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One-year retention of general and sequence-speciﬁc
skills in a probabilistic, serial reaction time task
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Procedural skills such as riding a bicycle and playing a musical instrument play a central role in daily life.
Such skills are learned gradually and are retained throughout life. The present study investigated 1-year
retention of procedural skill in a version of the widely used serial reaction time task (SRTT) in young and
older motor-skill experts and older controls in two experiments. The young experts were college-age
piano and action video-game players, and the older experts were piano players. Previous studies have
reported sequence-specific skill retention in the SRTT as long as 2 weeks but not at 1 year. Results
indicated that both young and older experts and older non-experts revealed sequence-specific skill
retention after 1 year with some evidence that general motor skill was retained as well. These findings are
consistent with theoretical accounts of procedural skill learning such as the procedural reinstatement
theory as well as with previous studies of retention of other motor skills.

Keywords: Implicit learning; Sequence learning; Ageing; Motor skill expertise; Piano players; Video-game
players.

Over time, people acquire a wide range of
implicit skills including riding a bicycle, playing
a musical instrument, and displaying fluency in
language. A prominent characteristic of such
skills is that they are learned only gradually
through extended experience, but once learned,
they are retained throughout life. This property of
skill learning has both practical and theoretical
significance. The practical interest stems from the

fact that rehabilitation following neurological
damage or brain insult, such as stroke, often
requires re-learning basic life skills such as walking and speaking (e.g., Boyd, Vidoni, & Daly,
2007), and expertise in specialties such as laparoscopic surgery is developed in part through
procedural learning (Stefanidis, Korndorffer,
Sierra, Touchard, Dunne, & Scott, 2005). The
theoretical interest derives from contemporary
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multi-system theories that posit that distinct brain
regions support non-declarative learning, which
occurs without awareness, and declarative learning, which occurs with awareness. The nondeclarative procedural memory system, viewed
as engaging cortico-striatial circuits, is often contrasted with the medial temporal lobe-dependent
declarative system, which acquires new information quickly and flexibly but is less long-lived
(Clark, Manns, & Squire, 2002; Poldrack &
Packard, 2003; Reber & Squire, 1998; Squire,
Clark, & Bayley, 2004). Many laboratory studies
have investigated how declarative and nondeclarative skills are learned, and many have also
examined long-term retention of declarative skills.
However, surprisingly few studies have examined
long-term retention of non-declarative procedural
skills. Healy and colleagues have shown retention
of target detection over 15 months (Healy,
Fendrich, & Proctor, 1990), Morse code reception
(Clawson, Healy, Ericsson, & Bourne, 2001), and
entry of digit lists (Fendrich, Healy, & Bourne,
1991) after 1 month, and temporal duration
production (Healy, Wohldmann, Parker, &
Bourne, 2005b) and speeded aiming (Healy,
Wohldmann, Sutton, & Bourne, 2006) after 1
week. In addition, Cooke, Durso, and Schvaneveldt (1994) have shown retention of skilled letter
and digit search after 9 years, and Allen and
Reber (1980) have shown retention of an artificial
grammar learning task after 2 years. The present
study expands on previous work by demonstrating long-term retention of a sequential skill in
which people learn the predictive relationships
among temporally ordered events. Specifically,
we use a variation of the widely used serial
reaction time task (SRTT) to demonstrate
1-year retention of an implicitly acquired sequential skill in both young and older adults.
The SRTT, which has been shown to depend
primarily on cortico-striatal networks, has been
widely used as a laboratory assay of procedural
skill learning (for reviews, see Forkstam &
Petersson, 2005; Robertson, 2007). In the SRTT,
events, such as asterisks, appear in one of four
different locations on a computer screen. Participants are instructed to press the key corresponding to each event, as quickly as possible when it
appears, while maintaining a high level of accuracy. The positions at which the events appear on
the screen occur in a specific repeating pattern
unbeknown to the participant. Learning is assessed by comparing performance on the pattern
trial blocks to performance on random event

