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Abstract There is no research about age difference in the
process of sequential learning in non-human primates. Is
there any difference between young and adults in sequential
learning process? Six chimpanzees (Pan troglodytes), 3
young and 3 adults, learned the Arabic numeral sequence 1
to 9 by touching the numerals on a touch-screen monitor in
ascending order. Initially, the sequence always started with
the numeral 1, i.e. ‘start-fixed task’. Training began with
the sequence 1-2, 1-2-3, and continued sequentially up to
1-2-3-4-5-6-7-8-9. Later, the subjects were introduced
to sequences that started with a random numeral, but
always ended with 9, i.e. ‘end-fixed task’. Performance in
the end-fixed task was worse relative to the familiar start-
fixed task. After training with various sequences of adjacent
numerals, the subjects were given a transfer test for the
non-adjacent numerals. The results suggested that all chim-
panzees indeed mastered sequential ordering, and although
there was no fundamental difference in the acquisition pro-
cess between the two age groups, there was a significant
age difference in memory capacity. Based on their knowl-
edge of sequential ordering, the subjects were then asked to
perform a masking task in which once a subject touched the
lowest numeral, the other numeral(s) turned to white
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squares. Performance of the masking task by young chim-
panzees was better than that of adults in accuracy and
degree of difficulty (number of numerals). Taken together,
these data clearly demonstrate a similarity among subjects
in the way chimpanzees acquire knowledge of sequential
order regardless of age differences in sequential learning.
Moreover, they reveal that once knowledge of sequential
order is established, it can be a good index used to evaluate
memory capacity in young and adult chimpanzees.
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Introduction

Sequential learning can be defined as “the ability to encode
and represent the order of discrete items occurring in a
sequence” (Conway and Christiansen 2001). Sequential
learning is ubiquitous in various cognitive domains, such as
human speech and language processing, the learning of
action sequences, or any task that requires putting items into
an ordered series. One of the simplest types of sequential
learning involves the learning of an arbitrarily fixed sequence
of items, such as remembering a phone number (Conway and
Christiansen 2001). In these cases, learning can be as simple
as forming associations between items in a sequence.
Sequential learning has been extensively studied in non-
human primates (e.g. ring-tailed lemurs: Merritt et al. 2007;
capuchin monkeys: D’ Amato and Colombo 1988; Japanese
monkeys: Ohshiba 1997; and rhesus macaques: Chen et al.
1997; Swartz et al. 1991, 2000; Terrace et al. 2003; Treich-
ler and Raghanti 2009; Treichler and Tilburg 1999, 2002;
Treichler etal. 2003; Washburn and Rumbaugh 1991).
Chimpanzees, the closest evolutionary neighbours to
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humans, have also been the focus of these studies (Boysen
etal. 1993; Biro and Matsuzawa 1999; Tomonaga and
Matsuzawa 2000; Beran et al. 2004). Nonetheless, there are
no studies that focus on developmental differences in
sequential learning by non-human primates.

The goal of this study is to investigate the sequential
learning of Arabic numerals by chimpanzees in different
developmental stages, e.g. young versus adults. A female
chimpanzee named °‘Ai’ was the first chimpanzee that
learned to use Arabic numerals to label sets of real-life
objects with a corresponding number (Matsuzawa 1985;
Murofushi 1997). Ai later mastered various additional
numerical skills in both the cardinal and ordinal domains
(Tomonaga and Matsuzawa 2002; Tomonaga 2008), includ-
ing the use of zero (Biro and Matsuzawa 2001). Moreover,
she has shown high working memory ability while using her
knowledge of Arabic numerals (Kawai and Matsuzawa
2000). The present study aims to verify and extend what we
have learned from Ai by exploring the nature of sequential
learning of numerical ordering in multiple chimpanzees.

We introduced a new series of experiments to six naive
chimpanzees involving sequential learning tasks that used
Arabic numerals. The subjects belonged to two age groups:
young and adults. The young chimpanzee group consisted of
three individuals that were approximately 4-years-old at the
beginning of this study. The adult chimpanzee group included
three individuals that were 20 years or older. These age ranges
made it possible to compare differences between the two age
groups as well as studying the differences between individu-
als. Although all six subjects had participated in various kinds
of tasks in previous studies (see Matsuzawa 2003; Matsuzawa
et al. 2006; Matsuzawa 2009a), they had never experienced
the sequential order tasks presented in this study. Our aim in
this study was to describe how naive chimpanzees learned
sequential order using numerals. We performed a transfer test
of the learned sequence to non-adjacent numerals to deter-
mine the nature of the subjects’ knowledge of acquired order.
Furthermore, we compared sequential learning between
young and adult chimpanzees, as well as their working mem-
ory ability based on their knowledge of sequential order.

