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Dear Dr. Held (Editor) 

 

Thank you for accepting our manuscript for publication in Animal Behaviour, pending a revision based 

upon the itemised list below. We are very pleased for the opportunity to share our investigation of 

gorilla handedness with the wider scientific community, and consider our findings to be a significant 

contribution to the current body of literature regarding handedness in human and non-human primate 

populations. Based on your comments below, we have reformatted the manuscript to deal with the 

imbalance between the length of the introduction and discussion sections. As requested, the 

introduction poses a theoretical link between bimanual actions and the structure underling language 

processes, while the detailed consideration of our results, in light of this hypothesis, is now addressed 

within the discussion section. Additionally, we have amended the text to address formatting changes 

(items 1-3, 5-16 below) and have uploaded video files (item 4) to provide examples of bimanual 

actions and hand transfers (supplemental materials). 

 

Thank you again for your decision to accept our manuscript for publication in Animal Behaviour.  

 

Sincerely, 

 

Gillian Forrester  

Ernest Tabiowo (cc) 

 

---------------------------------------------------------------------------------------------------------  

 

Date Revision Due Jul 19, 2013 

 

Dear Authors - 

I am happy to accept your paper for publication in Animal Behaviour, subject to revision.  Your last 

revision convincingly addressed the reviewers' points but this has - partly - resulted in an imbalance 

between the introduction and discussion. 

At eight pages the introduction, while an interesting read, is now far too long, and the discussion fails 

to discuss some to the interpretation points that should be made there. I therefore suggest you mention 

in the introduction the link between bimanual co-ordination and syntactic language as part of the 

rationale for your study, but leave its detailed discussion to the discussion. Your results can then be 

considered in context in the discussion. 

 

In addition, please make the following formatting changes. 

 

1. Add the abstract to the manuscript, followed by up to 10 keywords in alphabetical order including 

the common and scientific names of the study species. 

2. Lists of citations in the text should be in chronological order. 

3. Give the scientific names of species at first mention. 

4. You refer to videos in the Methods but you have not yet uploaded any. 

5. In statistics, write 'mean' in full. 'Mean' and 'SE' should not be in italics. 

6. Change P<0.000 to P<0.001. Note that P should be in italics. throughout. 

7. Put the figure legends after the reference list. 

8. In the reference list, all journal titles must be written in full. 

9. Do not italicise publishers' names and towns. 

10. Provide more details for D'Ausilio & Fadiga 2011, such as a volume number and page numbers, or 

editors' names, publisher and town of publication. 

11. Add page numbers for Dawkins 1976. 

12. Update Hopkins 2013, at least with the online publication date. 

13. Italicise scientific names in the reference list. 

14. Do not include issue numbers after volume numbers. 

15. Provide page numbers for Lashley 1951. 

16. Ensure page numbers are complete, e.g. for Ott 2009 should 255-69 be 255-269? 

*Revision comments



 

HIGHLIGHTS 

 

 The evolutionary origins of human handedness is poorly understood 

 We assessed bimanual hand dominance and hand transfers in gorillas 

 We found a significant population-level right-handed bias for both measures 

 Results suggest that human right-handedness was inherited from a common ancestor 

 We propose that bimanual actions and language processes share a basic structure 
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ABSTRACT 1 

 2 

There is a common prevailing perception that humans possess a species-unique population-3 

level right-hand bias that has evolutionary links with language. New theories suggest that an 4 

early evolutionary division of cognitive function gave rise to a left hemisphere bias for 5 

behaviours underpinned by structured sequences of actions. However, studies of great ape 6 

handedness have generated inconsistent results and considerable debate. Additionally, the 7 

literature places a heavy focus on chimpanzees, revealing a paucity of handedness findings 8 

from other great ape species, and thus limiting the empirical evidence with which we can 9 

evaluate evolutionary theory. We observed handedness during spontaneous naturalistic 10 

bimanual actions in a captive, biological group of 13 western lowland gorillas (Gorilla 11 

gorilla gorilla). Our results demonstrated a significant group-level right-handed bias for 12 

bimanual actions as well as for a novel measure of handedness: hand transfer. The two 13 

measures revealed similar patterns of handedness, such that a right-hand bias for the 14 

majority of individuals was found across both measures. Our findings suggest that human 15 

population-level right-handedness is a behavioural trait linked with left hemisphere 16 

dominance for the processing of structured sequences of actions, and was inherited by a 17 

common ancestor of both humans and apes.  18 

 19 

Keywords: cerebral lateralisation, evolution, great apes, gorilla, Gorilla gorilla gorilla, 20 

handedness, language 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 
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2 

INTRODUCTION 29 

 30 

Historically, researchers have argued that population-level right-handedness is a human-31 

unique behaviour, underpinned by an evolutionary link with left hemisphere neural regions 32 

dedicated to language processing (e.g. Broca 1865; Wernicke 1874). Approximately 90% of 33 

the human population are considered to be right-handed, (Porac & Coren 1981; Annett 34 

1985). Additionally, about 95% of the right-handed population expresses language 35 

dominance in the left hemisphere of the brain (Santrock 2008). Specifically, the inferior 36 

frontal gyrus (Tomaiuolo et al. 1999; Robichon et al. 2000; Keller et al. 2009) and a portion 37 

of the posterior temporal lobe (planum temporale) are proportionately larger in the left 38 

hemisphere compared with the right hemisphere (Beaton 1997; Shapleske et al. 1999; 39 

Sommer et al. 2001; 2008), and coincide with the anatomical locations of Broca‟s and 40 

Wernicke‟s areas respectively (e.g. Horwitz et al. 2003). The commonality of the human left 41 

hemisphere bias for handedness and language processing has perpetuated a theory that 42 

lateralized motor action elicited by cerebral lateralisation for specific cognitive functions is 43 

unique to humans (Warren 1980; Ettlinger 1988; Crow 2004; Schoenemann 2006). Some 44 

have posited that handedness is directly linked with language capabilities, such as articulated 45 

speech (Annett 2002) or gesture (Corballis 2002). Others have suggested that handedness 46 

may have originated from tool use (Greenfield 1991), coordinated bimanual actions 47 

(Wundrum 1986; Hopkins et al. 2003), or bipedalism (Westergaard et al. 1998; Braccini et 48 

al. 2010). However, the emergence of handedness and its evolutionary relationship with 49 

language remains a controversial topic.  50 

 51 

Lateralised motor action underpinned by cerebral lateralisation for specific cognitive 52 

processes has now been revealed across a range of vertebrate (Vallortigara & Rogers 2005; 53 

MacNeilage, et al. 2009; Rogers & Andrew 2002; Vallortigara et al. 2011) and invertebrate 54 

(Anfora et al. 2011; Frasnelli et al. 2012) species, and thus, is no longer considered human 55 

specific. For example, right hemisphere dominance has been identified for processing of 56 
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social stimuli in chimpanzees (Pan troglodytes, Morris et al. 1993), rhesus monkeys (Macca 57 

mulatta, Guo et al. 2009), dogs (Canis familiaris, Guo et al. 2009) and sheep (Ovis aries, 58 

Peirce et al. 2000). Alternatively, the left hemisphere has been reported to be dominant for 59 

well-practiced sequences of actions, such as feeding tasks in pigeons (Columbia livia, 60 

Güntürkün & Kesh 1987), chicks (Gallus gallus domesticus, Rogers 1995) and toads (B. 61 

bufo and B. marinus, Robins & Rogers 2004), and in numeracy tasks in dolphins (Tursiops 62 

truncates, Killian et al. 2005). The result of such evidence, suggests that the right 63 

hemisphere of the brain evolved as dominant for controlling arousal levels in order to react 64 

quickly to the environment (e.g. predators), whilst the left hemisphere emerged as dominant 65 

for processing routine behaviours with structured sequences of actions (e.g. feeding) 66 

(Vallortigara et al. 2008, 2011; MacNeilage et al. 2009). An early evolutionary division of 67 

labour for these critical survival processes in the left and right hemispheres may have 68 

produced advantages for: increasing neural capacity, enabling parallel processing and 69 

deterring the simultaneous initiation of incompatible responses (e.g. Andrew 1991; 70 

Vallortigara 2000; Rogers 2002). 71 

 72 

Based upon the evolutionary theory above, it is not surprising that hierarchically structured 73 

language processes are left hemisphere dominant for the majority of the human population. 74 

However, the precursor behaviours that language emerged from are poorly understood. For 75 

over half a century, theoretical parallels have been drawn between the cognitive processes 76 

underlying a left hemispheric specialisation for language and right-handed tool use in 77 

humans. While hierarchical structures are known to be a distinctive component of language 78 

(e.g. Hauser et al. 2002), it has been suggested that they also appear in non-linguistic 79 

domains such as object manipulation (for a review see Tettamanti 2003). Motor activity has 80 

been described as a hierarchy of structured sequence of behavioural units (Holloway 1969); 81 

and hierarchical action sequences are integral to tool use (e.g. Lashley 1951; Dawkins 1976; 82 

Byrne & Russon 1998). While some have argued that the sequences of actions supporting 83 

tool manufacture do not possess a linguistic type of syntax because the actions are based 84 
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upon physical constraints rather than internal rules (e.g. Graves 1994; Wynn 1995), others 85 

have argued that some Paleolithic tool manufacturing methods do share abstract syntactical 86 

content with linguistic processes (e.g. Holloway 1981; Stout & Chaminade 2009). 87 

Additionally, evidence from prehistoric human tool use and manufacture suggests that 88 

human population-level right-handedness has origins that precede the emergence of modern 89 

human language. Specifically, archaeological data suggest that right biased asymmetries 90 

existed in the arm and hand bones at least by the stage of the genus Homo. Evidence from 91 

tool use production and cave art suggests that population-level right-handedness was 92 

established in Neanderthals (for a review see Cashmore et al. 2008), thus preceding human 93 

language, which is claimed to have emerged not earlier than 100,000 years ago (e.g. Ott 94 

2009). One hypothesis is that right-handed tool use provided an evolutionary bridge between 95 

left hemisphere dominant action sequences and language processes (Hamzei et al. 2003). 96 

 97 

Great apes are proven tool users in both wild and captive settings; and although they do not 98 

possess language, great apes demonstrate evidence of a neuroanatomical brain region that 99 

overlaps with Broca‟s regions and that, like in humans, is proportionately larger in the left 100 

hemisphere than in the right hemisphere (e.g. Cantalupo & Hopkins 2001; Hopkins et al. 101 

2007). Therefore, great apes offer an excellent animal model to investigate the evolutionary 102 

link between handedness and human language. Early handedness studies achieved 103 

inconsistent results in both captive (e.g. Finch 1941; Marchant 1983; Annett & Annett 1991; 104 

Hopkins 1993) and wild ape populations (e.g. Boesch 1991; McGrew & Marchant 1992; 105 

Shafer 1993). However, traditional handedness coding methods may not have effectively 106 

revealed manual biases. Early behavioural studies of great ape handedness assessed 107 

unimanual actions, such as simple reaching or manipulation tasks. Unimanual actions can 108 

often be confounded by postural (e.g. one hand supporting posture) and situational elements 109 

(e.g. one hand occupied with an object) (Aruguete et al. 1992; Westergaard et al. 1998; 110 

Braccini et al. 2010). Additionally, it is now acknowledged that task complexity can 111 

influence the direction, magnitude and consistency of hand preference of both humans (e.g. 112 
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Perelle & Ehrman 1994; Marchant et al. 1995; Fagard 2001) and great apes (Boesch 1991; 113 

McGrew et al. 1999; O‟Malley & McGrew 2006; Hopkins 2007). Therefore, unimanual 114 

actions may represent simplistic behaviours that do not necessarily demand the use of a 115 

dominant hand or hemisphere (Hopkins 1995). 116 

 117 

More recently, studies have investigated bimanual actions, characterised by both hands 118 

cooperating in the manipulation or processing of the same item. During bimanual actions, 119 

one hand is used to support an item (the non dominant hand) while the other hand 120 

manipulates the item (dominant hand) (e.g. McGrew & Marchant 1997). Bimanual 121 

handedness is thought to represent more complex behaviours and is considered to be a more 122 

sensitive measure of hand dominance (e.g. Hopkins 2006; Vauclair & Meguerditichian 123 

2007). Additionally, investigating bimanual actions minimises postural factors due to the 124 

necessity for the individual to appropriate a bipedal or seated posture in order for both hands 125 

to be available to engage in a bimanual task (Roney & King 1993). Laboratory studies that 126 

investigated the bimanual actions of large samples of chimpanzees have revealed evidence 127 

of population-level right-handedness (Hopkins & Russell 2004; Hopkins et al. 2004; for a 128 

review see: Hopkins 2006; 2007). Studies implemented a tube task that required 129 

chimpanzees to manipulate an object (tube) to retrieve food. Peanut butter was placed deep 130 

inside of poly-vinyl-chloride tubes such that the chimpanzees could not lick the contents, as 131 

successful retrieval of food required the insertion of fingers for extraction. Some have 132 

contended that captive ape handedness could be confounded from exposure to human 133 

behaviour (McGrew & Marchant 1997; Palmer 2002; 2003; Crow 2004), and queried 134 

methods of statistical analyses (Hopkins 1999, Hopkins & Cantalupo 2005). However, more 135 

recent studies, controlling for confounding factors, have also revealed population-level right-136 

hand biases for bimanual tasks in naturalistically housed chimpanzees (Llorente et al. 2009; 137 

2011). Conversely, observational studies of wild chimpanzee termite fishing have 138 

consistently revealed a left-handed bias (Lonsdorf & Hopkins 2005; Hopkins et al. 2009). 139 

However, it has been postulated that for this task, the less demanding action (dipping) is 140 
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directed by the non-dominant left hand, such that the more demanding range of actions (e.g. 141 

bridging termites to the mouth, grasp termites outside the mound) can be conducted by the 142 

dominant right hand (Bogart et al. 2012). In general, findings from chimpanzee bimanual 143 

actions studies contradict the traditional supposition that population-level right-handedness 144 

is a human unique characteristic, and support the hypothesis that right-handedness has been 145 

inherited from a last common ancestor, preceding the emergence of human language skills.  146 

