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Absolute pitch (AP) is typically defined as the rare ability to 
name or produce a musical note without the aid of a refer-
ence note (see Takeuchi & Hulse, 1993 for a review). This 
ability is supported by explicit, long-term category struc-
tures for isolated musical notes, which the vast majority of 
listeners are not thought to possess. In some sense, this 
could be taken to suggest that without such long-term cate-
gory structures, the auditory trace of a sound is not pre-
served outside of auditory working memory (cf. Rakowski 
& Morawska-Bungeler, 1987). However, recent research 
has argued for a ubiquitous form of long-term pitch memory 
even in those without AP, sometimes referred to as implicit, 
residual or latent AP. This kind of pitch memory does not 
depend on explicit pitch labels and manifests in several 
ways. For example, individuals are able to produce songs 
with very little AP variance, even across different experi-
mental sessions (Halpern, 1989). Individuals are also sensi-
tive to the absolute tuning of popular songs in their 

environment, as evidenced by the fact that when they are 
asked to produce well-known melodies (through humming, 
singing or whistling), they choose the correct key signature 
at a rate that is higher than chance (Frieler et al., 2013; 
Levitin, 1994). Beyond production, individuals can reliably 
distinguish when well-known music recordings have been 
shifted in pitch, even if the shift is as subtle as one semi-
tone—the smallest pitch difference found in conventional 
Western music (Schellenberg & Trehub, 2003). Even when 
using recently learned, experimentally controlled melodies, 
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adult listeners have been shown to be sensitive to both abso-
lute and relative pitch cues (Creel & Tumlin, 2012) even 
after a single exposure (Schellenberg & Habashi, 2015; 
Schellenberg, Stalinski, & Marks, 2014). Beyond music 
recordings, individuals display remarkably accurate pitch 
memories for environmental sounds, such as the landline 
dial tone (Smith & Schmuckler, 2008) and isolated tones 
such as the “bleep” used to censor taboo words in the media 
(Van Hedger, Heald, & Nusbaum, 2016). These findings 
strongly suggest that good long-term pitch memory exists 
beyond the boundaries of genuine AP.

What factors influence the strength of this pitch mem-
ory? It is clear that familiarity plays a foundational role as 
individuals are not able to determine the correct or incor-
rect tunings of unfamiliar melodies (Schellenberg & 
Trehub, 2003). Beyond specific auditory objects heard in 
the environment (e.g., recordings of melodies and dial 
tone), recent research has demonstrated that everyday lis-
teners are sensitive to the statistical regularities of note 
intonation in their musical environments and can apply 
this knowledge to label an isolated note as “in-tune” or 
“out-of-tune” (Van Hedger, Heald, Huang, Rutstein, & 
Nusbaum, 2017). Furthermore, everyday listeners are sen-
sitive to how often individual notes are heard, in that less 
frequently experienced notes are more preferred to more 
frequently experienced notes, even when presented in iso-
lation (Ben-Haim, Eitan, & Chajut, 2014). This role of 
environmental experience in the establishment of prefer-
ence is by no means specific to music. For example, expert 
typists perceptually prefer letter dyads that would contain 
less motor interference (e.g., “DJ” vs “DV”) if they were 
to be typed, even though the typists were not aware of this 
rule and were not physically typing the letter dyads 
(Beilock & Holt, 2007).

Despite the important role of environmental experience 
in the grounding of implicit pitch memory, listener-pro-
duced subjective estimates of how often one has heard a 
particular recording do not strongly correlate with pitch 
memory for popular recordings (Schellenberg & Trehub, 
2003). While this weak relationship could be due to inac-
curate self-reports of how frequently one has listened to 
particular recordings, it could also be the case that envi-
ronmental experience is important only insofar as it ini-
tially establishes pitch memory (i.e., beyond a certain 
point, more exposure does not necessarily correspond with 
a more accurate pitch memory). Indeed, more recent work 
suggests that a single listening experience is enough to 
instantiate AP memory for novel music recordings 
(Schellenberg & Habashi, 2015; Schellenberg, Stalinski, 
& Marks, 2014). This suggests that it is one’s familiarity 
with a particular recording and not one’s accrued listening 
time for a given recording that appears to predict pitch 
memory performance.

Another factor that, on the surface, might appear to be 
related to pitch memory strength is explicit musical 

training. Indeed, musicians have been shown to have 
smaller difference limens for auditory pitch (Kishon-
Rabin, Amir, Vexler, & Zaltz, 2001), better verbal memory 
abilities (Chan, Ho, & Cheung, 1998; Ho, Cheung, & 
Chan, 2003), better cognitive control of auditory working 
memory (Pallesen et al., 2010) and better speech-in-noise 
detection compared to non-musicians (Parbery-Clark, 
Skoe, Lam, & Kraus, 2009). Despite these musician 
advantages, which extend beyond musical processing to 
general auditory processing, it does not appear to be the 
case that explicit formal musical training strongly predicts 
accuracy in pitch memory (Jakubowski & Müllensiefen, 
2013; Levitin, 1994; Schellenberg & Trehub, 2003; though 
see Frieler et al., 2013). However, one component of 
explicit musical training that may affect pitch memory 
accuracy is relative pitch memory, which has recently been 
found to relate to pitch memory for familiar recordings 
(e.g., Bartlette, Henry, & Moore, 2015; Jakubowski & 
Müllensiefen, 2013).

Given that both song familiarity and musical training 
do not appear to strongly relate to the individual differ-
ences observed in pitch memory, this study aims to address 
whether a previously unexplored factor—auditory work-
ing memory—explains any individual variance in long-
term pitch memory. There are two primary reasons to 
suspect that auditory working memory might relate to 
long-term pitch memory. First, recent work has shown that 
auditory working memory ability predicts how well adults 
can explicitly acquire AP categories, even when control-
ling for the age at which individuals began musical instruc-
tion (Van Hedger, Heald, Koch, & Nusbaum, 2015). While 
this relationship between auditory working memory and 
AP was discussed in terms of explicit AP category acquisi-
tion, it could be the case that individuals who are able to 
maintain more accurate auditory representations in work-
ing memory would also have more accurate implicit long-
term pitch representations for familiar recordings. Second, 
Jakubowski and Müllensiefen (2013) found that relative 
pitch perception was related to pitch accuracy in producing 
familiar melodies. However, relative pitch perception was 
measured by having participants listen to two melodies 
and determining whether or not they were identical. While 
this task certainly requires relative pitch processing, it also 
requires holding onto the first melody in working memory 
in order to make an accurate comparison with the second 
melody.

