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Abstract
Experimental data suggesting a co-evolutionary relationship between Palaeolithic stone toolmaking, and
cognition and language remain limited to indirect �ndings of neurophysiological studies. Furthermore,
retouch and quartz �aking remain uninvestigated. We recruited thirteen subjects and taught them to
produce quartz choppers and chert sidescrapers in either a verbal or gestural condition. Two raters rated
on a 5-point scale the subjects’ performances on speci�c steps of the two stone toolmaking tasks.
Subjects also performed on a neuropsychological battery encompassing visuospatial, executive
functioning, and linguistic tasks. Given the small sample size, the results should be regarded as
exploratory and preliminary. There was only limited evidence that verbal compared to gestural teaching
facilitated acquisition. Quartz chopper manufacture was not associated with cognitive performance.
Conversely, chert �aking and retouch were moderately and strongly associated with visuospatial working
memory and executive functioning. Speci�c aspects of chert �aking were also associated with verbal
�uency performance, showing, among others, moderate and strong positive associations with the
productivity and rate of production of syntactically transitive verbs on action �uency. Controversially
assuming similar results would have been obtained by testing extinct hominins, our results possibly
suggest Oldowan hominins relied on modern-like visuospatial working memory and executive functioning
during chert knapping. Furthermore, some prerequisites for aspects of action language and syntactic
transitivity in modern humans might have been to some degree present in Oldowan hominin populations.
We conclude by proposing that the quality of performance on Oldowan knapping may not re�ect the full
level of cognitive capacities of Oldowan populations.

1. Introduction

1.1. Language, cognition, and Palaeolithic stone tools
Modern humans are the only known species possessing language. Furthermore, in normal circumstances,
all humans acquire at least one language before a certain developmental phase (cf. Levelt 2018; Pagel
2017). Thus, it can be hypothesized that language evolved no later than human speciation but not before
the split from the last common ancestor of humans and chimpanzees. Language encompasses both the
functioning of general bodily systems (breathing and digestion, musculoskeletal structures, hearing,
cognition, etc.) and seemingly speci�c phenomena spanning from phonetics and phonology to
morphology and syntax. Because language is such a multifaceted capacity, it seems plausible to
hypothesize that language did not evolve in one “package”, but that speci�c language-related capacities
appeared in the hominin lineage (or sooner) at different phylogenetic stages via different sets of
mutations and evolutionary processes (which may have nevertheless been somehow intertwined; cf.
Arbib 2016a, 2016b; Bickerton 1990: § 5–7, 2007; Botha 2020; Casielles & Progovac 2012; Collier et al.
2014; Dediu & Levinson 2013, 2018; Everett 2016: § 9–11; Hauser 1921: 113–122; Gabrić 2021a, b, c, d, e,
2022; Jackendoff 1999; Jackendoff & Wittenberg 2014; Krause et al. 2007; Lieberman 2015; McMahon &
McMahon 2013: § 8–9; Michlich 2018; Planer 2017; Progovac 2015, 2016; Révész 1946; but see Berwick
et al. 2013, Berwick & Chomsky 2016, Chomsky 2002: 161–162, Chomsky et al. 2019, Matasović 2012:
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55ff., Tattersall 2019 for different opinions). If language indeed did not evolve in one “package”, it is
plausible that some linguistic capacity was extant at least in the last common ancestor of modern
humans and Neanderthals.

Despite these hypotheses and the recently reawakened interest in the evolution of cognition and
language, hypothesis-testing research in this domain remains scarce. One controversial approach has
been to identify behavioral correlates of speci�c cognitive functions in the archaeological and
palaeoanthropological records (Bednarik 2013; Chase & Dibble 1987; Conrad et al. 2009; Criado-Boado et
al. 2019; d’Errico 2003; d’Errico et al. 1998, 2005; Davidson 2013, 2014; Frayer et al. 2020; Henshilwood &
Marean 2003; Hoffmann et al. 2018; Lindly & Clark 1990; Majkić et al. 2018; Prévost et al. 2021; Radovčić
et al. 2015; Riel-Salvatore et al. 2001; Rigaud et al. 2009; Roebroeks et al. 2012; Tuniz et al. 2012; Turk et
al. 2001; Watts 2009; Zilhão et al. 2010; see Bell 1994, Botha 2009, 2010, 2012, Garofoli 2014, Garofoli &
Iliopoulos 2019 for criticisms). A large part of the research focus in this domain has been placed on
Palaeolithic-stone-tool-related behaviors and it has been hypothesized by many that there might have
been a co-evolutionary link between speci�c aspects of stone tool manufacture on the one hand, and the
evolution of language and cognition on the other (Bruner et al. 2018; Davidson & McGrew 2005; Gabrić et
al. 2018, 2021a; Lycett & Eren 2018; Moore & Preston 2016; Muller et al. 2017; Nonaka et al. 2010; Normile
2012; Nowell & Davidson 2010; Overmann & Wynn 2018; Parravicini & Pievani 2019; Stout 2010, 2011;
Stout & Chaminade 2012; Stout & Hecht 2015; Stout & Khreisheh 2015; Toth & Schick 2009; Uomini 2015;
Vaesen 2012; see Bar-Yosef 2017, Coolidge et al. 2015, Coolidge & Wynn 2001, 2005, 2016, Overmann &
Coolidge 2019, Pain 2021, Wynn & Coolidge 2011, 2016, Wynn & Gowlett 2017 for different opinions). In
other words, cognitive functions underlying linguistic capacity in modern humans – sensorimotor and
visuospatial processing, working memory, declarative and procedural memory, executive functioning,
cognitive planning, learning, etc. (cf. Hamrick et al. 2018) – could have been evolutionarily �ne-tuned in
association with the emergence or maintenance of speci�c stone-tool-related behaviors (e.g.,
manufacture and its acquisition), thus paving the way for the evolution of modern-like language (Lotem
et al. 2017; Kolodny & Edelman 2018). Theoretical discussions have thus far proposed several cognitive
“common denominators” for stone-tool-related behaviors and language; namely, action observation and
execution (including sequential and hierarchical action processing; Adornetti et al. 2018; Arbib 2011;
Brozzoli et al. 2019; Everett 2016: 80ff.; Green�eld 1991; Mahaney 2014; Moore 2010; Osiurak et al. 2020;
Ruck 2014; Schlanger 1996; Vandervert 2018, 2020; cf. Kroliczak et al. 2021), auditory working memory
and attention (Putt & Wijeakumar 2018; Vandervert 2018, 2020), social learning (Everett 2016: § 3–4;
Gärdenfors & Högberg 2017; Lotem et al. 2017; Nishiaki 2019; Tennie et al. 2017; cf. Akazawa et al. 2014;
Baronchelli et al. 2012; Botha 2015; Corbey et al. 2016; Gamble et al. 2011; Gibson 2012; Gowlett et al.
2012; Hewlett 2021; Mufwene 2018; Nonaka et al. 2010; Spike 2017; Rossano 2017), visuospatial
processing (Bruner et al. 2018; cf. Schween et al. 2018), executive functioning and planning (Adornetti
2014; Ambrose 2010; Barham & Everett 2020; Everett 2016: 96–97, 112–113), etc.

Notably, a number of studies have indicated both anatomical and functional overlaps in the processing
of real actions on the one hand, and action language on the other (see Arbib 2005, 2006, 2012, 2015,
2017, Arbib et al. 2014, Barsalou 2008, Frak & Cohen 2021, Ghio & Tettamanti 2016, Hauk et al. 2016,
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Kemmerer 2015, Pulvermüller 2013, 2018, Pulvermüller & Fadiga 2010 for reviews; Aziz-Zadeh et al. 2006;
Boeckx & Fujita 2014; De Beni et al. 2005; Desai et al. 2010; Dreyer & Pulvermüller 2018; Dreyer et al.
2020; Geld 2006; Gianelli et al. 2020; Glenberg & Kaschak 2002; Grisoni et al. 2016; Hauk et al. 2004,
2006; Heard et al. 2018; Mollo et al. 2016; Progovac et al. 2018; Pulvermüller et al. 2005; Rizzolatti &
Craighero 2004; Tettamanti et al. 2005; van Dam & Desai 2016; Willems et al. 2010; cf. Brauer et al. 2013;
Hurford 2012; Kemmerer 2014). In other words, processing of action language is partly subserved by the
functioning of the same brain areas and the same cognitive mechanisms which are involved in real
action observation and execution. Action language refers to words and constructions which denote
actions (e.g., the English verbs run, kick, play, attack, swing, dance, etc.) or other aspects of action events
(e.g., agents and patients: attacker–attackee). Because Palaeolithic stone toolmaking is essentially a
goal-directed action, it is plausible to hypothesize that there should be a positive association between
behaviors related to stone toolmaking and action language use in modern humans. If this is so, a
possible, yet controversial, evolutionary hypothesis would be that speci�c cognitive aspects of real action
processing in the context of Palaeolithic stone toolmaking were evolutionarily reused for (action)
language evolution.