 147 

Compared with studies of chimpanzee, gorillas are largely neglected in the handedness 148 

literature. Whether or not gorillas demonstrate population-level handedness is debated due to 149 

limited and inconsistent findings across laboratories (e.g. McGrew & Marchant 1993). An 150 

early study investigating unimanual and bimanual actions of 10 captive gorillas found no 151 

population-level bias for unimanual reaching, but did report a left hand population bias for a 152 

bimanual spatial task requiring the alignment of two openings (Fagot & Vauclair 1988). The 153 

authors posited that the task might have probed mental rotation capabilities, widely 154 

considered to be a right-hemisphere dominant capability in humans (e.g. Jones & Anuza 155 

1982). More recently, the tube task has been extended to bonobos (Pan paniscus), gorillas 156 

and orangutans (Pongo pygmaeus) (Hopkins et al. 2011). Results from these investigations 157 

demonstrated that like chimpanzees, bonobos and gorillas also revealed right-handed 158 

population biases when assessed for handedness during this specific bimanual coordinated 159 

activity. Only three studies, to date, have investigated the spontaneous bimanual behaviours 160 

of gorillas. Byrne & Byrne (1991) found a significant right hand bias for bimanual multi-161 

stage sequences of food processing in a group of 44 mountain gorillas, where the strongest 162 

degree of hand preference was for processing food types in which leaves were protected by 163 

stings. Two more recent studies investigated naturalistic bimanual feeding behaviours of 164 

captive gorillas, but achieved varied results. Both studies assessed unimanual, simple 165 

reaching behaviours to food items and bimanual feeding behaviours in captive gorillas 166 

(Meguerditchian et al. 2010; Lambert 2012). Neither study reported a population-level bias 167 

for unimanual simple reaching actions, however Meguerditchian and colleagues (2010) 168 
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revealed a significant right-hand population-level bias for bimanual feeding actions. While 169 

Lambert (2012) demonstrated stronger manual biases for bimanual feeding compared with 170 

unimanual simple reaching, bimanual actions were not found to be significantly right-171 

handed. The author proposed that bimanual actions may vary in complexity and that 172 

assessing different grip morphologies may provide an alternate way to measure hand 173 

dominance. Specifically, precision grip, versus power grip, may signify more complex 174 

dextral action, and therefore elicit a dominant hand bias (e.g. Pouydebat et al. 2011). 175 

 176 

Although inconsistent methodological approaches may be responsible for mixed results 177 

across laboratories, much of the research points to a right-handed bias in great apes during 178 

object manipulation. One possible interpretation of the literature is that right-handedness in 179 

humans is not a direct by-product of language capabilities, but rather the behavioural 180 

manifestation of left hemisphere dominance for processing structured sequences of actions. 181 

We hypothesise that this inherited cerebral lateralisation characteristic can be exploited in 182 

our closest living relatives, specifically during bimanual behaviours for object manipulation 183 

sequences. Therefore, in the present study we investigated the naturalistic spontaneous 184 

behaviours of a biological group of captive gorillas (Gorilla gorilla gorilla) performing 185 

bimanual object manipulation during: feeding (e.g. leaf stripping, nettle folding and 186 

honeypot dipping), tool use for food retrieval (preparing sticks for the honey pot, using 187 

sticks in the honey pot) and tools manufacture for food extraction (e.g. stripping sticks for 188 

use in honeypot). Additionally, we introduced a new measure of handedness that considers 189 

transfers of objects to the opposite hand prior to object manipulation. Hopkins (2006) noted 190 

that the tube task produced a right hand dominance even when controlling for the hand in 191 

which the chimpanzee received the tube. Specifically, the „hand transfer‟ measure evaluated 192 

when an object was grasped by dominant hand and then transferred to the non-dominant 193 

hand, such that the dominant hand was free to perform manipulative actions upon the object. 194 

We hypothesised that the cost of transferring an object is outweighed by the increase of 195 

efficiency achieved through performing the manipulation with the dominant hand. 196 
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 197 

METHODS 198 

 199 

Subjects 200 

 201 

Data were collected on 13 (6 males), captive western lowland gorillas (Gorilla gorilla) 202 

living in a peer-raised, semi-free ranging, biological family group at Port Lympne Wild 203 

Animal Park, UK. The group was made up of one silverback, seven adult females, four 204 

juvenile males and one juvenile female (see Table 1) ranging in age from 2-36 years. 205 

Observational consent was granted by the John Aspinall Foundation. Due to the non-206 

invasive nature of this study, further permits or ethical approvals were not required. 207 

 208 

Housing and Enrichment 209 

 210 

The „Palace of the Apes‟ is the world‟s largest family gorilla house and is modeled on the 211 

habitat of wild gorillas. The gorillas are considered „semi free ranging‟, in that they move 212 

freely about the large enclosure comprised of four composite parts: caged upper, caged 213 

lower, inside and garden. The two-tiered outside enclosure is fronted by toughened glass, 214 

and equipped with enrichment equipment including: ropes, nets and slides to encourage 215 

physical activity. Inside, there is a play area equipped with further enrichment equipment 216 

and 14 bedrooms with access to water. By way of the caged upper and lower areas of the 217 

enclosure, the gorillas have further access to a large garden equipped with climbing frames, 218 

trees, logs, a boundary stream and a large pile of boulders. The garden has viewing windows 219 

at ground level and unimpeded visual access from above the garden via a raised steel 220 

footpath. Both the caged area and the garden have food receptacles for enrichment purposes 221 

that require the gorillas to prepare sticks that fit the hole for retrieving the contents. Contents 222 

of the receptacle vary (e.g. honey, peanut butter, hummus, marmite). Further enrichment is 223 

regularly provided in the form of retrieving food from different types of cartons in order to 224 
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cognitively challenge individuals and maintain high standards of animal welfare. 225 

 226 

Nourishment 227 

 228 

Gorillas receive six daily scatter feeds in order to stimulate natural foraging behaviours. A 229 

proportion of the scatter feeds are roof top dispersals of herbs and fruit that stimulate 230 

physical activity, requiring gorillas to brachiate. Gorillas receive up to 50 different varieties 231 

of fruits and vegetables, primarily organically grown. With seasonal variation, gorillas 232 

consume: apples, beans, blackberries, carrots, cauliflower, damsons, leeks, melon, oranges, 233 

pears, peppers, plums, raspberries, spinach, strawberries and sweet potatoes. Gorillas are 234 

also offered a large variety of woodland browse including bamboo and willow. Additionally, 235 

gorillas benefit from fresh herbs (e.g. parsley, thyme, rosemary and coriander), vitamin 236 

pellets, cheese, eggs, yoghurt and mealworms crickets. During the winter months, gorillas 237 

receive high-protein treats (e.g. lamb, sausages) to replace the protein that would be 238 

typically ingested by the way of insects within the foliage consumed in a wild setting.  239 

 240 

Data Capture 241 

 242 

From April 2004 to September 2006, subjects were video recorded during spontaneous 243 

naturalistic behaviour based on a counterbalanced focal sampling paradigm (Altmann 1974). 244 

Ten-minute focal follows were conducted for each animal. Due to low visibility of some 245 

gorillas, total focal follow time for each subject varied between 55–215 minutes (see Table 246 

1). Synchronised digital video cameras (Panasonic NVGS11B) were employed to capture 247 

both the focal individual (camera 1: full frame) and encompass the focal subject within the 248 

context of any conspecifics and surroundings (camera 2: wide-angle) (see Multidimensional 249 

Method, Forrester 2008). Synchronization was established using a flash bulb. Cameras were 250 

tripod mounted and followed gorilla activity using zoom, tilt, and swivel to optimise view. 251 

Synchronised video streams were compressed into a single file (15 frames per second) 252 
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viewed in a top/bottom format for subsequent coding using OBSERVATRON coding 253 

software (Forrester 2008).  254 

 255 

Coding  256 

 257 

Bimanual actions were defined in line with Meguerditchian et al. (2010) such that one hand 258 

holds an object (non-dominant hand) while the opposite hand performs any manipulations of 259 

the object and brings it to the mouth in the case of feeding (dominant hand). Bimanual 260 

actions consisted of manipulating foods for ingestions (e.g. stripping and folding nettles, 261 

stripping leaves, and extracting nuts from their shells), using tools to extract food (e.g. 262 

dipping sticks in honey pot) and manufacturing tools to for food extraction (e.g. stripping 263 

sticks for use in honeypot). Bimanual actions began when one hand reached for an object for 264 

manipulation. The hand supporting the object was classified as the „non-dominant‟ hand and 265 

was classified as left or right, whilst the hand used for manipulation of the object was 266 

classified as the „dominant‟ hand was classified as the opposite hand (see Video 1 and Video 267 

2 for examples of nettle folding and honeypot dipping bimanual actions). In the case of the 268 

honey dipping, the dominant hand manipulated the tool, while the non-dominant hand held 269 

the receptacle and simultaneously provided postural support. 270 

 271 

Additionally, we coded the frequency of hand transfer events prior to object manipulation. 272 

Franz and colleagues (2002) demonstrated that the lead hand in a bimanual sequence does 273 

not necessarily signify the dominant hand (e.g. reaching for the object), but rather could be a 274 

consequence of posture (e.g. postural origins hypothesis; MacNeilage et al. 1987). For this 275 

measure we coded hand transfer events preceding bimanual object manipulation that 276 

involved the transfer of an object from one hand to the other such that the gorilla could 277 

employ the dominant hand for manipulation. For example, a locomoting gorilla may pick up 278 

a stick with the left hand on the way to the honeypot, but then transfers the stick to the right 279 

hand prior to dipping for honey. This action was coded as a transfer for right hand 280 
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dominance such that the right hand could perform the dominant action. Furthermore, a 281 

gorilla might pick a nettle with the right hand, but then transfer it to the left hand such that 282 

the left hand can support the object while the right hand performs the actions of stripping 283 

and folding the nettles. This was also coded as a transfer for right hand dominance (see 284 

Video 3 for examples of hand transfers). Research into human handedness has shown that 285 

bilateral transfers can be used as a marker of hand dominance (Kumar & Mandal 2005).  286 

 287 

For both measures of handedness, we calculated the frequency of dominant hand actions for 288 

bouts. Bouts began when one hand reached for an object for manipulation. Once the item 289 

was gathered, only the first manipulative action was coded for hand dominance. In the case 290 

of a hand transfer prior to manipulation, we first coded hand dominance and then coded the 291 

first manipulative action for hand dominance. A bout ended when the focal animal released 292 

the object. Although there has been some controversy in the literature whether events or 293 

bouts represent the most valid measure for evaluating hand dominance (McGrew & 294 

Marchant 1997; Hopkins et al. 2001), concerning a statistical bias that may result from the 295 

dependence of the data between each hand use response (e.g. pseudo-replication) (see 296 

Hurlburt 1984; Palmer 2003), a high correlation has been found between analyses of bouts 297 

and events, suggesting they are equally valid measures of handedness (e.g. Hopkins et al. 298 

2005a).  299 

 300 

Analyses 301 

 302 

For both bimanual actions and hand transfer measures, we calculated frequencies, 303 

proportions, rates and Handedness Index (HI) scores for bouts. We employed a range of 304 

measures to demonstrate the consistency of the results across a range of statistical 305 

preferences throughout the literature. Specifically proportions and rates were used to 306 

equalise the weighting that each participant contributed to the data set. This is a critical 307 

evaluation process as to not let a single subject or non-significant group of subjects sway the 308 
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group statistical test results. As each individual contributed a different number of bouts to 309 

the dataset, proportions were calculated by dividing the frequency of left or right hand 310 

actions by the total frequency of actions. Additionally, coded observation times varied 311 

between individuals as a result of animal visibility. Therefore, rates were calculated by 312 

dividing the frequency of bimanual actions by the total number of observational minutes per 313 

subject. Paired sample t-tests were used to compare bout group means for frequencies, 314 

proportions and rates for both hand dominance and hand transfers. A mean handedness 315 

index (MHI) score was also calculated for the group. Nonparametric Wilcoxon tests were 316 

also performed as a stricter test of difference. All statistical tests were two-tailed with alpha 317 

< 0.05. 318 

 319 

In order to reveal individual patterns of hand dominance for bimanual actions and hand 320 

transfer measures, we calculated the z-scores, binomial approximations of the z-scores, and 321 

the individuals‟ strength of handedness using handedness index (HI) scores (see Tables 2 322 

and 3). The direction of hand preference for each subject was calculated using z-scores such 323 

that gorillas were left handed when z ≤ -1.96, right handed when z ≥ 1.96 and ambiguously 324 

handed when -19.6 < z < 1.96. HI scores were calculated for each subject in for both 325 

measures to establish the degree of hand asymmetry. HI scores were calculated using the 326 

formula [HI = (R-L)/(R+L)], with R and L being the frequency counts for right and left hand 327 

dominance in bimanual actions. When R=L, the HI is taken to be zero. HI values vary on a 328 

continuum between -1.0 and +1.0, where the sign indicates the direction of hand preferences. 329 

Positive values reflect a right hand preference while negative values reflect a left hand 330 

preference. Two subjects were excluded from analyses for the measure of hand transfer due 331 

to low overall counts (total counts < 10). Excluded subjects are marked with a double 332 

asterisk (see Table 3). All statistical tests were two-tailed with alpha < 0.05. 333 

 334 

 335 

 336 
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RESULTS 337 

 338 

Hand Dominance 339 

 340 

The frequencies, proportions and rates of bouts along with their associated HI scores, z-341 

scores and binomial approximations of the z-scores for the measures of hand dominance are 342 

displayed in Tables 2. A one sample t-test of the MHI scores for hand dominance (Mean = 343 

0.62, SE = 0.07) indicated a significant population-level right-handedness, t12 = 10.62, P < 344 

0.001.  345 

 346 

A paired-sample t-test of frequencies demonstrated a significant bias for right hand 347 

dominance (Mean = 24.54, SE = 3.01), compared with left handed dominance (Mean = 6.08, 348 

SE = 1.48) for bimanual actions, t12 = - 7.44, P < 0.001. A paired-sample t-test of 349 

proportions demonstrated a significant right-handed dominance (Mean = 0.81, SE = 0.028), 350 

compared with left handed dominance (Mean = 0.19, SE = 0.028) for bimanual actions, t12 = 351 

- 10.86, P < 0.001. A paired-sample t-test of rates demonstrated a significant right-handed 352 

dominance (Mean = 0.21, SE = 0.04), compared with left-handed dominance (Mean = 0.05, 353 

