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In comparative visual cognition research, the influence of information acquired by nonvisual senses has
received little attention. Systematic studies focusing on how the integration of information from sight
and touch can affect animal perception are sparse. Here, we investigated whether tactile input improves
visual discrimination ability of a bird, the kea, and capuchin monkeys, two species with acute vision, and
known for their tendency to handle objects. To this end, we assessed whether, at the attainment of a
criterion, accuracy and/or learning speed in the visual modality were enhanced by haptic (i.e. active
tactile) exploration of an object. Subjects were trained to select the positive stimulus between two
cylinders of the same shape and size, but with different surface structures. In the Sight condition, one
pair of cylinders was inserted into transparent Plexiglas tubes. This prevented animals from haptically
perceiving the objects' surfaces. In the Sight and Touch condition, one pair of cylinders was not inserted
into transparent Plexiglas tubes. This allowed the subjects to perceive the objects' surfaces both visually
and haptically. We found that both kea and capuchins (1) showed comparable levels of accuracy at the
attainment of the learning criterion in both conditions, but (2) required fewer trials to achieve the cri-
terion in the Sight and Touch condition. Moreover, this study showed that both kea and capuchins can
integrate information acquired by the visual and tactile modalities. To our knowledge, this represents the
first evidence of visuotactile integration in a bird species. Overall, our findings demonstrate that the
acquisition of tactile information while manipulating objects facilitates visual discrimination of objects in
two phylogenetically distant species.
© 2017 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
In their natural environment organisms receive information however, experimental work on visuotactile integration has

through multiple sensory channels. This input is combined into
integrated percepts by multisensory systems in which different
senses work in parallel (Stein&Meredith, 1993). Object exploration
therefore allows the simultaneous acquisition and integration of
information gained by different senses. Consequently, at least in
species that tend to explore objects by handling them, the infor-
mation gained from the sense of touch is potentially as important as
visual information to interact with surrounding objects.

Interest in the interaction between sight and touch dates back to
early research in the study of visual behaviour (e.g. Berkeley, 1709);
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expanded only in the last few decades and has focused almost
exclusively on humans (Gallace & Spence, 2014). Ernst and Banks
(2002), in their maximum likelihood estimate model, proposed
that humans combine parallel information from visual and haptic
senses in a statistically optimal fashion tomaximize the precision of
the final encoding. Several studies have demonstrated that human
subjects trained, either visually or haptically, to identify objects or
to recognize categories of objects, when tested in the untrained
sensory modality, can transfer knowledge of object identity (e.g.
Lacey, Peters, & Sathian, 2007; Lawson, 2009; Norman, Norman,
Clayton, Lianekhammy, & Zielke, 2004) and knowledge of object
category (Wallraven, Bülthoff, Waterkamp, van Dam, & Gaißert,
2014; Yildirim & Jacobs, 2013) between these two sensory modal-
ities. Particularly, training adults to discriminate shape categories
by touch also improved their ability to visually discriminate the
same stimuli and vice versa (Wallraven et al., 2014).
evier Ltd. All rights reserved.
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Table 1
Individual data concerning sex, age and performance of kea and capuchins

Subjects Sex Age
(years)

Learning
speed (S&T)

Learning
speed (S)

Accuracy
score (S&T)

Accuracy
score (S)

Kea
Anu M 8 112 184 91.67 95.83
John M 16 184 232 95.83 91.67
Kermit M 11 112 240 91.67 100.00
Paul M 5 96 216 100.00 91.67
Pick M 11 112 192 95.83 95.83
Roku M 7 112 216 91.67 91.67
Coco F 8 120 216 87.50 87.50
Sunny F 8 128 160 91.67 95.83
Capuchins
Pat�e M 25 48 200 87.50 91.67
R. Hood M 19 64 200 91.67 91.67
Robot M 21 128 152 95.83 87.50
Sandokan M 16 120 256 91.67 95.83
Tot�o M 6 72 96 91.67 91.67
Vispo M 16 72 232 100.00 87.50
Carlotta F 32 112 224 95.83 87.50
Paprica F 27 32 104 87.50 91.67
Robinia F 23 104 232 87.50 91.67
Rucola F 16 104 352 87.50 87.50

