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e Two common marmosets were trained to discriminate auditory temporal patterns.

They could recognize the acoustic features of the stimuli.
They could not discriminate auditory patterns.

Their limitation to process the temporal structure of tonal patterns was implied.



Abstract

One of the essential linguistic and musical faculties of humans is the ability to
recognize the structure of sound configurations and to extract words and melodies from
continuous sound sequences. However, monkeys' ability to process the temporal
structure of sounds is controversial. Here, to investigate whether monkeys can analyze
the temporal structure of auditory patterns, two common marmosets were trained to
discriminate auditory patterns in three experiments. In Experiment 1, the marmosets
were able to discriminate trains of either 0.5- or 2-kHz tones repeated in either 50- or
200-ms intervals. However, the marmosets were not able to discriminate ABAB from
AABB patterns consisting of A (0.5-kHz/50-ms pulse) and B (2-kHz/200-ms pulse)
elements in Experiment 2, and A (0.5-kHz/50-ms pulse) and B (0.5-kHz/200-ms pulse)
[or A (0.5-kHz/200-ms pulse) and B (2-kHz/200-ms pulse)] in Experiment 3.
Consequently, the results indicated that the marmosets could not perceive tonal
structures in terms of the temporal configuration of discrete sounds, whereas they could
recognize the acoustic features of the stimuli. The present findings were supported by
cognitive and brain studies that indicated a limited ability to process sound sequences.
However, more studies are needed to confirm the ability of auditory sequence

perception in common marmosets.
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1. General Introduction

The ability to recognize words from continuous speech is essential to
understanding a spoken language. This process includes analyzing the order of the
constituent sounds (e.g., syllables) and extracting meaningful units (e.g., words) from a
sequence of speech sounds. In addition, the same syllables arranged in a different order
can produce a new word with a different meaning. Music is also a rule-based system in
which discrete elements (e.g., tones) are integrated into meaningful units (e.g.,
harmonious melodies). Different arrangements of the same tones result in different
melodies. Thus, processing the temporal configuration of sounds is one of the
fundamentals of humans’ linguistic and musical faculties.

Prior studies have suggested that non-human primates can learn tonal sequences.
Macaque monkeys can abstract the relative relationship between tones in auditory
sequences when such contours are judged according to the ascending or descending
direction of frequency change (Izumi, 2001; Brosch et al., 2004). Thus, macaques
identify and memorize tones mostly according to their pitch contour, i.e., to the
sequential up-and-down patterning between adjacent notes. However, Izumi (1999) has
shown that a brief silence gap inserted between tones affects judgement of the pitch
relation between two tones. In addition, Wright et al. (2000) have successfully trained
two macaque monkeys to discriminate simple melodies. In addition, monkeys are able
to generalize their responses to octave-transposed test melodies (cf. D’ Amato and
Salomon, 1984; D’ Amato and Colombo, 1988). However, such generalization does not
occur when the test melodies are arranged in different keys, even when the relative pitch
relations between adjacent tones is preserved. This lack of generalization indicates that

monkeys’ discrimination of auditory sequences is largely controlled by local sensory



cues, when available. Thus, temporal configurations of individual sounds may not be a
primary cue to extract overall structural patterns in monkeys.

Over the past decade, however, many artificial grammar learning studies have
indicated that monkeys can process auditory sequential rules (e.g., Fitch and Hauser,
2004; Newport et al., 2004; Saffran et al., 2008; Hauser and Glynn, 2009; Ravignani et
al., 2013; Wilson et al., 2013; Wilson et al., 2015). These studies employed a
habituation/dishabituation procedure: the monkeys were passively exposed to sequences
of sounds structured according to a given rule and tested with acoustically new stimuli,
which were arranged either congruently or incongruently with the original rule.
Consequently, the monkeys showed a more frequent looking response toward the
incongruent rather than the congruent patterns. Such results suggest not only that
monkeys are sensitive to sound sequences but also that monkeys can learn a structural
rule of sound sequences simply by being briefly exposed. Further, Wilson et al. (2015)
have found that monkeys and humans have comparable brain regions in the ventral and
inferior frontal regions that play an important role in recognizing the differences
between congruent and incongruent auditory patterns.

Recently, Beckers et al. (2017) and Ghirlanda (2018) have analyzed the
experimental design in prior artificial grammar learning studies (Saffran et al., 2008;
Wilson et al., 2013; Wilson et al., 2015; Ravignani et al., 2017) and have found that the
stimulus sequences contained biases in acoustic similarity between the habituation
stimuli and test stimuli. Thus, the observed behavioral and brain responses may be
explained in terms of matching of the auditory sensory features of the stimulus. In other
words, the monkeys probably did not learn the structured auditory patterns on the basis

of the configuration of individual elements during the habituation phase.



A habituation/dishabituation procedure is a convenient method to assess the
cognitive ability to detect stimulus differences without explicit training. However, it is
difficult to determine an association between monkeys’ cognitive processes and their
behavioral and brain responses, because the above mentioned artificial grammar
learning studies did not require the monkeys to discriminate stimuli. In addition,
successful discrimination between congruent and incongruent test sequence categories
does not indicate that monkeys can discriminate between two different congruent (or
two different incongruent) stimuli. Studies to date have collectively shown that
monkeys can discriminate tonal sequences, but whether such discrimination is
dependent on the perception of structured auditory patterns in terms of the temporal
configuration of individual elements remains to be studied.