Most studies investigating the relationship between real action and action language processing have
focused on semantically transitive events and constructions. Semantically transitive constructions
denote events in which an agent performs an action on a patient, with the latter experiencing some kind
of transformation. Some English-language examples of semantically transitive verbs include break (e.g.,
He broke the glass.), cut, kill, hit, strike, kick, move, push, eat, take, etc. On the other hand, syntactically
transitive verbs are verbs that are coded in terms of a subject and direct object and they do not have to be
semantically transitive (e.g., I see a tree., She feels love., They crossed the street., She ran one hour., etc.;
All of the four examples express semantically intransitive events.) (Creissels 2016; Fotiadou &
Vassiliadou 2017; Saeed 1997: § 3.6, 6.1–6.6; cf. Palmer et al. 2010: § 1; Petruck 1996; Wright 2002).

The processing of semantically transitive verbs has been, among other areas, associated with increased
metabolic activity in the pars opercularis of Broca’s area (Kemmerer 2012; Tettamanti et al. 2005; cf. Chen
et al. 2021). While neural and cognitive correlates of syntactic transitivity are not well understood, some
studies which investigated the processing of more elaborate transitive coding frames (such as those
involving dependent object clauses) have found increased metabolic activity and/or structural integrity of
the left pars triangularis of Broca’s area (Tyler et al. 2011; cf. Casado et al. 2020; Maran et al. 2021; van
Dam & Desai 2016). Some have also hypothesized that because the supposed roles of the pars
opercularis include, among others, representing actions at the conceptual level and representing the
sequential and hierarchical organization of action concepts [i.e., agent–action(–instrument, patient, etc.)],
there might have been a phylogenetic stage in which pars opercularis, or perhaps pars triangularis,
applied these conceptual, sequential, and hierarchical processes via schematization to other cognitive
domains, including more elaborate actions as well as language (Christensen 2010; Fazio et al. 2009;
Fiebach et al. 2006; Gabrić 2021c, e: § 3; Kemmerer 2012; Kunert et al. 2015; Ruck 2014; cf. Ardila et al.
2016; Cohn et al. 2017; Cohn & Paczynski 2013; Fadiga et al. 2009; Foundas et al. 1996; Ghio &
Tettamanti 2016; Grodzinsky 2000; Hopkins et al. 2017; Hupfeld et al. 2017; Liuzzi et al. 2017; Novén et
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al. 2019; Tate et al. 2014). Presumably, striking a core is cognitively processed as a semantically
transitive event because an agent (knapper) performs an action (striking with a hammer) on a patient
(core) and so changes the patient (core reduction). It is nevertheless possible that some level of action
schematization is needed for the acquisition and execution of Palaeolithic stone toolmaking in modern
humans, given that some have argued that action schematization is essential for the execution of at least
some forms of Palaeolithic stone toolmaking (Herzlinger et al. 2017; Moore 2010; Schlanger 1996;
Shimelmitz & Kuhn 2018; Sumner 2011) and that Hecht et al. (2014) reported that a two-year-long
acquisition of Palaeolithic stone toolmaking was associated with fractional anisotropy changes in the
pars triangularis. Thus, depending on the level of schematization of the actions involved in the
acquisition and execution of Palaeolithic stone toolmaking, modern humans might show a positive
relationship between the behaviors related to Palaeolithic stone toolmaking on the one hand, and either
semantic or syntactic transitive language use (or both) on the other.

1.2. Oldowan
Oldowan is the earliest well-de�ned stage of hominin stone technology, ranging from ~2.6 (Semaw 2000,
2006; Semaw et al. 1997, 2003) to ~1.4 (Schick & Toth 2006; Toth & Schick 2018) or ~1.26 Ma (Semaw
et al. 2020). The putatively earliest stone tools from Lomekwi, Kenya, putatively displaying simpler
knapping techniques, have been dated to ~3.3 Ma (Harmand et al. 2015; Hovers 2015), yet their status
remains disputed (Domínguez-Rodrigo & Alcalá 2016; but see Harmand et al. 2019 for a response to
some of the criticisms), while Toth & Schick (2018: 7) list the artifacts from Lomekwi as part of the
“Oldowan Industrial Complex”. Oldowan stone tool assemblages are typically characterized by the
predominance of �aked core tools, namely unifacial choppers and bifacial chopping tools, �akes and
other debitage, and battered percussors (Schick & Toth 2006). The majority of the knapping was done
through hard-hammer percussion, either direct or bipolar, but the use of both the anvil technique and
throwing against a hard substrate have also been proposed (Schick & Toth 2006). While some choppers
and chopping tools may have been used for carcass processing (bone splitting and pounding) and other
tasks, many such objects were possibly only cores (Shea 2020; Toth 1985). Regardless of their functional
status, the knapping of these core tools and other core forms produced sharp-edged �akes which had the
potential for use in butchering (Toth 1985, 1987). Retouched �ake tools also appear in Oldowan
assemblages along with unretouched �akes, although they are not ubiquitous or numerous (Schick &
Toth 2006). Oldowan is primarily associated with the early Homo members (H. habilis and H. erectus), yet
the contemporaneity of Australopithecus garhi occupation and animal bones displaying traces of
breaking and cutting at Bouri, Ethiopia (de Heinzelin et al. 1999), with the stone tools in Gona suggest the
possibility that A. garhi produced Oldowan stone tools as well (Semaw 2000; Semaw et al. 1997, 2005; cf.
Schick & Toth 2006; Toth & Schick 2018). Furthermore, marks on bones found at the Dikika site, Ethiopia,
strongly suggest that this behavior can also be attributed to Australopithecus afarensis (McPherron et al.
2010) and it is also possible that Paranthropus was one of the Oldowan tool makers (Susman 1991).
Toth and Schick (2018) argued that Oldowan �ndings are suggestive of the incorporation of stone tools
as a critical adaptive component which presumably led to more complex subsistence strategies, social
behavior, and communication, while Michlich (2018) proposed based on an extensive review that
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Australopithecus africanus was capable of indexical, iconic, and possibly symbolic communication
(“symbolic” in the semiotic, and, by extension, linguistic, i.e., Peircean and Saussurean sense and not in
the sense of “symbolic” or “modern” behavior which is axiomatically inferred from artifacts and behaviors
such as pigment use, personal ornaments, funerary practices, etc.; cf. Botha 2020).

Oldowan knapping behaviors display a degree of variation through time and space, and there has been a
heated debate on whether there have been technological, cognitive, or different leaps within the Oldowan
or if the variations in Oldowan knapping behaviors can be explained by environmental factors. One of the
earliest proposals that there were technological leaps within Oldowan in the Olduvai Gorge was put
forward by Leakey (1971, 1975) who differentiated between the so-called Classic Oldowan and
Developed Oldowan A (DOA), with the latter supposedly associated with lower rates of choppers and
increased rates of proto-bifaces, spheroids, subspheroids, and light-duty tools compared to the former.
Following a similar line of thinking, Ludwig (1999) argued that the increased use of chert and increased
manufacture of quartz spheroids and subspheroids during the DOA re�ected enhanced knowledge of
knapping mechanics and raw material selection, while de Lumley et al. (2009) proposed that some
Oldowan sites older than ~1.9 Ma such as Gona, Lokalalei, and Fejej should be regarded as “Pre-
Oldowan” because they display, among other putatively distinctive features, markedly high proportions of
simple core tools and only sporadic retouch.

However, other research has suggested that these phenomena are best explained by raw material
availability. Lithic analyses of the Bed I and II assemblages from Olduvai Gorge have convincingly shown
that the incorporation of chert for stone tool manufacture in the Bed II Oldowan (1.65–1.53 Ma), when
chert became available, elicited a considerable decrease in quartz and lava knapping and a considerable
increase in chert knapping compared to the Bed I Oldowan (1.87–1.75 Ma), which turned back to Bed I
Oldowan levels after chert became unavailable again (Kimura 1997, 1999, 2002; de la Torre & Mora 2014;
McHenry & de la Torre 2018). Also, retouch was only limitedly present in the quartz and non-existent in
the lava assemblages but was highly present in the chert assemblages (cf. de la Torre & Mora 2018).
Chert was available at several locations in the Olduvai Gorge only during speci�c periods when the
palaeolake Olduvai would retreat due to �uctuations in geological phenomena, exposing chert beds on
the surface (Kimura 2002; McHenry & de la Torre 2018; cf. Stiles et al. 1974). The higher rates of �aking
and retouch in chert-associated periods most likely re�ect the fact that chert’s �ne-grained texture makes
it more suitable for both �aking and retouch compared to quartz and lava (Kimura 2002; McHenry & de la
Torre 2018; cf. Spott 2005), indicating that the observed changes in knapping behaviors should be
attributed to chert availability, rather than anatomical, cognitive, cultural, or other adaptations in the
hominin populations (cf. Pro�tt 2018). Furthermore, intersite variations in chert knapping behaviors have
been explained either by chert availability or by differences in the locations on which different stages of
the core reduction process took effect (Kimura 2002; but see Braun et al. 2005 for the latter). Thus, it
would appear that the hominin populations which had access to chert were somehow anatomically,
cognitively, culturally, and/or differently ready to incorporate it into their knapping behavior repertoire and
adjust the repertoire. Interestingly, McHenry & de la Torre (2018) write that these hominins were “aware of
the better �aking qualities” of chert compared to quartz and lava. Additionally, the putatively novel
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manufacture of quartz spheroids and subspherioids had in fact already been documented at pre-Olduvai
Oldowan sites and discrepancies in the rates of quartz spheroid and subspheroid manufacture across
place and time have been explained by differences in raw material availability as well (Semaw et al. 2009;
cf. Sahnouni 2002; Sahnouni et al. 1997; Sahnouni & de Heinzelin 1998; Willoughby 1985).