M ¼male, F ¼ female; learning speed ¼ number of trials to achieve the learning
criterion; accuracy score ¼ percentage of correct responses at the attainment of the
learning criterion; S&T ¼ Sight and Touch condition; S ¼ Sight condition.
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Cross-modal transfer of information between visual and tactile
systems has been investigated in a small number of nonhuman
species, mainly using matching-to-sample tasks (for a review see
Cloke, Jacklin, & Winters, 2015). Davenport and Rogers (1970)
provided one of the first demonstrations of cross-modal recog-
nition of stimuli in nonhuman species by testing chimpanzees,
Pan troglodytes, and orang-utans, Pongo sp., in a visuotactile
matching-to-sample task. Individuals were required to view a
sample object and select one of two visually concealed objects
(comparison stimuli) by touch. Subjects trained to match a set of
repeatedly presented objects succeeded afterwards in matching
(1) novel objects that they had never seen before (Davenport &
Rogers, 1970) and (2) objects presented with delay intervals be-
tween the presentation of the sample object and the comparison
stimuli (Davenport, Rogers, & Russell, 1975). Similar results were
shown in monkeys (Cowey & Weiskrantz, 1975; Elliott, 1977;
Petrides & Iversen, 1976; Weiskrantz & Cowey, 1975) and more
recently in rats, Rattus sp. (Reid, Jacklin, & Winters, 2012, 2013;
Winters & Reid, 2010). Overall, these studies demonstrated that
cross-modal transfer between vision and touch exists in
mammalian species, such as chimpanzees, orang-utans, rhesus
monkeys, Macaca mulatta, capuchin monkeys, Sapajus apella, and
rats. Aside from studies on mammalian species, cross-modal
transfer between vision and touch is mostly unexplored. More-
over, it is still unclear whether, compared to conditions where an
animal only has visual cues, visual discrimination ability is
enhanced in conditions where an animal can acquire tactile
information.

Thus, we considered it important to assess whether species that
manipulate edible and nonedible items can use haptic exploration
and tactile memories when they need to visually identify objects in
the future. This could mean that tactile memory is particularly
advantageous since visual discrimination allows individuals to
select objects from a distance, before touching them. Moreover,
since object discrimination tasks are commonly used in the study of
cognitive domains, it is important to evaluate from a methodo-
logical point of view whether being able to exploit tactile infor-
mation might improve object discrimination abilities.

Learning effects, possibly due to tactile information acquired
during manipulation, have been reported in two phylogenetically
distant vertebrate species: kea, an alpine parrot species (O'Hara,
Huber, & Gajdon, 2015), and capuchin monkeys, neotropical pri-
mates (Truppa, Carducci, Trapanese, & Hanus, 2015). O'Hara et al.
(2015), demonstrated that kea required significantly fewer trials
to learn to discriminate objects than their 2D images. Similarly,
Truppa et al. (2015) reported that capuchins tested in a visual
discrimination task achieved a learning criterion faster when they
had the opportunity to manipulate stimuli than when images were
presented on a computer screen. Both kea and capuchins have
acute vision and a high proclivity to handle and explore objects
with their limbs, beaks and mouths (Diamond & Bond, 1999;
Fragaszy, Visalberghi, & Fedigan, 2004; O'Hara et al., 2017); thus,
it has been hypothesized that both species benefit from tactile
information about stimuli. However, the results of O'Hara et al.
(2015) and Truppa et al. (2015) could not rule out that these ef-
fects were attributable to the types of stimuli that they used in
their studies. In fact, aside from the acquisition of tactile infor-
mation, from a visual perceptual standpoint 2D images carry less
visual information than 3D stimuli such as objects. Therefore, to
determine whether previous findings on kea and capuchins can be
ascribed to additional tactile information, it is important to use the
same type of stimuli and control for the opportunity to gain tactile
information.

Here we used a two-alternative forced-choice task to assess
whether tactile information enhances the visual discrimination
capability of kea and capuchin monkeys and affects their perfor-
mance in an object discrimination task. To our knowledge, this
represents the first attempt to evaluate visuotactile integration in a
bird species. Individuals were trained to select one of two objects,
each of which had a different surface structure. Only one object
contained a food reward. Subjects made a choice based on visual
cues, and then were allowed to manipulate the chosen object to
search for a hidden food item. During the manipulation phase, the
opportunity to gain tactile information on the surface of the object
was controlled by using objects designed to allow (Sight and Touch
condition) or prevent (Sight condition) the acquisition of tactile
information that could be used to discriminate between the ob-
jects. We hypothesized that both kea and capuchins will take
advantage of this tactile information, and thus perform better in the
Sight and Touch than the Sight condition. In addition, this study
allowed us to evaluate whether these two species benefit from
tactile information in a comparable way.

EXPERIMENT ON KEA

Methods

Subjects and housing conditions
We tested eight kea, mountain parrots endemic to New Zea-

land's South Island (Diamond & Bond, 1999): six males and two
females (Table 1). All birds were adults (5e16 years old) born in
captivity. They were permanently kept in a well-established group
of 22 members housed in a large and environmentally enriched
outdoor aviary (52 � 10 m and 6 m high) at the Haidlhof Research
Station, Bad V€oslau, Lower Austria. The aviary was equipped with
sand on the ground, hanging branches for perching, two ponds,
wooden sleeping and breeding shelters, feeding tables and a variety
of enrichment devices that were regularly replaced. Fresh water
and bathing opportunities were provided ad libitum. Food was
distributed three times daily and consisted of fruits, vegetables,
seeds, eggs, meat or cream cheese depending on specific individual
diets. The aviary included two breeding compartments and an area
that could be divided into seven compartments by sliding wire-
mesh doors. Two of these compartments (the experimental
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compartments) could be visually isolated from the rest of the aviary
by means of sliding opaque walls. The parrots were individually
tested in one experimental compartment and were visually sepa-
rated from the other groupmembers during testing (approximately
15 min). Coloured leg rings facilitated individual recognition of the
birds. Experiments were conducted between 1 000 and 1 600
hours. All subjects had previously participated in object discrimi-
nation tasks (O'Hara et al., 2015; Wein, Gajdon, & Schwing, 2015).
None of the subjects had been tested beforewith the stimuli used in
this study.