Therefore, it would be useful to explore the ability to process tonal sequences in
monkeys under an experimentally controlled situation, in which the monkeys are trained
to discriminate the sequences. European starlings have been found to discriminate
auditory temporal patterns in an operant conditioning procedure (Gentner et al., 2006).
Here, | conducted three experiments to test monkeys’ ability to perceive structured
auditory patterns on the basis of the temporal configuration of individual elements.
Specifically, I trained two common marmosets to discriminate between two auditory
patterns composed of common elements that were arranged differently. The common
marmoset is a highly vocal monkey with a wide vocal repertoire (Pistorio et al., 2006;
Bezerra and Souto, 2008), and some calls are combined. Therefore, this species can be

considered an ideal non-human primate for studies on auditory perception.

2. Experiment 1: Discrimination of Sequences: One-frequency x One-interval



The principal aim of the current study was to determine whether common
marmosets can perceive structured auditory patterns in terms of the temporal
configuration of individual elements. To this end, in Experiment 2, the marmosets were
trained to discriminate between ABAB and AABB patterns in which the A (a pure tone
lasting 50 ms at 0.5 kHz) and B (a pure tone lasting 200 ms at 2 kHz) elements were
regularly combined. However, if the marmosets were to confuse the A and B elements,
the ABAB and AABB patterns would not be perceived as distinct sequences. Therefore,
in Experiment 1, it was essential to confirm whether the marmosets were able to
distinguish the acoustic features along the frequency and temporal dimensions of the

elements that constituted the stimulus sequences in the following experiments.

3. Materials and Methods

3.1. Subjects

Two experimentally naive male common marmosets (Callithrix jacchus)
participated in the current study. Both Cj190 and Cj195 were born in our laboratory,
and each was housed with its own co-twin littermate. Cj190 was raised by veterinary
staff. Both monkeys were 2 years of age and weighed 350 g at the start of the
experiments. Marmosets were fed twice daily with conventional New World monkey
pellets (SPS, Oriental Yeast, Tokyo, Japan) and vitamin supplements. They were
additionally supplemented with various fruits, milk, and mealworms three times per
week. Their daily consumption of water was not restricted. The training sessions were
conducted between daily feedings.

This study complied with the current laws of Japan. All experimental procedures

and handling methods were performed in accordance with the “Guidelines for the Care



and Use of Nonhuman Primates” of the Primate Research Institute, Kyoto University.
The experiments were approved by the Animal Experiment Committee of Kyoto

University.

3.2. Apparatus

The marmosets were trained in an experimental chamber [45 (h) x 30 (w) x 75 (d)
cm] (Fig. 1). The chamber contained two perches—a stimulus perch and a response
perch—which were coupled to photosensors positioned 5 cm above the floor to detect
the location of the animal. The distance between the perches was 15 cm. The response
perch was located 5 cm in front of the front panel. The front panel contained a round
opening (3 cm in diameter) located 10 cm above the response perch, through which the
marmosets were allowed to access food reward pellets (composed primarily of
cornstarch and sugar). Normally, this window was closed with a solenoid shutter.
Behind the front panel was a loudspeaker for stimuli presentation. The ceiling light
could be turned on or off, and a water bottle was located on the rear panel. Water was

freely available during training.

3.3. Stimulus

The discriminative stimuli were four different trains that consisted of pure tones
(50-ms duration with 10-ms rise and fall times) with a frequency of either 0.5 or 2 kHz.
The tones were repeated with intervals of either 50 or 200 ms of silence (Fig. 2A-D).
The positive stimuli (S*) were trains of pulses at 0.5 kHz presented with 50-ms silent
intervals for Cj190 (Fig. 2A) and 2 kHz presented with 200-ms silent intervals for

Cj195 (Fig. 2D). The intensities of the 0.5-kHz (65 dB SPL) and 2-kHz (60 dB SPL)



frequency tones were subjectively equal (Osmanski and Wang, 2011). Sound pressure
was measured at the ear-level height of the marmosets in the position of the stimulus
perch with a non-directional 1/2-inch condenser microphone (UC-53A, Rion, Tokyo
Japan) and a sound level meter (NA-42S, Rion, Tokyo Japan). During the training
sessions, the marmosets’ heads were not fixed. Although sensitivity to sound frequency
is influenced by which direction the animals are facing, discriminability between 0.5
and 2 kHz tones was unlikely to be affected by the head direction because the frequency
difference of these tones was large enough.

In Experiment 1, stimuli were defined by both frequency and temporal
dimensions. By using such compound stimuli, the discriminability of those two distinct
sensory features could be studied efficiently in one task. The temporal dimension of the
stimulus trains was determined by using an empty interval, such that the temporal
evaluation was not influenced by the subjective difference in loudness. If the temporal
dimension had been determined by the filled interval, the temporal summation effect
would have made the 200-ms interval subjectively louder than the 50-ms interval, and
the marmosets might have relied on intensity to discriminate between the 50-ms and

200-ms intervals.