Still, some Oldowan sites paint a slightly more complex, yet enigmatic, picture. Lithic analyses of the
assemblages at HWK EE, a late Oldowan site dated to ~1.7 Ma, have demonstrated that knapping
behaviors were characterized by shorter reduction sequences, lower �aking productivity, and simpler
knapping methods compared to other Oldowan sites: “HWK EE hominins seem to have been uninterested
and/or unable to exploit [quartz, lava, and chert] cores intensively and, if we are to use modern standards
of productivity and e�ciency, both were generally very low.” (de la Torre & Mora 2018; cf. Arroyo & de la
Torre 2018; de la Torre et al. 2018; McHenry & de la Torre 2018; Pante & de la Torre 2018). It is thus
possible that there were hominin populations in the Olduvai Gorge which displayed lower levels of either
capacity or preference for more extensive stone-toolmaking-related behaviors, independently of the raw
material type.

1.3. Previous experimental studies
Experimental studies of the putative co-evolution between stone-tool-related behaviors and language are
found few and far between, probably due to serious methodological limitations. Many issues are
epistemological, including the fact that the cognition of extinct hominin species cannot be directly
assessed and valid model organisms for these species are currently non-existent (cf. Breyl 2020; Michlich
2018: 7; Putt et al. 2017: 1; but see Dannemann et al. 2020; Trujillo et al. 2021). Fortunately, however, the
small number of previous experimental studies provide a valuable, albeit only fragmentary picture of how
Palaeolithic-stone-tool-related behaviors are associated with modern brain and cognitive functioning.
These studies can be tentatively divided into (1) teaching mode studies and (2) neuroimaging studies.

Teaching mode studies have mainly been trying to determine which modes of teaching, i.e., modes of
transmission of information about stone tool manufacture in a teaching-learning context, can facilitate
the acquisition of different stone-tool-related behaviors. Morgan et al. (2015) found that the acquisition
of Oldowan-like chert �aking was facilitated in the gestural and verbal teaching conditions compared to
imitation. Similar results have been obtained by Lombao et al. (2017) who investigated the acquisition of
the alternating method applied on commercial bricks. However, Cataldo et al. (2018) found that Oldowan-
like chert �aking was signi�cantly better in the gestural and verbal teaching conditions compared to the
(rather unnatural) gesture-free verbal teaching condition, possibly indicating that it is the gestures rather
than spoken language alone that have a facilitatory effect on Oldowan-like (chert) �aking acquisition.
Interestingly, contrary to the expectation that the acquisition of later stone technologies should then also
be facilitated by either gestural or verbal teaching, Ohnuma et al. (1997) found no signi�cant differences
between the verbal and nonverbal teaching conditions in the acquisition of Levallois �aking on siliceous
shale, while Putt et al. (2014) found that the verbal condition was associated with signi�cantly worse
chert �ake quality during Acheulean-like biface manufacture compared to imitation.
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Hecht et al. (2014) conducted a longitudinal diffusion tensor imaging study in which subjects spent two
years acquiring Oldowan-like �aking, Acheulean-like biface manufacture, and Levallois �aking. Fractional
anisotropy changes were observed in the left supramarginal and ventral precentral gyri, and the right pars
triangularis (part of Broca’s area), indicating that the acquisition of the three Palaeolithic behaviors is
associated with structural remodeling of inferior frontoparietal areas. In three studies using different
neurophysiological techniques, it was found that Oldowan-like �aking compared to baseline is associated
with increased metabolic activity in the cerebellum, secondary motor areas, and parietal areas, but not in
the prefrontal cortex, tentatively suggesting that Oldowan-like �aking and its acquisition are not
particularly executively demanding (Putt et al. 2017; Stout et al. 2000; Stout & Chaminade 2007). On the
other hand, the acquisition of Acheulean-like biface manufacture relative to Oldowan-like �aking was
associated with increased metabolic activity in inferior prefrontal (including the right Broca’s area),
frontal, and parietal areas (Stout et al. 2008; cf. Putt et al. 2017). Putt et al. (2017) suggested that the
association between metabolic activity in Broca’s area and Acheulean biface manufacture acquisition is
limited to verbal teaching contexts, calling into question the role of Broca’s area in previous studies of
Palaeolithic-stone-tool-related behaviors (cf. Bourguignon et al. 2018). However, these interpretations
have been criticized (Gabrić et al. 2018: 14, 2021a; Uomini 2017). Be that as it may, because Broca’s area
has a role in, among others, conceptual and schematic body representation, sequential and hierarchical
goal-directed action processing, and aspects of linguistic and speech processing, it has been
hypothesized that Broca’s area might have been a point of convergence in the evolution of language and
stone-tool-related behaviors (Ruck 2014; cf. Kemmerer 2012; Rosenzopf et al. 2020). Increased metabolic
activity in the prefrontal cortex during Acheulean-like biface manufacture compared to Oldowan-like
�aking was not observed in expert knappers (Stout et al. 2008; cf. Stout et al. 2011), suggesting it is
associated with acquisition rather than pure execution.

Converging data suggest that Acheulean-like biface manufacture may be more cognitively demanding
than Oldowan-like �aking, with Oldowan-like �aking being apparently largely reliant on sensorimotor
processing. Nevertheless, the involvement of the cerebellum and parietal areas might suggest an
association with other cognitive functions as well. It is important to note that different parts of the
cerebellum are related to both linguistic and speech processing (Mariën et al. 2014), attention
(Kellermann et al. 2012), emotional control (Adamaszek et al. 2017), etc., while the parietal lobe, although
known to be a seat of various functions (including linguistic and action processing; Bzdok et al. 2016;
Deschamps et al. 2014; Fagg & Arbib 1998; McDowell et al. 2018; cf. Numssen et al. 2021), is likely
functionally the least understood lobe. Furthermore, both the parietal cortex (Bruner et al. 2010) and
cerebellum (Kochiyama et al. 2018; cf. Miura et al. 2014) have witnessed signi�cant changes in size
during hominin evolution. It is also very important to note that it is epistemologically problematic to infer
cognitive processes from neuroimaging data (Poldrack 2006), especially of such broadly demarcated
brain areas as in these studies. In fact, these areas are all associated with performances on tasks tapping
into various cognitive capacities, suggesting that a more direct method is needed to establish a
preliminary association between stone-tool-related behaviors and cognition.
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The only experimental study thus far to compare neuroimaging data during a stone-tool-related behavior
and performance on a cognitive task was by Uomini & Meyer (2013) who reported from their functional
transcranial Doppler ultrasonography study with expert knappers high correlations between the
hemodynamic lateralization patterns during Acheulean-like biface manufacture and silent letter �uency
(naming as many words starting with a given letter), indicating similar patterns in the functional
lateralization of particular linguistic functions and Acheulean-like biface manufacture (cf. Jöris & Uomini
2019; Osuna-Mascaró et al. 2020; Steele & Uomini 2009; Uomini 2015; Uomini & Ruck 2018; Vigneau et al.
2011).

In the present study, the aims were to (1) investigate the role of verbal and nonverbal teaching-learning
contexts on the early acquisition of Oldowan-like quartz �aking, and chert �aking and retouch, (2)
investigate the neuropsychological correlates of the early acquisition of speci�c technological steps
during Oldowan-like �aking and retouch, and (3) speci�cally investigate possible associations between
action language and Palaeolithic stone toolmaking. We were motivated by (1) the prevalence of use of
chert as raw material in experimental studies (compared to, e.g., quartz), (2) lack of studies directly
investigating which cognitive functions are associated with Palaeolithic stone toolmaking in modern
humans, (3) the lack of experimental studies on retouch, as all have thus far focused on �aking, and (4)
lack of studies on speci�c steps of the production process, as all have thus far focused on assessments
of end products leaving open the question whether the observed processes are attributable to �aking in
general or to some of its speci�c aspects. In this study, naïve subjects acquired to produce quartz
choppers and chert sidescrapers in either a verbal or nonverbal condition. To explore the relationship
between the performances on the stone toolmaking tasks and cognition, the subjects also performed on
a battery of neuropsychological tests, assessing visuospatial working memory, cognitive planning,
cognitive �exibility, and speci�c aspects of linguistic processing.

2. Methodology

2.1. Subjects
Thirteen subjects were recruited for the study (5 males; mean age 22.69 ± 2.43). All were native speakers
of Croatian dialects, �uent in Standard Croatian, students at the University of Zagreb, young adults, and
right-handed as assessed by the Edinburgh Handedness Inventory (Old�eld 1971). Further exclusion
criteria included experience in archaeology, self-reported history of psychiatric or neurological disorders,
impaired manual dexterity, and uncorrected vision impairment. Subjects were allocated into verbal or
nonverbal (i.e., gestural) conditions in a randomized matched-pairs design according to their rankings on
the Trail Making Test (see § 2.4.) while maintaining a similar male-to-female ratio. It is supposed that
performance on the Trail Making Test re�ects processes of visual attention (Test A) and cognitive
�exibility (Test B) (Piper et al. 2012), two cognitive functions for which we a priori assumed were crucial
for the acquisition of Palaeolithic stone toolmaking. Ethical approval was obtained from the “Etičko
povjerenstvo za znanstveno-istraživački rad” of the Faculty of Humanities and Social Sciences, University
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of Zagreb (dated 2018/10/03). All subjects signed an informed consent form and were aware of the
goals of the study.