General method
Subjects

A total of 6 chimpanzees (Pan troglodytes) served as sub-
jects. The three young chimpanzees were born in 2000 and
included a male named Ayumu (3 years and 11-months-old),
and two females named Cleo (3 years and 10-months-old)
and Pal (3years and 8-months-old). These ages were
recorded at the beginning of the experiments in this study,
which began in April 2004. At that time the young chimpan-
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zees were still suckling, and the average weaning time of the
chimpanzees is 4-5-years-old. Young need their mothers as a
safe base from which to explore their surrounding environ-
ment. The three adult chimpanzees included a male named
Akira (28-years-old and the biological father of both Ayumu
and Pal), and two females named Chloe (23-years-old and
the mother of Cleo) and Pan (20-years-old and the mother of
Pal). The subjects are members of a community of 14 chim-
panzees living in a semi-natural enriched environment at the
Primate Research Institute of Kyoto University (Matsuzawa
et al. 2006). Care and use of the chimpanzees adhered to the
2002 version of the “Guide for care and use of laboratory pri-
mates” of the Primate Research Institute, Kyoto University.
The research design was approved by the Animal Welfare
and Animal Care Committee of the Institute.

Apparatus

Experiments were conducted in a testing room with twin test
booths (2.0 m in width, 3.2 m/3.2 m in depth, and 2.0 m in
height) made of transparent glass walls and a vertical sliding
door connecting the booths. The twin booths are at opposite
sides of the test room and are used to concurrently test two
subjects on identical tasks. Each booth was equipped with a
touch-screen monitor (Pro-Tect, PD-105TP15; TORiSAN,
LMU-TK15A4TJ; MEE, TSD-FT157-MN) controlled by a
personal computer (A-ONE, VXM-GLC). Correct trials were
followed by food rewards consisting of a small 8-mm cube of
apple or half a raisin delivered automatically by a universal
feeder (Biomedica, BUF-310-P50). The number of apple
pieces delivered for a correct trial was usually only 1 but was
increased to a maximum of 5 depending on the motivation
and performance of each subject. In this study, three mother—
offspring pairs participated in the experiments at the same
time in the twin booths, and included Ai and Ayumu, Chloe
and Cleo, and Pan and Pal. Ai participated alongside her son
Ayumu, but because she had previous experience on numeri-
cal tasks (see Matsuzawa 1985, 2009b; Kawai and Matsuzawa
2000), her data were excluded from the analyses in this study.
The adult male Akira was tested alone.

Stimuli

The stimuli used were the Arabic numerals 1 through 9 pre-
sented as white Gothic typeface 3 cm in height against a
black background on the monitor. The numerals appeared
in different positions in each trial within an 8 by 5 invisible
matrix on the touch-screen monitor.

General procedure

We invited each chimpanzee to the booth from their outdoor
compound by calling their name, and they walked through a
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corridor to the test room and booth on their own free will. A
trial began when the subject touched a start key (white circle)
presented on the monitor. This was followed by the appear-
ance of the numerical stimuli, which the subject was required
to touch one by one in ascending order (Fig. 1). Numerals
correctly selected disappeared from the monitor immediately
with a concurrent click sound as feedback. When the subject
touched all the numerals in the correct ascending order,
a chime sounded and it was followed by a food reward. If a
numeral was selected incorrectly, the screen was cleared, a
buzzer sounded, and no food was delivered. The computer-
controlled task was conducted, on average, for 30 min a day.
All subjects, except Akira, participated in the experiment
5-6 days a week; Akira participated 1-2 days a week.

Experiment 1

To extend and verify results obtained from studies involv-
ing Ai in the past (see Biro and Matsuzawa 1999; Kawai
and Matsuzawa 2000; Tomonaga and Matsuzawa 2002;
Tomonaga 2008; Matsuzawa 2009b), we started a new
series of experiments consisting of a sequential learning
task using Arabic numerals with the six naive-chimpanzee
subjects.

