latium (central Italy): New data from Fossellone and Sant’Agostino caves. 

PLoS One 14, e0213473 (2019).
 71. Koller, J., Baumer, U. & Mania, D. High-tech in the Middle Palaeolithic: Neandertal-manufactured pitch identified. Eur. J. 

Archaeol. 4, 385–397 (2001).
 72. Mazza, P. P. A. et al. A new Palaeolithic discovery: Tar-hafted stone tools in a European Mid-Pleistocene bone-bearing bed. J. 

Archaeol. Sci. 33, 1310–1318 (2006).
 73. Pawlik, A. F. & Thissen, J. P. Hafted armatures and multi-component tool design at the Micoquian site of Inden-Altdorf, Germany. 

J. Archaeol. Sci. 38, 1699–1708 (2011).
 74. Rots, V. Insights into early Middle Palaeolithic tool use and hafting in Western Europe. The functional analysis of level IIa of 

the early Middle Palaeolithic site of Biache-Saint-Vaast (France). J. Archaeol. Sci. 40, 497–506 (2013).
 75. Tomasso, A. et al. Gravettian weaponry: 23,500-year-old evidence of a composite barbed point from Les Prés de Laure (France). 

J. Archaeol. Sci. 100, 158–175 (2018).
 76. Clarkson, C., Hiscock, P., Mackay, A. & Shipton, C. Small, sharp, and standardized: Global convergence in backed-microlith 

technology. In Convergent Evolution in Stone-Tool Technology (eds O’Brien, M. J. et al.) 175–200 (MIT Press, 2019).
 77. Larsson, L., Sjöström, A. & Heron, C. The Rönneholm arrow: A find of a wooden arrow-tip with microliths in the Bog Rön-

neholms Mosse, Central Scania, Southern Sweden. Lund Archaeol. Rev. 22, 7–20 (2016).
 78. Clark, G. World Prehistory: A New Outline (Cambridge University Press, 1969).
 79. Shea, J. J. Lithic modes A-I: A new framework for describing global-scale variation in stone tool technology illustrated with 

evidence from the East Mediterranean Levant. J. Archaeol. Method Theory 20, 151–186 (2013).
 80. Bordes, F. Typologie du Paléolithique ancien et moyen (CNRS, 1961).
 81. Newcomer, M. H. Some quantitative experiments in handaxe manufacture. World Archaeol. 3, 85–94 (1971).
 82. Roche, H. & Texier, P.-J. La notion de complexité dans un ensemble lithique. Application aux séries acheuléennes d’Isenya 

(Kenya). In 25 ans d’Etudes technologiques en Préhistoire 99–108 (APDCA, 1991).
 83. Roe, D. A. British lower and middle palaeolithic handaxe groups. Proc. Prehist. Soc. 34, 1–82 (1969).
 84. Boëda, E. L. débitage discoïde et le débitage Levallois récurrent centripède. Bull. la Société Préhistorique Française 90, 392–404 

(1993).
 85. Peresani, M. Discoid Lithic Technology: Advances and Implications. BAR International Series (Archaeopress, 2003).
 86. Terradas, X. Discoid flaking method: Conception and technological variability. In Discoid Lithic Technology: Advances and 

Implications. BAR International Series (ed. Peresani, M.) 19–32 (Archaeopress, 2003).
 87. Delpiano, D. & Peresani, M. Exploring Neanderthal skills and lithic economy. The implication of a refitted Discoid reduction 

sequence reconstructed using 3D virtual analysis. Comptes Rendus Palevol 16, 865–877 (2017).
 88. Peresani, M. L. variabilité du débitage discoïde dans la grotte de Fumane (Italie du Nord). Paléo 10, 123–146 (1998).
 89. Bradley, B. Experimental Lithic Technology with Special Reference to the Middle Paleolithic. Ph.D. Thesis. University of Cam-

bridge (1977).
 90. González-Molina, I., Jiménez-García, B., Maíllo-Fernández, J. M., Baquedano, E. & Domínguez-Rodrigo, M. Distinguishing 

discoid and centripetal Levallois methods through machine learning. PLoS One 15, e0244288 (2020).
 91. Picin, A. & Vaquero, M. Flake productivity in the Levallois recurrent centripetal and discoid technologies: New insights from 

experimental and archaeological lithic series. J. Archaeol. Sci. Rep. 8, 70–81 (2016).
 92. Stout, D., Semaw, S., Rogers, M. J. & Cauche, D. Technological variation in the earliest Oldowan from Gona, Afar, Ethiopia. J. 