2.2. Stone toolmaking tasks
All subjects �rst performed on a neuropsychological battery (except the letter �uency task). All
neuropsychological assessments were conducted on the same day and all subjects were assessed within
ten days. One to two weeks thereafter the subjects performed on the stone toolmaking part of the
experiment in groups of several individuals (maximally �ve). The stone toolmaking experiment consisted
of two sessions which were divided into three phases: (1) demonstration by an experienced knapper, (2)
assisted practice, and (3) task. Lastly, a brief post-experimental interview took place. In the �rst session,
subjects learned to manufacture a quartz chopper, while in the second they learned to manufacture chert
sidescrapers. Chopper was selected as it is one of the earliest stone tools and is frequent on Oldowan
sites (Toth & Schick 2018), while the sidescraper was selected as it represents a retouched �ake tool and
the speci�c type is found on some Oldowan sites (de la Torre & Mora 2018; cf. Toth & Schick 2018). The
raw material type was selected based on the literature review presented in the �rst part of the paper.

A chopper is a core tool made on a pebble. It is produced by sequentially removing at least two �akes
from only one side of the pebble, thus generating an area of connected �ake negatives which makes a
more-or-less sharp angle with the cortical surface of the pebble. A sidescraper is a unifacially retouched
�ake tool with at least one continuously retouched edge. The angle of the edge can vary from �at to
abrupt and can be either straight, convex, or concave. Although sidescrapers are usually associated and
more common in post-Oldowan technocomplexes (Banda & Karavanić 2019; de Lombera-Hermida et al.
2020; Derevianko et al. 2017; Groucutt et al. 2015; Karavanić et al. 2018, 2021; Zaidner et al. 2018), we
use the sidescraper from this task as a model for retouched tools in general (cf. Inizan et al. 1999).
Examples of tools made by the subjects are shown in Figure 1.

The demonstrator was one of the authors (IK), a Palaeolithic archaeology professor at the University of
Zagreb, experienced knapper with basic knowledge of diverse knapping techniques, approximately 30
years of experience in academic teaching, male, in his 50s, and right-handed. During the two
demonstrations, the demonstrator presented the production of stone tools by making two �nite products
from the same raw material collection that was to be used for the subjects, repeating two times all steps
included in the productions of the two stone tools.

In the verbal condition, no constraints were placed on communication between the demonstrator(s) and
subjects during the demonstration and assisted practice. Verbal instruction was given in Standard
Croatian. In the gestural (i.e., nonverbal) condition, the demonstrator wasn’t allowed to speak but was
allowed to use mimics and gestures, including, e.g., �nger-pointing, nodding, or iconic gestures (placing
the ends of the palms together to convey an angle of 90 degrees), etc. Subjects in the nonverbal group
were informed before the experiment that they will learn how to make two types of stone tools, but that
neither the demonstrator nor the subjects were allowed to speak. They were further informed of all the
experimental phases to avoid confusion.
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During assisted practice, the subjects were given raw materials to practice stone toolmaking in the
presence of two demonstrators (authors IK and MB). MB is a Ph.D. candidate in Prehistoric Archaeology
at the University of Zagreb, with approximately 2 years of experience in knapping (at the time of the
experiment), no teaching experience, male, in his 20s, and left-handed. They were allowed to establish
communication with the demonstrators and the demonstrators would also spontaneously address the
subjects either to approve of what they are doing during practice or to assist them if they perceived
someone needed guidance. Assisted practice lasted approximately 20 minutes. For the actual task,
subjects were given a core and then instructed to choose a large hammer (and a small hammer for
retouch) and to produce the stone tool(s). In the chopper task, subjects were instructed to produce one
chopper (and thus two �akes), while in the sidescraper task they were instructed to produce three
sidescrapers (and thus three �akes). This information was verbally transmitted to the subjects in the
nonverbal group before task commencement (in a less explicit form). There was no formal constraint on
time for the two tasks.

Subjects were sat on wooden chairs in a quiet room with access to sunlight. The chairs were aligned so
that the demonstrator was facing the group of subjects. The subjects’ chairs were arranged in an arc-
shaped form, ensuring that all subjects had similar access to the stimuli. All subjects were offered safety
goggles and gloves to avoid eye and hand injuries. All experimental phases were videotaped for analyses
using Sony A7 and Nikon D5100 video cameras, while the post-experimental interview was audiotaped
for analyses. All cores and debitage were bagged individually for each subject throughout the experiment.

Behavioral data were acquired from video analyses and material assessments. Two raters (IK and MB)
rated on a 5-point scale the subjects’ performances on the two tasks, as well as speci�c steps of the
production process that were taught during the demonstration and assisted practice, with 1 indicating
poor performance and 5 representing the best performances within the sample. Variables for both tasks
included, in the order of the production steps they represent, (1) selection of the striking platform, (2)
strike quality, (3) �ake quality, and (4) tool (chopper or sidescraper) quality. Additionally, (5) working edge
selection, (6) working edge utilization (how well the spatial potential for retouch on the selected working
edge was used), and (7) retouch quality were assessed for the sidescraper task. In the chopper task, a
mean across two �aking events and two raters was calculated, while in the sidescraper task a mean
across three �aking and retouch events, and two raters was computed. For both of the tasks we also
categorically assessed (9) whether the subjects successfully manufactured the stone tool(s), as well as
measuring (10) the raw number of strikes during �aking. We also measured morphometric attributes of
the tools, but these analyses are not reported in this paper due to their complexity. For the chopper task,
we measured negative, chopper, and working edge lengths, as well as pebble perimeter and working edge
angle. For the sidescraper task, we measured �ake length and width, core face length at the location of
the �aking, �aking and retouch angles, as well as retouch and working edge lengths. Data for strike
quality and the number of strikes in both tasks from one subject in the verbal group were not recorded
because an object was blocking the view of the subject in the video recordings which was discovered
after the task had �nished.
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The post-experimental interview was conducted in a separate room immediately after the subject reported
�nishing the sidescraper task. Subjects were asked which stone toolmaking aspects they preferred, i.e.,
found most easy and most di�cult.

2.3. Materials
Approximately 55 quartz pebbles and 17 chert cores were acquired from two sites in Croatia and personal
collections of the authors. Approximately 30 of the pebbles were used as large and small hard hammers,
while the rest was used as cores for choppers. Large hammers were given for �aking in both the chopper
and sidescraper parts of the experiment, while small hammers were given for retouch in the sidescraper
session. Chert cores were used as cores for sidescraper production. Quartz pebbles were given to subjects
without prior modi�cations, while chert cores were adjusted by MB before the experiment for the non-
experienced learners. Adjustments included cortex removal, as well as �aking to eliminate planes of
weaknesses or internal fractures and to morphologically assimilate the cores with one another.

Quartz pebbles were selected according to their morphology and overall size. Flat pebbles of generally
oval or round shape were selected for chopper cores. We also took care not to use too thin pebbles, which
we judged had a greater chance of perpendicular, and thus dissatisfactory, fracture. For large hammers,
we selected mainly globular pebbles whose weight we judged was enough to knap other quartz pebbles
and the chert cores. Smaller hammers were selected according to how well they could be held in the
hand. This criterion was likewise used for the larger pebbles (hammers and chopper cores).

2.4. Neuropsychological assessment
We administered verbal �uency and selected tasks from the Psychology Experiment Building Language
(PEBL, Version 2.0), a freely downloadable, open-source software offering a battery of computerized
neuropsychological tests (Mueller 2012; Mueller & Piper 2014). PEBL tests were conducted using visual
stimuli on a personal computer equipped with a wireless mouse and keyboard for responses. In the verbal
�uency tasks, stimuli (i.e., cues) were presented aurally, while the subjects were to respond vocally.
Detailed descriptions of the tests used in the study can be found elsewhere (e.g., Piper et al. 2012, 2016).
Screenshots from the individual PEBL tasks are displayed in Figure 2.

Verbal �uency (VF) – Subjects performed on action (AF; What can one do at home?) and letter �uency
tasks (LF; letter ⟨m⟩, equivalent to the phoneme /m/ in Croatian dialects). On LF, subjects were simply
instructed to name as many words “starting with m”, without further explication. The instructions were to
name as many words in 60 seconds per task according to the given cue. LF was administered after the
post-experimental interview. Subjects’ responses were audiotaped. The audio recordings were transcribed
using the annotation tool ELAN (Version 5.8) (ELAN 2019; Wittenburg et al. 2006). Productivity (the raw
number of legal words) was analyzed as in Gabrić & Vandek (2021a). Clustering and switching on LF
output were analyzed according to Troyer et al. (1997). On LF, clusters were de�ned as at least two
successive words sharing the incipient or ending consonant-vowel structure (e.g., more–most–
mogućnost ‘sea–bridge–possibility’). We are not aware of any conventions for clustering and switching
analyses in AF, so these analyses were designed a posteriori for AF. The analyses of LF and AF are
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visually summarized in Figure 3. Neurocognitive correlates underlying VF remain somewhat unclear, but it
is often used for assessing prefrontal functions and is believed to at least partly re�ect working memory
and executive functioning (Amunts et al. 2020). From a linguistic perspective, verbal �uency incorporates
lexical access and selection of both semantic as well as phonemic/orthographic representations.
Dependent variables from the VF task included (1) productivity (the raw number of legal words) and (2)
cluster size for each task. Because Croatian speakers (spontaneously) produce only verbs and verb-object
phrases (in the neutral in�nitive form) on AF, we also calculated (3) the rate of the production of
semantically transitive verbs (following Barić et al. 2005: 432–435) and (4) the rate of the production of
syntactically transitive verbs. Three 15-second practice trials were conducted for all three types of VF
tasks.