Stimuli
The stimuli consisted of two sets of cylinder-shaped objects

(Fig.1). Set 1 included four white PVC cylinders (10 cm in length � 3
cm in diameter) with 10 distinct carved ridges on the external
surfaces. The shape of the ridge structures differed in each object.
Set 2 included four cylinders identical to those of Set 1 but, in this
Set 1 - Sight and Touch condition

(a)

(b)

(c)

ST1

ST2

ST1

ST2

Figure 1. Stimulus sets. Objects belonging to Set 1 (Sight and Touch, ST1, ST2) and Set 2 (
procedure of the rewarded stimulus.
case, they were inserted into transparent tubes (10.5 cm in
length � 4 cm in diameter). The tubes were made of extruded
polymethyl methacrylate (PMMA), commonly known as Plexiglas.
This material is clearer than glass and it did not distort the visual
appearance of the objects (Fig. 2a, b). In each set, the four cylinders
were combined into the same two pairs: Set 1 (Fig. 1a, b: ST1, ST2)
and Set 2 (Fig. 1a, b: S1, S2).

Lengthwise, each cylinder had an inner chamber (6 cm in
length � 1 cm in width) with an opening located at one end of the
object. A food item could be hidden inside the chamber (Fig. 1c).
Then, the opening was blocked using a short piece of rigid blue
polypropylene rope (9 cm in length � 0.7 cm in width), which
protruded 3 cm from the object. Removal of the rope required some
force, which necessitated that the subject hold the object with the
foot while pulling the rope out with the beak. This ensured that all
subjects could gain tactile information from the objects during the
experiment.
Set 2 - Sight  condition

S1

S2

S1

S2

Rope

Food item

Sight, S1, S2): (a) photos; (b) schematic illustrations of the object surfaces. (c) Baiting



Figure 2. Stimulus details. (a) Example of one stimulus outside the tube and (b) the
corresponding stimulus inside the tube.
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Experimental Procedure

A preliminary phase was conducted to verify the kea's pro-
clivity to explore the stimuli and to give them the opportunity to
know that objects could contain food items. For this purpose,
parrots were allowed to investigate one pair of stimuli of Set 1
and one pair of stimuli of Set 2. In particular, they investigated
one stimulus pair of Set 1 and the nonequivalent stimulus pair of
Set 2; in this manner, individuals could explore pairs ST1 and S2
or pairs ST2 and S1 (see Fig. 1a, b). These combinations of stim-
ulus pairs avoided interference between the experimental con-
ditions (see below). In this phase, all the objects contained a
hidden food item. The kea received each pair of objects twice per
day until they were able to remove the rope and retrieve the
reward from each of the two objects in a single presentation. This
phase lasted 1e3 days.

After the preliminary phase, parrots were trainedwith the same,
previously assigned, pair of stimuli but only one object within the
pair contained a reward. Kea had to select the rewarded stimulus
(Sþ) within each object pair. The type of stimulus pairs (combi-
nations ST1 and S2 or ST2 and S1, Fig. 1a, b) and the Sþwithin each
pair were counterbalanced across subjects. Thus, half of the sub-
jects received combinations ST1 and S2, whereas the other half
received combinations ST2 and S1 as type of stimulus pairs.
Moreover, within a specific stimulus pair, half of the subjects
received one stimulus as Sþ, whereas the other half received the
opposite. The parrots had to select from the objects relying only on
visual cues. After the choice they were allowed to manipulate the
chosen object to gain access to the reward. During the manipula-
tion they were or were not able to acquire additional tactile infor-
mation on the surface structure of the selected object depending on
the experimental condition: in the Sight and Touch condition
(objects of Set 1, Fig. 1a, b: ST1, ST2), the parrots could acquire this
information, whereas in the Sight condition (objects of Set 2, Fig.1a,
b: S1, S2) they could not since the objects were both inserted into
the tubes, resulting in the same uniform surface.

