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The ability to adjust one’s ongoing actions in the anticipation of forthcoming task demands is
considered as strong evidence for the existence of internal action representations. Studies of
action selection in tool use reveal that the behaviours that we choose in the present moment
differ depending on what we intend to do next. Further, they point to a specialized role for mechan-
isms within the human cerebellum and dominant left cerebral hemisphere in representing the likely
sensory costs of intended future actions. Recently, the question of whether similar mechanisms exist
in other primates has received growing, but still limited, attention. Here, we present data that bear
on this issue from a species that is a natural user of tools, our nearest living relative, the chimpanzee.
In experiment 1, a subset of chimpanzees showed a non-significant tendency for their grip prefer-
ences to be affected by anticipation of the demands associated with bringing a tool’s baited end to
their mouths. In experiment 2, chimpanzees’ initial grip preferences were consistently affected by
anticipation of the forthcoming movements in a task that involves using a tool to extract a food
reward. The partial discrepancy between the results of these two studies is attributed to the ability
to accurately represent differences between the motor costs associated with executing the two
response alternatives available within each task. These findings suggest that chimpanzees are
capable of accurately representing the costs of intended future actions, and using those predictions
to select movements in the present even in the context of externally directed tool use.

Keywords: motor planning; action selection; chimpanzee tool use; context sensitivity;
cerebral asymmetry

1. INTRODUCTION

In the late nineteenth century, Donders [1] conducted
a pioneering experiment in which he contrasted the
times required to execute a simple (respond to
the appearance of a stimulus) versus choice (select
one among two responses based on the identity
of the stimulus) response. The difference in response
latencies between these conditions was interpreted as
reflecting the additional time required for the cognitive
process of selection. One of the many things that we
have learned in the intervening century is that, inde-
pendent of the hand used, the human left cerebral
hemisphere plays a dominant role in this fundamental
process [2]. In right-handed adults (some 90% of the
population), increased activity is detected in the left
posterior parietal cortex (along the intraparietal
sulcus, IPS), inferior frontal sulcus extending into
the rostral middle frontal gyrus (frMFGQG) and dorsal
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premotor cortex (dPMC) [3]. This network of regions
may form a core system for response selection.

(a) Response selection versus action selection

In the typical response-selection task, the mapping
between sensory stimuli and motor responses is both
fixed and explicitly known by the actor (e.g. press
the left key when the light is blue, or the right key
when the light is red). This differs critically from the
demands that typify real-world action selection,
where there are often numerous potential responses
(movements) that could be used to solve the problem
at hand [4]. For instance, consider the range of hand
postures that might suffice to grasp a mug of coffee
and bring it to one’s mouth for a drink. While much
remains to be learned about how this degrees-of-
freedom problem is solved, it is generally accepted
that action selection is informed by predictions of the
motor costs that would accompany various response
options. To the extent that these forecasts are accurate,
they enable us to select actions that lead to successful
(rewarding) solutions to the problem while minimizing
costs [5].
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(b) Neural substrates of response and action
selection

In order to gain further insights into the role of predic-
tion in action selection, we have used a simplified task
in which participants are required to choose whether
to engage an object (e.g. a handle) appearing in differ-
ent orientations in an under- versus over-hand grip (e.g.
a power grip). In all trials of these experiments either
grip is physically possible, the question is which is pre-
ferable. We consistently find that participants prefer to
grasp stimulus objects using the alternative that is per-
ceived as least costly (or awkward) during overt
execution. This is even true when they are asked to
make their choices under prospective grip-selection
(PGS) conditions, where movements are never actually
undertaken [6]. The degree of correspondence between
grip preferences in overt and PGS tasks suggests that
even in the complete absence of feedback, participants
are able to predict the likely motor costs of future
actions with high fidelity, and select actions accordingly.
Furthermore, this ability seems to be retained by many
patients even during periods of acute [7] or chronic
[8,9] limb disuse, or following amputation [10].

Our early functional magnetic resonance imaging
work on prospective power grip selection revealed
increases in the dPMC, superior parietal lobule (SPL)
and along the IPS [11]. More recent findings show
that prospective precision grip selection based on
either hand engages the entire core network of regions
implicated in response selection (left IPS, rMFG and
dPMC), as introduced earlier. In addition, we find
increases within a number of other brain regions includ-
ing the bilateral cerebellum, SPL, pre-supplementary
motor area, right dPMC, as well as in the left anterior
intraparietal sulcus (aIPS) and left ventral premotor
cortex (VPMC) [12]. After physical practice, these
same areas come to represent PGS decisions based on
the use of a formerly novel grasping tool that differs
mechanically and dynamically from the natural limbs.

