
Primate Auditory Recognition Memory Performance Varies With
Sound Type

Ng Chi-Wing, Plakke Bethany, and Poremba Amy
Department of Psychology, Behavioral and Cognitive Neuroscience Program, University of Iowa,
USA.

Abstract
Neural correlates of auditory processing, including for species-specific vocalizations that convey
biological and ethological significance (e.g. social status, kinship, environment),have been identified
in a wide variety of areas including the temporal and frontal cortices. However, few studies elucidate
how non-human primates interact with these vocalization signals when they are challenged by tasks
requiring auditory discrimination, recognition, and/or memory. The present study employs a delayed
matching-to-sample task with auditory stimuli to examine auditory memory performance of rhesus
macaques (Macaca mulatta), wherein two sounds are determined to be the same or different. Rhesus
macaques seem to have relatively poor short-term memory with auditory stimuli, and we examine if
particular sound types are more favorable for memory performance. Experiment 1 suggests memory
performance with vocalization sound types (particularly monkey), are significantly better than when
using non-vocalization sound types, and male monkeys outperform female monkeys overall.
Experiment 2, controlling for number of sound exemplars and presentation pairings across types,
replicates Experiment 1, demonstrating better performance or decreased response latencies,
depending on trial type, to species-specific monkey vocalizations. The findings cannot be explained
by acoustic differences between monkey vocalizations and the other sound types, suggesting the
biological, and/or ethological meaning of these sounds are more effective for auditory memory.
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Monkeys have difficulty in learning a delayed matching-to-sample (DMTS) task requiring
decisions about whether sounds match or not across memory delays (D’Amato and Colombo,
1985; Wright, 1998, 1999; Fritz et al., 2005). Rhesus monkeys generally learn the rule for
visual and tactile versions of this trial-unique delayed matching- and nonmatching-to-sample
at short delays, within a few hundred trials (Murray and Mishkin, 1998; Buffalo et al., 1999;
Zola et al., 2000), while a similar task, using auditory stimuli, takes them on average 15,000
trials to learn the rule at 5-second memory delays (Fritz et al., 2005). Auditory memory
performance seems rather poor compared to using visual and tactile stimuli in similar tasks.
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Monkeys show forgetting thresholds (i.e. scores falling to 75% accuracy) for visual and tactile
stimuli at delays of 10 minutes or more, but thresholds for forgetting auditory stimuli are as
short as 35 seconds. They require more training in discriminating auditory stimuli and are less
efficient in maintaining auditory information for retention, compared to visual and tactile
information, although it may be possibile that experimenters have not yet devised the most
robust way to test the auditory memory of non-human primates. A related finding similarly
reports that human auditory recognition memory is relatively poor compared to visual
recognition memory (Cohen et al., 2009). Here we investigate whether the auditory memory
of monkeys is improved by, or if its expression is dependent on, particular sound types.

Species-specific vocalizations are salient stimuli to living organisms, for communication
among individual members and about the surrounding environment (Fitch, 2000; Ghazanfar
and Hauser, 2001). Imaging and neurophysiological studies identify “voice-sensitive” and
“vocalization-sensitive” areas of secondary auditory regions, superior temporal gyri, temporal
pole, insular cortex and prefrontal cortices in humans (Belin et al., 2000; Fecteau et al.,
2004; Belin, 2006; Bélizaire et al., 2007) and non-human primates (Tian et al., 2001; Gil-da-
Costa et al., 2004; Poremba et al., 2004; Romanski et al., 2005; Cohen et al., 2007, Petkov et
al., 2008; Remedios et al., 2009). Similar neural correlates are also present in the second
auditory cortical fields of birds (Theunissen and Shaevitz, 2006) and mice (Ehret, 1987;
Geissler and Ehret, 2004). Like humans, non-human primates attend to distinctive acoustic
cues of conspecific vocalizations for efficient auditory processing, compared to heterospecific
vocalizations from non-rhesus monkeys or other animal species (Zoloth et al., 1979; Petersen
et al., 1984; Hauser, 1998; Gifford et al., 2003; Rendall, 2003; Hienz et al., 2004; Fitch and
Fritz, 2006). One possible explanation for differences in memory performance across stimulus
types is that some sounds may be more readily processed or encoded by the brain. In humans,
visual perception and memory performance are enhanced using faces, pictures, and words,
which are more efficiently processed and categorized during human cognition (Seifert, 1997;
Amrhein et al., 2002; Bulthoff and Newell, 2006). Species-specific vocalizations may then
exert functional advantages in auditory learning and memory of monkeys over other sound
types.

The present study aims to investigate if the memory performance of rhesus macaques varies
across seven distinct sound types. Rhesus monkeys were tested with an auditory version of the
delayed matching-to-sample (DMTS) task. They were trained to perform go/no-go responses
for matching and nonmatching sounds respectively at fixed 5-second memory delays. In
Experiment 1, a collection of approximately 900 auditory stimuli were used and classified
based on acoustical, biological, and ethological characteristics. These sound groupings were
then used for analyses of memory performance across match and nonmatch trials respectively.
In Experiment 2, the total number of sound stimuli per sound type and the exact pairings of
sound presentation were controlled and organized to achieve a trial-unique DMTS task to
determine if particular types of sound stimuli would evoke better behavioral performance. The
study hypothesized that monkey vocalizations, species-specific sounds to the animal subjects,
would yield better memory performance than others in the task.

Methods
Experiment 1

Subjects—Six rhesus macaques (Macaca mulatta) were used, three males and three females
between 11 and 12 years of age and weighing 6–11 kilograms. For approximately the first two
years they were raised with other rhesus monkeys in a breeding facility in both indoor and
outdoor corals. Since then, the monkeys have been in single housing or paired housing in animal
colony rooms with a total room number of 7–23 other monkeys. During the testing included
herein they were individually housed with a 12-hour light/dark cycle at the University of Iowa.
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Food control was applied during behavioral training, in order to maintain them at 85% or more
of their original weights. Monkey biscuits (Harlan Teklad, Madison, WI) were fed to animals
daily, with fruits, vegetables, and treats scheduled throughout the week. All animals had access
to water ad libitum. Treatment of the animals and experimental procedures were in accordance
with the National Institutes of Health Guidelines and were approved by the University of Iowa
Animal Care and Use Committee.