Stimuli were presented to the kea on the ground of the experi-
mental compartment. At the beginning of each trial, the experi-
menter, out of the subjects' view, inserted a pellet (Nutribird G14
Original, Versele Laga, Deinze, Belgium) into the inner chamber of
Sþ (Fig.1c) and blocked the openings of both objects with the ropes.
Then, the two objects were placed on the ground equidistant
(approximately 1 m away) from the subject (Fig. 3a). An
approximate distance of 20 cm between the objects was kept con-
stant. The stimuli inserted into tubes (Set 2) were positioned to
avoid reflections due to light sources such as direct sunlight. In both
experimental conditions, kea expressed their choice byapproaching
and interactingwith oneobject to remove its rope.Once theymadea
choice, the experimenter promptly removed the unselected object.
To inspect the chosen object for a reward contained within, the kea
grasped it with a foot while removing the rope with the beak and
then turned it overwith coordinatedmovements of the foot and the
beak (Fig. 3b, c). If the bird chose thewrongobject, the experimenter
opened the unselected object and showed that a rewardwas hidden
inside but did not give the reward to the subject.

The kea received one 16-trial session per day: eight trials in the
Sight and Touch condition and eight in the Sight condition. Each Sþ
waspresented an equal number of times in both the right and the left
position. Trialswere presented in a quasirandomorder,with the only
constraints being that no more than three consecutive trials were
presented in the same condition and no more than two consecutive
trials had the Sþ in the same position. Sessions were administered 6
days per week. In both the Sight and Touch and the Sight condition
the learning criterionwas achievedwhenparrots selected Sþ of each
pair at least seven of eight times for three consecutive sessions
(87.5%; binomial test: P¼ 0.032). All sessions were video-recorded
with an HD camcorder (Canon LEGRIA HF R66).

Ethical note
The institutional ethics and animal welfare committee at the

University of Veterinary Medicine Vienna approved this study (17/
02/97/2012) in accordance with national legislation (Animal Pro-
tection Act, BGBl. I Nr.118/2004, as amended from time to time) and
Good Scientific Practice (https://www.vetmeduni.ac.at/fileadmin/
v/z/forschung/GoodScientificPractice_English.pdf). Furthermore,
since the present study was based on behavioural observations and
was strictly noninvasive, it was classified as a nonanimal experi-
ment in accordance with the Austrian Animal Experiments Act (x 2,
Federal Law Gazette No. 501/1989). The experiment adhered to the
ASAB/ABS Guidelines for the Use of Animals in Research.

Data analyses
Two measures were considered for the analyses: the number of

trials to achieve the learning criterion (i.e. learning speed) and the
percentage of correct responses at the attainment of the learning
criterion (i.e. accuracy score at acquisition). Accuracy score at
acquisition was defined as the average percentage of correct re-
sponses in the three consecutive training sessions in which the
criterion was achieved.

The KolmogoroveSmirnov test showed that the distributions of
data did not deviate significantly from normality (all tests:
P > 0.20). Therefore, parametric statistics were used for data ana-
lyses. In particular, paired-sample t tests were carried out to eval-
uate whether the performance in the Sight and Touch condition
and in the Sight condition differed in terms of (1) learning speed to
achieve the criterion and (2) accuracy score at the attainment of the
criterion. Statistical significance was set at P < 0.05.

Results

The individual data concerning the number of trials to achieve
the learning criterion and the percentage of correct responses at
the attainment of the criterion are shown in relation to sex and age
in Table 1.

The kea required significantly fewer trials to achieve the
learning criterion in the Sight and Touch condition (mean ±
SE ¼ 122.0 ± 9.4) than in the Sight condition (mean ±
SE ¼ 207.0 ± 9.4; paired-sample t test: t7 ¼ 7.14, P ¼ 0.0002;

https://www.vetmeduni.ac.at/fileadmin/v/z/forschung/GoodScientificPractice_English.pdf
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Figure 4. Kea's performance in the Sight and Touch (S&T, grey bars) and Sight (S, white bars) conditions. (a) Number of trials to achieve (mean ± SE) the learning criterion and (b)
percentage of correct responses (mean ± SE) at the attainment of the learning criterion. Paired-sample t test: ***P < 0.001.

Figure 3. Experimental procedure used with kea. (a) Experimental setting; a male kea explores the object in (b) the Sight and Touch condition and (c) the Sight condition.
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Fig. 4a). However, once they had attained the learning criterion
there was no significant difference between the accuracy scores
at acquisition in the Sight and Touch condition (mean ± -
SE ¼ 93.2 ± 1.3%) and in the Sight condition (mean ±
SE ¼ 93.8 ± 1.3%; paired-sample t test: t7 ¼ 0.28, P ¼ 0.79; Fig. 4b).

