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A stimulus trace may be temporarily retained either actively [i.e., in
working memory (WM)] or by the weaker mnemonic process we
will call passive short-termmemory, in which a given stimulus trace
is highly susceptible to “overwriting” by a subsequent stimulus. It
has been suggested that WM is the more robust process because it
exploits long-termmemory (i.e., a current stimulus activates a stored
representation of that stimulus, which can then be actively main-
tained). Recent studies have suggested that monkeys may be un-
able to store acoustic signals in long-term memory, raising the
possibility that they may therefore also lack auditory WM. To ex-
plore this possibility, we tested rhesus monkeys on a serial delayed
match-to-sample (DMS) task using a small set of sounds presented
with ∼1-s interstimulus delays. Performance was accurate when-
ever a match or a nonmatch stimulus followed the sample directly,
but it fell precipitously if a single nonmatch stimulus intervened
between sample and match. The steep drop in accuracy was found
to be due not to passive decay of the sample’s trace, but to retro-
active interference from the intervening nonmatch stimulus. This
“overwriting” effect was far greater than that observed previously
in serial DMS with visual stimuli. The results, which accord with the
notion thatWM relies on long-termmemory, indicate thatmonkeys
perform serial DMS in audition remarkably poorly and that what-
ever success they had on this task depended largely, if not entirely,
on the retention of stimulus traces in the passive form of short-
term memory.

macaque | primate | vocalization

Working memory (WM) is a system that enables the tempo-
rary maintenance and manipulation of information neces-

sary to guide behavior (1, 2). The term “working memory” has
sometimes been applied to parametric sensory discriminations (3)
[e.g., comparing the acoustic frequency of two successive tones, or
the visual contrast of two successive images, separated by a short
interstimulus interval (ISI)]. However, in the absence of the need
for maintaining and manipulating the stimuli, such discrim-
inationsmay bemore properly described as tests of a type of short-
term memory (STM) that we will call passive short-term memory
(pSTM) rather than WM.
Definitions and models of WM vary (4), but the concepts of

STM (particularly pSTM) and WM differ along a dimension of
increasing attention to the stimulus item and greater reliance on
its stored representation. Indeed, WM has been posited to differ
from other forms of STMby operating not on a recently presented
item, per se, but on the activation of a representation of that item
stored in long-term memory (LTM) (4–7). This distinction is re-
lated to another, viz. the distinction between categorical percep-
tion and continuous, noncategorical perception, the former term
implying that perception of some stimuli activates their previously
stored representations sorted into categories on the basis of either
their physical similarity or some more abstract factor. The ca-
pacity of WM in vision has been estimated at four to seven items
(2, 4), but if the stimuli cannot be distinguished categorically the
capacity is much smaller, perhaps as small as a single item (8, 9).
The capacity of WM thus reflects processes beyond a passively
retained sensory trace (10).

A closely related benefit of a system that actively maintains
stimuli in memory by activating their stored representations is
greater attentional control (1). Specifically, the stored represen-
tation of an item can be reactivated continuously or repeatedly
(i.e., rehearsed), and thus the maintained memory of the item can
be more readily protected not only from passive, temporal decay
but also from the retroactive interference produced by incoming
stimuli (10, 11). In fact, increased resistance to interference may
well be the basis for any WM capacity greater than one.
The results of auditory studies in dogs and monkeys (12, 13)

have raised the possibility that these animals are unable to store
the representations of acoustic stimuli in LTM. However, these
animals do have the ability to retain acoustic stimuli within the
period of WM (i.e., on the order of tens of seconds), and in fact, it
was proposed that this duration of retention in audition was
served byWM.However, ifWM, itself, is dependent on LTM, and
if the animals do not have LTM, then their short-term retention
cannot be attributed toWM. For the purpose of this study, we will
posit reliance on stored representations in LTM* as a heuristic
definition of WM, as distinct from a passively retained sensory
trace, or pSTM. In this regard, pSTM may be equivalent to the
“long auditory store” described by Cowan (5, 17), which persists
on the order of 10–30 s.
In an attempt to determine whether WM and categorical per-

