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Abstract: What, if anything, is special about human imitation? An evaluation of enculturated
apes’ imitation skills, a “best case scenario” of non-human apes’ imitation performance, reveals
important similarities and differences between this special population of apes and human children.
Candidates for shared imitation mechanisms include the ability to imitate various familiar transitive
responses and object—object actions that involve familiar tools. Candidates for uniquely derived
imitation mechanisms include: imitating novel transitive actions and novel tool-using responses
as well as imitating opaque or intransitive gestures, regardless of familiarity. While the evidence
demonstrates that enculturated apes outperform non-enculturated apes and perform more like human
children, all apes, regardless of rearing history, generally excel at imitating familiar, over-rehearsed
responses and are poor, relative to human children, at imitating novel, opaque or intransitive
responses. Given the similarities between the sensory and motor systems of preschool age human
children and non-human apes, it is unlikely that differences in sensory input and/or motor-output
alone explain the observed discontinuities in imitation performance. The special rearing history of
enculturated apes—including imitation-specific training—further diminishes arguments suggesting
that differences are experience-dependent. Here, it is argued that such differences are best explained
by distinct, specialized mechanisms that have evolved for copying rules and responses in particular
content domains. Uniquely derived social and imitation learning mechanisms may represent
adaptations for learning novel communicative gestures and complex tool-use. Given our species’
dependence on both language and tools, mechanisms that accelerated learning in these domains are
likely to have faced intense selective pressures, starting with the earliest of human ancestors.

Keywords: imitation; social learning; cognitive evolution; human uniqueness; enculturation;
home-reared apes; Do-As-I-Do training; language trained apes; primates; children

1. Introduction

Is there anything special about human imitation? Various large-scale studies that have included
humans and non-human apes (henceforth, apes) have reported that relative to young human children,
apes are poor imitators [1,2]. That is, apes—relative to human children—appear to have difficulties
learning and reproducing observed responses. Most comparative psychologists agree that the human
imitation faculty has two distinguishing characteristics, its breadth and its high level of accuracy or
precision [3,4]. Between eight and 16 months of age, children begin to successfully imitate across
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many different domains from copying sounds (linguistic and non-linguistic, alike) to transitive and
intransitive actions and gestures varying in visual opacity to behavioral and cultural conventions;
reproducing all with high fidelity [5-7]. In contrast, various authors have noted that great apes,
when presented with object-based tasks, for example, are more likely to achieve the same goal using
idiosyncratic means, than they are to copy the demonstrated means [8-11]. Studies reporting imitation
in apes have tended to use tasks and/or involved responses that are highly familiar and already
present in the subject’s behavioral repertoire [4,12-16]. Evidence of “novel” imitation, whereby apes
copy a behavior or response that is new, unfamiliar or untrained, is rather scant [17]. However, various
researchers have suggested that apes subjected to various kinds of human-specific rearing or skill
training (such as language and imitation)—henceforth, “enculturation”—may represent an important
exception. In fact, it has been argued that some of these apes represent “definitive evidence of the
capacity for action imitation ... ” [18] (p. 840).

1.1. The Enculturated Mind

Enculturation has various meanings in the comparative literature [19] but, broadly, refers to
animals that have been exposed to different levels of human rearing or training. That is, these are
animals with species atypical rearing histories. Enculturation ranges from raising animals as “foster
children” [20-22] to explicit pedagogy in a particular domain like language [23] and social (imitation)
learning [18]. This review uses this broad conceptualization of enculturation and focuses on great apes
(chimpanzees, bonobos, gorillas, and orangutans) that have been reared by humans, provided with
language training, and/or taught to “do as I do.”

A range of ideas have been put forward to explain the (potential) impact of enculturation on
the mind—otherwise referred to as the “enculturation hypothesis” (see analyses by Bering et al. [19],
Tomasello and Call [24] and Lyn et al. [25]). However, there is disagreement as to the degree and scale
of changes affected by enculturating non-human minds [19,24,26]. Arguably, the most extreme version
of this hypothesis posits that immersion in a human rearing environment fundamentally transforms
ape cognitive development, making it more human-like. As a result, non-human minds that are
enculturated develop cognitive skills and abilities that are species atypical and, otherwise, uniquely
human (see Bjorklund and Pellegrini [27], Deacon [28], Tomasello and Call [24]). Alternatively, others
have argued that enculturation leads to only domain-specific improvements, rather than large-scale
cognitive changes (e.g., theory of mind [27,29,30] and communication [25]). Others have suggested
that enculturation—or living in a captive environment—depresses, rather than enhances, cognitive
development in general and may negatively impact social cognitive development in particular [31,32].
Finally, there are those who have argued that enculturation does not fundamentally alter species-typical
cognition at all. These theorists are particularly skeptical of the possibility that enculturation can result
in the development of new species atypical or uniquely human cognitive skills [19,26,33]. According to
Vonk and Povinelli [26] (p. 344), enculturated apes learn “a greater breadth of skill sets for coping
with human social and material culture”. That is, enculturation does not fundamentally change ape
cognition per se, but instead shapes apes’ species-typical behavioral responses to suit this species
atypical rearing environment.

In order to evaluate whether humans possess uniquely derived imitation skills and whether
such skills are the product of unique rearing (and learning) experiences, this review focuses on the
imitation performance of enculturated apes, arguably, the best ape imitators [18,29]. Specifically,
how the performance of enculturated apes is like or unlike that of young preschool age children
and non-enculturated apes in controlled experimental settings. (This review excludes field studies
because while important for the purposes of characterizing species-typical behaviors, they lack the
experimental control necessary to isolate domain-specific imitation learning [34]). If enculturated
apes can learn to imitate and their performance is no different from that of preschool humans, then
differences between human and great ape imitation are not due to specialized cognitive machinery
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for imitation or social learning, but to missing social-cultural input as suggested by Tomasello and
colleagues [29,35] and more recently by Heyes [36-38].

In particular, this review looks critically at imitation performance in various domains believed
to tax different cognitive and representational skills [6,39-41]. This approach differs from most
comparative studies, which have made strict categorical distinctions between imitation—defined
as learning and faithfully reproducing a demonstrated response [42]—and other forms of
social learning—defined broadly as any socially-biased learning [12,43]. In that view, social
learning—in addition to imitation—also includes: emulation [9-11], whereby an individual copies
the end-result [44], object movements [45] or intention [16] of the model’s actions without copying
the means demonstrated [46]; Stimulus/local enhancement [44,47], where an observer’s attention is
directed to a particular object(s) or location(s) but learning results from happenstance or trial-and-error
learning; and response facilitation or priming [12,48-51], where previously learned sensory-motor
schemas are activated resulting in the associated motor response being released in the presence
of the corresponding visual stimuli [52]. This phenomenon has also been referred to as automatic
imitation [53] and familiar imitation [40,46,54,55]. (For a more complete review of all social learning
terms see Zentall [50]). In contrast to these earlier analyses, the present review assumes that imitation
is not mediated by a single, unitary mechanism operating at the exclusion of other forms of social
learning [56]. Rather, the framework used here assumes that imitation is mosaic and as such there
are multiple, specialized mechanisms mediating different forms of social and imitation learning in
particular tasks and content domains [40,46,57]. These different mechanisms may act independently or
in concert with one another depending on the experimental context. For an alternative mosaic model
of imitation see Bates and Byrne [58]. Subiaul’s mosaic model [40,46,54], in particular, proposes that
in some tasks, imitation is mediated by domain-general mechanisms alone (e.g., executive functions,
associative learning or priming [36]), but in others, more specialized mechanisms are necessary (e.g.,
simulation [59], hierarchical goal organization [48], and copying item- versus motor/spatial-specific
responses [40]). As such, the present review aims to assess whether the imitation of particular
content/information types, representing specific imitation domains, differentiates human imitation
skills from those of enculturated apes. In doing so, this analysis seeks to shed light on whether
imitation in particular content domains are a unique feature of human cognition or a product of
social-cultural (learning) experiences.

1.2. Assessing Domain-Specific Imitation Performance

Imitation tasks may be differentiated by their opacity, transitivity and novelty [6,17,58,60].
Research from the developmental, computational and brain sciences has suggested that these task
features present unique computational demands. Consequently, imitation in these tasks is associated
with activation in distinct cognitive and neural systems [6,54,60-62]. For instance, actions varying in
visual opacity range from opaque—where there is no visual access when performing a target action
(e.g., oral-facial gesture)—to transparent—where there is direct visual access when performing a target
action (e.g., hand clapping). Actions varying in transitivity range from transitive actions directed
toward an object with an end-state/goal (e.g., hammering a nail) to intransitive actions or gestures
that do not involve an object (e.g., waving goodbye). Finally, these different types of responses could
be novel to the subject, requiring the online development of a sensory-motor representation, or they
may be familiar to the subject, requiring subjects to recognize and accurately recall from their existing
motor repertoire the corresponding response.

Distinguishing what is novel and what is familiar in imitation research is a complicated
undertaking. Such an undertaking is made harder by the fact that behaviors often include both
novel and familiar elements [63]. Research from the cognitive neurosciences suggests that the
execution of novel and familiar elements in imitation tasks is likely mediated by associative learning
processes [64-67], semantic and working memory systems [39,61,68,69], and cognitive simulation
mechanisms [70-73]. Here, we suggest that “novelty” should be evaluated along three dimensions:
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responses, objects and (experimental) contexts. Below each is operationalized in turn. It is important
to note that responses, objects, and contexts are features of a given task. This is a proposed
framework by which one might operationalize “familiarity” and “novelty” for each of these features.
These descriptions are not (and do not correspond with) imitation or social learning terms.

Responses are novel in so far as they are: (a) arbitrary or meaningless (i.e., not connected to
a specific—semantic—memory representation); or (b) unfamiliar and do not already exist in the
behavioral or cognitive repertoire of an individual; and (c) have not been previously reinforced.
This operationalization of response novelty corresponds with Heyes’ [74] concept of elemental novelty.
Responses are also novel if, several familiar (or meaningful) responses, species-typical behaviors or
previously reinforced actions are executed in a new, hierarchically organized [48,63] sequence. This last
operationalization corresponds with Heyes’ [74] concept of sequential novelty. For example, putting
one’s palm at the top of one’s head or touching one’s forehead with one’s index finger (familiar)
versus putting one’s palm at the top of one’s head immediately followed by touching one’s forehead
with one’s index finger (sequential novelty) or putting one’s thumb with the rest of the fingers in
a fist on top of one’s head (elemental novelty). Note that this last behavior, though absent from
most individual’s behavioral repertoire (i.e., it is a meaning]less, rare or never-observed gesture) is,
nonetheless, well within a healthy individual’s behavioral and motor capabilities.

An object’s novelty should be judged by its affordances and familiarity to the subject. Thus,
an object is novel if its elements have one or more of the following features: (a) unfamiliar to the subject
(i.e., the subject has not interacted with the same object or similar objects with similar affordances in
the past); (b) functional elements are causally opaque and/or arbitrary; or (c) ecologically meaningless,
involve objects or tools that are not part of the subject’s natural—or experiential—repertoire, such as
the use of sticks or rods, which great apes habitually (and spontaneously) use to retrieve rewards in
captivity as well as in the wild [4,75,76].

Context novelty—specifically, experimental context—is novel when: (a) tasks and experimental
procedures involve novel actions, responses and/or novel objects (defined above); (b) responses are
not causally yoked to previous responses, where one response necessitates the other (i.e., task lack
“enabling relations” [77-79]); and (c) specific responses or task features have not been previously
reinforced. For instance, Subiaul and colleagues, tested rhesus monkeys [80], orangutans [81,82], and
preschool age human children [46,54,55,83,84] on a computerized serial learning task or “cognitive
task” [85] that requires participants to touch individual picture items on a touchscreen—corresponding
to distinct objects—in a specific order. From trial to trial, objects change spatial location, preventing
subjects from learning a specific motor or spatial response. In this task, individual responses are
familiar (touching and pointing to an object on the screen). However, the task context is, nonetheless,
novel because: (a) familiar responses are directed to several new objects; (b) responses are causally
arbitrary; and (c) specific responses to particular objects have not been previously reinforced.

The meaning of “context” used here differs from that of Henrich and McElreath [86]. In that
view, context includes features of the model as well as the frequency of a given modeled behavior.
It also differs, somewhat, from the meaning of context used by Bates and Byrne [58] (i.e., contextual
imitation), where familiar actions are directed toward new objects, for example. That is, the new object
or task is the new context. Here, a new experimental context includes new objects, new actions or both.

In order to determine “novelty,” most studies use participants’ performance in a Baseline
condition, where participants are observed for a set period of time at play on their own or while
interacting with “virgin” objects; that is, objects that are new or unfamiliar to the subject [87].
Performance on these conditions is then used as a baseline rate of learning. Such conditions are
undoubtedly useful and should be included whenever possible. Nonetheless, we must bear in
mind that a Baseline observation period lasting several minutes—even one that extends for hours or
days—almost certainly under-estimates the full range of responses present in participants” behavioral
and experiential repertoire [63]. In other words, Baseline conditions almost certainly under-estimate
subjects” knowledge and behavioral repertoire.
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In this analysis, we will highlight different types of imitation skills that are likely to be shared and
uniquely derived among the great apes. Below, we use these criteria to review several studies that
assess imitation learning in enculturated apes [4,13,18]. Tables 1 and 2 summarizes apes’ performance
across the different content domains, focusing on novel actions (Table 1) and intransitive and bi-manual
actions (Table 2).

Table 1. Summary of Great Apes’ Imitation Performance on Intransitive and Bi-Manual Tasks.

Transparent- Opaque-Non- Transparent/
Visible Actions Visible Actions Opaque
Novel/Familiar Novel
Study [Subject] Species Intransitive Intransitive Bi-Manual
Viki [22] Chimpanzee " " "
Washoe [88] Chimpanzee - -
Nim [89] Chimpanzee - -
Kanzi [53] Bonobo -
Panbanisha [53] Bonobo -
Panzee [53] Chimpanzee -
KA [18] Chimpanzee " » "
SC[18] Chimpanzee " - "
Chantek [90] Orangutan
PRI [91]* Chimpanzee
Chantek [92] Orangutan " " "
PRI Chimpanzees Alex [93] Chimpanzee
Annet [93] Chimpanzee
Alexandra [93] Chimpanzee
Zura [63] Gorilla " »
Lili [94] Chimpanzee + +

Note: Overall accuracy or percent imitated: 0-35 = — (poor)/ 36-60 = " (mixed results)/ > 60 = + (good to
excellent). About coding: When individual response data was reported, only subjects’ first responses were
analyzed. A “no response” was coded as a failure to imitate. * PRI = Primate Research Institute, Kyoto University.
Did not provide data for individuals.

Table 2. Summary of Great Apes’ Imitation Performance on Novel Transitive Tasks.