blocks, which occur either within or at the end
of the session. Sequence learning is said to occur
when individuals are faster on pattern blocks
compared to random blocks.
Both young and older adults show learning of
both simple repeating (D. V. Howard & Howard,
1989, 1992) and subtle probabilistic regularities
(D. V. Howard et al., 2004; J. H. Howard &
Howard, 1997; Schendan, Searl, Melrose, & Stern,
2003; Schvaneveldt & Gomez, 1998) in the SRTT.
Although some studies have demonstrated retention of sequence-specific skill for periods up to
16 months in other sequential response tasks
(Hikosaka et al., 2002; Savion-Lemieux &
Penhune, 2005), no published study to date has
demonstrated retention of sequence-specific
procedural skill in the SRTT for longer than
2 months (Feeney, 2000; Knopman, 1991; Nissen,
Willingham, & Hartman, 1989).
The present experiment examines 1-year retention of procedural skill in a version of the
SRTT that can be practised over many trials
without acquiring declarative knowledge. In the
Alternating SRTT (ASRTT), a four-element
repeating sequence of pattern stimuli alternate
with random stimuli (J. H. Howard & Howard,
1997). This regularity is subtler than the more
obvious pattern in the traditional SRTT. For
example, in the traditional SRTT, a typical
pattern might be 1432134123 (where 1, 2, 3, and
4 refer to four targets on a computer screen, left
to right, respectively), and this 10-element pattern
is repeated over many blocks. General skill
learning is measured by an overall reduction in
RT over the pattern blocks, and sequence-specific
learning is measured by comparing performance
on the pattern-trial blocks to performance on a
random-trial block that is introduced later in the
session. People often acquire declarative knowledge of these simple repeating patterns. In contrast, in the ASRTT, a typical pattern might be
1r4r3r2r, where r refers to a randomly chosen
target, and this eight-element pattern is repeated
throughout the session. General skill learning is
measured by an overall reduction in RT, and
sequence-specific learning is demonstrated by the
pattern and random trials diverging over time.
People do not acquire declarative knowledge, as
the simplest predictive relationship in an ASRTT
sequence is between non-adjacent events on
pattern trials (trial n-2 predicts the target
on pattern trial n) (J. H. Howard & Howard,
1997).

ONE-YEAR RETENTION OF IMPLICIT KNOWLEDGE

The primary goal of the present study was
to investigate long-term retention of sequencespecific and general-procedural skills in the
ASRTT by inviting participants from two earlier
experiments to return to the lab for further
testing after approximately 1 year. The earlier
experiments examined learning in young and
older adult perceptual-motor skill experts*the
younger experts in Experiment 1 were piano
players or action video-game players, whereas
the older adults in Experiment 2 were piano
players or age-matched non-musician controls.
Music and video-game expert populations have
been shown to have enhanced performance on a
number of perceptual, cognitive, and motor tasks
(Castel, Pratt, & Drummond, 2005; Elbert, Pantev, Wienbruch, Rockstroh, & Taub, 1995; Feng,
Spence, & Pratt, 2007; Green & Bavelier, 2003),
and the skill learning in these groups typically
results in improvement in perceptual, cognitive,
and motor functioning that persists over time
(Green & Bavelier, 2008). Thus we were interested in examining skill retention in young and
older motor-skill experts as well as non-expert
older adults.

EXPERIMENT 1
Method
Participants. Introductory psychology students
at The Catholic University of America participated in the original ASRTT study for course
credit (Romano, Kranz, Kramer, Howard, &
Howard, 2005). In the original study, implicit
sequence learning and contextual cueing were
examined in college-age video-game players and
piano players. The video-game players reported
playing fast-action video games for at least 4
hours a week. The piano players reported that
they had at least 4 years of formal music training,
had played for at least 10 hours in the last month
and were able to read sheet music. We contacted
all of the original participants for whom we had
contact information and 12 (6 video-game players
and 6 piano players) of the 36 motor skill experts
contacted agreed to return to the lab for the
present study. The mean retention interval was
420 days (342489 days). There was no difference
in implicit learning or in standardised neuropsychological scores at Time 1 between the people
who returned and those who did not. None of the
participants was told at the initial experiment that
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they would be asked to return for a follow-up
study. Mean age, education, and standardised
scores are reported in Table 1.
Procedure. The same testing procedure was
used at Time 2 as at Time 1. After signing an
informed consent form approved by the Catholic
University of America IRB, participants completed the ASRTT and several standardised
neuropsychological tasks.
The ASRTT was performed on an iMac
computer with a 38-cm monitor. The stimuli,
apparatus, and procedure were similar to those
used in previous studies (e.g., J. H. Howard &
Howard, 1997). Participants were instructed to
place their middle and index fingers of each hand
on the keys marked ‘‘z’’, ‘‘x’’, ‘‘.’’, and ‘‘/’’,
respectively. The keys corresponded to four
equally spaced circles on the computer screen.
On each trial, one circle became black and
remained so until the participant pressed the
key corresponding to this target. After a delay
of 120 ms the next target appeared. At both Time
1 and Time 2, participants completed 20 blocks,
each consisting of 10 random trials followed by
80 learning trials. These 80 trials consisted of an
eight-element sequence, in which random trials
alternated with pattern trials (e.g., 1r2r3r4r), that
was repeated 10 times in each block. Thus
altogether, at each Time, participants responded
to 200 repetitions of the pattern or 1600 trials.
Participants took a brief break in between blocks,
and a longer break in between blocks 5 and 6 to
complete the standardised neuropsychological
tasks (see Table 1). Six patterns were counterbalanced across participants (1r2r3r4r, 1r2r4r3r,
1r3r2r4r, 1r3r4r2r, 1r4r2r3r, and 1r4r3r2r, where
1-4 indicate circle positions from left to right and
r indicates a randomly selected event. Since the
repeating pattern forms a continuous sequence,
these six patterns include all permutations of the
four alternating events.). The computer guided
participants to an accuracy level of about 92% via
an end-of-block visual display. If accuracy for a
block was above 93%, the computer displayed
‘‘focus more on speed’’; if accuracy was below
91%, the computer displayed ‘‘focus more on
accuracy’’.
Upon completion, participants were asked
questions designed to probe for declarative
knowledge as in previous studies with this task
(D. V. Howard et al., 2004). The experimenter
read the following questions aloud one at a time
and recorded participants’ responses. (1) ‘‘Do you
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TABLE 1
Participant mean (SD) characteristics at Time 2
Experiment 1: Young adults