Methods
Procedure

One numeral in the range of 1 to 9 was randomly presented
on the monitor as part of pre-training. This easy task was
aimed at habituating the subjects to the apparatus and test-
ing booth. The location of the numeral on the screen was
randomized. A trial was as follows. When the subject
touched the start-key (white circle), it disappeared and was
followed by the numeral. Touching the numeral then made
the monitor turn off with a chime informing the subject that
it was a correct trial and rewarding him/her with food: this
was a type of errorless training. One session consisted of 50
trials. The subjects received two to six sessions of pre-train-
ing touching a numeral on the screen.

After the pre-training phase, the first stimulus pair con-
sisting of numeral 1 and 2 was introduced. The two numer-
als appeared in random positions on the monitor. The
subject was required to touch the two numerals in ascend-
ing order. If the subject touched 2 instead of 1 first, a buzzer
sounded and the trial ended. A learning criterion was set
based on the average performance by Ai who had already
acquired knowledge of numerals 1 through 9. For the learn-
ing criterion we ran 200 trials, with 4 sessions each consist-
ing of 50 trials, for each sequence from 1 through 9 from
Ai. When the naive subjects reached the ‘1-2’ learning

Fig. 1 A photograph of chimpanzee Cleo performing the 1 to 9
sequence trial

criteria, a new numeral, 3, was introduced (Table 1). Eventu-
ally, the subjects learned to touch the numerals 1-2, 1-2-3,
1-2-3—4 in ascending order until they learned the sequence
1-2-3-4-5-6-7-8-9. Each subject received four sessions
per day, and a session on average consisted of 50 trials.
During this stage of training, we introduced the follow-
ing parameters to facilitate learning: (1) we adopted a
correction method by repeating the same trial until the
correct response occurred; performance on correction trials
was excluded in the assessment learning based on crite-
rion, (2) we manipulated the Inter-Trial-Interval within a
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Table 1 A comparison of performance among the six chimpanzee subjects Ayumu, Cleo, Pal, Akira, Chloe, and Pan during each stage of the

training where the number of numerals was gradually increased

Subjects Sex Age Number of numerals in the training

2 3 4 5 6 7 8 9
Ayumu M 3 97 95 94 85 81 68 67 68
28 27 38 58 43 45 108 101
Cleo F 3 90* 92? 90 82 74 68 68 55¢
72% 42¢ 149 115 73 68 81 99?
Pal F 3 96 97 92 85 74 83 67 73
37 41 42 59 17 199 60 155
Akira M 28 96 96 91 87 75 75 67 63
15 32 56 36 55 56 56 132
Chloe F 23 100 94 93 86 75 71 66 64
7 31 114 76 140 157 125 102
Pan F 20 99 96 93 84 75 69 71 55¢
8 21 53 44 69 91 193 72%
CL - - 50 25 14 9 6 5 3 3
Criteria - - 96 94 90 82 74 68 66 62

For each individual, the upper set of numbers represent the average % correct of last two consecutive sessions in the stage. Percent correct is defined
as the number of trials in which all numerals were touched in the correct order divided by the number of total trial. We increased the number of
numerals when the subject reached the criterion in two consecutive sessions. The data presented in this table were collected in the last 2 sessions
for each subject. The lower set of numbers for each individual represents how many sessions (excluding the baseline session) it took in each stage.

CL chance level, which is the probability of guessing the correct sequence

 Indicates that an individual did not meet the criterion but was still above chance and was therefore allowed to continue to the next sequence

range of 1-5s, (3) we manipulated Time Out within a
range of 0-3s, (4) we mixed new sequences with old,
familiar, and easier sequences that had been already
learned by the subjects in previous phases, and (5) we
introduced an easy sequence session, with one numeral
less than the new sequence, as a baseline before the
training session.

Results and discussion

All of the subjects successfully mastered the skill of touch-
ing numerals 1 to 9 sequentially (Table 1). Chi-square tests
showed significant differences for each individual subject
between the observed percent of correct trials and the per-
cent predicted by chance for each task based on the number
of possible numeral combinations in each task (all
p <0.05). It took between 551 to 944 sessions in total
(including baseline session) for each subject to learn to cor-
rectly touch the 9 numerals in ascending order. There was
no statistical difference in the learning speed between age
groups (mean number of sessions for young group £ SD:
778 £ 159; adult group: 765 + 199; r-test: t =0.14, df =4,
p =0.93). This result clearly demonstrated that all chim-
panzees, regardless of age, could learn the sequence 1
through 9 as Ai and other primates have (Terrace 2005;
Terrace et al. 2003).
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Experiment 2

In experiment 1 the subjects learned to touch sequences
starting from 1 to 2 and eventually finishing with 1 to 9. In
that experiment the first numeral of the sequences was
always 1. In experiment 2 we tested the flexibility of the
acquired fixed sequences by introducing a series of transfer
tests. These tests consisted of new sequences that could not
only start from numeral 1, but also from other numerals.
Experiment 2 began immediately after the last phase of
experiment 1 finished.

