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Abstract 37 

 38 

When and how human ancestors first used tools remains unknown, despite intense research 39 

into the origins of technology. It has been hypothesized that prior to stone flaking hominins 40 

practiced various percussive behaviours resulting in accidental flake detachments, in turn 41 

leading to intentional flake production, named here the ‘By-Product Hypothesis’. The 42 

evolutionary root of technology therefore would have its origin in perucssive behaviour. In 43 

this study we tested the validity of accidental flake production as a by-product of percussive 44 

foraging and assess the role that raw material quality has on its efficacy. We applied 45 

archaeological lithic analysis to three experimental capuchin nut cracking assemblages of 46 

varying raw material quality. The resulting assemblage associated with percussive foraging is 47 

clearly identifiable as non-natural in origin. Capuchin nut cracking behavior can produce 48 

multiple conchoidal flakes which technologically resemble simple hominin flakes of the early 49 

archaeological record. Raw material quality and morphology significantly affect the rate of 50 

sharp-edged flake detachments as well as the resulting archaeological signature of this 51 

behavior. Our field experiments show that percussive tool use can lead to the unintentional 52 

production of substantial quantities of sharp cutting flakes and therefore directly support the 53 

‘By-product-hypothesis’ for the emergence of hominin technology.  54 

 55 

1. Introduction 56 

Despite decades of investigations into the origins of hominin technology, the point in our 57 

evolutionary history in which tool use first appeared remains elusive. It is widely assumed 58 

that the production of sharp flakes is not the beginning of tool use. Simple pounding tools are 59 

likely to predate the creation of sharp flakes, pushing the invention of tools further back in 60 

time, towards our last common ancestor (LCA) with chimpanzees (Panger et al., 2002). The 61 

earliest tool behaviour has been documented only indirectly through cut marked animal bones 62 

from Dikika in Ethiopia (McPherron et al., 2010) dating to 3.39 Ma, arguing that naturally 63 

occurring sharp edges could have been used to facilitate subsistence butchering (McPherron 64 

et al., 2010). Similarly, the earliest evidence of stone tool production comes from the 65 

archaeological site of Lomekwi 3 (Kenya). Dated to 3.3 Ma, the Lomekwian technology is 66 

characterised by large stone flakes detached from cores (Harmand et al., 2015; Lewis and 67 

Harmand, 2016). Although both finds remain controversial amongst experts (Domínguez-68 

Rodrigo et al., 2011, 2012; Domínguez-Rodrigo and Alcalá, 2016; 2019; Archer et al., 2020), 69 
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Lomekwian technology and the Dikika cutmarks suggest that tool use and flake technology 70 

extend beyond the purview of early Homo and into the realm of hominins, during a period 71 

when Australopithecines (such as A. afarensis and Kenyanthropus) were occupying these east 72 

African landscapes.  73 

The Lomekwian technology shows flake exploitation along the core margin, leading to 74 

repeated detachment of unidirectional conchoidal flakes (Harmand et al., 2015). This 75 

technology, however, lacks the variety of exploitation strategies seen later in the 76 

archaeological record. By 2.6 Ma systematic conchoidal flake production was clearly 77 

established (Braun et al, 2019; Semaw et al., 2000) and throughout the course of the Oldowan 78 

(2.6- 1.5 Ma), hominins employed a variety of different reduction strategies for the efficient 79 

production of sharp-edged flakes (Delagnes and Roche, 2005; de la Torre and Mora, 2005; de 80 

la Torre, 2004; Semaw et al., 2003; Stout et al., 2010; Toth, 1985).  81 

Debates around the origin of technology has given rise to multiple different hypothesis. Some 82 

suggest that the emergence of hominin stone flake technology may have been a consequence 83 

of a relatively sudden cognitive development (de Lumley, 2006). Others suggest a more 84 

gradual evolution (Carbonell et al, 2007) with some arguing for a period of repeated 85 

technological invention prior to 2.6 Ma (Braun et al., 2019). The earliest evidences from 86 

Dikika (McPherron et al., 2010), Lomekwi (Harmand et al., 2015; Lewis and Harmand, 87 

2016), as well as Bokol Dora 1 (Braun et al., 2019) and Gona (Semaw et al., 1997; 2003), 88 

supports the presence of a more gradual development throughout long periods of time and 89 

uptake of simple stone tool production.  90 

 91 

Studying the material remains of tool-using non-human primates (hereafter primates) allows 92 

us to develop a broader understanding of the archaeological signature of percussive 93 

behaviors. The presence of tool use across several primate species, especially our closest 94 

living relative, the chimpanzee, has led to the suggestions that tool-use was within the 95 

behavioral repertoire of the LCA of Pan and Homo (e.g. Marchant and McGrew, 2005; 96 

McGrew, 2010; Rolian and Carvalho, 2017). For this reason, primates have been used as 97 

model organisms to better understand early hominin behaviour, including, the creation and 98 

use of hominin percussive artefacts (Arroyo et al, 2020; Arroyo and de la Torre, 2018; 99 

Arroyo et al., 2016; Proffitt et al., 2018, Proffitt et al., 2016). Primates use tools most 100 

frequently for extractive foraging, but they have also been reported in the context of 101 
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communication, hygiene, and sexual display (Kühl et al., 2016; Luncz and Boesch 2014; 102 

Falótico and Ottoni, 2013; Humle et al., 2011). The use of stone tools, however, is scarce and 103 

is currently only known for four non-human primate taxonomic groups. These include the 104 

West African chimpanzee (Pan trogoldytes verus, Boesch and Boesch 1983; Matsuzawa et 105 

al., 1996), long-tailed macaques in Thailand and Myanmar (Macaca fascicularis, 106 

Malaivijitnond et al., 2005; Gumert et al., 2009), robust capuchin monkeys in Brazil (Sapajus 107 

libidinosus; Visalberghi et al., 2005, Falótico et al., 2015; S. xanthosternos; Canale et al., 108 

2009) and white-faced capuchin monkeys in Panama (Cebus capucinus, Barrett et al., 2018). 109 

Although each species uses stone tools for a range of different behaviours all of these 110 

primates universally use stone tools to crack open nuts.  111 

 112 

The emergence of stone flaking has been hypothesized to originate from a “pounding culture” 113 

dominated by the use of stones to process nuts or to fracture bones to access marrow (de 114 

Beaune, 2004; Marchant and McGrew, 2005; Thomson et al., 2019). Such pounding activities 115 

may have led to the accidental production of flakes, when the hammerstone misses the target 116 

food and accidently strikes on the stone anvil, or through a fatigue process produced by a 117 

repetitive impact. It has been hypothesized that these processes might have provided 118 

hominins with a supply of sharp edges within the vicinity of food processing locations 119 

(Merchant and McGrew 2005; Wynn and McGrew 1989; Wynn, 2011; Panger 2002; 120 

Carvalho et al. 2009). Repeated accidental production of flakes from percussive activities, 121 

along with an increasing necessity to use these flakes, may have offered an opportunity for 122 

the reverse engineering of intentional flake production. We will refer to this hypothesis as the 123 