ception play any role in the auditory memory of the monkey, we
tested rhesus monkeys on delayed matching-to-sample (DMS;
Fig. 1) using a small set of acoustic items representing several
different putative auditory categories (pure tones, environmental
sounds, monkey calls, etc.; Fig. S1). Because of the known diffi-
culty monkeys have in acquiring and applying the rule for auditory
DMS (12, 18–22), we simplified task requirements by requiring
the animal to (i) remember a single sample stimulus for 1 s, and
(ii) respond at test to an identical match stimulus and withhold
responding to a nonmatch that, importantly, always belonged to
a stimulus category other than the sample’s category. The only
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*By our definition, the LTM store on which auditory WM depends must allow for reac-
tivation of previously experienced sounds to mediate an identity comparison (i.e., rec-
ognition memory). Thus, according to the definition, sound–response learning (habit
formation) and sound–picture learning (cross-modal association) demonstrate other
long-term retention abilities, not auditory LTM. The reverse form of cross-modal asso-
ciation, viz. picture–sound learning, would fall within our definition of auditory LTM,
because the stored associate triggered by the object would be the neural representation
of the sound and would therefore be expected to be located in the cortical auditory
system. However, to our knowledge, picture–sound association has not been demon-
strated in the monkey; only sound–picture association has been shown (14, 15). In the
latter case, the stored associate triggered by the sound would be the representation of
the picture located in the cortical visual system, a supposition supported by the finding
that auditory interference during an interstimulus delay period of a cross-modal associ-
ation task had little effect on performance, whereas visual interference during the delay
disrupted performance severely (16).
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task complication was that if the animal correctly withheld
responding to the nonmatch, a second test stimulus—either a
match or a different nonmatch—was presented 1 s later, thereby
requiring that themonkeymaintain the sample in memory despite
the potential interference from one or two intervening nonmatch
stimuli. However, the monkey could readily overcome this com-
plication simply by matching to category or, if the experimenter’s
categories differed from its own, by activating a stored represen-
tation of each sound.
Successful performance on our DMS task would suggest that

monkeys have an auditory system capable of supporting WM,
which is to say they have categorical auditory perception (i.e.,
stored representations of auditory stimuli sorted into categories)
or at least stored but unsorted representations that can be acti-
vated by presentation of the DMS stimuli. Conversely, failure to
master the DMS task would suggest that monkeys do not have
auditory WM and, consequently, are limited mnemonically to
auditory pSTM.

Results
DMS Performance. After pretraining two monkeys to release
a touch-bar at the immediate repetition of a sound, they were
trained on the DMS rule (release to same, hold to different) until
they attained a stable level of performance significantly above
chance, a stage that required ∼200 daily sessions (details in SI
Methods, Training and Acquisition of the DMS Rule and Fig. S2).
Performance data on the final version of the DMS task were then
collected across many additional daily sessions (monkey F: 360
sessions, >250,000 trials; monkey S: 116 sessions, >82,000 trials).
The two monkeys performed similarly. Averaged across all

three trial types (zero, one, or two nonmatches), both animals
performed at a mean of 67% correct (Fig. 2A), but there was
a strong effect of trial type: scores were high on trials with no
nonmatch stimulus (93% and 89% correct for monkeys F and S,
respectively) but dropped steeply when nonmatch stimuli were
included in the sequence (73% for each animal with one non-
match; 38% and 40%, respectively, with two nonmatches). To

clarify this trend in performance, the hit rate, false alarm (FA)
rate, and Discrimination Index (DI) were calculated for each
position in the task (Fig. 2B). DI is a measure based on signal
detection theory, and it takes a value between 1 for perfect per-
formance and 0.5 at chance (SI Methods and Fig. S3). The hit rate
was uniformly high at all stimulus positions, indicating that the
monkeys rarely made “miss” errors (≤5% of all trials in each an-
imal). By contrast, the FA rate increased from ∼0.15 at stimulus
position 2 to ∼0.5 at stimulus position 3, and the DI decreased
from∼0.9 to 0.7. The cumulative effect of this tendency toward FA
errors was a very low success rate for the two-nonmatch trial type.
However, performance at stimulus position 3 was still significantly
better than chance: DI was >0.7 in both animals, compared with
the threshold (SI Methods) of 0.56. All three metrics (hit rate, FA
rate, and DI) were subjected to an ANOVA in each animal, and
the results confirmed the strong effect of sequence position (all
F values >84.2, all P values <10−4 for both animals).