SE = 0.01) for bimanual actions, t12 = - 4.41, P = 0.001 (Figure 1). Based on the P-values 354 

from the binomial approximations of the z-scores, ten of the thirteen gorillas (76.9%) 355 

demonstrated a significant right-handed dominance for bimanual actions. Three gorillas 356 

were ambiguously handed, however each of the three individuals‟ HI scores indicated a 357 

right-hand bias. Hand dominance measures were also calculated using the nonparametric 358 

Wilcoxon signed-ranks test. There was no change in the significant pattern of the results. 359 

 360 

Hand Transfer 361 

 362 

The frequencies, proportions and rates of bouts along with their associated HI scores, z-363 

scores and binomial approximations of the z-scores for the measures of hand transfer are 364 
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displayed in Tables 3. A one sample t-test of MHI scores for hand transfer (Mean = 0.71, SE 365 

= 0.09) indicated a significant population-level right hand dominance, t10 = 10.00, P < 0.001.  366 

 367 

Under exclusion criteria (n=11 for counts > 10), a paired-sample t-test of frequencies 368 

demonstrated a significant bias for transfers from right hand to left hand (Mean = 18.64, SE 369 

= 2.33), compared with transfers from left hand to right hand (Mean = 3.45, SE = 1.22) for 370 

bimanual actions, t10 = - 6.63, P < 0.001. Under the exclusion criteria, a paired-sample t-test 371 

of proportions demonstrated a significant bias for transfers from right hand to left hand 372 

(Mean = 0.86, SE = 0.44), compared with left hand to right hand (Mean = 0.15, SE = 0.44), 373 

for bimanual actions, t10 = - 8.14, P < 0.001. Under exclusion criteria, a paired-sample t-test 374 

of rates demonstrated a significant bias for transfers from right hand to left hand  (Mean = 375 

0.13, SE = 0.02), compared with transfers from left hand to right hand (Mean = 0.03, SE = 376 

0.01) for bimanual actions, t10 = - 6.18, P < 0.001 (Figure 2).  Based on the P-values from 377 

the binomial approximations of the z-scores, eight of the eleven gorillas (72.7%) 378 

demonstrated a significant bias for transfers from right hand to left hand for bimanual 379 

actions. Three gorillas were ambiguously handed, however individual HI scores maintained 380 

a preference for right-hand dominance. Hand transfer measures were also calculated using 381 

the nonparametric Wilcoxon signed ranks test. There was no change in the significant 382 

pattern of the results. 383 

 384 

A paired sample t-test indicated that there was no significant difference between the HI 385 

scores for hand dominance and hand transfer t10 = -0.995, P = 0.343 (Figure 3). 386 

 387 

DISCUSSION 388 

 389 

The findings from this study demonstrated a significant population-level right-handed bias 390 

for the measures of bimanual actions and hand transfer. The majority of individual subjects 391 

demonstrated a significant right hand preference for both measures. There was no significant 392 
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difference between the strength of hand preference when comparing the two measures, thus 393 

hand transfers may offer an alternative and/or complementary objective measure of hand 394 

dominance. Our finding of a population-level right hand bias for bimanual actions is 395 

consistent with previous studies of captive apes performing the tube task (e.g. Hopkins et al. 396 

2011) as well as with studies the majority of studies investigating naturalistic bimanual 397 

feeding behaviours in captive (Meguerditchian et al. 2010) and wild gorillas (Byrne & Byrne 398 

1991).  399 

 400 

The implementation of the measure of hand transfer to investigate ape handedness appears to 401 

be a relevant marker of hand dominance. Like grip morphology, hand transfer may also 402 

prove to be sensitive to dextral complexity. Hand transfers were likely to have been 403 

performed when the sequence of object manipulation actions could not be efficiently or 404 

effectively performed with the non-dominant hand. In human children, planning abilities 405 

have been exploited through the measure of hand transfer tasks. Specifically, when one hand 406 

supports an object (non dominant) and the other hand (dominant) manipulates aspects of the 407 

object, infants under 2 years of age tend to transfer the object from the right to the left hand. 408 

Older children anticipate the requirement of the dominant hand and thus begin the bimanual 409 

task by grasping the object with the non-dominant hand (Potier, Meguerditchian & Fagard 410 

2012), further suggesting that hand transfers may be a useful measure of individual 411 

handedness development during increasing task complexity. 412 

 413 

There is growing evidence in humans that lateralised behaviours manifesting from 414 

contralateral domain specific neural processing extends beyond the association between 415 

population-level right-handedness and left hemisphere language regions. For example, the 416 

right hand has also shown a significant bias for communicative gesture (Corina et al. 1993), 417 

implicating a dominant left hemisphere control. Conversely, a left visual field/right 418 

hemisphere preference has been identified in face perception for exploring the left side of a 419 

centrally presented face when measured behaviourally (looking time; Burt & Perrett 1997) 420 
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and with functional imaging (Kanwisher et al. 1998). As in humans, in addition to object 421 

manipulation, great apes have also demonstrated a right hand bias for communicative 422 

gestures in a range of chimpanzee populations (Hopkins & Leavens 1998; Hopkins et al. 423 

2005b; Meguerditichian et al. 2009; 2012), suggesting left hemisphere dominant processing. 424 

Conversely, leftward action biases have been reported for social-emotional processing for 425 

self-directed face touching in orangutans (Rogers & Kaplan 1995), self-scratching (Leavens 426 

et al. 2004) and during increases in task complexity in chimpanzees (Leavens et al. 2001), 427 

potentially resulting from a rise in stress or arousal levels increasing right hemisphere 428 

processing. Another method that appears to probe cerebral lateralisation of domain specific 429 

processing involves assessing the type of target to which hand actions are directed. For 430 

example, chimpanzees demonstrated a right hand preference for touching their inanimate 431 

environments and ambi-preference for self-directed behaviours (Aruguete et al. 1992). 432 

Similarly, a unimanual right hand bias was found for actions towards inanimate objects, but 433 

ambi-preference for unimanual actions to animate targets (self and conspecifics) in gorillas 434 

(Forrester et al. 2011), chimpanzees (Forrester et al. 2012) and typically developing children 435 

(Forrester et al. 2013). These findings add to the mounting evidence that lateralised motor 436 

actions are markers of contralateral domain specific cerebral lateralisation, where the left 437 

hemisphere presides over structured sequences of actions, while the right hemisphere 438 

dominates social-emotional processing (e.g. MacNeilage 2009). The implications of such 439 

brain organisation is integral to the evolution and development of higher cognitive functions, 440 

as emergent functions are predicted to develop within the hemisphere that could support that 441 

function through the exaptation of neural regions for processing more elementary functions 442 

with similar underlying structure. 443 

 444 

Some posit that Broca‟s area may be a supra-modal hierarchical processor, supporting a 445 

speculative hypothesis that language emerged from left hemisphere dominant neural regions 446 

originally evolved to cope with the hierarchical sequences of actions inherent in tool use 447 

(Pulvermüller & Fadiga 2010; Petersson et al. 2012). Action sequences for object 448 
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manipulation (that are not random) were proposed to possess a rudimentary syntax (e.g. 449 

Tettamanti & Weniger 2006; Pastra & Aloimonos 2012). For example, in human infants, 450 

non-linguistic actions involving objects (e.g. self-feeding with a spoon) were seen to involve 451 

hierarchical sequence of actions (Connolly & Dagleish 1989; Greenfield 1991). Specifically, 452 

the activity in Broca‟s region has been shown to correlate with increasing hierarchical 453 

structural complexity (Bates & Dick 2002; Greenfield 1991). Broca‟s area is typically 454 

segmented into three regions: the pars triangularus (PTr), the pars orbitalus (PO) and the 455 

pars opercularis (POp). Recent neuroimaging studies demonstrated the Pop was activated for 456 

acquiring grammatical rules (i.e., having a hierarchical structure) (e.g. Tettamanti et al. 457 

2002) and during complex grammar processing (Friederici et al. 2006), as opposed to an 458 

area posterior to POp has been recognised for tasks of simple grammar (Sakai 2005). 459 

Additionally, a transcranial magnetic stimulation study demonstrated that the POp was 460 

critical for the encoding of complex human action (Clerget, et al. 2009). Moreover, an fMRI 461 

investigation of healthy human adults evidenced an overlap of brain activity for perceiving 462 

language and using tools in this same region (POp), suggesting that language and tool use 463 

share a common neural generator for processing “complex hierarchical structures common 464 

to these two abilities” (Higuchi et al. 2009). This growing body of evidence suggests that the 465 

POp region of Broca‟s area may not be language-specific, but rather is active for disparate 466 

tasks (e.g. linguistic, cognitive, sensorimotor) that involve computational processing of 467 

hierarchical structure (Tettamanti & Weniger 2006) and that may also be present in other 468 

primate tool users.  469 

 470 

Although limited data exists from brain imaging studies of great apes, Catalupo and Hopkins 471 

(2001) sampled 26 great apes and found a general leftward bias for the anatomical volume of 472 

the POp. A subsequent sample of chimpanzees (Hopkins et al. 2008), demonstrated a non-473 

significant anatomical leftward bias, however the authors posit that differences in the 474 

boundaries placed upon POp may have contributed to inconsistent findings between the two 475 

studies. In fact, comparing the anatomical similarities of Broca‟s area in human and ape 476 



 
 

18 

brains rely primarily on the surface area or volume of the POp because the PTr and the PO 477 

have not been reliably defined in the chimpanzee brain (e.g. Keller et al 2009; for a review 478 

see Hopkins 2013). Inconsistencies in anatomical boundaries of Broca‟s area may have also 479 

led to discrepancies in findings from cytoarchitectonic studies of human and ape brains 480 

(Amunts et al. 1999; Ziles & Amunts 2010). Nevertheless, imaging studies have reported in 481 

both humans (Foundas et al. 1995) and apes (Gilissen & Hopkins 2013) that a significantly 482 

greater proportion of right-handers demonstrate a left hemisphere POp asymmetry compared 483 

to left-handers, supporting a link between the neuroanatomical regions underpinning both 484 

manual and language asymmetries across species. Additionally, when hand biases from 485 

termite fishing, anvil use and simple reaching were assessed for neuroanatomical 486 

characteristics from the MRI scans of 22 chimpanzees, the authors found that right-handed 487 

chimpanzees had a significantly greater leftward asymmetry than non-right-handed subjects 488 

within a region of the inferior frontal gyrus, known to overlap with Broca‟s area (Hopkins et 489 

al. 2007), and also implicated in the processing of human language syntax (Peelle et al. 490 

2004; Caplan et al. 2008). However, the correlation between right-handedness and left 491 

hemisphere asymmetry was not evident for a region of the chimpanzee brain considered to 492 

overlap with the Wernicke‟s area (see Hopkins & Cantalupo 2004 for planum temporale). 493 

These findings suggest that the neural regions associated with tool use and language 494 

production may overlap and be biased to the left hemisphere in right-handed individuals. 495 

From an evolutionary perspective, the overlap in neural function underlying tool use and 496 

language processes provides one possible example of neural exaptation (e.g. Gould & Vrba 497 

1982; Iriki & Taoka 2012) supporting a hypothesis that language emerged from neural 498 

regions originally evolved to cope with the hierarchical sequences of actions inherent in tool 499 

use and manufacture. While the evolutionary emergence of population-level human right-500 

handedness remains speculative, the development of lateralised markers of contralateral 501 

neural processing may unite studies of brain and behaviour and inform about the 502 

evolutionary emergence of higher cognitive functions. 503 

 504 
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CONCLUSIONS 505 

The present study focused on dense data collection for a small sample of captive gorillas and 506 

assessed observed naturalistic hand dominance for bimanual object manipulation. Based on 507 

our findings, we argue that gorillas possess population-level right-handedness for object 508 

manipulation with a proportional split similar to that found in the human population. 509 

Assessing great ape handedness within specific domains, like object manipulation, is more 510 

in keeping with human handedness measures that exclusively focus on the routine sequences 511 

of structured actions for tool use (e.g. Edinburgh Handedness Inventory; Oldfield 1971), 512 

thus allowing for more direct intra-species comparisons. While we speculate an evolutionary 513 

link between tool use and the emergence of human language, at present, there is a paucity of 514 

behavioural and neuroanatomical finding to fully substantiate such a claim. Moreover, a 515 

consistent methodological approach across laboratories, and the investigation of larger and 516 

more diverse populations, are necessary progressions in order to generate reliable 517 

behavioural markers of cerebral lateralisation and thus facilitate the synthesis and 518 

generalisation of findings. Nevertheless, based on the results of the current study and those 519 

from the literature that span disparate species, not only can lateralised motor actions act as 520 

plausible markers of contralateral neural generators, they may also provide insight into the 521 

evolution of cognitive function.  522 

 523 

REFERENCES 524 

 525 

Altmann, J. 1974. Observational study of behaviour: sampling methods. Behaviour, 49, 526 

227–267. 527 

 528 

Amunts, K., Schleicher, A., Bürgel, U., Mohlberbg, H., Uylings, H. B. & Zilles, K. 1999. 529 

Broca‟s region revisited: cytoarchitecture and intersubject variability. Journal of 530 

Comparative Neurology, 412, 319-341. 531 

 532 



 
 

20 

Andrew, R. J. 1991. The nature of behavioural lateralization in the chick. In: Neural and 533 

behavioural plasticity. The use of the chick as a model (Ed. By Andrew, R. J.), pp. 536-554. 534 

Oxford, UK: Oxford University Press. 535 

 536 

Anfora, G., Rigosi, E., Frasnelli, E., Ruga, V., Trona, F. & Vallortigara, G. 2011. 537 

Lateralization in the Invertebrate Brain: Left-Right Asymmetry of Olfaction in Bumble Bee, 538 

Bombus terrestris. PLoS ONE, 6, e18903.  539 

 540 

Annett, M. 1985. Left, right, hand and brain. The right shift theory. Hillsdale, New Jersey, 541 

Lawrence Erlbaum. 542 

 543 

Annett, M. 2002. Handedness and brain asymmetry. The right shift theory. Psychology 544 

Press, Sussex. 545 

 546 

Annett, M. & Annett, J. 1991. Handedness for feeding in gorillas. Cortex, 17, 269-276. 547 

 548 

Aruguete, M. S., Ely, E. A. & King, J. E. 1992. Laterality in spontaneous motor activity of 549 

chimpanzees and squirrel monkeys. American Journal of Primatology, 27, 177-188. 550 

 551 

Bates, E. & Dick, F. 2002. Language, gesture and the developing brain. Developmental 552 