‘By-Product Hypothesis’ for the emergence of stone flake technology. Recent studies have, 124 

however, shown that chimpanzee nut cracking both in experimental (Arroyo et al, 2016) and 125 

natural (Carvalho et al., 2008; Proffitt et al, 2018) settings, results in only a small number of 126 

sharp cutting flakes. 127 

 128 

To extend our understanding of the percussive signature of primate foraging behaviour we 129 

conducted controlled field experiments with capuchin monkeys in Brazil. Capuchins are 130 

known to exhibit different tools behaviours compared to chimpanzees and are therefore well 131 

suited to further insights into the likelihood of the ‘By-product hypothesis’. These monkeys 132 

use stone tools for a wide range of behaviours, including digging for food, communication 133 

and for extractive foraging (Falótico and Ottoni, 2013; Falótico et al., 2017; Spagnoletti et al., 134 
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2015). Specifically, groups of capuchins (Sapajus libidinosus) from Serra da Capivara 135 

National Park in Brazil are the only extant primate species to produce substantial frequencies 136 

of conchoidal flakes as a by-product of striking two stones together, during a behaviour 137 

termed stone-on-stone percussion (Proffitt et al., 2016). Capuchins, however, are best known 138 

for their nut cracking behaviour which has been studied since 2005 in several wild and semi-139 

wild ranging populations (Falótico and Ottoni, 2016; Falótico et al., 2018; Ottoni and Mannu, 140 

2001; Visalberghi and Fragaszy, 2013). To date very little is known regarding the range of 141 

percussive signatures associated with capuchin nut cracking behaviour. 142 

 143 

This study sets out to 1) investigate to what extent raw material quality affects the production 144 

of identifiable archaeological signatures during nut cracking; 2) describe the technological 145 

characteristics and archaeological signature of the resulting capuchin nut cracking percussive 146 

material, 3) investigate the similarities and differences between unintentional flakes produced 147 

during nut cracking to intentionally knapped flakes of modern humans and to Early Stone 148 

Age lithic assemblages. This work assesses the potential of the ‘By-product hypothesis’ and 149 

discusses its implications for the origin and evolution of technology. 150 

 151 

2. Results 152 

2.1 Behavioural analysis 153 

Field experiments were set up along the natural foraging routes of one capuchin group in the 154 

Tiete Ecological Park. As travel routes were diverse throughout the study time, this resulted 155 

in five different experimental sites. A  total of 20 individuals (5 adult males, 8 adult females, 156 

6 juvenile males and 1 juvenile female) voluntarily participated in the nut cracking 157 

experiments. The anvils of high and medium isotropy (HI and MI) were used for a similar 158 

number of nuts whereas the anvil with low isotropy (LI), given its friable properties, was 159 

completely fractured shortly after initiating the experiments (counting a total of 78 strikes) 160 

and therefore removed from the experiment (for details see Table 1). 161 

Independently of the raw material used, capuchins were consistent in displayed efficiency of 162 

opening the nut (around 1.6 hits per nut, ± 0.0607).  163 

 164 

 165 
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Table 1: Summary of strikes inflicted on the different anvil material. 166 

 Isotropy Hits 

(total) 

Missed hits 

(direct contact 

with anvil) 

Missed hits (no 

contact with 

anvil) 

Average hits 

per nut 

Chery 

Siltstone 

Low (LI) 78 34 0 1.56 ± 0.338 

Quartzite Medium (MI) 1658 708 17 1.6 ± 0.0822 

Ironstone  High (HI) 1483 824 0 1.54 ± 0.0809 

 167 

2.2 Technological Analysis 168 

2.2.1. Assemblage composition.  169 

The technological categories for each raw material group are presented in Table 2 (see 170 

definitions in Supplementary Materials and Methods; Table S1). All detached technological 171 

categories typically associated with core and flake reduction in Early Stone Age assemblages 172 

are present in both the HI and MI materials. This includes complete and broken flakes, small 173 

debris and angular debris. Additionally, technological categories typically associated with 174 

percussive technology are also present such as the remaining anvil (for all raw materials) and 175 

spontaneous removals (for MI only). The HI raw material elicited the greatest frequency of 176 

complete flakes (n = 10, 22.2%) and broken flakes (n = 13, 28.9%). The MI raw material 177 

produced fewer complete flakes (n = 5, 10.6%) and broken flakes (n = 7, 14.9%), but 178 

produced a prevalence of small debris (n = 30, 63.8%) compared to the HI raw material (n = 179 

16, 35.6%). The LI raw material stands out by the complete lack of flakes and the high 180 

predominance of small debris (n = 493, 87.7%) and angular debris (n = 38, 12.1%). The 181 

frequency of technological categories between all raw materials differed significantly (χ2(8) = 182 

152.53, p <0.001). Adjusted residuals on the Chi Square test indicate that this variation is 183 

derived from the increased frequency of flakes and broken flakes for HI raw material, and an 184 

increase of small debris for the MI raw material as well as the prevalence of angular debris 185 

for the LI raw material. 186 

 187 

 188 

 189 

 190 
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Table 2: Absolute and relative frequencies of all technological categories associated with 191 

each raw material quality.  192 

 
High Isotropic Medium Isotropic Low Isotropic 

 
Frequency Weight Frequency Weight Frequency Weight 

 
n % g % n % g % n % g % 

Remaining anvil 2a 4.4 2639.3 92.4 1 2.1 2147.3 86.4 0 0 0 0.0 

Complete flakes 10 22.2 154.7 5.4 5 10.6 184.6 7.4 0 0 0 0.0 

Broken flakes 13 28.9 53.7 1.9 7 14.9 14.1 0.6 0 0 0 0.0 

Small debris  16 35.6 3.5 0.1 30 63.8 4.3 0.2 493 87.7 22.9 1.0 

Angular chunks 4 8.9 6.6 0.2 2 4.3 129.7 5.2 69 12.3 2276.9 99.0 

Spontaneous 

removal 

0 0.0 0 0.0 2 4.3 3.9 0.2 0 0 0 0.0 

             

Total 45 
 

2857.8 
 

47 
 

2483.9 
 

562 
 

2299.8 
 

a This anvil split into two halves. 193 

 194 

2.2.2. Anvil analysis 195 

 196 

Of the three anvils, the HI and MI raw materials are characterized by frequent battered marks 197 

on elevated areas of the anvil (Figure 1). On the contrary, the LI anvil showed a lower degree 198 

of percussive damage (Supplementary Materials and Methods). This is a result of the anvil 199 

being removed from the experiment after 50 nuts were processed as it had fragmented 200 

completely by this point and could no longer serve as an anvil. The surface modification on 201 

both the HI and MI anvils showed few differences in terms of extent, however, the HI anvil 202 

also developed a large shallow depression across the center of its active surface (Figure 1b; 203 

Supplementary Materials and Methods). Eventually, the anvil broke along the center of this 204 

depression. Refit analysis showed that further to the percussive damage on the surface of the 205 

anvils, there are considerable differences in fracture patterns of each raw material type. The 206 

LI anvil shattered in its entirety preventing a detailed sequential refit analysis (Figure 2a) and 207 

as such only the HI and MI anvils are considered in this analysis.  208 

 209 

[Insert Figure 1] 210 

 211 
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Figure 1. Characterization of the use wear patterns. a) MI anvil bears battered areas on the 212 

active surface in which crystals appear crushed (1-4). Microscopic details taken at 10× (1. 213 