One possible interpretation is that these regions par-
ticipate in estimating the motor costs associated with the
two grip alternatives: under- or over-hand. An emerging
view is that the cerebellum supports forward internal
models that predict the likely sensory consequences of
a motor command slightly in advance of the actual
sensory feedback that accompanies movement
[13,14]. These feed-forward predictions are thought
to update multi-sensory estimates of the state of the
body (e.g. posture of the upper limbs), represented in
the parietal cortex (particularly the SPL) [13,15]. An
interesting possibility is that these same predictive
mechanisms might play a role in forecasting the long-
range consequences of response alternatives [5,16,17].
This information could be valuable to action selection
by providing a means of estimating the motor costs
(energy expenditure, awkwardness) of candidate
responses and their potential to achieve the desired
reward state, representations that may be computed
subcortically in the basal ganglia and/or brain stem [18].

(¢) Cerebral asymmetry
The left cerebral asymmetry for PGS responses in
vPMC and the alIPS is striking in comparison with
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the bilateral engagement of dPMC and the SPL. In
humans, left vPMC is situated in the inferior portion
of the precentral gyrus located immediately caudal to
the pars opercularis (or Broca’s area), which is known
to be involved in a variety of language-, and a growing
list of action-related functions [19,20]. In monkeys,
rostral ventral premotor cortex (F5) is the putative
homologue for pars opercularis [21], and is implicated
in a variety of higher level motor functions including
the representation of action goals [22]. Caudal ventral
premotor cortex (F4), by contrast, is implicated in
constructing multi-sensory representations of periper-
sonal space and of limb and head movements [23].
Our present understanding of vPMC functions in the
human brain is limited. Though highly speculative,
it is possible that with the emergence of language
functions in rostral vPMC, the human left caudal
vPMC has become more heavily involved in the rep-
resentations of action goals. Some work demonstrating
increased activity in this region during action perception
appears consistent with this view [24].

There is mounting evidence for the role of the
human alIPS in action representation [25,26], and
more than a century of data exist implicating the left
parietal and frontal cortex in manual praxis [27,28].
Asymmetrical involvement of the left aIPS in these
planning tasks may be related to the fact that this
region has direct anatomical connections with the
vPMC [29], allowing these two areas to operate as a
functional unit. Following the line of reasoning
above, it may be that the left parietal asymmetry is a
consequence of changes in the role of caudal vPMC
precipitated by the emergence of language in rostral
vPMC. This is highly speculative; however, recent
findings do suggest that cerebral asymmetries in pos-
terior parietal action representations (Brodmann area
40) are correlated with lateralization of language in
Broca’s area (Brodmann area 44/45) and its right
hemisphere homologue [30].

(d) Context sensitivity in action selection

In speech, it is well known that articulation of a
phoneme is affected by the identity of upcoming pho-
nemes. Analogous effects of task context have been
reported in a wide variety of manual behaviours
including: typing, handwriting, manual aiming and
prehension (see review in Johnson-Frey er al. [31]).
Action-selection tasks have proven to be especially
valuable in studying context effects [32], and have
shed light on the properties of underlying movement
representations [33]. Grip-selection tasks involving
tools have proven to be particularly useful in revealing
details of motor planning in human infants and adults
[34]. Context effects in manual action selection have
been shown to emerge during the first 2 years of life
[35-38], and development can be accelerated with
training [39]. While the physical properties of the
effectors may contribute to some context effects
[40], many of these findings are difficult to interpret
without acknowledging a role for internal represen-
tations of task demands that go beyond immediately
available sensory information [41,42]. This point is
critical to understanding behaviours where the choice
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of a response can be influenced by the goal of the
larger action sequence in which it is embedded. As a
consequence, the responses that we choose in the pre-
sent moment differ depending on how they might
impact the costs of what we intend to do next.