Transparent-Visible Opaque-Non-Visible
Actions Actions
Novel Novel Novel Novel
Study [Subject] Species Object-Object  Transitive  Object-Object  Transitive
Viki [22] Chimpanzee - »

Washoe [88] Chimpanzee
Nim [89] Chimpanzee

Kanzi [53] Bonobo " " °

Panbanisha [53] Bonobo " "

Panzee [53] Chimpanzee - - -
KA [18] Chimpanzee » "
SC[18] Chimpanzee " )

Chantek [90] Orangutan -

PRI [91]* Chimpanzee " - -

Chantek [92] Orangutan

PRI Chimpanzees Alex [93]  Chimpanzee - -
Annet [93] Chimpanzee -
Alexandra [93] Chimpanzee + "
Zura [63] Gorilla
Lili [94] Chimpanzee - » - "

Note: Overall accuracy or percent imitated: 0-35 = — (poor)/ 3660 = " (mixed results)/ > 60 = + (good to
excellent). About coding: When individual response data was reported, only subjects’ first responses were
analyzed. A “no response” was coded as a failure to imitate. * PRI = Primate Research Institute, Kyoto University.
Did not provide data for individuals.
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2. Candidates for Shared Social and Imitation Learning Mechanisms

2.1. Imitation of Familiar Transitive Actions on Objects

These object-directed responses correspond to imitating familiar, single actions on an object that is
external to the body. Transitive actions may be further divided into transparent or opaque. An example
of a familiar transitive action on an object that is transparent and can by guided by vision is kicking a
ball. An example of a familiar opaque transitive action, which cannot be guided by vision, would be
hitting a drum overhead.

Various studies have demonstrated that enculturated apes [22,94-98] and to a lesser
degree, mother-reared or peer-reared apes without any enculturation experience (henceforth,
“non-enculturated” apes) [47], can successfully imitate familiar, transparent transitive actions on
objects. In one study, Tomasello and colleagues [35] compared two groups of apes, enculturated
and non-enculturated chimpanzees and bonobos with two groups of human children: 18- and
30-month olds. Results revealed that when copying a single familiar action—present in the behavioral
repertoire of all research participants—such as spinning, twirling or standing a variety of objects,
both enculturated apes and 30-month-old children successfully imitated a significant number of
actions. However, 30-month-old toddlers were almost twice as accurate as the enculturated apes.
Non-enculturated apes failed to imitate most actions. There were two actions where the enculturated
apes out-performed children, including brushing foam on the floor and wiping foam using a squeegee.
One explanation may be that these two tasks may have been more familiar to (or inadvertently
reinforced in) the enculturated group in comparison to the other experimental groups, explaining their
high levels of accuracy in these tasks.

Together, these studies demonstrate that apes—enculturated and non-enculturated alike—can
learn to copy relatively simple transitive actions on objects. General processes, rather than specialized
mechanisms, likely mediate this type of familiar imitation [38,74]. An open question is whether
there are species differences in the copying of familiar but opaque transitive actions relative to the
copying of familiar but transparent transitive actions. Future research should also explore if any
species differences or specific difficulties copying opaque actions that are familiar to the subject can by
explained by motor and sensory differences or differences in representational mechanisms involved in
either the simulation or translation of observed actions into a matching response.

2.2. Imitation of Familiar Transitive Actions on the Body

These responses involve single, familiar actions that are directed toward the body such as touching
one’s leg or face. As above, transitive actions may also be transparent or opaque. Custance and
colleagues [18] report on the performance of two chimpanzees, KA and SC, who were peer-reared until
the age of four, but were described as having “regular interactions with humans” and, importantly,
received 2-3 imitation-specific training sessions, lasting 30—40 min each, five days a week, for several
months. Custance and colleagues’ analysis of the data showed that two independent raters agreed
that subjects successfully executed nearly half of all demonstrated responses. An analysis of opaque
and transparent transitive actions on the body showed that subjects imitated both types of actions at
equivalent rates. Call [92] replicated both the procedures and the results reported for chimpanzees by
Custance et al. [18] with a language trained orangutan, Chantek. Chantek’s performance was overall
better than those reported for the other two chimpanzees, KA and SC. His level of accuracy for both
opaque and transparent transitive actions on the body ranged from 67% to 100%. Tomasello and
colleagues [35] reported similar results for two of three opaque transitive actions on the body, placing
an object on the head and draping something around the neck. For each of these actions, two of the
three enculturated bonobos imitated the demonstrated actions perfectly. Tomasello and colleagues also
tested three non-enculturated chimpanzees and a group of 30-month-old human toddlers. Whereas
none of the non-enculturated chimpanzees imitated the two opaque transitive actions on the body,
more than half of the 30-month-olds copied these actions with high fidelity. The performance of the
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30-month olds was comparable to what was observed for two of the three enculturated bonobos
and chimpanzee.

In sum, while some enculturated apes consistently imitated familiar transitive actions on the body
that were opaque (e.g., Orangutan: Chantek; Bonobo: Panbanisha), others copied similar actions but
with lower levels of fidelity (e.g., Chimpanzee: KA and SC). These results suggest that all apes may
be capable of learning to imitate familiar opaque actions directed toward the body, yet have some
difficulties in comparison to humans.

2.3. Imitation of Familiar Object-Object Actions and Tool-Use

This class of actions involves putting two familiar objects in contact with one another. Some
of these actions include placing one object inside or on top of another object, for example. Other
object-object actions are best described as tool use, where a tool is used to affect the operations of
another object. There are various examples indicating that when apes are given familiar tools such
as sticks to use with objects, they generally imitate the model successfully. This is true for both
enculturated [22,95,96,99] and non-enculturated apes [100-102]. Hopper and colleagues, for instance,
showed that non-enculturated apes were better at imitating a familiar response (e.g., poke), using a
familiar tool (i.e., sticks or rods) in a novel context (food-dispensing machine) rather than a more novel
response such as using the rod to lift a lever in the same novel context. Carrasco and colleagues [94]
similarly demonstrated that, Lili, an enculturated chimpanzee, imitated with high accuracy, familiar
object-object actions such as threading a rope through a buoy handle as well as actions with tools,
such as holding a buoy by handles and hitting a barrel. This example demonstrates that enculturated
chimpanzees—and, perhaps, all apes—given enough experience executing the requisite responses,
can successfully imitate even multi-step sequential actions. The work by Whiten and colleagues
suggests that the same is true for non-enculturated apes, even when such familiar actions are directed
to novel objects presented in a familiar—ecologically meaningful—context [101,103,104] or “contextual
imitation” [58].

2.4. “Rational” Imitation or “Goal Emulation”

When observing the actions of others, different classes of representations may support social
learning and imitation including, unobservable psychological states such as intentions, unobservable
causal states such as gravity and support, observable motor responses, and observable end-states,
effects or results [51]. In the case of rational imitation, observers’ responses appear to be guided
primarily by unobservable representations—intentions, causes or both—rather than by observable
events alone. In a now classic study, Gergely, Bekkering, and Kiraly [105] demonstrated that 14-month
old infants, when observing an adult execute an action, consider the goals of the actor’s actions and
how such actions are causally (or rationally) constrained. So, for example, when infants saw a model
place her hands on a table and then bend over to turn on a light panel using her forehead, infants
imitated the model exactly. However, when a different group of children observed the model cover
their entire upper body (including their hands) with a cloth, pretending to be cold, and then bent over
to turn on the light panel using her forehead, infants did not imitate her action. Instead, they used
their hands to turn on the light panel. This result has been interpreted to mean that infants as young as
14 months of age imitate others rationally and flexibly, using an abstract (unobservable) intentional
and causal framework.

Buttelmann and colleagues [98] replicated the general procedures used by Gergely et al. using
similar familiar responses in a novel experimental context. Enculturated chimpanzees were tasked with
activating a novel apparatus using the following responses: sitting on it, kicking it and pressing their
head against it. Note that some of these actions were transparent (kick) and others were opaque
(head). These actions also varied from familiar (sitting) to novel (head-pressing). Overall, the
enculturated chimpanzees were more likely to imitate the model in the hands-free condition, where
the experimenter’s hands were free to execute the demonstrated action (mean = 41.7%), than in the
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hands-occupied condition, where the experimenter’s hands held an object and could not be used to
execute the target action (mean = 16.7%). However, in comparison to the imitation of sit (50%) and foot
(43.8%) actions, chimpanzees were relatively poor when imitating the novel and opaque head action
(18.8%) in the hands-free condition. In addition, this overall pattern of results was only marginally
significant on the first trial (p = 0.06) and disappeared altogether on the second trial. Given that
first trial accuracy results were marginal and the overall effect sizes were small, this study warrants
further replication with other enculturated apes. Similar procedures used with non-enculturated
chimpanzees, bonobos, gorillas and orangutans yielded almost uniformly negative results [106].
Though, Buttelmann et al. [106] provide some evidence that non-enculturated orangutans may have
evidenced greater rational imitation than the other great apes species. Exactly what accounts for this
species difference remains unclear and merits further study.

3. Candidates for Uniquely Derived Social and Imitation Learning Mechanisms

The evidence reviewed above demonstrates that enculturated great apes and in some cases
non-enculturated apes, share some social and imitation learning mechanisms with human children.
These include the ability to imitate single, familiar transitive actions on objects and on the body,
as well as tool-use involving familiar or meaningful responses. There is also limited evidence that
suggests that enculturated chimpanzees but, generally, not the non-enculturated chimpanzees along
with other non-enculturated apes (with the possible exception of orangutans) can imitate the use of
tools “rationally”. However, enculturated chimpanzees in Buttelmann and colleagues’ [98] study
showed specific difficulty copying opaque actions relative to transparent actions. Myowa-Yamakoshi
and Matsuzawa [91] similarly reported that five chimpanzees who were nursery-reared and had
extensive human contact and training, failed to copy all familiar opaque transitive actions with objects.
However, such difficulties were not present in all of the apes tested (e.g., Chantek, KA, SC). Besides a
possible domain-specific difficulty copying opaque responses, enculturated apes also show several
limitations imitating familiar and novel intransitive actions and novel motor responses with objects,
including tools.

3.1. Imitation of Intransitive Actions or Gestures

These responses include gestures or motor responses that are not directed toward an object or
with a specific function such as grasping. Intransitive actions or gestures include a variety of responses
whose underlying neurobiology and cognitive processes may be dissociable. Some distinctions include
the familiarity (or “meaningfulness”) of actions [69] and whether responses include bi- or uni-manual
actions [107]. In human infants, some have argued that the imitation of opaque responses rely on an
internal proprioceptive map and/or an imitation-specific body representation that is amodal [108].
Alternatively, some have suggested that the imitation of opaque gestures (or any other action) is
mediated by general processes (e.g., associative learning [109] or priming [48]). However, such general
mechanisms cannot explain the imitation of novel gestures on the first trial because novel gestures,
by definition, are not present in the individuals” behavioral repertoire and lack reinforcement history.

Hayes and Hayes [22] reported that several intransitive responses were difficult for Viki—a
home-reared enculturated chimpanzee—to execute. They explain that this failure was not because of a
failure of attention or motivation but rather, “seemed to involve the execution of the act ... Blinking
the eyes [for example] seemed to be absent from her voluntary motor repertory ... ” [22] (p. 452).
They go on to note that “[Viki] occasionally did poorly on tasks, which did not appear to present
motor difficulties” [22] (p. 452). Custance and colleagues [18], who replicated the procedures used
by Hayes and Hayes [22] reported that their two chimpanzees KA and SC failed to imitate certain
familiar oral-facial gestures such as tongue and lip protrusions. Washoe, a home-reared (cross-fostered)
sign-language trained chimpanzee, also evidenced specific difficulties imitating intransitive gestures,
specifically, ASL signs. Regarding the learning of novel ASL signs, Gardner and Gardner [88] (p. 672)
concluded that “ ... very few, if any, of her early signs were introduced by immediate imitation”.
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They also note, however, that Washoe had difficulty imitating intransitive gestures already present in
her motor repertoire, “It was not until the 16th month of the project that we achieved any degree of
control over Washoe’s imitation of gestures” [88] (p. 165). Sanders [89], after analyzing 15 video-taped
interactions between Nim [110]—a home-reared sign-language trained chimpanzee—and his handlers,
similarly concluded that Nim failed to learn new signs by imitation.

However, Carrasco et al. [94] reported that the enculturated chimpanzee, Lili, imitated three
different opaque intransitive gestures, including making a U-shaped tongue protrusion on the first trial.
Call [92] reported that Chantek’s—a sign-language trained orangutan—rate of imitating oral-facial
actions was moderate to high (60%). However, Call reported two significant types of errors. First,
while Chantek accurately matched 90% of gross body movements involving whole body parts (e.g.,
head, arms, body, and legs), he had difficulty imitating specific body parts (34%), such as a finger
movement. Second, Chantek was better at imitating actions that involve some form of contact between
the hand and the body (70%), than those without (29%). Call notes that this result has been described
for most great apes (chimpanzees, orangutans, and gorillas) participating in language acquisition and
imitation experiments [95,111-113].

Byrne and Tanner [63] offer an excellent case study and analysis of an ape’s ability to imitate
intransitive gestures. These authors presented Zura, a zoo-housed Western Low-Land Gorilla, with
seven gestures that they believed to be low frequency, not species-typical and otherwise absent from
Zura’s behavioral repertoire. Results showed that Zura learned and faithfully imitated four of seven
gestures (57% accuracy). However, an in-depth analysis of Zura’s responses before and after the
demonstration period revealed that Zura generated one of these gestures before the demonstration.
The three remaining gestures were detected in an analysis of five and half years worth of video
cataloging Zura’s gestural repertoire.

These results show that while great apes appear unable to copy gestures that are meaningless or
novel, many show similar difficulties reliably and consistently copying intransitive gestures that
are meaningful and familiar to them. However, there is one possible exception: the imitation
of intransitive—oral-facial—gestures in infancy. To date, various researchers [91,114-116] have
demonstrated that two non-human primate species (chimpanzee, rhesus monkeys) can copy opaque
intransitive responses soon after birth. For instance, Myowa-Yamakoshi and colleagues [91], using
procedures similar to those employed with human infants [117,118], assessed newborn chimpanzees’
ability to copy three target oral-facial gestures: tongue protrusions, mouth openings and lip protrusions.
Results showed that infant chimpanzees—during a 20 s response period—generated two of the three
target gestures (tongue protrusions and mouth openings) more often than any of the alternative
oral-facial gestures. The presence of neonatal imitation in human and chimpanzee infants, only if a
single gesture is imitated reliably (e.g., tongue protrusion [74,109]), suggests that there are specialized
mechanisms for copying at least some opaque intransitive gestures. While some have questioned the
veracity of neonatal imitation [74,109], reports that have failed to find evidence of neonatal imitation
are often characterized by small sample sizes [119] or short response windows coupled with a large
number of demonstrated responses [120]. These last two methodological features, in particular, are
problematic because a large number of demonstrated responses, presented during a short response
window to subjects characterized by poor executive functioning skills [121,122], increases the likelihood
of interference effects, masking or dampening the expression of neonatal imitation.

In sum, despite rhesus macaques’ and chimpanzees’ ability to copy oral-facial gestures during
infancy [91,114-116], the evidence reviewed above indicates that adult chimpanzees (along with the
other great apes) have a specific difficulty doing the same. These results are in contrast with those
reported for typically-developing children who by 18 months of age perform at ceiling on tasks
involving similar intransitive gestures [7,41,123]. Nonetheless, the discrepancy between neonatal
and adult imitation, is consistent with the hypothesis that there are distinct mechanisms or cognitive
processes supporting oral-facial imitation in infants and adults [124], the development of which seem
to follow divergent paths in humans and great apes. Results are summarized in Table 1.
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A fruitful avenue for future research might be to analyze the types of errors made by great apes
and humans alike when copying intransitive gestures (as was done by Call [92]). Might the errors be
explained by fine motor difficulties, suggesting species differences in peripheral motor and sensory
systems? Or, are the differences best explained by motor planning difficulties, suggesting species
differences in motor simulation mechanisms or bodily representations—a cognitive difference rather
than a motor or sensory difference?