The present experiments, therefore, investigate the 
relationship between auditory working memory and long-
term pitch memory for musical recordings while control-
ling for several additional factors (e.g., musical training 
and recording familiarity). In Experiment 1, we assess 
auditory working memory through an implicit note mem-
ory (INM) procedure, in which participants had to adjust 
a starting note to match a previously heard target note. 
This procedure has been previously demonstrated to share 
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variance with more canonical measures of auditory work-
ing memory (specifically, the auditory n-back), and it has 
also been shown to explain variance in explicit AP cate-
gory acquisition (Van Hedger et al., 2015). In Experiment 
2, we assess whether the relationship between long-term 
pitch memory and auditory working memory exists within 
non-musical measures of auditory working memory and 
short-term memory (using forward digit span and audi-
tory n-back), as well as within more general measures of 
fluid intelligence (using Raven’s Advanced Progressive 
Matrices [RAPM]). These are important considerations 
for understanding (1) the relationship between more gen-
eral measures of auditory working memory and long-term 
pitch memory and (2) assessing whether domain-general 
differences in executive attention or “cognitive fitness” 
can similarly predict individual differences in pitch mem-
ory. In Experiment 3, we assess whether the long-term 
pitch memory accuracy observed in Experiments 1 and 2 
could actually be explained by artifacts in our pitch-shift-
ing procedure, rather than true long-term memory for 
musical recordings.

Experiment 1

Method

Participants. In total, 29 University of Chicago undergrad-
uates participated in the study for course credit (Mage =  
19.90 years, SDage = 1.70 years, range = 18-27 years, 18 
females, 11 males). Participants were not specifically 
recruited for their musical experience, although a majority 
of participants (25 of 29) reported at least some music 
instruction. Further details of participants’ musical train-
ing are reported in section “Results.” No participant 
reported possessing AP.

Materials. We used a total of 40 recordings in the experi-
ment. Half of the recordings contained vocals and were 
performed by popular recording artists, while the other 
half of the recordings were primarily instrumental (e.g., 
taken from popular television shows, movies and video 
games). The mean length of the excerpts was 28.5 s (stand-
ard deviation [SD] = 5.9 s, range = 13-37 s).1 A full list of 
the 40 recordings is shown in Table A1. To select the 40 
recordings used in the experiment, we presented 13 under-
graduate participants (who did not participate in Experi-
ment 1) with a total of 181 recordings (91 vocal and 90 
instrumental). Each participant rated their familiarity with 
the 181 recordings on a 5-point scale. From these 181 
recordings, we selected the 20 highest rated vocal record-
ings and the 20 highest rated instrumental recordings.

We pitch shifted the recordings using the built-in 
“Change Pitch” function in Audacity, an open-source pro-
gram for audio recording and editing. The “Change Pitch” 
function was developed by Vaughan Johnson and Dominic 

Mazzoni using “SoundTouch” by Olli Parviainen. The par-
ticular pitch-shifting algorithm used by Audacity does not 
affect overall tempo or speed. Recordings were shifted up 
or down by one semitone (approximately a 5.9% differ-
ence from the original recording) in two 50-cent steps of 
approximately 2.95% each. Importantly, to minimize the 
chances of the pitch-shifting process introducing artifacts 
that could be used in addition to AP cues by participants, 
we also pitch shifted the in-tune stimuli (either up by 
50 cents and then down by 50 cents, or vice versa). Thus, 
all stimuli presented to participants had undergone the 
pitch-shifting procedure exactly twice and using the same 
pitch-shifting magnitude (50 cents). The pitch memory 
task was coded in E-Prime 2.0 (Psychology Software 
Tools, Sharpsburg, PA). The INM task was coded in 
MATLAB (MathWorks, Natick, MA), and the sine tone 
stimuli used in the INM task were generated in MATLAB 
and presented to participants at approximately 70 dB SPL. 
During the experiment, participants listened through 
Sennheiser HD 280 headphones.

Procedure. After providing informed consent, participants 
completed the INM task, which has been previously used 
as a measure of working memory for pitch (Van Hedger 
et al., 2015). On each trial, participants heard a brief 
(250 ms) sine wave target note, which was then masked by 
1000 ms of white noise. Participants then had to adjust the 
frequency of a brief (250 ms) starting note (removed from 
the target note by 1-7 semitones) to try and recreate the 
originally heard target note. This was achieved by clicking 
on upward and downward arrows on the computer screen. 
There were four displayed response arrows: a large upward 
arrow, a small upward arrow, a large downward arrow and 
a small downward arrow. Clicking on one of the arrows 
changed the pitch by either one-third or two-thirds of a 
semitone upward or downward, depending on whether 
participants were clicking on the smaller arrows (one-
third) or larger arrows (two-thirds). The interim tones, 
which participants heard while adjusting the starting tone 
to match the target tone, were also 250 ms in duration. 
When participants believed that they had successfully rec-
reated the original target note, they pressed a key to move 
onto the next trial. There were a total of four target notes 
(F#[4], G[4], G#[4] and A[4]) and eight starting notes 
(D[4], D#[4], E[4] and F[4] below the target notes and 
A#[4], B[4], C[5] and C#[5] above the target notes). Target 
notes could never serve as starting notes on subsequent tri-
als. The entire set of stimuli spanned one octave (exclud-
ing the two microtonal steps between the highest starting 
note, C# and the D from the adjacent octave), meaning 
there were a total of 34 pitches in the series (including the 
microtonal traversable notes). Figure 1 provides a sketch 
of the INM task. Participants randomly heard all combina-
tions of target note/starting notes twice, resulting in 64 tri-
als (4 target notes × 8 starting notes × 2 repetitions).