Methods
Procedure

In this experiment a session included different sequence
lengths. In a session, individuals were presented with one
of two tasks: a task familiar to them from experiment 1 or a
new task. We called the familiar task used in experiment 1
“the start-fixed task” because it consisted of sequences that
always began with the numeral 1; there were a total of eight
sequence patterns starting with 1-2, 1-2-3, all the way up
to 1-2-3-4-5-6-7-8 and 1-2-3-4-5-6-7-8-9. We called
the new task introduced in this experiment “the end-fixed
task” because it consisted of sequences that always ended
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with 9. Here too there were eight patterns starting with 8-9,
7-8-9, all the way up to 2-3-4-5-6-7-8-9 and 1-2-3-4-
5-6-7-8-9. Each of the 8 sequences randomly appeared
five times in a session and each session consisted of 40 tri-
als. The two tasks (the start-fixed task and the end-fixed
task) were not mixed within a session, and each task was
conducted alternately. Each subject received two or four
sessions per day. The data collected were from 10 sessions
for each task.

Results and discussion

We found that there were significant differences in the sub-
jects’ performance of the start-fixed task versus the end-
fixed task (Fig. 2). Their performance in the unfamiliar end-
fixed task was significantly worse than that of the familiar
start-fixed task. A two-way ANOVA revealed that both
main effects (tasks and stimuli as number of numerals) were
significant in all of the subjects and that there was also an
interaction between the main effects; Ayumu (tasks:
F1144=290.00, p<0.001; stimuli: F; 44 =31.59,
p <0.001; interaction: F; 44=14.02, p<0.001), Cleo
(tasks: Fy 14y =82.03, p<0.001; stimuli: F; 144 =20.71,
p <0.001; interaction: F; 44 =4.83, p <0.001), Pal (tasks:
F 144 ="72.10, p <0.001; stimuli: F; 14, = 14.99, p < 0.001;

interaction:  Fy,,=3.87, p<0.001), Akira (tasks:
F 144 =063.32, p <0.001; stimuli: F; ;44 = 29.40, p < 0.001;
interaction:  F; 4, =3.93, p<0.001), Chloe (tasks:

F144=97.31, p<0.001; stimuli: F; 4, =21.01, p <0.001;
interaction: F; 4, =6.70, p<0.001), and Pan (tasks:
F 144 =97.30, p <0.001; stimuli: F; ;44 =25.81, p <0.001;
interaction: F; 4, =3.89, p<0.001), respectively. More-
over, the response time of the first touch was much longer
in the end-fixed task than in the start-fixed task (Fig. 3);
there was a significant main effect of tasks among the sub-
jects except for Akira in a two-way ANOVA; Ayumu
(tasks: Fy43,=72.79, p<0.001; stimuli: F;,3;=2.94,
p <0.01; interaction: F;,3;=2.27, p <0.05), Cleo (tasks:
Fi35=24924, p<0.001; stimuli:  F;35 = 12.51,
p <0.001; interaction: F; 34, =9.96, p <0.001), Pal (tasks:
Fi505=6.98, p<0.01; stimuli: F;505=1.47, p=0.17;

interaction:  F;s505=1.47, p=0.18), Akira (tasks:
Fi474=3.27, p=0.07; stimuli: F;47,=0.69, p=0.68;
interaction:  F;47,=1.25, p=027), Chloe (tasks:

F 495 = 377.64, p <0.001; stimuli: F; 495 = 6.93, p < 0.001;
interaction: F; 495 =9.18, p<0.001), and Pan (tasks:
F 484 =115.93, p < 0.001; stimuli: F; 45, = 6.69, p < 0.001;
interaction: F; 44, =4.17, p <0.001).