3.2. Imitation of Novel Transitive Actions on Objects

Virtually all researchers who have presented enculturated apes with novel transitive actions on
objects have reported either mixed or negative results. For example, Tomasello and colleagues [35]
reported that on a variety of transitive actions that included simple as well as complex (serial) responses
with a mix of familiar and novel elements, moderate to low levels of imitation were observed in three
language trained apes. Call and Tomasello [90] showed that despite Chantek’s relative success imitating
transitive actions directed toward the body [92], he failed to imitate novel transitive actions directed
toward an object. Myowa-Yamakoshi and Matsuzawa [95] reported that the five chimpanzees tested
reproduced less than 5% of novel transparent transitive responses on objects on the very first trial.
This pattern of performance was generally true for both transparent and opaque responses. However,
as previously noted, it may be worse for opaque responses. Carrasco et al. [94] reported the opposite
pattern, however. For example, Lili performed worse on transparent (mean = 38%) than on opaque
transitive actions (mean = 60%). However, some of these actions involved a single response and had
various familiar elements such as putting an object on the head, which may have contributed to the
differences in results between opaque and transparent transitive actions. In sum, enculturated apes
appear unable to reliably and faithfully copy novel transitive actions on objects (cf., Table 2).

3.3. Imitation of Novel Object-Object Actions or Tool-Use

As with transitive actions on objects, apes also show difficulties imitating actions involving
multiple objects in novel contexts, as well as those involving novel responses. For example,
Tomasello et al. [35] reported that three enculturated apes failed to imitate how to use a “grabber
pincer” to pick up a piece of cloth that was out of reach. These same individuals also had
difficulties with object—object actions that involved bi-manual actions such as reeling in an object.
Buttelmann et al. [106] reported similar difficulties among non-enculturated chimpanzees, orangutans,
gorillas and bonobos. All of these great apes evidenced specific difficulties copying bimanual actions
on objects. In another study, Tomasello and Carpenter [93] demonstrated that three human-reared
chimpanzees—Annet, Alex, and Alexandra—failed to imitate most object—object actions such as
putting a ring on a latch. Out of four different tasks, one chimpanzee, Annet, failed to imitate any
target action. Alex imitated only one of the four target actions and Alexandra imitated three of the
four target actions. Curiously, these apes performed better in experimental conditions that included
demonstrations of either failed attempts or accidental actions, a result that has also been found in
children [54,55,125]. Carrasco et al. [94] reported that Lili did not respond when asked to imitate most
opaque object—object actions. When she did respond, she imitated accurately. She did attempt to
imitate transparent object—object actions. However, only half of these actions were imitated correctly
on the first trial. Lili did not fail to imitate these actions because she lacked the requisite motor skills or
motivation. For instance, she failed to imitate putting a straw inside a bowl and covering the bowl
with a lid. She also failed to imitate putting stones in a container and shaking it with both hands.
These are, perhaps, novel action sequences, but they are actions that are clearly within her motor and
behavioral repertoire. Her failure to imitate these basic action sequences is striking given her success
imitating familiar, well-trained actions, which she performed at ceiling. These results show that despite
being able to copy familiar object—object actions and tools, enculturated apes have a specific difficulty
reliably and faithfully copying novel object—object actions and tool-use, as well as bi-manual actions
with objects (cf., Table 2).
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4. Discussion

Imitation in Enculturated Apes is Different from Imitation in Humans. Whether non-human primates
imitate has been debated for more than a century [126,127]. Yet, there is still much uncertainty as
to the uniqueness of our own species’ imitative abilities. Much of that uncertainty centers on how
social and imitation learning observed in other animals may be like or unlike those present in humans.
A particularly interesting case is that of enculturated apes, which have been reared by humans,
provided with linguistic and/or imitation-specific training. Some have argued that (at least some)
enculturated apes, in contrast to non-enculturated apes, imitate much like 2.5 year olds [13,29,99].
However, if we are to understand what (if anything) is unique about human imitation, we cannot
simply ask, Can these apes imitate? Instead, we must ask, What can these apes imitate? How are these
apes imitating? And, do answers to these two questions differ between humans and apes? Otherwise,
we run the risk of confusing behavioral outcomes with underlying mechanisms; Falling into the
trap of the argument by analogy [128]. When questions are framed in this narrow way, it becomes
clear that even enculturated apes have significant difficulty (or are incapable of) copying certain
actions in particular domains that are well within their capabilities. Specifically, while enculturated
apes generally outperform non-enculturated apes on many different imitation tasks (e.g., [35]), both
enculturated and non-enculturated apes alike are more likely to imitate familiar responses in familiar
contexts than novel responses in novel contexts. The challenges persist even when the novel responses
are composed of familiar actions (i.e., sequential novelty) [22,94]. Adult great apes may also have a
particular difficulty imitating intransitive actions, regardless of opacity or familiarity.

Such conclusion may be surprising to some given that enculturated great apes have been thought
by many to engage in “true imitation” [4,13,18]. That is, the ability to copy a novel act [42]. Consider the
enculturated chimpanzee, Viki. This enculturated chimpanzee is often held up as providing “definitive
evidence of the capacity for action imitation in chimpanzees” [18] (p. 180). Yet, according to Hayes
and Hayes [22] (p. 452), Viki “ ... imitated immediately, without preliminary tutoring—provided
that she had previously done ... [the demonstrated behaviors] in other situations”. Nearly fifty years
later, Myowa-Yamakoshi and Matsuzawa [129] (p. 131) came to a similar conclusion when testing
novel motor imitation in five enculturated chimpanzees, saying, “actions involving motor patterns
that subjects had already possessed were easier for chimpanzees to perform than unfamiliar actions”.
Gillespie-Lynch [130] (p. 3) et al. in describing the language training of Washoe [88,131] surmise that
“ ... immediate imitation was more effective for shaping signs than for introducing novel signs . ..
Indeed, Washoe’s early signs were often shaped from spontaneous behaviors ... ”. However, the
problem is not just limited to copying novel responses. Enculturated apes also have problems copying
some familiar responses reliably and with high fidelity. Recall that KA and SC [18] as well as Viki
failed to imitate familiar oral-facial gestures such as tongue and lip protrusions and Chantek, while
imitating transitive actions directed toward the body at near ceiling levels, had significant difficulty
imitating similar instransitive actions that were not directed to particular body parts.

Apes’ broad difficulty copying intransitive actions, as well as a specific difficulty copying novel
transitive actions with objects are surprising given that in contrast to non-enculturated apes, but like
human children, most of these apes had rich rearing histories: Viki was reared as a foster child and
taught to “do-as-I-do.” Others such as KA, SC, Lili and Zura had either imitation-specific training
or rich social experiences. The difficulties (and general failure) of most of these apes to copy novel
transitive actions and various types of intransitive gestures stands in contrast to that of human children
who can reliably imitate (often at ceiling levels) in these domains between 12 and 18 months of
age [5,7,132]. This review makes clear that apes, regardless of rearing history, have domain-specific
imitation deficits. What is unclear—and remains contested—is why? What exactly is the source of such
differences? Below, some possibilities for these differences are explored, along with some suggestions
for future research and analysis.
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4.1. Associative and “General Process” Accounts of Continuities and Discontinuities

Heyes [36,52] has offered a framework by which to understand both continuities and
discontinuities in social learning across species. In her model, underlying all imitation learning
is associative learning, and differences between species are best explained by differences in peripheral
sensory and/or motor systems than by central cognitive differences. This theory has some appeal.
According to this theory, enculturated apes are better imitators than non-enculturated apes because
they have been reinforced to attend to more information (sensory input) from their environment.
The more access to information that you have, including reinforcement for matching responses, the
better the imitation performance. However, Heyes’ associative model has the following limitations
when explaining the pattern of imitation performance reported here:

First, success in one imitation domain did not lead to success in other imitation domains. Heyes” ASL
model assumes that imitation—regardless of task or domain—is mediated by the same general
cognitive processes (e.g., executive functions and associative learning [36,38,52,109]). Because imitation
learning relies on the same “core” processes, then success in one imitation task should predict success
in other imitation tasks. This should be especially true within task domains, where motor and
sensory responses are matched. However, as reviewed above, both enculturated and non-enculturated
apes alike succeed in copying various familiar transitive actions but, generally, failed to imitate novel
transitive actions that are motorically similar. Likewise apes’ success copying transitive actions on
the body appears to be disconnected from the ability to copy intransitive actions involving the same
body parts.

Second, individual learning within a domain does not correspond with imitation learning in the same
domain. Heyes’ framework also predicts that “social and asocial [individual] learning covary” [38].
Various studies with preschool age children have directly tested this claim. Those studies have failed
to find any significant association between learning a rule by imitation and learning the same rule
by trial-and-error [46,54,55]. There are, presently, no studies with great apes directly comparing
covariances between individual learning and social learning within tasks. However, there is a
significant body of research showing that chimpanzees [133] and orangutans [134] naturally use
tools in the wild to access food resources. While some have questioned whether apes understand the
physics underlying such tool-use [33], these same studies have shown that chimpanzees (and perhaps,
all apes) can individually learn to use complex tools. Yet, as this review shows, apes have significant
difficulty copying novel transitive actions with tools. In short, apes can learn to use tools by individual
learning, but they seem to have difficulty (or are incapable of) learning to use new tools by imitation
learning. If social and asocial learning were mediated by the same core processes, the fact that apes can
learn to use tools by individual learning should predict their ability to use similar tools by imitation.
However, that does not appear to be the case.

Another consideration is whether species’ differences in working memory (WM) [135]—the
ability to maintain and update information—may explain apes’ poor imitation performance. WM is
of particular interest because it has been directly linked to the imitation of novel (but not familiar)
intransitive gestures in human adults [39,61,68,69,136]. It is possible that great apes may have poor
executive—WM—skills necessary to flexibly manipulate novel information, while inhibiting prepotent
(familiar) responses. Certainly, in children, WM constrains imitation, as one would expect [83,137].
However, evidence suggests that chimpanzees have excellent WM, one that is at least at par with that
of adult college students [138]. These results are inconsistent with the idea that deficiencies in WM are
responsible for apes’ difficulties copying novel responses in different domains.

Finally, despite imitation-specific training, domain-specific imitation deficits persist. Heyes” framework
assumes that individuals “learn to imitate” [74]. Consequently, imitation-relevant experience should
covary with imitation performance, particularly if imitation performance is mediated by general
(non-specialized) processes. Consistent with this hypothesis are results showing that enculturated
apes—with significant imitation-relevant experience—generally, outperform non-enculturated apes—who
lack comparable imitation-relevant experiences—on gross measures of imitation learning (i.e., aggregating
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results across tasks and domains) [35,139]. Inconsistent with this hypothesis is the fact that both
enculturated and non-enculturated apes—despite their significant differences in imitation-relevant
training—show the same types of imitation-specific deficits in the same content domains. For example,
both enculturated and non-enculturated apes have difficulties copying intransitive actions and novel
actions on objects [4,13].

Heyes [36,38,74] has sought to explain such discontinuities by suggesting that the problem
lies in differences in peripheral sensory and motor systems (i.e., “input” or “output” processes).
However, such an explanation is unsatisfactory in this case because first, the motor and sensory
skills of enculturated and non-enculturated apes are not different. Second, the motor and sensory
skills of apes, in general, while likely differing from that of adult humans, have been shown to
overlap significantly with those of 2.5-year olds [140]. Specifically, basic sensory-motor skills including
In-relations (i.e., placing an object(s) in a container of various sizes) and On-relations (i.e., placing
objects(s) on top of one another) develop at approximately the same time in humans and chimpanzees,
while Next-to relations (i.e., placing objects adjacent to one another) are present, but underdeveloped
in chimpanzees relative to human children [140]. Poti and Parenti [140] (p. 11) conclude that observed
species differences “ ... point to chimpanzees’ relative difficulties in simultaneously considering and
coordinating independent positions in space”, indicative of a cognitive representational deficit rather
than a sensory-motor (input or out processing) deficit. Finally, chimpanzees’ ability to copy some
oral-facial gestures as infants (but less so as adults), further demonstrates that chimpanzees—and,
perhaps, all apes—have the necessary motor and sensory competence to imitate bodily actions, certainly
familiar intransitive actions, unless, of course, we want to argue that the sensory and motor skills of
chimpanzees—including those that have been enculturated—worsen rather than improve with age
and experience (a consideration that is unlikely, for reasons noted below in Section 4.3). Instead, such
dissimilarities between species’ imitation performance in particular content domains suggest that
differences are not due to the quality of the sensory input or motor output but, as Poti and Parenti [140]
argue, how sensory input and motor output is processed and represented in the minds of apes and
human children.

In sum, Heyes’ associative framework is better at predicting the imitation of familiar actions
that are already present in an individual’s behavioral repertoire than at explaining the imitation of
novel—unfamiliar, unrehearsed or unreinforced—actions that must be learned, “on the spot,” with
little to no training. It also fails to explain domain-specific imitation difficulties in highly trained,
enculturated apes.

The case of enculturated apes reviewed here challenges the hypothesis that enculturation
fundamentally alters one particular type of social cognition, imitation. Instead, these results
indicate that the amount of training or imitation-specific experience an individual receives does not
fundamentally or qualitatively change species difference in imitation performance. That is, experience,
including the training of general processes such as executive functions, social learning-specific skills
such as do-as-I-do or both, generally, improves great apes’ ability to reproduce transitive actions that are
meaningful to them or that they have executed in the past and can recall from memory. However, such
experiences seem to have little or no effect on apes’ ability to copy intransitive gestures or tool-use.

4.2. Motivational Accounts for Discontinuities

Yet, another possibility is that reported differences in the imitation performance of humans and
apes (enculturated or non-enculturated) have less to do with the presence/absence of specialized
mechanisms for imitation and social learning and more to do with differences in motivation. Perhaps,
it might be useful to start with a textbook definition of motivation. According to Nevid [141] (p. 278),
“The term motivation refers to factors that activate, direct, and sustain goal-directed behavior...Motives
are the ‘whys’ of behavior—the needs or wants that drive behavior and explain what we do”. Given this
definition, we might ask, what “activates, directs and sustains goal-directed behavior”? Cognitive
mechanisms, of course! That is, cognitive processes dedicated to the representation of particular
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inputs and/or generation of specific outputs. We can also say that those very mechanisms are what
“drives behaviors and explains what we do.” Cognitive mechanisms may be regarded as adaptations
whose functions may be domain-specific (e.g., face detection, predator avoidance, mate identification)
or domain-general (e.g., associative learning, causal reasoning, attention). Some complex cognitive
mechanisms—such as theory of mind—involve both domain-general cognitive processes such as
working memory and inhibition and specialized systems mediating mental-state representations [142].
They are considered adaptations in so far as they are believed to have been shaped by natural selection
and maximize the fitness of the organism possessing said cognitive mechanism in a given niche. For a
contemporary discussion of cognitive mechanisms as adaptations see Barrett [143].