Scale 3 mm) and 20× (2-4. Scale 2 mm). b) HI anvil developed a large shallow depression on 214 

its surface. In this case, we identified remains of fibers from the nuts (1), and a process in 215 

which the grains compressed, fractures and detached during the use (2-3), showing scattered 216 

polished areas (4). Microscopic details were taken at 10× (1-2. Scale 2 mm and 3. Scale 3 217 

mm) and 20× (4. Scale 2 mm)   218 

 219 

Refitting of the MI anvil and detached pieces shows two separate flaking sequences during 220 

the percussive activity: (1) The first sequence results in the detachment of one large angular 221 

fragment truncated at its distal end by an internal fracture plane. (2) The second sequence 222 

consists of the detachment of 6 small flakes and broken flakes, unidirectionally detached 223 

along the margin of the active percussive surface. This sequence resulted in an anvil with 224 

non-invasive unidirectional removals obtained from one adjoining vertical plane that was 225 

used as an active surface during nut-cracking (Figure 2i).  226 

 227 

The refit analysis of the HI anvil shows three separate removal sequences: (1) The first 228 

sequence consists of the detachment of three unidirectional removals from Plane B2. This is 229 

followed by the development of a significant area of percussive damage on Plane A 230 

developing into a substantial shallow pit (Supplementary Materials and Methods), during 231 

which time additional removals associated with a second sequence are detached. (2) The 232 

second sequence consists of six complete unidirectional flakes and one split flake, removed 233 

from Plane B. Following these removals, the anvil broke in two pieces (Half A and B) along 234 

the center of the depression that developed over the course of the experiment. (3) Following 235 

the fracture of the anvil, three non-invasive unidirectional flakes and one split flake were 236 

detached from the internal fracture plane of Half A (Figure 3; Supplementary Video 1).  237 

 238 

The remaining flaked anvils (HI and MI) are characterized by significant areas of percussive 239 

damage on their horizontal plane (Plane A, the active surface). Frequent step scars across the 240 

vertical planes caused by a lack of force and a slight concavity on the vertical planes.   241 

 242 

[Insert Figure 2] 243 

 244 
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Figure 2: Fully refitted anvils including the LI (a), MI (i), and a selection of associated 245 

detachments produced during the experiments (b-h and j-s). 246 

 247 

[Insert Figure 3] 248 

 249 

Figure 3: HI lithic material produced during capuchin nut cracking experiment. a. Fully 250 

refitted HI anvil. b-p. Detached products as a result of repeated capuchin percussive action.  251 

 252 

2.2.3. Flake Analysis   253 

 254 

Only HI and MI raw materials were used for comparisons of flake detachments as these are 255 

the raw material types which resulted in the production of by-products that can be classified 256 

technologically as flakes. 257 

 258 

A comparison of flakes from both raw material groups (HI and MI) shows similarities in 259 

mean dimensions and mass, indicating no significant differences in the maximum and 260 

technological dimensions (Table S1 and Table S2). Furthermore, no significant difference in 261 

the platform dimensions nor external platform angle (EPA) between these flakes were found 262 

(Table S1 and Table S2). However, flakes from the HI raw material, tended to have a greater 263 

range of dimensions and platform angles compared to those produced from the MI raw 264 

material (Table S1). 265 

 266 

Flakes from both raw materials showed fully cortical, flat, non-faceted platforms (Table 2). 267 

The HI flakes possessed an increased frequency of hinge and step terminations and prominent 268 

bulbs of percussion compared to the MI flakes. No significant differences, however, were 269 

found in the level of dorsal cortex and their flake types (based on Toth, 1982), with only the 270 

initial stages of reduction represented for both raw materials (Table 2).  271 

 272 

 273 

 274 

 275 

 276 

 277 
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Table 2: Absolute and relative frequencies of all technological attributes on HI and MI 278 

capuchin flakes.  279 

Technological Attribute HI MI 

n % n % 

Striking platform cortex 100% 10 100.0 5 100.0 

Striking platform 

morphology 

Flat 10 100.0 5 100.0 

Striking platform facets Non-Faceted 10 100.0 5 100.0 

Striking platform shape Rectilinear  10 100.0 5 100.0 

Knapping accidents None 5 50.0 5 100.0 

Hinge 

Termination 

2 20.0 0 0.0 

Step Termination 3 30.0 0 0.0 

Step scars present No 9 90.0 5 100.0 

Yes 1 10.0 0 0.0 

Bulb of percussion Diffused 3 30.0 0 0.0 

Indeterminate 1 10.0 1 20.0 

Marked 6 60.0 4 80.0 

Ventral face morphology Convex 4 40.0 0 0.0 

Irregular 0 0.0 1 20.0 

Rectilinear 6 60.0 4 80.0 

Dorsal cortex 0% 3 30.0 3 60.0 

<50% 2 20.0 0 0.0 

>50% 2 20.0 1 20.0 

100% 3 30.0 1 20.0 

Flake category (following 

Toth, 1982) 

I 3 30.0 1 20.0 

II 4 40.0 1 20.0 

III 3 30.0 3 60.0 

IV 0 0.0 0 0.0 

V 0 0.0 0 0.0 

VI 0 0.0 0 0.0 

 280 

 281 

 282 

 283 
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2.4 Comparison of unintentionally and intentionally produced flakes.  284 

 285 

We compared the capuchin flakes that detached from the HI raw material during capuchin nut 286 

cracking to flakes produced by an experienced human freehand knapper, using the same raw 287 

material as the capuchin HI anvil. Comparisons show no significant difference between 288 

capuchin and experimental free-handed knapped flakes for maximum nor technological 289 

dimensions, as well as weight (Table 3). Moreover, no significant differences were found in 290 

edge length, platform dimensions, nor interior platform angle (Table 3), suggesting that from 291 

a general morphological perspective, the unintentional flakes produced by capuchins and the 292 

knapped flakes are superficially similar.  293 

 294 

However, there are differences between the capuchin and knapped flakes in a range of 295 

technological attributes (Table 3). A significant difference was identified between the 296 

external platform angles (EPA; Table 3), with knapped flakes possessing a mean lower EPA 297 

(77.84° ± 14.36°) with a wider range compared to the capuchin flakes (87.8° ± 9.32°). 298 

Striking platforms on capuchin flakes were significantly different to those on knapped flakes 299 

(Table 3) and were  non-faceted and cortical (n = 10, 100%), with a combination of centered 300 

(n = 6, 60%) and de-centered impact points (n = 4, 40%). This was compared to both non and 301 

uni-faceted platforms on knapped flakes which showed a higher frequency of centered impact 302 

points (n = 19, 76%) and a predominance of non-cortical (n = 15, 60%) platforms.  303 

 304 

Step (n = 3, 30%) and hinge (n = 2, 20%) terminations were prominent on capuchin flakes, 305 

whilst the majority of knapped flakes displayed feather terminations (n = 24, 96%). Capuchin 306 

flakes also possessed an increased frequency of marked bulbs of percussion (n = 6, 60%), 307 

compared to a higher frequency of diffused bulbs on knapped flakes (n = 14, 56%). A Chi-308 

Square test indicated significant differences for these attributes between both flake groups 309 

(Table 3). Although no significant difference was found in dorsal cortex coverage between 310 

capuchin and knapped flakes, when both dorsal cortex and platform cortex were combined a 311 

clear difference was, however, identified in the resulting flake types (Table 3). All capuchin 312 

flakes were fully or mostly cortical and fall within flake types I, II and III (following Toth, 313 