Psychology, 40, 293-310. 553 

 554 

Beaton, A. A. 1997. The relation of planum temporale asymmetry and morphology of the 555 

corpus callosum to handedness, gender and dyslexia: a review of evidence. Brain Language, 556 

60, 255–322. 557 

 558 

Boesch, C. 1991. Handedness in wild chimpanzees. International Journal of Primatology, 6, 559 

541-558. 560 



 
 

21 

 561 

Bogart, S. L., Pruetz, J. D., Ormiston, L. K., Russell, J. L., Meguerditchian, A. & 562 

Hopkins, W. D. 2012. Termite fishing laterality in the Fongoli savanna chimpanzees (Pan 563 

troglodytes verus): Further evidence of a left hand preference. American Journal of Physical 564 

Anthropology, 149, 591-598. 565 

 566 

Braccini, S., Lambeth, S., Schapiro, S. & Fitch, W. T. 2010. Bipedal tool use strengthens 567 

chimpanzee hand preferences. Journal of Human Evolution, 58, 234–241. 568 

 569 

Broca, P. 1865. Sur la faculte du langage articule. Bulletin of Social Anthropology, 6, 493-570 

494. 571 

 572 

Burt, M. D. & Perrett, D. I. 1997. Perceptual asymmetries in judgements of facial 573 

attractiveness, age, gender, speech and expression. Neuropsychologia, 35, 685-693. 574 

 575 

Byrne, R. W. & Byrne, J. M. 1991. Hand preferences in the skilled gathering tasks of 576 

mountain gorillas (Gorilla gorilla berengei). Cortex, 27, 521-536. 577 

 578 

Byrne, R. W. & Russon, A. E. 1998. Learning by imitation: A hierarchical approach. 579 

Behavioral and Brain Sciences. 2, 667-721. 580 

 581 

Cantalupo, C. & Hopkins, W. D. 2001. Asymmetric Broca‟s area in great apes: A region 582 

of the ape brain is uncannily similar to one linked with speech in humans. Nature, 414, 505. 583 

 584 

Caplan, D., Chen, E. & Waters, G. 2008. Task-dependent and task-independent 585 

neurovascular responses to syntactic processing. Cortex, 44, 257-275. 586 

 587 



 
 

22 

Cashmore, L., Uomini, N. & Chapelain, A. 2008. The evolution of handedness in humans 588 

and great apes: a review and current issues. Journal of Anthropological Sciences, 86, 7–35. 589 

 590 

Clerget, E., Winderickx, A., Fadiga, L. & Olivier, E. 2009. Role of Broca‟s area in 591 

encoding sequential human actions: a virtual lesion study. Neuroreport, 20, 1496-1499. 592 

 593 

Connolly, K. & Dalgleish, M. 1989. The emergence of tool-using skill in infancy. 594 

Developmental Psychology, 25, 894-911. 595 

 596 

Corballis, M. C. 2002. From hand to mouth: the origins of language. Princeton University 597 

Press, Princeton. 598 

 599 

Corina, D. P., Pizner, H., Bellugi, U., Feinberg, T., Dowd, D. & O'Grady-Batch, I. L. 600 

1993. Dissociation between linguistic and non-linguistic gestural system: A case of 601 

compositionality. Brain and Language, 43, 414–447. 602 

 603 

Crow, T. 2004. Directional asymmetry is the key to the origin of modern Homo sapiens (the 604 

Broca-Annett axiom): A reply to Rogers‟ review of The Speciation of Modern Homo 605 

sapiens. Laterality, 9, 233–242. 606 

 607 

D’Ausilio, A. & Fadiga, L. 2011. The Common Origins of Language Action. Language-608 

Action Tools for Cognitive Artificial Agents: Papers for the 2011 AAAI Workshop (WS-11-609 

14) 610 

 611 

 612 

Dawkins, R. 1976. Hierarchical organisation: A candidate principle for ethology. In: 613 

Growing points in ethology (Ed. By Bateson, P. P. G. & Hinde, R. A.), pp. 401-421. 614 

Cambridge: Cambridge University Press.  615 



 
 

23 

 616 

Ettlinger, G. F. 1988. Hand preference, ability and hemispheric specialization. How far are 617 

these factors related in the monkey? Cortex, 24, 389–398. 618 

 619 

Fagard, J. 2001. Le développement de la laté ralité manuelle. In: Le developpement des 620 

habiletes de l’enfant. Coordination bimanuelle et laté ralité. (Ed. by Fagard, J.), pp. 221-621 

234. Paris: CNRS Editions. 622 

 623 

Fagot, J. & Vauclair, J. 1988. Handedness and bimanual coordination in the lowland 624 

gorilla. Brain, Behavior and Evolution, 32, 89-95. 625 

 626 

Finch, G. 1941. Chimpanzee handedness. Science, 94, 117-118. 627 

 628 

Forrester, G. S. 2008. A multidimensional approach to investigations of behaviour: 629 

revealing structure in animal communication signals. Animal Behaviour, 76, 1749-1760. 630 

 631 

Forrester, G. S., Leavens, D. A., Quaresmini, C. & Vallortigara, G. 2011. Target 632 

animacy influences gorilla handedness. Animal Cognition. 14, 903-907. 633 

 634 

Forrester, G. S., Quaresmini, C., Leavens, D. A., Mareschal, D. & Thomas, M. A. 2013. 635 

Human handedness: An inherited evolutionary trait. Behavioural Brain Research. 237, 200-636 

206.  637 

 638 

Forrester, G. S., Quaresmini, C., Leavens, D. A., Spiezio, C. & Vallortigara, G. 2012. 639 

Target animacy influences chimpanzee handedness. Animal Cognition. 15, 1121-1127. 640 

 641 

Foundas, A., Leonard, C. & Heilman, K. 1995. Morphological cerebral asymmetries and 642 

handedness: the pars triangularis and planum temporale. Archives of Neurology, 52, 501–643 



 
 

24 

508.  644 

 645 

Franz, E. A., Rowse, A. & Ballantine, B. 2002. Does Handedness determine which hand 646 

leads in a bimanual task? Journal of Motor Behavior, 34, 402-412. 647 

 648 

Frasnelli, E., Vallortigara, G. & Rogers, L. J. 2012. Left-right asymmetries of behaviour 649 

and nervous system in invertebrates. Neuroscience and Biobehavioral Review, 36, 1273–650 

1291. 651 

 652 

Friederici, A. D., Bahlmann, J., Heim, S., Schubotz, R. I. & Anwander, A. 2006. The 653 

brain differentiates human and non-human grammars: functional localization and structural 654 

connectivity. Proceedings of the National Academy Science USA, 103, 2458–2463. 655 

 656 

Gilissen, E. & Hopkins, W. D. 2013. Asymmetries in the parietal operculum in 657 

chimpanzees (Pan troglodytes) in relation to handedness for tool use. Cerebral Cortex, 23, 658 

411–422.  659 

 660 

Gould, S. J. & Vrba, E. S. 1982. Exaptation-A Missing Term in the Science of Form. 661 

Paleobiology, 8, 415. 662 

 663 

Graves, P. 1994. Flakes and ladders: what the archaeological record cannot tell us about the 664 

origins of language. World Archaeology, 26, 158–171 665 

 666 

Greenfield, P. M. 1991. Language, tools, and brain: the ontogeny and phylogeny of 667 

hierarchically organized sequential behavior. Behavioral and Brain Sciences, 14, 531-550. 668 

 669 

Güntürkün, O. & Kesh, S. 1987. Visual lateralization during feeding in pigeons. 670 

Behavioral Neuroscience, 101, 433–435. 671 



 
 

25 

 672 

Guo, K., Kerstin, M., Hall, C., Hall, S. & Mills, D. 2009. Left gaze bias in humans, rhesus 673 

monkeys and domestic dogs. Animal Cognition, 12, 409-418. 674 

 675 

Hamzei, F., Rijntjes, M., Dettmers, C., Glauche, V., Weiller, C. & Buchel, C. 2003. The 676 

human action recognition system and its relationship to Broca‟s area: an fMRI study. 677 

Neuroimage, 19, 637–644. 678 

 679 

Hauser, M.D., Chomsky, N. & Fitch, W.T. 2002. The faculty of language: What is it, who 680 

has it, and how did it evolve? Science, 298, 1569-1579. 681 

 682 

Higuchi, S., Chaminadeb, T., Imamizua, H. & Kawatoa, M. 2009. Shared neural 683 

correlates for language and tool use in Broca‟s area. Neuroreport, 20, 1376–1381. 684 

 685 

Holloway, R. 1969. Culture: a human domain. Current Anthropology, 10, 395–412. 686 

 687 

Holloway, R. 1981. Culture, symbols and human brain evolution: a synthesis. Dialectical 688 

Anthropology, 5, 287–303. 689 

 690 

Hopkins, W. D. 1993. Posture and reaching in chimpanzees (Pan troglodytes) and orang-691 

utans (Pongo pygmaeus). Journal of Comparative Psychology, 17, 162-168.  692 

 693 

Hopkins, W. D. 1995. Hand preferences for a coordinated bimanual task in 110 694 

chimpanzees: Cross-sectional analysis. Journal of Comparative Psychology, 109, 291–297. 695 

 696 

Hopkins, W. D. 1999. On the other hand: statistical issues in the assessment and 697 

interpretation of hand preference data in nonhuman primates. International Journal of 698 

Primatology, 20, 851–866. 699 



 
 

26 

 700 

Hopkins, W. D. 2006. Comparative and familial analysis of handedness in great apes. 701 

Psychological Bulletin, 132, 538–559. 702 

 703 

Hopkins, W. D. 2007. Evolution of hemispheric specialization in primates. Academic Press, 704 

Oxford. 705 

 706 

Hopkins, W.D. 2013. Neuroanatomical asymmetries and handedness in chimpanzees (Pan 707 

troglodytes): a case for continuity in the evolution of hemispheric specialization. Annals of 708 

the New York Academy of Sciences, 1288, 17-35. 709 

 710 

Hopkins, W. D. & Cantalupo, C. 2004. Handedness in chimpanzees is associated with 711 

asymmetries in the primary motor cortex but not with homologous language areas. 712 

Behavioral Neuroscience, 118, 1176-1183 713 

 714 

Hopkins, W. D. & Cantalupo, C. 2005. Individual and setting differences in the hand 715 

preferences of chimpanzees (Pan troglodytes): A critical analysis and some alternative 716 

explanations. Laterality, 10, 65–80. 717 

 718 

Hopkins, W. D. & Leavens, D. A. 1998. Hand use and gestural communication in 719 

chimpanzees (Pan troglodytes). Journal of Comparative Psychology, 112, 95–99.  720 

 721 

Hopkins, W. D. & Russell, J. L. 2004. Further evidence of a right hand advantage in motor 722 

skill by chimpanzees (Pan troglodytes). Neuropsychologia, 42, 990-996. 723 

 724 

Hopkins, W. D., Russell, J. L. & Cantalupo, C. 2007. Neuroanatomical correlates of 725 

handedness for tool use in chimpanzees (Pan troglodytes) implication for theories on the 726 

evolution of language. Psychological Science, 18, 971–977. 727 



 
 

27 

 728 

Hopkins, W. D., Cantalupo, C., Freeman, H., Russell, J., Kachin, M. & Nelson E. 729 

2005a. Chimpanzees are right-handed when recording bouts of hand use. Laterality, 10, 730 

121–130. 731 

 732 

Hopkins, W. D., Fernandez-Carriba, S., Wesley, M. J., Hostetter, A., Pilcher, D. & 733 

Poss, S. 2001. The use of bouts and frequencies in the evaluation of hand preferences for a 734 

coordinated bimanual task in chimpanzees (Pan troglodytes): An empirical study comparing 735 

two different indices of laterality. Journal of Comparative Psychology, 115, 294–299. 736 

 737 

Hopkins, W. D., Hook, M., Braccini, S. & Schapiro, S. J. 2003. Population-level right 738 

handedness for a coordinated bimanual task in chimpanzees (Pan troglodytes): replication 739 

and extension in a second colony of apes. International Journal of Primatology, 24, 677–740 

689. 741 

 742 

Hopkins, W. D., Philips, K. A., Bania, A., Calcutt, S. E., Gardner, M., Russell, J., 743 

Schaeffer, J., Lonsdorf, E. V., Ross, S. R. & Schapiro, S. J. 2011. Hand preferences for 744 

coordinated bimanual actions in 777 great apes: Implications for the evolution of handedness 745 

in hominins. Journal of Human Evolution, 60, 605-611. 746 

 747 

Hopkins, W. D., Russell, J. L., Freeman, H., Buehler, N., Reynolds, E. & Schapiro, S. J. 748 

2005b. The distribution and development of handedness for manual gestures in captive 749 

chimpanzees (Pan troglodytes). Psychological Science, 6, 487–493.  750 

 751 

Hopkins, W. D., Russell, J. L., Schaeffer, J. A., Gardner, M. & Schapiro, S. J. 2009. 752 

Handedness for tool use in captive chimpanzees (Pan troglodytes): Sex differences, 753 

performance, heritability and comparison to the wild, Behaviour, 146, 1463-1483. 754 

 755 



 
 

28 

Hopkins, W. D., Taglialatela, J. P., Meguerditchian, A., Nir, T., Schenker, N. M. & 756 

Sherwood, C. C. 2008. Gray matter asymmetries in chimpanzees as revealed by voxel-757 

based morphology. Neuroimage, 42, 491–497.  758 

 759 

Hopkins, W. D., Wesley, M. J., Izard, M. K., Hook, M. & Schapiro, S. J. 2004. 760 

Chimpanzees are predominantly right-handed: replication in three colonies of apes. 761 

Behavioral Neuroscience, 118, 659–663. 762 

 763 

Horwitz, B., Amunts, K., Bhattacharyya, R., Patkin, D., Jeffries, K., Zilles, K. & 764 

Braun, A. R. 2003. Activation of Broca‟s area during the production of spoken and signed 765 

language: a combined cytoarchitectonic mapping and PET analysis. Neuropsychologia, 41, 766 

1868–1876. 767 

 768 

Hurlburt, S. H. 1984. Pseudoreplication and the design of ecological field experiments. 769 

Ecological Monographs, 54, 187–211. 770 

 771 

Iriki, A. & Taoka, M. 2012. Triadic (ecological, neural, cognitive) niche construction: a 772 

scenario of human brain evolution extrapolating tool use and language from the control of 773 

reaching actions. Philosophical Transactions of the Royal Society B, 367, 10-23. 774 