Hum. Evol. 58, 474–491 (2010).
 93. Vaquero, M. & Carbonell, E. A temporal perspective on the variability of the discoid method in the Iberian Peninsula. In Discoid 

Lithic Technology: Advances and Implications. BAR International Series (ed. Peresani, M.) 67–81 (Archaeopress, 2003).
 94. Boëda, E. Levallois: A volumetric recontruction, methods, a technique. In The Definition and Interpretation of Levallois Technol-

ogy (eds Dibble, H. L. & Bar-Yosef, O.) 41–68 (Prehistory Press, 1995).
 95. Chazan, M. Redefining Levallois. J. Hum. Evol. 33, 719–735 (1997).
 96. Schlanger, N. Understanding Levallois: Lithic technology and cognitive archaeology. Cambridge Archaeol. J. 6, 231–254 (1996).
 97. Van Peer, P. The Levallois Reduction Strategy (Prehistory Press, 1992).
 98. Boëda, E. De la surface au volume, analyse des conceptions, des débitages Levallois et laminaire. Paléolithique moyen et Paléo-

lithique supérieur ancian en Europe. Memóires du Musée Prehistoire dÎle Fr. 3, 63–68 (1990).
 99. Giria, Y. & Bradley, B. Blade technology at Kostenki 1/1, Avdeevo, and Zaraysk. in The Eastern Gravettian (ed. Amirkhanov, H.) 

191–213 (Russian Academy of Sciences, 1998).
 100. Sollberger, J. B. & Patterson, L. W. Prismatic blade replication. Am. Antiq. 41, 517–531 (1976).
 101. Zwyns, N. The initial upper paleolithic in Central and East Asia: Blade technology, cultural transmission, and implications for 

human dispersals. J. Paleolit. Archaeol. 4, 19 (2021).
 102. Kuhn, S. L. & Zwyns, N. Rethinking the initial upper paleolithic. Quat. Int. 347, 29–38 (2014).
 103. Zwyns, N. & Lbova, L. V. The initial Upper Paleolithic of Kamenka site, Zabaikal region (Siberia): A closer look at the blade 

technology. Archaeol. Res. Asia 17, 24–49 (2019).
 104. Barkai, R. et al. A blade for all seasons? Making and using Amudian blades at Qesem Cave, Israel. Hum. Evol. 24, 57–75 (2009).
 105. Révillion, S. Technologie du débitage laminaire au Paléolithique moyen en Europe septentrionale: État de la question. Bull. la 

Société Préhistorique Française 92, 425–442 (1995).
 106. Bar-Yosef, O. The upper paleolithic revolution. Annu. Rev. Anthropol. 31, 363–393 (2002).
 107. Režek, Ž, Lin, S., Iovita, R. & Dibble, H. L. The relative effects of core surface morphology on flake shape and other attributes. 

J. Archaeol. Sci. 38, 1346–1359 (2011).
 108. Leader, G., Abdolahzadeh, A., Lin, S. C. & Dibble, H. L. The effects of platform beveling on flake variation. J. Archaeol. Sci. Rep. 

16, 213–223 (2017).
 109. Magnani, M., Rezek, Z., Lin, S. C., Chan, A. & Dibble, H. L. Flake variation in relation to the application of force. J. Archaeol. 

Sci. 46, 37–49 (2014).
 110. McPherron, S. P. et al. Introducing platform surface interior angle (PSIA) and its role in flake formation, size and shape. PLoS 

One 15, e0241714 (2020).



12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:5883  | https://doi.org/10.1038/s41598-022-09914-2

www.nature.com/scientificreports/

 111. Claud, E. The use of biface manufacturing flakes: Functional analysis of three Middle Palaeolithic assemblages from southwestern 
and northern France. Quat. Int. 361, 131–141 (2015).

Acknowledgements
We would like to sincerely thank Emilija Nicolosi, Chat Marasinghe and the School of Social Science at the Uni-
versity of Queensland for equipment and logistical support. Thanks also goes to Michael Manoel for scanning 
the artefacts in Fig. 3. AM was funded via the Asian Sphere Program of the Hebrew University and the University 
of Haifa, and a scholarship from the Institute of Archaeology, Hebrew University of Jerusalem. We also sincerely 
thank the two anonymous reviewers for their helpful comments.

Author contributions
A.M., C.S., and C.C. conceived of the experiments and developed the methods, C.C. provided the materials and 
conducted the experiments, A.M. performed the analysis, A.M. and C.S. wrote the manuscript, A.M., C.S., and 
C.C. edited the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 09914-2.

Correspondence and requests for materials should be addressed to A.M. or C.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-09914-2
https://doi.org/10.1038/s41598-022-09914-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Stone toolmaking difficulty and the evolution of hominin technological skills
	Results
	Deliberation. 
	Precision. 
	Intricacy. 
	Success. 
	Stone hammers. 

	Discussion
	Methods
	Sample. 
	Experimental methods. 
	Deliberation. 
	Precision. 
	Intricacy. 
	Success. 

	References
	Acknowledgements