Apparatus—The auditory DMTS task took place inside a sound-attenuated chamber. Each
animal was trained to sit in a primate chair and listened to a wide range of sound stimuli. The
behavioral panel contained a speaker, an acrylic touch-sensitive button and a reward dish (Fig.
1). The speaker (3.5 inch × 3.5 inch) was 15 centimeters (cm) in front of the primate, at its eye
level. The touch-sensitive button (2.8 inch × 2.8 inch) was 3 cm below the speaker to detect
responses. The reward dish, 3 cm below the touch-sensitive button, released a food reinforcer
from a pellet dispenser (Med Associates Inc, VT) for correct responses. A house light (a 40W
light bulb) provided illumination throughout the training session. A library of 893 distinct
sounds (containing significant spectral energy up to 10,000 Hertz) was presented at 70–75
decibels (dB) at sound pressure level (SPL), and each sound clip was truncated at 500
milliseconds (ms). LabView software (National Instruments, Austin, TX) controlled the lights,
sound stimuli, pellet dispenser, and recorded button-pressing responses.

General Procedures—Training sessions were held five days a week and 50 trials were
presented per session. The current setup employed go/no-go response rules for the auditory
DMTS task (Fig. 1). The ratio of match to nonmatch trials was 1, randomly controlled by the
LabView software. On match trials, the two sounds were the same and a correct go-response
was made by touching the button resulting in the delivery of a small chocolate candy reward.
On nonmatch trials, the two presented sounds were different and a correct response was sorted
if the monkey avoided touching the button (i.e. a no-go response), which did not result in food
delivery. Thus the current DMTS task, employing go/no-go rules, used an asymmetrical
reinforcement contingency. In the two-alternative forced choice contingency, used in some
other auditory primate studies (Wright, 1998,1999;Fritz et al., 2005), behavioral responses are
always necessary for nonmatch trials. However, monkeys had difficulty in acquiring discrete
button-pressing on match and nonmatch trials respectively. In order to learn the two-alternative
forced choice contingency, responses for match and nonmatch trials needed to be spatially
separated. Although the go/no-go setup does not require two separate behavioral responses,
the monkeys learn this task faster, and the potential confound of spatial preference and/or
processing was minimized while the goal was to elucidate auditory memory performance of
monkeys in a non-spatial behavioral task.

In each trial, the memory delay between two sounds (i.e. inter-stimulus intervals) was five
seconds long. The inter-trial interval (ITI) was set at 12 sec, and premature response during
the ITIs reset the interval. The same response during 5-second memory delays reset that trial.
There were no more than three consecutive trials of match or nonmatch trials in a row. Monkeys
were trained to a criterion of 80% or better on match and nonmatch performance combined.
All sounds (893 samples) were divided into 18 sound folders (50 unique sound stimuli each
on average), and folder use was cycled across days. Two of the 18 sound folders were pre-
selected for each session/monkey. The order and combination of 18 folders were randomized
weekly, and thus a given stimulus was repeated once on average every 10 training days.

Auditory stimuli—Acoustic samples, 884 out of 893, were classified by two independent
human researchers into post-hoc groupings that yielded seven sound types: animal
vocalizations (Anivoc), human vocalizations (Hvoc), monkey vocalizations (Mvoc), music
clips (Music), natural sounds (Nature), synthesized clips (Syn) and band-passed white noises
(WhiteN). Animal vocalizations (Anivoc), 123 out of the 884 samples (13.9 %), included
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vocalizations recorded from birds, domestic animals (e.g. cat, and dog etc.), and miscellaneous/
wild animals (e.g. lion, elephant, and leopard etc.). Human vocalizations (Hvoc), 113 samples
(12.8 %), included speech sounds (e.g. “girl”, “thank you” and “good morning” etc.) and non-
speech sounds (e.g. laughing, crying and sneezing etc.) generated from unknown male and
female speakers. Monkey vocalizations (Mvoc), 14 samples (1.6 %), included various
vocalizations generated by unknown rhesus monkeys. Music clips (Music: 142 samples or 16.1
%) contained notes (e.g. harmonics), and sound clips (e.g. extracts of orchestra symphonies
and melodies of TV commercials) generated from various musical instruments (e.g. violin,
flute and trumpet etc.). Natural sounds (Nature; 28 samples or 3.2 %) contained recorded
samples of natural phenomena such as fire burning, water ripple, flowing stream, wind breeze,
hurricane, and thunder. Synthesized clips (Syn; 443 samples or 50.1 %) consisted of digitally
generated sounds (e.g. pure tones and frequency-modulated sweeps), and recordings of man-
made environmental sounds, such as engine noise, police siren, drilling, clock ticking, and
sounds resulting from metallic bombardment. White noises (WhiteN; 21 samples or 2.3 %),
were band-passed noises between 10 – 10000 Hz with different low/high-pass filters (e.g. 500,
1000, 2000 and 7500 Hz) and frequency bandwidths (min and max bandwidth between 390 to
9900 Hz). The remaining samples and data associated with them were discarded, as these
sounds were not easily classified with mutually exclusive criteria. All stimuli were digitized
and processed with a sampling frequency of 44100 Hz, and were 8-bit mono-recorded sound
clips.

