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Abstract

Trends toward encephalization and technologicalpterity ~1.8 million years ago may signify
cognitive development in the gent#oma Using functional near-infrared spectroscopy, we
measured relative brain activity of 33 human sulsjet three different points as they learned to
make replicative Oldowan and Acheulian Early Stége tools. Here we show that the more
complex early Acheulian industry recruits left duegeral prefrontal cortex when skills related
to this task are first being learned. Individualshwncreased activity in this area are the most
proficient at the Acheulian task. The Oldowan tamk,the other hand, transitions to automatic
processing in less than four hours of training.iMitials with increased sensorimotor activity
demonstrate the most skill at this task. We ardwe enhanced working memory abilities
received positive selection in response to techgickd needs during the early Pleistocene,
settingHomoon the path to becoming human.

Key Words

motor learning, cognitive evolution, stone tooNIRS, neuroarchaeology, working memory
1. Introduction

One cognitive domain in whiddomo sapiengippear to depart from the great ape pattern
is executive functioning. Executive functions irsdua variety of cognitive processes that allow
one to mentally manipulate information, think befoacting, solve novel problems, resist
temptations, and focus attention (Diamond, 2018y. &ample, humans tend to outperform
other great apes in working memory (WM) tasks (B&tCall, 2006; Washburn et al., 2007).
WM is a system that activates and sustains a semeftal representations for further
manipulation and processing (Carruthers, 2013).I&WAIM does not reside in a single neural
structure, the dorsolateral prefrontal cortex (@Fwith its many cortical and subcortical
connections, is thought to play a major role in \ilictions in humans (Barbey et al., 2013) and
in other primates (Carruthers, 2013; Fuster, 2@@aldman-Rakic, 1995; Petrides, 2000). It is
therefore unsurprising that the dIPFC is one ofesslvareas in the cerebral cortex that has
expanded relative to other areas of the brain dweicourse of human evolution (Van Essen &
Dierker, 2007).

This trend toward encephalization in early humares viikely accompanied by or
possibly even caused by the enhancement of cogrigatures like WM (Sherwood et al., 2008).
The first major encephalization event occurred ketw 1.6 and 1.8 million years ago (Ma)
(Shultz et al., 2012) and coincides with the emecgeof Homo erectussensu latoand the
appearance of a relatively more complex stoneitwhlstry called the early Acheulian. Although
earlier accounts of human cognitive evolution hearmarked upon the limited WM capacity of
earlyHomo(Coolidge & Wynn, 2001, 2005; Wynn & Coolidge, 200¢hore recently, there has
been accumulating evidence suggestive of an enhwmtein executive functions and
component cognitive processes associated with dheian industry (Coolidge & Wynn, 2016;
Henshilwood & Dubreuil, 2011; Putt et al., 2017;a8£2008; Stout et al., 2014; 2015; Wynn &
Coolidge, 2016).
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As products of cognition in action, archaeologiealefacts can be used to test this
hypothesis using a neuro-archaeological approagécifically, neuroimaging methods can be
combined with experimental archaeology to probeftimetional neural processes that underlie
tool production, making it possible to identify tbegnitive features that past hominins may have
used to make certain types of stone tools. Theltsesti a recent study using this approach
suggest that early Acheulian tool production, wheontrasted with simpler Oldowan
toolmaking, relies on a WM network to coordinaténwesen the different goals of the task (Putt et
al., 2017). Critically, however, dIPFC activatiorasvabsent in this and previous studies that
measure brain activity related to stone tool préidac(Stout & Chaminade, 2007; Stout et al.,
2008). An fMRI study found left mid-dIPFC activatiowhen modern subjects trained in
Oldowan and Acheulian toolmaking methods made teahfjudgments about planned actions
on partially completed Acheulian tools (Stout et aD15), but whether stone tool manufacture
elicits dIPFC activation and associated WM function not remains an open question.

It is possible that dIPFC activation is preseuatirty stone tool manufacture but went
unnoticed in our previous study because of the tfpmontrast analysis employed (Oldowan vs.
Acheulian). A follow-up region-of-interest (ROI)usty found that bilateral dIPFC is significantly
activated during early Acheulian toolmaking relatito a resting state, but only to a limited
extent (Putt & Wijeakumar, 2018). Another posstbilthat we probe here is that dIPFC
activation went unnoticed in our previous reporcéhese we measured brain activity after
participants had completed the training prograncrBased activation in dIPFC is often reported
after training on a complex task that involves WMr(sma et al., 2001; van Raalten et al., 2008).
This is consistent with other studies showing thanhore precise functional map with fewer
activated areas emerges over learning as neureégsimg becomes more efficient (Garavan et
al.,, 2000; Landau et al., 2004). We therefore eipbat the functional neuroanatomy of
Oldowan and Acheulian tool production is differeait early stages of learning because of
differences in task complexity. If this is the cagee increased WM demands of the Acheulian
task may elicit increased activation of dIP&@ing earlier stages in trainingrhis would imply
that WM was a cognitive strategy used by e&tbmoto acquire the skills related to making an
Acheulian handaxe.

To test this hypothesis, we trained participantsntake stone tools that attempt to
replicate Oldowan and early Acheulian industriesnfrthe archaeological record. At three
separate points in the participants’ training, weasured real-time changes in oxygenated and
deoxygenated haemoglobin (HbO and HbR, respecjivielythe cortex using image-based
functional near-infrared spectroscopy (fNIRS). Tapproach produces reconstructed images of
localized functional brain activity that can beetitly compared to fMRI results (Wijeakumar et
al., 2015, 2017)During these neuroimaging sessions, participarga@ed in Oldowan and early
Acheulian toolmaking tasks, and we assessed howittagnetworks associated with learning to
make early forms of stone technology change wéhmning.

2. Methods

2.1. Participants

This study included 33 healthy, right-handed, agaltticipants (17 females, 16 males;
age 23.8 = 7.9 years [mean + SD) who had no prevétone knapping experience. The Benton
Neuropsychology Clinic Handedness test was adremadt during the screening process to
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determine the laterality quotient of potential ®db$ (Oldfield, 1971). Only subjects who fell

within the range of +75 to +100 points (i.e., erteeright-handedness) were included in the
experiment. The study was approved by the IRB amchdh Subjects Office at the University of

lowa (IRB ID #: 201304789), and all research wadgiquened in accordance with IRB and

human subjects guidelines. All subjects signed maforined consent document prior to

participating and were paid for their time durihg experiment.

Participants were randomly assigned to one of tegat transmission groups, which
determined whether they received verbal instrustion= 17) or no verbal cues (n = 16) while
watching video tutorials (see supplementary mdgefa group results). This was to ensure that
any activation of higher-order cognition areas doubt be attributed to receiving spoken
instructions, a modern learning strategy that may mave been available to earlyomo
toolmakers.