(e) Evidence for predictive action selection in
non-human primates

Whether similar predictive mechanisms exist in other
species is an important and challenging question. A
first step is to ask whether evidence can be found for
context sensitivity in action-selection behaviours simi-
lar to those identified in humans. Several studies have
tested whether, like humans, monkeys show an end-
state comjort effect, i.e. whether they adapt their initial
grip of an object in a way that reflects anticipation of
movements required to achieve the subsequent goal
of the task [43]. Across two foraging tasks, Weiss
et al. [44] provided evidence for end-state comfort
effects in the grip preferences of cotton-top tamarins.
They later extended this finding to include lemurs, a
group of primates even more distantly related to
humans [45]. More recently, Nelson et al. [46]
demonstrated that after a limited number of trials,
most of the rhesus macaques they tested were able to
develop a grip to bring a baited spoon to their
mouths in an efficient manner (radial grip with the
thumbside of the hand towards the bowl of the
spoon) across 12 trials. An important issue is whether
these behaviours reflect the learning of stimulus-
response contingencies, or involve anticipation of
motor costs. Evidence shows that this efficient grip
was learned during the course of testing. This can be
derived from the fact that, on difficult trials, the mon-
keys’ performances improved from 28 per cent
efficient grips in the first session of testing to 94 per
cent in the second session. Of the six monkeys
tested, three switched hands depending on the side
towards which the bowl of the spoon was oriented;
the remaining three used the same hand (and grip),
but changed their body position relative to the
spoon. No monkeys switched from an over-hand grip
on the easy trials to an under-hand grip on the difficult
trials. After this rapid acquisition, the monkeys main-
tained these efficient strategies even 1 year later
when they were retested.

Given that several disparately related primate
species have shown some evidence for anticipatory
planning in action-selection tasks (i.e. the end-state
comfort effect), it is tempting to conclude that this is
a quite anciently evolved ability widely present in
non-human primates, and perhaps even other mam-
mals. While prospective planning abilities might be
critical for tool-use behaviours, they would seem to
have evolved in species that are not known to use
tools in nature [45]. However, the existing evidence
is currently limited to situations in which a simple
tool is directed to the subject’s mouth. In humans,
anticipatory planning in the context of self-directed
tool abilities emerges during the first 2 years of life
[38]. However, the development of planning in exter-
nally directed tool-use tasks is more difficult and lags
behind even when feedback is enhanced [37]. It is
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not known whether non-human primates show this
more advanced form of action planning. For example,
do they exhibit the end-state comfort effect when
grasping a tool and directing it towards a goal located
in extra-personal space?

Here, we report findings from studies (conducted
between 2001 and 2004) that we designed and con-
ducted to explore this question in our nearest living
relatives, chimpanzees. Unlike lemurs, tamarins or
rhesus macaques, chimpanzees both use and make
tools as part of their natural ecology, and the particular
individuals we tested had a long history of doing so in
the laboratory in a wide variety of tasks. Like humans,
chimpanzees regularly perform actions with tools that
are directed towards the self (e.g. eating termites
from a stick) and towards external targets (e.g. insert-
ing a stick into a termite nest). Our strategy was to use
an analogue of the procedure used by McCarty et al.
[38] to study the development of the end-state comfort
effect in spoon-feeding in toddlers (experiment 1), and
to then use these results as a platform to study
the more advanced abilities involved in using a
tool to obtain a food reward in extra-personal space
(experiment 2).

2. EXPERIMENT 1: GRIP SELECTION IN A SELF-
DIRECTED TOOL-USE TASK IN CHIMPANZEES
In our initial investigation, we sought to identify
whether our chimpanzees would display an end-state
comfort effect in their grip selection during a self-
directed feeding task with similarities to the one used
to test macaques following the study of Nelson ez al.
[46]. The stimulus was a horizontal tool (dowel)
with either the left- or right-end baited. If action selec-
tion is influenced by the intended subsequent
movement (bringing the baited end of the handle to
the mouth), then we reasoned that subjects would
prefer the grip that places the thumbside of the hand
towards the baited end; i.e. they would prefer a
radial grip. Choosing the alternative ulnar grip would
be a more costly option, making it more difficult to
bring the food to the mouth. Grip preferences in this
test condition were compared with the control in
which the choice of grip was irrelevant because both
ends of the tool were baited.

(a) Method

1) Subjects

Five adult female chimpanzees (age range = 13 years,
seven months to 14 years, six months) participated in
the study. The subjects were housed at the University
of Louisiana and had participated in numerous
dowel-use studies over a period of over 10 years [47].