Data Analysis—Results are based on a post-hoc database analysis to determine if auditory
memory performance of monkeys varied differentially across the seven sound types. From the
available data, the study included sessions where the monkeys behavioral performance on both
match and nonmatch trials was 60 percent correct or above. This behavioral criterion resulted
in, on average, 70% of all behavioral sessions per monkey being included in the analysis. The
criterion selection provided satisfactory performance from each monkey, while allowing
enough response data for statistical analyses. Forty sessions (2000 trials) of data from each
monkey were used (between February and June 2006), since the six monkeys received the
original DMTS training at different times with differing numbers of total trials to criterion
performance.

The current study employed go/no-go response rule for match and nonmatch trials.
Performance data of match and nonmatch trials were analyzed separately. In match trials, both
sounds presented as the first and second sound were the same and a button press response was
required to release the food reward. Repeated-measures ANOVAs (SPSS 13.0; Chicago, IL)
were conducted to examine auditory memory performance of match trials. For match trials,
gender was a between-subject factor and sound type was a within-subject factor for conducting
repeated-measures ANOVAs. In contrast, during nonmatch trials the two sounds presented
were different and no button press response was to be made. Particular sound stimuli could
either be presented as the sample stimulus (first position) or as the test stimulus (second
position) on different trials. Thus for nonmatch trials, because there are two additional factors,
the sound type of the first sound, and the sound type of the second sound, rather than an
ANOVA, linear regression analysis (SPSS 13.0; Chicago, IL) was used to assess both factors.
Here, percent correct of a given sound pairing was the dependent variable. Regressions were
conducted hierarchically with gender entered on the first step to account for between-subject
variability. Sound type presented as the first sound or the second sound was then entered to
account for within-subject variability. Paired-sample t-tests were used for preplanned
comparisons, and examined performance differences between monkey vocalizations and the
other six sound types. Parallel analyses were used to examine differences of response latency
when subjects gave correct go responses for two matching sounds (repeated-measure
ANOVAs), and when subjects erroneously gave go responses for two nonmatching sounds
(linear regression analysis).
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Experiment 2
After obtaining the results from Exp. 1 over a large number of behavioral testing sessions and
analyzing them in a post-hoc manner, Exp. 2 was designed to exert more control over the
comparison of sound exposures by using same numbers of sound stimuli across the seven sound
types. In particular, presentations of sound stimuli during nonmatch trials were systemically
organized, in order to reveal if particular sound types would improve auditory memory
performance. The present design examines if the sound effects on memory performance
derived from Exp. 1 could be replicated by Exp. 2.

Subjects—Exp. 2 used four monkeys, three males and one female, that participated in, and
were housed as in Exp. 1.

Auditory Stimuli—For each of the seven sound types, 28 exemplars were chosen to represent
each sound type used in Exp. 1 [animal vocalizations (Anivoc), human vocalizations (Hvoc),
monkey vocalizations (Mvoc), music clips (Music), natural sounds (Nature), synthesized clips
(Syn) and band-passed white noises (WhiteN)], for a total of 196 sounds. For monkey
vocalizations, natural sounds and white noises, new stimuli were created in the same fashion
as Exp. 1. New monkey vocalizations were recorded in a natural monkey reserve (South
Carolina, USA; by the author A.P.). Calls representing coos, grunts, screams and harmonic
arches were chosen from several hundred examples (frequency range: 100 – 10000 Hz, mean
frequency: 1660 Hz).

Procedures—Exp. 2 was conducted approximately two years after Exp. 1, and monkeys had
been receiving the auditory DMTS training with the 196 sound stimuli for Exp. 2 over the
preceding six to eight weeks for a separate experiment. The same go/no-go response rule for
the auditory DMTS task from Exp. 1 was used. The memory delay between two sounds (five
seconds) and other training parameters were same as Exp. 1, with the exception that daily
sessions consisted of 84 trials (42 match and 42 nonmatch trials; a ratio of 1 controlled by
LabView software) instead of 50 to allow for controlled sound pairings on nonmatch trials.

Pre-training—Monkeys were first accustomed to 84 trials per session daily on the trial-
unique DMTS task. All sounds were evenly distributed between seven control folders,
containing four exemplars from each of the seven sound types. Two of the seven sound folders
were pre-selected for each session/monkey pseudorandomly. The order and combination of
the seven folders were randomized, and thus a given stimulus was repeated once on average
every three training days. With pre-training monkeys normally took three to five days to reach
the criterion of 80% or better before assessment of the auditory memory performance.

Testing—Everyday, the sound presentations were systematically organized, so that a given
sound stimulus would appear either in match or nonmatch trials. A given stimulus was used
once per daily session, and could be repeated on two successive days at most. On match trials,
six sound exemplars from each sound type were used per day. On nonmatch trials, another 12
stimuli from each sound type were used per day. Moreover, positions of sound presentations
on nonmatch trials (i.e. appeared as the sample or test sound stimulus) were completely
counterbalanced among the seven sound types. There were no two sounds from the same sound
type presented within a single nonmatch trial. Nonmatch trials in Exp. 2, hence, examined
memory performance of monkeys when they discriminated one sound type against another
type. The testing phase lasted for 10 to 15 daily sessions to achieve 10 sessions that met the
performance criterion.

Data Analysis—Repeated-measure ANOVAs and linear regression analysis were used for
memory performance of monkeys during match and nonmatch trials respectively, as in Exp.
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1. Ten sessions for each monkey (approximately 85% of the behavioral sessions per monkey
over 2–3 weeks) were used for data analysis where their memory performance for both match
and nonmatch trials was correct on at least 60% of the trials for each trial type. As only one
female monkey was included in this experiment, gender was not included as a between-subject
factor. Based on the results of Exp. 1, effects of sound type were mainly due to performance
associated with monkey vocalizations presented as the second sound. Preplanned comparisons
were then focused on memory performance difference between this sound type and the other
sound types (see methods, Experiment 1).