Delay Duration. Because the number of nonmatch stimuli is con-
founded with the elapsed time between sample and match pre-
sentation in a sequential DMS task, the decline in performance
across stimulus position could have been attributable to in-
terference by the nonmatch stimulus, to a decay in memory of the
sample, or to both. To determine which was the case, we varied ISI
in a control task, using either zero nonmatch stimuli or one.
Within each session, ISI was fixed at 0.5, 1, 2, or 3 s. As shown in
Fig. 2C, there was no significant decrement in performance as the
sample–match interval increased from 0.5 to 3 s for trials without
a nonmatch stimulus, but performance in trials with one nonmatch
was significantly lower at all ISIs. This strongly suggests that the
decline in performance at later stimulus positions on the standard
testing schedule was likely due to interference from the nonmatch
sound rather than to decay of the memory for the sample over the
short delay periods used here.
Whereas performance was unaffected by an increase in delay

duration on trials with zero nonmatches, performance at the
longer delays declined sharply on trials with one nonmatch [Fig.
2C; one-wayANOVAon proportion correct, monkey F: F(3,36)=
53.1, P < 10−4; monkey S: F(3,39) = 40.7, P < 10−4; accounting for
multiple comparisons, 1.3 = 2.3 < 4.3 < 6.3]. The performance
decrement at longer delays in the presence of a nonmatch stimulus
suggests an interaction between delay duration and the in-
terference effects of the nonmatch stimulus. However, for dura-
tions up to 2 to 3 s (the longest at which a direct comparison can be
made), the limiting factor was clearly the presence of a nonmatch
stimulus, not delay duration.

Sound Category. The 21 stimuli used for the DMS task were drawn
from seven diverse sound categories (Fig. S1), with the expectation
that monkeys would make use of these categories in detecting
a match. Naturalistic stimuli, particularly conspecific monkey
vocalizations (Mvocs), could have had a privileged representation
owing to their ethologic significance, whereas tones and noise
would not. Surprisingly, however, not only was there no advantage
forMvoc over other sample categories, there was a counterintuitive
trend toward better performance for temporally simple synthetic
stimuli [band-pass noise (BPN), pure tones (PTs), and frequency-
modulated tone sweeps (FMs)] over temporally complex stimuli,
including Mvocs (Fig. 3). Performance (DI) varied as a function of
category and between animals, with a significant interaction effect
[two-way ANOVA, sound category, F(6,3318) = 86.9, P < 10−4;
animal, F(1,3318)= 85.7,P< 10−4; category× animal, F(6,3318)=
32.6, P < 10−4].
Performance for modulated noise (temporally orthogonal ripple

complexes, or TORCs) was clearly different between animals, be-
ing among the best stimuli for monkey S, but the worst for monkey
F. A one-way ANOVA on the remaining six categories, accounting
for multiple comparisons, distinguished two distinct groups:

300 ms 800-1200 ms 800-1200 ms
1200 ms release window

Touch
Bar

Reward

Sample Nonmatch (0-2) Match

100 ms

300 ms
reward delay

Fig. 1. Schematic diagram of the timing of a DMS trial. The animal initiated
a trial by holding a contact bar for 300 ms. A sample stimulus (∼300 ms in
duration) was presented, followed by one to three test sounds with a varied
ISI of 800–1200 ms. When the test sound was the same as the sample
(a match), the animal was required to release the bar within a 1,200-ms
response window beginning 100 ms after match onset. A correct response
(a “hit”) earned a liquid reward 300 ms after bar release. A response within
the first 100 ms following match onset was considered an early release error.
Failure to release by the end of the response window was counted as
a “miss” error. If the stimulus following the sample was a nonmatch, the
animal was required to hold the bar (a “correct rejection”) until the match
stimulus was presented. Release to the nonmatch was counted as a FA error.
Any type of error aborted the trial and was penalized by a 3-s time out in
addition to the standard 3-s intertrial interval, to discourage animals from
aborting trials with multiple nonmatches. Each trial ended after release of
the bar, but if the bar was released during stimulus presentation, the full
stimulus played out before the trial was reset. Trials with zero, one, or two
nonmatch sounds were randomly generated with equal probability. In an
attempt to aid the animal’s performance, the task was designed such that
the nonmatch stimuli, which were selected pseudorandomly on each trial,
did not belong to the same stimulus category as the sample. Trials were
organized in blocks such that each stimulus in the set served as the sample
in a pseudorandom order before the same stimulus was used again.
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performance for BPN, PT, and FM was equivalent, and signifi-
cantly better than performance for Mvoc, other vocalizations, and
environmental noise. We will refer to these sets of categories as
“temporally simple” and “temporally complex,” respectively. Per-
formance on the three stimuli within a category was generally
consistent, and hierarchical clustering of performance for all 21
stimuli verified the distinction between temporally simple and
temporally complex sounds (SI Results, Performance by Stimulus
and Fig. S4).
As noted earlier, the DMS task design of always presenting

sample and nonmatch stimuli from different categories was
intended to aid the animals both in acquiring the DMS rule and in
applying it. In a second control experiment (n = 29 sessions for
each animal), that category restriction was lifted, but overall
performance [DI (mean ± SD)] remained the same: 0.84 ± 0.01
and 0.84 ± 0.01 for with and without category restriction, re-
spectively, for monkey F; and 0.85 ± 0.02 and 0.84 ± 0.02 for with
and without category restriction, respectively, for monkey S. Be-
cause the probability of the sample and nonmatch being of the
same category was still only 10% (i.e., after a sample is selected,
only 2 of 20 remaining stimuli are of the same category), there are
relatively few trials on which such pairings occurred (<300 for each
animal). Performance on these within-category trials using Mvocs
did not differ from that on within-category trials using other cat-
egories (ANOVA on DI across sessions, controlling for multiple
comparisons). In particular, performance in the DMS task was no
better on Mvocs relative to other stimuli, whether a Mvoc served
as sample, nonmatch, or both.

Discussion
We have demonstrated that, although monkeys can perform a se-
rial DMS task with a small set of auditory stimuli, their accuracy
quickly degrades across serial position despite an ISI of only 1 s.
This rapid decay of performance is not due simply to a decay of the
memory over time: presentation of an intervening nonmatching
sound after the sample sound is a far more important factor (Fig.
2C). The results indicate that, under our task conditions, auditory
memory in nonhuman primates is surprisingly poor, perhaps
limited to a single item, largely because of retroactive interference
with the sample sound by subsequently presented items. This
retroactive interference effect in audition seems to be extremely
powerful. Prior studies of auditory memory inmonkeys tested with
nonserial DMS have shown forgetting thresholds (75% correct
responses) of up to 30 s in the absence of intervening stimuli,
whether the studies used trial-unique stimuli (12) or a set of only
two tones (20).