http://journals.sagepub.com/doi/suppl/10.1080/17470218.2017.1307427
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After completing the INM task, participants completed 
the main task of judging the pitch of well-known record-
ings. On each trial, participants heard one of the 40 record-
ings and then judged whether they thought the song 
sounded correct or incorrect (“incorrect” was defined to 
the participants as sounding “too high” or “too low” rela-
tive to how they would hear the recording outside of the 
experiment). Exactly half of the trials contained a cor-
rectly tuned recording, while the other half of the trials 
contained an incorrectly tuned recording (50% of incor-
rectly tuned recordings were too high by one semitone 
and 50% were too low by one semitone). Each participant 
only heard each recording once during the experiment. 
There were four counterbalanced versions of the experi-
ment, which were presented between participants. After 
making their pitch judgment on each trial, participants 
were asked to rate their familiarity with the recording 
through two questions. The first questions measured 
whether participants had any familiarity with the record-
ing (responding with a forced choice of “yes” or “no”). 
The second question collected a more graded familiarity 
response, ranging from 1 to 5. The purpose of these famil-
iarity measures was twofold. First, based on the response 
from the first question, we discarded trials for which par-
ticipants reported absolutely no familiarity. Second, based 

on the second question, we assessed whether greater 
reports of familiarity with recordings would result in more 
accurate pitch judgments.

After completing the main pitch judgment task, partici-
pants filled out several questionnaires, including a music 
experience questionnaire and the Clarity of Auditory 
Imagery Scale (CAIS; Willander & Baraldi, 2010). These 
questionnaires were administered to assess whether explicit 
musical training or self-reported auditory imagery ability 
might affect pitch memory for well-known recordings. 
After completing the questionnaires, participants were 
debriefed and given course credit.

Results

We first tested whether participants were above chance at 
judging the pitch of the recordings. We discarded any tri-
als in which participants reported no familiarity with the 
stimulus. Since the 40 recordings we tested were prese-
lected based on a pilot assessment of popularity among 
undergraduates, completely unknown recordings com-
prised relatively few overall trials (3.76 of 40, or 9.40%, 
participant recognizability range of 50%-100%). Almost 
every participant (27 of 29) reported knowing over 80% 
of the presented recordings. Overall, participants made a 
correct pitch judgment 60.9% of the time, which was 
above the chance estimate of 50% (t(28) = 6.12, p < 0.001).

Moreover, while we found that the vocal stimuli from 
recording artists were more accurate than the primarily 
instrumental theme songs (t(28) = 4.25, p < 0.001), both 
types of recordings were independently above chance 
(vocal: 66.8%, t(28) = 7.07, p < 0.001; instrumental: 54.5%, 
t(28) = 2.12, p = 0.04). Given these results, we collapsed 
across vocal and instrumental subsets for all further analy-
ses. These results are plotted in Figure 2a, and the correla-
tions between pitch memory accuracy and the other 
measured variables are shown in Figure 3a.

Descriptive statistics for the other measured variables 
(CAIS, INM and music training) are reported in Table 1 

Figure 1. Distribution of target tones and starting tones for 
the INM task. There were 34 total tones in the distribution, 
and each tone was separated by one-third of a semitone 
(approximately 33 cents, or 1.9%). Every target tone/starting 
tone combination was presented twice, for a total of 64 trials.

Figure 2. Mean scores for pitch memory accuracy across vocal and instrumental recordings in (a) Experiment 1, (b) Experiment 2 
and (c) Experiment 3. Points represent individual participants.
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(top). For the CAIS, we used a composite score (averaging 
across all scale items). For the INM, we took the mean 
absolute deviation between a participant’s final location to 
which they moved the starting tone in pitch space and the 
true target note. For example, if a participant’s target note 
was [G4] and her final location in recreating this [G4] was 
[G#4], she would be three 33-cent steps from the true loca-
tion and thus receive a score of “3” on that particular trial. 
Trials in which participants were more than three SDs 
removed from their mean difference score were discarded. 
These outlier trials comprised very few (1.2%) of the over-
all trials. We collapsed across all trials, calculating a single 
INM score per participant. For musical training, we used 
the maximum reported number of years of active musical 

instruction on a single instrument. Thus, if a participant had 
reported 4 years of active piano instruction and 3 years of 
active violin instruction, they would receive a value of “4.”

Predicting individual differences in pitch memory for record-
ings. To assess how individual differences accounted for 
variance in long-term pitch memory performance for judg-
ing familiar songs, we constructed a generalized linear 
mixed-effects model (GLMM). The primary benefit of 
using a mixed-effects model in the present design was that 
we were able to model both fixed and random effects with-
out having to collapse across our repeated observations 
(i.e., each presented recording). In particular, this was 
important for understanding how recording familiarity 
relates to pitch memory accuracy as more traditional anal-
yses would require collapsing across recording (obtaining 
an average familiarity rating per participant) or collapsing 
across participant (obtaining an average familiarity rating 
per recording). In a mixed-effects model, however, both 
participant and item variation can be accounted for in the 
same model.

INM performance, the mean rating from each individu-
al’s CAIS questionnaire, the number of years of musical 
training and familiarity of each recording were fixed 
effects, while participant and recording stimulus were 
treated as random effects. In this model, both familiarity 
and INM performance significantly predicted pitch mem-
ory performance. No other fixed effect was significant. The 
fixed effects of the model are reported in Table 1 (bottom).

Discussion

The present experiment clearly demonstrates that individ-
uals are able to accurately judge when familiar recordings 
have been shifted in pitch, even when the magnitude of the 
pitch shift is the smallest conventional pitch difference 

Figure 3. Correlation matrix between pitch memory accuracy (ACC) and all other measured variables for (a) Experiment 1 and 
(b) Experiment 2. Values in each cell represent Pearson’s r.
+0.10 < p ≤ 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.

Table 1. Descriptive statistics and fixed effects from 
the generalized linear mixed-effects model (GLMM) in 
Experiment.