Acoustic Analyses of Sounds—To determine acoustic characteristics within each sound
type, modulation spectra, adopted from Cohen et al. (2007), were created for the seven sound
types and originally developed by Singh and Theunissen (2003). It is analogous to decomposing
a sound waveform into a series of sine waves. A (log) spectrographic representation of each
auditory stimulus could then be decomposed into a series of sinusoidal gratings that
characterized the temporal modulation (in Hz) and the spectral modulations (in cycles per Hz
or octave) of the stimulus. Modulation spectra of sound samples within a particular sound type
were then averaged, and presented as the squared amplitude of the temporal and spectral
modulation rates of that sound type.

The mathematic algorithm of the modulation spectrum first calculated the spectrographic
representation for each sample of each sound type. It utilized a filter bank of Gaussian-shaped
filters whose gain function had a bandwidth of 32 Hz. The 299 filters with center frequencies
ranging from 32 Hz to 10 kHz, and the corresponding Gaussian-shaped windows in the time
domain had a temporal bandwidth of 5 ms. These parameters defined the time-frequency scale
of the spectrogram and the upper limits of the spectral and temporal modulation frequencies
that could be characterized by the spectrogram: 16.25 cycles/kHz and 100.5 Hz respectively.
The two-dimensional Fourier transform of each sound’s log spectrogram was calculated for
non-overlapping 1-second segments using a Hamming window. The modulation spectrum of
each sound stimulus was calculated by averaging the power (amplitude squared) of the two-
dimensional Fourier transform. The final modulation spectrum of a sound type was obtained
by averaging individual modulation spectra from each sound stimulus within that sound type.
All the spectral, temporal calculations and their visual presentations were created with
MATLAB (The Math Works; Natick, MA).

The harmonics-to-noise ratio (HNR, expressed in dB), the degree of acoustic periodicity, was
generated for each sound sample, using the freely available phonetic software, Praat (Boersma
and Weenink, 2007; http://www.fon.hum.uva.nl/praat/). The HNR value served as an indicator
of sound quality against noise, as how much acoustic energy of a signal was devoted to
harmonics over time, relative to that of the remaining noise (i.e. representing nonharmonic,
irregular, or chaotic acoustic energy). The HNR algorithm determined the degree of periodicity
of a sound, x(t), based on finding a maximum autocorrelation, r’x(τmax), of the signal at a time
lag (τ) greater than zero.

Results
Experiment 1

Match Memory Performance with Regard to the Seven Sound Types—Males
expressed significantly better auditory memory performance than females regardless of sound
type, when subjects determined if the two sounds were the same (Fig. 2A). There was a main
effect of gender (Repeated-measure ANOVAs, F(1,4) = 10.48; p < 0.05), but no effect of sound
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(F(6,24) = 0.13; p > 0.99). There was also no interaction effect between gender and sound
(F(6,24) = 0.41; p = 0.87). The study then examined effects of sound type on response latency
during match trials. There was no main effect of gender (F(1,4) = 0.01; p = 0.93), or sound
(F(6,24) = 0.54; p = 0.77), and no interaction effect (F(1,4) = 1.51; p = 0.72) on response latencies
during the auditory DMTS task (results not shown). Auditory memory performance involved
in two matching sounds is independent of response latencies for button-pressing.

Nonmatch Memory Performance Between Male and Female Monkeys—Linear
regression analysis was used to examine memory performance on nonmatch trials. On the first
step of the analysis, gender was entered and significantly accounted for 4 percent of the variance
(R2 change = 0.04, Fchange (1,232) = 8.57, p < 0.005). There was a main effect of gender in which
males performed significantly better than females (Fig. 2B), parallel to the findings for match-
trial conditions. On the second step of the analysis, sound type of the first sound was added to
the regression model and did not account for any significant variance (R2 change = 0.02,
Fchange (6,226) = 0.61, p = 0.72). On the third step, sound type of the second sound was added
to the regression model and there was a significant (R2 change = 0.09, Fchange (6,220) = 3.89, p
< 0.005) main effect of sound type when presented in the second sound position (Figure 3).
This effect was further analyzed using paired-sample t-tests. When the second sound was a
monkey vocalization, our animal subjects yielded significantly better memory performance
than when the second sound was a human vocalization (t(5) = 4.13, p < 0.05), an animal
vocalization (t(5) = 2.74, p < 0.05), a music clip (t(5) = 4.45, p < 0.05), a natural sound (t(5)
= 5.45, p < 0.05), or a synthesized clip (t(5) = 3.19, p < 0.05). In addition, nonmatch trials
associated with human or animal vocalizations also yielded significantly better memory
performance than those using natural sounds (Hvoc versus Nature: t(5) = 5.98, p < 0.05; Anivoc
versus Nature: t(5)= 7.57, p < 0.05). The study also evaluated if an interaction between gender
and sound type presented as the second sound would contribute to the variance associated with
nonmatch memory performance. This last factor was entered to the regression model, and did
not account for any significant variance (R2 change = 0.003, Fchange (6, 199) = 0.11, p = 0.99).

We further examined if monkeys would perform better using sounds with relatively simple
acoustic structure (e.g. pure tone and frequency-modulated sweep). A grouping of simple
sounds (10 samples) was culled from synthesized clips (Syn), and the corresponding memory
performance for that group of 10 simple sounds was compared to the other seven sound types.
Memory performance associated with simple sound type showed a similar level of accuracy
to the other seven sound types. These findings suggest that a simple acoustic structure did not
make it easier for the monkeys to hold information across a memory delay, and instead, factors
beyond purely acoustic properties may be more important.

Analysis of response latency on nonmatch trials used the same regression analysis. On the first
step, gender was added to the model and was not significant (R2 change = 0.01, Fchange (1, 182)
= 2.27, p = 0.13). On the second step, sound type of the first sound accounted for no additional
variance (R2 change = 0.02, Fchange (6, 176) = 0.50, p = 0.81). Lastly, sound type of the second
sound was added to the model, and marginally accounted for 7% of the variance (R2 change =
0.07, Fchange (6, 170) = 2.06, p = 0.06).