The manual dexterity of each volunteer was measussdg the Minnesota Manual
Dexterity Test (Yankosec & Howell, 2009). Partiaipm were divided into the two learning
groups based on their performance on this teshaodexterity levels were equally distributed
across groups. The nonverbal group averaged 1824%5ts to place all sixty pegs in the holes
on the board in three iterations, while the vedralp averaged a nearly identical 182.7 + 16.9 s.
There was no significant difference in dexterityvieen the two groups based on this assignment
(t =0.06,p = 0.95). Also, males, who averaged 181.4 + 14&hd,females, who averaged 183.6
+ 19.5 s, did not significantly differ from eachet in their dexterity scores£ -0.34,p = 0.74).

2.2. Training Procedures

The participants individually attended seven 60-rsiane knapping training sessions
over a period of 3-4 weeks, during which they ledrhow to knap two different types of archaic
stone tools by watching instructional videos. Wesghvideo instruction rather than in-person
instruction to ensure that every subject receivedetixact same instructions at the same rate and
also to control for interactive teaching. The vigideatured an expert knapper with over 12 years
of experience. His face was not visible in the fearthough his hands, lap, and torso were
visible. This prevented the nonverbal group frormbexposed to any verbal cues that might be
communicated by the face. Both groups watched #imesinstructional videos; however, the
nonverbal group watched a silent version. Eachtipesession proceeded in the following
order: 1) a 10-min instruction video; 2) 20 min iaflividual practice; 3) the same 10-min
instruction video repeated; and 4) 20 min moreraxfce. Subjects were not able to manipulate
the video in any way, for example, by pausing it.

All the debitage (toolmaking debris) created whitapping fell on a large tarpaulin mat.
After the participants completed a core or coré &al were ready to move on to another rock,
the core/core tool and its corresponding debitageeweollected, bagged, and labelled with the
rock number and other pertinent information fottier analysis.

There was relatively little interaction between tieperimenters and the participants
during the training sessions, except during th& Bession when the experimenter ensured that
the participant understood proper safety protoPalticipants were also told during the first
training session to do their best to infer the ga#leach training video that they would watch.
Explicit goals, such as recognizing ideal platfangles, proper grip of the hammer stone, flake
production, alternate flaking, platform preparatiand biface shaping and trimming were stated
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by the instructor in the videos when unmuted; haveparticipants in the nonverbal group had
to infer these goals from the instructor’s actiatene.

Each practice session introduced a new goal fovtihenteers to meet or reviewed and
refined skills introduced in previous sessions. $kidls learned during practice sessions 1 and 2
were comparable to the skills associated with Oltowimple tool production. This is a quick
and expedient method of obtaining a sharp flakes® as a tool (Toth & Schick, 2018). The
skills learned during these first two sessionsadse essential skills to master in order to make a
biface. The first video instructed the participamishow to recognize ideal striking angles on the
raw material and create flakes, while the secodéosireviewed this skill. Practice sessions 3-7
introduced and reviewed skills involved in the protion of the early Acheulian technocomplex,
which involves a more efficient removal of flakesdahe intentional shaping of a large cutting
tool (Stout, 2011). The third practice session wifieatured alternate flaking around a squared
edge. The fourth practice session video introdue@ bifaces as the instructor demonstrated
biface manufacture at a very slow rate. The fifistiuction video focused on primary thinning of
a piece to remove large convexities. The sixthriresion video presented information on how to
shape and refine a biface by trimming. Finally, sjects were presented with an instruction
video during the seventh practice session thaevesd the entire process of bifacial reduction.

2.3. Neuroimaging Procedures

In addition to the training sessions, participaateended three 90-min neuroimaging
sessions after the first, fourth, and seventh immgirsessions, during which they were video
recorded and their brain activity was measured qu$MIRS. They sat in a small room
surrounded by black curtains. Set-up involved meaguhe participant’'s head to ensure the
proper cap size, and measuring 10-20 landmarksigare proper cap placement on the head.
Hair was cleared at each optode site. The 10-2@marks and positions of the sources and
detectors on the head were then digitized usinglbelhus Patriot™ Motion Tracking System
(Colchester, VT).

2.3.1. Presentation of Stimuli

Stimuli were presented using a block design. Theeemental program was designed
with EPrime software. Each imaging session corgigie 1) a motor baseline task, 2) an
Oldowan toolmaking task, and 3) an Acheulian todiimg task. The purpose of the motor
baseline task was to observe activation of motlated brain areas while striking rocks together
in three different actions that resemble stone girap(direct percussion, glancing percussion,
and grinding) without the added element of actuakd removal. These actions were
synchronized to the beat of an externally heardhé&ts per minute metronome initially (10 s).
After the metronome concluded, subjects continhedattions to an internal beat that was meant
to match the external beat they had just heards)20his task was made up of 9 40-s blocks of
activity segregated by 20-s rest periods. The O&towolmaking task was segregated into five
1-min blocks of activity with 15-s resting periodls between each block. The Acheulian
toolmaking task was segregated into fifteen 1-mocks, separated by 15-s rest periods. The
order of the tasks was not randomized during emayging session nor was the length of resting
periods; thus, there is some possibility that hetion effects impacted our results. These
limitations should be addressed in future studies.
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To eliminate the possibility of linguistic contaration, the experiment was designed so
that all instructions were given via a silent videoth timing of events indicated by different
tones, and subjects were instructed to not talkinduthe experiment. They were told at the
beginning of each neuroimaging session to perfdrendame activity that they viewed in the
instruction videos, which preceded each new taslevant. The two instruction videos that
preceded the Oldowan and Acheulian tasks were mamedshort (~20 s long), featuring the
same instructor as the training session videoss&taips showed the final stages of tool
manufacture for both tool types so that it was rcteathe participants what type of tool they
should attempt to make. Instructions also incluttathing on the meanings of different tones
that they would hear throughout the session thal@dvsignal whether to stop or start an action.

For all training and neuroimaging sessions, subjeetre required to wear safety goggles,
leather work gloves, and lap pads. They were algenghe choice to wear a facemask to block
out small particles of airborne silicates.

2.3.2. Materials

At each training and neuroimaging session, subjeet®e presented with three or four
local, granitic rocks of varying sizes that were¢unally rounded for use as hammer stones, as
well as three siliceous rocks to use as blankdléde removal. A goal of the training was to
introduce the subjects to different qualities, &#spmnd types of rock to fracture so that they
would learn to select the blank of highest quadihd the most workable edges from the three
choices that they were always provided. Thus, &tyaof unheated cherts from the Midwestern
United States, Texas, and California were obtaifrech collectors in Missouri and Texas,
though most of the material was Burlington chert.

Prior to being made available for the subjectsrtaps each stone was assigned a unique,
identifying label, weighed on a digital scale, asdigned a measurement of volume by the water
displacement method. Spalls and cobbles rangedebet9.6 and 3000.0 g in mass (mean =
676.8 g) and had a volume between 20 and 1200(erean = 284.3 ci Generally, smaller
pre-made spalls of chert with edges of very acatges were provided in the first two training
sessions. By the third and fourth training sessitims participants chose from medium-sized
spalls without cortex that had edges with moreidift angles, as well as rounded cobbles with
cortex but with one or more flakes already remotetelp them get started. A mix of small- to
medium-sized spalls and cobbles were availablehtwoge for the Oldowan task during the
neuroimaging sessions. Larger pieces, some witareqedges, were provided for the fifth, sixth,
and seventh training sessions and the Acheuli&hasng the neuroimaging sessions.