>i1) Apparatus

A 30 cm long dowel (plastic pipe) was used in the
experiment. In the experimental conditions, the
dowel rested horizontally on two L-shaped brackets
(approx. 20 cm apart and 50 cm above the floor) that
were attached to the wall of the subjects’ testing unit.
One or both ends of the dowel could be easily covered
with a highly desirable food reward (such as peanut
butter or honey).
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(b) Procedure

(1) Orientation and food preference

We placed 14 (unbaited) replicas of the dowel in the
subjects’ indoor—outdoor living environment. This
allowed the chimpanzees to interact and familiarize
themselves with the tool. If the apes threw the
dowels out of the enclosure, then they were returned
by the caretakers. We made these replicas available
to the apes in their living environment every day
throughout all phases of the experiment.

One week after we introduced the dowels, the pri-
mary trainer and the caretaker (hereafter referred to
as the trainer) individually brought each ape into an
indoor testing unit. The test unit was connected to
an outdoor waiting area by a shuttle door that could
be remotely opened and closed to allow the ape the
opportunity to enter and exit the test unit. The apes
were highly familiar with this procedure (see Povinelli
[47]). The trainer inserted two dowels into the test
unit and held them as the ape approached. Each
dowel was baited with a different reward. The first
dowel chosen to eat from was recorded. Each ape
was administered 10 trials. The first reward chosen
seven or more times out of 10 was considered their
preferred reward. Any ape not exhibiting a preference
was given both rewards randomly and equally across
conditions throughout the study.

(ii) Test orientation

We conducted a series of unstructured three-trial ses-
sions in which the dowel was placed on the bracket
with food baited on both ends. The caretaker allowed
each ape to enter the test unit individually, or in pairs,
until such a time as they reliably took the dowel from
the bracket and consumed the food. The shuttle
door was opened as soon as the apes had finished
eating the bait and dropped the dowel, or after 1 min
from the time they entered the test unit. The apes
then began testing sessions.

(iii) Testing

Testing took place in the test unit and consisted of 60
trials per ape, with a maximum of six trials per day.
Before each trial began, the trainer baited a dowel on
both ends and placed it horizontally on the brackets
on the wall to the ape’s left as he or she entered.
The ape then entered the testing unit and the shuttle
door was closed. After the ape grasped the dowel
and consumed the reward, the trainer opened the
shuttle door and allowed the ape to exit.

Testing consisted of two types of trials: (i) on test
trials only, one end of the dowel was baited (on half
of the test trials the right end was baited and on the
other half the left end was baited) and (ii) on control
trials both ends of the dowel were baited. Apes were
given 40 test trials (20 baited on the right end and
20 baited on the left end) and 20 control trials. The
trials were randomly administered within the following
constraints: (i) the same type of trial was not adminis-
tered on more than three sequential trials, (i) the
numbers of each type of trial were equal for the first
and second halves of the study, and (iii) the left/right
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Figure 1. The subject Brandy grasps the dowel in the three
experimental conditions of experiment 1: (a) both-ends
baited, (b) right-end baited, and (c¢) left-end baited. Note
that her grip selection is the same in all three cases. Arrows
indicate position of the bait (peanut butter).

orientations of the dowels on the test trials were not
the same for more than two consecutive trials.

One experimenter was present in the rear of the test
unit to control the shuttle door. Every trial was
recorded on video with a view that allowed excellent
visibility regarding which hand the ape used to grasp
the dowel, the position of the hand while reaching
for the pipe and the type of grip used (figure 1).

(iv) Coding and inter-rater reliability
A main rater scored all trials for the orientation of the
subject’s thumb (up or down). This allowed for an
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Figure 2. Grip preferences in experiment 1. Three of the par-
ticipants (Jadine, Kara and Megan) exhibit a trend towards
preferring to grasp the handle with the thumb towards the
baited end. This is consistent with what would be expected
if the animals were taking the desired end state into consider-
ation when selecting their grasps. These trends were not
statistically reliable (see text for details; black bars, thumb
towards bait; grey bars, thumb away from bait).

unambiguous determination of whether their grip
changed as a function of trial type (i.e. from over-
hand to under-hand) as a function of how the dowel
was baited (right end, left end and both ends). A sec-
ondary rater examined 25 per cent of the trials and
agreed with the main rater on 96 per cent of all trials.