 775 

Jones, B. & Anuza, T. 1982. Effects of sex, handedness, stimulus and visual field on 776 

"mental rotation". Cortex, 18, 501-514. 777 

 778 

Kanwisher, N., Tong, F. & Nakayama, K. 1998. The Effect of Face Inversion on the 779 

Human Fusiform Face Area. Cognition, 68, B1-B11. 780 

 781 

Keller, S. S., Roberts N. & Hopkins, W. D. 2009. A comparative magnetic resonance 782 

imaging study of the anatomy, variability and asymmetry of Broca‟s area in the human and 783 



 
 

29 

chimpanzee brain. Journal of Neuroscience, 29, 14607–14616. 784 

 785 

Killian, A., von Fersen, L. & Güntürküna, O. 2005. Left hemisphere advantage for 786 

numerical abilities in the bottlenose dolphin. Behavioural Processes, 68, 179-184. 787 

 788 

Kumar, S. & Mandal, M. K. 2005. Bilateral transfer of skill in left- and right handers. 789 

Laterality, 10, 337-344. 790 

 791 

Lambert, M. 2012. Hand Preference for Bimanual and Unimanual Feeding in Captive 792 

Gorillas: Extension in a Second Colony of Apes. American Journal of Physical 793 

Anthropology, 148, 641-647. 794 

 795 

Lashley, K, S. 1951. The problem of serial order in behavior. In: Cerebral Mechanisms in 796 

Behavior: The Hixon Symposium (Ed By Jeffress, L. A.), pp. 112-136. New York: Wiley. 797 

 798 

Leavens, D., Aureli, F. & Hopkins, W. D. 2004. Behavioral evidence of the cutaneous 799 

expression of emotion in a chimpanzee (Pan troglodytes). Behaviour, 141, 979-997. 800 

 801 

Leavens, D., Aureli, F., Hopkins, W. D. & Hyatt, C. W. 2001. The effects of cognitive 802 

challenge on self-directed behaviors by chimpanzees (Pan troglodytes). American Journal of 803 

Primatology, 55, 1-14.  804 

 805 

Llorente, M., Mosquera, M. & Fabré, M. 2009. Manual laterality for simple reaching and 806 

bimanual coordinated task in naturalistic housed chimpanzees (Pan troglodytes). 807 

International Journal of Primatology, 30, 183–197. 808 

 809 

Llorente, M., Riba, D., Palou, L., Carrasco, L., Mosquera, M., Colell, M. & Feliu, O. 810 

2011. Population-level right-handedness for a coordinated bimanual task in naturalistic 811 



 
 

30 

housed chimpanzees: replication and extension in 114 animals from Zambia and Spain. 812 

American Journal of Primatology, 73, 281–290. 813 

 814 

Lonsdorf, E. V. & Hopkins, W. D. 2005. Wild chimpanzees show population-level 815 

handedness for tool use. Proceedings of the National Academy of Sciences, 102, 12634-816 

12638. 817 

 818 

MacNeilage, P. F., Rogers, L. J. & Vallortigara, G. 2009. Origins of the left and right 819 

brain. Scientific American, 301, 60–67. 820 

 821 

MacNeilage, P. F., Studdert-Kennedy, M. & Lindblom, B. 1987. Primate handedness 822 

reconsidered. Behavioral and Brain Sciences, 10, 247–303. 823 

 824 

Marchant, L. F., McGrew, W. C. & Eibl-Eibesfeldt, I. 1995. Is human handedness 825 

universal? Ethological analyses from three traditional cultures. Ethology, 101, 239–258. 826 

 827 

McGrew, W. C. & Marchant, L. F. 1992. Chimpanzees, tools, and termites: Hand 828 

preference or handedness? Current Anthropology, 33, 113-119. 829 

 830 

McGrew, W. C. & Marchant, L. F. 1993. Are gorillas right-handed or not? Human 831 

Evolution, 8, 17-23.  832 

 833 

McGrew, W. C. & Marchant, L. F. 1997. On the other hand: current issues in and meta 834 

analysis of the behavioral laterality of hand function in nonhuman primates. Yearbook of 835 

Physical Anthropology, 40, 201–232. 836 

 837 

McGrew, W. C., Marchant, L. F., Wrangham, R. W. & Kleinm, H. 1999. Manual 838 

laterality in anvil use: wild chimpanzees cracking Strychnos fruits. Laterality, 4, 79–87. 839 



 
 

31 

 840 

Meguerditchian, A., Vauclair, J. & Hopkins, W. D. 2009. Captive chimpanzees use their 841 

right hand to communicate with each other: Implications for the origin of the cerebral 842 

substrate for language, Cortex, 46, 40-48. 843 

 844 

Meguerditchian, A., Calcutt, S. E., Lonsdorf, E. V. Ross, S. R. & Hopkins, W. D. 2010. 845 

Brief communication: Captive gorillas are right-handed for bimanual feeding. American 846 

Journal of Physical Anthropology, 141, 638-645. 847 

 848 

Meguerditchian, A., Gardner, M. J., Schapiro, S. J., Hopkins, W. D. 2012. The sound of 849 

one-hand clapping: handedness and perisylvian neural correlates of a communicative gesture 850 

in chimpanzees. Proceedings of the Royal Society B, 79, 1959–1966. 851 

 852 

Morris, R. D., Hopkins, W. D. & Bolser-Gilmore, L. 1993. Assessment of hand 853 

preference in two language-trained chimpanzees (Pan troglodytes): A multimethod analysis. 854 

Journal of Clinical and Experimental Neuropsychology, 15, 487-502. 855 

 856 

O’Malley, R. C. & McGrew, W. C. 2006. Hand preferences in captive orangutans (Pongo 857 

pygmaeus). Primates, 47, 279–283. 858 

 859 

Oldfield, R. C. 1971. The Assessment and analysis of handedness: The Edinburgh 860 

inventory. Neuropsychologia, 9, 97-113. 861 

 862 

Ott, D. 2009. The evolution of I-language: lexicalization as the key evolutionary novelty. 863 

Biolinguistics, 3, 255–269. 864 

 865 

Palmer, A. R. 2002. Chimpanzee right-handedness reconsidered: evaluating the evidence 866 

with funnel plots. American Journal of Physical Anthropology, 118, 191–199. 867 



 
 

32 

 868 

Palmer, A. R. 2003. Reply to Hopkins and Cantalupo: chimpanzee right-handedness 869 

reconsidered-sampling issues and data presentation. American Journal of Physical 870 

Anthropology, 121, 382–384. 871 

 872 

Pastra, K. & Aliomonos, Y. 2012. The minimalist grammar of action. Philosophical 873 

Transactions of the Royal Society B, 367, 103–117. 874 

 875 

Peelle, J. E., McMillan, C., Moore, P., Grossman, M. & Wingfield, A. 2004. Dissociable 876 

patterns of brain activity during comprehension of rapid and syntactically complex speech: 877 

evidence from fMRI. Brain and Language, 91, 315-325. 878 

 879 

Peirce, J. W., Leigh, A. E. & Kendrick, K. M. 2000. Configurational coding, familiarity 880 

and the right hemisphere advantage for face recognition in sheep. Neuropsychologia, 38, 881 

475-483. 882 

 883 

Perelle, I. B. & Ehrman, L. 1994. An international study of human handedness: the data. 884 

Behavior Genetics, 24, 217–227. 885 

 886 

Petersson, K. M., Folia, V. & Hagoort, P. 2012. What artificial grammar learning reveals 887 

about the neurobiology of syntax. Brain and Language, 120, 83-95.  888 

 889 

Porac, C. & Coren, S. 1981. Lateral preferences and human behaviour. New York, 890 

Springer-Verlag. 891 

 892 

Potier, C., Meguerditchian, A. & Fagard, J. 2012. Handedness for bimanual coordinated 893 

actions in infants as a function of grip morphology. Laterality, in press. 894 

 895 



 
 

33 

Pouydebat, E., Reghem, E., Borel, A. & Gorce, P. 2011. Diversity of grip in adults and 896 

young humans and chimpanzees (Pan troglodytes).  Behavioural Brain Research, 218, 21-8. 897 

 898 

Pulvermüller, F. & Fadiga, L. 2010. Active perception: sensorimotor circuits as a cortical 899 

basis for language. Nature Reviews Neuroscience, 11, 351–360. 900 

 901 

Robinson, F., Levrier, O., Farnarier, P. & Habib, M. 2000. Developmental dyslexia: 902 

atypical cortical asymmetries and functional significance. European Journal of Neurology, 903 

7, 35–46. 904 

 905 

Robins, A. & Rogers, L. J. 2004. Lateralized prey-catching responses in the cane toad, 906 

Bufo marinus: analysis of complex visual stimuli. Animal Behaviour, 68, 767-775. 907 

 908 

Rogers, L. J. 1995. The Development of Brain and behaviour in the Chicken. CAB 909 

International, Wallingford, Oxon.  910 

 911 

Rogers, L. J. 2002. Lateralization in vertebrates: its early evolution, general pattern and 912 

development. In: Advances in the study of behavior (Ed. by Slater, P. J. B., Rosenblatt, J., 913 

Snowdon, C. & Roper, T.), pp. 107–162. San Diego, CA: Academic Press. 914 

 915 

Rogers, L. J. & Andrew, R. J. 2002. Comparative vertebrate lateralization. Cambridge 916 

UK: Cambridge University Press.  917 

 918 

Rogers, L. J. & Kaplan, G. 1995. Hand preferences and other lateral biases in rehabilitated 919 

orangutans, Pongo pygmaeus pygmaeus. Animal Behaviour, 51, 13–25. 920 

 921 



 
 

34 

Roney, L. S. & King, J. E. 1993. Postural effects on manual reaching laterality in squirrel 922 

monkeys (Saimiri sciureus) and cotton-top tamarians (Saguinus Oedipus). Journal of 923 

Comparative Psychology, 107, 380-385. 924 

 925 

Sakai, K. L. 2005. Language acquisition and brain development. Science, 310, 815–819. 926 

 927 

Santrock, J. W. 2008. Motor, sensory, and perceptual development. In: A topical approach 928 

to life-span development (Ed. by Ryan, M.), pp. 172–205. McGraw-Hill Higher Education: 929 

Boston.  930 

 931 

Shafer, D. D. 1993. Patterns of hand preference in gorillas and children. In: Primate 932 

laterality: Current behavioural evidence of primate asymmetries (Ed. by Ward, J. P. & 933 

Hopkins, W. D.), 267-283. New York: Springer-Verlag. 934 

 935 

Shapleske, J., Rossell, L. S., Woodruff, P. W. & David, A. S. 1999. The planum 936 

temporale: a systematic, quantitative review of its structural, functional and clinical 937 

significance. Brain Research Reviews, 29, 26–49. 938 

 939 

Schoenemann, P. T. 2006. Evolution of size and functional areas of the human brain. 940 

Annual Review of Anthropology, 35, 379–406. 941 

 942 

Sommer, I., Ramsey, N. & Kahn, R. 2001. Handedness, language lateralisation and 943 

anatomical asymmetry in schizophrenia: meta-analysis. British Journal of Psychiatry, 178, 944 

344–351. 945 

 946 

Sommer, I. E., Aleman, A., Somers, M., Boks, M. P. & Kahn, R. S. 2008. Sex differences 947 

in handedness, asymmetry of the Planum Temporale and functional language lateralization. 948 

Brain Research, 1206, 76–88. 949 



 
 

35 

 950 

Stout, D. & Chaminade, T. 2009. Making tools and making sense: complex, intentional 951 

behaviour in human evolution. Cambridge Archaeological Journal, 19, 85-96. 952 

 953 

Tettamanti, M. 2003. Language Acquisition and Processing: Hierarchically Organised 954 

Cognitive Processes. Ph.D. thesis, University of Zurich. 955 

 956 

Tettamanti, M. & Weniger, D. 2006. Broca‟s Area: A Supramodal Hierarchical Processor? 957 

Cortex, 42, 491-494. 958 

 959 

Tettamanti, M., Alkadhi, H., Moro, A., Perani, D., Kollias, S. & Weniger, D. 2002. 960 

Neural correlates for the acquisition of natural language syntax. Neuroimage, 17, 700-709. 961 

 962 

Tomaiuolo, F., MacDonald, J. D., Caramanos, Z., Posner, G., Chiavaras, M., Evans, A. 963 

C. & Petrides, M. 1999. Morphology, morphometry and probability mapping of the pars 964 

opercularis of the inferior frontal gyrus: an in vivo MRI analysis. European Journal of 965 

Neuroscience, 11, 3033–3046. 966 

 967 

Vallortigara, G. 2000. Comparative neuropsychology of the dual brain: A stroll through 968 

animals' left and right perceptual worlds. Brain and Language, 73, 189-219.  969 

 970 

Vallortigara, G. & Rogers, L. J. 2005. Survival with an asymmetrical brain: advantages 971 

and disadvantages of cerebral lateralization. Behavioral and Brain Sciences, 28, 575–589.  972 

 973 

Vallortigara, G., Chiandetti, C. & Sovrano, V. A. 2011. Brain asymmetry (animal). Wiley 974 

Interdisciplinary Reviews: Cognitive Science, 2, 146 –157. 975 

 976 



 
 

36 

Vallortigara, G., Snyder, A., Kaplan, G., Bateson, P., Clayton, N. S. & Rogers, L. J. 977 

2008. Are Animals Autistic Savants. PLoS Biology, 6, e42. 978 

 979 

Vauclair, J. & Meguerditchian, A. 2007. Perceptual and motor lateralization in two 980 

species of baboons. In: Evolution of hemispheric specialization in primates (Ed. by Hopkins, 981 

W. D.), pp. 177-198. Oxford: Academic Press. 982 

 983 

Warren, J.M. 1980. Handedness and laterality in humans and other animals. Psychology, 8, 984 

351–359. 985 

 986 

Wernicke, C. 1874. Der Aphasische Symptomencomplex. Breslau, Cohn and Weigert. 987 

 988 

Westergaard, G. C., Kuhn, H. E. & Suomi, S. J. 1998. Bipedal posture and hand 989 

preference in humans and other primates. Journal of Comparative Psychology, 112, 56–63. 990 

 991 

Wundrum, I. J. 1986. Cortical motor asymmetries and Hominid feeding strategies. Human 992 