Gender
Age (in years)
Education (in years)
Self-rated health1
WAIS-III2 vocabulary*
WAIS-III digit symbol*
WAIS-III digit span*
WMS-III3 spatial span

Experiment 2: Older adults

Video/piano players

Piano players

Control

5 F/7 M
19.80 (1.22)
12.92 (0.99)
4.33 (0.65)
36.58 (7.68)
80.92 (13.99)
18.25 (3.72)
17.33 (4.74)

2 F/4 M
73.50 (7.04)
16.33 (2.88)
4.17 (0.98)
56.33 (1.63)
73.17 (10.44)
20.83 (2.23)
13.33 (1.63)

5 F/3 M
75.50 (6.66)
15.50 (2.93)
3.86 (1.07)
46.63 (12.88)
63.00 (12.01)
15 (4.14)
11.38 (4.44)

*Piano Players  Controls, p B .01 for Experiment 2.
1
Self-rated health responses ranged from 1 (poor) to 5 (excellent).
2
WAIS-III  Wechsler Adult Intelligence Scale, 3rd Edition.
3
WMS-III  Wechsler Memory Scale, 3rd Edition.

have anything to report regarding the task?’’ (2)
‘‘Did you notice anything special about the task
or the materials?’’ (3) ‘‘Did you notice any
regularity in the way the stimulus was moving
on the screen?’’ If participants answered ‘‘yes’’ to
question 3, they were asked (4) ‘‘Did you attempt
to take advantage of any regularities you noticed
in order to anticipate subsequent targets? If so,
did this help?’’ (5) ‘‘In fact, there was some
regularity to the sequences you responded to.
What do you think it was? That is, try to describe
any regularity you think there might have been.’’
To further examine declarative knowledge
after learning, participants performed a cardsorting task in which they sorted 7.6 cm12.7
cm white index cards that displayed three rows of
four circles. Each line represented the four circles
seen on the screen throughout the experiment.
One circle on each line was black, so that each
card represented three successive trials (a triplet).
Participants placed each of the 64 cards into one
of two piles, labelled ‘‘Frequent’’ and ‘‘Rare’’,
depending on how often they believed the triplet
sequence had occurred during the ASRTT.
In addition, participants completed a computerised recognition task, in which they observed a
sequence of circles turning black one at a time.
They then rated the certainty of each sequence’s
occurrence during the learning trials using a
4-point scale with 1 being certain the sequence
did not occur and 4 being certain the sequence did
occur. Participants performed 20 trials, each
consisting of a 16-element sequence: two repetitions of an alternating eight-element pattern from
a random starting point. Of these trials, 10
contained targets: pattern-consistent sequences

that occurred in the experiment; 10 contained
foils: new sequences produced by reversing the
sequence structure.
Following the ASRTT, participants completed
a biographical and health screening questionnaire. Upon completion, participants were debriefed and told that they had responded to an
alternating pattern. They were not told the exact
pattern or that different participants received
different patterns.