(¢) Results and discussion
The individual apes grasped the dowel in a variety of
ways (over-hand, under-hand, pincer grip, between
fingers). However, each ape exhibited a striking con-
sistency in how they did so regardless of the
experimental condition. For example, figure 1a—c dis-
plays the ape Brandy grasping the dowel across the
three-trial types: (i) both ends baited, (i) right-end
baited, and (iii) left-end baited. Notably, she uses the
same hand and grip in each condition. Although all
apes exhibited some variation, the position of their
thumb upon initial grasp (towards the baited end or
away from the baited end) provided a highly reliable
measure of whether they switched grips as a function
of what end of the dowel was baited on the test
trials. Figure 2 displays the thumb position (towards
or away from the baited end) for each hand (right
and left). In seeming contrast to what would be
expected if the apes were selecting their actions
based on prediction of the motor costs that would be
experienced, as a group the apes did not strongly
alter their grip as a function of which end was
baited. Instead, they simply grasped the dowel in a
habitual fashion and inserted the baited end into
their mouths. The results of the control trials confirm
that the apes had a habitual grip preference: they did
not depart from what they displayed in the test trials
(table 1). In other words, we saw no evidence that
action selection is context-sensitive.

Three of the five apes, however, showed a preference
for the thumb towards the baited end of the dowel
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Table 1. Summary of thumb placement (in per cent of
trials) as a function of experimental condition.

conditions

thumb placement control baited-left baited-right
Brandy

left 10 5 15

right 90 95 85
Jadine?®

left 75 95 78

right 25 5 22
Candy®

left 89 79 87

right 11 21 13
Kara

left 100 100 95

right 0 0 5
Megan®

left 90 100 84

right 10 0 16

%One trial was inadvertently not recorded.

®An experimental error resulted in the administration of 18 control
trials and 19 baited left and 23 trials baited right test trials.

“One trial was not codable owing to the obstruction of the stimuli
by the subject’s body.

(radial grip), and one (Jadine) showed a fairly strong
bias for the thumb towards the baited end (61.5% or
24/39 of trials; table 1). Interestingly, Jadine is the
one ape that showed fairly quick improvement in a pre-
vious test, wherein the apes needed to learn to grasp a
tool by a non-functional end in order to use the other
functional end (see experiment 2 below; [47], exper-
iment 13). Megan also exhibited a similar trend in
favour of placing the thumb towards the baited end
(59% or 23/39 of the trials; table 1). However, binomial
tests (one-tailed, chance = 0.5) indicated that none of
the animals (including Jadine and Megan) exhibited a
statistically reliable difference between these two grip
options (p < 0.09 or smaller in all cases).

These results would appear to indicate that chim-
panzees were not representing forthcoming task
demands and modifying their initial grip preferences
accordingly. None of the individuals showed signifi-
cant differences between grip preferences in the test
condition and those exhibited in the control. This dif-
fers dramatically from results demonstrated by
toddlers when grasping wooden spoons for self-feeding
[38] and previous investigations with monkeys dis-
cussed earlier [44—47]. It is tempting to conclude that
these apes lack the ability to represent the costs of forth-
coming task demands and/or to adapt their responses
accordingly even in a self-directed tool-use task.
Indeed, in the test trials, the apes frequently wound
up with the dowel in what appeared to be an awkward
position. For example, an over-hand grasp (palm
down) with the thumb oriented away from the baited
end of the dowel left the apes in a biomechanically
awkward position when bringing the tool to the
mouth. However, the apes compensated for this by
further rotating their wrists, and/or by tilting their
heads. Although this appeared awkward to human
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Figure 3. In experiment 1, the subject Brandy has just used
an over-hand grip (palm down) with thumb pointing away
from the baited end of the dowel (figure 1c). As a conse-
quence, she must lift the dowel higher and rotate the
baited end towards her mouth. This involves considerably
more effort than the movement that results from the
thumb towards the baited end.

observers, nevertheless, the apes, were adept at eating
the food off the baited end of the dowel in this
manner (figure 3). What we can say with confidence
is that in such cases, the ape was required to exert
greater motor effort in order to rotate the baited end
a longer distance to reach their mouths. Nonetheless,
any additional costs associated with ending the handle
rotation in an awkward posture may not have been
sufficient to result in anticipatory modification of the
initial grip. This issue arises in grip-selection studies
involving humans where participants show stronger
end-state effects when the levels of accuracy for final
object positioning are increased [48]. This possibility
is addressed in our second experiment where the costs
of choosing the incorrect initial grip would be maximal:
failure to complete the trial and obtain a food
reward. If we are correct, then the apes should exhibit
evidence for anticipatory grip selection in this more
challenging task.