2.3.3. Behavioural Data Acquisition

All core and debitage pieces were collected aftex tompletion of each finished
core/core tool during the neuroimaging sessiondudher analysis. Any debitage that passed
through a 6.35 mm screen was discarded. A sampl& 865 debitage pieces from 235 rocks
reduced by all 33 participants in the study wadectdd and measured for the behavioural
analysis. Each piece was weighed to the nearett téra gram and allocated to a metric size
category continuum as defined by the smallest sérages of nested squares on centimetre graph
paper into which the piece would completely fie(i.1 cm, 2 cnf, 3 cnf, etc.). All non-core
debitage was coded as a flake (either completejmed, or distal) or nonflake debitage shatter
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(Andrefsky, 2005). Digital callipers were used t@anure the maximum thickness for each
piece, as well as the maximum platform width andkiiess of any flakes with an intact striking
platform.

Relative knapping skill was measured using theowaihg variables. The first set of
variables measured correspond to flake and plat&irape. Platform shape, determined by the
ratio of maximum platform width to platform thickss is a common method used to measure
knapping skill (Putt et al., 2014; Stout et al., 120 Toth et al., 2006), as platform shape
contributes to the size and shape of the overaltlefl The ratio of flake size to flake mass was
also included to determine flake shape differer{Best et al., 2014; Toth et al., 2006). A larger
ratio in both cases signifies a flake that is batatively thin and elongated, which supposedly
demonstrates the knapper’s ability to remove dddleke tools in the case of the Oldowan task
and long, thinning flakes for shaping the core toolthe case of the Acheulian task. We
calculated the relative platform area ([platformdtiiplatform thickness]/flake size) with the
expectation that knappers of a higher skill leveduld produce smaller, thinner platforms
relative to the size of the rest of the flake ($&tal., 2014).

The second set of variables measured correspotit tefficient use of raw material, as
inefficient use of raw material is indicative ofalcskill level, especially when making Oldowan
tools (Bamforth & Finlay, 2008). We examined thegwrtion of intended flakes to unintended
shatter fragments, both on low-quality and highhtyanaterial (Putt et al., 2014; Toth et al.,
2006), with the expectation that the assemblageselatively more skilled knappers would
include a higher percentage of flakes than the nalsleges of less skilled knappers,
demonstrating better control of the material. W axamined the proportion of whole flakes to
flake fragments. Previous experimental researchodstrated that the assemblages of skilled
knappers included more flake fragments than thenalskages of less skilled knappers, perhaps a
combination of skilled knappers striking the coteaahigher velocity while attempting to
produce thinner, more delicate flakes (Toth et 2006). A clear sign of knapping skill is the
level of reduction of the cobble into usable flakgsth et al., 2006). We measured this by
determining the proportion of the original cobblaigss into flake, shatter, and unexploited core
mass, with the expectation that the more skillegpg®ers would have a larger percentage of flake
mass during both Oldowan and Acheulian tasks asthaller percentage of unexploited core
mass during the Oldowan task. We would not expaltied knappers to exploit most of the core
mass while making shaped Acheulian tools, however.

2.3.4. Hemodynamic Signal Extraction

fNIRS data were acquired at 25 Hz with a TechEn Gy&em with wavelengths of 690
nm and 830 nm. Light was delivered to a customizag via fibre optic cables. Prior to the
study, a custom optode geometry was designed teepR®DIs in frontal, temporal, and parietal
cortex (see Putt et al., 2017 for more informatidrije optode geometry included 12 sources and
24 detectors, creating 36 channels with a sourtectte separation of 3 cm and two short
source-detector channels with a separation of ITéra.presentation of stimuli was synchronized
with the CW6 system.

HOMER?2 software was employed to demean and corlertata into optical density
(OD) units. A targeted principal component analyf§CA) was applied to data from the three
tasks to eliminate noise and motion artefacts (Yétal., 2014). We used a general linear model
(GLM) to obtain beta valueg) from our block design for HbO and HbR measuregvary
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channel for all conditions in every task for eaabjsct. Signals from short source-detector pairs
(channels with the greatest correlation) were uea@gress out the effects of superficial layers
of the head from signals from the rest of the cletsi(Gagnon et al., 2011).

2.4. Image Reconstruction

fNIRS data are acquired via sensors placed onutface of the head. In particular, an
optical source is placed near a detector formingannel. Many studies using fNIRS report data
and run statistics on data from each channel. igoifeant channels, the researchers then infer
the locus of brain activity by approximating whéne signal is likely to originate from. This can
be done by approximating the location of the chhmusing the 10-20 system of electrode
placement or by overlaying the channel on a headeiand finding the cortical sites directly
below the channel.

Although these approaches are commonly used, theg key limitations. First, it is
difficult to place a NIRS cap in exactly the sank&@cp from session to session, even on the same
individual. This means that there could be somesigego-session variability in the scalp
location at which recordings were being perform@kbarly, this is a fundamental limitation if
one wants to infer changes in brain activity owearhing as in the present study. Second, head
sizes differ across individuals; thus, how the cleds are laid out on the head of one individual
will be different for another individual, particula if the source-detector distance is held
constant.

An alternative to ignoring these sources of spati@liance is to account for them
explicitly using image reconstruction techniquehafis, fNIRS data can be moved from
channel-space on the surface of the head to v@esleswithin the brain volume. This image
reconstruction process has been applied successiudeveral independent studies by different
labs (Eggebrecht et al., 2014; Perlman et al, 20ligakumar et al., 2015, 2017), and also has
been validated by simultaneously measuring brdirigcwith fNIRS and fMRI (Wijeakumar et
al., 2017). Here, we briefly summarize the imageonstruction approach we adopted (see
Wijeakumar et al., 2015, 2017 for a more extensik@anation of this process).

Scalp 10-20 landmarks from the session that hadbéise symmetry were chosen as the
reference for each subject. The landmarks fronother two sessions were transformed (linear)
to fit this reference set of landmarks. The tramsfition matrices were applied to the
corresponding source and detector positions. Ats®rGUI (available within HOMER2) was
used to project the points onto an adult atlas guginrelaxation algorithm. The projected
geometry was used to run Monte Carlo simulatiorsetdaupon a GPU-dependent Monte Carlo
algorithm for each session and subject (Fang & B®@89). This resulted in sensitivity profiles
(100 million photons) for each channel of the prgeemetry for each session and subject. Head
volumes and sensitivity profiles of channels wepawerted to NIFTI images. Subject-specific
head volumes were skull-stripped and transformetth¢ohead volume in the native atlas space
using an affine transform (BRAINSFit in Slicer 30)he transformation matrix obtained was
applied to the sensitivity profiles to move them ttee transformed head volume space
(BRAINSResample in Slicer3D). Sensitivity profiles all channels were thresholded to include
voxels with an OD of greater than 0.00&ke Wijeakumar et al., 2015 for details). These
profiles were summed to create a subject-specifiskrior each session, and then these masks
were summed across all subjects and sessions1(fFigOnly those voxels that contained data
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from all subjects and all sessions were includeghiy further analyses. We refer to this image as
an intersection mask.