Evolution, 1, 183–188. 993 

 994 

Wynn T. 1995. Handaxe enigmas. World Archaeology. 27, 10–24. 995 

 996 

Zilles, K. & K. Amunts. 2010. Centenary of Brodmann‟s map-conception and fate. Nature 997 

Reviews Neuroscience, 11, 139–145. 998 

 999 
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Figure 1. Demonstrates the difference in mean proportion for left and right hand dominance. 1002 

 1003 

Figure 2. Demonstrates the difference in mean proportion for left and right hand dominant 1004 
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hand transfers. 1005 

 1006 

Figure 3. Demonstrates the strength of handedness using MHI scores for hand dominance 1007 

and hand transfers.  1008 
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ABSTRACT 1 

 2 

There is a common prevailing perception that humans possess a species-unique population-3 

level right-hand bias that has evolutionary links with language. New theories suggest that an 4 

early evolutionary division of cognitive function gave rise to a left hemisphere bias for 5 

behaviours underpinned by structured sequences of actions. However, studies of great ape 6 

handedness have generated inconsistent results and considerable debate. Additionally, the 7 

literature places a heavy focus on chimpanzees, revealing a paucity of handedness findings 8 

from other great ape species, and thus limiting the empirical evidence with which we can 9 

evaluate evolutionary theory. We observed handedness during spontaneous naturalistic 10 

bimanual actions in a captive, biological group of 13 western lowland gorillas (Gorilla 11 

gorilla gorilla). Our results demonstrated a significant group-level right-handed bias for 12 

bimanual actions as well as for a novel measure of handedness: hand transfer. The two 13 

measures revealed similar patterns of handedness, such that a right-hand bias for the 14 

majority of individuals was found across both measures. Our findings suggest that human 15 

population-level right-handedness is a behavioural trait linked with left hemisphere 16 

dominance for the processing of structured sequences of actions, and was inherited by a 17 

common ancestor of both humans and apes.  18 

 19 
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2 

INTRODUCTION 29 

 30 

Historically, researchers have argued that population-level right-handedness is a human-31 

unique behaviour, underpinned by an evolutionary link with left hemisphere neural regions 32 

dedicated to language processing (e.g. Broca 1865; Wernicke 1874). Approximately 90% of 33 

the human population are considered to be right-handed, (Porac & Coren 1981; Annett 34 

1985). Additionally, about 95% of the right-handed population expresses language 35 

dominance in the left hemisphere of the brain (Santrock 2008). Specifically, the inferior 36 

frontal gyrus (Tomaiuolo et al. 1999; Robichon et al. 2000; Keller et al. 2009) and a portion 37 

of the posterior temporal lobe (planum temporale) are proportionately larger in the left 38 

hemisphere compared with the right hemisphere (Beaton 1997; Shapleske et al. 1999; 39 

Sommer et al. 2001; 2008), and coincide with the anatomical locations of Broca‟s and 40 

Wernicke‟s areas respectively (e.g. Horwitz et al. 2003). The commonality of the human left 41 

hemisphere bias for handedness and language processing has perpetuated a theory that 42 

lateralized motor action elicited by cerebral lateralisation for specific cognitive functions is 43 

unique to humans (Warren 1980; Ettlinger 1988; Crow 2004; Schoenemann 2006). Some 44 

have posited that handedness is directly linked with language capabilities, such as articulated 45 

speech (Annett 2002) or gesture (Corballis 2002). Others have suggested that handedness 46 

may have originated from tool use (Greenfield 1991), coordinated bimanual actions 47 

(Wundrum 1986; Hopkins et al. 2003), or bipedalism (Westergaard et al. 1998; Braccini et 48 

al. 2010). However, the emergence of handedness and its evolutionary relationship with 49 

language remains a controversial topic.  50 

 51 

Lateralised motor action underpinned by cerebral lateralisation for specific cognitive 52 

processes has now been revealed across a range of vertebrate (Vallortigara & Rogers 2005; 53 

MacNeilage, et al. 2009; Rogers & Andrew 2002; Vallortigara et al. 2011) and invertebrate 54 

(Anfora et al. 2011; Frasnelli et al. 2012) species, and thus, is no longer considered human 55 

specific. For example, right hemisphere dominance has been identified for processing of 56 



 
 

3 

social stimuli in chimpanzees (Pan troglodytes, Morris et al. 1993), rhesus monkeys (Macca 57 

mulatta, Guo et al. 2009), dogs (Canis familiaris, Guo et al. 2009) and sheep (Ovis aries, 58 

Peirce et al. 2000). Alternatively, the left hemisphere has been reported to be dominant for 59 

well-practiced sequences of actions, such as feeding tasks in pigeons (Columbia livia, 60 

Güntürkün & Kesh 1987), chicks (Gallus gallus domesticus, Rogers 1995) and toads (B. 61 

bufo and B. marinus, Robins & Rogers 2004), and in numeracy tasks in dolphins (Tursiops 62 

truncates, Killian et al. 2005). The result of such evidence, suggests that the right 63 

hemisphere of the brain evolved as dominant for controlling arousal levels in order to react 64 

quickly to the environment (e.g. predators), whilst the left hemisphere emerged as dominant 65 

for processing routine behaviours with structured sequences of actions (e.g. feeding) 66 

(Vallortigara et al. 2008, 2011; MacNeilage et al. 2009). An early evolutionary division of 67 

labour for these critical survival processes in the left and right hemispheres may have 68 

produced advantages for: increasing neural capacity, enabling parallel processing and 69 

deterring the simultaneous initiation of incompatible responses (e.g. Andrew 1991; 70 

Vallortigara 2000; Rogers 2002). 71 

 72 

Based upon the evolutionary theory above, it is not surprising that hierarchically structured 73 

language processes are left hemisphere dominant for the majority of the human population. 74 

However, the precursor behaviours that language emerged from are poorly understood. For 75 

over half a century, theoretical parallels have been drawn between the cognitive processes 76 

underlying a left hemispheric specialisation for language and right-handed tool use in 77 

humans. While hierarchical structures are known to be a distinctive component of language 78 

(e.g. Hauser et al. 2002), it has been suggested that they also appear in non-linguistic 79 

domains such as object manipulation (for a review see Tettamanti 2003). Motor activity has 80 

been described as a hierarchy of structured sequence of behavioural units (Holloway 1969); 81 

and hierarchical action sequences are integral to tool use (e.g. Lashley 1951; Dawkins 1976; 82 

Byrne & Russon 1998). While some have argued that the sequences of actions supporting 83 

tool manufacture do not possess a linguistic type of syntax because the actions are based 84 
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upon physical constraints rather than internal rules (e.g. Graves 1994; Wynn 1995), others 85 

have argued that some Paleolithic tool manufacturing methods do share abstract syntactical 86 

content with linguistic processes (e.g. Holloway 1981; Stout & Chaminade 2009). 87 

Additionally, evidence from prehistoric human tool use and manufacture suggests that 88 

human population-level right-handedness has origins that precede the emergence of modern 89 

human language. Specifically, archaeological data suggest that right biased asymmetries 90 

existed in the arm and hand bones at least by the stage of the genus Homo. Evidence from 91 

tool use production and cave art suggests that population-level right-handedness was 92 

established in Neanderthals (for a review see Cashmore et al. 2008), thus preceding human 93 

language, which is claimed to have emerged not earlier than 100,000 years ago (e.g. Ott 94 

2009). One hypothesis is that right-handed tool use provided an evolutionary bridge between 95 

left hemisphere dominant action sequences and language processes (Hamzei et al. 2003). 96 

 97 

Great apes are proven tool users in both wild and captive settings; and although they do not 98 

possess language, great apes demonstrate evidence of a neuroanatomical brain region that 99 

overlaps with Broca‟s regions and that, like in humans, is proportionately larger in the left 100 

hemisphere than in the right hemisphere (e.g. Cantalupo & Hopkins 2001; Hopkins et al. 101 

2007). Therefore, great apes offer an excellent animal model to investigate the evolutionary 102 

link between handedness and human language. Early handedness studies achieved 103 

inconsistent results in both captive (e.g. Finch 1941; Marchant 1983; Annett & Annett 1991; 104 

Hopkins 1993) and wild ape populations (e.g. Boesch 1991; McGrew & Marchant 1992; 105 

Shafer 1993). However, traditional handedness coding methods may not have effectively 106 

revealed manual biases. Early behavioural studies of great ape handedness assessed 107 

unimanual actions, such as simple reaching or manipulation tasks. Unimanual actions can 108 

often be confounded by postural (e.g. one hand supporting posture) and situational elements 109 

(e.g. one hand occupied with an object) (Aruguete et al. 1992; Westergaard et al. 1998; 110 

Braccini et al. 2010). Additionally, it is now acknowledged that task complexity can 111 

influence the direction, magnitude and consistency of hand preference of both humans (e.g. 112 
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Perelle & Ehrman 1994; Marchant et al. 1995; Fagard 2001) and great apes (Boesch 1991; 113 

McGrew et al. 1999; O‟Malley & McGrew 2006; Hopkins 2007). Therefore, unimanual 114 

actions may represent simplistic behaviours that do not necessarily demand the use of a 115 

dominant hand or hemisphere (Hopkins 1995). 116 

 117 

More recently, studies have investigated bimanual actions, characterised by both hands 118 

cooperating in the manipulation or processing of the same item. During bimanual actions, 119 

one hand is used to support an item (the non dominant hand) while the other hand 120 

manipulates the item (dominant hand) (e.g. McGrew & Marchant 1997). Bimanual 121 

handedness is thought to represent more complex behaviours and is considered to be a more 122 

sensitive measure of hand dominance (e.g. Hopkins 2006; Vauclair & Meguerditichian 123 

2007). Additionally, investigating bimanual actions minimises postural factors due to the 124 

necessity for the individual to appropriate a bipedal or seated posture in order for both hands 125 

to be available to engage in a bimanual task (Roney & King 1993). Laboratory studies that 126 

investigated the bimanual actions of large samples of chimpanzees have revealed evidence 127 

of population-level right-handedness (Hopkins & Russell 2004; Hopkins et al. 2004; for a 128 

review see: Hopkins 2006; 2007). Studies implemented a tube task that required 129 

chimpanzees to manipulate an object (tube) to retrieve food. Peanut butter was placed deep 130 

inside of poly-vinyl-chloride tubes such that the chimpanzees could not lick the contents, as 131 

successful retrieval of food required the insertion of fingers for extraction. Some have 132 

contended that captive ape handedness could be confounded from exposure to human 133 

behaviour (McGrew & Marchant 1997; Palmer 2002; 2003; Crow 2004), and queried 134 

methods of statistical analyses (Hopkins 1999, Hopkins & Cantalupo 2005). However, more 135 

recent studies, controlling for confounding factors, have also revealed population-level right-136 

hand biases for bimanual tasks in naturalistically housed chimpanzees (Llorente et al. 2009; 137 

2011). Conversely, observational studies of wild chimpanzee termite fishing have 138 

consistently revealed a left-handed bias (Lonsdorf & Hopkins 2005; Hopkins et al. 2009). 139 

However, it has been postulated that for this task, the less demanding action (dipping) is 140 
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directed by the non-dominant left hand, such that the more demanding range of actions (e.g. 141 

bridging termites to the mouth, grasp termites outside the mound) can be conducted by the 142 

dominant right hand (Bogart et al. 2012). In general, findings from chimpanzee bimanual 143 

actions studies contradict the traditional supposition that population-level right-handedness 144 

is a human unique characteristic, and support the hypothesis that right-handedness has been 145 

inherited from a last common ancestor, preceding the emergence of human language skills.  146 

 147 

Compared with studies of chimpanzee, gorillas are largely neglected in the handedness 148 

literature. Whether or not gorillas demonstrate population-level handedness is debated due to 149 

limited and inconsistent findings across laboratories (e.g. McGrew & Marchant 1993). An 150 

early study investigating unimanual and bimanual actions of 10 captive gorillas found no 151 

population-level bias for unimanual reaching, but did report a left hand population bias for a 152 

bimanual spatial task requiring the alignment of two openings (Fagot & Vauclair 1988). The 153 

authors posited that the task might have probed mental rotation capabilities, widely 154 

considered to be a right-hemisphere dominant capability in humans (e.g. Jones & Anuza 155 

1982). More recently, the tube task has been extended to bonobos (Pan paniscus), gorillas 156 

and orangutans (Pongo pygmaeus) (Hopkins et al. 2011). Results from these investigations 157 

demonstrated that like chimpanzees, bonobos and gorillas also revealed right-handed 158 

population biases when assessed for handedness during this specific bimanual coordinated 159 

activity. Only three studies, to date, have investigated the spontaneous bimanual behaviours 160 

of gorillas. Byrne & Byrne (1991) found a significant right hand bias for bimanual multi-161 

stage sequences of food processing in a group of 44 mountain gorillas, where the strongest 162 

degree of hand preference was for processing food types in which leaves were protected by 163 

stings. Two more recent studies investigated naturalistic bimanual feeding behaviours of 164 

captive gorillas, but achieved varied results. Both studies assessed unimanual, simple 165 

reaching behaviours to food items and bimanual feeding behaviours in captive gorillas 166 

(Meguerditchian et al. 2010; Lambert 2012). Neither study reported a population-level bias 167 

for unimanual simple reaching actions, however Meguerditchian and colleagues (2010) 168 
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revealed a significant right-hand population-level bias for bimanual feeding actions. While 169 

Lambert (2012) demonstrated stronger manual biases for bimanual feeding compared with 170 

unimanual simple reaching, bimanual actions were not found to be significantly right-171 

handed. The author proposed that bimanual actions may vary in complexity and that 172 

assessing different grip morphologies may provide an alternate way to measure hand 173 

dominance. Specifically, precision grip, versus power grip, may signify more complex 174 

dextral action, and therefore elicit a dominant hand bias (e.g. Pouydebat et al. 2011). 175 

 176 

Although inconsistent methodological approaches may be responsible for mixed results 177 

across laboratories, much of the research points to a right-handed bias in great apes during 178 

object manipulation. One possible interpretation of the literature is that right-handedness in 179 

humans is not a direct by-product of language capabilities, but rather the behavioural 180 

manifestation of left hemisphere dominance for processing structured sequences of actions. 181 