3.4. Procedure

A daily session consisted of 60 trials (4 stimuli x 15 trials). The order of the
stimulus presentation was pseudo-randomly determined, such that each of the four
stimuli was presented once over the span of four successive trials. The trials began
when the marmoset successfully remained on the stimulus perch for a given time, which

varied across trials from 3 to 5 s. Next, one of the four stimuli was presented for up to 5



s or until the marmoset moved to the response perch. If the marmoset left the stimulus
perch before the stimulus was presented, the trial was discontinued, and the same trial
was resumed when the marmoset again stepped onto the stimulus perch.

A GO response to the response perch during the presentation of S* resulted in a 1-
s access period to a food reward (a HIT), whereas a NOGO response was classified as a
MISS. During the presentation of negative stimulus (S7), a GO response was treated as a
false alarm (FA) and was followed by a 3-s blackout period. A NOGO response was
treated as a correct rejection (CR). CR responses were not followed by explicit rewards.
After the MISS and FA trials, the same trial was repeated up to two times to facilitate
learning. The results from these correction trials were excluded from the analyses.

For the analysis of the results, first, the GO-response rate in each stimulus
condition was determined by random resampling with replacement from trial data (1 for
a GO response and 0 for a NOGO response). Then, the d’ score was calculated from the
HIT and FA rates to determine the discriminability between S* and each S™. This
procedure was repeated 1,000 times to compute the mean of resampled HIT and FA
rates and the mean d’ scores. A learning criterion for the discriminability of S™ from
each S~ was set at a d’ score > 1.0. Second, trial data were also resampled by replacing a
number of data samples equal to that in each stimulus condition, but the samples were
shuffled across conditions to create the expected null distribution of GO-responses.
Then, a d’ score was calculated according to the contrast between the HIT rate and GO-
response rate in the null events to obtain an overall discrimination accuracy to S*. This

procedure was repeated 1,000 times to compute the mean and 95% CI of the d’ scores.

A learning criterion for the overall detectability of S* was set at a d’ score > 1.0 and a



lower bound of 95% CI around d’ > 0 (Gentner et al., 2006). Training was completed
when both criteria were attained for three consecutive sessions. To avoid infinite
d’ scores, scores of 1 and 0 for HIT and FA rates were transformed to 0.999 and 0.001,

respectively.

4. Results and Discussion

As shown in Figs. 3A and 3B, both marmosets learned to suppress responses to S~
while maintaining high response rates to S*. Accordingly, the discrimination between S*
and each S~ gradually improved (Figs. 3C and 3D). In particular, S* (dark solid lines)
was efficiently discriminated from S~ that differed from S* in temporal and frequency
dimensions, in Cj190 and Cj195, respectively (gray lines). In Cj195, the classification
between responses to S* and such S~ met the discrimination criterion within ten sessions
(Fig. 3D). Eventually, the overall discrimination improved, and Cj190 and Cj195
completed the task in 16 and 24 sessions, respectively. In the last three sessions, the
ranges for d’ and the lower bound of 95% CI were 1.20-1.73 and 1.15-1.71 in Cj190
and 1.17-1.74 and 1.14-1.71 in Cj195, respectively (Figs. 3E and 3F).

The results demonstrated that the marmosets were able to discriminate frequencies
of 0.5 and 2 kHz and intervals of 50 and 200 ms and also led to two additional findings.
First, because compound stimuli were used, the tasks could not be completed if the
discrimination relied on one dimension (such as a temporal dimension) or one physical
feature (such as a 2 kHz-frequency). Thus, the marmosets were able to combine the
frequency and temporal information of sounds. Second, the responses of the marmosets
were measured according to absolute discrimination training in which the animals were

required to identify the stimuli without any reference; thus, memory and discrimination

10



are involved in selecting the correct response, as previously reported (Elliott and
Trahiotis, 1972). Therefore, the marmosets evidently formed a representation of the
stimuli in their long-term memory stores.

The temporal extent of the stimuli was determined by an empty interval in
Experiment 1 but by a filled duration in Experiments 2 and 3. However, evaluations of
the empty interval and filled interval have been found to be equivalent in human
subjects in the range used in the current experiments (Hasuo et al., 2011). Therefore, the
marmosets may have processed both empty and filled intervals equivalently.

Together, the results of Experiment 1 showed that the marmosets were able to
discriminate between the elements that constituted the stimulus patterns used in

Experiment 2.

5. Experiment 2: Discrimination of Sequences: Two-frequency x Two-
duration

Experiment 2 was conducted to determine whether the marmosets were able to
perceive structured auditory patterns in terms of the temporal configuration of discrete
elements. For this purpose, | trained two marmosets to discriminate between ABAB and
AABB patterns; the discriminability of the A and B elements was confirmed in
Experiment 1. The discrimination of these patterns requires the ability to process the
temporal configuration of individual elements because, similarly to Morse code, one
stimulus (e.g., ABAB) is a rearrangement of the elements that also constitute the other
stimulus (e.g., AABB). In other words, if the marmosets cannot discriminate between

the ABAB and AABB patterns, in which the differences between A and B elements are
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noticeable, such a failure can be attributed to a difficulty in analyzing the temporal

structure of the stimulus patterns.

6. Materials and Methods
6.1. Subjects and apparatus

The subjects and apparatus were the same as those used in Experiment 1.