3. EXPERIMENT 2: GRIP SELECTION IN A TOOL-
USE TASK DIRECTED TOWARDS AN EXTERNAL
TARGET IN CHIMPANZEES

In this study, chimpanzees needed to use a thick dowel
to dislodge and obtain a food reward. A critical feature
is that the task could only be completed if the animals
grasped the dowel with the thumbside of their hand
towards its centre. We tested for anticipatory effects
by analysing how the apes gripped the dowel when
presented in a variety of different orientations.

(a) Method

(1) Subjects

The five chimpanzees from experiment 1, plus two
other adult members of their group, participated in
the study. At the time the study began, the apes
ranged in age from 15 years, four months to 16 years,
three months. The apes had participated in numerous
studies similar to the one used here (i.e. using a
dowel or stick to dislodge a reward from a platform;
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Figure 4. Experiment 2. (a) The apparatus with the dowel in
the 0° orientation. This set-up was used in the demonstration
and criterion phase, as well as during the 0° trials of the testing
phase. (b) An ape grasps the dowel in preparation to insert and
dislodge the goal/reward.

see Povinelli [47]). However, only one of these studies
had systematically altered the orientation of a tool
(see Povinelli [47], experiment 13). It is important to
note that this previous study (and several related
ones) was more cognitively demanding. It required
the apes to understand that one end of the tool was
functional and the other end was not, and to anticipate
this in their initial grasp. In the present study, both ends
of the tool were identical and equally functional.

(1) Apparatus
The apparatus depicted in figure 4 was used. It con-
sisted of a dowel that rested on a bracket that could
be horizontally rotated, thus altering how the subject
could grasp it. The goal of the task was to grasp the
dowel, lift it off the bracket and poke it through a
hole in the Plexiglass box to dislodge an apple (or
some other round food reward). Once the ape tapped
the apple with the dowel, it rolled to within their reach.
The dowel was 46 cm long and 8 cm in diameter. In
order to deter apes from gripping the centre of the
dowel, a 10cm wide Velcro strip was wrapped
around the dowel’s midpoint. (One ape was allowed
a slightly modified dowel, owing to her aversion to
the original stimulus. This dowel was 5 cm in diameter
and instead of a Velcro strip, two black lines were
painted on the dowel.)
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Figure 5. Grip preference results in experiment 2. All of the
participants show some evidence of preferring to grasp the
handle with the thumb towards the centre. This is consistent
with what would be expected if the animals were taking the
desired end state into consideration when selecting their
grasps (black bars, thumb towards centre; grey bars, thumb
away from centre).

(b) Procedure

(1) Familiarization with the dowel

In several sessions in the test unit, each ape was
exposed to dowels of varying thicknesses, including
ones with Velcro around the centre. No apparatus
was present and the apes did not use the dowels to
obtain food of any kind. Rather, these sessions
simply helped us to identify the maximum thickness
the dowel could be and still allow the apes to easily
grasp it, and to ensure that the Velcro strip deterred
apes from grasping the dowel in the centre.

(i1) Demonstration of the task

The trainer brought each ape into the test unit indivi-
dually for a demonstration session in which the
experimenter demonstrated how to use the dowel to
dislodge the food reward from the apparatus. First,
the apparatus (figure 4) was positioned on the trainer’s
side of the Lexan partition with the dowel placed on
the bracket in a 0° horizontal orientation (i.e. perpen-
dicular to the apparatus; figure 4). The apparatus was
thus positioned directly in front of an opening in the
Lexan partition through which the chimpanzees
could reach and grasp the dowel. Next, the trainer
opened the shuttle door and the ape entered the test
unit. The trainer then closed the shuttle door and
demonstrated the task by picking up the dowel and
dislodging the food by poking it through the hole in
the apparatus. The trainer then handed the food to
the ape through the hole in the Lexan door. Finally,
the trainer opened the shuttle door and ushered the
ape out of the test unit.