There was a significant effect of task and age but there
was no significant effect of interaction on performance
(two-way ANOVA; age: Fjg5=28.50, p<0.01; task:
Fl956=274.02, p<0.001; interaction: Fjg55=2.76,
p =0.10). There was a significant effect of task, age and
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Fig. 2 A comparison of performance between the start-fixed task and
the end-fixed task in the six chimpanzee subjects studied. The x-axis
shows the number of the numerals, and percentage of trials correctly
completed under each session is shown on the y-axis
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Fig. 3 A comparison of the response time of the first touch between
the start-fixed task (left bar) and the end-fixed task (right bar with dots)
in the six chimpanzees studied. The x-axis shows the subject, while the
median response time (ms) during correct trials is shown on the y-axis

their interaction on response time (two-way ANOVA; age:
F 2860 = 17.20, p < 0.001; task: F| 5g59 = 108.39, p < 0.001;
interaction: F 5369 = 8.46, p = 0.003). Despite there was no
difference in response time in the start-fixed task between
age groups (post-hoc pair wise contrasts, F| g5 =1.04,
p =0.31), adults had a longer response time than young in
the end-fixed task (post-hoc pair wise contrasts,
F 2860 = 19.75, p < 0.001). Differences in performance and
response time between age groups appear only when pre-
sented with the novel (end-fixed) task.

Even though the sequences in the end-fixed task had
appeared as part of the previously learned sequence ‘1 to 9’
in experiment 1, all chimpanzees, young and adults,
showed difficulty in this task. The sequences were similar
to list learning (D’Amato and Colombo 1988; Terrace
1993), yet previous knowledge of ‘1 to 9’ did not transfer to
the sequences in experiment 2. Why this task was so diffi-
cult remains unclear, but one plausible explanation is the
variation in the starting point. The sequences of the start-
fixed task always started from 1. In contrast, the end-fixed
task did not always start with 1 but with other numerals.
The results suggest that the numeral 1 was always a cue for
initiating touch in the start-fixed task. However, the sub-
jects did not have this fixed cue of the same starting
numeral in the end-fixed task.

Experiment 3

The first two experiments required the chimpanzees to
touch the numerals 1 to 9 in ascending order. This was true
for both the start-fixed task and end-fixed task. Up to this
point the numerals displayed on the screen were always
sequentially adjacent. Now we wanted to assess the sub-
jects’ performance with non-adjacent numerals. Thus, in
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experiment 3 we asked whether the subjects acquired a
flexible knowledge of order, which is something more com-
plex than a simple fixed sequence. Our aim was to answer
this question by providing an opportunity for the subjects to
transfer their knowledge of previously learned sequences of
numerals to unfamiliar combinations of non-adjacent
numerals.

Methods
Procedure

Prior to testing the subjects’ ability to learn non-adjacent
numerals we performed a limited series of preliminary
training tasks with adjacent numerals, i.e. two, three, and
four adjacent numerals. For example, in the two adjacent
numeral tasks, the subjects were asked to choose the
sequence of 1-2, 2-3, 34, 4-5, 5-6, 6-7, 7-8 or 8-9; the
three adjacent numerals consisted of 1-2-3, 2-3-4, 3-4-5,
4-5-6, 5-6-7, 6-7-8, or 7-8-9; the four adjacent numerals
consisted of 1-2-34, 2-3-4-5, 3-4-5-6, 4-5-6-7, 5-6—
7-8, or 6-7-8-9. These preliminary training tasks served as
a control condition for how the subjects would perform
when given varying lengths of adjacent numeral sequences
containing varying least numerals. During this preliminary
training we found that the chimpanzees’ performance dete-
riorated when the fixed length of the sequence got longer,
e.g. 84.3% average accuracy in the two numerals condition,
66.3% average in the three numeral condition, and 59%
average in the four numeral condition for the 6 subjects.

To improve the performance of sequential learning of
adjacent numerals regardless of the length of sequences, we
added an extra-phase to the preliminary training of all the
subjects. We sequentially introduced intensive training of
the end-fixed sequences starting from 7-8-9, then 6-7-8-9
all the way up to 2-3-4-5-6-7-8-9. Each session con-
sisted of 50 trials, and a maximum of 40 sessions were
conducted.