6.2. Stimuli

The stimulus patterns were composed of two common elements in different
arrangements. The ABAB and AABB patterns consisted of A (a pure tone lasting 50 ms
at 0.5 kHz) and B (a pure tone lasting 200 ms at 2 kHz) elements (Fig. 4). The fade-in
and fade-out durations of each pulse were 10 ms. The physical intensities of the A and
B elements were not corrected for [65 dB SPL, 40 dB above the threshold at 0.5 kHz
(Osmanski and Wang, 2011)]. Thus, the subjective intensity of B was higher than that
of A by approximately 10-15 dB, because marmoset hearing is more sensitive to a 2-
kHz tone than a 0.5-kHz tone (Osmanski and Wang, 2011) and because of the probable
greater temporal summation effect for a 200-ms tone than for a 50-ms tone. These
elements were then combined with a 500-ms onset asynchrony to generate isochronous
ABAB and AABB sequences. The B element was more conspicuous than the A element
in terms of pitch, duration and possibly intensity; thus, the marmosets might have relied
on any one of these dimensions to abstract ABAB and AABB patterns. The stimuli
consisted of acoustically simple sounds, and their frequencies were low relative to the

range of the marmoset’s natural calls (such as distress and mobbing calls). Therefore,
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the stimuli were unlikely to influence marmoset behavior in terms of ethological
relevancy.

Newport et al. (2004) have presented stimulus elements at a more rapid rate;
however, the onset asynchrony was not substantially different from those in many
previous studies (Fitch and Hauser, 2004; Saffran et al., 2008; Hauser and Glynn, 2009;
Ravignani et al., 2013; Wilson et al., 2013; Wilson et al., 2015). The duration of the
elements was generally longer in previous studies than in the current study. In other
words, because the individual elements were separated by a relatively long silence gap
in the current experiment, a smooth transition between sounds did not occur; thus, the
stimulus sequences may not have provided unexpected prosodic cues. The ABAB and

AABB patterns were S* for Cj190 and Cj195, respectively.

6.3 Procedure

Experiment 2 started 119 and 9 days after the end of Experiment 1 in Cj190 and
Cj195, respectively. The experimental procedure was essentially the same as that in
Experiment 1. A daily session consisted of 40 trials (2 stimuli x 20 trials). The order of
the S* and S~ trials was pseudo-randomly determined such that the same stimulus was
not presented more than twice in succession. The discrimination achievement and
learning criteria were determined in the same manner as in Experiment 1. However, the
d’ scores representing a contrast between S* and S~ were not calculated because, given
that only one S~ was presented in Experiment 2, the information that was included in
those scores was also indicated by the d’ scores representing the overall detectability of

S*.
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The successful discrimination of auditory patterns achieved after a long period of
training by using small sets of exemplars could be because the animals exploited the
acoustic features of the stimulus sounds instead of differences in global pattern
structures (van Heijningen et al., 2009; ten Cate and Okanoya, 2012).

In Experiment 2, the discrimination achievement did not improve; therefore, training
was discontinued at twice the number of sessions required to meet the criteria in

Experiment 1.

7. Results and Discussion

The two marmosets did not discriminate between the ABAB and AABB patterns
within the predetermined training periods. Training was discontinued at 32 and 48
sessions for Cj190 and Cj195, respectively. As shown in Figs. 5A and 5B, both
marmosets maintained a high response rate to S* but did not suppress their responses to
S~. Consequently, the learning curves indicated no improvement in overall
discrimination performance within the studied period (Figs. 5C and 5D). In the last
three sessions, the ranges for d’ and the lower bound of 95% CI were —0.09-0.83 and —
0.12-0.80 in Cj190 and —0.12-0.20 and —0.15-0.16 in Cj195, respectively.

The results indicated that the marmosets have difficulty in processing the
temporal structure of stimulus patterns. In Experiment 2, because the B element was
higher in frequency, longer in duration and subjectively louder than the A element, the
B element was more conspicuous than the A element. Therefore, the marmosets may
have efficiently abstracted ABAB and AABB patterns regardless of the dimensions
relied on to analyze the temporal structure of the stimulus patterns. However, the

marmosets were unable to discriminate between ABAB and AABB patterns.
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One potential explanation for why the marmosets did not attain discrimination is
that the marmosets were not deprived of food during the training period, and their
motivation may have been insufficient for the demanding task. However, high response
rates (at least to S*) were always observed until the end of each session, thus indicating
that the reinforcement value of the reward was sufficiently high to maintain the
monkeys’ behavior during the daily training and that food restriction was not critical in
the current studies.

In addition, the learning history during Experiment 1 might have caused confusion
regarding the stimulus patterns in Experiment 2. Both ABAB and AABB patterns
contained acoustic features that were S* in Experiment 1 (0.5-kHz/50-ms feature in
Cj190 and 2-kHz/200-ms feature in Cj195, corresponding to A and B elements,
respectively). However, temporal information was provided by the silent interval
between elements, and the duration of the elements was not task relevant in Experiment
1, whereas the duration of each element provided task-relevant temporal information in
Experiment 2. Moreover, the start of Experiment 2 was separated from the end of
Experiment 1 by a long period after the end of Experiment 1. Therefore, it is unlikely
that confusion in Experiment 2 was induced by the learning history during Experiment
1.