(iii) Criterion

The criterion consisted of two-trial sessions that
immediately followed the demonstration session. The
trainer positioned the apparatus directly in front of
the opening in the Lexan partition and the dowel
was positioned on the bracket directly in front of the
response slot (centred in front of the opening in the
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apparatus) on the experimenter’s side of the Lexan.
For all criterion trials, the dowel was oriented at 0°
(figure 4). After the shuttle door was opened, the
ape was given 1 min to enter the test unit and an
additional maximum of 1 min to initiate the trial by
touching a ready-to-respond (RTR) symbol. This
resulted in the hole in the partition opening, thus
allowing the ape to reach out and grasp the dowel. A
complete response was defined as the ape touching
the RTR symbol, grasping the dowel and inserting
it through the opening in the apparatus and dislodging
the food reward so that it fell down the ramp towards
the ape. If the ape did not touch the RTR symbol and/
or touch the dowel, then the trial was scored as no
response and was immediately re-run. If the ape
initiated a trial through the RTR procedure and grasped
the dowel but did not complete the response, then the
trial was scored as incomplete and not re-run. If any
of the following conditions were met, then the response
barrier was raised immediately, the ape was ushered out
of the test unit, and an incomplete response was
recorded: (i) the ape initially lifted the dowel off the
bracket using two hands, (ii) the ape displaced the
bracket from its place in the spacer board, (iii) the
ape touched the apparatus with their hand or arm
prior to completing the task, and/or (iv) the dowel fell
out of the ape’s reach before completing the task.

Any trials scored as incomplete were re-conducted
at the end of all testing sessions for all apes. The par-
ticipants were required to finish four complete trials
across two consecutive sessions in order to move into
testing.”

@iv) Testing

Testing consisted of 24 two-trial sessions per ape, for a
total of 48 test trials (eight for each of six dowel orien-
tations; see below). The configuration of the test unit
and procedure remained the same as in the criterion
phase except that the dowel was presented in one of
the six orientations. Before each trial, the dowel was
oriented at 0°, 30°, 60°, 90°, —30° or —60° (with 0°
being perpendicular to the Lexan (one end pointing
towards the ape and the other end pointing away),
30° being a clockwise rotation, and 90° being parallel
to the Lexan partition). Each of the orientations was
presented in a randomized order with the constraint
that each orientation occurred once before any
repeat, and all orientations occurred four times
within the first and last half of the total number of
trials. A complete response was defined as the ape
touching the RTR symbol, grasping the dowel and
contacting the dowel to the Plexiglass panel on the
front of the apparatus and/or inserting the dowel
through the hole in the apparatus. All trials scored as
incomplete were re-run immediately. A camera was
mounted directly above the bracket and dowel in
order to obtain a clear view of the ape’s grip.

(v) Coding and inter-rater reliability

All trials were coded for the position of the ape’s
thumb: either towards the centre of the dowel or
away from the centre of the dowel. Critically, because
of the thickness of the dowel and the biomechanical
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Figure 6. An illustration of the anticipatory grip-selection effect in the externally directed tool-use task: (a) the subject Kara
reaches out and selects the end of the dowel that is farthest away so as to have her thumb positioned towards the centre of the
dowel. (b—d) This allows the tip of the dowel to swing into a position aligned with the hole, thus allowing for easy insertion and

the dislodging of the apple.

constraints of reaching through the Lexan partition
and orienting the dowel into the hole in the apparatus,
the apes could only dislodge the apple if they grasped
the tool with the thumb pointed towards the centre.
Two raters independently scored the video recordings
for thumb directions and agreed on 99 per cent
(332/335) of all trials (one trial was inadvertently not
recorded).

(¢) Results and discussion

As is clear in figure 5, each of the apes displayed evi-
dence of anticipatory grip selection in this task. All
individuals exhibited a strong preference for grasping
the dowel with the thumbside of their hands towards
the centre of the dowel across orientations. Binomial
tests (one-tailed, chance = 0.5) for each animal indi-
cated that all of the apes exhibited a statistically
reliable effect of grasping the dowel with thumb towards
the centre of the dowel (p < 0.001 in all cases). These
results demonstrate that as the dowel orientation was
manipulated, the subjects switched either the side of
the dowel they grasped (left or right) and/or their
hand orientation (palm up versus down) in order to
keep their thumb oriented towards the centre of the
dowel. If they had not performed so, then they would
have frequently grasped the dowel in a manner that
made it biomechanically impossible for them to insert
the dowel through the hole and dislodge the apple
(without first stopping to adopt a new grip). Thus, in
stark contrast to the results of experiment 1, these
data provide evidence that chimpanzees are capable of
anticipatory grip selection in a tool-use task. Because
the apes were at ceiling levels across all dowel
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orientations, our results also highlight the fact that the
apes did not learn to modify their grips in this
manner across trials. Rather, they exhibited immediate
evidence of grasping the dowel in the way that would
allow for successful manipulation and dislodging of
the apple.