To my knowledge, no study has systematically evaluated how different “motivators” affect
social and imitation learning in great apes, enculturated or otherwise, despite the fact that prominent
researchers have often alluded to significant differences in the “internal motivation” of humans” and
apes’ performance in social and imitation learning tasks [29]. Perhaps, such internal motivational
differences may have to do with differences in how humans and chimpanzees attend to conspecifics
versus other species. Specifically, Boesch [31] as well as de Waal and colleagues [144] have argued that
apes are at a disadvantage in imitation studies where humans, rather than conspecifics, act as models.
While virtually all of the studies summarized here, many of which report imitation (of different forms)
among enculturated apes, used human models, there is some evidence consistent with the view that
apes may attend to human models differently than conspecifics. Hattori and colleagues [145] using
eye-tracking technology, have shown that humans and chimpanzees differ in how they modulate their
attention in responses to specific social cues within and between species. In one study, humans and
non-enculturated chimpanzees viewed images of conspecifics looking at an object (look), reaching
toward an object (reach) or staring ahead (neutral). Consistent with prior work [146], results showed
that chimpanzees and humans did not differ in their looking times when viewing faces in the neutral
condition. However, while humans showed similar looking patterns regardless of whether the model
was a chimpanzee or another human, chimpanzees looked significantly longer at the face and body
of chimpanzee models than human models across most experimental conditions. Though, critically,
chimpanzees also looked longer at the object (in both experimental conditions—look and reach) when
a human was the model than when a chimpanzee was the model. Recall that Tomasello et al. [35]
while reporting broad overlap in the imitation performance of 1.5 and 2.5 year-old human children
and enculturated apes noted that enculturated apes produced more “end only” responses (copying the
result of a given action without copying the particular means), than either child group. Such a result is
expected, if subjects are fixating on objects, rather than the actions of the model.

These results provide some support for the notion that motivational differences, mediated by
specific cognitive differences in visual attention, between humans and non-enculturated apes, may
affect some forms of social learning in certain domains. However, it is unlikely that differences in visual
attention alone can explain all domain-specific differences reported here (e.g., difficulties imitating
intransitive actions relative to transitive actions on the body); Such a possibility is even more unlikely
if this object-centric bias is absent in enculturated apes and their visual attention is more human like,
as some have suggested [13,24]. Regardless, it is clear that motivational differences can and should
be explained by specific cognitive differences, be they specific differences in executive functioning,
attention or learning. Explaining results this way rather than by appealing to some amorphous or
vague “motivational” difference, not only makes the problem more empirically tractable, it also makes
an answer more likely.

4.3. Developmental Accounts for Discontinuities

Some have argued that the differences in the imitation skills of humans and apes may have to do
with differences in cognitive development [32]. There are, in fact, significant differences in both the
pace (i.e., when certain skills develop) and pattern (i.e., how development unfolds) of social cognitive
development between humans and other apes [147]. For instance, while humans and apes share many
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gaze following skills [148], the developmental timing of these skills differs between species. In humans,
simple forms of gaze following develops by six months with more complex forms of gaze following
(e.g., around barriers and obstacles) appearing by 12 months [149]. In chimpanzees, the simplest
forms of gaze following appear by 13 months [150], with more sophisticated forms of gaze following
developing between 24 and 36 months [99,151], almost one to two years after humans.

There are also differences in the development of goal-directed actions. Human infants, by six
months of age, attribute specific goals to others’ reaching actions [152]. By nine months, human infants
frame others’ responses in terms of rational action goals [153,154]. Enculturated and non-enculturated
apes, alike, develop similar skills after two to three years of age [99,155]. However, arguably, the most
significant developmental discontinuity appears to be in joint attention [99,147,156]. While human infants,
before 12 months of age, regularly engage others’ attention in triadic relationships, modulating their
attention between an object and their caretaker, great apes fail to evidence the same behavior [93,147,156].
The same is true of enculturated apes [99,139]. Yet, these same great apes appear to understand and
direct others’ behavior at later ages [155,157].

Might these developmental differences explain domain-specific differences in imitation
performance? Joint attention may serve as a global or “general” mechanism directing observers’
interest to the subject of others” attention. Such a skill is, presumably, critical for many (if not all)
forms of imitation. In fact, there is evidence that in humans joint attention is related to imitation
performance [158,159]. However, the evidence for a relationship between joint attention and imitation
in enculturated apes is mixed with some showing a relationship [139] and others showing that apes,
which fail to evidence any type of joint attention, nonetheless, succeed in certain social and imitation
learning tasks [99]. Such discrepancies suggest that joint attention may be more relevant to the
development of some forms of imitation than to others. One possibility is that a failure to engage in
joint attention, while not essential for familiar imitation, may be essential for certain forms of novel
imitation in particular content domains (e.g., transitive actions with objects that have salient end-states).
In this case, the failure to develop joint attention may block the development of other cognitive skills or
imitation-specific mechanisms. Future studies should, first, assess how basic social-cognitive processes
including goal understanding, gaze following and joint attention, covary with performance on different
familiar and novel imitation tasks across domains in enculturated and non-enculturated apes alike
and second, how observed patterns of associations are alike and unlike those observed in younger and
older human children as well as in adults.

Finally, some have questioned whether human and great ape comparisons are valid at all, given
differences in rearing histories. According to these scholars, the rearing environment of all captive
apes is impoverished relative to wild populations and, consequently, cognitive abilities are similarly
impoverished [31,32,144]. Bard and Leavens [32], for instance, have even made direct comparisons
between captive apes and infants in Eastern European orphanages. The conclusion of these authors is
that results from most captive studies—if not all—are invalid because they lack external validity and
are not generalizable [31,32]. While it is true that the rearing histories of captive apes differ from that
of wild apes, there is no direct evidence that cognitive skills differ, fundamentally, between captive
and wild populations. There is even less direct evidence for the view that the cognitive skills of captive
great apes used in contemporary research are impoverished relative to wild populations. In fact,
Kummer [160] (p. 35) has made the opposite point, noting that “ ... when we stop looking through
ethology-tinted glasses we can see that “unnatural” [captive] environments may facilitate certain kinds
of development considerably better than ‘natural” ones”. In support of this claim, Tomasello and
Call [34], in addition to summarizing the wide array of cognitive skills evidenced by captive apes, also
point to cognitive skills such as tool-use (gorillas and bonobos), referential gesturing and symbolic
(language-like) abilities (chimpanzees and bonobos) that have been reported in captive apes but are
limited or absent, entirely, in wild populations. The present review similarly contradicts the view
that captivity and rearing history has a negative effect on imitation performance. Instead, this review
shows that while enculturation may enhance imitation performance, it does not appear to alter the
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overall pattern of apes’ successes and failures in particular task domains. This is a conclusion shared
by various authors working in this and other cognitive domains [19,26,95].

4.4. Humans Possess Imitation-Specific Specializations

Why might humans have specialized social and imitation learning mechanisms? Lyons [161] and
colleagues [162] and Gergely and Csibra [154,163-165] propose a plausible hypothesis regarding the
ultimate cause of distinctively human imitation, specifically those involving novel transitive actions
on objects, object-object actions and tool-use. According to Gergely and Csibra [154,163-165], the key
to understanding this aspect of human imitation is by appreciating an important difference between
human and non-human interactions with objects. Non-human object and tool-use appears to be
entirely result-driven. That is, non-human tool users first identify consequences or end-states, such as
extracting termites, and then look around for something that will help them achieve such results.
Humans, by contrast, attend to both ends and means when learning from others [54,101,166] and
faithfully copy both item-specific and motor-spatial-specific rules that have been associated with
successfully imitating in various object-based tasks [55,84].

Another feature of great ape tool-use is that their function can be inferred from the raw material
(see Tennie’s [4] “Zone of Latent Solutions”). As a result, this kind of tool-use is easily acquired by
familiar imitation because the functional affordances of tools are understood from the start, priming
semantic memory stores that contain that information. However, human tool-use is different in
important respects. Much of it requires learning how to use tools whose functional affordances are
unclear or unknown. As a contemporary example, consider a child learning how to use the television’s
remote control. The functions of the various buttons are not obvious. Successfully learning how to
use this tool requires attending to detailed manipulations without understanding their precise role in
securing the ultimate result (i.e., finding a desired TV program).

As with tool-use, human dependence on language and manual gestures to communicate is
likely to have placed unique pressure on our species, favoring those who possessed specialized
mechanisms for rapidly and accurately imitating novel manual actions (i.e., intransitive gestures).
Virtually all enculturated apes evidence significant difficulties initially learning and subsequently
imitating intransitive gestures, regardless of familiarity [88,110,167,168] (cf., Table 1); a pattern starkly
different from that seen in young human children [5,7,132]. A likely explanation for this discontinuity
may have to do with the fact that in humans, gestures are intimately linked with another unique
feature of our species, language. According to Goldin-Meadow [169], “ ... gesture forms a single
system with speech and is an integral part of the communicative act”. In humans, gestures emerge
early, at around 8 to 12 months [170]. These gestures are deictic, that is, they are used to point and refer
to objects in the immediate environment. Human infants use these gestures, often, for the sole purpose
of “sharing attention” with caretakers. In contrast, ape gestures are mostly imperative, associated
with making a request, generally, a food request [130,171]. Researchers have pointed to the absence
(or rarity) of deictic gesture in language-trained apes [110,172-174] to argue that this form of gestural
communication is mediated by cognitive and conceptual mechanisms that appear to be absent in
great apes.

5. Future Directions

5.1. Characterizing Difficulties Copying Opaque Transitive Actions

Given the mixed results reported above suggesting that apes may have some difficulty copying
certain opaque transitive actions, future studies should include a greater variety of opaque and
transparent transitive actions directed toward the body and toward objects. Ideally, these actions
should be matched so that the only difference is their opacity and transitivity. Variation in performance
should be systematically analyzed in order to better characterize imitation within and across domains.
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This analysis should include an evaluation of individuals’ rearing histories and their familiarity with
particular actions or objects (see Byrne and Tanner [63] for an excellent analysis of intransitive actions).

Another avenue of research is to identify covariances between opaque imitation and specialized
bodily representational mechanisms as measured by mirror self-recognition (MSR) and imitation
recognition (IR) [175-177]. Studying MSR and IR might be particularly useful because opaque
imitation tasks are likely to tax bodily representations among other specialized representational systems
necessary to resolve the correspondence problem [60]. Such studies should contrast covariances with
these specialized systems as well as with various “general” processes [178] such as associative learning,
attention, and WM. Do associations differ depending on the opacity and familiarity of the task?
One might predict that abstract bodily representation measures (MSR, IR) should covary more with
novel opaque imitation than with familiar opaque imitation. However, regardless of task familiarity,
covariances between MSR and IR should be greater for opaque than for transparent imitation tasks.
Conversely, general processes are more likely to covary with familiar opaque imitation tasks than with
novel opaque imitation tasks.

5.2. Characterizing Difficulties Copying Intransitive Actions

Because intransitive gestures have been linked with language and communication
development [169,179], one avenue of research might be to compare the imitation of intransitive
gestures by language- versus non-language trained apes. Apes trained on visual languages such as ASL
might be a particularly interesting test case because they have both linguistic and imitation-relevant
motor training (i.e., learning manual signs). If language experience is key to learning novel intransitive
gestures, then apes with language training should outperform those without language training,
regardless of the type of language training (e.g., Lexigram vs. ASL). Alternatively, if motor-learning
and imitation-relevant training is essential [109], then apes who received manual language training
should out-perform those who received non-manual language training (e.g., lexigram). In humans,
there is some evidence to suggest that, in fact, knowing a visual language like ASL, improves imitation
performance, overall [180]. It is an open question whether the same is true of apes.

5.3. Characterizing Difficulties Copying Novel Actions with Objects

As with characterizing intransitive gestures, in order to characterize species differences in the
copying of novel actions with objects, it is critical to test individuals on a variety of object- and
tool-based tasks. Comparing imitation performance across tasks within domains is critical as work with
children has shown imitation performance on one task does not always predict imitation performance
on other (superficially similar) tasks [84]. Characterizing associations and dissociations between
tasks is key because there are, presently, no “standard” tasks, procedures, or measures in the social
learning sciences. Consequently, little is known of the underlying cognitive features of commonly
used tasks (e.g., Artificial Fruit Task [47] versus Doorian Fruit Task [104] versus Trap Tube Task [181]),
including their association with other psychological processes. This is unusual. Most areas within the
cognitive sciences have “gold-standard” tests. While these tasks have limitations, there is, nonetheless,
general agreement about the underlying constructs that such tasks measure: the Flanker [182] and
Stroop [183] Task in attention and executive control research, the Digit Span Task in WM research [184],
the Sally-Anne and Smarties Task in Theory of Mind research [185], to name a few. The lack of a similar
set of gold standard tasks (along with standard methods, measures and constructs) for imitation has
significantly limited our ability to understand why apes and humans differ when imitating novel
object—object and tool-based actions.

Future studies should take a feature- and content-based approach to better characterize species
differences in the imitation of object- and tool-based tasks (see [84]). One useful framework is
Thorndike and Woodworth’s [186] “Theory of Identical Elements.” That theory proposes that transfer
learning between tasks is dependent on the number of features or “elements” those tasks share.
Here, I have identified a number of elements that may distinguish human and ape imitation: task
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opacity, transitivity and familiarity. For transitive object- and tool-based tasks, the critical elements
are likely to be familiarity (of the context and the objects) and whether the actions involve primary or
tertiary relationships (egocentric: hand-object versus allocentric: object-object actions). Subiaul and
colleagues [84] have suggested that another critical element is whether tasks involve encoding and
copying item-specific rules (i.e., identifying and seriating discrete items), motor-spatial-specific
responses (i.e., allocentric relationships), or both. Constructional praxis [140,187]—the ability to
combine, assemble and join different pieces into a whole—might be another critical conceptual and
cognitive skill underlying species differences in object- and tool-based imitation. Poti and Parenti [140]
offer a useful framework by which to systematically study constructional praxis, focusing on both the
products and the processes involved in this type of spatial reasoning. One important question for future
research is whether individual differences (within and between-species) in the various components
of constructional praxis predict object-object or tool-based imitation. A related question is whether
species differences in constructional praxis may be explained by differences in more “general” cognitive
processes, by specialized cognitive systems or the interaction/coordination of domain-general and
domain-specific systems.

5.4. Data Sharing and Openness

The field of comparative psychology is a notoriously closed field. This lack of openness and
transparency has made independent analyses and replication difficult, if not, impossible. For this
reason, comparative researchers should consider participating in Databrary [188], a federally-funded,
online data repository that allows investigators to store and share raw data, including videos, of their
research. The goal is to make science more open and data more widely available. Given the poor
accessibility to non-human primate populations, especially enculturated ape populations, open access
to research videos with these subjects would be a boon for the field. Such access—in addition to
contributing to openness and transparency and improve the legitimacy of the field—would allow
scientists to code for different responses, answer additional questions that were not initially explored
and perform critical meta-analyses across studies. In short, there is little to lose but much to gain if
comparative scientists participate in earnest in data sharing services such as Databrary.