After intensive training with adjacent numerals, we pro-
ceeded to conduct a transfer test for non-adjacent numerals.
We performed eight kinds of test sequences ranging from a
two-numeral-length to a nine-numeral-length. For each
numeral-length condition, all possible combinations of
numeral sequences were used. For example, the task for
two-numeral-length condition included combinations, such
as 2-5, 4-9, 3-6, etc, and consisted of 36 kinds of trials
(4Cy). A seven-numeral-length condition used combina-
tions like 1-2-4-5-6-7-9, 2-3-4-6-7-8-9, or 1-3—4-5-
6-7-8, and consisted of 36 kinds of trials (4C,). The task
for three- (4C;) and six-numeral-length (,C¢) conditions
consisted of 84 kinds of trials, while the task for four- (4C,)
and five-numeral-length (;Cs) conditions consisted of 126
kinds of trials. In the eight-numeral-length condition there
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Table 2 A comparison of performance among the five chimpanzee subjects (Ayumu, Cleo, Pal, Chloe, and Pan) during each stage of the end-

fixed sequence training

Subjects Sex Age Number of numerals in the training
3 4 5 6 7 8
Ayumu M 4 84 78 72 68 66 64
2 4 27 21 20 8
Cleo F 5 84 78 72 78 a 4
3 11 7 20 - -
Pal F 4 88 86 76 72 64 68
5 2 8 2 7 1
Chloe F 24 94 76 72 72 68 64
3 5 1 8 6 9
Pan F 21 82 78 72 68 74 64
2 3 19 6 23 27
CL - - 25 14 9 6 5 3
Criteria - - 80 78 72 68 64 64

For each individual, the upper-row represents the average % correct of last two consecutive sessions in the stage. Percent correct is defined as the
number of trials in which all numerals were touched in the correct order divided by the total number of trials. The lower set of numbers for each
individual represents how many sessions it took in each stage. We increased the number of numerals when the subject reached the criterion in a
session. CL refers chance level, which is the probability of guessing the correct sequence

? We introduced an end-fixed task (i.e. a mixture of 8-9, 7-8-9 up to 1-2-3-4-5-6-7-8-9 sequences) to Cleo after the 4-5-6-7-8-9 sequence
training because her performance deteriorated. The criteria were therefore set to 50% for each sequence in a session. She passed in 35 sessions

are only 9 possible sequence variations, therefore a session
consisted of 54 trials (6 repetitions of 9 kinds of trials).
Finally, the nine-numeral-length condition is always 1-2—
3-4-5-6-7-8-9, and a session consisted of 50 trials.

All possible combinations of numerals were tested in the
transfer test, and therefore sequences contained both adja-
cent and non-adjacent numerals within a session. The trans-
fer test of non-adjacent numerals began with the two
numeral tasks and proceeded to the nine numeral tasks. To
cancel out the order of the tasks, the test continued by start-
ing with the nine numeral tasks and down to the two numer-
als tasks. Each numeral length task, except for the two and
seven numerals length, was tested twice a day and was
conducted during a total of 4 sessions. The two- and seven-
numeral conditions were tested three times a day and
conducted in a total of 6 sessions. In summation, there were
between 200 and 252 trials for each numeral length.

Results and discussion

Results of intensive training with the end-fixed sequences
and the non-adjacent test were obtained from five of the
subjects and not from the adult male, Akira, who did not
proceed to this test. It took between 25 and 82 sessions in
total for each subject to complete the intensive training of
the end-fixed sequences (Table 2). All five subjects per-
formed well in the transfer test, and similar to that in the
adjacent sequence tasks; Chi-square tests showed signifi-
cant difference between observed percent correct and

percent predicted by chance for each individual and each
task (p < 0.05; Fig. 4), even though the subjects had no pre-
vious experience with non-adjacent sequences. The results
from experiment 2 initially demonstrated that the numeral 1
appeared to be a special cue for initiating touches on the
screen. However, after the training with sequences that start
from numerals other than 1, the subjects succeeded in iden-
tifying the smallest numeral. Previous research (Treichler
and Tilburg 2002; Terrace etal. 2003) reported that
macaques had flexible knowledge from possible novel
combinations of acquired sequence. Our data not only con-
firm these previous results, but also show that there were no
fundamental differences between adjacent and non-adjacent
numeral sequences by introducing this kind of careful con-
trol in the training of adjacent numerals, and that this
occurs regardless of age.