Results and discussion
Data reduction. The 20 blocks were grouped
into 10 epochs, each containing two blocks. The
data from the first 10 random trials of each block
were not analysed. For the remaining 80 trials,
each person’s sequence was parsed into a series of
overlapping triplets using a sliding three-trial
window. Because predictable (pattern) and unpredictable (random) events alternate, some successive runs of three events, or triplets, occur
more often than others. For example, for the
sequence 1r2r3r4r, the triplets 132 and 431 occur
often, whereas the triplets 231 and 134 occur only
rarely, ending only on random trials. We refer to
the former as high-frequency triplets and the
latter as low-frequency triplets, and the third
event of each as high- and low-frequency trials,
respectively. Previous studies have shown that
people learn triplet frequencies implicitly, responding more quickly and accurately to the third
event of high- than low-frequency triplets with
practice, despite the fact that people do not
become aware of the alternating nature of the
sequence (D. V. Howard et al., 2004).

ONE-YEAR RETENTION OF IMPLICIT KNOWLEDGE

Two kinds of low-frequency triplets, repetitions
and trills, were excluded from the analyses since,
as is typical, people revealed pre-existing
response tendencies when responding to these
triplets (Soetens, Melis, & Notebaert, 2004).
Repetitions are those triplets that repeat a single
element (111, 222, 333, and 444), and trills are
those that begin and end with the same element,
with a different element in the middle (121, 343,
414, etc.). In general, from the outset, people
responded exceptionally quickly to repetitions
and exceptionally slowly to trills. These initial
response tendencies did not occur for other
triplets.
Triplets that ended on pattern trials were
always high frequency, and 25% of those that
ended on random trials were high frequency by
chance; thus, the 16 different high-frequency
triplets made up 62.5% of the total triplets. The
32 low-frequency triplets (excluding the 4 repetitions and 12 trills described above) occurred 25%
of the time. As a result, each high-frequency
triplet occurred five times more often than each
low-frequency triplet. People responded to each
high-frequency triplet 62.4 times and each lowfrequency triplet (excluding reps and trills) 12.6
times, on average, in each of the two sessions.
Is learning declarative? Consistent with previous ASRTT studies (e.g., D. V. Howard et al.,
2004), responses on the post-experimental questionnaire, as well as the card-sorting and recognition tasks, revealed that participants did not have
declarative knowledge of patterns either after
original learning at Time 1 or after the retention
test at Time 2. When asked whether they noticed
any regularity, none of the participants reported a
pattern or described the alternating nature of the
sequence. This occurred, even though during the
Time 1 debriefing, participants had been told that
there was a pattern.
For the card-sorting data, to determine
whether individuals were able to explicitly judge
the relative frequency with which each triplet
occurred, the mean proportion of times the

low- and high-frequency triplets were placed
into the frequent category was calculated for
each group at Time 1 and Time 2. See Table 2
for mean proportion of ‘‘frequent’’ responses and
standard errors. A 222 analysis of variance
(ANOVA) comparing these proportions for video-game players and piano players across the
two sessions (Time 1 and 2) for each triplet type
(high and low frequency) revealed no significant
main effects of session or triplet type and no
grouptriplet type, triplet typesession,
groupsession, and grouptriplet typesession interactions, indicating that the two groups
sorted the high- and low-frequency triplets the
same at both Time 1 and Time 2. However, there
was a significant main effect of group, F(1, 10)
25.93, pB.001, reffect .59, which reflected the
fact that piano players sorted more cards overall
as ‘‘frequent’’. Thus, consistent with the questionnaire responses, the card-sorting data confirm
that participants in both groups were unable to
explicitly distinguish low- and high-frequency
triplets at either testing session.
For the computerised recognition task, a
mean familiarity rating was determined for
target and foil sequences for each group. See
Table 3 for mean ratings and standard errors. A
222 ANOVA revealed no significant main
effects or interactions, indicating that participants in both groups rated the target and foil
sequences as equally familiar at both sessions.
These findings are consistent with the other
declarative measures in revealing that participants in both groups were unable to explicitly
judge how often specific sequences occurred.
Thus we conclude that participants did not
acquire declarative knowledge of the patterns
either at Time 1 or Time 2.
Is there learning at time 1? A median RT was
determined separately for correct high-frequency
and low-frequency triplets for each participant on
each block. The median RTs were then averaged
across blocks to obtain a mean of the median RT
for each epoch. A similar procedure was used for