EXPERIMENT ON CAPUCHIN MONKEYS

Methods

Subjects and housing conditions
We tested 10 tufted capuchin monkeys: six males and four fe-

males (Table 1). All capuchins were adults (6e32 years old) born in
captivity and were unknown combinations of species of the genus
Sapajus (Lynch Alfaro, Boubli et al., 2012; Lynch Alfaro, De Souza
Silva, & Rylands 2012). Data based on mitochondrial DNA and
phylogenetic analyses (Lucarelli et al., 2017) indicated matrilineal
haplotypes corresponding to Sapajus cay (N¼9) and Sapajus mac-
rocephalus (N¼1). Capuchins belonged to four groups, which were
housed in indooreoutdoor facilities (indoor: 5 m2 � 2.5 m high;
outdoor: 40e130 m2 � 3 m high) at the Primate Center of the
Institute of Cognitive Sciences and Technologies, CNR, Rome, Italy.
To improve three-dimensional space accessible to the monkeys,
indoor enclosures were equipped with perches and ropes and
outdoor enclosures were equipped with logs, branches and ropes.
Moreover, outdoor enclosures were provided with natural sub-
strates, including woodchips on the ground, to promote explor-
atory behaviours. Each indoor facility included two large shelters,
an experimental cubicle and an area for the experimenter. Capu-
chins were individually tested in the cubicle (180 � 75 cm and 75
cm high; the cubicle floor is 80 cm higher than the floor of the rest
of the room) to which they had access through a sliding door from
the adjacent indoor shelter. Subjects were separated from the
group just before the daily experimental session solely for testing
(approximately 25 min). Experiments occurred between 0950 and
1515 hours. Water was freely available. Fresh fruit, vegetables and
monkey chow were provided in the afternoon after the experi-
mental activity. All capuchins were accustomed to the experi-
mental cubicle, the experimental routine and the experimenter.
Moreover, except for two monkeys (Tot�o and Robinia), all subjects
had taken part in a previous study on object size discrimination
where the same experimental setting was used (Truppa et al.,
2015). The other monkeys were familiarized with the experi-
mental setting immediately before starting the experiment. None
of the subjects had been tested before with the objects used in this
study.

Stimuli
The stimuli used to test capuchins were the same as those used

with the kea (Fig. 1).

Experimental setting
Stimuli were presented to capuchins on the top of two black PVC

boards (20 � 20 cm and 0.6 cm high) that could be slid upon a
metal trolley (59� 64 cm and 92 cm high; Fig. 5a). A grey PVC plane
(50 � 53 cm) with two tracks (20 � 50 cm) was used to move the
boards with the stimuli towards and away from the subject. During
object manipulation in the preliminary phase (see Experimental
procedure below), capuchins occasionally broke the objects by
banging them on the cage floor. Therefore, to prevent capuchins
from damaging the stimuli, each object was fastened to the board
bymeans of a transparent thread (14 cm in length) and a snap-hook
(4 cm in length, Fig. 5a: 1). This allowedmonkeys tomanipulate the
selected object without being able to take it away. The trolley was
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Figure 5. Experimental procedure used with capuchins. (a) Experimental setting: details of one board with fastened object (1), fixed panel (2) and sliding panel (3); a female
capuchin monkey explores the object in (b) the Sight and Touch condition and (c) the Sight condition.
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installed in front of the experimental cubicle, behind two trans-
parent Plexiglas panels used as barriers between the monkey and
the objects: one fixed panel (56 � 73 cm), with two rectangular
openings (14 � 5.5 cm) at the bottom, was mounted on the central
front wall of the cubicle (Fig. 5a: 2); and one sliding panel (64 � 9
cm) with two holes (1.5 cm in diameter) was installed on the front
part of the trolley (Fig. 5a: 3).
Experimental procedure
The experimental design was the same as that adopted for the

kea. Before starting the experiment, a preliminary phase was con-
ducted to verify capuchins' proclivity to explore the stimuli and to
give them the opportunity to know that objects could contain food
items. For this purpose, capuchins were allowed to investigate one
stimulus pair of Set 1 and the nonequivalent stimulus pair of Set 2.
In this phase, all the objects contained a hidden food item. Capu-
chins received each pair of objects twice per day until they were
able to remove the rope and retrieve the reward from each of the
two objects in a single presentation. This phase lasted 1e3 days.

After the preliminary phase, as for kea, capuchins were trained
with the same, previously assigned, pair of stimuli but only one
object within the pair contained a reward. They had to select the Sþ
within each object pair. Capuchins selected the objects relying only
on visual information and, after the choice, they could acquire
additional tactile information on the chosen object's surface (Sight
and Touch condition) or not (Sight condition).

At the beginning of each trial, the experimenter, out of the
subject's view, inserted a little piece of peanut into the inner
chamber of Sþ (Fig. 1c) and blocked the openings of both the ob-
jects with the ropes. Then, the threads of the objects were secured
to the PVC boards, which were placed inside the tracks on the
trolley. The stimuli inserted into tubes (Set 2) were positioned to
avoid reflections due to light sources such as brightly focused in-
door lights. The objects were simultaneously moved slowly for-
wards within arm's reach of the subject when it positioned itself in
front of the apparatus. In the experimental conditions, the monkey
made a choice by inserting a finger into the hole of the sliding panel
spatially corresponding with the chosen object. After the choice,
the experimenter moved the board with the unselected stimulus
away and removed the sliding panel, thus allowing the monkey to
directly explore the chosen object by inserting its arms through the
rectangular opening of the fixed panel (Fig. 5a). To inspect the
chosen object, capuchins grasped it with one or two hands while
removing its rope with the other hand or the mouth and then
turned it over or rolled it with coordinatedmovements of the hands
(Fig. 5b, c). If the monkey chose the wrong object, the experimenter
opened the unselected object and showed that a reward was hid-
den inside but did not give the reward to the subject.
Number and order of trials, learning criterion and video
recording were the same as those used to test the kea.