6. Conclusions

While it is important to emphasize the continuities that exist between human and great ape imitation
performance, it is critical that we not ignore the discontinuities that are also evident. Specifically,
humans and other animals are likely to share imitation mechanisms that accurately match observed
responses with familiar action representations stored in semantic memory. The likely mechanisms
supporting the imitation of familiar responses across domains and tasks are probably domain-general
processes including associative learning [36,52]. General processes [166] constrained by domain-specific
social (communicative) inferences [189] may also explain continuities between humans and apes in
tasks measuring rational imitation or goal emulation, where enculturated chimpanzees (and, perhaps,
non-enculturated orangutans) appear capable of inferring and subsequently copying tool-use rationally.
However, humans also appear to possess imitation skills that are either diminished or absent, altogether,
in other apes. Broadly, apes appear to have difficulty copying novel responses involving transitive actions.
However, apes also have difficulties copying, opaque actions and intransitive gestures, regardless of
their familiarity. Because apes and human preschoolers share many of the same sensory and motor-skills
(and, in the case of at least some enculturated apes, similar rearing environments), it is hypothesized
that specialized mechanisms—rather than “general” processes—are most likely to mediate these species
differences. Candidate mechanisms may include cognitive processes representing allocentric space [140]
as well as specialized mechanisms for copying abstract motor-spatial rules [84], among other cognitive
mechanisms such as motor simulation [190] and abstract representations of the body.

If, in fact, the cognitive structure of imitation is mosaic as my colleagues and I have
suggested [40,46,57]—including domain-specific and domain-general processes depending on task and
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content domain—then we must use a more nuanced experimental approach in the comparative study
of social and imitation learning. This approach must include a variety of tasks that assess different types
of imitation learning and whose underlying component processes are well characterized. Imitation
learning measures should prioritize first trial accuracy in experimental and baseline conditions,
as any subsequent response inherently confounds vicarious (social) learning with individual (operant)
learning. Finally, given that children and apes appear to posses various social learning skills in
common, tasks, experimental conditions and statistical analyses must carefully control and consider
the possibility that participants are applying one or more of these social and/or imitation learning
mechanisms to solve a given problem. This is a particular concern because, depending on the task,
individuals may come to the same solution using different cognitive processes. Such differences may
represent individual differences within species (e.g., young human children may be more prone to
emulation than older children) as well as between species (e.g., chimpanzees may be more prone to
copying end-states—emulation—whereas human children may be more prone to copying specific
means—action imitation). Given these considerations, the work reported here and elsewhere suggests
that while the mechanisms that support the imitation of over-rehearsed and familiar responses are likely
to be the same across a variety of species, the mechanisms that are involved in vicariously learning
and copying responses with tools as well as intransitive gestures evidence both domain-specificity
and phylogenetic distinctiveness. The specialization of social and imitation learning in humans may
explain why humans are over-imitators, copying responses across different tasks and domains with
high-fidelity, and possess cultural traditions that evolve within and across generations.

Acknowledgments: The author would like to thank Tadeusz Zawidzki, Chester C. Sherwood, Alison Brooks
and Elizabeth Price for their constructive comments on earlier versions of this manuscript as well as those of
three anonymous reviewers. This work was supported by an NSF CAREER Award (BCS-0748717) as well as by
University Facilitating Funds (GWU).

Conflicts of Interest: The author declares no conflict of interest.

References

1.  Herrmann, E.; Call, ].; Hernandez-Lloreda, M.V.; Hare, B.; Tomasello, M. Humans have evolved specialized
skills of social cognition: The cultural intelligence hypothesis. Science 2007, 317, 1360-1366. [CrossRef]
[PubMed]

2. Dean, L.G; Kendal, R.L.; Schapiro, S.J.; Thierry, B.; Laland, K.N. Identification of the social and cognitive
processes underlying human cumulative culture. Science 2012, 335, 1114-1118. [CrossRef] [PubMed]

3. Whiten, A. The scope of culture in chimpanzees, humans and ancestral apes. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 2011, 366, 997-1007. [CrossRef] [PubMed]

4. Tennie, C.; Call, J.; Tomasello, M. Ratcheting up the ratchet: On the evolution of cumulative culture.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 2009, 364, 2405-2415. [CrossRef] [PubMed]

5. Jones, S.S. Imitation in infancy: The development of mimicry. Psychol. Sci. 2007, 18, 593-599. [CrossRef]
[PubMed]

6.  Piaget, J. Play, Dreams & Imitation; Norton: New York, NY, USA, 1962.

7. Young, G.S.; Rogers, S.J.; Hutman, T.; Rozga, A.; Sigman, M.; Ozonoff, S. Imitation from 12 to 24 months in
autism and typical development: A longitudinal rasch analysis. Dev. Psychol. 2011, 47, 1565-1578. [CrossRef]
[PubMed]

8.  Tennie, C.; Call, J.; Tomasello, M. Push or pull: Imitation versus emulation in human children and great apes.
Ethology 2006, 112, 1159-1169. [CrossRef]

9. Tennie, C.; Call, J.; Tomasello, M. Evidence for emulation in chimpanzees in social settings using the floating
peanut task. PLoS ONE 2010, 5, e10544. [CrossRef] [PubMed]

10. Call, J.; Carpenter, M.; Tomasello, M. Copying results and copying actions in the process of social learning:
Chimpanzees (Pan troglodytes) and human children (Homo sapiens). Anim. Cogn. 2005, 8, 151-163. [CrossRef]
[PubMed]


http://dx.doi.org/10.1126/science.1146282
http://www.ncbi.nlm.nih.gov/pubmed/17823346
http://dx.doi.org/10.1126/science.1213969
http://www.ncbi.nlm.nih.gov/pubmed/22383851
http://dx.doi.org/10.1098/rstb.2010.0334
http://www.ncbi.nlm.nih.gov/pubmed/21357222
http://dx.doi.org/10.1098/rstb.2009.0052
http://www.ncbi.nlm.nih.gov/pubmed/19620111
http://dx.doi.org/10.1111/j.1467-9280.2007.01945.x
http://www.ncbi.nlm.nih.gov/pubmed/17614867
http://dx.doi.org/10.1037/a0025418
http://www.ncbi.nlm.nih.gov/pubmed/21910524
http://dx.doi.org/10.1111/j.1439-0310.2006.01269.x
http://dx.doi.org/10.1371/journal.pone.0010544
http://www.ncbi.nlm.nih.gov/pubmed/20485684
http://dx.doi.org/10.1007/s10071-004-0237-8
http://www.ncbi.nlm.nih.gov/pubmed/15490290

Behav. Sci. 2016, 6, 13 20 of 26

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.
39.

Nagell, K.; Olguin, R.S.; Tomasello, M. Processes of social learning in the tool use of chimpanzees
(Pan troglodytes) and human children (Homo sapiens). J. Comp. Psychol. 1993, 107, 174-186. [CrossRef]
[PubMed]

Galef, B.G. Imitation in animals: History, definition, and interpretation of data from the psychological
laboratory. In Social Learning: Psychological and Biological Perspectives; Galef, Z., Ed.; Lawrence Erlbaum:
Mahwah, NJ, USA, 1988; pp. 3-28.

Tomasello, M.; Call, J. Primate Cognition; Oxford University Press: New York, NY, USA, 1997; pp. 284-303.
Subiaul, F. The imitation faculty in monkeys: Evaluating its features, distribution and evolution.
J. Anthropol. Sci. 2007, 85, 35-62.

Wright, N.T.; Cannon, B.R.; Wilder, P.T.; Morgan, M.T.; Varney, K.M.; Zimmer, D.B.; Weber, D.]. Solution
structure of s100al bound to the capz peptide (trtk12). J. Mol. Biol. 2009, 386, 1265-1277. [CrossRef] [PubMed]
Whiten, A.; Ham, R. On the nature and evolution of imitation in the animal kingdom: Reappraisal of a
century of research. Adv. Stud. Behav. 1992, 21, 239-283.

Byrne, R.W. Imitation of novel complex actions: What does the evidence from animals mean? Adv. Stud.
Behav. Res. Methods 2002, 31, 77-105.

Custance, D.M.; Whiten, A.; Bard, K.A. Can young chimpanzees (Pan troglodytes) imitate arbitrary actions?
Hayes and hayes (1952) revisited. Behaviour 1995, 132, 837-859. [CrossRef]

Bering, .M. A critical review of the “enculturation hypothesis”: The effects of human rearing on great ape
social cognition. Anim. Cogn. 2004, 7, 201-212. [CrossRef] [PubMed]

Terrace, H.S. Nim, 1st ed.; Random House: New York, NY, USA, 1979.

Kellogg, W.N.; Kellogg, L.A. The Ape and the Child; A Study of Environmental Influence upon Early Behavior;
Whittlesey House McGraw-Hill Book Company, Inc.: New York, NY, USA; London, UK, 1933.

Hayes, K.J.; Hayes, C. Imitation in a home-raised chimpanzee. J. Comp. Physiol. Psychol. 1952, 45, 450—459.
[CrossRef] [PubMed]

Savage-Rumbaugh, E.S.; Murphy, J.; Sevcik, R.A.; Brakke, K.E.; Williams, S.L.; Rumbaugh, D.M. Language
comprehension in ape and child. Monogr. Soc. Res. Child Dev. 1993, 58, 1-222. [CrossRef] [PubMed]
Tomasello, M.; Call, J. The role of humans in the cognitive development of apes revisited. Anim. Cogn. 2004,
7,213-215. [CrossRef] [PubMed]

Lyn, H.; Russell, J.L.; Hopkins, W.D. The impact of environment on the comprehension of declarative
communication in apes. Psychol. Sci. 2010, 21, 360-365. [CrossRef] [PubMed]

Vornk, J.; Povinelli, D.J. Social and physical reasoning in human-reared chimpanzees. In Perception, Causation
& Objectivity; Roessler, J., Lerman, H., Eilan, N., Eds.; Oxford Univrsity Press: Oxford, UK, 2012; pp. 342-367.
Bjorklund, D.F,; Pellegrini, A.D. The Origins of Human Nature: Evolutionary Developmental Psychology; American
Psychological Association: Washington, DC, USA, 2002.

Deacon, T.W. The Symbolic Species: The Co-Evolution of Language and the Brain; Norton Paperback: New York,
NY, USA, 1997.

Tomasello, M. The Cultural Origins of Human Cognition; Cambridge University Press: Cambridge, UK, 1999.
Tomasello, M. A Natural History of Human Thinking; Harvard University Press: Cambridge, MA, USA, 2014.
Boesch, C. What makes us human (Homo sapiens)? The challenge of cognitive cross-species comparison.
J. Comp. Psychol. 2007, 121, 227-240. [CrossRef] [PubMed]

Bard, K.A ; Leavens, D.A. The importance of development for comparative primatology. Annu. Rev. Anthropol.
2014, 43, 183-200. [CrossRef]

Povinelli, D.J. Folk Physics for Apes; Oxford University Press: Oxford, UK, 2000.

Tomasello, M.; Call, J. Assessing the validity of ape-human comparisons: A reply to boesch (2007).
J. Comp. Psychol. 2008, 122, 449-452. [CrossRef] [PubMed]

Tomasello, M.; Savage-Rumbaugh, S.; Kruger, A.C. Imitative learning of actions on objects by children,
chimpanzees, and enculturated chimpanzees. Child Dev. 1993, 64, 1688-1705. [CrossRef] [PubMed]

Heyes, C. Grist and mills: On the cultural origins of cultural learning. Philos. Trans. R. Soc. Lond. B Biol. Sci.
2012, 367, 2181-2191. [CrossRef] [PubMed]

Heyes, C. When does social learning become cultural learning? Dev. Sci. 2015. [CrossRef] [PubMed]
Heyes, C. What's social about social learning? J. Comp. Psychol. 2012, 126, 193-202. [CrossRef] [PubMed]
Tessari, A.; Rumiati, R.I. The strategic control of multiple routes in imitation of actions. J. Exp. Psychol. Hum.
Percept. Perform. 2004, 30, 1107-1116. [CrossRef] [PubMed]


http://dx.doi.org/10.1037/0735-7036.107.2.174
http://www.ncbi.nlm.nih.gov/pubmed/8370271
http://dx.doi.org/10.1016/j.jmb.2009.01.022
http://www.ncbi.nlm.nih.gov/pubmed/19452629
http://dx.doi.org/10.1163/156853995X00036
http://dx.doi.org/10.1007/s10071-004-0210-6
http://www.ncbi.nlm.nih.gov/pubmed/15004739
http://dx.doi.org/10.1037/h0053609
http://www.ncbi.nlm.nih.gov/pubmed/13000013
http://dx.doi.org/10.2307/1166068
http://www.ncbi.nlm.nih.gov/pubmed/8366872
http://dx.doi.org/10.1007/s10071-004-0227-x
http://www.ncbi.nlm.nih.gov/pubmed/15278733
http://dx.doi.org/10.1177/0956797610362218
http://www.ncbi.nlm.nih.gov/pubmed/20424069
http://dx.doi.org/10.1037/0735-7036.121.3.227
http://www.ncbi.nlm.nih.gov/pubmed/17696649
http://dx.doi.org/10.1146/annurev-anthro-102313-030223
http://dx.doi.org/10.1037/0735-7036.122.4.449
http://www.ncbi.nlm.nih.gov/pubmed/19014270
http://dx.doi.org/10.2307/1131463
http://www.ncbi.nlm.nih.gov/pubmed/8112113
http://dx.doi.org/10.1098/rstb.2012.0120
http://www.ncbi.nlm.nih.gov/pubmed/22734061
http://dx.doi.org/10.1111/desc.12350
http://www.ncbi.nlm.nih.gov/pubmed/26547886
http://dx.doi.org/10.1037/a0025180
http://www.ncbi.nlm.nih.gov/pubmed/21895355
http://dx.doi.org/10.1037/0096-1523.30.6.1107
http://www.ncbi.nlm.nih.gov/pubmed/15584818

Behav. Sci. 2016, 6, 13 21 of 26

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Subiaul, F. Dissecting the imitation faculty: The multiple imitation mechanisms (mim) hypothesis.
Behav. Process. 2010, 83, 222-234. [CrossRef] [PubMed]

Jones, S.S. The development of imitation in infancy. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2009, 364,
2325-2335. [CrossRef] [PubMed]

Thorpe, W.H. Learning and Instinct in Animals; Methuen: London, UK, 1956.

Galef, B.G. Social learning and imitation. In Social Learning in Animals: The Roots of Culture; Heyes, G., Ed.;
Academic Press, Inc: San Diego, CA, USA, 1996.