PEBL Lexical Decision Task (LD) – Subjects were to decide whether the presented stimulus is a word or
not by pressing a key. The stimuli set consisted of 40 words and 40 phonotactically legal pseudowords
(80 trials) which were presented one at a time, with a �xation cross appearing after each stimulus (delay
500 ms). Word stimuli consisted of 20 highly concrete words (mean concreteness ≥ 4, assessed on a
�ve-point scale; e.g., olovka ‘pencil’) and 20 highly abstract words (mean concreteness ≤ 2; e.g., mišljenje
‘opinion’) from the Croatian Psycholinguistic Database (Hrvatska psiholingvistička baza; Peti-Stantić et
al. 2018, 2019, 2021). LD is a common test of word recognition. The dependent variable from the LD task
was response times (median; ms). These variables were recorded for performances on all trials, as well
as speci�cally on concrete word, abstract word, and pseudoword trials.

PEBL Trail Making Test (A and B) – Subjects were to click on circles in a given sequence. Test A
consisted of two subtests in which the subjects were to click on circles with either numerals from 1 to 22
or letters of the Croatian alphabet A–Z (letters with diacritics were excluded), respectively. In Test B they
were to alternate between circles with numerals (1–12) and letters (A–L). Subjects proceeded to the
successive parts of the task at their own pace. The ratio between median responses on B and the
numeral subtest was used for allocating the subjects into the verbal and nonverbal conditions. One
practice trial for each subtask was conducted. There were no dependent variables from the Trail Making
Test.

PEBL Corsi Block-tapping Test (CBTT) – Subjects were presented with nine blue blocks which would lit
one at a time in a given order. Both the inter-stimulus and inter-trial intervals were 1000 ms. Subjects were
to repeat the sequence of lit blocks by clicking on the same blue blocks. The �rst level contained two-
block trials. After every two trials, subjects advanced to the next level assuming they completed at least
one trial of each level. CBTT is considered to be a measure of visuospatial working memory and is
associated with both prefrontal and parietal activity (Lancia et al. 2018). We recorded (1) memory span
and (2) response times (median; ms). Three practice three-block trials were conducted.

PEBL Tower of London (ToL) – Subjects were to individually move colored disks or balls on pegs from an
initial state to match a goal state while making as few moves as possible, with progressive di�culty.
Twelve trials were analyzed. The test is believed to re�ect processes of cognitive planning as good
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performance on the task depends on composing a plan, maintaining it in working memory, and carrying
the plan out in the task context (Piper et al. 2012). ToL is also often used as a measure of executive
functioning. Furthermore, performance on ToL is associated with activity in the dorsolateral prefrontal
and parietal cortices (Lazerom et al. 2000). Dependent variables included (1) accuracy (the raw number
of correct trials) and (2) response times (median; ms).

PEBL Wisconsin (Berg) Card Sorting Test (WCST) – Subjects were presented with four piles of cards from
a 64-card deck differing in the shapes, number, and color of �gures depicted on the cards. On each trial,
subjects were given another card which they were supposed to match with one card from the four piles
according to a given rule (either shape, number, or color). The rule was not conveyed to the subjects, but
they were to infer the rule themselves through a trial and error process. Subjects were informed after every
trial whether they performed correctly or incorrectly (500 ms). The rule changed after ten correct
responses. 128 trials were analyzed. WCST is associated with executive functioning and set-shifting
(Piper et al. 2012), and prefrontal functioning (Sumitani et al. 2006). Dependent variables included (1)
perseverative errors (percentage on all trials), (2) failure to maintain set, (3) and response times (median;
ms). Perseverative errors include inaccurate responses to a new category (i.e., rule) which would have
been correct for the immediately preceding category. A failure to maintain set included situations when
the subject made �ve correct responses in a row but failed to make the 10 correct responses that are
required to complete the category.

2.5. Statistical analyses
Statistical analyses were conducted in JASP (Version 0.11.1.0) (JASP Team 2020). The independent-
sample Student t-test with Welch’s correction was used for comparisons of non-categorical variables
between the verbal and nonverbal groups. Cohen’s d is reported for effect sizes. The chi-square test was
used to compare categorical variables between groups. We report the Likelihood ratio because of the
small sample size, along with Cramer’s V for effect sizes. Spearman correlation coe�cients were used for
investigating associations between stone toolmaking and neuropsychological variables.

3. Results

3.1. Verbal vs. nonverbal comparisons
There were no signi�cant differences between the groups in age (t(10.720) = 1.730, p = .112, d = 0.951), the

male-to-female ratio (X2
(1,13) = 0.630, p = .427, V = .220), or the TMT B:A time ratio (t(6.963) = 1.061, p =

.311, d = 0.591).

3.1.1. Chopper task
Results are shown in Table 1. Although visual examination of the descriptive data shows that the verbal
group scored better than the nonverbal group on all variables, none of the differences were signi�cant.
The highest t-value, as well as the only large effect size, were found for chopper quality.



Page 15/53

Debitage and core analyses for the subjects who unsuccessfully completed the task revealed they failed
to produce a single viable �ake. One of these subjects fractured three pebbles in half during the task and
the task for this subject was subsequently aborted after an ad hoc decision by the researchers. Another
subject halved one pebble. This and two other subjects aborted the task after stating they felt unable to
produce a �ake. All of these subjects were the only subjects rated with 1 by both of the raters on striking
platform selection, yet mean values for strike quality in these subjects was 3.50, suggesting that striking
an un�t striking platform contributed most to the subsequent failure to complete the task in these
subjects. Examination of the video materials suggested that these subjects struck too far away from the
pebble edge, indicating that these subjects failed to acquire the knowledge of adequate platform angle
and depth (distance of the striking point from pebble edge) or that they lacked precision. We further
compared subjects who completed the chopper task and those who didn’t on the stone toolmaking and
neuropsychological variables but found no signi�cant differences (all p > .100). The only large effect size
was found for the number of strikes in the chopper task (32.125 ± 38.498 vs. 64.500 ± 35.454,
respectively).

Table 1
Comparisons between the verbal and nonverbal groups on the chopper task

  Verbal Nonverbal t df p Cohen’s d

Striking platform selection 3.964

(1.388)

2.750

(1.994)

1.254 8.756 .242 0.707

Strike quality 4.083

(0.970)

3.500

(0.894)

1.083 9.934 .305 0.625

Flake quality 3.750

(1.323)

2.667

(1.966)

1.145 8.558 .283 0.646

Chopper quality 3.929

(1.367)

2.500

(1.761)

1.614 9.409 .140 0.906

Number of strikes 36.333

(49.891)

49.500

(28.198)

0.563 7.899 .589 0.325

Chopper successfully made? YES 6/7 YES 3/6 X2
(1,13) = 1.989, p = .158, V = 0.386

Note: Means are reported. Standard deviations appear in parentheses.  

3.1.2. Sidescraper task
Results are shown in Table 2. Although visual examination of the descriptive data shows that the verbal
group scored better than the nonverbal group on all variables, the verbal group scored signi�cantly better
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only in �ake quality, with a large effect size. A large effect size was also found for the number of strikes
during �aking.

Table 2
Comparisons between the verbal and nonverbal groups on the sidescraper task

  Verbal Nonverbal t df p Cohen’s
d

Striking platform selection 4.071

(1.113)

3.889

(0.689)

0.361 10.130 .726 0.197

Strike quality 3.833

(0.753)

3.417

(1.068)

0.781 8.982 .455 0.451

Flake quality 4.214

(0.533)

3.222

(0.800)

2.669 8.504 .031 1.485

Working edge selection 4.595

(0.418)

4.556

(0.360)

0.181 10.996 .858 0.101

Working edge utilization 4.214

(0.798)

3.917

(0.751)

0.689 10.873 .503 0.383

Retouch quality 3.310

(0.997)

2.778

(1.073)

0.926 10.395 .378 0.515

Sidescraper quality 3.191

(1.056)

2.417

(0.941)

1.383 10.969 .190 0.770

Number of strikes 15.500

(8.689)

33.000

(22.054)

1.808 6.516 .117 1.044

Three sidescrapers successfully
made?

YES
6/7

YES 3/6 X2
(1,13) = 1.989, p = .158, V = 0.386

Note: Means are reported. Standard deviations appear in parentheses.  