We hypothesise that this inherited cerebral lateralisation characteristic can be exploited in 182 

our closest living relatives, specifically during bimanual behaviours for object manipulation 183 

sequences. Therefore, in the present study we investigated the naturalistic spontaneous 184 

behaviours of a biological group of captive gorillas (Gorilla gorilla gorilla) performing 185 

bimanual object manipulation during: feeding (e.g. leaf stripping, nettle folding and 186 

honeypot dipping), tool use for food retrieval (preparing sticks for the honey pot, using 187 

sticks in the honey pot) and tools manufacture for food extraction (e.g. stripping sticks for 188 

use in honeypot). Additionally, we introduced a new measure of handedness that considers 189 

transfers of objects to the opposite hand prior to object manipulation. Hopkins (2006) noted 190 

that the tube task produced a right hand dominance even when controlling for the hand in 191 

which the chimpanzee received the tube. Specifically, the „hand transfer‟ measure evaluated 192 

when an object was grasped by dominant hand and then transferred to the non-dominant 193 

hand, such that the dominant hand was free to perform manipulative actions upon the object. 194 

We hypothesised that the cost of transferring an object is outweighed by the increase of 195 

efficiency achieved through performing the manipulation with the dominant hand. 196 
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 197 

METHODS 198 

 199 

Subjects 200 

 201 

Data were collected on 13 (6 males), captive western lowland gorillas (Gorilla gorilla) 202 

living in a peer-raised, semi-free ranging, biological family group at Port Lympne Wild 203 

Animal Park, UK. The group was made up of one silverback, seven adult females, four 204 

juvenile males and one juvenile female (see Table 1) ranging in age from 2-36 years. 205 

Observational consent was granted by the John Aspinall Foundation. Due to the non-206 

invasive nature of this study, further permits or ethical approvals were not required. 207 

 208 

Housing and Enrichment 209 

 210 

The „Palace of the Apes‟ is the world‟s largest family gorilla house and is modeled on the 211 

habitat of wild gorillas. The gorillas are considered „semi free ranging‟, in that they move 212 

freely about the large enclosure comprised of four composite parts: caged upper, caged 213 

lower, inside and garden. The two-tiered outside enclosure is fronted by toughened glass, 214 

and equipped with enrichment equipment including: ropes, nets and slides to encourage 215 

physical activity. Inside, there is a play area equipped with further enrichment equipment 216 

and 14 bedrooms with access to water. By way of the caged upper and lower areas of the 217 

enclosure, the gorillas have further access to a large garden equipped with climbing frames, 218 

trees, logs, a boundary stream and a large pile of boulders. The garden has viewing windows 219 

at ground level and unimpeded visual access from above the garden via a raised steel 220 

footpath. Both the caged area and the garden have food receptacles for enrichment purposes 221 

that require the gorillas to prepare sticks that fit the hole for retrieving the contents. Contents 222 

of the receptacle vary (e.g. honey, peanut butter, hummus, marmite). Further enrichment is 223 

regularly provided in the form of retrieving food from different types of cartons in order to 224 
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cognitively challenge individuals and maintain high standards of animal welfare. 225 

 226 

Nourishment 227 

 228 

Gorillas receive six daily scatter feeds in order to stimulate natural foraging behaviours. A 229 

proportion of the scatter feeds are roof top dispersals of herbs and fruit that stimulate 230 

physical activity, requiring gorillas to brachiate. Gorillas receive up to 50 different varieties 231 

of fruits and vegetables, primarily organically grown. With seasonal variation, gorillas 232 

consume: apples, beans, blackberries, carrots, cauliflower, damsons, leeks, melon, oranges, 233 

pears, peppers, plums, raspberries, spinach, strawberries and sweet potatoes. Gorillas are 234 

also offered a large variety of woodland browse including bamboo and willow. Additionally, 235 

gorillas benefit from fresh herbs (e.g. parsley, thyme, rosemary and coriander), vitamin 236 

pellets, cheese, eggs, yoghurt and mealworms crickets. During the winter months, gorillas 237 

receive high-protein treats (e.g. lamb, sausages) to replace the protein that would be 238 

typically ingested by the way of insects within the foliage consumed in a wild setting.  239 

 240 

Data Capture 241 

 242 

From April 2004 to September 2006, subjects were video recorded during spontaneous 243 

naturalistic behaviour based on a counterbalanced focal sampling paradigm (Altmann 1974). 244 

Ten-minute focal follows were conducted for each animal. Due to low visibility of some 245 

gorillas, total focal follow time for each subject varied between 55–215 minutes (see Table 246 

1). Synchronised digital video cameras (Panasonic NVGS11B) were employed to capture 247 

both the focal individual (camera 1: full frame) and encompass the focal subject within the 248 

context of any conspecifics and surroundings (camera 2: wide-angle) (see Multidimensional 249 

Method, Forrester 2008). Synchronization was established using a flash bulb. Cameras were 250 

tripod mounted and followed gorilla activity using zoom, tilt, and swivel to optimise view. 251 

Synchronised video streams were compressed into a single file (15 frames per second) 252 
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viewed in a top/bottom format for subsequent coding using OBSERVATRON coding 253 

software (Forrester 2008).  254 

 255 

Coding  256 

 257 

Bimanual actions were defined in line with Meguerditchian et al. (2010) such that one hand 258 

holds an object (non-dominant hand) while the opposite hand performs any manipulations of 259 

the object and brings it to the mouth in the case of feeding (dominant hand). Bimanual 260 

actions consisted of manipulating foods for ingestions (e.g. stripping and folding nettles, 261 

stripping leaves, and extracting nuts from their shells), using tools to extract food (e.g. 262 

dipping sticks in honey pot) and manufacturing tools to for food extraction (e.g. stripping 263 

sticks for use in honeypot). Bimanual actions began when one hand reached for an object for 264 

manipulation. The hand supporting the object was classified as the „non-dominant‟ hand and 265 

was classified as left or right, whilst the hand used for manipulation of the object was 266 

classified as the „dominant‟ hand was classified as the opposite hand (see Video 1 and Video 267 

2 for examples of nettle folding and honeypot dipping bimanual actions). In the case of the 268 

honey dipping, the dominant hand manipulated the tool, while the non-dominant hand held 269 

the receptacle and simultaneously provided postural support. 270 

 271 

Additionally, we coded the frequency of hand transfer events prior to object manipulation. 272 

Franz and colleagues (2002) demonstrated that the lead hand in a bimanual sequence does 273 

not necessarily signify the dominant hand (e.g. reaching for the object), but rather could be a 274 

consequence of posture (e.g. postural origins hypothesis; MacNeilage et al. 1987). For this 275 

measure we coded hand transfer events preceding bimanual object manipulation that 276 

involved the transfer of an object from one hand to the other such that the gorilla could 277 

employ the dominant hand for manipulation. For example, a locomoting gorilla may pick up 278 

a stick with the left hand on the way to the honeypot, but then transfers the stick to the right 279 

hand prior to dipping for honey. This action was coded as a transfer for right hand 280 
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dominance such that the right hand could perform the dominant action. Furthermore, a 281 

gorilla might pick a nettle with the right hand, but then transfer it to the left hand such that 282 

the left hand can support the object while the right hand performs the actions of stripping 283 

and folding the nettles. This was also coded as a transfer for right hand dominance (see 284 

Video 3 for examples of hand transfers). Research into human handedness has shown that 285 

bilateral transfers can be used as a marker of hand dominance (Kumar & Mandal 2005).  286 

 287 

For both measures of handedness, we calculated the frequency of dominant hand actions for 288 

bouts. Bouts began when one hand reached for an object for manipulation. Once the item 289 

was gathered, only the first manipulative action was coded for hand dominance. In the case 290 

of a hand transfer prior to manipulation, we first coded hand dominance and then coded the 291 

first manipulative action for hand dominance. A bout ended when the focal animal released 292 

the object. Although there has been some controversy in the literature whether events or 293 

bouts represent the most valid measure for evaluating hand dominance (McGrew & 294 

Marchant 1997; Hopkins et al. 2001), concerning a statistical bias that may result from the 295 

dependence of the data between each hand use response (e.g. pseudo-replication) (see 296 

Hurlburt 1984; Palmer 2003), a high correlation has been found between analyses of bouts 297 

and events, suggesting they are equally valid measures of handedness (e.g. Hopkins et al. 298 

2005a).  299 

 300 

Analyses 301 

 302 

For both bimanual actions and hand transfer measures, we calculated frequencies, 303 

proportions, rates and Handedness Index (HI) scores for bouts. We employed a range of 304 

measures to demonstrate the consistency of the results across a range of statistical 305 

preferences throughout the literature. Specifically proportions and rates were used to 306 

equalise the weighting that each participant contributed to the data set. This is a critical 307 

evaluation process as to not let a single subject or non-significant group of subjects sway the 308 
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group statistical test results. As each individual contributed a different number of bouts to 309 

the dataset, proportions were calculated by dividing the frequency of left or right hand 310 

actions by the total frequency of actions. Additionally, coded observation times varied 311 

between individuals as a result of animal visibility. Therefore, rates were calculated by 312 

dividing the frequency of bimanual actions by the total number of observational minutes per 313 

subject. Paired sample t-tests were used to compare bout group means for frequencies, 314 

proportions and rates for both hand dominance and hand transfers. A mean handedness 315 

index (MHI) score was also calculated for the group. Nonparametric Wilcoxon tests were 316 

also performed as a stricter test of difference. All statistical tests were two-tailed with alpha 317 

< 0.05. 318 

 319 

In order to reveal individual patterns of hand dominance for bimanual actions and hand 320 

transfer measures, we calculated the z-scores, binomial approximations of the z-scores, and 321 

the individuals‟ strength of handedness using handedness index (HI) scores (see Tables 2 322 

and 3). The direction of hand preference for each subject was calculated using z-scores such 323 

that gorillas were left handed when z ≤ -1.96, right handed when z ≥ 1.96 and ambiguously 324 

handed when -19.6 < z < 1.96. HI scores were calculated for each subject in for both 325 

measures to establish the degree of hand asymmetry. HI scores were calculated using the 326 

formula [HI = (R-L)/(R+L)], with R and L being the frequency counts for right and left hand 327 

dominance in bimanual actions. When R=L, the HI is taken to be zero. HI values vary on a 328 

continuum between -1.0 and +1.0, where the sign indicates the direction of hand preferences. 329 

Positive values reflect a right hand preference while negative values reflect a left hand 330 

preference. Two subjects were excluded from analyses for the measure of hand transfer due 331 

to low overall counts (total counts < 10). Excluded subjects are marked with a double 332 

asterisk (see Table 3). All statistical tests were two-tailed with alpha < 0.05. 333 

 334 

 335 

 336 
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RESULTS 337 

 338 

Hand Dominance 339 

 340 

The frequencies, proportions and rates of bouts along with their associated HI scores, z-341 

scores and binomial approximations of the z-scores for the measures of hand dominance are 342 

displayed in Tables 2. A one sample t-test of the MHI scores for hand dominance (Mean = 343 

0.62, SE = 0.07) indicated a significant population-level right-handedness, t12 = 10.62, P < 344 

0.001.  345 

 346 

A paired-sample t-test of frequencies demonstrated a significant bias for right hand 347 

dominance (Mean = 24.54, SE = 3.01), compared with left handed dominance (Mean = 6.08, 348 

SE = 1.48) for bimanual actions, t12 = - 7.44, P < 0.001. A paired-sample t-test of 349 

proportions demonstrated a significant right-handed dominance (Mean = 0.81, SE = 0.028), 350 

compared with left handed dominance (Mean = 0.19, SE = 0.028) for bimanual actions, t12 = 351 

- 10.86, P < 0.001. A paired-sample t-test of rates demonstrated a significant right-handed 352 

dominance (Mean = 0.21, SE = 0.04), compared with left-handed dominance (Mean = 0.05, 353 

SE = 0.01) for bimanual actions, t12 = - 4.41, P = 0.001 (Figure 1). Based on the P-values 354 

from the binomial approximations of the z-scores, ten of the thirteen gorillas (76.9%) 355 

demonstrated a significant right-handed dominance for bimanual actions. Three gorillas 356 

were ambiguously handed, however each of the three individuals‟ HI scores indicated a 357 

right-hand bias. Hand dominance measures were also calculated using the nonparametric 358 

Wilcoxon signed-ranks test. There was no change in the significant pattern of the results. 359 

 360 

Hand Transfer 361 

 362 

The frequencies, proportions and rates of bouts along with their associated HI scores, z-363 

scores and binomial approximations of the z-scores for the measures of hand transfer are 364 
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displayed in Tables 3. A one sample t-test of MHI scores for hand transfer (Mean = 0.71, SE 365 

= 0.09) indicated a significant population-level right hand dominance, t10 = 10.00, P < 0.001.  366 

 367 

Under exclusion criteria (n=11 for counts > 10), a paired-sample t-test of frequencies 368 

demonstrated a significant bias for transfers from right hand to left hand (Mean = 18.64, SE 369 

= 2.33), compared with transfers from left hand to right hand (Mean = 3.45, SE = 1.22) for 370 

bimanual actions, t10 = - 6.63, P < 0.001. Under the exclusion criteria, a paired-sample t-test 371 

of proportions demonstrated a significant bias for transfers from right hand to left hand 372 

(Mean = 0.86, SE = 0.44), compared with left hand to right hand (Mean = 0.15, SE = 0.44), 373 

for bimanual actions, t10 = - 8.14, P < 0.001. Under exclusion criteria, a paired-sample t-test 374 

of rates demonstrated a significant bias for transfers from right hand to left hand  (Mean = 375 

0.13, SE = 0.02), compared with transfers from left hand to right hand (Mean = 0.03, SE = 376 

0.01) for bimanual actions, t10 = - 6.18, P < 0.001 (Figure 2).  Based on the P-values from 377 

the binomial approximations of the z-scores, eight of the eleven gorillas (72.7%) 378 

demonstrated a significant bias for transfers from right hand to left hand for bimanual 379 

actions. Three gorillas were ambiguously handed, however individual HI scores maintained 380 

a preference for right-hand dominance. Hand transfer measures were also calculated using 381 

the nonparametric Wilcoxon signed ranks test. There was no change in the significant 382 

pattern of the results. 383 

 384 

A paired sample t-test indicated that there was no significant difference between the HI 385 

scores for hand dominance and hand transfer t10 = -0.995, P = 0.343 (Figure 3). 386 