Effect of Small Stimulus Sets. Compared with the present results on
serial DMS in audition, the performance of monkeys on serial
DMS in vision was far more robust in the face of intervening
nonmatching stimuli. Scores on the original, visual version of the
task declined from∼98% correct with no intervening nonmatching
stimulus to ∼82% correct after three such intervening stimuli (23).
By contrast, performance on our auditory task declined from
∼90% correct with no intervening stimulus to ∼40% correct after
just two intervening nonmatch stimuli. Importantly, the visual
study also used a restricted stimulus set (six images within each
session), and data were not collected until the animals were highly
familiar with the stimulus set for that session. Serial DMS and
a small stimulus set combined to produce high rates of FAs for two
different response/reward-related reasons: (i) only an active re-
sponse (bar release in both studies) was rewarded, and (ii) a non-
match stimulus tended to elicit an active response if an active
response to that same stimulus was recently rewarded (this cross-
trial interference effect is described in SI Results and Fig. S5).
These two response/reward-related effects are greatly exaggerated
in serial auditory compared with serial visual DMS owing, pre-
sumably, to the greater susceptibility of acoustic sample stimuli to
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Fig. 2. (A) Overall performance (mean +SD) as measured by proportion of
correct trials (Left) and DI (Right) for all standard testing sessions (black bars,
monkey F, n = 360 sessions, >250,000 trials; gray bars, monkey S, n = 116 ses-
sions,>82,000 trials). (B) Hit rate, FA rate, andDIs computed separately at each
position within the trial sequence for monkey F (black) and monkey S (gray).
FA rate and DI are not computed for the fourth stimulus, because it is always
a match, and so no FA can occur (details in SI Methods, Analysis of Behavioral
Performance and Fig. S3). (C) Control task 1 with variable ISIs between sample
offset and match onset. Performance is plotted as a function of the total
sample-match interval (e.g., a one-nonmatch trial at an ISI of 0.5 s would in-
clude two 0.5-s delay intervals plus the 0.3-s duration of the intervening
nonmatch stimulus, for a total of 1.3 s) and is shown separately for trials with
(i) no nonmatch stimulus (upper curves) and (ii) one intervening nonmatch
stimulus (lower curves). In the absence of a nonmatch stimulus, DMS perfor-
mance in both animals is stable up to 3 s. With a single intervening nonmatch
stimulus, scores at 1- and 2-s intervals are significantly below those without an
intervening nonmatch, and there is a strong effect of delays ≥4 s. Asterisks
mark scores that are significantly different from the scores at 1 and 2 s (which
are equivalent) according to ANOVA followed by multiple comparisons. Per-
formance between trial typeswas compared by proportion correct, because DI
is not applicable to trials with no nonmatch stimuli (and thus no possible FA
response). In this control task, the ISI (0.5, 1, 2, or 3 s) was fixed within daily
sessions and randomly interleaved across 40 sessions, 10 at each ISI. Median
number of trials per ISI was 919 for monkey F (black) and 727 for monkey S
(gray). Each point on the curves for one intervening nonmatch is offset from
a whole-number delay by 0.3 s to account for the added delay due to the
presentation of that 0.3-s nonmatch stimulus.
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retroactive interference. A possible explanation for this difference
in outcome in the two modalities is considered below (Discussion,
Role of Sound Category).
An earlier study reported a less powerful effect of retroactive

interference in monkeys, even at delays approaching the limit of
auditory STM [28 s (18)]. In that study, however, the interfering
sounds (monkey calls or music) filled the delay intervals instead of
serving as potential targets that required the monkey to listen at-
tentively to determine whether to respond for a reward. Rather,
the monkeys had been trained to ignore these nontest sounds,
because they were irrelevant. Thismay be the reason that, although
the delay-interval, nontest sounds produced some retroactive in-
terference (a drop from control levels of approximately 15%), they
did not produce nearly as much retroactive interference as our
nonmatch test sounds did (up to 50% with two nonmatch sounds).
Although this account provides a plausible explanation of the
discrepancy, the effects of the two different types of interference
need to be compared directly in future experiments.
Comparison of auditory memory in humans with that in other

animals is complicated by the human ability to tag most sounds
with verbal labels. Pitch, however, is a continuous sound quality,
such that a particular pitch cannot easily be labeled or categorized,
so comparison between PTs must depend on memory for this
acoustic feature alone. This pure sensory memory is independent
of auditory verbal memory in humans (24) and thus is tractable to
study in an animal model. Macaques have been trained to make
frequency discriminations across a delay, and their performance is
stable up to ISIs of at least 1 s (25, 26). In human listeners, memory
for pitch is also subject to rapid decay over time (27) and to in-
terference from intervening stimuli (24, 28, 29). When the refer-
ence tone is varied from trial to trial, thresholds for distinguishing
changes in tone frequency are stable for intertone intervals up to
1 s, and steadily worsen for intervals ≥3 s (27). Our monkeys’
performance on trials with a nonmatch stimulus also began to drop
at delays >3 s, suggesting that the temporal dynamics of their
sensory memory are similar to those of humans.