Ethical note
The data collection conducted on capuchin monkeys and the

research protocol were approved by the Italian Health Ministry
(Central Direction for the Veterinary Service, approval n. DM132/
2014-C to V. Truppa). Housing conditions and experimental pro-
cedures were in full accordancewith European law on humane care
and use of laboratory animals and complied with the recommen-
dations of the Weatherall Report (Weatherall, 2006). The experi-
ment adhered to the ASAB/ABS Guidelines for the Use of Animals in
Research.

Data analyses
As in the experiment with kea, the measures considered for the

analyses were the learning speed and the accuracy score at
acquisition.

The KolmogoroveSmirnov test showed that the distributions of
data did not deviate significantly from normality (all tests:
P > 0.20). Therefore, parametric paired-sample t tests were carried
out to evaluate whether capuchins' performance in the Sight and
Touch condition and in the Sight condition differed in terms of (1)
learning speed to achieve the criterion and (2) accuracy score at the
attainment of the criterion. Statistical significance was set at
P < 0.05.

Results

The individual data concerning the number of trials to achieve
the learning criterion and the percentage of correct responses at
the attainment of the criterion are shown in relation to sex and age
in Table 1.

The capuchins required significantly fewer trials to achieve the
learning criterion in the Sight and Touch condition (mean ±
SE ¼ 85.6 ± 10.3) than in the Sight condition (mean ±
SE ¼ 204.8 ± 23.8; paired-sample t test: t9 ¼ 5.63, P ¼ 0.0003;
Fig. 6a). However, once they had attained the learning criterion
there was no significant difference between the accuracy scores at
acquisition in the Sight and Touch condition (mean ±
SE ¼ 91.7 ± 1.4%) and in the Sight condition (mean ±
SE ¼ 90.4 ± 0.9%; paired-sample t test: t9 ¼ 0.63, P ¼ 0.54; Fig. 6b).

Comparison Across Species

To analyse possible differences in performance between kea and
capuchin monkeys, a mixed-effects ANOVA model was carried out
on the learning speed and the accuracy score at acquisition of the
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Figure 6. Capuchins' performance in the Sight and Touch (S&T, grey bars) and Sight (S, white bars) conditions. (a) Number of trials (mean ± SE) to achieve the learning criterion and
(b) percentage of correct responses (mean ± SE) at the attainment of the learning criterion. Paired-sample t test: ***P < 0.001.
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two species. The ANOVAs included the Experimental condition
(Sight and Touch; Sight) as a within-subjects factor and Species,
Object pair of each set and Sþwithin each pair as between-subjects
factors. Statistical significance was set at P < 0.05.

Concerning the learning speed, a significant main effect of the
Experimental condition was found (F1,10 ¼ 68.04, P ¼ 0.00001,
hp
2 ¼ 0.872). Therefore, consistent with results from the separate

analyses for the two species, the ANOVA confirmed that, overall,
individuals of both species required significantly fewer trials to
achieve the learning criterion in the Sight and Touch condition
(mean ± SE ¼ 101.8 ± 8.2) than in the Sight condition (mean ±
SE ¼ 205.8 ± 13.5). No other significant main effects or interactions
due to Species, Object pair and Sþ were found. A summary of the
results is provided in Appendix Table A1.

Regarding the accuracy score at acquisition, consistent with
results of separate analyses for the two species, no main effect of
the Experimental condition was found (Sight and Touch:
mean ± SE ¼ 92.4 ± 1.0%; Sight: mean ± SE ¼ 91.9 ± 0.9%;
F1,10 ¼ 0.10, P ¼ 0.76). No other significant main effects or in-
teractions due to Species, Object pair and Sþ were found. A sum-
mary of the results is provided in Appendix Table A1.

DISCUSSION

The present study demonstrated that tactile information im-
proves visual object discrimination in kea and capuchin monkeys.
In accordance with our predictions, both species benefited from
gaining additional tactile information about the object's surface
structure. Both kea and capuchins learned to solve the task in fewer
trials when they were allowed to perceive the differing surfaces
both visually and haptically (Sight and Touch condition) thanwhen
they were prevented from touching them (Sight condition); yet, at
the attainment of the learning criterion, they showed comparable
levels of accuracy in the two conditions. Moreover, the two species
took advantage of the tactile information in a comparable way.