Tomasello, M.; Davis-Dasilva, M.; Camak, L.; Bard, K. Observational learning of tool-use by young
chimpanzees. |. Hum. Evol. 1987, 2, 175-186. [CrossRef]

Custance, D.; Whiten, A.; Fredman, T. Social learning of an artificial fruit task in capuchin monkeys
(Cebus apella). ]. Comp. Psychol. 1999, 113, 13-23. [CrossRef]

Subiaul, F,; Patterson, E.M.; Barr, R. The cognitive structure of goal emulation during the preschool years.
Br. J. Dev. Psychol. 2015. [CrossRef] [PubMed]

Whiten, A.; Custance, D.M.; Gomez, J.; Teixidor, P. Imitative learning of artificial fruit processing in children
(Homo sapiens) and chimpanzees (Pan troglodytes). . Comp. Psychol. 1996, 110, 3-14. [CrossRef] [PubMed]
Byrne, RW.; Russon, A.E. Learning by imitation: A hierarchical approach. Behav. Brain Sci. 1998, 21, 667-721.
[CrossRef] [PubMed]

Whiten, A.; McGuigan, N.; Marshall-Pescini, S.; Hopper, L.M. Emulation, imitation, over-imitation and the
scope of culture for child and chimpanzee. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2009, 364, 2417-2428.
[CrossRef] [PubMed]

Zentall, T.R. Perspectives on observational learning in animals. ]J. Comp. Psychol. 2012, 126, 114-128.
[CrossRef] [PubMed]

Carpenter, M.; Call, J. The chemistry of social learning. Dev. Sci. 2002, 5, 22-24. [CrossRef]

Heyes, C. Imitation by association. In Perspectives on Imitation; Hurley, S., Chater, N., Eds.; The MIT Press:
Cambridge, MA, USA, 2004; Volume 1, pp. 157-176.

Heyes, C.; Bird, G.; Johnson, H.; Haggard, P. Experience modulates automatic imitation. Brain Res. Cogn.
Brain Res. 2005, 22, 233-240. [CrossRef] [PubMed]

Subiaul, F.; Anderson, S.; Brandt, J.; Elkins, ]. Multiple imitation mechanisms in children. Dev. Psychol. 2012,
48,1165-1179. [CrossRef] [PubMed]

Subiaul, F,; Patterson, E.M.; Schilder, B.; Renner, E.; Barr, R. Becoming a high-fidelity-super-imitator: What are
the contributions of social and individual learning? Dev. Sci. 2014. [CrossRef] [PubMed]

Zentall, TR. An analysis of imitative learning in animals. In Social Learning in Animals: The Roots of Culture;
Heyes, C., Galef, B., Eds.; Academic Press: San Diego, CA, USA, 1996; pp. 221-238.

Subiaul, F. Mosaic cognitive evolution: The case of imitation learning. In The Human Brain Evolving;
Broadfield, D., Yuan, M., Schick, K., Toth, N., Eds.; Stone Age Institute Press: Gosport, UK, 2010.

Bates, L.A.; Byrne, R W. Imitation: What animal imitation tells us about animal cognition. Wiley Interdiscip.
Rev. Cogn. Sci. 2010, 1, 685-695. [CrossRef] [PubMed]

Jeannerod, M. Neural simulation of action: A unifying mechanism for motor cognition. Neuroimage 2001, 14,
5103-5109. [CrossRef] [PubMed]

Nehaniv, C.L.; Dautenhahn, K. The correspondence problem. In Imitation in Animals and Artifacts;
Nehaniv, C.L., Dautenhahn, K., Eds.; MIT University Press: Cambridge, MA, USA, 2002; pp. 41-61.
Tessari, A.; Canessa, N.; Ukmar, M.; Rumiati, R.I. Neuropsychological evidence for a strategic control of
multiple routes in imitation. Brain 2007, 130, 1111-1126. [CrossRef] [PubMed]

Bonivento, C.; Rothstein, P.; Humphreys, G.; Chechlacz, M. Neural correlates of transitive and intransitive
action imitation: An investigation using voxel-based morphometry. Neuroimage Clin. 2014, 6, 488-497.
[CrossRef] [PubMed]

Byrne, R.W,; Tanner, J.E. Gestural imitation by a gorilla: Evidence and nature of the capacity. Int. J. Psychol.
Psychol. Ther. 2006, 6, 215-231.

Catmur, C.; Walsh, V.; Heyes, C. Associative sequence learning: The role of experience in the development of
imitation and the mirror system. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2009, 364, 2369-2380. [CrossRef]
[PubMed]

Cook, R; Press, C.; Dickinson, A.; Heyes, C. Acquisition of automatic imitation is sensitive to sensorimotor
contingency. J. Exp. Psychol. Hum. Percept. Perform. 2010, 36, 840-852. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.beproc.2009.12.002
http://www.ncbi.nlm.nih.gov/pubmed/19969050
http://dx.doi.org/10.1098/rstb.2009.0045
http://www.ncbi.nlm.nih.gov/pubmed/19620104
http://dx.doi.org/10.1007/BF02436405
http://dx.doi.org/10.1037/0735-7036.113.1.13
http://dx.doi.org/10.1111/bjdp.12111
http://www.ncbi.nlm.nih.gov/pubmed/26338371
http://dx.doi.org/10.1037/0735-7036.110.1.3
http://www.ncbi.nlm.nih.gov/pubmed/8851548
http://dx.doi.org/10.1017/S0140525X98001745
http://www.ncbi.nlm.nih.gov/pubmed/10097023
http://dx.doi.org/10.1098/rstb.2009.0069
http://www.ncbi.nlm.nih.gov/pubmed/19620112
http://dx.doi.org/10.1037/a0025381
http://www.ncbi.nlm.nih.gov/pubmed/21895354
http://dx.doi.org/10.1111/1467-7687.00199
http://dx.doi.org/10.1016/j.cogbrainres.2004.09.009
http://www.ncbi.nlm.nih.gov/pubmed/15653296
http://dx.doi.org/10.1037/a0026646
http://www.ncbi.nlm.nih.gov/pubmed/22201448
http://dx.doi.org/10.1111/desc.12276
http://www.ncbi.nlm.nih.gov/pubmed/25545051
http://dx.doi.org/10.1002/wcs.77
http://www.ncbi.nlm.nih.gov/pubmed/26271653
http://dx.doi.org/10.1006/nimg.2001.0832
http://www.ncbi.nlm.nih.gov/pubmed/11373140
http://dx.doi.org/10.1093/brain/awm003
http://www.ncbi.nlm.nih.gov/pubmed/17293356
http://dx.doi.org/10.1016/j.nicl.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25610762
http://dx.doi.org/10.1098/rstb.2009.0048
http://www.ncbi.nlm.nih.gov/pubmed/19620108
http://dx.doi.org/10.1037/a0019256
http://www.ncbi.nlm.nih.gov/pubmed/20695703

Behav. Sci. 2016, 6, 13 22 of 26

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

Cooper, R.P; Cook, R.; Dickinson, A.; Heyes, C.M. Associative (not hebbian) learning and the mirror neuron
system. Neurosci. Lett. 2013, 540, 28-36. [CrossRef] [PubMed]

Leighton, J.; Heyes, C. Hand to mouth: Automatic imitation across effector systems. J. Exp. Psychol. Hum.
Percept. Perform. 2010, 36, 1174-1183. [CrossRef] [PubMed]

Rumiati, R.I; Tessari, A. Imitation of novel and well-known actions: The role of short-term memory:.
Exp. Brain Res. 2002, 142, 425-433. [CrossRef] [PubMed]

Rumiati, R.I.; Weiss, PH.; Tessari, A.; Assmus, A.; Zilles, K.; Herzog, H.; Fink, G.R. Common and differential
neural mechanisms supporting imitation of meaningful and meaningless actions. J. Cogn. Neurosci. 2005, 17,
1420-1431. [CrossRef] [PubMed]

Engel, A.; Burke, M.; Fiehler, K.; Bien, S.; Rosler, E. Motor learning affects visual movement perception.
Eur. J. Neurosci. 2008, 27, 2294-2302. [CrossRef] [PubMed]

Grossberg, S.; Paine, R.W. A neural model of cortico-cerebellar interactions during attentive imitation and
predictive learning of sequential handwriting movements. Neural Netw. 2000, 13, 999-1046. [CrossRef]
Lopes, M.; Santos-Victor, J. Visual learning by imitation with motor representations. IEEE Trans. Syst. Man
Cybern. B Cybern. 2005, 35, 438-449. [CrossRef] [PubMed]

Reithler, J.; van Mier, H.I; Peters, J.C.; Goebel, R. Nonvisual motor learning influences abstract action
observation. Curr. Biol. 2007, 17, 1201-1207. [CrossRef] [PubMed]

Heyes, C. Homo imitans? Seven reasons why imitation couldn’t possibly be associative. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 2016, 371, 20150069. [CrossRef] [PubMed]

Paquette, D. Discovering and learning tool-use for fishing honey by captive chimpanzees. Hum. Evol. 1992,
7,17-30. [CrossRef]

Takeshita, H.; Van Hooff, ].A.R.M. Tool use by chimpanzees (Pan troglodytes) of the arnhem zoo community.
Jpn. Psychol. Res. 1996, 38, 163-173. [CrossRef]

Bauer, PJ. Holding it all together: How enabling relations facilitate young children’s event recall. Cogn. Dev.
1992, 7, 1-28. [CrossRef]

Bauer, PJ.; Hertsgaard, L.A.; Dropik, P.; Daly, B.>. When even arbitrary order becomes important:
Developments in reliable temporal sequencing of arbitratrily ordered events. Memory 1998, 6, 165-198.
[CrossRef] [PubMed]

Bauer, PJ.; Mandler, ].M. One thing follows another: Effects of temporal structure on 1- to 2-year olds’ recall
of events. Dev. Psychol. 1989, 25, 197-206. [CrossRef]

Subiaul, F,; Cantlon, J.F.; Holloway, R.L.; Terrace, H.S. Cognitive imitation in rhesus macaques. Science 2004,
305, 407-410. [CrossRef] [PubMed]

Renner, E.; Price, E.E.; Subiaul, F. Sequential recall of meaningful and arbitrary sequences by orangutans and
human children: Does content matter? Anim. Cogn. 2016, 19, 39-52. [CrossRef] [PubMed]

Renner, E.; Subiaul, F. Individual, Observational, and Social Learning in Orangutans; American Association of
Physical Anthropology: St. Louis, MO, USA, 2015.

Subiaul, F; Schilder, B. Working memory constraints on imitation and emulation. J. Exp. Child Psychol. 2014,
128, 190-200. [CrossRef] [PubMed]

Subiaul, F.; Zimmermann, L.; Renner, E.; Schilder, B.; Barr, R. Elemental imitation mechanisms in preschool
age children. J. Cogn. Dev. 2016, 17, 221-243. [CrossRef]

Terrace, H.S. The simultaneous chain: A new approach to serial learning. Trends Cogn. Sci. 2005, 9, 202-210.
[CrossRef] [PubMed]

Henrich, J.; McElreath, R. The evolution of cultural evolution. Evo. Anthropol. 2003, 12, 123-135. [CrossRef]
Rakoczy, H.; Tomasello, M.; Striano, T. On tools and toys: How children learn to act on and pretend with
‘virgin objects’. Dev. Sci. 2005, 8, 57-73. [CrossRef] [PubMed]

Gardner, R.A.; Gardner, B.T. Teaching sign language to a chimpanzee. Science 1969, 165, 664-672. [CrossRef]
[PubMed]

Sanders, R.J. Teaching apes to ape language: Explaining the imitative and nonimitative signing of a
chimpanzee (Pan troglodytes). |. Comp. Psychol. 1985, 99, 197-210. [CrossRef] [PubMed]

Call, J.; Tomasello, M. Use of social information in the problem solving of orangutans (Pongo pygmaeus) and
human children (Homo sapiens). . Comp. Psychol. 1995, 109, 308-320. [CrossRef] [PubMed]
Myowa-Yamakoshi, M.; Tomonaga, M.; Tanaka, M.; Matsuzawa, T. Imitation in neonatal chimpanzees
(Pan troglodytes). Dev. Sci. 2004, 7, 437—-442. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.neulet.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23063672
http://dx.doi.org/10.1037/a0019953
http://www.ncbi.nlm.nih.gov/pubmed/20731510
http://dx.doi.org/10.1007/s00221-001-0956-x
http://www.ncbi.nlm.nih.gov/pubmed/11819052
http://dx.doi.org/10.1162/0898929054985374
http://www.ncbi.nlm.nih.gov/pubmed/16197695
http://dx.doi.org/10.1111/j.1460-9568.2008.06200.x
http://www.ncbi.nlm.nih.gov/pubmed/18445220
http://dx.doi.org/10.1016/S0893-6080(00)00065-4
http://dx.doi.org/10.1109/TSMCB.2005.846654
http://www.ncbi.nlm.nih.gov/pubmed/15971913
http://dx.doi.org/10.1016/j.cub.2007.06.019
http://www.ncbi.nlm.nih.gov/pubmed/17614278
http://dx.doi.org/10.1098/rstb.2015.0069
http://www.ncbi.nlm.nih.gov/pubmed/26644604
http://dx.doi.org/10.1007/BF02436257
http://dx.doi.org/10.1111/j.1468-5884.1996.tb00021.x
http://dx.doi.org/10.1016/0885-2014(92)90002-9
http://dx.doi.org/10.1080/741942074
http://www.ncbi.nlm.nih.gov/pubmed/9640427
http://dx.doi.org/10.1037/0012-1649.25.2.197
http://dx.doi.org/10.1126/science.1099136
http://www.ncbi.nlm.nih.gov/pubmed/15256673
http://dx.doi.org/10.1007/s10071-015-0911-z
http://www.ncbi.nlm.nih.gov/pubmed/26298671
http://dx.doi.org/10.1016/j.jecp.2014.07.005
http://www.ncbi.nlm.nih.gov/pubmed/25161051
http://dx.doi.org/10.1080/15248372.2015.1053483
http://dx.doi.org/10.1016/j.tics.2005.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15808503
http://dx.doi.org/10.1002/evan.10110
http://dx.doi.org/10.1111/j.1467-7687.2005.00393.x
http://www.ncbi.nlm.nih.gov/pubmed/15647067
http://dx.doi.org/10.1126/science.165.3894.664
http://www.ncbi.nlm.nih.gov/pubmed/5793972
http://dx.doi.org/10.1037/0735-7036.99.2.197
http://www.ncbi.nlm.nih.gov/pubmed/4006434
http://dx.doi.org/10.1037/0735-7036.109.3.308
http://www.ncbi.nlm.nih.gov/pubmed/7554827
http://dx.doi.org/10.1111/j.1467-7687.2004.00364.x
http://www.ncbi.nlm.nih.gov/pubmed/15484592

Behav. Sci. 2016, 6, 13 23 of 26

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Call, J. Body imitation in an enculturated orangutan (Pongo pygmaeus). Cybern. Syst. 2001, 32, 97-119.
[CrossRef]

Tomasello, M.; Carpenter, M.; Call, J.; Behne, T.; Moll, H. Understanding and sharing intentions: The origins
of cultural cognition. Behav. Brain Sci. 2005, 28, 675-735. [CrossRef] [PubMed]

Carrasco, L.; Posada, S.; Colell, M. New evidence on imitation in an enculturated chimpanzee (Pan troglodytes).
J. Comp. Psychol. 2009, 123, 385-390. [CrossRef] [PubMed]

Myowa-Yamakoshi, M.; Matsuzawa, T. Factors influencing imitation of manipulatory actions in chimpanzees
(Pan troglodytes). ]. Comp. Psychol. 1999, 113, 128-136. [CrossRef] [PubMed]

Miles, H.L.; Mitchell, RW.; Harper, S.E. Simon says: The development of imitation in an enculturated
orangutan. In Reaching into Thought: The Minds of the Great Apes; Russon, A.E., Bard, K., Parker, S.T., Eds.;
Cambridge University Press: Cambridge, UK, 1996; pp. 278-300.