Four subjects produced only two viable sidescrapers. Two of these subjects also failed to produce the
chopper. One subject’s failure was attributable to poor �ake production, while three subjects displayed
very poor retouch.

Neither Student and Wilcoxon signed-rank paired samples t-tests showed any signi�cant differences
between performances on the quartz chopper and chert sidescraper tasks in any of the comparable
variables, suggesting the two tasks were similarly di�cult for the subjects. Thus, we found no evidence
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for a test-retest effect for �aking or other speci�c production steps and no evidence for performance
variation in �aking as a function of raw material type.

Means and standard deviations for �ake quality in the chopper and sidescraper tasks in the whole
sample were 3.250 ± 1.674 and 3.756 ± 0.821, respectively, and were 3.269 ± 1.666 and 2.833 ± 1.043 for
tool quality, respectively. Although these differences turned insigni�cant, it is perhaps notable that the two
comparisons display contrasting directions of differences in raw values between the two groups. This
possibly suggests that while �aking might have been insigni�cantly easier to acquire in the sidescraper
compared to the chopper task, it would appear that retouch was more poorly acquired compared to
�aking in the sidescraper task. Indeed, a paired samples t-test con�rmed that subjects performed
signi�cantly worse on retouch quality compared to �ake quality in the sidescraper task (z = 72.0, p = .011,
rb = .846), but not compared to �ake quality and chopper quality in the chopper task. Still, explorative
analyses revealed that retouch quality was positively associated with chert �aking, namely with the
number of strikes (ρ = -.678, p = .015) and �ake quality (ρ = .729, p = .005), with the converging data thus
indicating that chert �aking and retouch have both shared and distinct underlying processes during early
acquisition.

Subjects performed signi�cantly better on striking platform selection (z = 77.0, p = .028, rb = .703)
compared to retouch, but not �ake quality in the sidescraper task, indicating that speci�c pre-�aking steps
might have been easier to acquire and/or execute compared to retouch, but not �aking in the sidescraper
task. Furthermore, subjects scored signi�cantly better on both working edge selection (z = 78.0, p = .003,
rb > .999) and working edge utilization (z = 91.0, p = .002, rb > .999) compared to retouch quality,
indicating that subjects relatively successfully acquired speci�c declarative knowledge about retouch, but
they had di�culties in execution.

3.2. Post-experimental interview
Four subjects (3 verbal: 1 nonverbal, 2 males: 2 females) stated that they found it easy to apply force to
produce a �ake in the chopper task, while six subjects stated the opposite (2 V: 4 NV, 5 M: 1 F). Two
subjects stated they found it easy to select the adequate striking platform and �aking angle in the
sidescraper task (0 V: 2 NV, 2 M: 0 F), while seven subjects stated the opposite (5 V: 2 NV, 2 M: 5 F). Three
subjects found retouch to be easy (1 V: 2 NV, 0 M: 3 F), and four expressed opposed opinions (2 V: 2 NV, 2
M: 2 F).

Descriptive data show that subjects in the verbal group tended to favor quartz �aking, but disfavor chert
�aking. This does not seem related to the stone toolmaking performances in the verbal and nonverbal
groups because the descriptive data showed that the verbal group performed better on average than the
nonverbal group on all variables on both tasks. Males appeared more induced to produce an F0
compared to A0 response, while females showed an opposite trend. Further, only females had an R1
response on the interview.
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Not unimportantly, two female subjects stated they �aked rather cautiously in both tasks due to fear they
would injure their non-dominant (left) hand. One of these subjects failed at both the quartz chopper and
chert sidescraper tasks.

3.3. Stone toolmaking and neuropsychological variables

3.3.1. Chopper task
There were no signi�cant correlations between any of the chopper and neuropsychological variables.

3.3.2. Sidescraper task
Corsi Block-tapping Test (visuospatial working memory) – Because there were numerous signi�cant
correlations between the Corsi and sidescraper variables, they are displayed in Table 3.

Table 3
Correlations between the Corsi Block-tapping Test and sidescraper variables

  Memory span Response times (ms)

Striking platform selection ns ns

Strike quality .639 (.025) .673 (.017)

Flake quality .627 (.022) ns

Working edge selection ns ns

Working edge utilization .565 (.044) .608 (.027)

Retouch quality .631 (.021) .681 (.010)

Sidescraper quality .684 (.010) .759 (.003)

Number of strikes -.813 (.001) -.701(.011)

Note: The ρ-coe�cients are reported, while the p-values appear in parentheses. ns = not signi�cant (p
> .05)

Tower of London (cognitive planning, executive functioning) – Retouch quality was signi�cantly
positively and moderately correlated with the total time (ρ = .596, p = .032).

Wisconsin Card Sorting Test (executive functioning, cognitive �exibility) – Strike quality was signi�cantly
negatively and moderately correlated with the failure to maintain set (ρ = -.595, p = .041). Retouch quality
was signi�cantly negatively and weakly-to-moderately correlated with the perseverative error rate (ρ =
-.546, p = .053) and failure to maintain set (ρ = -.547, p = .053). Sidescraper quality was signi�cantly
positively and moderately correlated with the response times (ρ = .561, p = .046).

Lexical decision (word recognition) – Only response times on the pseudoword trials were signi�cantly
positively and either moderately-to-strongly or strongly correlated with �ake quality (ρ = .754, p = .003),
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working edge utilization (ρ = .773, p = .002), retouch quality (ρ = .651, p = .016), and sidescraper quality (ρ 
= .707, p = .007).

Verbal �uency (lexical production) – Regarding letter �uency, only cluster size was signi�cantly
negatively and moderately correlated with sidescraper quality (ρ = -.593, p = .042). Regarding action
�uency, productivity was signi�cantly positively and moderately correlated with strike quality (ρ = .624, p
= .030), as well as signi�cantly negatively and moderately with the number of attempted strikes (ρ =
-.583, p = .047). Further linguistic analyses of the output on action �uency revealed that strike quality (ρ 
= .758, p = .004) was signi�cantly positively and strongly correlated with the rate of syntactically
transitive verb production. There were no signi�cant correlations with the rate of semantically transitive
verb production.

4. Discussion

4.1. Comparisons between verbal and nonverbal groups and
analyses of the stone toolmaking data
Although the descriptive data showed that subjects in the verbal group performed better on all of the
stone toolmaking ratings, the only signi�cant difference (p < .05) was found for �ake quality in the chert
sidescraper task. Because Welch’s test is believed to considerably reduce the likelihood of type I error and
because very small samples might lead to type II errors (Delacre et al. 2017; Derrick et al. 2016), it
appears more likely that the non-signi�cance of some of the p-values from the verbal vs. nonverbal
comparisons are the result of type II error than that the signi�cant difference in chert �ake quality
between the groups is a product of type I error. Furthermore, some effect sizes were moderate and strong
on both tasks. Results remained unchanged after analyzing the differences between groups using the
non-parametric Mann-Whitney U test. However, because gestures by the demonstrator were allowed in the
nonverbal condition in our experiment and because gestures have also been found to facilitate the
acquisition of Oldowan-like chert �aking (Cataldo et al. 2018; Morgan et al. 2015), it is possible that both
verbal and gestural teaching may have similar effects on the acquisition of Oldowan-like chert �aking (cf.
Bohn et al. 2020). Be that as it may, our statistical data from the group comparisons are inconclusive and
it remains unclear whether the null hypothesis can be rejected.

Still, descriptiva data show that subjects in the verbal group tended to favor quartz �aking, but disfavor
chert �aking, yet this did not seem related to the stone toolmaking performances in the verbal and
nonverbal groups because the descriptive data showed that the verbal group performed better on average
than the nonverbal group on all variables on both tasks. Thus, although subjects in the verbal group may
have scored (not statistically signi�cant) better compared to the nonverbal group on the chert sidescraper
task, they still might have perceived the task as more demanding and/or displeasing.

There were no signi�cant within-sample differences between the two tasks in any of the stone
toolmaking variables, tentatively indicating that chert �aking for sidescrapers was not easier to acquire
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and execute than quartz �aking for choppers. Additionally, this suggests that there was no test-retest
effect, as well as that there were no effects of task and/or raw material type on the stone toolmaking
performance. Nevertheless, because of the small sample size, our results are merely explorative and
should be taken with caution.

Subsequent explorative analyses revealed that subjects were signi�cantly better on �ake quality
compared to retouch quality on the chert sidescraper task, indicating that retouch may have been more
demanding for the subjects to acquire and/or execute. Nevertheless, �ake quality and retouch quality on
the chert sidescraper task were signi�cantly positively correlated, tentatively suggesting that
performances on chert �aking and retouch have both shared and distinct underlying processes during
early acquisition. Additionally, subjects scored signi�cantly better on working edge selection and working
edge utilization compared to retouch quality, indicating that subjects relatively successfully acquired
speci�c declarative and procedural knowledge about retouch, but they had di�culties in execution.

4.2. Post-experimental interview
In general, subjects showed different preferences for different aspects of the stone toolmaking
experiment; namely, for quartz �aking (which they associated mostly with the application of high force),
chert �aking (which they associated mostly with selecting the adequate striking platform and �aking
angle), and retouch. The mere existence of these preferences indicates that subjects perceived the two
stone toolmaking tasks differently. There were only two subjects who expressed they found it easy to
�ake chert for sidescrapers and seven subjects with an opposite response in the interview, suggesting
that the subjects in our sample were more likely to disfavor striking platform selection and �aking in
general in the chert sidescraper task than not. This was not the case for the quartz �aking response,
where the ratio was four-to-six.