Instead, the results of Experiment 2 may have been caused by the structural nature
of the stimuli. Because the stimulus patterns were fixed, and stimuli were initiated by
the marmosets” own responses to the stimulus perch, the marmosets might have noticed
the difference between the ABAB and AABB patterns if they had been able to detect
whether the second tone was A or B. Moreover, by ignoring the less conspicuous A

element, the marmosets could have compared the “-B-B’’ pattern, in which the 2-
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kHz/200-ms tone was regularly repeated with a 1,000-ms onset asynchrony, with the “--
BB’’ pattern, in which the 2-kHz/200-ms tone was repeated with either a 500- or 1,500-
ms onset asynchrony. If this were the case, these interval differences may indeed have
been noticeable for the marmosets and allowed them to successfully discriminate
between the stimulus patterns. Thus, the failure to discriminate between the ABAB and
AABB patterns may indicate that the marmosets’ judgment of the stimuli did not rely
on single elements. In other words, the failure in temporal pattern discrimination was

likely to be dependent on the structural nature of the stimuli.

8. Experiment 3: Discrimination of Sequences: Two-frequency x One-
duration (or One-frequency x Two-duration)

The results in Experiment 2 were in contrast to those in Experiment 1, in which
identical tones were regularly repeated in each stimulus. The marmosets were unable to
discriminate the stimuli, probably because they had difficulty in processing the temporal
configuration of discrete elements to represent the temporal structure of stimulus
patterns.

Therefore, in Experiment 3, to confirm that this failure was due to the structural
nature of the stimuli, I trained the marmosets to discriminate four stimulus patterns. In
each stimulus pattern, either the frequency or the temporal dimension was composed of
two elements, whereas the other dimension was composed of a single element. Thus,
the structured patterns were generated in only one dimension. Therefore, if marmosets
confused the duration-based (or frequency-based) ABAB and AABB patterns, but their

responses were determined by the frequency-based (or duration-based) temporally non-
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structured features, then the marmosets would show difficulty in representing the

temporal structure of the stimulus patterns.

9. Materials and Methods
9.1. Subjects and apparatus

The subjects and apparatus were the same as those in Experiments 1 and 2.

9.2 Stimuli

Two marmosets were trained with different stimulus sets. Cj190 was exposed to
four stimuli in which 50- (A) and 200-ms (B) tones were arranged to generate ABAB
and AABB patterns. The frequency of the elements within each stimulus was constant
and was either 0.5 or 2 kHz (Figs. 6A-D). Cj190 was trained with a duration-based
ABAB pattern at the 0.5-kHz frequency as S* (Fig. 6A). Thus, the temporal and
frequency dimensions constituted structured and non-structured features, respectively.

In contrast, Cj195 was exposed to four stimuli in which 0.5- (A) and 2-kHz (B)
tones were arranged to generate ABAB and AABB patterns. The duration of the
elements within each stimulus was constant and was either 50 or 200 ms (Figs. 6E—H).
Cj195 was trained by using the frequency-based AABB pattern with a 200-ms duration
as S* (Fig. 6F). Thus, the frequency and temporal dimensions constituted structured and

non-structured features, respectively.

9.3. Procedure
The procedure was essentially the same as that in Experiment 2. However,

Experiment 3 consisted of two phases. Phase 1 started four days after the end of
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Experiment 2 in both Cj190 and Cj195. A daily session consisted of 60 trials (4 stimuli
x 15 trials). The order of stimulus presentation was pseudo-randomly determined, such
that each of the four stimuli was presented once in four trials. The discrimination
performance was calculated, and the learning criterion was set in the same manner as in
Experiment 1. However, because there was no improvement in achievement (as in
Experiment 2), training was discontinued at twice the number of sessions required to
achieve the task in Experiment 1 (32 and 48 sessions for Cj190 and Cj195,
respectively).

Additional training (phase 2) was conducted by eliminating possible interference
from a non-structured feature and started 60 and 4 days after the end of phase 1 in
Cj190 and Cj195, respectively. Thus, with two stimulus sequences, the marmosets were
trained to discriminate between ABAB and AABB patterns that shared the non-
structured features of S* (Figs. 6A and 6B for Cj190 and Figs. 6E and 6F for Cj195). A
daily session consisted of 40 trials (2 stimuli x 20 trials). The order of stimulus
presentation was pseudo-randomly determined, such that the same stimulus was not
presented more than twice in succession. Consequently, there was no improvement in
achievement; training was thus discontinued at twice the number of sessions required to
achieve the task in Experiment 1 (32 and 48 sessions for Cj190 and Cj195,

respectively).

10. Results and Discussion
In phase 1, as shown in Figs. 7A and 7B, both marmosets learned to inhibit their
responses to two S~ that did not share the non-structured feature with S* (dashed lines),

while maintaining their response to S* (dark solid lines). However, they did not
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suppress their responses to S™ that shared the non-structured feature with S* (gray solid
lines). In other words, their discrimination relied on the non-structured feature across
sessions.