TABLE 2
Mean (SE) Proportion of each triplet type rated as frequent for card-sort data for Experiment 1
Time 1

Video-game players
Piano players

431

Time 2

High frequency

Low frequency

High frequency

Low frequency

.55 (.07)
.73 (.03)

.53 (.05)
.72 (.05)

.52 (.06)
.79 (.08)

.55 (.03)
.68 (.05)
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TABLE 3
Participant mean (SE) familiar ratings for computerised recognition data for Experiment 1
Time 1

Video-game players
Piano players

Time 2

Target sequences

Foil sequences

Target sequences

Foil sequences

2.73 (.08)
2.67 (.13)

2.63 (.09)
2.88 (.05)

2.63 (.11)
2.83 (.09)

2.73 (.13)
2.65 (.17)

accuracy. Preliminary 2210 ANOVAs on the
RT and accuracy data comparing the performance
of video-game players and piano players for the
two triplet types (high and low frequency) across
Time 1 (10 epochs) revealed that although the
piano players were marginally faster than the
video-game players were overall (363 ms vs 399
ms, respectively), F(1, 10)4.64, MSE16802,
p.06, reffect .56, no interactions involving
group were significant. It is possible that the
small sample size and resulting low power made it
difficult to detect small group effects (a power
analysis revealed that all interactions with group
were below 0.62). However, since the focus of the
present study is on the retention of procedural
skill rather than on differences between the two
groups, the data were collapsed across groups as
shown in the first 10 epochs plotted in Figure 1 for
both RT (upper panel) and accuracy (lower
panel).
A 210 ANOVA on the combined Time 1
data revealed a significant main effect of epoch
for RT, F(9, 90)31.10, MSE452, pB.0001,
reffect .56, such that people became faster overall with practice, reflecting general skill learning.
The main effect of triplet type, F(1, 10)23.87,
MSE352, pB.001, reffect .84, and the triplet
typeepoch interaction, F(9, 90)2.05, MSE
92, pB.05, reffect .41, were also significant,
revealing sequence-specific learning: people responded 12 ms faster on high-frequency trials
than they did on low-frequency trials overall (375
vs 387 ms, respectively), and this difference was
substantially greater by the end of training on
Epoch 10 (20 ms) than it was on Epoch 1 (5 ms).
The accuracy analysis also produced significant
main effects of epoch, F(9, 90)7.51, MSE
0.001, pB.0001, reffect .66, and triplet type,
F(1, 10)84.33, MSE.001, pB.0001, reffect 
.95, as well as a significant epochtriplet type
interaction, F(9, 90)2.68, MSE0.001, pB.01,
reffect .46. Overall accuracy declined with practice from an initial 96% in Epoch 1 to 90% in
Epoch 10, likely influenced in part by the end-ofblock feedback that encouraged overall respond-