Fig. 1. Probe design with optode positions (red circlesesgnt light sources and blue circles represent
light detectors) registered onto an adult atlaglteew its corresponding logarithmically-scaled &afity
map

Image reconstruction combined the beta coefficiémteach channel, condition (within
each task), and subject with the sensitivity pesfibbtained from the Monte Carlo simulations to
create voxel-based changes in HbO and HbR contemntrésee Wijeakumar et al., 2017 for
details). Briefly, the image reconstruction problean be formulated as the following generic
equation:

Y=L.X 1)
where,
ﬁdopl
dOD
L= l oxy—Hb * F/M ggeloxy—Hb R Fll]
oxy Hb - F)LZ gt/ilgoxy Hb * FAZ
Aoxy — Hb,,,

Adeoxy Hbyox

InvertingL to solve forX results in an ill-conditioned and under-determisetltion that
might be subject to rounding errors. An alternats/éo use Tikhonov regularization (Tikhonov,
1963). In this case, the above ‘system’ can beaospul by a regularized ‘system.” The solution is
given by the Gauss-Markov equation,

X=U'L+ADTLT.Y (2)
whereA is a regularization parameter that determinesatheunt of regularization andis the

identity operator.
The solution to (2) can be found by minimizing tlwst function (Calvetti et al., 2000),
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costminX = |L.X-Y]?+ 1.|X — X,|? (3)

where the size of the regularized solution is mesasby the normi . [X — %|%. X, is ana priori
estimate ofX, which is set to zero when no priori informatienavailableHere X is determined
for each chromophore and condition separately. Gempeation (3) is solved, there is now a
voxel-wise estimate of the concentration data. Ttibe best estimate of the channel-wise
concentration data for each condition (from the Glids been combined with information from
the photon migration results to create an estimatbe voxel-wise concentration data for each
chromophore, for each condition, and for each sibje

The resultant beta maps were intersected witlintleesection mask to restrict analyses to
the voxels that were common to all sessions anpestsh Consequently, voxel-based changes in
HbO and HbR concentration were obtained for eaddition (within each task) and subject.

2.5. Statistical Analysis

2.5.1. Preliminary Analysis of Motor Baseline Data

Initial examinations of the motor baseline dataesded that performance varied from
session to session. Therefore, a Pace (extertainal) x Session (1-3) ANOVA was performed
for each of the three conditions of the baselirs& {®irect, Glancing, and Grinding) to identify
which condition had the fewest number of sessidated effects, for the purpose of identifying a
stable motor baseline to contrast with the knappéasgs. The ANOVA was conducted with the
3dMVM function in AFNI (Analysis of Functional Images) {én et al., 2014). There was a
significant effect of Session for each conditién«3.153,p < 0.05). The glancing condition was
selected as the baseline for this study becausmst closely resembles the knapping gesture
used during the Oldowan and Acheulian tasks, amdaombined significant clusters had the
fewest number of voxels of the three conditionghi@ Session effect, meaning this condition
remains the most stable over time.

2.5.2. Analysis of Neuroimaging Data

Two separate multi-factorial ANOVA tests were cocigal on the HbO and HbR beta
maps, with Task (Oldowan, Acheulian) and SessieB)(&s within-subject factors and Group
(verbal, nonverbal) as a between-subject factosuRant functional images of main effects and
interactions were corrected for family-wise errasng the 3dClustSim function (corrected at
alpha = 0.05, corresponding to a cluster size tulesof > 27 voxels). We analysed the highest-
order effect in each spatially unique cluster; thmain effect areas that overlapped with areas
where an interaction occurred between Task andd@gd$sroup and Task, etc., were interpreted
based on the interaction effect. Overall, thereewi instances of overlapping clusters between
effects that were assigned to higher-level effects.

Using the coordinates for the centre of mass ovaiovn for each effect, we extracted the
beta values in these areas for the Oldowan anduAeinetasks, the three sessions, and the verbal
and nonverbal groups. In cases of a significargradtion, the averaged beta values of related
samples from Task and Session were compared usengvticoxon signed-rank test, while the
averaged beta values for Group were compared tisenjlann-Whitney test. We also compared
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beta values from the knapping conditions to theambaseline conditions using the Wilcoxon
signed-rank test to identify significant clustdrattwere unique to stone knapping and not simply
general motor regions. The effect size for eaclsteluwas calculated using an eta-squared
analysis (Fritz et al.,, 2012). Only those significzlusters where post-hoc tests determined
knapping activation to be significantly higher thaotor baseline activation were included in the
final results discussed in the main text (see Fg$§, and 8). Because the motor baseline task did
not control for auditory stimulation while clickingcks together, temporal cortex clusters were
also included in the final results, even if thensigin these regions was not significantly higher
than the motor baseline signal. The CA_ML_18 MNIi#ags was used to assign labels to the
centre of mass of significant clusters with AFNiisereaml’ function.

Spheres 8 mm in diameter representing visual WMasarerere constructed from
published coordinates from a recent meta-analWigékumar et al., 2015). Overlap between
significant toolmaking clusters and constructedespl was interpreted as evidence for WM
involvement during toolmaking tasks.

2.5.3. Analysis of Behavioural Data

Out of all the behavioural measures tested, onigetldemonstrate an expected increase
in skill over time, all of which reflect the effient use of raw material. These include the
proportion of flake mass removed, the proportiowa® mass remaining, and the proportion of
flakes produced. For both the Oldowan and Acheubaks, we performed a repeated measures
ANOVA with session (1-3) and group (verbal, nonwadjlas factors on each of these measures,
using SPSS software. We also performed LSD pairaiseparisons to determine whether the
means from two sessions (e.g., session 1 vs. seS¥iwvere statistically different. Because the
data were not normal, we conducted Spearman’s camelations to determine the strength of
the monotonic relationship between these behavioneasures of knapping skill and the neural
signals associated with significant clusters farhe@ask and session.

To determine whether significant neural activityngly reflects differences in the
frequency of the knapping behaviour (striking a h@n stone against a core or core tool), we
used the total number of debitage elements (complekes, flake fragments, and shatter
fragments) as a rough proxy for knapping frequehi¢g.then performed Pearson correlations to
test the extent of a linear relationship between tthtal number of debitage elements and the
neural activation in significant clusters.