As shown in Figs. 7C and 7D, discrimination improved between S* and S~ that did
not share the non-structured feature (dashed lines) of frequency in Cj190 and duration in
Cj195. Cj190 and Cj195 attained the discrimination criterion between S*™ and these S
within 18 and 25 sessions, respectively. However, S* was not discriminated from S~ that
differed in the structured feature (gray solid lines) within the training period. In the last
three sessions of phase 1, ranges for d’ and the lower bound of 95% CI were —0.46-0.45
and —0.51-0.41 in Cj190 and 0.03-0.84 and —0.02—0.80 in Cj195, respectively (Fig. 7C
and 7D). Consequently, although the overall response accuracy appeared to increase
across sessions (Figs. 7E and 7F), this change merely reflected a partial discrimination.

In phase 2, both marmosets consistently had similar numbers of GO responses to
both S* and S~ (Figs. 7A and 7B). Consequently, discrimination did not improve (Figs.
7C—TF). Thus, the results of Experiment 3 again showed that the marmosets were
unable to discriminate the stimulus patterns within the training period. In the last three
session of phase 2, the ranges for d’ and the lower bound of 95% CI were 0.01-0.81 and
—-0.02-0.84 in Cj190 and —0.36-0.13 and —0.39-0.11 in Cj195, respectively (Fig. 7E and
7F).

The marmosets’ behavior in phase 1, together with the results in Experiment 1,
indicated that their stimulus judgment relied on non-structured features. In phase 2, in
which the structured feature was the only cue for discrimination, the marmosets did not
correctly choose S*. Thus, together with the results of Experiment 2, the results of phase

2 indicated that the marmosets were unable to process the temporal configuration of
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discrete auditory elements. In summary, marmosets have difficulty in perceiving the

temporal structure of auditory patterns.

11. General Discussion

The present study was aimed at clarifying whether marmosets can perceive
auditory patterns in terms of the temporal configuration of elements rather than the
acoustic sensory features. To this end, marmosets were trained to discriminate auditory
temporal patterns in which two discriminable elements were arranged in a different
order. Thus, the marmosets had to analyze the temporal configuration of elements to
perceive tonal patterns. The results showed that the marmosets were able to recognize
the acoustic features of stimuli but not to discriminate the patterned structures of
stimuli. These findings were obtained from only two marmosets; however, the results
from one animal were replicated by those from the other animal. Thus, the present study
showed that common marmosets cannot perceive unified auditory patterns on the basis
of the temporal configuration of discrete tones.

Several possible explanations should be ruled out before reaching a conclusion.
First, one possibility is that the marmosets may have failed to achieve the tasks because
they were not trained sufficiently. In Experiments 2 and 3, Cj190 and Cj195 were
exposed to S* for 1,760 and 2,640 trials, respectively. They might have achieved the
tasks in Experiments 2 and 3 if they had been trained for a longer period. European
starlings have successfully learned to discriminate differently structured auditory
sequences after approximately 10,000-50,000 trials, in which each stimulus was

presented a few thousand times (Gentner et al., 2006). However, van Heijningen et al.

(2009) and ten Cate and Okanoya (2012) have noted that the birds might have exploited
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unexpected acoustic features of the stimulus patterns and discriminated the stimuli on
the basis of counting the repetition of elements belonging to the stimulus sequences of
the same category. Thus, it was likely that a perceptual learning process to select the
sensory features distinguishing S* and S-, rather than learning of the structural rules of
the stimulus sequences, required a long training period. As Brosch et al. (2006) have
noted, macaque monkeys have learned to discriminate tone sequences after more than
100,000 trials (Brosch et al., 2004), whereas a few thousand trials were required to
achieve a similar task by 1zumi (2001). Thus, training length may not necessarily
determine learning performance. If marmosets can process structured auditory patterns
on the basis of the configuration of individual elements, lengthy training may therefore
not have been necessary to complete the current temporal pattern discrimination.
Nevertheless, it may be necessary to test whether a long period of training results in
better discrimination performance.

A second possibility is that the marmosets may have been unable to discriminate
auditory patterns in Experiments 2 and 3 because the training history in Experiment 1,
in which identical tones were monotonously repeated, may have prevented the
marmosets from attending to the temporal configuration of discrete tones. In the case of
Cj190, for example, an element that organized S* of Experiment 1 (i.e., 0.5-kHz and 50-
ms) was included in both stimuli in Experiment 2 and in the two stimuli in Experiment
3, to which that marmoset showed a sustained response. Thus, it can be assumed that
the marmosets did not discriminate the stimuli because they were persistently
responding to the element in the later training sessions. However, this possibility is
unlikely because the start of Experiment 2 was separated from the end of Experiment 1

by a long period (roughly four months) after the end of Experiment 1 for this marmoset,
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and comparable results were obtained from the other marmoset. In Experiment 1, S* for
Cj195 was structured by an element that was not contained in the stimuli in Experiment
2 (i.e., 2-kHz and 50-ms). In Experiment 3, moreover, this marmoset successfully
avoided stimuli that contained this element. Thus, the results in Experiments 2 and 3
cannot easily be explained in terms of an influence of learning history during
Experiment 1.