The fact that both kea and capuchins needed significantly fewer
presentations in the Sight and Touch condition than in the Sight
condition indicates that (1) these stimuli were more easily recalled
than the objects presented in the Sight condition and, more
importantly, that (2) these animals were able to use visuotactile
information andmemories about the object to solve the task. In this
study, we used a two-alternative forced-choice task in which only
visual cues were available to the subjects during object choice. In
the Sight and Touch condition, after choosing an object, subjects
could acquire and retain distinctive tactile information on the
selected object in addition to the distinctive visual information,
which could then be used to identify the rewarded object in the
next visual presentation of the same object pair. In contrast, in the
Sight condition they could perceive and retain only visual infor-
mation because the objects were presented in transparent tubes,
making the surfaces of both objects haptically identical. In other
words, during the experiment, whereas in the Sight and Touch
condition subjects could store both visual and tactile memories of
differences between the objects, in the Sight condition they could
store only visual memories. Thus, although the object discrimina-
tion was performed only using the visual modality in both exper-
imental conditions, it is reasonable to assume that in the Sight and
Touch condition the retrieval of the stored tactile information
supported discrimination processes in the visual modality. Hence,
our study revealed that visuotactile integration can enhance the
subsequent unisensory visual recognition and it expands on pre-
vious findings demonstrating cross-modal transfer of information
between sight and touch in nonhuman species (e.g. Cowey &
Weiskrantz, 1975; Davenport & Rogers, 1970; Elliott, 1977;
Petrides & Iversen, 1976; Reid et al., 2012, 2013; Weiskrantz &
Cowey, 1975; Winters & Reid, 2010; for a review see Cloke et al.,
2015).

A further comment should be made on the implications of the
procedure we used. First, the fact that both kea and capuchins
achieved comparable accuracy scores at acquisition in the two
conditions indicates that the Plexiglas tubes did not distort the
visual appearance of the objects. Indeed, distortions due to the
tubes would imply that visual constraints would be the same
throughout the experiment, resulting in a high number of errors
even after long training. In contrast, our results on the accuracy
scores at acquisition indicate that, although subjects needed more
trials in the Sight than in the Sight and Touch condition, kea and
capuchins achieved a comparable percentage of correct responses
in both conditions. Second, our procedure allowed individuals to
handle the selected object in both Sight and Touch and Sight con-
ditions. Distinctive visual and tactile information was available
during object handling in the Sight and Touch condition. In
contrast, in the Sight condition, only distinctive visual information
was available since the smooth Plexiglas tubes provided uniform
tactile input. It would be interesting to further investigate whether
perceiving the ridge structures of a surface in the visual modality
and a uniform surface in the tactile modality produces a sensory
conflict and to what extent it interferes with learning.

The idea that information from touch is used to calibrate and
fine-tune visual capabilities has found support in human research
(Gori, Tinelli, Sandini, Cioni, & Burr, 2012; Wallraven et al., 2014).
Human adults, for example, when trained to discriminate shape
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categories by touch, improved their ability to visually discriminate
the same stimuli and vice versa, indicating bidirectional perfor-
mance enhancement by transfer of implicit knowledge across
modalities (Wallraven et al., 2014). More generally, multisensory
experience has been proven to enhance unisensory processing and
memory performance in humans (e.g. Butler & James, 2011;
Lehmann & Murray, 2005; Shams & Seitz, 2008; Thelen, Cappe, &
Murray, 2012). For instance, Lehmann and Murray (2005) found
that repeated images are discriminated better when presented to
the participants as audiovisual stimuli, rather than as visual stimuli
only. A similar multisensory enhancement of memory traces in
humans might also be assumed when visuotactile stimuli are used
(Gallace & Spence, 2008, 2014). Evidence that multisensory expe-
riences overcome unisensory processing andmemory performance
has also been found in species phylogenetically very distant from
humans (Guo& Guo, 2005; Rowe, 2002; Steck, Hansson,& Knaden,
2011; for a review see; Rowe, 2005). For example, Steck et al. (2011)
found that desert ants, Cataglyphis fortis, were slow to learn the
location of the nest when it was specified by an olfactory or a visual
cue alone, whereas the ants focused their nest search after the first
training runwith the combined cues. Taken together, these findings
indicate that investigating learning abilities under conditions of
multisensory stimulus presentation is a more ecologically valid
approach than focusing on single sensory modalities.