Interestingly, descriptive data suggested disproportionate preferences between male and female subjects
across the three post-experimental interview responses (cf. Arthur 2010; Bird 1993; Brandt et al. 2006; de
Beaune 2019; Gifford-Gonzalez 1993; Keeley 2010; Sassaman 1993; Tumler et al. 2017; Waguespack
2005). The data suggest again that at least some subjects perceived quartz �aking for choppers and
speci�c aspects of chert retouch very differently and if they preferred one, they were likely to disfavor the
other.

4.3. Correlations between stone toolmaking and
neuropsychological variables
Strikingly, while there were absolutely no signi�cant correlations between the quartz chopper and
neuropsychological variables, there was an abundance of signi�cant correlations with the chert
sidescraper variables. Importantly, this does not imply that there are differences in the qualities of the
quartz chopper and chert sidescraper datasets. Although the correlations with the quartz chopper
variables were not signi�cant, the correlation coe�cients in many cases showed an opposite direction to
that observed in the correlations with the comparable chert sidescraper variables. This suggests that
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there was disproportionate involvement of different cognitive capacities on both tasks, but these effects
were smaller and not signi�cant in the quartz chopper task.

Moderate-to-strong and strong signi�cant correlations were found between most of the chert sidescraper
and visuospatial working memory variables. Results indicate that subjects with a higher memory span
(i.e., able to retain more pieces of information on the location and sequence of lit blocks) and who had
slower response times on CBTT were rated better on both chert �aking and retouch. Interestingly, better
performance on the chert sidescraper task was associated with slower rather than faster response times.
Clearly, however, these slower response times were not associated with poorer performance (i.e., memory
span) on the CBTT. While it is di�cult to interpret this result, this might suggest that subjects who
invested more time into conscious processing of visuospatial information were better on the chert
sidescraper task. The strengths of the correlation coe�cients were comparable across both the chert
sidescraper and the two CBTT variables. The only two chert sidescraper variables which exhibited non-
signi�cant correlations were striking platform and working edge selection. The former suggests that
visuospatial working memory was not associated with the visual assessment of the platforms and
knapping faces on the chert core surface before striking. The lack of signi�cant correlations with working
edge selection might re�ect the facts that there is only a very limited number of possible working edges
on a �ake and that the subjects were taught to select the longer edges, implying that working edge
selection might be more dependent on simple declarative rather than procedural knowledge.

Retouch was weakly-to-moderately and moderately signi�cantly correlated to several executive
functioning and cognitive �exibility measures. Subjects who were rated higher on retouch quality were
slower in the ToL task, possibly suggesting, similarly to the CBTT results, that subjects who invested
more time into conscious planning of the steps needed to complete the ToL task displayed better retouch.
Subjects who were rated higher on retouch quality also made fewer perseverative errors and recorded
fewer failures to maintain set on WCST, indicating better performance on executive functioning and
cognitive �exibility measures. These results suggest that chert �aking and retouch underlie both shared
and different cognitive processes during early acquisition in modern humans, with retouch being
executively more demanding than �aking.

These results suggest that the increased metabolic activity in parts of the parietal cortex and secondary
motor areas during Oldowan-like-�aking-related behaviors might be partly attributed to the demands of
visuospatial working memory. Furthermore, the association between retouch and executive functioning
possibly explains why previous studies have failed to detect Oldowan-associated increased prefrontal
metabolic activity.

Signi�cant correlations were also found for the linguistic tasks. Both chert �aking and retouch were
signi�cantly moderately-to-strongly and strongly correlated with the response times on the pseudoword
trials of the LD task. Similar to the CBTT and ToL, these correlations were positive, indicating that
subjects who were slower in identifying a string of visually presented letters as a pseudoword were better
in chert �aking and retouch. Importantly, there were no signi�cant correlations between any of the
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response times variables across the four neuropsychological tasks (CBTT, ToL, WCST, and LD; all p >
.199), indicating the four variables re�ect different aspects of cognitive processing speed. Because there
were no signi�cant correlations between the stone toolmaking variables and the response times on word
trials (and neither concrete nor abstract word trials), this result does not necessarily re�ect an association
between stone toolmaking performance and linguistic processing. Pseudoword recognition on visual LD
has been associated with greater demands in visual attention, especially in longer pseudowords. This is
because pseudowords are presumably mostly analytically processed in the brain, i.e., only speci�c
orthographic sequences (e.g., syllable-corresponding sequences) are processed at a given point and each
sequence of the pseudoword requires a new visual attentional window during which the pronunciation of
the sequence can be computed and compared to the phonological lexicon (Valdois et al. 2006; cf. Wong
et al. 2020). Because we also included abstract word trials and because abstract words are usually longer
than concrete words (Reilly et al. 2012), it is possible that our pseudowords were also long enough to
exert greater visual attentional demands. This putative visual attentional role in pseudoword recognition,
and chert �aking and retouch should not be confused with the proposed role of visuospatial working
memory as inferred from the correlations with CBTT. Attentional processes are different between the two
tasks since on CBTT, attention is guided by the task via programmed time intervals, while on visual LD,
the speed and quality of the attentional processes depend on the quality and extent of the individual
subject’s analytical capacity. Also, working memory demands in pseudoword recognition are arguably
considerably lower compared to the CBTT, given that there were up to nine levels on the CBTT (nine lit
blocks in a given sequence), while words (and thus pseudowords) are typically only a few syllables long,
implying there are considerably fewer pieces of information to be retained in the working memory until a
subject can decide whether the presented stimulus is a word or not compared to recalling in which
locations and sequence were blocks on the screen lit.

Interesting results were obtained from correlations with the verbal �uency variables. Subjects who built
smaller consonant-vowel clusters on letter �uency were rated better on chert sidescraper quality. Notably,
Uomini & Meyer (2013) reported in their fTCD study correlations between the lateralization patterns
during Acheulean-like chert biface manufacture and silent letter �uency. This might suggest that these
correlations with letter �uency are not speci�c for either chert biface or chert sidescraper manufacture.
Nevertheless, there are presumably important differences between silent and overt verbal �uency, while
Uomini & Meyer (2013) further administered switching letter �uency (to ensure continuous word
generation and, thus, continuous task-related blood �ow; cf. Meyer et al. 2014), in which the letter cue
would change after a speci�c interval (whilst there was a single cue in our study). Also, they investigated
these phenomena in expert knappers, while we studied early acquisition. In any case, smaller clusters
imply the subjects relied less on successively generating words with similar consonant-vowel structures
at the beginning or end of the word (e.g., sharing the �rst or last syllable). In other words, subjects who
were better on the chert sidescraper task had retrieved phonologically more diverse words on letter
�uency with respect to the incipient or ending consonant-vowel structures. Healthy subjects typically rely
considerably less on clustering on letter �uency compared to semantic �uency (cf. Gabrić & Vandek
2021b). Also, although the correlation with productivity on letter �uency was weak and not signi�cant (ρ 
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= .372, p = .234), it had a positive direction, indicating that better chert sidescraper quality was not
associated with lesser productivity on letter �uency.

Subjects who generated more verbs and/or verb-object phrases on action �uency had better ratings for
strike quality and needed fewer strikes to complete the chert sidescraper task. This is in line with an ever-
growing body of research indicating that action language processing relies on brain networks and
cognitive processes underlying real action observation and execution (see Introduction). Furthermore,
subjects who were rated better in strike quality produced syntactically, but not semantically transitive
verbs at higher rates (where the subject stands for an agent and the verb stands for a transitive action).
There were in fact no signi�cant correlations with the rate of the production of semantically transitive
verbs. Thus, although in the Introduction we argued that striking a core to �ake is a semantically
transitive event, our results suggest that there were similarities in the cognitive processes underlying
striking to �ake and the production of syntactically, but not semantically transitive verbs, tentatively
suggesting that some level of action schematization was after all needed for a more successful early
acquisition of striking a chert core to produce �akes in modern humans.

4.4. Evolutionary implications
Because we tested modern humans and not the actual hominin species which engaged in Oldowan
knapping behaviors, it is highly questionable whether any evolutionary implications can be drawn from
our research. We can only speculate and even that only if we controversially assume that we would have
obtained similar results had we tested the early hominins instead of modern humans. Although we do not
believe this to be true (or that the PEBL test battery would be suitable for early hominins for that matter),
we currently do not see any other possibility to extract evolutionary implications from our data but to
express a few controversial speculations based on the aforementioned axiom. It should also be kept in
mind that we investigated processes during early acquisition. Thus, our already controversial proposals
may not necessarily apply to expert knappers.