A third possibility is that the high cognitive load for the task may have prevented
the marmosets from achieving discrimination. Critical differences exist between the
current study and prior studies suggesting that an ability to notice the differences in the
sound sequences in monkeys is also present in the task requirements: the current study
was related to training to discriminate auditory sequences, whereas the former studies
were related to the detection of stimulus novelty, as measured by spontaneous behavior.
In the current experiments, moreover, the stimulus presentations were separated by a
silent inter-trial interval; thus, the marmosets were required to judge the stimuli solely
on the basis of the absolute features stored in long-term memory. If the target stimuli
had been embedded in continuously presented standard stimuli, for instance, the
subjects could have detected the target by relying on the relative change in the ongoing
auditory input without having to rely on long-term memory. Undoubtedly, the cognitive
load for tasks involving absolute discrimination of stimuli is higher than that for tasks
requiring only relative discrimination. In future studies, therefore, it will be important to
employ discrimination tasks that require a reduced cognitive load, such as the detection
of stimulus changes for common marmosets. Comparisons of results from tasks
requiring different degrees of cognitive load should be helpful in clarifying the features

of auditory sequence processing in non-human primates.
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Fourth, the stimulus configuration might have caused a potential problem.
Because the stimulus patterns were fixed during the training sessions, stimuli might
have provided stimulus-unique local transitions as cues for discrimination without
requiring the marmosets to attend to the entire structure of the stimuli. The marmosets
may have noticed the difference between the stimulus patterns if they had been able to
detect the stimulus-unique transitions (i.e., AA and BB). However, because both
sequences were isochronous in the present study, the stimulus-unique features might
have been obscure. If such features had been less conspicuous than AB and BA
transitions, which were included in both stimulus sequences, the marmosets would not
have noticed the difference between S™ and S™. Therefore, future studies may use stimuli
composed of the same elements but arranged with biased onset asynchrony, such that
the marmosets can efficiently make a perceptual grouping (i.e., AB-AB vs. AA-BB
patterns), to study whether marmosets can discriminate stimulus patterns if element
configurations are modified.

Although there are several limitations, as mentioned above, the current
experiments at least preliminarily revealed monkeys’ limited ability to learn auditory
patterns. To explain the current results, cognitive mechanisms essential for processing
the temporal configuration of sounds may be worthwhile to consider. To complete the
current discrimination tasks (Experiments 2 and 3), the marmosets were required to
keep track of sequentially presented auditory elements and to maintain the temporal
configuration of elements in short-term memory before they perceived the structures of
the ABAB and AABB patterns. Monkeys can hold information on a single tone in
short-term memory for longer than 10 seconds (D’ Amato and Colombo, 1985; Kojima,

1985; Colombo and D’ Amato, 1986; Fritz et al., 2005). However, Izumi (1999) has
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shown that a brief silence gap inserted between tones influences the judgement of the
pitch relation. Additionally, Scott and colleagues have suggested that the memory of a
preceding sound can be overwritten by an incoming sound (Scott et al., 2012).
Furthermore, Wright (2002) has demonstrated that the memory of a preceding sound
can also influence the memory of incoming sounds. In the current experiments,
therefore, the marmosets were unable to discriminate between the ABAB and AABB
patterns, probably because the processing of the preceding and incoming A/B elements
mutually interfered, thus resulting in an unstructured perception of the element sounds.
Although I did not directly survey neural substrates for auditory sequence
processing in this work, recent comparative studies of brain function coupled with
habituation/dishabituation methods may be helpful to explain the present results. An
electrophysiological study (Milne et al., 2016) has revealed that contrasts in event-
related potential patterns evoked by congruent and incongruent sequences from
monkeys are similar to those from human infants rather than human adults. Thus,
such findings indicate similar strategies for detecting rule deviations in sound
sequences in both monkeys and human infants. Therefore, the temporal configuration
of individual tones may not be an important cue for perception of auditory sequences
in monkeys, because infants’ recognition of rule-based auditory sequences is
dependent on pitch changes or prosodic information (Mueller et al., 2012; Shukla et
al., 2011; for reviews, see Jusczykl, 1999; Erickson and Thiessen, 2015).
Furthermore, by functional brain imaging, Wang et al. (2015) have found brain
regions (i.e., bilateral inferior frontal and superior temporal regions) that represent the
rule of global sequence patterns in humans, but no such regions have been found in

monkeys, although only some aspects of sequence were represented.
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Recent comparative studies of brain anatomy may also be helpful in explaining
the present results. In humans, the left posterior part of the inferior frontal region, i.e.
Brodmann areas (BA) 44 and 45, is essential for sequencing phonemes and words,
thereby enabling the detection of words from continuous speech and the analysis of
grammatical structures. This region receives auditory signals from the temporal
auditory regions via the arcuate fasciculus of the dorsal pathway (for reviews, see
Dick and Tremblay, 2012; Friederici et al., 2017). However, left BAs 44 and 45 are
more than six times smaller in chimpanzee than humans, while the brain as a whole is
roughly 3.5 times smaller in chimpanzees than humans (Schenker et al., 2010). In
addition, the arcuate fasciculus of macaques and chimpanzees is rudimentary
compared with that in humans (for reviews, see Petrides et al., 2012; Rilling, 2014).
These comparative studies of brain functions and structures imply that macaques and
chimpanzees, which are phylogenetically closer to humans than marmosets, do not
have sufficient neural substrates that support auditory sequence processing based on
the temporal configuration of sound. In the current experiments, therefore, the
marmosets were unable to discriminate between the ABAB and AABB patterns,
probably because they do not have neural substrates for perceiving unified auditory
patterns. Although caution must be taken in generalizing the current negative results,
the findings from previous studies support the speculation that auditory temporal
pattern perception may be difficult not only in marmosets but also in other non-human
primates.