1982), highlighting the predominance of early reduction flakes. Knapped flakes are, however, 314 

predominantly non-cortical in nature (Toth’s, 1982 types IV, V, VI) with all phases of 315 

reduction represented.  316 
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 317 

Dorsal scars were present on both flake groups, indicating the repeated removal of flakes. An 318 

independent sample t-test indicated that capuchin flakes possessed a lower average (1.1 ± 319 

0.88) number of dorsal flake scars compared to knapped flakes (1.9 ± 1.1), (t(33) = -2.07, p = 320 

0.046), showing an increased frequency of 3 or more flake scars, whilst capuchin flakes 321 

possessed a maximum of 2 flake scars. These data corresponded to a lower degree of 322 

reduction associated with the flakes found in the capuchin assemblage. However, there was 323 

no significant difference in the flake scar directionality between the two flake groups, with 324 

unidirectional flaking being predominant for both (χ2(3) = 1.029, p = 0.794). This was mainly 325 

a consequence of the knapped flakes being the result of intentionally unidirectional 326 

exploitation. Bidirectional flaking was, however, represented albeit marginally only in the 327 

knapped assemblage, attributable to a degree of core rotation during reduction.  328 

 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 
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Table 3: Comparison between capuchin HI percussive flakes and conchoidal freehand 349 

knapping flakes.  350 

Attribute Chi Square Test 
 

X(1) df p 

Impact point location 11.9 3 0.008 

Striking platform cortex 11.789 2 0.003 

Striking platform morphology 
   

Striking platform facets 11.789 1 0.001 

Striking platform shape 
   

Bulb of percussion 1.978 2 0.370 

Knapping accidents 11.049 2 0.004 

Step scars 0.028 1 0.867 

Ventral face morphology 6.176 2 0.046 

Dorsal cortex 1.898 3 0.594 

Toth’s 1982 flake category 12.972 5 0.024 
    
 

Mann Whitney U Test 
 

U  p 

Maximum length  120.5  0.872 

Maximum width  114.5  0.706 

Maximum thickness 105  0.483 

Technological length 107.5  0.529 

Technological width 121  0.900 

Weight 110.5  0.602 

Edge length 111  0.627 

Platform length 171  0.097 

Platform depth 146  0.460 

Interior platform angle 146.5  0.439 

Exterior platform angle 183.5  0.031 

 351 

 352 

 353 

 354 

 355 

 356 
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2.5 Comparison of capuchin nut cracking and hominin flakes 357 

 358 

The technological analysis of the capuchin nut cracking assemblage allowed us to develop an 359 

inter-species comparison with published hominin assemblages. When comparing the 360 

capuchin HI flakes to Oldowan flake dimensions from a wide range of published Oldowan 361 

sites (Table S3), the results indicated no significant differences in mean length (U = 4, p = 362 

0.385), width (U =18, p = 0.615), breadth (U = 22, p = 0.308) and weight (U = 18.5, p = 363 

0.273). The metric similarities of both HI and MI capuchin flakes was highlighted as a clear 364 

overlap in a PCA biplot (Figure 4a). When compared to a smaller sample of Oldowan flake 365 

technological data from Koobi Fora (Režek et al., 2018) (Table S4) there was no significant 366 

difference in platform width (U = 1653, p = 0.822) and depth (U = 1850, p = 0.696). 367 

However, comparisons showed a significant difference in EPA between capuchin HI flakes 368 

and Oldowan flakes (U = 721, p = 0.002). Capuchin HI flakes possessed significantly larger 369 

(mean = 87.8°, SD = 9.32°) EPA compared to intentional Oldowan flakes (mean = 76.41°, 370 

SD = 10.72°). These technological differences between capuchin nut cracking and Oldowan 371 

flakes were again highlighted through a principal component analysis (Figure 4b).  372 

 373 

[Insert Figure 4] 374 

 375 

Figure 4: Principal components analysis (PCA) of a) Lomekwian, Oldowan, capuchin and 376 

experimental conchoidal flake dimensions conducted by experienced human knappers 377 

(length, width, and thickness) and b) flake platform measurements (width, depth and EPA) of 378 

a selection of Oldowan flake assemblages from Koobi Fora and capuchin HI and MI flakes. 379 

For data associated with each PCA plot see Table S3 and Table S4.  380 

 381 

There were also qualitative technological differences between the capuchin percussive flakes 382 

and Oldowan technology. When considering a number of technological attributes of complete 383 

flakes (Table S5) it was clear that the capuchin flake assemblage technologically differed to 384 

that of Classic Oldowan flakes (Figure 5). Compared to Oldowan flakes, capuchin HI nut 385 

cracking flakes possessed exclusively non-faceted cortical platforms, and higher levels of 386 

cortex on the dorsal surface resulting in only the early stages of reduction being present. 387 

Additionally, Oldowan flakes possessed a higher range of dorsal extractions and a greater 388 

diversity in dorsal extraction directionality (Figure 5). 389 
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 390 

[Insert Figure 5] 391 

Figure 5: Relative frequency of technological attributes on complete Classic Oldowan flakes 392 
from Olduvai Gorge (data from Proffitt, 2018) and unintentional capuchin nut cracking 393 
flakes. a) Platform cortex; b) platform facets; c) dorsal cortex; d) number of extractions; e) 394 
directionality of extractions; f) Flake categories (based on Toth, 1982). For a full table of data 395 

used see Supplementary table S5.  396 
 397 

 398 

3. Discussion 399 

 400 

The production of flaked stone tools was one of the key steps in our evolutionary history, 401 

leading to the unparalleled technological achievements of our species. The mechanisms 402 

behind the emergence of this technology, however, remain unknown (Panger et al, 2002). 403 

Percussive food processing was suggested to have played an important role in the foraging 404 

behavior of early hominins which might have led to the emerging of intentional stone tool 405 

knapping. This ‘By-Product hypothesis’ has been advanced as a potential mechanism behind 406 

the emergence of stone flake technology. Conversely, early hominins might have already 407 

used naturally sharp stones to process meat (McPherron et al., 2010). Accidental flake 408 

production through percussive behaviours may have, therefore, enabled the leap to intentional 409 

production of flakes.  To date, there is no archaeological evidence to substantiate either 410 

hypothesis in deep time, with even the earliest technology being argued to represent 411 

intentional flake production (Harmand et al, 2015). 412 

 413 

Through our controlled field experiments conducted with a group of capuchins in the Tiete 414 

Ecological Park in Brazil, we have shown that percussive foraging activity can lead to 415 

substantial production of sharp cutting flakes. We further explored the role of raw material 416 

quality in the production of unintentional flakes during nut cracking, by providing material of 417 

varying isotropy. Technological analysis of the resulting lithic assemblages allowed us to 418 

significantly refine the ‘By-product hypothesis’ as a mechanism for unintentional flake 419 

production, however, with important updated caveats. When a highly isotropic raw material 420 

is used as the passive element (anvil) during nut cracking, it increases the potential 421 

production of sequential and identifiable conchoidal flakes. These artefacts show similarities 422 

to flakes in the archaeological record, attributed to early hominins, where intentionality has 423 

previously been claimed. Conversely, the likelihood at which conchoidal flakes are produced 424 
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decreases as the raw material quality decreases. When less isotropic raw materials are used 425 

for the same task our results show a higher percentage of irregular fragments and chunks. 426 