Experiment 4

Experiments 1 to 3 showed that the chimpanzee subjects
learned sequential order using numerals in ascending order
from 1 to 9. For them it was not a mere fixed sequence but a
more flexible sequence order. However, this raises another
question, and that is namely how do chimpanzees mentally
perform the task of touching numerals in ascending order?
It is possible that they compare the numerals one by one at
once (Ohshiba 1997), or that they grasp the scattered
numerals at a glance and make a pre-plan of the
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consecutive touches (e.g. only the next selection, Beran
et al. 2004; entire sequence, Biro and Matsuzawa 1999). To
determine the strategy for touching the numerals, we asked
the subjects to perform a masking task.

Once the subjects had mastered the order of nine numer-
als in all kinds of combinations of 1 through 9, both adja-
cent and non-adjacent, we introduced a memory task named
“the masking task” (Kawai and Matsuzawa 2000). In this
task, the numeral(s) on the screen turned to white squares
immediately after the subject touched the smallest numeral.
This tested working memory based on the knowledge of the
ascending order of the numerals. This masking task was
tested around the time the three young chimpanzees
reached the age of 5 years.

Methods
Subjects

The subjects were the five chimpanzees who participated in
experiments 1-3. The adult male Akira was not included.

Procedure

After touching the first numeral, all other numerals were
replaced by white squares, or a checker-pattern square to
completely suppress the possible afterimage. Subjects were
required to touch the white squares in the order that the
numerals were originally shown (Fig. 5). The masking task
began with only two numerals. All possible combinations
from 1 to 9, of which there were 36 variants, were tested.
Next, the test proceeded to a three numerals masking task
(84 variants), and then a four numerals masking task (126
variants). The number of trials in a session was kept con-
stant at 50 trials regardless of the conditions. The perfor-
mance in the masking task was compared with the
corresponding non-masking task (Figs. 5, 6, 7).

100
G %

g 80 W —— fyumu
Q —a—Clen
(&)

o 60 % _a—FPal
nﬂ;g * —o—Chloe
% 40 —0—Pan
b + —+—GlL.
S 20 ; .

0 B S +_

2 3 4 & fi 7 8 9

Number of numerals
Fig. 4 The performance of the non-adjacent task by five chimpanzee
subjects. All subjects showed high performance in the task. CL in the
caption refers to chance level for each number of numerals sequence.
The x-axis shows the number of the numerals in the sequence; percent-
age of trials correctly completed during each session is shown on the
y-axis
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Results and discussion

All five chimpanzees mastered the masking task to some
extent. Although the same amount of training was given,
there was an age group difference. Ayumu mastered the
task with two numerals, three numerals, four numerals, and
all the way to the entire nine-numeral masking task. The
young females Cleo and Pal learned up to the seven and six
masked numeral tasks, respectively. In contrast, the two
adults, Chloe and Pan, reached the level of training the task
with four masked numerals.

We compared adults and young in their performance of
the four-numeral condition, i.e. the maximum length
reached by the adults in the non-masking task, versus the
masking task. In this comparison, there was also a signifi-
cant difference in performance between the two age groups,
with young performing better than adults. All subjects had
knowledge of sequences from the previous non-masking
task experiments (see Fig. 6a). There was no significant
difference between age groups or between individuals (age
group: F;5=0.14, p=0.73; individuals: F,s=4.61,
p =0.07). However, the performance of adults was lower
than that of the young in the masking task (see Fig. 6b, age
group: Fy 5, =77.61, p <0.001).

There was a significant effect of touch order, but not age
or the interaction between age and touch order in the
response time pattern for the non-masking task (see Fig. 7,
age groups: F 440 = 0.002, p = 0.96; touch: F; 4,4, = 25.00,
p <0.001; interaction: Fj 44 =1.50, p=0.21) Likewise,
there was a significant effect of touch order, but not age or
the interaction between age and touch order in the masking
task (age groups: F|3;;,=0.53, p=047;, touch:
F3 347, ="75.87, p<0.001). The response time to the first
numeral was much longer than to the remaining numerals
in the sequence, suggesting that the subjects judged whole
numerals presented on the monitor before making their first
touch. These results support the idea that the long latency to
the first touch may be due to pre-planning of how an indi-
vidual will touch the multiple numerals on the screen (Biro
and Matsuzawa 1999). Thus, although the strategy of mem-
orizing and touching numerals may be common to all of the
subjects, these data demonstrated that young chimpanzees
were better than adults in their memory capacity.