Males performed better than females on both match and nonmatch trials, regardless of the seven
sound types. It is also important to inspect their individual data to assess memory performance
range between genders. Table 1 illustrates average individual memory performance of the six
monkeys across the seven sound types, separated by gender and trial type (match or nonmatch).

Experiment 2
Effects of Sound Type on Match Memory Performance—Parallel to findings from
Exp. 1, there was no main effect of sound (F(6,18) = 0.95; p = 0.48). Auditory memory
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performance for two matching sound stimuli was consistently good across the seven sound
types (overall mean = 91.00, standard error = ± 2.96).

Effects of Sound Type on Nonmatch Memory Performance—Exp. 2 was a follow-
up study to examine if monkey vocalizations served as better acoustic stimuli when monkeys
discriminated them from other sound types during a memory task. As expected, there was a
main effect of sound type presented as the second sound (R2 change = 0.15, Fchange (6, 152) =
6.16, p < 0.005), but no main effect of sound type presented as the first sound (R2 change = 0.02,
Fchange (6, 158) = 0.80, p = 0.57), similar to the findings of experiment 1. When the second sound
was a monkey vocalization, animal subjects yielded significantly better memory performance
than those when it was an animal vocalization, a music clip, a synthesized clip, or a white noise
(paired-sample t-tests, p < 0.05; Figure 4). In contrast to Exp. 1, the study did not reveal
significant performance differences between human or animal vocalizations and other non-
vocalization sound types.

Sound pairings for nonmatch trials in Exp. 2 were systemically organized and counterbalanced
so that each trial consisted of stimuli from two distinct sound types. Different pairings of sounds
from distinct sound types may then influence auditory memory performance of monkeys during
auditory discrimination and recognition. Memory improvement due to monkey vocalizations
presented as the second sound may depend on which sound type was presented as the first
sound. Thus, this factor was entered to the regression model: R2 change = 0.04,
Fchange (10, 142) = 1.03, p = 0.42. The result showed no interaction between a given sound type
and monkey vocalizations when considering the first and second sound position. This suggests
that auditory memory performance was improved accordingly when a monkey vocalization
test stimulus (second position) was compared against a sample stimulus of any sound type.

Effects of Sound Type on Response Latencies for Match and Nonmatch Memory
Performance—A robust sound effect was shown in that monkey vocalizations generally
provided advantages to our animals during auditory memory performance. Another behavioral
measure, response latency of the button-press was assessed to determine if it would also
indicate a similar relationship between sound type and memory performance. On match trials,
there was a main effect of sound on response latency (F(6,18) = 13.29; p < 0.05). Figure 5
illustrates average response latencies across the seven sound types during match-trial
conditions, and indicates the effect of sound type mainly due to monkey vocalizations. Paired
sample t-tests were used to reveal latency differences between monkey vocalizations and the
other six sound types. Subjects showed significantly faster go-responses (correct) for monkey
vocalizations than for any of the other six sound types (p < 0.05).

Regression analysis of nonmatch-trial conditions for response latency showed neither effect
of sound type presented as the first sound (R2 change = 0.03, Fchange (6, 127) = 0.90, p = 0.50) or
the second sound (R2 change = 0.03, Fchange (6, 121) = 1.03, p = 0.41), when monkeys produced
incorrect button presses.

Acoustic Analyses of Sounds—One possible explanation for the above findings which
describe better memory performance associated with monkey vocalizations, is that differences
in acoustic properties between monkey and non-monkey sound types may account for the
observed difference in performance. Such acoustic differences may then facilitate auditory
discrimination when monkeys determined two sounds to be different. To explore this
possibility, we quantitatively compared the acoustic properties of the seven sound types (see
methods). Figure 6 displays a series of modulation spectra for the seven sound types. For the
three vocalization sound types, their modulation spectra have most of their acoustic energy at
low to medium spectra and temporal frequencies, and their power levels decrease rapidly at
high frequencies. This pattern is characteristically to animal vocalizations, including those
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produced by birds, monkeys and humans (Singh and Theunissen, 2003;Cohen et al., 2007). In
contrast, there is remarkable acoustic energy at medium to high spectral frequencies in music
clips and synthesized clips. These results match with the expected acoustic energy profiles of
these sounds in that music segments and man-made environmental sounds contain a wider
range of frequencies and energy sources from higher spectral levels. For natural sounds and
white noises, acoustic energy dominantly resides at very low spectral and temporal frequencies,
consistent to monotonous features of these sound types.

The harmonic-to-noise ratio (HNR) indicates if certain sound types tend to carry more
harmonic components over time relative to noise (Fig. 7). All three vocalization sound types
and two of the non-vocalization sound types, music and synthesized clips, have positive HNR
values, showing that they carry large, regular harmonic contents compared to noise. Natural
sound and white noise have negative HNR values, reflecting the nonharmonic, irregular, or
chaotic acoustic energy predominantly present in these types. The natural phenomena we
recorded here mainly related to wind-, fire- and water-related events. These sounds resemble
perceptual and acoustic features of the band-passed white noises used in the current study. We
tested if an increased acoustic periodicity of a sound type (i.e. harmonic components against
background noises, HNR) is associated with increased auditory memory performance in
monkeys, especially on nonmatch trials during auditory discrimination. Correlational
comparisons between each sound type and the corresponding nonmatch memory performance
were conducted. For each sound stimulus, average performance (percentage correct) at
nonmatch trials associated with that sound was calculated and averaged per session by subject.
For each sound type, a Pearson’s correlation coefficient (SPSS 13.0; Chicago, IL) was
calculated between memory performance associated with each sound stimulus and its
respective HNR value. These results show there is no significant relationship between acoustic
quality and memory performance associated with a given sound type.