2.6. Data Availability

The datasets generated during the current studyaiable from the corresponding authors
upon reasonable request. This form of data shacomgplies with the requirements of the
funding bodies and with institutional ethical apgab

3. Results

3.1. Behavioural Results

11
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Tools and toolmaking debris produced during theo@@h and Acheulian tasks during
the third neuroimaging session of the experimertengenerally smaller, resemble Oldowan
and early Acheulian artefacts discovered at thea(®ite in Ethiopia (2.6 Ma) and at the Es2-
Lepolosi (1.75-1.4 Ma) and Konso (1.5-1.4 Ma) sitesTanzania and Ethiopia, respectively
(Fig. 2; Tables S1-S2) (Beyene et al., 2013; Diemrtivi et al., 2014; Stout et al., 2010).

b)

.d)

| f

Fig. 2. A comparison of archaeological artefacts to expental stone tools. A bifacial side chopper
produced by one of the participants (a) resemblasifacial side chopper (EG10) from the early
Oldowan site of Gona (reproduced with permissiammfrSpringer NatureNature 2.5-million-year-old
stone tools from Gona, Ethiopia, Semaw et al., 198) Experimental bifaces (c and e) resembleelarg
cutting tools (00/104 and 10/307) from the earhh@glian site of ES2-Lepolosi (d and f) (reproduced
with permission from ElsevieQuaternary InternationaEarly Acheulean technology at Es2-Lepolosi
[ancient MHS-Bayasi] in Peninj [Lake Natron, TanzdnDiez-Martin et al., 2014). Experimental tool
sketches by Jodi Pope Johnson.

The toolmaking debris collected from each partiotpduring the three neuroimaging
sessions demonstrates that stone toolmaking skipggoved over the course of the experiment
(Fig. 3). The participants became more effectiveeatoving flakes from the core over time, as
evidenced by a significant increase in the meacgmage of flake mass removed with each
session during both the Oldowan taBk=6.2,p = 0.004; Fig. 3a) and the Acheulian tagk=
3.5,p = 0.037; Fig. 3b). Similarly, they wasted less raaterial as they gained proficiency at the
Oldowan task, which is reflected by a decreasdénnmhean percentage of remaining core mass
over time F = 11.8,p < 0.001; Fig. 3c). An increase in the proportidnirgentional flakes
relative to unintentional pieces of shatter shdved the participants made fewer errors over time
during the Oldowan task=(= 2.9,p = 0.066; Fig. 3d). While the increase in the prtipa of
flakes is not a significant effect overall, an L®Rirwise comparison indicates that there is a
significant difference between the first and lasssson p = 0.024). Participants in both the
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verbal and nonverbal learning groups achieved amlgvels of proficiency at stone tool
manufacture during the experiment (see Fig. S1Taide S1). In sum, these results demonstrate
that greater levels of skill are indicated by acr@ase in the proportion of flake mass removed
for both tasks, while an increase in flakes produered a decrease in the proportion of core mass
remaining is indicative of increased skill for tBé&dowan task.
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Fig. 3. Behavioural measures that show significant impnoset across sessions: mean proportion of
flake mass removed from a core relative to totadsraf a core prior to reduction during the Oldowask

(a) and Acheulian task (b); mean proportion of aoass remaining after flake removal relative taltot
mass of a core before reduction during the Oldowesk (c); and the mean proportion of intentional
flakes relative to unintentional shatter piecesaesa from a core during the Oldowan task (d). Ebans
represent 95% confidence intervals.

3.2. fNIRS Results

The main goal of this paper is to test the hypaothist early Acheulian tool production recruits
prefrontal areas that may be involved in WM to aager extent than Oldowan tool production.
Herein, we define HbO neural activity as being Raated” (>0) or “suppressed” (<0) depending
on its relationship to the neural state at thetsthrthe block (0) (recall that participants
completed a rest phase after each block). As werararily interested in effects that generalize
across both social transmission groups, this seatgports findings from brain areas with
changes in HbO that were unaffected by the modmahl transmission assigned to participants
(i.e. verbal vs. nonverbal transmission of toolmakskills). Therefore, this section includes the
findings from the Task main effect, Session maileaf and Task x Session effects. All HbO
results are reported in Tables 1-3 and S2-S5. Taire consistent with previous studies, the
following sections focus only on those clusterst thare significantly activated relative to a
motor baseline task (marked by asterisks in resaities).

The effect of social transmission, that is, all Groelated effects are reported in
Supplementary Materials (Group main effect, Groupask effect, Group x Session effect, and
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517 Group x Task x Session effect). These results dstrate that the context in which a new motor
518 skill is learned, either with verbal instruction aopnverbal imitation, affects the cognitive
519 strategies used to attend to the task.
520 HbR results are reported in Supplementary Mate(s¢e Table S6 and Figs. S2-S4).
521 Overall, twelve HbR clusters overlap spatially waiignificant HbO clusters, and of these, eight
522 show an inverse relationship between HbR and Hb@heNof the HbR clusters overlap with
523 HbO clusters that are significantly more activeimigirstone knapping in relation to a simple
524  motor task.
525 Below, we present the first evidence of increasetvitgy in dIPFC during early
526  Acheulian tool manufacture relative to Oldowan to@nufacture. At no point in the experiment
527 did participants show signs of transitioning toqadural memory while learning to make early
528 Acheulian handaxes like they did while learningitake simple Oldowan flakes. Furthermore,
529 we demonstrate a clear relationship between toahgadkill and brain activity in different areas
530 of the frontal cortex.
531
532 3.2.1. Acheulian vs. Oldowan toolmaking
533
534 We identified a total of six clusters where theraswa significant difference between the
535 Oldowan and Acheulian toolmaking tasks, that isTask main effect (Table 1). Two left
536 hemisphere clusters in the dIPFC, which overlap whe visual WM network (Wijeakumar et
537 al., 2015), exhibited significantly increased néativity during one of the knapping tasks than
538 during the motor baseline task. These include etssn the middle frontal gyrus (MFG-1) and
539 thepars triangularisin the inferior frontal gyrus (IFG), which extenmdéo MFG. In both cases,
540 activity was greater during the Acheulian task tdanng the Oldowan task; however, the effect
541 was driven largely by suppression of neural agtidiiring the Oldowan task in the left MFG-1
542 (Fig. 4a), while in the left IFG, the effect wasvéin by greater activation during the Acheulian
543 task (Fig. 4b). The MFG-1 cluster overlaps with grecentral gyrus (PrG) cluster that was
544 identified during Acheulian tool production posaitring (Putt et al., 2017). Its deactivation
545 during the Oldowan task may be the result of a ggsccalled neural repetition suppression,
546 which optimizes the efficiency of neural circuity Eacilitating deactivation in dIPFC once
547 learning is successfully completed (Le6n-Carriéalet2010).
548
549
550 Table 1.Brain areas showing significant activation in @ldowan-Acheulian (task) contrast
1 Sig. MNI Coordinates (mm)  Volume M AHbO 2
Localization Effegct2 y y ( , ) (mm®  (uM) + SEM n
Left  Middle frontal gyrus (dIPEC)*  A>O  -47.9 16.1 53 5360 6.9+0.07 0.0¢
Left Inferior frontal gyrus (dIPFC)* ~ A>O  -47.2 41.0 127 1672  4.90+0.03 0.0
Left  Inferior frontal gyrus O>A  -58.9 221 125 480 7.04+0.31 0.0¢
Right Paracentral lobule A>O 72 207 828 392 65:4.12 0.0z
Right Precentral gyrus A>0 629 85 29.1 232 5.a818 0.04
Right Postcentral gyrus O>A 563 -207 517 232 130.12 0.0
551 !Areas listed include clusters with a significarsktanain effectf§ < 0.05 with family-wise correction usirg=0.05)
552  from the Task x Group x Session ANOVA that were sudtsumed under a higher-level interaction effect.
553  2A=Acheulian, O=Oldowan
554  ~*Indicates cluster where knapping activation iswfigantly higher than motor baseline activation
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Fig. 4. Significant task results (red) showing greater akactivity in left MFG-1 (a) and IFG (b) clusters
in the dIPFC during Acheulian toolmaking compare@tdowan toolmakingn = 33, ANOVAF = 4.21,

p < 0.05). Blue arrows indicate the labelled ardaese clusters overlap with visual WM areas (purple)
Overlapping voxels are represented by the coloal: terror bars represent 95% confidence intervals.
Figure is in radiological coordinates (left hemisphis on right side of the transverse and corsiias).