Descriptive statistics

Measure Mean Standard error Range

CAIS 3.81 0.14 [2.12, 5]
Music training 6.79 0.83 [0, 15]
INM 3.62 0.27 [0.84, 6.81]
Familiarity 3.57 0.10 [2.26, 4.97]

GLMM fixed effects

Measure Estimate z Pr(|z|)

CAIS −0.035 −0.358 0.350
Music training 0.005 0.310 0.757
INM −0.134 −2.314 0.021
Familiarity 0.150 2.488 0.013

CAIS: Clarity of Auditory Imagery Scale; INM: implicit note memory.
Both INM score and recording familiarity were significant predictors of 
pitch memory accuracy.
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found in Western music. These findings conceptually rep-
licate previous work (Schellenberg & Trehub, 2003) dem-
onstrating that good pitch memory is widespread in the 
population, although the present experiment deviates in at 
least two important ways from previous research. First, we 
employed an experimental design in which we only pre-
sented one version of each recording, not two versions. 
Thus, participants did not know whether they would ever 
hear a “correct” version of the recording in our experi-
ment, whereas in previous research participants knew that 
one of the two versions of each recording they heard would 
be “correct” on each trial. Second, we used both instru-
mental and vocal recordings in the present experiment. 
Despite these deviations, we found similar effect sizes 
compared to previous research (61% accuracy in the pre-
sent experiment compared to 58% in Schellenberg & 
Trehub, 2003).

While we did not find any evidence that explicit musi-
cal training or self-reported clarity of auditory imagery 
explained variance in long-term pitch memory, both 
recording familiarity and INM performance significantly 
explained variance in long-term pitch memory. The fact 
that self-rated recording familiarity explained differences 
in pitch memory performance is perhaps not surprising, 
especially since this kind of pitch memory inherently 
requires at least some familiarity with the to-be-judged 
stimulus. The relationship between working memory for 
pitch and long-term AP memory for well-known songs is 
less obvious, though it has been hinted at in previous work 
(Jakubowski & Müllensiefen, 2013) albeit as a measure of 
relative pitch ability. While the INM task employed in the 
present experiment certainly can be argued to have a rela-
tive pitch component (as participants attempt to recreate a 
target tone from a varying starting tone), based on our 
results we believe it is more likely that the important factor 
in explaining pitch memory variance is not relative pitch 
processing per se, but rather auditory working memory. 
Indeed, the general procedure of adjusting one note to 
match a secondary note as closely as possible has been 
independently used as a measure of pitch precision in audi-
tory working memory (Kumar et al., 2013). Thus, 
Experiment 1 demonstrates that in addition to recording 
familiarity, the ability to maintain an accurate pitch repre-
sentation in working memory is related to one’s long-term 
implicit pitch memory.

Despite the observed relationship between auditory 
working memory and long-term pitch memory, there are 
several limitations to Experiment 1, mainly related to the 
INM task. One prominent limitation of Experiment 1 is 
that the INM task is not a standard measure of auditory 
working memory, and thus, its relationship to more canon-
ical measures of auditory working memory is unclear. 
While some of our prior work has found that the INM task 
shares a small but significant amount of variance (around 
25%) with an auditory n-back task using verbal letter 

stimuli (Van Hedger et al., 2015), it is presently unclear 
whether auditory working memory tasks that do not require 
attending to and manipulating pitch would similarly 
explain long-term memory for music recordings. It is also 
possible that the presentation of a backward noise mask 
and the successive presentation of interim tones to match 
against the target tone (varying in number depending on 
the relative distance between the starting tone and target 
tone) may not have completely masked the sensory proper-
ties of the stimulus. As a result, there may be a greater 
influence of auditory sensory encoding in the INM task 
than in other working memory tasks. These limitations of 
the INM task, combined with the fact that no other audi-
tory working memory test was administered to participants 
in Experiment 1, make it especially difficult to draw strong 
conclusions about a general relationship between auditory 
working memory and long-term pitch memory. As such, 
Experiment 2 was designed to provide a more comprehen-
sive account of the individual differences that relate to 
long-term pitch memory.

Experiment 2

While the results of Experiment 1 suggest that working 
memory for pitch may explain individual variance in 
judging the pitch level of familiar recordings, the scope of 
the experiment was limited by three important considera-
tions. First, it is unclear whether non-pitched measures of 
auditory short-term and working memory would similarly 
explain variance in long-term pitch memory. This is a par-
ticularly important consideration, as previous research 
has found links between forward auditory digit span, 
auditory n-back and explicit AP ability (Deutsch & 
Dooley, 2013; Van Hedger et al., 2015), although it is cur-
rently unclear to what extent these non-musical measures 
would relate to implicit AP ability. Thus, we included a 
forward auditory digit span and an auditory n-back task in 
Experiment 2.

A second important limitation of Experiment 1 stems 
from the typically observed correlation between working 
memory and fluid intelligence (e.g., Kane, Hambrick, & 
Conway, 2005). Given the close alignment between work-
ing memory and fluid intelligence, our observed relation-
ship between working memory and long-term pitch 
memory in Experiment 1 may have actually been mediated 
through fluid intelligence. To assess the how fluid intelli-
gence relates to pitch memory, we have thus included a test 
of fluid intelligence (the RAPMs) in Experiment 2.

Third, given that the experimental design of Experiment 
1 did not alter the ordering of the tasks, it is possible that 
our results were in part influenced by participants always 
completing the working memory task before the long-term 
pitch memory task. While this explanation may seem 
unlikely, we address this limitation in Experiment 2 through 
counterbalancing the order of the tasks.
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Method

Participants. In total, 40 University of Chicago undergradu-
ates participated in the study for course credit (Mage =  
20.03 years, SDage = 1.12 years, range = 18-22 years, 28 
females, 12 males). Participants were not specifically 
recruited for their musical experience, though a majority of 
participants (28 of 40) reported at least some music instruc-
tion. Further details of participants’ musical training are 
reported in section “Results.” One participant reported pos-
sessing AP, leaving 39 analyzable participants.

Materials. The 40 recordings used in the experiment were 
the same as those used in Experiment 1. As such, the pitch-
shifting procedure was identical to Experiment 1. The 
pitch memory task, the auditory n-back task and the audi-
tory digit span task were all coded in E-Prime 2.0 (Psy-
chology Software Tools). The RAPM was administered in 
a timed, paper–pencil format. The INM task was coded in 
MATLAB (MathWorks), and the sine tone stimuli used in 
the INM task were generated in MATLAB and presented 
to participants at approximately 70 dB SPL. During the 
experiment, participants listened through Sennheiser HD 
280 headphones.