These are a result of the irregular fracture properties of the raw material. Irregular fragments 427 

do not have a standardized shape nor morphological attributes typically associated with 428 

anthropogenic fracture mechanics. However, these fragments also exhibit defined 429 

characteristics of percussive behaviour through localized traces of battering marks on their 430 

surfaces, making them identifiable as artefacts in a lithic assemblage. Our findings 431 

substantiate previous observations of chimpanzee nut cracking assemblages in which less 432 

homogenous raw material was used, resulting in an assemblage characterized by a large 433 

percentage of non-conchoidal angular fragments (not suitable for cutting activities), however, 434 

possessing use-wear traces of percussive action (Proffitt et al., 2018).   435 

The comparison of the high-isotropic flakes made by capuchin monkeys to intentionally 436 

produced conchoidal flakes made by an experienced human knapper shows significant 437 

overlap in a range of quantitative and qualitative attributes. Many capuchin flakes are 438 

conchoidal, possess bulbs of percussion, platforms with impact points and dorsal surfaces 439 

which retain previous removals. These comparisons demonstrate that identifiable sharp-edged 440 

flakes can be produced unintentionally during pounding activities, given the correct raw 441 

material, lending support for the ‘By-Product hypothesis’. There are, however, technological 442 

differences between the primate percussive flakes and those produced intentionally which 443 

mark them apart. Identifying these attributes is crucial for the interpretation of the 444 

archaeological record, if we want to advance the field towards identifying material that might 445 

have been contributing to the emergence of intentionality in tool production. By-product 446 

flakes found in capuchin assemblages are exclusively uni-directional, often exhibit multiple 447 

impact points (not associated with a bulb of percussion) on a single platform as well as 448 

occasionally retaining evidence of heavy battering on their platforms. They occasionally 449 

show double bulbs of percussion, as well as steep exterior platform angles (close to 90°). 450 

These technological attributes of unintentional percussive flakes are derived from the nature 451 

of their detachment, as by-products of heavy percussive battering. However, even these 452 

technological attributes differentiate them from natural angular fragments and therefore hold 453 

information when searching for percussive behaviour in lithic assemblages.  454 

When comparing the high-isotropic raw material assemblage made by capuchins with the 455 

hominin archaeological record it becomes apparent that both groups exhibit sharp-edged 456 

flakes and attributes overlap substantially. Comparisons showed similarities in the physical 457 
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characteristics of the flakes, such as length, width, breadth and weight. Additionally, there 458 

were no significant differences in platform width and depth. However, there are a range of 459 

marked differences that distinguish lithic assemblages found in the archaeological record 460 

from unintentionally produced primate flakes: (i) Percussive marks: the capuchin flakes 461 

exhibit percussive marks on their platforms because of multiple impacts received during nut 462 

cracking (before the detachment of the flake), while hominin flakes usually show one impact 463 

point only, which has been attributed to precisely placed hammerstone strikes to intentionally 464 

detach flakes; (ii) Cortex on the dorsal face: the capuchin flakes have high ratios of cortex on 465 

their dorsal faces, whilst hominins produced longer reduction sequences resulting in high 466 

ratios of flakes with an absence of cortex; However, the nut cracking experiment was 467 

artificially terminated after ~1000 nuts. With increasing exposure time to the same material, 468 

the amount of cortex on flakes would naturally decreases as material is further fragmented; 469 

(iii) Core exploitations: hominin cores show negative scars that show structured exploitation 470 

strategies. On the contrary, the capuchin flaked anvils exhibit heavy percussive damage on 471 

their surfaces and the negative scars tend to be randomly distributed. 472 

When comparing the archaeological record with non-human primate tools it is important to 473 

highlight the fundamental functional differences of the performed tasks. Even though, early 474 

hominins and primates are selective in the use of raw material, early hominins selected raw 475 

materials with the appropriate fracture properties (Braun et al, 2009; de la Torre, 2004; 476 

Harmand, 2009a; 2009b) and morphology (Delagnes and Roche, 2005) to enable efficient 477 

exploitation of flakes. On the contrary, primates do not intend to break their tools when 478 

cracking nuts. This would significantly reduce their foraging success. Primates therefore 479 

select stones based on their morphological characteristics (i.e. size and weight, hardness), 480 

influential aspects for efficiently cracking nuts (Falótico and Ottoni, 2016; Fragaszy et al., 481 

2010). Furthermore, primates do not use the flakes they produce and therefore do not modify 482 

them intentionally. Tools we attribute to hominins however are overwhelmingly thought to 483 

have been intentionally manufactured to be used in cutting activities (Keeley and Toth, 1981; 484 

Lemorini et al, 2014; 2019) and also occasionally exhibit intentional retouch in many 485 

Oldowan assemblages (de la Torre and Mora, 2005). If the LCA used percussive technology, 486 

future research must focus on, firstly identifying this stage of cultural evolution within the 487 

archaeological record, and secondly seek to understand the potential mechanisms by which 488 

unintentional production of un-utilised flakes develop into the intentional and systematic 489 

production of flakes for use.  490 
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 491 

4. Conclusions 492 

Percussive behaviour has often been regarded as occasional among hominins (Shea, 2017). 493 

However, the identification of Lomekwi 3 showed that it is possible to identify low-density 494 

clusters of artefacts before 2.6 Ma. Excavations and analysis of primate sites (Mercader et al., 495 

2002; Proffitt et al., 2018 Falótico et al., 2019) emphasizes that pounding activities can leave 496 

a clearly identifiable archaeological record. Developing a better understanding of the range of 497 

artefactual characteristics of percussive behaviours and their archaeological signature 498 

increases the possibility of identifying these behaviours in an early Pliocene context. Based 499 

on our results from a purely percussive assemblage we have identified the characteristics of a 500 

range of artefact types. In the archaeological record these would consist of accumulations of 501 

multiple active and passive elements, either complete or broken, but with significant 502 

percussive marks on their surfaces, potentially accumulated in specific locations in the 503 

landscape. Importantly, however, depending on the quality of the raw material used these 504 

active and passive elements may also be associated with identifiable detachments (flakes and 505 

irregular fragments).  506 

The results from this study also urge for a note of caution when dealing with the known 507 

archaeological record. Where Plio-Pleistocene archaeological assemblages have a percussive 508 

component consisting of fractured anvils this study shows that associated flakes from early in 509 

the reduction sequence should not be automatically considered an intentional products as 510 

there are clear mechanisms whereby they may have been detached as a by-product of 511 

percussive behaviour and are indeed entirely unintentionally.  512 

To fully understand the role and signature of percussive behaviours in the hominin 513 

archaeological record we must focus on developing methodologies that identify and 514 

characterize the evidence that percussive behaviours create, human, hominin and primate 515 

alike. In doing so our understanding of the potential range of archaeological signatures for the 516 

emergence of stone technology will develop. These techniques may be invaluable for 517 

investigating the archaeological record between 3.3 Ma and 2.6 Ma as well as identifying 518 

new archaeological horizons beyond the known archaeological record to date.  519 

 520 

 521 



19 

 

Acknowledgments 522 

We thank the Tietê Ecological Park (PET) in São Paulo, Brazil for enabling our research. We 523 

thank Eduardo Ottoni and Ignacio de la Torre for logistical support and acknowledge Tatiane 524 

Valença for the coding of the videos. This research was funded by the German Primate 525 

Center and the Max Planck Institute for Evolutionary Anthropology. Tiago Falótico was 526 

supported by the São Paulo Research Foundation (2013/05219-0 and 2018/01292-9). Adrián 527 