Discussion
Using a delayed matching-to-sample task, the present findings suggest a measurable effect of
sound type influencing auditory recognition memory of monkeys. In the first experiment,
monkeys show better auditory recognition memory with vocalizations, strongest for species-
specific monkey vocalizations, on nonmatch trials after a fixed 5-second memory delay.
Additionally, male monkeys demonstrated better auditory recognition memory than female
monkeys on both match and nonmatch trials, regardless of sound type. The findings of the
second experiment, using a trial-unique design with balanced presentation of sound types, once
again showed robust memory performance on nonmatch trials where monkey vocalizations as
one of the sounds, and a decreased response latency to match trials using monkey vocalizations.

Evidence for increased memory performance comes primarily from the nonmatch trials, as
behavioral performance on the match trials may have reached asymptote creating a “ceiling”
effect. However, in addition to the higher performance level on nonmatch trials, the latency of
correct responses is significantly faster on match trials using monkey vocalizations. This
decreased latency to respond to monkey vocalizations is compatible with the increased number
of correct responses on nonmatch trials with monkey vocalizations. The results suggest that
the monkeys, both perceptually and behaviorally, distinguish their own species-specific sounds
preferentially. The use of monkey vocalizations offers a performance advantage with
behavioral specificity, not just over excitation. While the monkeys are responding faster for
match trials using monkey vocalizations they are also better at withholding, or not responding,
during nonmatch trials where the second sound is a monkey vocalization whereas they are
responding erroneously more often to other sound types during those trials. The effects of
monkey vocalizations on this short-term memory performance task suggest auditory
recognition memory of rhesus monkeys may not be universally poor, in comparison to visual
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recognition memory, as concluded by prior studies (D’Amato and Colombo, 1985; Wright,
1998, 1999; Fritz et al., 2005), which did not specifically address the use of monkey
vocalizations. Future studies will need to ascertain the influence of species-specific monkey
vocalizations at longer memory delays.

The acoustic differences of the different sound type groupings do not account for different
levels of memory performance. For example, the three vocalization sound types, humans,
monkeys, and other animals, share similar spectral and temporal modulations, and similar
profiles of their acoustic energy spreads and densities. Despite their acoustic similarities,
monkey vocalizations, relative to human and animal ones, provide an advantage during the
recognition memory task and serve as better acoustic cues than non-vocalization sounds.
Distinctiveness in sound structure, as shown by illustrations of modulation spectra and HNR
values (Fig. 6 and Fig. 7), does not modulate memory performance. Neither acoustically simple
(natural sounds and white noises) nor complex sound types (music and synthesized clips) make
the memory task easier for the animal subjects. Overall, the findings of the acoustical sound
analyses suggest monkeys do not simply rely on global spectrotemporal differences across
sounds to assist auditory discrimination and recognition for memory use. The findings of both
experiments reinforce the notion that better memory performance is selectively associated with
monkey vocalizations suggesting that factors embedded in the acoustic properties, e.g.,
significance and/or familiarity, of monkey vocalizations make them preferable to monkeys
during memory performance.

One reason monkey vocalizations may evoke better behavioral performance across memory
delay intervals is that monkey vocalizations may be more familiar to our subjects than other
sound types. Familiarity and experience with this particular sound type may contribute to their
special status. Expertise in facial recognition, analogous to species-specific vocalizations,
greatly influences discrimination performance in humans (Diamond and Carey, 1986),
chimpanzees (Parr and Heintz, 2006), Japanese macaques (Tomonaga, 1994), and rhesus
monkeys (Parr and Heintz, 2008). They are examples of face inversion effects, in which humans
discriminate human faces easily when they are presented upright versus inverted. These
nonhuman primates show an inversion effect to conspecific faces and even sometimes to human
faces, but not unfamiliar faces and objects (e.g., heterospecific monkey faces and houses).
Future studies could include heterospecific vocalizations from other primate species during an
auditory memory task.

Another possibility is the converging evidence from the present study and other multi-
disciplinary research proposes that biological, and/or ethological significance of monkey
vocalizations, acoustically embedded inside these sounds, are more readily recognized by
monkeys and this may mediate memory performance. Compatible with the current findings
assessing auditory memory are studies involving auditory discrimination. Japanese macaques
learn to discriminate conspecific coo calls faster than heterospecific coo calls (Petersen et al.,
1984); and rhesus macaques responded to food-related species-specific vocalizations based on
their functional referents (i.e. the quality of food) but not physical features (Hauser, 1998;
Gifford et al., 2003). Species-specific vocalizations seem to be unique, as animal subjects not
only attend to physical quality of sounds (e.g. timing and frequency bandwidth) but also the
acoustic cues derived biological/ethological significance embedded inside (also called
“acoustic signatures”; Fitch, 2000). Electrophysiological studies demonstrate higher-order
auditory regions, for example ventrolateral prefrontal cortices, encode monkey vocalizations
according to functional referents embedded inside the sounds, for instance low/high food
quality and food/non-food differences (Gifford et al., 2005; Cohen et al., 2006; Russ et al.,
2007). In the present task of 5-second delays, memory performance for two matching sounds
appears to be asymptotic across sound types, while response latencies associated with monkey
vocalization are the fastest. The authors speculate if memory performance using monkey
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vocalizations would be well maintained, and better than other sound types if memory delays
were sufficiently long. Therefore, future studies could focus on the influences of sound types
when monkeys are challenged with long memory delays, in order to examine if monkeys’
preferences on their own species-specific sounds would generalize to more demanding memory
tests.