Procedure. Each experimental session began with either 
the battery of cognitive tests (the INM, auditory n-back, 
auditory digit span and the RAPM, in a randomized order) 
or the pitch memory task. Half of the participants com-
pleted the cognitive battery first, while half of the partici-
pants completed the pitch memory task first. After both the 
cognitive battery and the pitch memory components had 
been completed, participants filled out the CAIS and musi-
cal experience questionnaires. The INM task, the pitch 
memory task and the two questionnaires (CAIS and musi-
cal experience) were administered using the same proce-
dures as Experiment 1.

For the auditory digit span task, participants completed 
a total of 18 trials. The digit span was non-adaptive, in that 
the number of digits increased throughout the task regard-
less of performance. The initial digit level was set at 5 and 
the final digit level set at 12. Participants completed two 
trials at each digit level, with the exception of the initial 
digit level in which participants completed four trials. 
Digits were presented at a rate of one every 2 s. We opera-
tionalized digit span performance as the number of total 
correct trials per participant.

The auditory n-back required participants to monitor 
spoken letter strings and respond when the current spoken 
letter was the same as the one presented “n” trials previ-
ously. All participants completed a short practice, as well 
as a main task, in which “n” was fixed at 3. Participants 
responded to all spoken letters (i.e., pressing a button 
labeled “target” or “not target” for each letter). The task 
consisted of three runs of 30 letter strings (10 targets and 

20 non-targets per run, resulting in 30 total targets and 60 
total non-targets). Letters were spoken every 3000 ms. We 
calculated d′ scores for each participant. A perfect score 
(30 of 30 hits and 0 of 60 false alarms) would result in a d′ 
score of 4.52. Three participants achieved perfect scores.

The RAPM test was administered in a booklet. The test 
was introduced as a series of pattern completion problems. 
After completing two practice items from Set I in an 
untimed format, participants completed as many items 
from Set II as possible in 20 min (36 total items). While 
this time limit is aggressive, it was based on prior work in 
which participants were given 10 min to complete half of 
Set II (Jaeggi et al., 2010). Participants were told when 
they had 15, 10 and 5 min remaining. No participant com-
pleted all items in the test.

Results

Similar to Experiment 1, we discarded any trials in which 
participants reported no familiarity with the recording. 
Unknown recordings comprised relatively few overall tri-
als (4.97 of 40, or 12.43%, participant recognizability 
range of 62.5%-100%). Well over half of the participants 
(29 of 39) reported knowing over 80% of the presented 
recordings. This recognition rate was slightly lower than 
what was observed in Experiment 1, though it should be 
noted that the pilot test for recording familiarity was more 
closely aligned in time with the participants from 
Experiment 1 compared to Experiment 2. Despite this 
slight decrease in recording recognition, we replicated the 
findings from Experiment 1, as participants made correct 
pitch judgments 65.1% of the time, which was above the 
chance estimate of 50% (t(38) = 10.61, p < 0.001).

While we also replicated the finding from Experiment 1 
that the vocal stimuli from recording artists were more 
accurate than the primarily instrumental theme songs 
(t(38) = 3.39, p = 0.002), both types of recordings were 
independently above chance (vocal: 69.8%, t(38) = 10.23, 
p < 0.001; instrumental: 59.9%, t(38) = 4.66, p < 0.001). 
Given these results, we collapsed across vocal and instru-
mental subsets for all further analyses. These results are 
plotted in Figure 2b, and the correlations between pitch 
memory accuracy and the other measured variables are 
displayed in Figure 3b.

The mean, standard error and range of participant 
responses for all other collected measures—CAIS (com-
posite score), music training (years), INM (number of 
steps removed from target note), auditory digit span (num-
ber of correct trials), auditory n-back (d′) and RAPM 
(number of correct items) are reported in Table 2 (top).

Predicting individual differences in pitch memory for record-
ings. To assess how individual differences accounted for 
variance in long-term pitch memory performance for judg-
ing familiar recordings, similar to Experiment 1, we 
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constructed a GLMM. We included seven fixed effects: (1) 
INM performance, (2) auditory n-back performance, (3) 
auditory digit span, (4) RAPM score, (5) the mean rating 
from each individual’s CAIS questionnaire, (6) the number 
of years of musical training and (7) the familiarity of each 
recording. Participant and recording stimulus were treated 
as random effects. In this model, recording familiarity and 
INM score were significant predictors of pitch memory. The 
fixed effects of the model are reported in Table 2 (bottom).

Discussion

Experiment 2 followed up on some alternative explana-
tions of pitch memory performance from Experiment 1—
specifically, (1) whether the relationship between auditory 
working memory and long-term pitch memory could be 
explained by more general cognitive factors, (2) whether 
non-pitched measures of auditory working memory and 
short-term memory could similarly explain variance in 
long-term pitch memory and (3) whether task ordering 
influences the relationship between auditory working 
memory and long-term pitch memory. To specifically 
address these questions, we included a measure of fluid 
intelligence (the RAPMs), we included two additional 
measures of auditory working memory and short-term 
memory that were not musical in nature (the auditory 
n-back with spoken letters and the auditory digit span), 
and we randomized whether participants completed the 

cognitive measures versus the long-term pitch memory 
task first.

Experiment 2 replicates the positive relationship between 
auditory working memory and long-term pitch memory found 
in Experiment 1, while also providing some important clarifi-
cations regarding this relationship. First, it does not appear that 
the relationship between auditory working memory and long-
term memory for pitch can be best explained by general (non-
auditory) cognitive ability, as performance on the RAPMs was 
not significantly related to long-term pitch memory, and the 
relationship between INM performance and long-term pitch 
memory remained significant when controlling for RAPM 
performance. Second, the relationship between auditory work-
ing memory and long-term pitch memory may be limited to 
auditory working memory for pitch, as performance on the 
auditory n-back—which used spoken letters as stimuli—was 
not significantly related to long-term pitch memory. Third, the 
relationship between working memory for pitch and long-term 
pitch memory did not appear to be an artifact of task presenta-
tion as half of the participants in the present experiment com-
pleted the long-term pitch memory task first, while the other 
half completed the battery of cognitive tests first, and we still 
found evidence that INM performance was significantly 
explaining long-term pitch memory variance.