Arroyo is supported by the MICINN (subprograma Juan de la Cierva-Incorporación, IJCI-528 

2017-33342) and the Generalitat de Catalunya-AGAUR project 2017- SGR-1040. The 529 

Institut Català de Paleoecologia Humana i Evolució Social (IPHES-CERCA) has received 530 

financial support from the Spanish Ministry of Science and Innovation through the “María de 531 

Maeztu” program for Units of Excellence (CEX2019-000945-M). 532 

 533 

Author Contributions 534 

L.V.L, A.A and T.P conceived the study. L.V.L and T.F collected primate data. A.A and T.P 535 

conducted the technological, use wear and refit analysis and produced all figures. P.Q 536 

conducted XRF and thin section analysis. L.V.L, A.A and T.P wrote the paper and 537 

Supplementary material with contributions from T.F and P.Q. 538 

 539 

Bibliography 540 

 541 

Archer, W., Aldeias, V., McPherron, S.P., 2020. What is ‘in situ’? A reply to Harmand et 542 
al.(2015). Journal of Human Evolution 142, 102740. 543 

 544 
Arroyo, A., de la Torre, I., 2018. Pounding tools in HWK EE and EF-HR (Olduvai Gorge, 545 
Tanzania): Percussive activities in the Oldowan-Acheulean transition. Journal of Human 546 

Evolution, From the Oldowan to the Acheulean at Olduvai Gorge (Tanzania) 120, 402–421.  547 
 548 

Arroyo, A., Harmand, S., Roche, H., Taylor, N., 2020. Searching for hidden activities: 549 
percussive tools from the Oldowan and Acheulean of West Turkana, Kenya (2.3–1.76 ma). 550 
Journal of Archaeological Science 123, 105238. 551 

 552 
Arroyo, A., Hirata, S., Matsuzawa, T., de la Torre, I., 2016. Nut cracking tools used by 553 
captive chimpanzees (Pan troglodytes) and their comparison with Early Stone Age 554 
percussive artefacts from Olduvai Gorge. PLoS One 11, e0166788. 555 

 556 
Barrett, B.J., Monteza-Moreno, C.M., Dogandžić, T., Zwyns, N., Ibáñez, A., Crofoot, M.C., 557 
2018. Habitual stone-tool-aided extractive foraging in white-faced capuchins, Cebus 558 
capucinus. Royal Society open science 5, 181002. 559 
 560 



20 

 

Boesch, C., Boesch, H., 1983. Optimisation of nut-cracking with natural hammers by wild 561 

chimpanzees. Behaviour 83, 265–286. 562 
 563 
Braun, D.R., Aldeias, V., Archer, W., Arrowsmith, J.R., Baraki, N., Campisano, C.J., Deino, 564 

A.L., DiMaggio, E.N., Dupont-Nivet, G., Engda, B., 2019. Earliest known Oldowan artifacts 565 
at> 2.58 Ma from Ledi-Geraru, Ethiopia, highlight early technological diversity. Proceedings 566 
of the National Academy of Sciences 116, 11712–11717. 567 

 568 
Braun, D.R., Plummer, T., Ferraro, J.V., Ditchfield, P., Bishop, L.C., 2009. Raw material 569 

quality and Oldowan hominin toolstone preferences: evidence from Kanjera South, Kenya. 570 
Journal of Archaeological Science 36, 1605–1614. 571 

 572 
Canale, G. R., Guidorizzi, C. E., Kierulff, M. C. M., & Gatto, C. A. F. R., 2009. First record 573 
of tool use by wild populations of the yellow-breasted capuchin monkey (Cebus 574 

xanthosternos) and new records for the bearded capuchin (Cebus libidinosus). American 575 
Journal of Primatology, 71(5), 366–372. 576 

 577 

Carbonell, E., Mosquera, M., Rodríguez, X.P., 2007. The emergence of technology: A 578 

cultural step or long-term evolution? Comptes Rendus Palevol 6, 231–233.  579 

 580 
Carvalho, S. et al., 2009. Tool-composite reuse in wild chimpanzees (Pan troglodytes): 581 

archaeologically invisible steps in the technological evolution of early hominins? Animal 582 
Cognition 12, S103–S114. 583 

 584 

Carvalho, S., Cunha, E., Sousa, C., Matsuzawa, T., 2008. Chaînes opératoires and resource-585 

exploitation strategies in chimpanzee (Pan troglodytes) nut cracking. Journal of Human 586 

Evolution 55, 148–63.  587 

Carvalho, S., Thompson, J., Marean, C., Alemseged, Z., 2019. Origins of the human 588 
predatory pattern: The transition to large-animal exploitation by early hominins. Current 589 
Anthropology 60. 590 
 591 

de Beaune, S., 2004. The Invention of Technology: Prehistory and Cognition. Current 592 
Anthropology 45, 139–162. 593 
 594 
de la Torre, I., 2004. Omo revisited: Evaluating the technological skills of pliocene hominids. 595 
Current Anthropology 45, 439–465. 596 

 597 

de la Torre, I., 2004. Omo revisited: Evaluating the technological skills of pliocene hominids. 598 

Current Anthropology 45, 439–465. 599 
 600 
de la Torre, I., Mora, R., 2005. Technological strategies in the Lower Pleistocene at Olduvai 601 
Beds I & II. Etudes et Recherches Archeologiques de l’Universite de Liege, Liege. 602 
 603 

de Lumley, H., 2006. Il y a 2,5 millions d’années… un seuil majeur de l’hominisation. 604 
L’émergence de la pensée conceptuelle et des stratégies maîtrisées du débitage de la pierre. 605 
Comptes Rendus Palevol 5, 119–126.  606 



21 

 

Delagnes, A., Roche, H., 2005. Late Pliocene hominid knapping skills: The case of Lokalalei 607 

2C, West Turkana, Kenya. Journal of Human Evolution 48, 435–472.  608 

Domínguez-Rodrigo, M., Alcalá, L., 2016. 3.3-million-year-old stone tools and butchery 609 
traces? More evidence needed. PaleoAnthropology 2016, 46–53. 610 
 611 

Dominguez-Rodrigo, M., Alcalá, L., 2019. Pliocene Archaeology at Lomekwi 3? New 612 
Evidence Fuels More Skepticism. Journal of African Archaeology 17, 173–176. 613 
 614 

Dominguez-Rodrigo, M., Pickering, T.R., Bunn, H.T., 2011. Reply to McPherron et al.: 615 

Doubting Dikika is about data, not paradigms. Proceedings of the National Academy of 616 

Sciences 108, E117–E117.  617 

Domínguez-Rodrigo, M., Pickering, T.R., Bunn, H.T., 2012. Experimental study of cut marks 618 

made with rocks unmodified by human flaking and its bearing on claims of ∼3.4-million-619 

year-old butchery evidence from Dikika, Ethiopia. Journal of Archaeological Science 39, 620 

205–214.  621 

Falótico, T., & Ottoni, E. B., 2013. Stone throwing as a sexual display in wild female bearded 622 

capuchin monkeys, Sapajus libidinosus. PLoS ONE, 8(11), e79535.  623 

Falótico, T., & Ottoni, E. B., 2016. The manifold use of pounding stone tools by wild 624 

capuchin monkeys of Serra da Capivara National Park, Brazil. Behaviour, 153(4), 421–442.  625 