Species-specific vocalizations, analogous to faces, may provide essential cues for identity, sex,
age, emotional status, and kinship for social interaction and survival (Ghazanfar and Hauser,
2001). Neural processing of faces in humans and monkeys is along the ventral visual
information pathway and electrophysiological studies reveal neural correlates of face detection
and recognition in the fusiform face area, occipital face area, and a region of superior temporal
sulcus (fSTS) (Kanwisher and Yovel, 2006). The current behavioral results for monkey
vocalizations imply that perhaps a network of auditory brain regions specialized in processing
species-specific vocalizations is capable of influencing memory processing similar to visual
processing of faces. Auditory discrimination utilizing species-specific vocalizations requires
belt/parabelt regions and superior temporal gyri (STG) along the primate auditory system.
Lesions to these areas, particularly the rostral regions of STG, abolish the functional advantages
provided by monkey vocalizations in auditory discrimination learning (Kupfer et al., 1977).
And impair monkeys’ ability to hold auditory information across memory delays using the
delayed matching-to-sample task (Colombo et al., 1990, 1996; Fritz et al., 2005). High-order
auditory processing of complex sounds, including species-specific vocalizations, illustrates
evidence from neuronal recording and imaging studies supporting a neural specialization for
vocalization processing extending ventrally through the superior temporal gyrus and including
prefrontal cortical regions (Tian et al., 2001, Cohen et al., 2004; Gil-da-Costa et al., 2004;
Poremba et al., 2004, Romanski et al., 2005; Petkov et al., 2008; Remedios et al., 2009).

Auditory studies using the DMTS task (e.g. Wright, 1998, 1999; Fritz et al., 2005) do not
separate memory performance into match and nonmatch trials, and instead combine them into
measures of average memory performance. The present findings reveal the two trial types
differentiate behaviorally during auditory memory performance, i.e., nonmatch trials are more
influenced by different sound types. Critics may argue that the phenomenon is due to the nature
of go/no-go response contingency, i.e., excitation versus inhibition of motor responses.
However, implications from the current study lead the authors to reconsider the phenomenon
of divergent behavior on match and nonmatch trials. Memory performance for two matching
sounds is less susceptible to sound types, which significantly modulate memory performance
during nonmatch trials containing two different sounds. It is perplexing that auditory
recognition and discrimination are involved in both trial types, and yet there are expression
differences for auditory memory. One possibility is that different levels of information
processing are required for recognition and discrimination across match and nonmatch trials,
e.g., simple versus complex tasks, and this difference may interact with memory delays. In
vision, electrophysiological studies in monkeys differentiate neuronal profiles of inferior
temporal cortices and prefrontal cortices when encoding perceptual information versus
categorizing stimuli according to instructions of category-matching (Freedman et al., 2003;
Muhammad et al., 2006). These studies propose a division of labor in the primate visual system
for encoding, discrimination and recognition of task-relevant stimuli. Their findings may also
support the suggestion of a network of multiple brain regions for different aspects of auditory
processing. Future studies of the DMTS paradigm should be paired with functional imaging
or neuronal recording to investigate if a similar division of labor for information processing is
evoked by auditory behaviors, and how a series of brain regions accommodate such task
challenges.

The results of Exp. 1 reveal an effect of gender on auditory memory performance of the current
DMTS task for both match and nonmatch trial performance. Individual and group performance
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data suggests that male monkeys show reliable, consistent performance accuracy at high levels
in most sound type conditions, while female monkeys often show fluctuations of memory
performance. Gender effects on perception, learning, and memory have been extensively
studies in humans. Males generally excel in spatial tasks, such as mental rotation, maze
learning, map reading, distance/location finding (Kimura, 1996; Postma et al., 1998; Rizk-
Jackson et al., 2006). Females generally excel in nonspatial processing and nonspatial
components of spatial tasks, such as verbal memory, face recognition, object/landscape
recognition and memory (Kimura and Clarke, 2002; Levy et al., 2005; Voyer et al., 2007).
There are also similar reports in rodents (Jonasson, 2005; Sutcliffe et al., 2007) and non-human
primates (Lacreuse et al., 1999, 2005), that male excellence in spatial processing and female
excellence in non-spatial processing. Several theories have been used for describing and
explaining gender differences on performance of cognitive and behavioral tasks. The
evolutionary history of humans, such as sexual selection for mate competition, task divisions
between foraging, and nurturing young (Eals and Silverman, 1994; Ecuyer-Dab and Robert,
2004; Sutcliffe et al., 2007), are used to describe why males and females perform differently
in spatial and non-spatial tasks respectively, and the evolutionary history of non-human
primates may also relate to the gender differences observed here in auditory memory
performance.

Interactions between hormonal actions in the brain and gender are suggested to affect cognitive
performance in rodents (Warren and Juraska, 1997; Sutcliffe et al., 2007), and humans (Kimura
and Hampson, 1994; Kimura, 1996), where females tend to perform better in spatial tasks at
low-estrogen levels than at high-estrogen levels. Most of the findings concerning hormonal
effects on gender differences in humans and non-human mammals are predominantly based
on studies assessing spatial abilities, for instance, maze learning and space navigation.
Interpretations about hormonal and physiological mechanisms on behaviors may not correlate
with non-spatial domains of cognition and behavior on the same experimental subjects and
would need to be investigated in auditory memory tasks.

To date, there is a lack of consistent evidence on how gender plays a role in nonspatial
components of auditory perception, learning, and memory functions. Some field studies show
gender differences in recognizing calls during mate selection and competition or producing
food-associated calls. Female rhesus monkeys generally produce more monkey calls in food-
associated contexts (e.g. coo, grunt, warble and harmonic arch) than males (Hauser and Marler,
1993). Female monkeys also show a greater responsiveness to copulation calls than males
(Hauser, 2007). Overall, these field studies suggest that females may have a heightened
capacity to perceive and recognize acoustic differences regarding call exemplars and caller
identity, which are important for females to evaluate sexual fitness of males during male
selection and reproduction. However on our auditory memory task, with a small sample size,
the gender advantage was in the opposite direction, with males showing higher performance
levels than females.