Experiment 3

To confirm that the results from Experiments 1 and 2 could 
not be attributed to confounding factors as a result of the 
pitch-shifting procedure, Experiment 3 adopted the same 
general structure as Experiments 1 and 2, although the 
recording we used were preselected for their unfamiliarity. 
If the above-chance performance for judging the pitch of 
recordings in Experiments 1 and 2 was truly driven by 
recording familiarity, then participants should be at chance 
at selecting the correct tuning of unfamiliar recordings. If, 
however, we had introduced unwanted cues as a result of 
the pitch-shifting procedure, then participants might still 
be above chance. While this possibility seems unlikely, 
especially since all songs in Experiment 1 underwent the 
pitch-shifting procedure, it is possible that pitch shifting 
specifically vocal stimuli resulted in significant timbral 
changes (e.g., changing the voice characteristics of the 
singer) that could have been used in addition to long-term 
pitch memory. It also should be noted that this general 
approach (presenting unfamiliar pitch-shifted recordings 
to confirm pitch memory is not confounded by the pitch-
shifting procedure) has been previously used in studies of 
long-term pitch memory (Schellenberg & Trehub, 2003).

Method

Participants. In total, 28 University of Chicago undergradu-
ates participated in the study for course credit (Mage =  
19.79 years, SDage = 1.13 years, range = 18-22 years, 20 

Table 2. Descriptive statistics and fixed effects from the 
generalized linear mixed-effects model (GLMM) of Experiment 2.

Descriptive statistics

Measure Mean Standard error Range

CAIS 3.95 0.09 [2.88, 5]
Music training 5.40 0.81 [0, 15]
INM 3.93 0.27 [1.23, 8.24]
Digit span 9.44 0.34 [5, 15]
N-back 3.26 0.13 [1.37, 4.52]
Raven’s 23.7 0.56 [17, 31]
Familiarity 3.47 0.08 [2.50, 4.36]   

GLMM fixed effects

Measure Estimate z Pr(|z|)

CAIS −0.024 −0.209 0.835
Music training −0.002 −0.135 0.892
INM −0.148 −2.729 0.006
Digit span −0.035 −1.056 0.291
N-back 0.073 0.802 0.423
Raven’s −0.027 −1.296 0.195
Familiarity 0.363 6.133 <0.001

Similar to Experiment 1, we found that both INM score and 
recording familiarity were significant predictors of long-term pitch 
memory.
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females, 8 males). Participants were not specifically 
recruited for their musical experience, although a majority 
of participants (21 of 28) reported at least some music 
instruction. The mean number of years participants reported 
playing their primary instrument was 6.01 (SD = 4.96 years, 
range = 0-14 years).

Materials. The 40 recordings used in the experiment were 
selected by the experimenters based on the following crite-
ria. First, we selected 20 vocal stimuli from recording art-
ists and 20 instrumental themes similar to Experiments 1 
and 2. Second, the vocal recordings we selected were from 
popular recording artists, even though the songs them-
selves were selected by the first authors based on their pre-
sumed obscurity. This presumed obscurity was objectively 
assessed through examining the number of listens each 
recording had accrued on Spotify (if it existed on Spotify), 
which had to be fewer than 1 million at the time of the 
experiment to be considered. The reason we selected well-
known recording artists, including some artists who were 
used in Experiment 1, is that we wanted to assess whether 
the pitch-shifting process would significantly alter the tim-
bre of artists’ voices, thereby allowing participants to make 
accurate pitch judgments despite not recognizing the 
recording. A full list of the 40 songs is printed in Table A2. 
The mean length of the excerpts was 29.4 s (SD = 4.0 s, 
range = 11-39 s).2 We pitch shifted the recordings in an 
identical manner as in Experiments 1 and 2. The experi-
ment was coded in E-Prime 2.0 (Psychology Software 
Tools). During the experiment, participants listened 
through Sennheiser HD 280 headphones at approximately 
70 dB SPL.

Procedure. Participants only completed the pitch memory 
task. We did not include any additional measures or ques-
tionnaires, as we hypothesized that participants should be 
at chance at judging the pitch of unfamiliar recordings. As 
such, we did not anticipate being able to explain individual 
differences in pitch memory accuracy.

Results

We discarded any trials in which participants reported hav-
ing any familiarity with the recording. Since the 40 record-
ings were selected based on presumed obscurity among 
undergraduates, recognized recordings comprised rela-
tively few overall trials (2.39 of 40, or 5.98%, participant 
range of 0%-22.5%). Almost every participant (27 of 28) 
reported knowing fewer than 20% of recordings. As 
hypothesized, we did not find any evidence that partici-
pants were able to correctly determine the pitch of unfamil-
iar recordings. Overall, participants made a correct pitch 
judgment 50.2% of the time, which was not above the 
chance estimate of 50% (t(27) = 0.13, p = 0.896). Figure 2c 
displays the mean accuracy and individual participant 

observations for both vocal and instrumental recordings. 
We did not find any evidence that vocal recordings were 
more accurate than the instrumental recordings (t(27) = 0.61, 
p = 0.548), which is not surprising as both kinds of record-
ings were not independently above the chance estimate of 
50% (vocal: 50.8%, t(27) = 0.40, p = 0.693; instrumental: 
49.5%, t(27) = −0.29, p = 0.77).

Given that the previous analyses rest on accepting null 
results, we assessed whether performance in the present 
experiment was significantly different from performance in 
Experiments 1 and 2. Independent samples t-tests showed 
that overall performance (t(94) = 6.34, p < 0.001), vocal 
recording performance (t(94) = 6.54, p < 0.001) and instru-
mental recording performance (t(94) = 3.02, p = 0.003) were 
significantly worse in the present experiment compared to 
Experiments 1 and 2.

Discussion

Experiment 3 assessed whether particular aspects of the 
experimental design of Experiments 1 and 2 introduced 
artificially high performance. First, we wanted to rule out 
the possibility that the pitch-shifting procedure introduced 
unwanted auditory cues that could be used in conjunction 
with pitch memory. Second, given that vocal stimuli have 
only very recently been used to assess long-term pitch 
memory (Jakubowski, Müllensiefen, & Stewart, 2017), we 
wanted to assess whether the results of Experiments 1 and 
2 were in part driven by timbral-related changes in pitch-
shifting familiar vocalists.