 387 

DISCUSSION 388 

 389 

The findings from this study demonstrated a significant population-level right-handed bias 390 

for the measures of bimanual actions and hand transfer. The majority of individual subjects 391 

demonstrated a significant right hand preference for both measures. There was no significant 392 
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difference between the strength of hand preference when comparing the two measures, thus 393 

hand transfers may offer an alternative and/or complementary objective measure of hand 394 

dominance. Our finding of a population-level right hand bias for bimanual actions is 395 

consistent with previous studies of captive apes performing the tube task (e.g. Hopkins et al. 396 

2011) as well as with studies the majority of studies investigating naturalistic bimanual 397 

feeding behaviours in captive (Meguerditchian et al. 2010) and wild gorillas (Byrne & Byrne 398 

1991).  399 

 400 

The implementation of the measure of hand transfer to investigate ape handedness appears to 401 

be a relevant marker of hand dominance. Like grip morphology, hand transfer may also 402 

prove to be sensitive to dextral complexity. Hand transfers were likely to have been 403 

performed when the sequence of object manipulation actions could not be efficiently or 404 

effectively performed with the non-dominant hand. In human children, planning abilities 405 

have been exploited through the measure of hand transfer tasks. Specifically, when one hand 406 

supports an object (non dominant) and the other hand (dominant) manipulates aspects of the 407 

object, infants under 2 years of age tend to transfer the object from the right to the left hand. 408 

Older children anticipate the requirement of the dominant hand and thus begin the bimanual 409 

task by grasping the object with the non-dominant hand (Potier, Meguerditchian & Fagard 410 

2012), further suggesting that hand transfers may be a useful measure of individual 411 

handedness development during increasing task complexity. 412 

 413 

There is growing evidence in humans that lateralised behaviours manifesting from 414 

contralateral domain specific neural processing extends beyond the association between 415 

population-level right-handedness and left hemisphere language regions. For example, the 416 

right hand has also shown a significant bias for communicative gesture (Corina et al. 1993), 417 

implicating a dominant left hemisphere control. Conversely, a left visual field/right 418 

hemisphere preference has been identified in face perception for exploring the left side of a 419 

centrally presented face when measured behaviourally (looking time; Burt & Perrett 1997) 420 
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and with functional imaging (Kanwisher et al. 1998). As in humans, in addition to object 421 

manipulation, great apes have also demonstrated a right hand bias for communicative 422 

gestures in a range of chimpanzee populations (Hopkins & Leavens 1998; Hopkins et al. 423 

2005b; Meguerditichian et al. 2009; 2012), suggesting left hemisphere dominant processing. 424 

Conversely, leftward action biases have been reported for social-emotional processing for 425 

self-directed face touching in orangutans (Rogers & Kaplan 1995), self-scratching (Leavens 426 

et al. 2004) and during increases in task complexity in chimpanzees (Leavens et al. 2001), 427 

potentially resulting from a rise in stress or arousal levels increasing right hemisphere 428 

processing. Another method that appears to probe cerebral lateralisation of domain specific 429 

processing involves assessing the type of target to which hand actions are directed. For 430 

example, chimpanzees demonstrated a right hand preference for touching their inanimate 431 

environments and ambi-preference for self-directed behaviours (Aruguete et al. 1992). 432 

Similarly, a unimanual right hand bias was found for actions towards inanimate objects, but 433 

ambi-preference for unimanual actions to animate targets (self and conspecifics) in gorillas 434 

(Forrester et al. 2011), chimpanzees (Forrester et al. 2012) and typically developing children 435 

(Forrester et al. 2013). These findings add to the mounting evidence that lateralised motor 436 

actions are markers of contralateral domain specific cerebral lateralisation, where the left 437 

hemisphere presides over structured sequences of actions, while the right hemisphere 438 

dominates social-emotional processing (e.g. MacNeilage 2009). The implications of such 439 

brain organisation is integral to the evolution and development of higher cognitive functions, 440 

as emergent functions are predicted to develop within the hemisphere that could support that 441 

function through the exaptation of neural regions for processing more elementary functions 442 

with similar underlying structure. 443 

 444 

Some posit that Broca‟s area may be a supra-modal hierarchical processor, supporting a 445 

speculative hypothesis that language emerged from left hemisphere dominant neural regions 446 

originally evolved to cope with the hierarchical sequences of actions inherent in tool use 447 

(Pulvermüller & Fadiga 2010; Petersson et al. 2012). Action sequences for object 448 
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manipulation (that are not random) were proposed to possess a rudimentary syntax (e.g. 449 

Tettamanti & Weniger 2006; Pastra & Aloimonos 2012). For example, in human infants, 450 

non-linguistic actions involving objects (e.g. self-feeding with a spoon) were seen to involve 451 

hierarchical sequence of actions (Connolly & Dagleish 1989; Greenfield 1991). Specifically, 452 

the activity in Broca‟s region has been shown to correlate with increasing hierarchical 453 

structural complexity (Bates & Dick 2002; Greenfield 1991). Broca‟s area is typically 454 

segmented into three regions: the pars triangularus (PTr), the pars orbitalus (PO) and the 455 

pars opercularis (POp). Recent neuroimaging studies demonstrated the Pop was activated for 456 

acquiring grammatical rules (i.e., having a hierarchical structure) (e.g. Tettamanti et al. 457 

2002) and during complex grammar processing (Friederici et al. 2006), as opposed to an 458 

area posterior to POp has been recognised for tasks of simple grammar (Sakai 2005). 459 

Additionally, a transcranial magnetic stimulation study demonstrated that the POp was 460 

critical for the encoding of complex human action (Clerget, et al. 2009). Moreover, an fMRI 461 

investigation of healthy human adults evidenced an overlap of brain activity for perceiving 462 

language and using tools in this same region (POp), suggesting that language and tool use 463 

share a common neural generator for processing “complex hierarchical structures common 464 

to these two abilities” (Higuchi et al. 2009). This growing body of evidence suggests that the 465 

POp region of Broca‟s area may not be language-specific, but rather is active for disparate 466 

tasks (e.g. linguistic, cognitive, sensorimotor) that involve computational processing of 467 

hierarchical structure (Tettamanti & Weniger 2006) and that may also be present in other 468 

primate tool users.  469 

 470 

Although limited data exists from brain imaging studies of great apes, Catalupo and Hopkins 471 

(2001) sampled 26 great apes and found a general leftward bias for the anatomical volume of 472 

the POp. A subsequent sample of chimpanzees (Hopkins et al. 2008), demonstrated a non-473 

significant anatomical leftward bias, however the authors posit that differences in the 474 

boundaries placed upon POp may have contributed to inconsistent findings between the two 475 

studies. In fact, comparing the anatomical similarities of Broca‟s area in human and ape 476 
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brains rely primarily on the surface area or volume of the POp because the PTr and the PO 477 

have not been reliably defined in the chimpanzee brain (e.g. Keller et al 2009; for a review 478 

see Hopkins 2013). Inconsistencies in anatomical boundaries of Broca‟s area may have also 479 

led to discrepancies in findings from cytoarchitectonic studies of human and ape brains 480 

(Amunts et al. 1999; Ziles & Amunts 2010). Nevertheless, imaging studies have reported in 481 

both humans (Foundas et al. 1995) and apes (Gilissen & Hopkins 2013) that a significantly 482 

greater proportion of right-handers demonstrate a left hemisphere POp asymmetry compared 483 

to left-handers, supporting a link between the neuroanatomical regions underpinning both 484 

manual and language asymmetries across species. Additionally, when hand biases from 485 

termite fishing, anvil use and simple reaching were assessed for neuroanatomical 486 

characteristics from the MRI scans of 22 chimpanzees, the authors found that right-handed 487 

chimpanzees had a significantly greater leftward asymmetry than non-right-handed subjects 488 

within a region of the inferior frontal gyrus, known to overlap with Broca‟s area (Hopkins et 489 

al. 2007), and also implicated in the processing of human language syntax (Peelle et al. 490 

2004; Caplan et al. 2008). However, the correlation between right-handedness and left 491 

hemisphere asymmetry was not evident for a region of the chimpanzee brain considered to 492 

overlap with the Wernicke‟s area (see Hopkins & Cantalupo 2004 for planum temporale). 493 

These findings suggest that the neural regions associated with tool use and language 494 

production may overlap and be biased to the left hemisphere in right-handed individuals. 495 

From an evolutionary perspective, the overlap in neural function underlying tool use and 496 

language processes provides one possible example of neural exaptation (e.g. Gould & Vrba 497 

1982; Iriki & Taoka 2012) supporting a hypothesis that language emerged from neural 498 

regions originally evolved to cope with the hierarchical sequences of actions inherent in tool 499 

use and manufacture. While the evolutionary emergence of population-level human right-500 

handedness remains speculative, the development of lateralised markers of contralateral 501 

neural processing may unite studies of brain and behaviour and inform about the 502 

evolutionary emergence of higher cognitive functions. 503 

 504 
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CONCLUSIONS 505 

The present study focused on dense data collection for a small sample of captive gorillas and 506 

assessed observed naturalistic hand dominance for bimanual object manipulation. Based on 507 

our findings, we argue that gorillas possess population-level right-handedness for object 508 

manipulation with a proportional split similar to that found in the human population. 509 

Assessing great ape handedness within specific domains, like object manipulation, is more 510 

in keeping with human handedness measures that exclusively focus on the routine sequences 511 

of structured actions for tool use (e.g. Edinburgh Handedness Inventory; Oldfield 1971), 512 

thus allowing for more direct intra-species comparisons. While we speculate an evolutionary 513 

link between tool use and the emergence of human language, at present, there is a paucity of 514 

behavioural and neuroanatomical finding to fully substantiate such a claim. Moreover, a 515 

consistent methodological approach across laboratories, and the investigation of larger and 516 

more diverse populations, are necessary progressions in order to generate reliable 517 

behavioural markers of cerebral lateralisation and thus facilitate the synthesis and 518 

generalisation of findings. Nevertheless, based on the results of the current study and those 519 

from the literature that span disparate species, not only can lateralised motor actions act as 520 

plausible markers of contralateral neural generators, they may also provide insight into the 521 

evolution of cognitive function.  522 

 523 
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FIGURE LEGENDS 1000 

 1001 

Figure 1. Demonstrates the difference in mean proportion for left and right hand dominance. 1002 

 1003 

Figure 2. Demonstrates the difference in mean proportion for left and right hand dominant 1004 
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hand transfers. 1005 

 1006 

Figure 3. Demonstrates the strength of handedness using MHI scores for hand dominance 1007 

and hand transfers.  1008 

 1009 
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Table 1. Gender, status and number of minutes of sampled behaviour. 

 

Subject Gender Status Sample  

(min)  

Dishi Male Juvenile 143 

Djala Male Adult 171 

Emmie Female Adult 175 

Foufou Female Adult 250 

Jaja Male Juvenile 200 

Kibi Female Adult  55 

Kishi Female Adult 176 

Kouni Male Juvenile 158 

M’Passa Male Juvenile  26 

Mumba Female Adult  63 

Tamarilla Female Adult 215 

Tamki Female Adult 140 

Yene Female Juvenile 165 
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Table 2. Z-scores, binomial approximation of z-scores and HI Scores based on frequencies, 

proportions and rates of direction for bimanual hand dominance. 

 

 

Subject Left dominant Right dominant Z-score P-value HI score 

 
F P R    F   P R       

Dishi    6 0.27 0.04 16 0.73 0.11 -1.92   0.055 0.46 

Djala    1 0.03 0.01 37 0.97 0.22 -5.68* <0.001* 0.95 

Emmie    3 0.20 0.02 12 0.80 0.07 -2.07*   0.038* 0.60 

Foufou  21 0.29 0.08 51 0.71 0.20 -3.42*   0.001* 0.42 

Jaja  10 0.25 0.05 30 0.72 0.15 -3.00*   0.003* 0.50 

Kibi    8 0.33 0.15 16 0.67 0.29 -1.43   0.153 0.33 

Kishi    3 0.09 0.02 30 0.91 0.17 -4.53* <0.001* 0.82 

Kouni    3 0.10 0.02 27 0.90 0.17 -4.20* <0.001* 0.80 

M’Passa    3 0.15 0.12 17 0.85 0.66 -2.91*   0.004* 0.70 

Mumba    1 0.06 0.02 17 0.94 0.27 -3.54* <0.001* 0.89 

Tamarilla    8 0.33 0.04 16 0.67 0.07 -1.43   0.153 0.33 

Tamki    4 0.14 0.03 25 0.86 0.18 -3.71* <0.001* 0.72 

Yene    8 0.24 0.05 25 0.76 0.15 -2.65*   0.005* 0.52 

alpha  P < 0.05* ; F=frequency, P=proportion (L/L+R, R/L+R), R=rate (minutes/frequency) 
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Table 3. Z-scores, binomial approximation of z-scores and HI Scores based on frequencies, 

proportions and rates of direction of transfer for bimanual actions. 

 

 

Subject Left dominant Right dominant Z-score P-value HI score 

 
F P R F P R       

Dishi** 1 0.14 0.01 6 0.86 0.04 ** **   ** 

Djala 1 0.03 0.01 33 0.97 0.19 -5.32* <0.001* 0.94 

Emmie 0 0.00 0.00 14 1.00 0.08 -3.47* <0.001* 1.00 

Foufou 13 0.28 0.05 33 0.72 0.13 -2.80*   0.005* 0.44 

Jaja 6 0.29 0.03 15 0.71 0.07 -1.75   0.08 0.43 

Kibi 7 0.37 0.13 12 0.63 0.22 -0.92   0.358 0.26 

Kishi 1 0.06 0.01 17 0.94 0.10 -3.54* <0.001* 0.89 

Kouni 0 0.00 0.00 19 1.00 0.12 -4.13* <0.001* 1.00 

M’Passa** 0 0.00 0.00 5 1.00 0.19 ** **   ** 

Mumba 0 0.00 0.00 14 1.00 0.22 -3.47* <0.001* 1.00 

Tamarilla 5 0.33 0.02 10 0.67 0.05 -1.03   0.303 0.33 

Tamki 3 0.13 0.02 21 0.88 0.15 -3.47* <0.001* 0.75 

Yene 2 0.11 0.01 17 0.89 0.10 -3.21*   0.001* 0.79 

alpha  P < 0.05* ; F=frequency, P=proportion (L/L+R, R/L+R), R=rate (minutes/frequency) 

**excluded from analyses due to low counts 
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