Role of Sound Category. A curious aspect of the preceding result is
that the animals did not appear to exploit sound category in per-
forming the DMS task. Because nonmatch stimuli were always

selected to be of a different category from the sample, matching to
category alone would have been sufficient for perfect perfor-
mance. However, these categories were defined by the experi-
menter, and although some may not have had any a priori
significance for the animal (e.g., PT, BPN, FM), confusion of
conspecific vocalizations with environmental sounds ormodulated
noise was surprisingly common. In the context of our task, it seems
that vocalizations were not retained with any more accuracy than
stimuli of lesser ethological significance.
A recent study of nonserial auditory DMS in rhesus monkeys by

Ng et al. (30) reported better performance and faster reaction
times for conspecific vocalizations relative to other sound cate-
gories (similar to the categories used here) at delays of 5 s. In
contrast, as shown in Fig. 3, our results indicate slightly better
performance for tonal stimuli compared with all others, including
monkey vocalizations. There are several methodological differ-
ences between the two studies, but the most likely source of the
difference in category effect is the stimulus set size. Whereas the
stimuli used in the nonserial DMS task were nearly trial-unique,
our stimuli were repeated many times as both sample and non-
match stimuli within each session, thus requiring contradictory
responses across trials (Fig. S5). When Ng and colleagues used
a restricted set of eight stimuli (one from each of their categories),
their monkeys too performed slightly better for PTs than for all
other categories, including vocalizations (31). Apparently, in-
terference among items in a small stimulus set influences the
monkeys’ strategy, in this case favoring the retention in memory of
simple stimuli compared with spectrotemporally richer ones.
Within both audition and vision, the capacity of workingmemory

has been estimated using stimulus items that are categorically
different (e.g., spoken words or visual objects), whose representa-
tions have been stored in LTM.Contrary to those earlier estimates,
Olsson and Poom (8) estimated the capacity of short-term visual
memory to be only a single item when those items cannot be sep-
arated by category. When challenged with stimuli that are equiv-
alently difficult to discriminate and label, visual STM is no better
than auditory (9). If monkeys do not bring the concept of “cate-
gory” to bear in serial auditory DMS, perhaps their poor perfor-
mance is not surprising.