The stone toolmaking data possibly suggest that Oldowan hominins perceived quartz and chert
knapping, and chert retouch very differently. This suggestion is in line with the results of lithic analyses
from sites in Olduvai Gorge showing that in periods when chert was available, it was extensively used,
with dramatic changes in the knapping behavioral repertoire and without apparent acclimation periods
(Kimura 2002; McHenry & de la Torre 2018). Arguably, the hominins perceived the greater suitability of
chert for �aking and retouch compared to quartz and lava, and changed their knapping behaviors
accordingly, as already speculated by de la Torre & Mora (2018). Furthermore, Oldowan hominins might
have shown preferences for one or the other behavior and might have struggled more in acquiring other
behaviors or even disliked the other behaviors (cf. Baena et al. 2019). Thus, although individual hominin
groups appear to have mastered the different knapping behaviors (when the preferred raw material was
available), it is possible that some individuals within those groups would have preferred or disfavored
speci�c knapping behaviors during early acquisition. In turn, this might suggest the presence of
considerable intragroup differences in the quality of performance on speci�c knapping behaviors in these
hominins groups, as well as the possibility that some individuals within these groups preferred or
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engaged only in speci�c knapping behaviors. Furthermore, because in our study chert �aking was
associated with cognitive performance, eventual intragroup differences in the quality of chert �aking may
re�ect intragroup differences in, among others, visuospatial working memory span or other cognitive
capacities. Unfortunately, intragroup variations in the level of knapping skill in Oldowan assemblages are
alarmingly understudied, while archaeology in general has typically focused on the variations in high-
skilled knappers as opposed to representative knapper samples or entire assemblages (Bamforth & Finlay
2008).

Data from the correlations between the stone toolmaking and neuropsychological variables might
suggest that while Oldowan hominins did not necessarily need to considerably employ cognitive
functions during quartz �aking (at least in the context of chopper manufacture), they might have relied on
visuospatial working memory and visual attention during chert �aking and retouch, as well as executive
functioning during retouch speci�cally. The disproportionate associations with visuospatial working
memory and attention across the two stone toolmaking tasks might be due to the differences in the
visuo-haptic experience of the two raw materials. In our study, for example, quartz pebbles were of very
similar morphology (�at and round or oval), while the chert cores displayed a degree of surface
irregularity, even though MB, after cortex removal, preliminary �aked the cores to morphologically
assimilate them one to another. However, the association of retouch with executive functioning (although
not as strong as with visual working memory) remains striking. This result possibly suggests that
Oldowan hominins had a certain modern-like level of ability in cognitive planning, as well as cognitive
�exibility, i.e., being able to adjust their behavior according to contextual changes during the goal-directed
task at hand. Retouch has not been addressed in neuroimaging studies, which is perhaps why the studies
failed to �nd associations between prefrontal metabolic activity and Oldowan-like knapping. This result is
also contrary to the suggestion by Putt et al. (2017) that the “cognitive abilities […] were more ape-like
than human-like among hominin toolmakers prior to 1.8 Ma.”

Following the current line of speculations, the results from the correlations with the action �uency
variables might suggest that Oldowan hominins had reached a certain level of modern-like schematized
(compared to conceptual) action processing. Further, our results controversially suggest that the Oldowan
hominins already exhibited to some degree the cognitive action processing networks underlying action
language and speci�cally syntactically transitive verb-object phrases in modern humans. This is not to
say that Oldowan hominins possessed some kind of language with action semantics and verb-object
phrases (although it remains a possibility). This is merely to say that some of the prerequisites for these
behaviors might have been (partly) in place in Oldowan hominins. At any rate, this provides the �rst
evidence for an association between Palaeolithic stone tool making, and action language and syntactic
transitivity, albeit in modern humans. Ending this paragraph with a note, we would caution the readers of
this paper against categorizing these verb-object phrases as “simple”, “simple language”, “simple
transitive frames”, etc. While it can be in lay’s words said that, for example, gledati televiziju ‘to watch
television’ is an example of a “simple” syntactically transitive verb-object phrase because there can be no
fewer than two morphological elements (one for the verb and one for the object), the notions of simplicity
and complexity of language in discussions on language evolution are typically not (well) de�ned and
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they are not backed by a linguistic ontology. Also, it should be kept in mind that our interpretations are
based on results from Croatian-dialects data where the in�nitive form is formed by adding the su�x -t(i)
or -ć(i) to the verb stem, while the direct object is in the accusative case, implying an addition of a case-,
gender-, and number-appropriate grammatical su�x to the stem. Both grammatical processes may lead
to phonological alternations (Barić et al. 2005). Thus, these verb-object phrases may not be as simple as
one might think.

Because Oldowan hominins appear to have been relatively cognitively, anatomically, culturally, and/or
differently ready for the inclusion of chert for stone toolmaking, our results suggest that the Oldowan
hominin populations had achieved certain modern-like levels of visuospatial working memory and
executive functioning before the periods of chert availability. Thus, our results also suggest that the levels
of these capacities were not phylogenetically associated with chert knapping and, due to the relative
stability and simplicity of the repertoire of knapping behaviors throughout Oldowan (cf. Bower 1977;
Pro�tt 2018), it is questionable whether it can be hypothesized that these capacities were somehow
evolutionarily �ne-tuned via chert knapping. Come what may, the fact that quartz �aking in the context of
chopper manufacture was not associated with cognitive performance suggests that quartz chopper
manufacture does not re�ect the full extent of cognitive capacities of Oldowan populations. Furthermore,
because research has, among others, shown that there was a considerable increase in hominin brain size
from the time of australopithecines to Homo erectus which may have been associated with novel
cognitive adaptations (Toth & Schick 2018), but that both quartz and chert tool manufacture exhibited
relative technological constancy throughout Oldowan, it is possible that neither quartz nor chert �aking
(and retouch) re�ect the full cognitive extent of Oldowan populations (cf. Toth 1985).

Importantly, knapping behaviors do not necessarily constitute the entire tool behavior repertoire of
Oldowan populations. Stone tool technology encompassed other behaviors such as lithic raw material
procurement, selection, transport, and curation, all of which were interdependent with resource
distribution and quality (Goldman-Neuman & Hovers 2009, 2012; Harmand 2009). Furthermore, use-wear
analyses of artifacts from Kanjera South, dated to ~2.0 Ma, have hinted at the possibility of wooden tool
manufacture on that site (Lemorini et al. 2014; cf. Bello-Alonso et al. 2019), while wooden tool use has
been observed in wild common chimpanzees (Bandini & Harrison 2020; Luncz et al. 2012; Pruetz &
Bertolani 2007), yet very limitedly in wild bonobos (Schamberg et al. 2017; cf. Furuichi et al. 2015). Bone
tools encompassing �aked bones, bone hammers, and wedges are also reported from Bed II sites at
Olduvai, although some of them are associated with the Acheulean as well (Backwell & d’Errico 2004).
Thus, other tool behaviors or other behaviors in general might better re�ect the levels of cognitive
capacities of Oldowan hominin populations.

Future research should try to replicate these results with larger samples. Our results will hopefully also
induce future research on the effects of different raw materials and the associations with different
cognitive capacities and linguistic phenomena (cf. Toya & Hashimoto 2018). However, because we have
interpreted our results as suggesting that neither quartz nor chert �aking and retouch may be indicative of
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cognition in Oldowan populations, other avenues of research should also be inspected (cf. Karakostis et
al. 2021; Karakostis & Harvati 2021; Key et al. 2018a,b, 2020; Key & Dunmore 2018).

5. Limitations
Firstly, it is epistemologically problematic to test modern humans to assess cognition in extinct hominin
species. Secondly, our sample size was very small, which might have especially been an issue in group
comparisons. Thirdly, correlations between the stone toolmaking and neuropsychological variables were
calculated for the entire sample, i.e., including subjects in both the verbal and gestural conditions. It is
also worth noting that the archaeological identi�cation of retouched tools is epistemologically
problematic because retouch on unifacial tools can be the result of purposeful design employed in
retouched tool manufacture or a haphazard form emanating from continuous �ake edge wear and repair
(Rolland & Dibble 1990).
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Figures

Figure 1

Tools made by the subjects during the experiment: 1) example of a well-made chopper, 2) example of a
poorly made chopper, 3) example of a well-made scraper, 4) example of a poorly made scraper. The well-
made chopper has two contiguous �ake scars that form a continuous sharp edge, as opposed to the
poorly made example whose edge is almost perpendicular to the surface of the pebble. On the other
hand, the well-made scraper is a large and clearly identi�able �ake with a continuous semi-steep
retouched edge (the retouch scars are large and well-spaced), whilst the poorly made scraper is not a
�ake per se, but a thin chip with no unambiguous knapping attributes (i.e., bulb of percussion and
platform) and a retouched edge with shallow and short scars, more reminiscent of edge damage than
true retouch. Photo: MB
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Figure 2

Screenshots from the individual PEBL tasks (presented under the General Public License). a) Corsi Block-
tapping Test, b) Tower of London, c) Wisconsin Card Sorting Test, d) lexical decision
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Figure 3

Transcripts of the �rst 15 seconds of the AF and LF tasks of one subject. In the AF transcript, cook,
vacuum, iron, dust, and wash are both semantically and syntactically transitive verbs (although cook,
vacuum, and iron were named in a syntactically intransitive manner by the subject, as per the lack of an
expression of a direct object); watch and play are semantically intransitive but syntactically transitive
verbs. Note that sleep is neither semantically nor (typically) syntactically transitive (but compare He slept
two hours.). In conclusion, the subject produced seven syntactically transitive verbs and �ve semantically
transitive verbs in the �rst 15 seconds of their output.