The results from Experiment 3 demonstrate that hearing 
recordings in consistent musical keys is crucial for instan-
tiating long-term pitch memory. Participants could not 
determine the correct pitch height of unfamiliar vocal and 
instrumental songs at above-chance levels. This general 
finding replicates prior research arguing that at least some 
stimulus familiarity is essential for accurate pitch memory 
(e.g., Schellenberg & Trehub, 2003). Experiment 3 also 
provides a conceptual replication of recent work demon-
strating that vocal recordings can be used to assess long-
term pitch memory (Jakubowski et al., 2017), although the 
results from the present experiment go beyond this prior 
research by demonstrating that vocal recordings by well-
known artists similarly cannot be identified if the record-
ing is not known. In this sense, Experiment 3 provides a 
methodological advance in the study of pitch memory for 
familiar musical recordings, clearly demonstrating that at 
least within a one-semitone pitch-shifting range (approxi-
mately a 5.9% change) unfamiliar vocal recordings of 
known singers can be used to assess pitch memory.

General discussion

How is it that we can reliably judge when we are  
hearing a well-known recording at its correct pitch height, 

http://journals.sagepub.com/doi/suppl/10.1080/17470218.2017.1307427
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independent of explicit AP labels? The present set of 
experiments shed light on the mechanisms underlying the 
formation of these pitch representations. Specifically, 
while the present set of experiments clearly demonstrates 
that familiarity is important in the formation of accurate 
long-term pitch representations (shown both through the 
relationship between familiarity ratings and performance 
in Experiments 1 and 2, as well as the at-chance perfor-
mance in Experiment 3), the experiments suggest the pres-
ence of another important factor in pitch memory 
accuracy—auditory working memory for pitch. Figure 4 
displays the overall relationship between the INM task and 
pitch memory across Experiments 1 and 2 (n = 68).

Why might the short-term ability to adjust a starting 
tone to match a target tone relate to the ability to judge 
when a popular recording is presented in its most com-
monly heard musical key? The answer to this question is 
perhaps best answered by reassessing the particular con-
struction of working memory. While the broad definition 
of working memory is the ability to temporarily hold onto 
information in a mental workspace—a process requiring 
attention (Fougnie, 2008)—recent research has begun to 
dissociate the precision with which items can be main-
tained in working memory from the capacity or number of 
items able to be maintained in working memory (e.g., 
Zhang & Luck, 2011). This view of working memory is 
distinct from flexible-resource theories of working mem-
ory, which propose no functional distinction between pre-
cision and capacity as individuals could hold either a small 
number of items in working memory with high precision 
or a large number of items in working memory with poor 
precision (Bays & Husain, 2008; Palmer, 1990; Wilken & 
Ma, 2004). In vision, separate neural mechanisms have 
been reported with regard to working memory capacity 
and precision (Xu & Chun, 2006).

To the extent that auditory precision and capacity can 
be thought of as separable aspects of working memory 
(e.g., see Ku, Bodner, & Zhou, 2015), the present results 
support the notion that working memory precision may be 
the best working memory construct in explaining variance 
in long-term pitch memory. The INM task is putatively a 
stronger measure of auditory working memory precision, 
as it involves the precise recreation of a single auditory 
item after a delay period. Moreover, the task of judging the 
pitch height of well-known recordings is similarly cen-
tered on auditory precision, albeit in a long-term memory 
store. Thus, the present results suggest that better auditory 
working memory precision for musical pitch potentially 
allows individuals to learn and remember the AP height of 
well-known recordings, even if this learning is incidental 
(i.e., results from passive listening to recordings with no 
instruction to remember pitch height). To further support 
the dissociation of working memory precision and capac-
ity in explaining variance in long-term pitch memory, we 
did not find evidence that the auditory n-back or auditory 
digit span from Experiment 2—putative measures of 
capacity—was significantly related to long-term pitch 
memory. Yet, from the current results, it is unclear whether 
this was solely because the auditory n-back and digit span 
are capacity tasks or whether it was partly because of the 
nature of the stimuli used (specifically, spoken letters and 
numbers over musical notes). Future work could provide a 
more comprehensive account of this relationship through 
manipulating the constituent auditory tokens of each task 
(e.g., using pitches in the INM that do not correspond to 
Western musical notes, using speech sounds in the INM 
instead of musical notes or using musical notes in either 
the auditory n-back or digit span). These kinds of manipu-
lations would further our understanding of the extent to 
which these findings are due to dissociations of precision 
and capacity in working memory.

Another unresolved question from the present experi-
ments has to do with the particular nature of the INM task, 
in which both sensory and working memory could poten-
tially contribute to performance. As such, it is unclear 
whether individual differences in sensory memory may 
additionally explain individual variance in long-term pitch 
memory. Recent research has demonstrated that individual 
differences in low-level, sensory performance are related 
to higher level abilities (Albouy, Cousineau, Caclin, 
Tillmann, & Peretz, 2016). Moreover, the INM task can be 
conceptualized as containing both a sensory memory com-
ponent (initial comparison of target tone to starting tone) 
and a working memory component (active recreation of 
the target tone while cycling through interim tones). As 
such, future research exploring individual differences in 
long-term pitch memory may benefit from attempts to dis-
entangle sensory memory from working memory.

While the relationship between self-reported recording 
familiarity and pitch memory accuracy found in Experiments 

Figure 4. Overall relationship between INM score and pitch 
memory for recordings in Experiments 1 and 2.
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1 and 2 seems obvious, it is interesting to note that previous 
research on pitch memory for recordings have generally 
failed to find a strong graded relationship between familiar-
ity and accuracy (e.g., Jakubowski et al., 2017; Schellenberg 
& Trehub, 2003). There are two likely reasons why we found 
such a strong relationship between familiarity and pitch 
memory accuracy in the present experiments. First, the 
nature of our paradigm included a much larger distribution of 
recordings, which means that we were likely able to capture 
a greater range of familiarity estimates among recordings 
that were, nevertheless, recognizable. Second, by framing 
the question in terms of familiarity, rather than something 
more objective (such as estimated number of viewed epi-
sodes for television themes, used in Schellenberg & Trehub, 
2003), it is possible that participants were using familiarity 
ratings—which were always presented after making a pitch 
height judgment—as a post hoc confidence rating.