Although the total number of debitage elementské$ flake fragments, and shatter
fragments) from a sample of 14,738 was signifigahitgher during the Acheulian task than the
Oldowan taskK-S = 4.0,p < 0.001), it was not significantly correlated wahtivation in either
the MFG-1 or IFG clusterp(= 0.126 and 0.100, respectively). Therefore, higiativation of
dIPFC during the Acheulian task relative to the @dn task cannot be explained simply by a
higher frequency of striking the hammer stone agjathe core tool, the behaviour that this
measure roughly estimates. Therefore, a cognitix@aeation for the difference in dIPFC
activation is warranted.

Moore and colleagues (2006) have shown that ineteaskill at a visual task is
accompanied by increased recruitment of dIPFC dutWM encoding and maintenance. We
investigated whether a similar pattern of increadi®dC activation is associated with increased
stone toolmaking skill. A positive correlation esisbetween MFG-1 activation during the
Acheulian task and the proportion of flakes produdaring the third sessiopearman’s rhe
0.377,p = 0.040; Fig. 5), showing that the most skilledltoakers in the study had the highest
HbO signal in this WM area of the brain. No suclatienship was found between the left IFG
cluster and any of the behavioural measures. Thelation between MFG-1 activation and the
proportion of flakes produced suggests that thdél skguired to make flakes during the
Acheulian task relies on WM and possibly other étigm functions such as planning and
decision-making.
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598
3.2.2. Learning networks

Three clusters showed a significant effect acrbsstliree sessions for both toolmaking
tasks (i.e., a Session main effect), all occurmvithin the left hemisphere (Table 2). The left
dorsal PrG, however, was the only cluster showiggificantly greater activity when compared
to the motor baseline task, suggesting that therathusters were mainly involved in improving
visuo-motor coordination with training. This residtconsistent with studies of motor learning
suggesting that the left dorsal PrG contributeth®ocognitive aspects of motor learning rather
than contributing directly to movement executiorafgivick et al., 2013). We found that activity
in this area decreased from session to sessiongatimy an increased efficiency with
learning/practice (Kelly et al., 2005) (Fig. 6).

Table 2.Brain areas with a significant effect across sess{both toolmaking tasks included)

Sig. MNI Coordinates (mm)  Volume M AHbO 2

Localization* Effoct ) ) _(mm)  (uM) £ SEM n
Left Superior frontal gyrus ~ 3>2>1 -23.8 38 655 1528  3.99+0.04 0.01
Left Precentral gyrus* 1>2>3 -23.5 -18.8  75.3 568 4.05+0.08 0.07
Left Postcentral gyrus 2>1>3 -60.5 1.9 265 544  3.86+006 0-O°

Areas listed include session main effect significelnsters | < 0.05 with family-wise correction using=0.05)
from the Task x Group x Session ANOVA that were sultisumed under an interaction effect.
*Indicates cluster where knapping activation is#igantly higher than motor baseline activation

The total number of sampled debitage elements aseck from a mean of 69.06 during
the first session, to 76.47 during the second eesand 85.55 during the third session; however,
this change over time was not significaRtH 1.8,p = 0.168). Moreover, the increase in debitage
elements over time was not significantly correlabgth activation in dorsal PrGp(= 0.743).
Therefore, the activation of this cluster does aygpear to be associated with the frequency of
striking the hammer stone against the core or ¢tmoé Rather, the noticeable decrease and
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622 eventual suppression of dorsal PrG activity overdburse of the experiment is consistent with
623 dorsal PrG contributing to motor learning.
624

Left Precentral Gyrus
0.207 -

0.107 l
g —_
2 0.00°

Relative change in
HbO concentration

transverse sagittal coronal Session

625
626 Fig. 6. Significant session result (red), with both tooking tasks included, showing a decrease in

627 neuronal activity in dorsal PrG over time as thdipi@ants gained more experience in stone knapring
628 = 33, ANOVAF = 3.17,p < 0.05). Blue arrows indicate the labelled are@orEbars represent 95%

629 confidence intervals.

630

631 Because the dorsal PrG plays a role in learningnduthe stone knapping tasks, we
632 expected to find a correlation between neural atbw in this area and behavioural indices of
633 learning. Deactivation of the left PrG was asseclatvith a greater percentage of flake mass
634 produced in the Acheulian tasBgearman’s rha= -0.509,p = 0.004), which denotes higher skill
635 on the part of the knapper (Fig. 7). Notably, tl@ktionship was statistically robust only by the
636 third session, after participants had the mostresiée amount of practice.

637

Fig. 7. Significant correlation
between participants’ left PrG neural
activity and the percentage of flake
mass during the third session for the
Acheulian task (grey band shows
95% confidence intervals).
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651
652 3.3.3. Learning network differences by task
653
654 Eight clusters spanning the frontal, parietal, amchporal cortices were differentially

655 activated depending on the task across the thremingaging sessions (i.e., a Session x Task
656 interaction; Table 3). Three of these clustersluitiog right PrG, postcentral gyrus (PoG), and
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657 left MFG-2, exhibited significantly more neural i&dly during one of the knapping tasks than
658 during the motor baseline task.
659 The right dorsal PrG cluster showed high activatlonng the Oldowan task in the first
660 session that decreased in later sessions, whilddheulian task showed the inverse pattern (Fig.
661 8a). The PrG cluster falls within or near the fedrgye field (FEF), which is involved in eye
662 movements and associated cognitive processes suattemtional orienting, visual awareness,
663 and decision making, as well as planning complexen@ents (Vernet et al., 2014). A cluster in
664 the left MFG-2 followed a similar pattern (Fig. 8b)
665
666 Table 3.Brain areas that show a significant interactiomieein task and session
1 . MNI Coordinates (mm)  Volume M AHDbO 2