In auditory tasks specifically, there is some evidence that gender differences may rely on
differences in auditory sensitivity. Human females are more sensitive than males to high
frequencies ranging from 8000 to 16000 Hz when test stimuli are pure tones and frequency
sweeps (Chung et al., 1983; Lopponen et al., 1991; Hallmo et al., 1994; Pearson et al., 1995;
Dreisbach et al., 2007), though others suggest no gender difference at all (Osterhammel and
Osterhammel, 1979; Frank, 1990; Betke, 1991), and it is unknown in rhesus macaques.
Auditory sensitivity is not sufficient to explain gender differences on the auditory DMTS task.
The present study uses a wide variety of sounds with different acoustic profiles, from simple
pure tones, white noises to complex music clips, vocalizations, and man-made environmental
sounds. Parallel to other primate studies (Cohen et al., 2006; Ghazanfar et al., 2007), monkeys
do not seem to simply rely on acoustic differences among sound stimuli for auditory behaviors.
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Limited and inconclusive evidence, which differs by species of subjects, experimental designs,
and complexity of acoustic stimuli, neither agree nor contradict the present gender specific
results. Although the currents results are based on a very small sample size, wherein two of
the three females clearly performed poorly compared to the males and the other female showed
performance accuracy closer to the performance of the lowest male monkeys (Table 1),
implications of the current study suggest follow-up investigations on gender differences in
auditory memory performance of monkeys as the use of male monkeys has predominated in
previous research.

As we have discussed, multi-disciplinary experimental approaches converge on the conclusion
that species-specific sounds, usually bearing biological or ethological significance, are more
readily processed, analyzed, and recognized by humans and monkeys. Monkey vocalizations
may therefore be salient and potent conveyors of acoustic information increasing memory or
recognition performance, and may be mediated by a network of specialized brain regions for
processing species-specific sounds similar to face processing in monkeys and humans.
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Figure 1.
Schematic diagram depicting the auditory delayed matching-to-sample task. Daily sessions
contain equal numbers of match and nonmatch trials. During match trials, the first sound,
followed by a 5-second delay, was same as the second sound. The correct response was a touch
(go-response) and the animal was then rewarded. During nonmatch trials the two sounds were
different and also separated by a 5-second delay, and the correct response was to not touch.
The correct no-go response was not rewarded, and thus the study utilized asymmetric
reinforcement contingency. An erroneous touch response during nonmatch trials resulted in
an extended inter-trial interval before the next trial started.
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Figure 2.
Experiment 1: Gender influence on auditory memory performance of rhesus monkeys.
Auditory memory performance for match (A) and nonmatch trials (B) differs by gender. The
graphs show average memory performance across seven sound types at fixed 5-second delays
during match and nonmatch trials. Grey and black bars represent memory performance of
female and male monkeys respectively. The asterisk indicated a significant performance
difference between genders (A: repeated-measures ANOVAs, P < 0.05; B: linear regression
analysis, P < 0.005). Males were always better than females in general. Abbreviations: monkey
vocalizations (Mvoc), human vocalizations (Hvoc), animal vocalizations (Anivoc), music clips
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(Music), sounds of natural phenomena (Nature), synthesized clips (Syn) and band-passed white
noises (WhiteN).
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Figure 3.
Auditory memory performance for distinguishing two different sounds depends on sound
types. The graph shows average performance at fixed 5-second delays during nonmatch trials
when specified sound type was presented as the second sound. Asterisks and brackets indicated
significant performance difference between two sound types (paired-sample t-tests,* p < 0.05).
Monkey vocalizations (Mvoc) yielded better memory performance than those associated with
five out of the six sound types (Hvoc, Anivoc, Music, Nature, and Syn). Human and animal
vocalizations (Hvoc and Anivoc) also yielded better memory performance than those
associated with natural sounds. Note that fewer samples in monkey vocalizations (Mvoc, n =
14), natural sounds (Nature, n = 28) and white noises (WhiteN, n = 21) were not always
associated with better recognition memory in general and number of stimuli per type did not
account for the current findings.
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Figure 4.
Experiment 2: Auditory memory performance in a trial-unique delayed matching-to-sample
task. Auditory memory performance for distinguishing two different sounds based on sound
types. The graph shows average nonmatch performance at fixed 5-second delays when sound
type was presented as the second sound. Asterisks and brackets indicated a significant
performance difference between two sound types (paired-sample t-tests,* p < 0.05). Monkey
vocalizations (Mvoc) yielded better memory performance than those associated with animal
vocalizations (Anivoc), music clips (Music), synthesized clips (Syn), or white noises (WhiteN).
Auditory memory performance of monkeys was improved accordingly when a given sound
type as the first sound (sample) was compared against monkey vocalizations as the second
sound (test).
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Figure 5.
Effects of sound type on response latencies during auditory memory performance of rhesus
monkeys during Experiment 2. The graph illustrates average response latencies when monkeys
showed correct go-responses for match trials. An asterisk indicated that monkeys responded
faster to monkey vocalizations than any other sound type during match trials (paired-sample
t-tests,* p < 0.05). Response latencies were similar across the seven sound types during
nonmatch trials. The results suggest that monkeys’ preference on their own species-specific
sounds concomitantly influences both auditory memory performance and its respective motor
expression.
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Figure 6.
Modulation spectra of seven sound types in Experiment 2. Power density is indicated by color
using a decibel (dB) scale, with red showing the spectrotemporal modulations with the most
energy. The x-axis and y-axis represent the frequency of the temporal modulations (ωt or
cycles/Hz) and spectral modulations (ωf or Hz) respectively. Black lines in each spectrum are
contour lines showing 50–90% of the power.
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Figure 7.
Harmonic-to-noise ratios of seven sound types in Experiment 2. Values of harmonic-to-noise
ratio (HNR) indicate degree of acoustic periodicity for each sound type. A high and positive
ratio value for a sound type indicates more acoustic energy for that sound type devoted to
harmonics over time.
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