Tomasello, M.; Kruger, A.; Ratner, H. Cultural learning. Behav. Brain Sci. 1993, 16, 496-511. [CrossRef]
Buttelmann, D.; Carpenter, M.; Call, J.; Tomasello, M. Enculturated chimpanzees imitate rationally. Dev. Sci.
2007, 10, F31-F38. [CrossRef] [PubMed]

Tomasello, M.; Carpenter, M. The emergence of social cognition in three young chimpanzees. Monogr. Soc.
Res. Child Dev. 2005, 70, vii—132. [PubMed]

Hopper, L.M.; Spiteri, A.; Lambeth, S.P.; Schapiro, S.J.; Horner, V.; Whiten, A. Experimental studies of
traditions and underlying transmission processes in chimpanzees. Anim. Behav. 2007, 73, 1021-1032.
[CrossRef]

Horner, V.; Whiten, A. Causal knowledge and imitation/emulation switching in chimpanzees (Pan troglodytes)
and children (Homo sapiens). Anim. Cogn. 2005, 8, 164-181. [CrossRef] [PubMed]

Whiten, A.; Horner, V.; de Waal, EB. Conformity to cultural norms of tool use in chimpanzees. Nature 2005,
437,737-740. [CrossRef] [PubMed]

Whiten, A. Imitation of the sequential structure of actions by chimpanzees (Pan troglodytes). |. Comp. Psychol.
1998, 112, 270-281. [CrossRef] [PubMed]

Horner, V.; Whiten, A.; Flynn, E.; de Waal, E.B. Faithful replication of foraging techniques along cultural
transmission chains by chimpanzees and children. Proc. Natl. Acad. Sci. USA 2006, 103, 13878-13883.
[CrossRef] [PubMed]

Gergely, G.; Bekkering, H.; Kiraly, I. Rational imitation in preverbal infants. Nature 2002, 415, 755. [CrossRef]
[PubMed]

Buttelmann, D.; Carpenter, M.; Call, J.; Tomasello, M. Rational tool use and tool choice in human infants and
great apes. Child Dev. 2008, 79, 609-626. [CrossRef] [PubMed]

Gleissner, B.; Meltzoff, A.N.; Bekkering, H. Children’s coding of human action: Cognitive factors influencing
imitation in 3-year-olds. Dev. Sci. 2000, 3, 405—414. [CrossRef] [PubMed]

Meltzoff, A.N.; Moore, M.K. Explaining facial imitation: A theoretical model. Early Dev. Parent. 1997, 6,
179-192. [CrossRef]

Ray, E.; Heyes, C. Imitation in infancy: The wealth of the stimulus. Dev. Sci. 2011, 14, 92-105. [CrossRef]
[PubMed]

Terrace, H.S.; Petitto, L.A.; Sanders, R.J.; Bever, T.G. Can an ape create a sentence? Science 1979, 206, 891-902.
[CrossRef] [PubMed]

Fouts, R.S. Use of guidance in teaching sign language to a chimpanzee (Pan troglodytes). J. Comp. Psychol.
1972, 80, 515-522. [CrossRef]

Shapiro, G.L. Factors Influencing the Variance in Sign Language Performance by Four Juvenile Orangutans
(Pongo pygmaeus); University of Oklahoma: Norman, OK, USA, 1985.

Patterson, F. Linguistic capabilities of a lowland gorilla. In Sign Language and Language Acquisition in Man and
Ape; Peng, EC.C., Ed.; Westview Press: Boulder, CO, USA, 1978; pp. 161-201.

Bard, K.A. Neonatal imitation in chimpanzees (Pan troglodytes) tested with two paradigms. Anim. Cogn.
2007, 10, 233-242. [CrossRef] [PubMed]

Ferrari, PF,; Paukner, A.; Ruggiero, A.; Darcey, L.; Unbehagen, S.; Suomi, S.J. Interindividual differences in
neonatal imitation and the development of action chains in rthesus macaques. Child Dev. 2009, 80, 1057-1068.
[CrossRef] [PubMed]

Ferrari, PF,; Visalberghi, E.; Paukner, A.; Fogassi, L.; Ruggiero, A.; Suomi, S.]. Neonatal imitation in rhesus
macaques. PLoS Biol. 2006, 4, e302. [CrossRef] [PubMed]


http://dx.doi.org/10.1080/019697201300001821
http://dx.doi.org/10.1017/S0140525X05000129
http://www.ncbi.nlm.nih.gov/pubmed/16262930
http://dx.doi.org/10.1037/a0016275
http://www.ncbi.nlm.nih.gov/pubmed/19929107
http://dx.doi.org/10.1037/0735-7036.113.2.128
http://www.ncbi.nlm.nih.gov/pubmed/10384721
http://dx.doi.org/10.1017/S0140525X0003123X
http://dx.doi.org/10.1111/j.1467-7687.2007.00630.x
http://www.ncbi.nlm.nih.gov/pubmed/17552931
http://www.ncbi.nlm.nih.gov/pubmed/16156847
http://dx.doi.org/10.1016/j.anbehav.2006.07.016
http://dx.doi.org/10.1007/s10071-004-0239-6
http://www.ncbi.nlm.nih.gov/pubmed/15549502
http://dx.doi.org/10.1038/nature04047
http://www.ncbi.nlm.nih.gov/pubmed/16113685
http://dx.doi.org/10.1037/0735-7036.112.3.270
http://www.ncbi.nlm.nih.gov/pubmed/9770315
http://dx.doi.org/10.1073/pnas.0606015103
http://www.ncbi.nlm.nih.gov/pubmed/16938863
http://dx.doi.org/10.1038/415755a
http://www.ncbi.nlm.nih.gov/pubmed/11845198
http://dx.doi.org/10.1111/j.1467-8624.2008.01146.x
http://www.ncbi.nlm.nih.gov/pubmed/18489416
http://dx.doi.org/10.1111/1467-7687.00135
http://www.ncbi.nlm.nih.gov/pubmed/25147476
http://dx.doi.org/10.1002/(SICI)1099-0917(199709/12)6:3/4&lt;179::AID-EDP157&gt;3.0.CO;2-R
http://dx.doi.org/10.1111/j.1467-7687.2010.00961.x
http://www.ncbi.nlm.nih.gov/pubmed/21159091
http://dx.doi.org/10.1126/science.504995
http://www.ncbi.nlm.nih.gov/pubmed/504995
http://dx.doi.org/10.1037/h0032989
http://dx.doi.org/10.1007/s10071-006-0062-3
http://www.ncbi.nlm.nih.gov/pubmed/17180698
http://dx.doi.org/10.1111/j.1467-8624.2009.01316.x
http://www.ncbi.nlm.nih.gov/pubmed/19630893
http://dx.doi.org/10.1371/journal.pbio.0040302
http://www.ncbi.nlm.nih.gov/pubmed/16953662

Behav. Sci. 2016, 6, 13 24 of 26

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.
128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.
141.

Meltzoff, A.N.; Moore, KM. Newborn infants imitate adult facial gestures. Child Dev. 1983, 54, 702-709.
[CrossRef] [PubMed]

Meltzoff, A.N.; Moore, M.K. Imitation of facial and manual gestures by human neonates. Science 1977, 198,
75-78. [CrossRef]| [PubMed]

Simpson, E.A.; Murray, L.; Paukner, A.; Ferrari, P.F. The mirror neuron system as revealed through neonatal
imitation: Presence from birth, predictive power and evidence of plasticity. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 2014, 369, 20130289. [CrossRef] [PubMed]

Oostenbroek, J.; Suddendorf, T.; Nielsen, M.; Redshaw, J.; Kennedy-Costantini, S.; Davis, J.; Clark, S.;
Slaughter, V. Comprehensive longitudinal study challenges the existence of neonatal imitation in humans.
Curr. Biol. 2016, 26, 1334-1338. [CrossRef] [PubMed]

Diamond, A. Developmental time course in human infants and infant monkeys, and the neural bases of,
inhibitory control in reaching. Ann. N. Y. Acad. Sci. 1990, 608, 637-669. [CrossRef] [PubMed]

Watanabe, H.; Forssman, L.; Green, D.; Bohlin, G.; von Hofsten, C. Attention demands influence 10- and
12-month-old infants’ perseverative behavior. Dev. Psychol. 2012, 48, 46-55. [CrossRef] [PubMed]

Rogers, S.J.; Hepburn, S.L.; Stackhouse, T.; Wehner, E. Imitation performance in toddlers with autism and
those with other developmental disorders. J. Child Psychol. Psychiatry 2003, 44, 763-781. [CrossRef] [PubMed]
Heimann, M.; Nelson, K.E.; Schaller, J. Neonatal imitation of tongue protrusion and mouth opening;:
Methodological aspects and evidence of early individual differences. Scand. J. Psychol. 1989, 30, 90-101.
[CrossRef] [PubMed]

Want, S.C.; Harris, P.L. Learning from other people’s mistakes: Causal understanding in learning to use a
tool. Child Dev. 2001, 72, 431-443. [CrossRef] [PubMed]

Thorndike, E.L. Animal intelligence: An experimental study of the associative processes in animals.
Psychol. Rev. Monogr. Suppl. 1898, 2. [CrossRef]

Thorndike, E.L. Animal Intelligence; Macmillan: New York, NY, USA, 1911.

Povinelli, D.J.; Bering, ].M.; Giambrone, S. Toward a science of other minds: Escaping the argument by
analogy. Cogn. Sci. 2000, 24, 509-541. [CrossRef]

Myowa-Yamakoshi, M.; Matsuzawa, T. Imitation of intentional manipulatory actions in chimpanzees
(Pan troglodytes). ]. Comp. Psychol. 2000, 114, 381-391. [CrossRef] [PubMed]

Gillespie-Lynch, K.; Greenfield, PM.; Lyn, H.; Savage-Rumbaugh, S. Gestural and symbolic development
among apes and humans: Support for a multimodal theory of language evolution. Front. Psychol. 2014,
5,1228. [CrossRef] [PubMed]

Gardner, R.A.; Gardner, B.T. Early signs of language in child and chimpanzee. Science 1975, 187, 752-753.
[CrossRef] [PubMed]

Vanvuchelen, M.; Roeyers, H.; Weerdt, W.D. Development and initial validation of the preschool imitation
and praxis scale (pips). Res. Autism Spectr. Disord. 2011, 5, 463—473. [CrossRef]

Whiten, A.; Goodall, J.; McGrew, W.C.; Nishida, T.; Reynolds, V.; Sugiyama, Y.; Tutin, C.E.; Wrangham, RW.;
Boesch, C. Cultures in chimpanzees. Nature 1999, 399, 682-685. [CrossRef] [PubMed]

van Schaik, C.P.; Ancrenaz, M.; Borgen, G.; Galdikas, B.; Knott, C.D.; Singleton, I.; Suzuki, A.; Utami, S.S.;
Merrill, M. Orangutan cultures and the evolution of material culture. Science 2003, 299, 102-105. [CrossRef]
[PubMed]

Baddeley, A. Working memory: Theories, models, and controversies. Annu. Rev. Psychol. 2012, 63, 1-29.
[CrossRef] [PubMed]

Tessari, A.; Bosanac, D.; Rumiati, R.I. Effect of learning on imitation of new actions: Implications for a
memory model. Exp. Brain Res. 2006, 173, 507-513. [CrossRef] [PubMed]

Harnick, ES. The relationship between ability level and task difficulty in producing imitation in infants.
Child Dev. 1978, 49, 209-212. [CrossRef]

Silberberg, A.; Kearns, D. Memory for the order of briefly presented numerals in humans as a function of
practice. Anim. Cogn. 2009, 12, 405-407. [CrossRef] [PubMed]

Carpenter, M.; Tomasello, M.; Savage-Rumbaugh, S. Joint attention and imitative learning in children,
chimpanzees, and enculturated chimpanzees. Soc. Dev. 1995, 4, 217-237. [CrossRef]

Poti, P.; Parenti, F. Primates’ constructional abilities. J. Anthropol. Sci. 2013, 91, 111-133. [PubMed]

Nevid, J.S. Essentials of Psychology: Concepts and Applications, 4th ed.; Cengage Learning: Belmont, CA,
USA, 2015.


http://dx.doi.org/10.2307/1130058
http://www.ncbi.nlm.nih.gov/pubmed/6851717
http://dx.doi.org/10.1126/science.198.4312.75
http://www.ncbi.nlm.nih.gov/pubmed/17741897
http://dx.doi.org/10.1098/rstb.2013.0289
http://www.ncbi.nlm.nih.gov/pubmed/24778381
http://dx.doi.org/10.1016/j.cub.2016.03.047
http://www.ncbi.nlm.nih.gov/pubmed/27161497
http://dx.doi.org/10.1111/j.1749-6632.1990.tb48913.x
http://www.ncbi.nlm.nih.gov/pubmed/2075965
http://dx.doi.org/10.1037/a0025412
http://www.ncbi.nlm.nih.gov/pubmed/21910526
http://dx.doi.org/10.1111/1469-7610.00162
http://www.ncbi.nlm.nih.gov/pubmed/12831120
http://dx.doi.org/10.1111/j.1467-9450.1989.tb01072.x
http://www.ncbi.nlm.nih.gov/pubmed/2772571
http://dx.doi.org/10.1111/1467-8624.00288
http://www.ncbi.nlm.nih.gov/pubmed/11333076
http://dx.doi.org/10.1037/h0092987
http://dx.doi.org/10.1207/s15516709cog2403_7
http://dx.doi.org/10.1037/0735-7036.114.4.381
http://www.ncbi.nlm.nih.gov/pubmed/11149542
http://dx.doi.org/10.3389/fpsyg.2014.01228
http://www.ncbi.nlm.nih.gov/pubmed/25400607
http://dx.doi.org/10.1126/science.187.4178.752
http://www.ncbi.nlm.nih.gov/pubmed/17795247
http://dx.doi.org/10.1016/j.rasd.2010.06.010
http://dx.doi.org/10.1038/21415
http://www.ncbi.nlm.nih.gov/pubmed/10385119
http://dx.doi.org/10.1126/science.1078004
http://www.ncbi.nlm.nih.gov/pubmed/12511649
http://dx.doi.org/10.1146/annurev-psych-120710-100422
http://www.ncbi.nlm.nih.gov/pubmed/21961947
http://dx.doi.org/10.1007/s00221-006-0395-9
http://www.ncbi.nlm.nih.gov/pubmed/16506000
http://dx.doi.org/10.2307/1128610
http://dx.doi.org/10.1007/s10071-008-0206-8
http://www.ncbi.nlm.nih.gov/pubmed/19115068
http://dx.doi.org/10.1111/j.1467-9507.1995.tb00063.x
http://www.ncbi.nlm.nih.gov/pubmed/23648692

Behav. Sci. 2016, 6, 13 25 of 26

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.
165.

166.

167.

Devine, R.T.; Hughes, C. Relations between false belief understanding and executive function in early
childhood: A meta-analysis. Child Dev. 2014, 85, 1777-1794. [CrossRef] [PubMed]

Barrett, H.C. The Shape of Thought: How Mental Adaptations Evolve; Oxford University Press: New York, NY,
USA, 2015.