Falótico, T., Coutinho, P. H. M., Bueno, C. Q., Rufo, H. P., & Ottoni, E. B., 2018. Stone tool 626 

use by wild capuchin monkeys (Sapajus libidinosus) at Serra das Confusões National Park, 627 

Brazil. Primates, 59(4), 385–394.  628 

Falótico, T., Proffitt, T., Ottoni, E.B., Staff, R.A., Haslam, M., 2019. Three thousand years of 629 
wild capuchin stone tool use. Nature Ecology & Evolution 3, 1034–1038. 630 

 631 
Falótico, T., Siqueira, J. O., & Ottoni, E. B., 2017. Digging up food: excavation stone tool 632 
use by wild capuchin monkeys. Scientific Reports, 7(1), 6278.  633 
 634 

Fragaszy, D. M., Greenberg, R., Visalberghi, E., Ottoni, E. B., Izar, P., & Liu, Q., 2010. How 635 
wild bearded capuchin monkeys select stones and nuts to minimize the number of strikes per 636 
nut cracked. Animal Behaviour, 80(2), 205–214.  637 
 638 
Gumert, M.D., Kluck, M., Malaivijitnond, S. 2009. The physical characteristics and usage 639 

patterns of stone axe and pounding hammers used by long-tailed macaques in the Andaman 640 

Sea region of Thailand. American Journal of Primatology: Official Journal of the American 641 

Society of Primatologists 71, 594–608. 642 
 643 
Harmand, S., 2009a. Raw Materials and Techno-Economic Behaviors at Oldowan and 644 
Acheulean Sites in the West Turkana Region, Kenya. Lithic materials and paleolithic 645 
societies 1–14. 646 

 647 
Harmand, S., 2009b. Variability in raw material selectivity at the late Pliocene sites of 648 
Lokalalei, West Turkana, Kenya, in: Interdisciplinary Approaches to the Oldowan. Springer, 649 
pp. 85–97. 650 



22 

 

 651 

Harmand, S., Lewis, J.E., Feibel, C.S., Lepre, C.J., Prat, S., Lenoble, A., Boës, X., Quinn, 652 
R.L., Brenet, M., Arroyo, A., et al., 2015. 3.3-million-year-old stone tools from Lomekwi 3, 653 
West Turkana, Kenya. Nature 521, 310–315. 654 

 655 
Humle, T., 2011. The tool repertoire of Bossou chimpanzees, in: The Chimpanzees of Bossou 656 
and Nimba. Springer, pp. 61–71. 657 

 658 
Keeley, L.H., Toth, N., 1981. Microwear polishes on early stone tools from Koobi Fora, 659 

Kenya. Nature 293, 464–465. 660 
 661 
Kühl, H.S., Kalan, A.K., Arandjelovic, M., Aubert, F., D’Auvergne, L., Goedmakers, A., 662 
Jones, S., Kehoe, L., Regnaut, S., Tickle, A., 2016. Chimpanzee accumulative stone 663 
throwing. Scientific Reports 6, 1–8. 664 

 665 
Lemorini, C., Bishop, L.C., Plummer, T.W., Braun, D.R., Ditchfield, P.W., Oliver, J.S., 666 

2019. Old stones’ song—second verse: use-wear analysis of rhyolite and fenetized andesite 667 
artifacts from the Oldowan lithic industry of Kanjera South, Kenya. Archaeological and 668 
Anthropological Sciences 11, 4729–4754. 669 
 670 

Lemorini, C., Plummer, T.W., Braun, D.R., Crittenden, A.N., Ditchfield, P.W., Bishop, L.C., 671 
Hertel, F., Oliver, J.S., Marlowe, F.W., Schoeninger, M.J., 2014. Old stones’ song: use-wear 672 

experiments and analysis of the Oldowan quartz and quartzite assemblage from Kanjera 673 
South (Kenya). Journal of Human Evolution 72, 10–25. 674 
 675 

Lewis, J.E., Harmand, S., 2016. An earlier origin for stone tool making: implications for 676 
cognitive evolution and the transition to Homo. Philosophical Transactions of the Royal 677 

Society B: Biological Sciences 371, 20150233. 678 
 679 

Luncz, L.V., Boesch, C., 2014. Tradition over trend: Neighboring chimpanzee communities 680 
maintain differences in cultural behavior despite frequent immigration of adult females. 681 
American Journal of Primatology 76, 649–657. 682 
 683 

Malaivijitnond, S., Lekprayoon, C., Tandavanittj, N., Panha, S., Cheewatham, C., Hamada, 684 

Y., 2007. Stone-tool usage by Thai long-tailed macaques (Macaca fascicularis). American 685 

Journal of Primatology 69, 227–233.  686 

Marchant, L.F., McGrew, W.C., 2005. Percussive technology: chimpanzee baobab smashing 687 
and the evolutionary modeling of hominid knapping. Stone knapping: the necessary 688 
conditions for a uniquely hominid behavior. Cambridge: McDonald Institute for 689 

Archaeological Research. p 341–352. 690 
 691 
McGrew, W.C., 2010. In search of the last common ancestor: new findings on wild 692 

chimpanzees. Philos Trans R Soc Lond B Biol Sci 365, 3267–76.  693 

McPherron, S.P., Alemseged, Z., Marean, C.W., Wynn, J.G., Reed, D., Geraads, D., Bobe, 694 

R., Bearat, H.A., 2010. Evidence for stone-tool-assisted consumption of animal tissues before 695 

3.39 million years ago at Dikika, Ethiopia. Nature 466, 857–60.  696 



23 

 

Mercader, J., Panger, M., Boesch, C., 2002. Excavation of a chimpanzee stone tool site in the 697 

African rainforest. Science 296, 1452–1455.  698 

Ottoni, E. B., & Mannu, M., 2001. Semifree-ranging tufted capuchins (Cebus apella) 699 

spontaneously use tools to crack open nuts. International Journal of Primatology, 22(3), 700 

347–358.  701 

Panger, M.A., Brooks, A.S., Richmond, B.G., Wood, B., 2003. Older than the Oldowan? 702 

Rethinking the emergence of hominin tool use. Evolutionary Anthropology: Issues, News, 703 

and Reviews 11, 235–245.  704 

Proffitt, T., Haslam, M., Mercader, J.F., Boesch, C., Luncz, L.V., 2018. Revisiting Panda 705 
100, the first archaeological chimpanzee nut-cracking site. Journal of Human Evolution 124, 706 

117–139. 707 

 708 

Proffitt, T., Luncz, L.V., Falótico, T., Ottoni, E.B., de la Torre, I., Haslam, M., 2016. Wild 709 
monkeys flake stone tools. Nature 539, 85–88. 710 
 711 
Rolian, Campbell & Carvalho, Susana. 2017. Tool Use and Manufacture in the Last Common 712 

Ancestor of Pan and Homo. In (eds) Muller. M, N., Wrangham, R. W., Pilbeam, D. R. 713 
Chimpanzees and Human Evolution. Harvard University Press. Cambridge. 602-644 714 

 715 
Semaw, S., 2000. The World´s Oldest Stone Artefacts from Gona, Ethiopia: Their 716 
Implications for Understanding Stone Technology and Patterns of Human Evolution Between 717 

2.6-1.5 Million Years Ago. Journal of Archaeological Science 27, 1197–1214. 718 
 719 