Despite their phylogenetic distance and the constraints due to
their different morphology, kea and capuchin monkeys behaved
similarly in both the Sight and Sight and Touch conditions. Our
findings are consistent with previous studies hypothesizing that
these two species can profit from the haptic experience gained
during the discrimination of 3D stimuli (O'Hara et al., 2015; Truppa
et al., 2015). The present study indicated that, for those species that
tend to explore objects by handling them, tactile feedback acquired
from the direct haptic exploration of the stimuli is crucial to
improve visual judgements. Several analogies between kea and
capuchins can contribute to their proficiency in using tactile input
to discriminate objects in the environment. First, these species are
equipped with anatomical effectors suited to perform complex
object manipulation. Notably, kea, as well as other psittaciforms,
use zygodactylous feet together with beak and tongue to manipu-
late objects (Demery, Chappell, & Martin, 2011; Diamond & Bond,
1999; Harris, 1989) and capuchin monkeys possess a high degree
of manual dexterity (Christel& Fragaszy, 2000; Costello& Fragaszy,
1988; Spinozzi, Truppa, & Lagan�a, 2004; Spinozzi, Lagan�a, &
Truppa, 2007; Truppa, Spinozzi, Lagan�a, Piano Mortari, &
Sabbatini, 2016). Second, both kea (Auersperg, Gajdon, & Huber,
2009; Huber & Gajdon, 2006; Huber, Rechberger, & Taborsky,
2001) and capuchins (Fragaszy et al., 2004; Schrauf, Huber, &
Visalberghi, 2008) possess a strong proclivity to explore objects.
Moreover, both species are extractive foragers (Huber & O'Hara,
2016) capable of exploiting hidden and encased foods (e.g.
Diamond & Bond, 1999; Fragaszy et al., 2004; Greer, Gajdon, &
Nelson, 2015; Visalberghi et al., 2016). However, to clarify
whether the anatomical, behavioural and ecological features of
species can be related to their ability to exploit tactile information,
further studies should be conducted on other taxa, including spe-
cies that differ in their ability and tendency to manipulate objects.
Overall, our study provides the first evidence of visuotactile inte-
gration in birds and adds to an increasing body of literature
showing that parrots and primates share comparable cognitive
skills (Emery & Clayton, 2004; Güntürkün & Bugnyar, 2016;
Güntürkün, 2012; Lefebvre, Reader, & Sol, 2004) and highly
developed motor skills to manipulate objects and to solve complex
manipulation tasks (Brunon, Bovet, Bourgeois, & Pouydebat, 2014).

Our findings on kea and capuchin monkeys stimulate important
questions on the integration of visual and tactile information that
need to be addressed in future comparative studies. It would be
important to evaluate, for example, whether the acquisition of
input from the sense of touch can differently impact the ability to
visually recognize objects in relation to the degree of dexterity of
different taxonomic groups in manipulating objects. Another
challenge is to investigate whether this benefit exists when other
physical properties of the objects, such as size and shape, must be
discriminated. Finally, further studies are required to determine the
extent to which the manipulation patterns used and the length of
time spent manipulating the object affect the acquisition of tactile
information and the retention of tactile memory.
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Table A1
Summary of the main effects and interactions of the mixed-effects ANOVAs on the
learning speed and the accuracy score at acquisition

Effect df F P

Learning speed
Object pair 1, 10 0.002 0.962
Sþ 1, 10 0.228 0.644
Species 1, 10 1.007 0.339
Experimental condition 1, 10 68.036 <0.001
Object pair*Sþ 1, 10 0.243 0.632
Object pair*Species 1, 10 1.646 0.228
Sþ*Species 1, 10 0.001 0.974
Object pair*Sþ*Species 1, 10 0.295 0.599
Experimental condition*Object pair 1, 10 1.290 0.283
Experimental condition*Sþ 1, 10 0.047 0.833
Experimental condition*Species 1, 10 1.828 0.206
Experimental condition*Object pair*Sþ 1, 10 0.797 0.393
Experimental condition*Object pair*Species 1, 10 4.799 0.053
Experimental condition*Sþ*Species 1, 10 0.018 0.895
Experimental condition*Object pair*Sþ*Species 1, 10 0.105 0.752
Accuracy score at acquisition
Object pair 1, 10 0.006 0.941
Sþ 1, 10 0.973 0.347
Species 1, 10 3.596 0.087
Experimental condition 1, 10 0.099 0.760
Object pair*Sþ 1, 10 1.662 0.226
Object pair*Species 1, 10 0.144 0.713
Sþ*Species 1, 10 2.080 0.180
Object pair*Sþ*Species 1, 10 0.971 0.348
Experimental condition*Object pair 1, 10 0.099 0.759
Experimental condition*Sþ 1, 10 0.476 0.506
Experimental condition*Species 1, 10 0.478 0.505
Experimental condition*Object pair*Sþ 1, 10 2.468 0.147
Experimental condition*Object pair*Species 1, 10 2.088 0.179
Experimental condition*Sþ*Species 1, 10 1.429 0.260
Experimental condition*Object pair*Sþ*Species 1, 10 0.099 0.760

Object pair of each set (combinations: ST1, S2; ST2, S1), Sþ within each pair and
Species (kea; capuchin monkey) were included as between-subjects factors.
Experimental condition (Sight and Touch; Sight) was included as a within-subjects
factor.
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