Localization Sig. Effect < y i} (mmg) (M) + SEM n
Right Precentral gyrus* 0:1>3>2; A:3>2>1 365 -81 643 3440 4.3+0.04 0.04
Right Inferior parietal lobule 0:1>3>2; A3>2>1 55, -37.9  46.7 2264 3.9+0.04 0.0
Left  Middle frontal gyrus* 0:1>3>2; A3>2>1 -37.0 8B 522 1552 3.6+0.02 0.0%
Left  Superior temporal gyrlis  0:2>1>3; A:3>2>1  -58.1 -34.1  18.7 680 3.5+0.030.0
Right Middle temporal gyrds ~ 0:1>2>3; A:3>2>1 68.5 -38.6 6.2 400 3.4 +0.030.0
Left Inferior frontal gyrus 0:1>3>2; A:2>3>1 -61.5 7.0 15.3 368 3.7+0.09 0.0
Right Supramarginal gyrus 0:2>1>3; A:2>3>1 64.1 .319 36.5 232 3.8+0.10 0.0¢
Right Postcentral gyrus* 0:2>3>1; A:1>2>3 371 B3. 69.9 232 4.0+0.10 0-0°
667 ‘Areas listed include session x task interactiop@f§ignificant clustergp(< 0.05 with family-wise correction using
668  0=0.05) from the Task x Group x Session ANOVA tharevnot subsumed under a larger interaction effect.
669 2A=Acheulian, O=Oldowan
670 *Indicates cluster where knapping activation isifigantly higher than motor baseline activation
671 ¢Temporal areas included in discussion despite @aoinly significantly higher knapping activation thamotor
672  baseline activation (see Methods)
673
674 Neural activity in the right PoG area increasedrfiihe first to second session during the
675 Oldowan task but decreased during the Acheulidh(fag. 8c). By the third session, there were
676 minimal activation differences between the two $asPRrevious studies looking at brain
677 activation changes across several neuroimagingossssecorded a similar pattern of decreasing
678 activity in the contralateral primary sensorimatortex during the execution of trained hand and
679 wrist movements (Carel et al., 2000; Loubinouxlgt2001). Together, our results implicate the
680 involvement of this area in a sensorimotor intdgeakearning process related to the contralateral
681 hand (the left hand in the current study). In theecof Acheulian stone knapping, this might be
682 related to the demands of learning how best totipasihe core to remove a flake and handling
683 the core with the left hand after delivering a &ftd blow with the right hand.
684 The motor baseline task controlled only for simifaotor activity relative to stone
685 knapping and not for the sound of the two rocks mtieey were struck against each other. For
686 this reason, we would not expect any clusters entédmporal cortex to be significantly more
687 active relative to the motor baseline task. Thessfave discuss the relevance of two temporal
688 areas that showed a significant interaction effetveen task and session. These include the
689 right middle temporal gyrus (MTG) and the left supetemporal gyrus (STG; Fig. 8d-e). Both
690 of these clusters were activated during exclusivetheulian toolmaking post-training (Putt et
691 al.,, 2017). The current analysis demonstratesttieste temporal areas are likely important for
692 learning during the Acheulian task, as evidencea@tyncrease in activation over the course of
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693 the three sessions. Moreover, similar to our previfindings, right MTG was not heavily
694 recruited at any point in learning during the Oldowask relative to the Acheulian task, and by
695 the third session, left STG is significantly sumsed during the Oldowan task relative to the
696 Acheulian task and relative to previous sessions.
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698 Fig. 8. Significant results (red) showing differential fgahs of neural activity between Acheulian and
699 Oldowan toolmaking over the course of three sessiomight PrG in or near to FEF (a), left MFG-3,(b
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right PoG in sensorimotor cortex (c), and right M@ and left STG (e) in the temporal cortexy 33,
ANOVA F = 3.17,p < 0.05). Blue arrows indicate the labelled ardee Tight PrG cluster overlaps with a
visual working memory area (purple). Overlappingels are represented by the colour teal. Error bars
represent 95% confidence intervals.

There were significant correlations between neadivity in the right PrG and PoG
clusters and the lithic skill measures (Fig. 9)tl#¢ group level, the PrG cluster was not strongly
associated with Acheulian tool production; howevesuyral activity in this area was correlated
with Acheulian skill acquisition at the individukgvel (Spearman’s rha= 0.373,p = 0.042 Fig.
9a). Individuals with an activated PrG tended tdqren better than others by producing a larger
proportion of flakes. This correlation was sigrdgint during the third neuroimaging session, at
which point there was the highest activation chatigeng the Acheulian task. Because motor
learning appears to be associated with relativelyrehsed activity in the primary sensorimotor
cortex by the third session, we expected to firghér skill measures to be negatively associated
with neural activity in the right PoG. This was ttese in the third neuroimaging session during
the Oldowan task: individuals with reduced activitythis area were more likely to leave behind
a lower proportion of core masSgearman’s rho= 0.502,p = 0.005), which is a sign of
enhanced skill in this task.

Fig. 9. Relationship between lithic skill
measures and neural activity in regions
that demonstrate a significant Task x
Session interaction effect based on an
ANOVA. Neural activity in the right PrG
was positively correlated with the
proportion of flakes produced during the
third session in the Acheulian task (a).
80 - . Increased skill as measured by the
proportion of remaining core mass (b)
was associated with higher neural
activity in the right PoG during the third
session of the Oldowan task. Grey band
b) 95% confidence intervals.
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4. Discussion and Conclusions

The goal of the present study was to shed new lkghtguestions related to human
cognitive evolution based on evidence from fundaiobrain activation data that we collected
from modern-day human participants as they remdamnaturalistic prehistoric stone tool
manufacture. Specifically, we tested whether thmpmlex early Acheulian core-shaping task
elicits increased neural activity in the prefrontattex relative to the simpler Oldowan flaking
task during early stages in training. We also itfiect the neural sites that are involved in the
cognitive aspect of learning these motor skillcbgnparing data to a motor baseline.

Our main finding is that neural activity in the &8® while making early Acheulian tools
is significantly higher than it is while making @Man tools. WM and potentially other
executive functions associated with this area fgrhypplay an important role in learning this
complex task; however, this remains to be explicidsted by localizing WM areas within-
subjects using an established WM task. Secondlyjpuwed evidence of learning from both lithic
debris and neural activation pattern changes agessions. Furthermore, we show that some
lithic indicators of skill may be predictive of fital activation. This is significant because it
could allow archaeologists to infer the level ofiation of certain brain areas of once living
hominins based on the stone tool artefacts that Iéfe behind, provided that most of the lithic
reduction process for a tool is preserved at ahagalogical site.

Our results lend support for the hypothesis thd¢ctge pressures during the early
Pleistocene resulted in an enhancement of WM chpaciearlyHoma Clusters in left dIPFC
are relatively more activated during early Achenlleandaxe production than during Oldowan
flake production, especially when the skills retate this task are first being learned. These
clusters overlap spatially with the results of aual WM meta-analysis (Wijeakumar et al.,
2015). Furthermore, a significant positive corielat between MFG-1 activation and the
proportion of intentional flakes produced during third session of the Acheulian task indicates
that the most skilled toolmakers recruited dIPF@ tgreater extent than less skilled toolmakers
by the end of the study. Together, these resuljgest that WM, and perhaps other executive
functions linked to dIPFC, such as planning, reasprand inhibition, play an important role in
the process of learning to make complex stone tagscifically early Acheulian handaxes.
Although we demonstrate spatial overlap betweercthieent study’s results and known visual
WM centres, future replication studies should idelWWM and other executive function tasks in
addition to toolmaking tasks to confirm the colo@atof the responses of these tasks within
individuals. This would help pinpoint which cogmii functions are involved during these
toolmaking tasks.