Semaw, S., Rogers, M.J., Quade, J., Renne, P.R., Butler, R.F., Dominguez-Rodrigo, M., 720 

Stout, D., Hart, W.S., Pickering, T., Simpson, S.W., 2003. 2.6-Million-year-old stone tools 721 

and associated bones from OGS-6 and OGS-7, Gona, Afar, Ethiopia. Journal of Human 722 

Evolution 45, 169–177.  723 

Semaw. S. 1997. Late Pliocene Archaeology of the Gona River Deposits, Afar, Ethiopia. P.H. 724 

Dissertation, Rutgers University, New Jersey. 725 
 726 
Shea, J.J., 2017. Occasional, obligatory, and habitual stone tool use in hominin evolution. 727 

Evolutionary Anthropology: Issues, News, and Reviews 26, 200–217. 728 
 729 

Spagnoletti, N., Visalberghi, E., Ottoni, E., Izar, P., & Fragaszy, D., 2011. Stone tool use by 730 

adult wild bearded capuchin monkeys (Cebus libidinosus). Frequency, efficiency and tool 731 

selectivity. Journal of Human Evolution, 61(1), 97–107.  732 

Stout, D., Semaw, S., Rogers, M.J., Cauche, D., 2010. Technological variation in the earliest 733 

Oldowan from Gona, Afar, Ethiopia. Journal of Human Evolution 58, 474–91.  734 

Toth, N., 1985. The oldowan reassessed: A close look at early stone artifacts. Journal of 735 

Archaeological Science 12, 101–120.  736 



24 

 

Visalberghi, E., & Fragaszy, D. M., 2013. The Etho-Cebus Project: Stone-tool use by wild 737 

capuchin monkeys. In C. M. Sanz, J. Call, & C. Boesch (Eds.), Tool use in animals: 738 

cognition and ecology (pp. 203–222). Cambridge University Press.  739 

Wynn, T., Hernandez-Aguilar, R.A., Marchant, L.F., McGrew, W.C., 2011. “An ape’s view 740 
of the Oldowan” revisited. Evolutionary Anthropology: Issues, News, and Reviews 20, 181–741 
197. 742 

 743 
Wynn, T., McGrew, W.C., 1989. An ape’s view of the Oldowan. Man 383–398. 744 

 745 

 746 

 747 

 748 

 749 

 750 

 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 



25 

 

5. Methods 768 

 769 

5.1 Materials 770 

 771 

Three different raw materials were selected to be experimentally tested, a highly isotropic 772 

(HI) ironstone, a quartzite tabular block of medium isotropy (MI) and cherty siltstone of low 773 

isotropy (LI). The HI anvil and three rounded quartzite cobbles (hammerstones) were sourced 774 

from Tietê National Park, Sao Paulo, Brazil. The MI raw material was sourced from Naibor 775 

Soit (Olduvai Gorge, Tanzania) a metamorphic inselberg which was the primary source of 776 

quartzite at Olduvai in the Early Stone Age and widely used as cores to manufacture flakes 777 

(Leakey, 1971) and as anvils (Mora and de la Torre, 2005). In addition to this, three basalt 778 

river cobbles were sourced from cobble conglomerates at Olduvai. The LI anvil (cherty 779 

siltstone block) and three limestone beach cobbles were sourced from the south end of Boi 780 

Island, Phang Nga National Park, Thailand (see supplementary material for measurements 781 

and petrographic characterization of each raw material).  782 

 783 

5.2 Experiments with monkeys:  784 

 785 

Field site: The experiments took place at Tietê Ecological Park (PET), São Paulo, Brazil. 786 

The park covers an area of 14 km² and was created with the objective of preserving the Tietê 787 

river and some of its surrounding floodplains, as well as providing a leisure area for the 788 

population of the Metropolitan Region of São Paulo. Additionally, it has been used as place 789 

to release confiscated animals. 790 

Group composition: One group of semi-free ranging capuchin monkeys (Sapajus sp) took 791 

part in the experiments. This group is fully habituated to human observers and habitually use 792 

stone tools to crack palm nuts (Syagrus romanzoffina). At the time of the experiment the 793 

group consisted of 33 individuals (10 adult males, 13 adult females, 10 juveniles and infants). 794 

Experiments: Data collection took place from 7th until 20th of April 2017. Each experimental 795 

set-up was placed near known feeding areas and consisted of one anvil and three 796 

hammerstones of the same raw material. The capuchins were allowed to freely select the 797 

hammerstone during the experimental sessions.  798 

 799 
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The experiment was designed for capuchins to crack open 1000 palm nuts (Syagrus 800 

romanzoffina) on each of the three anvils provided. During the course of the experiments one 801 

nut at a time was provided to the monkey present at the anvil to reduce dispersal of 802 

experimental tools by other group members and allow an accurate count of nuts processed on 803 

each anvil. After the monkeys left the site all fragments of the anvil and hammerstones were 804 

collected. One experimental setup consecutively was provided to the monkeys until ~ 1000 805 

nuts had been cracked open on one anvil. Then the set up was changed to a different raw 806 

material.  807 

 808 

All tool manipulation and use was filmed using a camcorder Canon Vixia HF R52 or a 809 

camera Canon EOS 70D mounted in tripods placed 6-7m from the anvil. This resulted in 810 

~877 minutes of video footage over the course of 10 days. The video footage was coded, 811 

noting the individual, the tools used, the number of hits to crack the nut, number of miss hits, 812 

and visible fractures of the anvils.  813 

 814 

All anvil material was subjected to a full use wear, technological and refit lithic analysis (for 815 

details see Supplementary Material and Methods). A visual display of the experimental set up 816 

can be seen in Supplementary Material and Methods. Controlled flaking experiments were 817 

conducted by an experienced human knapper to compare the technological attributes of 818 

unintentional capuchin nut cracking flakes and intentionally produced free hand knapped 819 

flakes using the same HI raw material. Finally, we compared this material to published 820 

Oldowan morphological and technological flake data to identify significant distinguishing 821 

attributes which would discriminate between the archaeological signature of flaking and 822 

percussive activities. 823 

 824 

Anvils were preliminary photographed and studied after the experiments to record the 825 

presence of any residues left on their surfaces. After that, they were cleaned with rinse water 826 

and neutral soap using an ultrasonic bath. In those cases, in which the tool did not allow the 827 

use of the bath, surfaces were gently cleaning with a soft brush. Anvils were analyzed 828 

following protocols established by de la Torre et al. (2013) and which have been applied on 829 

other primate assemblages (Benito-Calvo, 2015; Arroyo et al., 2016; Proffitt et al., 2018). 830 

 831 



27 

 

Absolute and relative frequencies were established for all technological categories within each 832 

raw material. Statistical variation between skill levels in both categorical and numerical 833 

attributes was assessed. For categorical attributes a Chi-Square test or, where applicable, a 834 

Fisher’s Exact test (where a 2x2 contingency table was possible), were used, followed by a 835 

Post-Hoc assessment of the adjusted residuals (AR) to identify the source of any significant 836 

variation. Adjusted residual values represent the difference between the observed and expected 837 

frequencies for each variable divided by the standard error. Adjusted residual values of greater 838 

than +/-2 indicate significantly (p = 0.05) over or under representation of that variable from the 839 

expected frequency. Numerical data were subjected to a Kruskal-Wallis test. 840 

 841 
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