General discussion

We have been able to provide some answers to the question
on whether there are any developmental differences in
sequential learning. Our data shows that all of the six naive-
chimpanzees succeeded to learn the sequence of Arabic
numeral from 1 to 9 regardless of age. Furthermore, all
subjects showed similarities in the acquisition process: a
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Fig. 5 A comparison of the pro-
cedure in the non-masking task
(a) and the masking task (b)

similar speed to complete the training phase learning
numerals 1 through 9 (Exp. 1), similar difficulty with the
end-fixed task except response time (Exp. 2), and a similar
clear transfer from adjacent sequences to non-adjacent
sequences (Exp. 3). We also found that the strategy for
touching the numerals was common to all chimpanzee sub-
jects (see Fig. 7). All subjects had longer response times to
the 1st touch in a sequence, and the response time to
remaining numerals on the screen was nearly equal regard-
less of the length of the sequence. This suggests that both
young and adult chimpanzees have similar strategies of

pre-planning and this is consistent with results from previ-
ous studies (e.g. Biro and Matsuzawa 1999). Clearly, the
acquisition of sequence 1 to 9 is not different among chim-
panzees in different age groups.

Although individuals can learn the sequence of numerals
in a similar way, our data show that there were significant
differences between young and adult chimpanzees in the
memory task. Young chimpanzees were much better than
adult chimpanzees in the masking task. This difference can-
not be due to a possible difference in strategy. Adult sub-
jects could answer correctly all the way to four numerals in
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Fig. 6 A comparison of performance of three young subjects (closed
bars) and two adults (open bars) in the non-masking task (a) and the
masking task (b). The data for the non-masking task were the average
of 252 trials from 2 successive sessions. The data for the masking task
were the average of 250 trials from 5 successive sessions. The x-axis
shows the subjects, while the percentage of trials correctly completed
during each session is shown on the y-axis

the masking task and this does not support a strategy of
comparing the numerals one by one all at once (Ohshiba
1997) or planning only the next selection (Beran et al.
2004).

The strategy “pre-planning at a glance” should be the
same among all the subjects including Ai who was experi-
enced with these tasks (Biro and Matsuzawa 1999; Kawai
and Matsuzawa 2000). As mentioned in the introduction,
chimpanzee Ai learned a variety of tasks that involved
knowledge of numbers. However, when she was introduced
to the masking task with numerals, she was already
20-years-old (Kawai and Matsuzawa 2000). In that sense,
Ai should be grouped with the adults in this study, and her
performance in the masking task (see Kawai and Matsuzawa
2000) was actually below all of the three young chimpan-
zees. Previous studies by our colleagues and us (Kawai and
Matsuzawa 2000; Inoue and Matsuzawa 2007) fit well with
the present results, i.e. the experiences of the tasks using
same stimuli did not influence working memory capability.
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Fig. 7 A comparison of response time by three young (closed sym-
bols) and two adult chimpanzees (open symbols) of the non-masking
task (a) and the masking task (b). The data for the non-masking task
were the median response time in the correct trials from 2 successive
sessions. The data of the masking task were the median of the response
time in the correct trials from 5 successive sessions. The x-axis shows
the touch in a sequence, while the median response time (ms) during
correct trials is shown on the y-axis

But the difference of performance age correlates with work-
ing memory capability. This result, however, leads to the
obvious question of why young chimpanzees have better
working memory than adult chimpanzees?

In studies on humans, young children can be better than
adults in certain memory tasks (Hayes and Heit 2004;
Sloutsky and Fisher 2004). For example, response strate-
gies gradually change in the different developmental stages
of children, such as 5, 7, and 11-year-olds (Fisher and
Sloutsky 2005). This kind of developmental difference in
learning strategy could be explained as a sort of develop-
mental trade-off. In the course of cognitive development,
children may acquire linguistic skills, such as category-
based induction, while losing their perceptual photographic
memory that appears in physical similarity-based induction.
This kind of trade-off may also work in the chimpanzee, a
non-verbal animal, as demonstrated by their performance in
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memory tasks, which was actually better in young. If the
developmental trade-off can be applied to non-verbal chim-
panzees, performance of memory task in young chimpan-
zees might decrease gradually as they age to adulthood.
This leads to the prediction that young chimpanzees may
not be good at category-based induction task. Testing this
prediction will be the focus of future studies, and they
should help us to better understand cognitive development
in chimpanzees.
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