How can these results be interpreted in the larger frame-
work of AP memory formation for both AP and non-AP 
listeners? On one hand, the explicit knowledge of pitch 
chroma labels (genuine AP) appears to be an extremely rare 
ability, putatively occurring in less than one in every 10,000 
individuals (Bachem, 1955). Genuine AP is described as 
dichotomous, with clear and easy-to-define “AP posses-
sors” and “non-AP possessors” (Athos et al., 2007; though 
see Bermudez & Zatorre, 2009). On the other hand, accu-
rate pitch memory for familiar sounds, including but not 
limited to musical recordings, appears widespread and nor-
mally distributed in the population (e.g., Schellenberg & 
Trehub, 2003; Van Hedger et al., 2016). Given these stark 
differences, it might appear that there is no real relationship 
between these abilities, even if both are concerned with 
memory for AP. If, however, genuine AP can be conceptu-
alized as a two-step process, with general pitch memory 
ability constituting the first step and explicit categorization 
based on pitch chroma constituting the second step (Levitin 
& Rogers, 2005), the discussion of implicit pitch memory 
in service of genuine AP may prove to be important in bet-
ter understanding both abilities. For example, genuine AP 
possessors appear to have better pitch memories for well-
known stimuli (Dooley, 2011), even when the use of 
explicit AP labels is not beneficial to the task (Van Hedger 
et al., 2016), suggesting that general long-term pitch mem-
ory among AP possessors may be enhanced relative to non-
AP possessors. Moreover, features of the INM task (such as 
holding onto a single pitch in memory while listening to 
intermediary pitches) have been previously used to demon-
strate differences between AP and non-AP possessors 
(Siegel, 1974) and even to claim that AP can exist indepen-
dently of explicit musical note labels (Ross, Olson, & Gore, 
2003). Thus, the present results may help bridge the litera-
ture on both explicit and implicit AP abilities.

Taking into account individual differences—particularly 
in auditory working memory—might help explain the rela-
tionship between pitch memory among both AP and 

non-AP possessors. Recent work has found that individual 
differences in auditory working memory precision, using 
the same INM task that was used in Experiment 1, explained 
individual differences in the explicit acquisition of AP cat-
egories (Van Hedger et al., 2015). Combined with the 
results of the present experiments, this suggests that audi-
tory working memory precision might constitute a mean-
ingful individual difference for explaining the ability to 
represent AP information in long-term memory, whether 
that information is represented implicitly (e.g., having a 
general feeling that a familiar recording sounds “off”) or 
explicitly (e.g., learning to call a frequency of 440 Hz an 
“A”). However, unlike the current set of experiments, it is 
important to note that auditory n-back was a significant 
predictor of explicit AP learning in Van Hedger et al. 
(2015). Why would both INM and auditory n-back explain 
variance in explicit AP category learning, while only INM 
explained variance in implicit pitch memory in the present 
experiments? There are at least two reasons. First, the 
explicit acquisition of 12 note categories may place addi-
tional demands on working memory (particularly on capac-
ity) in a way that pitch judgments of familiar recordings do 
not. Second, as alluded to earlier, the relatively strong cor-
relations observed in the present experiments between INM 
performance and explicit musical training make it difficult 
to disentangle working memory precision from long-term 
note category structures that may be established through 
years of musical training. More specifically, it could be the 
case that musical training improves implicit note represen-
tations (cf. Heald, Van Hedger, & Nusbaum, 2014; Van 
Hedger et al., 2017) which could then influence perfor-
mance on the INM task. This kind of explanation would 
still be interesting as it would suggest that the AP memory 
traces resulting from primarily incidental exposure to pop-
ular recordings could be influenced by the preexisting 
strength of implicit note categories. However, this kind of 
explanation would also require a reconsideration of whether 
auditory working memory precision—broadly conceived—
can be thought to relate to long-term pitch memory.

In summary, the present set of experiments conceptually 
replicates previous work demonstrating that pitch memory is 
widespread and normally distributed in the general popula-
tion (e.g., Schellenberg & Trehub, 2003). However, the pre-
sent work extends these findings by demonstrating that 
individual differences in auditory working memory for pitch 
are related to long-term pitch memories of well-known 
recordings. This relationship between auditory working 
memory and long-term memory fidelity can be potentially 
interpreted in the context of recent empirical and theoretical 
work in the visual domain (Brady, Konkle, Gill, Oliva, & 
Alvarez, 2013), suggesting that pitch fidelity in auditory 
working memory and long-term memory may also be 
bounded by a common limit between both kinds of memory. 
Finally, the recent distinction between working memory pre-
cision and capacity allows for a more nuanced understanding 
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of how auditory working memory performance might dif-
ferentially matter in the formation of implicit and explicit AP 
representation. Furthering our understanding how both audi-
tory working memory capacity and precision influence 
implicit and explicit long-term pitch representations will 
undoubtedly help us understand the general mechanisms 
underlying pitch memory across populations.
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Notes

1. All 20 of the vocal excerpts from recording artists were 30 s 
in duration and were chosen by undergraduate research assis-
tants to represent the most iconic portion of the recording. 
This overwhelmingly resulted in the selection of the chorus 
(the first time it occurs), with approximately two measures of 
antecedent music. The only exceptions to this rule were “Hey 
Jude” and “Bohemian Rhapsody,” in which the opening of the 
song was determined by undergraduate research assistants to 
be the most iconic. The 20 television, movie and video game 
themes varied based on the overall length of the theme. For 
example, the theme from the television show “30 Rock” was 
only 17 s in duration, while the theme from “Friends” (I’ll Be 
There for You) was 36 s in duration. For themes that were sig-
nificantly longer than 30 s (e.g., movie themes), we selected 
a musical phrase that was as close to 30 s as possible while 
allowing harmonic resolution or musical phrase completion.

2. Similar to Experiment 1, all 20 of the vocal songs were 
30 s in duration. The 20 television, movie and video game 
themes varied based on the overall length of the theme. For 
example, the theme from the television show “Ugly Betty” 
was only 11 s in duration, while the theme from “Teen Wolf” 
was 39 s in duration. For themes that were significantly 
longer than 30 s, we selected a musical phrase that was as 
close to 30 s as possible while allowing harmonic resolution 
or musical phrase completion.
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