In conclusion, the present study showed that common marmosets can recognize
the physical properties of sound but cannot represent the structure of auditory patterns

by coding the temporal configuration of individual sounds. The current results can be
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explained by the nature of auditory cognition and brain mechanisms in monkeys.
Monkeys may represent tone sequences as unstructured pools of individual tones, and
their brains may not represent the global structure of auditory temporal patterns.
Owing to such limitations, therefore, even if the sequential stimuli had been
composed of acoustically complex sounds or species-specific calls, which should
attract more attention than pure tones, the marmosets would have failed to
discriminate between the auditory patterns. The current findings were not consistent
with previous findings suggesting a sensitivity to the structural rules of sound
sequences in monkeys. These discrepant findings were probably due to the differences
in the experimental procedures. Previous studies have typically measured spontaneous
behavioral responses and evoked brain activations against passively exposed sound
stimuli. Although different task procedures have their benefits and drawbacks, in
future studies, carefully controlled behavioral training with sophisticated procedures
will be needed to confirm the auditory sequence perception abilities of nonhuman

primates.
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Figure legends

Fig. 1. Apparatus. A marmoset is shown moving from the stimulus perch to the

response perch.

Fig. 2. Schematic representation of the stimuli in Experiment 1. Four types of
stimuli were generated by repeating a pure tone of 50-ms duration at either 0.5- (A and
B) or 2-kHz (C and D) frequencies with either 50- (A and C) or 200-ms (B and D)
separations. Pulse trains illustrated in panels A and D were S* for Cj190 and Cj195,

respectively. The stimulus trains were presented for up to 5 s. Scale bar = 500 ms.
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Fig. 3. Results of Experiment 1. (A and B) Plots show mean HIT and FA rates
estimated by bootstrapping for Cj190 and Cj195, respectively. (C and D) Plots show

mean d’ scores estimated by bootstrapping the contrast between the HIT rate and FA
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rate to each S for Cj190 and Cj195, respectively. (E and F) Plots show mean d’ scores
estimated by bootstrapping the contrast between HIT rate and overall GO-response rate
for Cj190 and Cj195, respectively. The plots are averaged over three sessions to

eliminate daily fluctuations. The horizontal lines in C—F indicate the learning criterion.

Cj190 Ci195
A 10, B 1.0po
& I~ — 0.5 kHz/50 ms (S*) & ™A — 2 kHz/200 ms (S*)
£ 081" \YA%, . -=-2KkHz/50 ms £ 08F WA\ --- 2kHz/50 ms
; 5 0.5 kHz/200 ms ; \‘ 0.5 kHz/200 ms
@ 0.6 '~~~ 2KkHZ/200 ms w 0.6f \ ---0.5KkHz/50 ms
) ) \
204} 2041 \
o (4 N
0 0.2 O 0.2}
o o
1 14 1 22
Sessions Sessions
c 3 D 3
E 2} E 2t
> g > J
§ 1 A § fbagaial /
g N = vy \ TN
3 A 3 : \ 7/
o s 0 ~ v
o Sy o ‘
< 0-- Vi \J' < O.
Sl By FTTTTTTTRR TR TR RIETT)
1 14 | 22
Sessions Sessions
E 3. FE 3
E 2t E 2}
) )
g 1 s 1
=1 =1
o (3}
o (3}
< Of < Of
B | FETTT TR eTT) o |
14 1 ] 22
Sessions Sessions

Fig. 4. Schematic representation of the stimuli in Experiment 2. ABAB and
AABB patterns were generated by arranging a pure tone of 50-ms duration at a 0.5-kHz
frequency and a pure tone of 200-ms duration at a 2-kHz frequency. Stimulus sequences

were presented for up to 5 s. Scale bar = 500 ms.
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Fig. 5. Results of Experiment 2. (A and B) Plots show mean HIT and FA rates
estimated by bootstrapping for Cj190 and Cj195, respectively. (C and D) Plots show
mean d’ scores estimated by bootstrapping the contrast between HIT rate and overall

GO-response rate for Cj190 and Cj195, respectively. For plot detail, see legend to Fig.
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Fig. 6. Schematic representation of the stimuli in Experiment 3. Cj190 was
exposed to four stimuli in which 50- and 200-ms tones were arranged to generate
ABAB (A and C) and AABB (B and D) patterns during phase 1. The frequencies of the
elements within the individual stimuli were identical and were either 0.5 (A and B) or 2
kHz (C and D). During phase 2, two stimulus patterns (A and B) were presented. Cj195
was exposed to four stimuli in which 0.5- and 2-kHz tones were arranged to generate

ABAB (E and G) and AABB (F and H) patterns during phase 1. The duration of the
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elements within the individual stimuli was identical and was either 50 (G and H) or 200
ms (E and F). During phase 2, two stimulus patterns (E and F) were presented. The

stimulus sequences were presented for up to 5 s. Scale bar = 500 ms.
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Fig. 7. Results of Experiment 3. See legend to Fig. 3.
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