De Waal, F.B.; Boesch, C.; Horner, V.; Whiten, A. Comparing social skills of children and apes. Science 2008,
319, 569. [CrossRef] [PubMed]

Hattori, Y.; Kano, F; Tomonaga, M. Differential sensitivity to conspecific and allospecific cues in chimpanzees
and humans: A comparative eye-tracking study. Biol. Lett. 2010, 6, 610-613. [CrossRef] [PubMed]

Kano, F.; Tomonaga, M. How chimpanzees look at pictures: A comparative eye-tracking study. Proc. Biol. Sci.
2009, 276, 1949-1955. [CrossRef] [PubMed]

Rosati, A.G.; Wobber, V.; Hughes, K.; Santos, L.R. Comparative Dev. Psychol.y: How is human cognitive
development unique? Evol. Psychol. 2014, 12, 448-473. [CrossRef] [PubMed]

Subiaul, F.; Okamoto-Barth, S.; Bath, J.; Povinelli, D.J. Human cognitive specializations. In Evolution of
Nervous Systems: Volume V; Preuss, T., Kaas, J., Eds.; Elsevier: New York, NY, USA, 2006.

Moll, H.; Tomasello, M. 12- and 18-month-old infants follow gaze to spaces behind barriers. Dev. Sci. 2004, 7,
F1-F9. [CrossRef] [PubMed]

Okamoto, S.; Tomonaga, M.; Ishii, K.; Kawai, N.; Tanaka, M.; Matsuzawa, T. An infant chimpanzee
(Pan troglodytes) follows human gaze. Anim. Cogn. 2002, 5, 107-114. [CrossRef] [PubMed]

Okamoto-Barth, S.; Tomonaga, M.; Tanaka, M.; Matsuzawa, T. Development of using experimenter-given
cues in infant chimpanzees: Longitudinal changes in behavior and cognitive development. Dev. Sci. 2008,
11, 98-108. [CrossRef] [PubMed]

Woodward, A.L. Infants selectively encode the goal object of an actor’s reach. Cognition 1998, 69, 1-34.
[CrossRef]

Csibra, G.; Gergely, G.; Biro, S.; Koos, O.; Brockbank, M. Goal attribution without agency cues: The perception
of ‘pure reason’ in infancy. Cognition 1999, 72, 237-267. [CrossRef]

Gergely, G.; Csibra, G. Teleological reasoning in infancy: The infant’s naive theory of rational action. A reply
to premack and premack. Cognition 1997, 63, 227-233. [CrossRef]

Wobber, V.; Herrmann, E.; Hare, B.; Wrangham, R.; Tomasello, M. Differences in the early cognitive
development of children and great apes. Dev. Psychobiol. 2014, 56, 547-573. [CrossRef] [PubMed]
Matsuzawa, T. Comparative cognitive development. Dev. Sci. 2007, 10, 97-103. [CrossRef] [PubMed]
Tomonaga, M. Development of chimpanzee social cognition in the first 2 years of life. In Cognitive Development
in Chimpanzees; Matsuzawa, M., Tomonaga, M., Tanaka, M., Eds.; Springer-Verlag: Tokyo, Japan, 2006;
pp. 182-197.

Carpenter, M.; Nagell, K.; Tomasello, M. Social cognition, joint attention, and communicative competence
from 9 to 15 months of age. Monogr. Soc. Res. Child Dev. 1998, 63, 1-143. [CrossRef]

Slaughter, V.; McConnell, D. Emergence of joint attention: Relationships between gaze following, social
referencing, imitation, and naming in infancy. J. Genet. Psychol. 2003, 164, 54-71. [CrossRef] [PubMed]
Kummer, H. In Quest of the Sacred Baboon: A Scientist’s Journey; Princeton University Press: Princeton, NJ,
USA, 1995.

Lyons, D.E. The rational continuum of human imitation. In Mirror Neuron Systems: The Role of Mirroring
Processes in Social Cognition; Pineda, J.A., Ed.; Human Press: New York, NY, USA, 2009; pp. 77-106.

Lyons, D.E.; Young, A.G.; Keil, EC. The hidden structure of overimitation. Proc. Nata.l Acad. Sci. USA 2007,
104, 19751-19756. [CrossRef] [PubMed]

Csibra, G.; Gergely, G. Natural pedagogy as evolutionary adaptation. Philos. Tran. R. Soc. Lond. Ser. B
Biol. Sci. 2011, 366, 1149-1157. [CrossRef] [PubMed]

Csibra, G.; Gergely, G. Natural pedagogy. Trends Cogn. Sci. 2009, 13, 148-153. [CrossRef] [PubMed]

Csibra, G. Teleological and referential understanding of action in infancy. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 2003, 358, 447-458. [CrossRef] [PubMed]

Huang, C.T.; Heyes, C.; Charman, T. Infants’ behavioral reenactment of “failed attempts”: Exploring the
roles of emulation learning, stimulus enhancement, and understanding of intentions. Dev. Psychol. 2002, 38,
840-855. [CrossRef] [PubMed]

Hayes, C. The Ape in Our House, 1st ed.; Harper: New York, NY, USA, 1951; p. 247.


http://dx.doi.org/10.1111/cdev.12237
http://www.ncbi.nlm.nih.gov/pubmed/24605760
http://dx.doi.org/10.1126/science.319.5863.569c
http://www.ncbi.nlm.nih.gov/pubmed/18239107
http://dx.doi.org/10.1098/rsbl.2010.0120
http://www.ncbi.nlm.nih.gov/pubmed/20335197
http://dx.doi.org/10.1098/rspb.2008.1811
http://www.ncbi.nlm.nih.gov/pubmed/19324790
http://dx.doi.org/10.1177/147470491401200211
http://www.ncbi.nlm.nih.gov/pubmed/25299889
http://dx.doi.org/10.1111/j.1467-7687.2004.00315.x
http://www.ncbi.nlm.nih.gov/pubmed/15323111
http://dx.doi.org/10.1007/s10071-002-0133-z
http://www.ncbi.nlm.nih.gov/pubmed/12150035
http://dx.doi.org/10.1111/j.1467-7687.2007.00658.x
http://www.ncbi.nlm.nih.gov/pubmed/18171372
http://dx.doi.org/10.1016/S0010-0277(98)00058-4
http://dx.doi.org/10.1016/S0010-0277(99)00039-6
http://dx.doi.org/10.1016/S0010-0277(97)00004-8
http://dx.doi.org/10.1002/dev.21125
http://www.ncbi.nlm.nih.gov/pubmed/23765870
http://dx.doi.org/10.1111/j.1467-7687.2007.00570.x
http://www.ncbi.nlm.nih.gov/pubmed/17181706
http://dx.doi.org/10.2307/1166214
http://dx.doi.org/10.1080/00221320309597503
http://www.ncbi.nlm.nih.gov/pubmed/12693744
http://dx.doi.org/10.1073/pnas.0704452104
http://www.ncbi.nlm.nih.gov/pubmed/18056814
http://dx.doi.org/10.1098/rstb.2010.0319
http://www.ncbi.nlm.nih.gov/pubmed/21357237
http://dx.doi.org/10.1016/j.tics.2009.01.005
http://www.ncbi.nlm.nih.gov/pubmed/19285912
http://dx.doi.org/10.1098/rstb.2002.1235
http://www.ncbi.nlm.nih.gov/pubmed/12689372
http://dx.doi.org/10.1037/0012-1649.38.5.840
http://www.ncbi.nlm.nih.gov/pubmed/12220059

Behav. Sci. 2016, 6, 13 26 of 26

168.

169.

170.

171.

172.
173.
174.
175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Patterson, F.G. The gestures of a gorilla: Language acquisition in another pongid. Brain Lang. 1978, 5, 72-97.
[CrossRef]

Goldin-Meadow, S. Widening the lens: What the manual modality reveals about language, learning and
cognition. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2014, 369, 20130295. [CrossRef] [PubMed]

Bates, E. Language and Context: The Acquisition of Pragmatics; Academic Press: New York, NY, USA, 1976.
Lyn, H.; Greenfield, PM.; Savage-Rumbaugh, S.; Gillespie-Lynch, K.; Hopkins, W.D. Nonhuman primates
do declare! A comparison of declarative symbol and gesture use in two children, two bonobos, and
a chimpanzee. Lang. Commun. 2011, 31, 63-74. [CrossRef] [PubMed]

Tomasello, M. Origins of Human Communication; MIT Press: Cambridge, MA, USA, 2008.

Tomasello, M.; Carpenter, M. Shared intentionality. Dev. Sci. 2007, 10, 121-125. [CrossRef] [PubMed]
Rivas, E. Recent use of signs by chimpanzees (Pan troglodytes) in interactions with humans. J. Comp. Psychol.
2005, 119, 404-417. [CrossRef] [PubMed]

De Veer, M.W.; Gallup, G.G., Jr.; Theall, L.A.; van den Bos, R.; Povinelli, D.]. An 8-year longitudinal study of
mirror self-recognition in chimpanzees (Pan troglodytes). Neuropsychologia 2003, 41, 229-234. [CrossRef]
Mahovetz, L.M.; Young, L.J.; Hopkins, W.D. The influence of avprla genotype on individual differences in
behaviors during a mirror self-recognition task in chimpanzees (Pan troglodytes). Genes Brain Behav. 2016, 15,
445-452. [CrossRef] [PubMed]

Pope, SM.; Russell, J.L.; Hopkins, W.D. The association between imitation recognition and
socio-communicative competencies in chimpanzees (Pan troglodytes). Front. Psychol. 2015, 6, 188. [CrossRef]
[PubMed]

Bird, G.; Brindley, R.; Leighton, ]J.; Heyes, C. General processes, rather than “goals,” explain imitation errors.
J. Exp. Psychol. Hum. Percept. Perform. 2007, 33, 1158-1169. [CrossRef] [PubMed]

Bates, E.; Dick, F. Language, gesture, and the developing brain. Dev. Psychobiol. 2002, 40, 293-310. [CrossRef]
[PubMed]

Holmer, E.; Heimann, M.; Rudner, M. Imitation, sign language skill and the developmental ease of language
understanding (d-elu) model. Front. Psychol. 2016, 7, 107. [CrossRef] [PubMed]

Limongelli, L.; Boysen, S.T.; Visalberghi, E. Comprehension of cause-effect relations in a tool-using task by
chimpanzees (Pan troglodytes). |. Comp. Psychol. 1995, 109, 18-26. [CrossRef] [PubMed]

Eriksen, B.A.; Eriksen, C.W. Effects of noise letters upon identification of a target letter in a non-search task.
Percept. Psychophys. 1974, 16, 143-149. [CrossRef]

Stroop, J.D. Studies of interference in serial verbal reactions. J. Exp. Psychol. 1935, 18, 643-662. [CrossRef]
Humstone, H.]. Memory span tests. Psychol. Clin. 1919, 12, 196-200.

Wimmer, H.; Perner, J. Beliefs about beliefs: Representation and constraining function of wrong beliefs in
young children’s understanding of deception. Cognition 1983, 13, 103-128. [CrossRef]

Thorndike, E.L.; Woodworth, R.S. The influence of improvement in one mental function upon the efficiency
of other functions. Psychol. Rev. 1901, 8, 247-261.

Benton, A.L.; Fogel, M.L. Three-dimensional constructional praxis. A clinical test. Arch. Neurol. 1962, 7,
347-354. [CrossRef] [PubMed]

Gordon, A.S.; Millman, D.S.; Steiger, L.; Adolph, K.E.; Gilmore, R.O. Researcher-library collaborations:
Data repositories as a service for researchers. J. Libr. Sch. Commun. 2015, 3, 2-17. [CrossRef] [PubMed]
Kiraly, I.; Csibra, G.; Gergely, G. Beyond rational imitation: Learning arbitrary means actions from
communicative demonstrations. J. Exp. Child Psychol. 2013, 116, 471-486. [CrossRef] [PubMed]

Jeannerod, M. The mechanism of self-recognition in humans. Behav. Brain Res. 2003, 142, 1-15. [CrossRef]

® © 2016 by the author; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/0093-934X(78)90008-1
http://dx.doi.org/10.1098/rstb.2013.0295
http://www.ncbi.nlm.nih.gov/pubmed/25092663
http://dx.doi.org/10.1016/j.langcom.2010.11.001
http://www.ncbi.nlm.nih.gov/pubmed/21516208
http://dx.doi.org/10.1111/j.1467-7687.2007.00573.x
http://www.ncbi.nlm.nih.gov/pubmed/17181709
http://dx.doi.org/10.1037/0735-7036.119.4.404
http://www.ncbi.nlm.nih.gov/pubmed/16366774
http://dx.doi.org/10.1016/S0028-3932(02)00153-7
http://dx.doi.org/10.1111/gbb.12291
http://www.ncbi.nlm.nih.gov/pubmed/27058969
http://dx.doi.org/10.3389/fpsyg.2015.00188
http://www.ncbi.nlm.nih.gov/pubmed/25767454
http://dx.doi.org/10.1037/0096-1523.33.5.1158
http://www.ncbi.nlm.nih.gov/pubmed/17924814
http://dx.doi.org/10.1002/dev.10034
http://www.ncbi.nlm.nih.gov/pubmed/11891640
http://dx.doi.org/10.3389/fpsyg.2016.00107
http://www.ncbi.nlm.nih.gov/pubmed/26909050
http://dx.doi.org/10.1037/0735-7036.109.1.18
http://www.ncbi.nlm.nih.gov/pubmed/7705056
http://dx.doi.org/10.3758/BF03203267
http://dx.doi.org/10.1037/h0054651
http://dx.doi.org/10.1016/0010-0277(83)90004-5
http://dx.doi.org/10.1001/archneur.1962.04210040099011
http://www.ncbi.nlm.nih.gov/pubmed/13967554
http://dx.doi.org/10.7710/2162-3309.1238
http://www.ncbi.nlm.nih.gov/pubmed/26900512
http://dx.doi.org/10.1016/j.jecp.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23499323
http://dx.doi.org/10.1016/S0166-4328(02)00384-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	The Enculturated Mind 
	Assessing Domain-Specific Imitation Performance 

	Candidates for Shared Social and Imitation Learning Mechanisms 
	Imitation of Familiar Transitive Actions on Objects 
	Imitation of Familiar Transitive Actions on the Body 
	Imitation of Familiar Object-Object Actions and Tool-Use 
	“Rational” Imitation or “Goal Emulation” 

	Candidates for Uniquely Derived Social and Imitation Learning Mechanisms 
	Imitation of Intransitive Actions or Gestures 
	Imitation of Novel Transitive Actions on Objects 
	Imitation of Novel Object-Object Actions or Tool-Use 

	Discussion 
	Associative and “General Process” Accounts of Continuities and Discontinuities 
	Motivational Accounts for Discontinuities 
	Developmental Accounts for Discontinuities 
	Humans Possess Imitation-Specific Specializations 

	Future Directions 
	Characterizing Difficulties Copying Opaque Transitive Actions 
	Characterizing Difficulties Copying Intransitive Actions 
	Characterizing Difficulties Copying Novel Actions with Objects 
	Data Sharing and Openness 

	Conclusions 