It is possible that this positive result can beilaited to our use of modern human
participants who could possess a derived WM adaptad solve novel problems (Coolidge &
Wynn, 2005). If true, our study would have fewaify, implications for extinct hominin species.
However, if this were the case, then there shoaldifmilar levels of prefrontal activation during
the Oldowan task as well. The fact that this is sleterved indicates that dIPFC involvement is
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contingent upon task complexity, as Acheulian taMimg is the more complicated of the two
tasks.

Both toolmaking tasks are relatively difficult, tegng multiple hours of training to
master. For example, our participants completedrséours of training on these tasks, and none
of these participants could be considered expefhirakers by the end of the experiment. This is
reflected in the overall reduction in left dorsalGPactivity over the course of the experiment.
The dorsal PrG plays a key role in visually guidealching, but recent evidence also indicates its
involvement during the performance of sequential@meents internally generated from memory
after extended practice (Ohbayashi et al., 2016 decrease in activity in dorsal PrG across
sessions may indicate that participants begantioipate upcoming actions as they gained more
experience. While this behaviour relies on visuatignce when first being learned, the fact that
a higher proportion of flake mass is associatedh Watver activity in this area after more than
seven hours of training suggests that sequent&éMini) becomes automatized over time.
Alternatively, it is possible that activation difemces across technologies and between sessions
are driven by overt behavioural differences, foaraple, the number of strikes of the hammer
stone against the core or the frequency of ammitafl sounds generated by the knapper’s
actions. The total number of debitage elementsuglir proxy for the frequency of striking the
core with the hammer stone, does not appear taibatd to neural activation differences. This
suggests that the changes in neural activity tleablserved can be attributed to internal rather
than external factors; however, an event-relatedyars based on observable behaviours would
shed more light on this issue.

Archaeologists have long suspected that the comtpl@t Acheulian tools and the
procedure involved in their production necessitatgreater degree of cognitive capacity than
that required for the Oldowan industry (Stout et 2014; Toth & Schick, 2018; Wynn, 1985,
1993). Neuroimaging studies largely support thanal (Putt et al., 2017; Stout & Chaminade,
2007; Stout et al., 2008, 2011, 2015), and theeatirstudy demonstrates that this difference in
technological complexity is reflected in the neurstworks that are involved in learning
Oldowan and early Acheulian stone toolmaking skipecifically, it appears that Oldowan
toolmaking quickly transitions from controlled pessing guided by the dorsal visual attention
network during the first session to automatic pssagg in fewer than four hours of training.

The Oldowan task recruits a visual attention nekwduring the first neuroimaging
session, involving the inferior parietal lobe andrshl premotor cortex, regions that are
interconnected via recurrent fibres that pass tjinaihe superior longitudinal fasciculus (Ptak,
2012). Activated clusters in this network includdt IMFG-2 and right dorsal PrG. The right
MTG and left STG also are recruited. By the secseskion, both frontal regions and the right
MTG become suppressed. In their place arises ¢ oG, a primary sensorimotor area, which
reaches its peak activation during the second @edmfore decreasing below baseline by the
third session. Individuals with the lowest levetsP@G activation in the third session tended to
be the most efficient at removing flake mass froooee, which is the main goal of the task. By
this point, participants’ Oldowan products reserdiiteose from the archaeological record (Fig.
2a-b), suggesting that the simple removal of flakghout the added element of shaping a core
tool was well rehearsed and therefore did not deimactive attention. This pattern of
deactivation of cognitive control areas and acibrabf a sensorimotor area is likely the result of
a transition to procedural memory after fewer tham hours of practice. Note that deeper brain
structures associated with procedural memory, sisckthe cerebellum (Molinari et al., 1997),
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could not be recorded using fNIRS to confirm thssextion; however, Stout and Chaminade
(2007) report cerebellum involvement during Oldow@oimaking after four hours of practice.

We did not find a similar pattern of deactivatioh amgnitive areas and activation of
sensorimotor areas over time as participants |daimenake early Acheulian handaxes. Rather,
the left MFG-2, right PrG (FEF), and bilateral tesrgd areas increased with additional practice,
and activation in the right PoG decreased with mivagning. This pattern of increasing
activation of the control network and coincidingadgvation of a primary sensorimotor area
during Acheulian tool production indicates an engihaon the employment of cognitive
strategies at all measured stages of learningvithals with the highest levels of PrG (FEF)
activation in the third session tended to makeféleest mistakes, in the form of unintentional
shatter. Combined with the aforementioned dIPF@atobn, these results indicate that handaxe
production is likely a visuospatial WM task thatnscstently engages WM areas, even after
multiple hours of training. These results depialyeblomoas curious, attentive, and capable of
some degree of flexible thinking as they learnednbaking skills.

Toolmaking can be a physically strenuous task, Wwhiay influence systemic blood
pressure and respiration. Although this studyz€di a depth-resolved fNIRS technique (in the
form of short channels) to control for extracerédramodynamics and tPCA to target and
eliminate motion artefacts, systemic signals weoe directly measured. Systemic confounds
may sometimes lead to false positives and falseathesg in fNIRS data (Tachtsidis &
Scholkmann, 2016); therefore, this is a limitatadrthe study. An analysis of HbR in addition to
HbO (see Supplementary Materials), however, revitasypical inverse relationship between
the two chromophores. This likely means that systesignals did not confound the
hemodynamic response; nevertheless, the only way tcertain would be to measure systemic
signals and neural activity simultaneously.

4.1. Conclusions

We argue that the results of the current study prelious neuro-archaeological
experiments (Putt et al., 2017; Stout et al., 2GLEport a novel hypothesis: positive selective
forces acted on hominin WM networks of the braiready as 1.8 Ma, when the more complex
early Acheulian industry began to emerge in thdaeological record. Under this hypothesis,
individuals with derived WM capabilities were thesh successful at learning the crucial skills
associated with handaxe production. In turn, they their offspring were more reproductively
successful than their counterparts because of dbsitdted access to calorically dense and
diverse food resources that these tools imparteday not be coincidence that a step increase in
brain size also occurred around this time (Shultzak, 2012) that was driven by a
disproportionate expansion of the prefrontal amdp@ral cortices (Bruner & Holloway, 2010),
the same areas that are selectively activated éoyAtiheulian task in the current study. Tool use
and WM strongly correlate with brain size (Posthuetaal., 2003; Reader & Laland, 2002).
Thus, selection for enhanced WM may have led tinarease in brain size, particularly in the
prefrontal and temporal cortices, that occurred iea beginning of the Pleistocene, which set
Homoon the path to becoming human.
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