As an example of the effect, consider figure 6a—d.
Here, the subject Kara reaches out to grasp the right
end of the dowel with her right hand (thumb pointed
towards the centre of the dowel), even though the
right end of the dowel is further away from her than
the left end. This allows her to swing the free end of
the dowel towards the hole through which the dowel
needs to be inserted. If she had instead grasped the
left side of the dowel with her right hand (thumb
pointed away from centre), then Kara would have
been unable to insert the free end into the Plexiglass
box and dislodge the apple. The facts that the dowel
was rotated 180° across trials in a stepped fashion,
and that the apes virtually always grasped the dowel
with the thumb pointing towards the centre, show
that they selected the grip best suited to achieving
the action goal before grasping the dowel.

In sum, the results of experiment 2 establish that, in
the context of a tool-using task, chimpanzees select
from among two actions the one that will be successful.
Importantly, this behaviour does not seem to have been
learned over many trials. Instead, the apes’ grip prefer-
ences appear to involve anticipatory planning. We
hypothesize that they selected their responses through
the formation of internal representations of the motor
costs and probability of reward associated with the avail-
able response options. If this is correct, however, then
why were their grip preferences in experiment 1, an
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ostensibly less difficult, self-directed task, not signifi-
cantly affected by changes in the task context? The
reason may be that the anticipated motor costs of
obtaining the reward by placing the thumb towards or
away from the baited end of the tool were simply too
similar and negligible to influence grip selection. Individ-
ual apes thus chose one approach and generally stuck
with it across all conditions.

4. CONCLUSIONS

Action selection is one of the fundamental problems
that must be solved for behaviour to be adaptive
([49] and associated articles). There is mounting evi-
dence that a key function of the extended motor
system is generating predictions of the sensory conse-
quences that are likely to arise from future
movements, and using that information to estimate
motor costs and select actions. Investigations of the
grip-selection behaviours of a variety of primates
suggest that these feed-forward processes are not
unique to humans, and may exist in species that are
not known users of tools in nature, including lemurs
[45], tamarins [44] and rhesus monkeys [47]. Our
findings with chimpanzees extend these previous
results by demonstrating that some non-human pri-
mates are able to cope with action-selection planning
even when tools are used to interact with goal objects
located distally (away from the body).

Whether the neural mechanisms involved in antici-
patory planning are organized similarly across primate
species remains unknown. As reviewed earlier, there is
mounting evidence from humans for the involvement
of cerebellar, cortical and subcortical mechanisms in
these predictive functions, with inferior parietal and
ventral premotor cortices showing a pronounced left
cerebral asymmetry. Similar to the tasks involved
here, recent findings suggest that activity within these
very same regions is increased when grip selection
involves representing forthcoming task demands, e.g.
when selecting how best to grasp a handle for the
purpose of performing a subsequent rotation [50].
Whether this left-cerebral asymmetry is causally
related to right-hand dominance and/or the evolution
of language is unknown. However, the left-cerebral
asymmetry for action planning may be coupled with
right-hand dominance. Strongly left-handed individ-
uals (who show greater incidence of atypical
language organization) display increased activity in
both left and right vPMC during PGS tasks involving
the hands or a tool [51]. While it is true that non-
human primates demonstrate hand preferences under
certain circumstances [52,53], these never approach
the population-level right-hand bias evident in roughly
90 per cent of humans for fine motor tasks [54,55].
The fossil and archaeological records suggest that
this right-hand bias was evident very early in our line-
age [56]. The emerging picture is that predictive
planning may extend much further back into our
primate origins, and is likely rooted in basic functions
of sensorimotor control that predate handedness.
The ability to predict the future based on past experi-
ences is a core cognitive faculty of modern humans
[57], and may have played a critical role in the

Phil. Trans. R. Soc. B (2012)

evolution of more sophisticated forms of tool manufac-
ture and use [58].

The research reported in this article was approved by the
University of Louisiana at Lafayette Institutional Animal
Care and Use Committee and was conducted in
accordance with all applicable laws of the USA.

The work was funded by a James S. McDonnell Centennial
Fellowship Award to D.J.P. and James S. McDonnell
Foundation Collaborative activities Award to D.J.P. and
S.J.F. JSMF grant no. 21002093).

ENDNOTE

! Additional demonstration sessions were conducted for any ape that
did not appear to understand the task, until it demonstrated such an
understanding. These apes were given remedial training after three
unsuccessful demonstrations and criterion trials (see §3c).
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