Implications Regarding Underlying Neural Mechanisms. Temporally
simple synthetic stimuli (BPN, PT, and FM) were the more accu-
rately discriminated items (i.e., error rate was relatively low when
they served as sample) but also led to highmiss rates subsequent to
their presentation as a nonmatch. Apparently, a temporally simple
stimulus, which can be described using a single parameter (the
frequency of a tone, or center frequency of a BPN, or a regularly
changing tone frequency), is not only comparatively resistant to
interference from subsequent distracter stimuli but is itself a po-
tent distracter. This salience may be related to the physiological
representation of these stimuli. In a tonotopically organized brain
structure, such as the auditory cortex, a tone or BPN will activate
a discrete population of neurons throughout its duration (32, 33).
By contrast, a more complex stimulus such as a vocalization will
likely evoke a distributed and asynchronous activation across the
auditory cortex. If a subsequent test stimulus is also complex, it
may well engage some or all of this same population of neurons,
albeit in a different temporal order. Thus, the comparison of se-
rially presented complex stimuli, whose activation patterns over-
lap, requires comparison of population responses through time. By
contrast, discrimination of simple static stimuli can be accom-
plished by a place code, without regard to activation through time.
In short, in the absence of categorical perception in audition, the
tonotopic organization of the system may favor parametric com-
parisons of frequency.
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Fig. 3. Performance across sample categories (DI, mean + SE across sessions)
for monkeys S and F (black and gray bars, respectively). Performance varied
significantly as a function of category and animal, with a significant in-
teraction effect (two-way ANOVA, all effects P < 10−4). Sound categories are
BPN, PT, FM, TORC, Mvoc, other species’ vocalizations (voc), and environ-
mental sounds (env). Categories have been sorted left to right by average
performance across the two animals. Multiple-comparisons ANOVA identi-
fied performance for BPN, PT, and FM (grouped by the left bracket) as sta-
tistically equivalent, and better than performance for all other categories
(grouped by the right bracket). We have distinguished these groups as
“temporally simple” and “temporally complex.” TORCs were excluded from
the one-way ANOVA because performance for this category clearly differed
between subjects: TORCs were remembered well by monkey S but poorly by
monkey F. The entire set of stimuli is illustrated in Fig. S1.
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Conclusions
Long-term auditory memory in nonhuman primates has yet to be
demonstrated in the laboratory. Fritz et al. (12) measured a decay
or forgetting threshold of∼30 s for trial-unique sounds, far shorter
than the monkey’s forgetting threshold for trial-unique pictures
[15–20 min (12, 34)]. As indicated at the outset, retention for 30 s
is considered to be within the capacity ofWM, and it was originally
proposed that the auditory memory the monkeys had displayed
was mediated by WM. However, the results of the present ex-
periment—particularly the evidence that the monkeys (i) failed to
make use of auditory categories, (ii) were highly susceptible to
retroactive interference, and (iii) could retain in memory only
a single item—all weigh against the notion that monkeys possess
amechanism for auditoryWM.The present results suggest instead
that, in performing an auditory DMS task, monkeys rely on
a passively retained sensory trace in STM, which we have labeled
pSTM. Further, if WM does indeed depend on reactivation of
a stimulus representation stored in LTM, then the absence of
auditory WM could well be due to the monkey’s inability to ach-
ieve long-term storage in the auditory modality.
Although the above interpretation provides a cohesive account

of our findings, with the apparent absence of auditory WM in the
present study and of auditory LTM in the earlier one (12)
reinforcing each other, there are other possible explanations of
the results that need to be considered. For example, monkeys
might actually have both forms of auditory memory, but their
WM system may not be capable of maintaining LTM traces in an
active state in the face of interference. Or perhaps the monkeys
can maintain long-term traces in an active state but are unable to
determine which long-term trace—that of the sample or that of
the nonmatch—is the target of the reactivation. Although nei-
ther possibility has any independent support, they (and related

variants) cannot logically be ruled out, and so our current in-
terpretation must be considered a tentative one.
Whatever the final outcome, however, the present results in-

dicate that the monkey’s strikingly poorer mnemonic ability in
audition than in vision observed earlier in LTM extends equally
to working memory. This sharp mnemonic difference between
sensory modalities calls out for further study.

Methods
All procedures were conducted in accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals and were ap-
proved by the Animal Care and Use Committee of the National Institute of
Mental Health. Two adult male rhesus monkeys (Macaca mulatta) were
trained on a sequential DMS task. Animals were kept on a controlled-access
schedule for water. Details of the apparatus and training procedure are
provided in SI Methods. The animal was seated in a primate chair in a
soundproof booth, facing a speaker ∼1 m directly in front at eye level. The
task timing and trial structure are described in Fig. 1, with additional details
of the apparatus and training procedure provided in SI Methods and Fig. S2.

The stimulus set used during testing consisted of 21 sounds (Fig. S1), in-
cluding three exemplars from each of seven experimenter-defined catego-
ries. Among these categories, four were synthetic: PT, BPN, FM, and
modulated noise (TORCs). The three remaining categories were all recorded
natural sounds, including Mvoc, other species’ vocalizations, and environ-
mental sounds. Synthetic sounds were 300 ms in duration; natural sounds
ranged from 195 to 300 ms in duration. All sounds were presented at 60–70
dB sound pressure level.
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