ing at 92% correct. Sequence-specific learning
was reflected in a greater decline in accuracy on
low- than high-frequency triplets with practice,
such that people learned the sequence structure
and tried to force the unstructured items into the
structure with more practice, which led to more
errors on the random trials completing lowfrequency triplets. This pattern is typical of
probabilistic sequence learning in which people
make increasingly more errors on the unpredictable trials as they learn the sequence structure
(D. V. Howard et al., 2004; Schvaneveldt &
Gomez, 1998).
Thus there was clear evidence at Time 1 of
both general skill learning, in that people
responded more quickly with practice, and
sequence-specific skill learning, in that highfrequency trials were faster and more accurate
than low-frequency trials, and these trial-type
effects increased with practice.
Is there retention of general skill? To investigate
whether general skill learning was preserved over
the 1-year retention period, we carried out two
planned t-test comparisons, corrected using Bonferroni correction, on the RT data. We focused on
RT since the overall accuracy was strongly influenced by the computer feedback to encourage
responding at 92% accuracy. Figure 2 shows the
mean RTs used in these comparisons. As is evident
in Figure 2, overall RT was significantly faster at
the start of Time 2 (epoch 11) than it was at the start
of Time 1 (epoch 1), 1 year earlier (375 vs 428 ms,
respectively), t(11)7.74, pB.001, reffect .51, but
there was no difference in mean RT between the
end of Time 1 (epoch 10) and the start of Time 2
(epoch 11) (371 vs 375 ms, respectively), t(11)
0.51, p.62,1 reffect .06 (power to detect the
epoch 10 versus epoch 11 difference was 0.05,
while the epoch 1 versus epoch 11 power was
0.36). These results demonstrate at least partial
1
We replicated all t-tests with non-parametric Wilcoxon
signed-rank tests, and the results were the same as those
reported in the manuscript.
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incidental retention of general procedural motor
skill over a 1-year period in which there was no
opportunity to practise the task.
Is there retention of sequence-specific skill?.
One could look for evidence of sequence-specific
skill retention in various ways, and we consider a
number of such methods here. Figure 3 depicts
the mean estimate of learning, or trial-type
effects, for RT (upper panel) and accuracy (lower
panel) for the epochs used in the following
planned comparisons (corrected using Bonferroni
correction). Trial-type effects are defined as the
difference between responses to the high- and
low-frequency triplets (lowhigh for RT; highlow
for accuracy).
One way to examine retention of sequencespecific skill is to compare the trial-type effects at
the beginning of both testing sessions (Knopman,
1991). As can be seen in Figure 3, there were
significantly greater trial-type effects at the start
of Time 2 (epoch 11) than at the start of Time 1
(epoch 1) for both RT (14.1 ms vs 4.8 ms,
respectively), t(11)2.83, pB.02, reffect .47,
Figure 1. RTs for correct responses (upper panel) and
accuracy (lower panel) as a function of epoch and trial type.
Time 1: epochs 110; time 2 (1 year later): epochs 1120. Each
epoch consists of 20 blocks of 80 trials, for a total of 1600 trials
per epoch. Participants rested for a few minutes in between
each epoch, except for between epochs 5 and 6 and between
epochs 14 and 15, in which they completed the neuropsychological tasks displayed in Table 1. The dips between epochs
5 and 6 and between epochs 14 and 15 reflect a consolidation
that occurred during the break. This pattern is typical in
ASRTT studies (cf. Howard et al., 2004). Experiment 1.

Figure 2. RT scores for the first and last epoch at time 1 and
the first epoch at time 2. Experiment 1.

Figure 3. RT trial-type effects (upper panel) and accuracy
trial-type effects (lower panel) for the first and last epoch at
time 1 and the first epoch at time 2. Experiment 1.
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and accuracy (0.03 vs 0.01, respectively), t(11)
3.00, p.01, reffect .31 (power for the
RT comparison0.32, while the accuracy
comparison0.17). Prior research has referred
to this as an ‘‘exposure effect’’ in that it indicates
that the sequence-specific skill acquired at
Time 1 carried over to the beginning of Time 2
(Knopman, 1991).
Retention can also be examined by comparing
learning at the end of Time 1 to learning at the
beginning of Time 2. If retention has occurred,
there should not be a large difference between
performance at the end of Time 1 and the
beginning of Time 2. A comparison of trial-type
effects for the final epoch of Time 1 (epoch 10)
and the first epoch of Time 2 (epoch 11) revealed
no significant difference for RT (20.2 ms vs 14.1
ms, respectively), t(11)2.14, p.06, reffect .30,
and no significant difference for accuracy (0.07 vs
0.03, respectively), t(11)1.52, p.16, reffect 
.35 (power for the RT comparison0.16, while
the accuracy comparison0.20). Thus, consistent
with the significant ‘‘exposure effect’’ described
above, the retention analyses indicate that participants retained sequence-specific skill over the
1-year interval.

EXPERIMENT 2
Overall, the findings of Experiment 1 indicate
that young motor-skill experts retained both
general motor and sequence-specific skills in the
ASRTT for at least 1 year. In addition, participants did not reveal declarative knowledge of the
sequence structure on the card-sorting and recognition tests or in interviews at either Time 1 or
Time 2. In the second experiment we extend these
findings to healthy adults, over the age of 65. Our
labs have shown in earlier studies that while
healthy older adults show general and sequencespecific skill learning in the ASRTT, they learn
less than young adults and are slower overall (e.g.,
Howard & Howard, 1997; D. V. Howard et al.,
2004). To date there are no studies of long-term
retention in older adults with the ASRTT
although, as mentioned above, two studies have
shown general and sequence-specific skill retention in the traditional SRTT for 2 weeks in older
controls (Knopman, 1991; Nissen et al., 1989).
Studies using different skill-learning tasks have
reported long-term retention in older adults
despite age deficits in initial learning and overall
performance. For example, two studies demon-

strated 2-year retention of a novel fine-motor skill
(Smith et al., 2005; Walton, Scheib, McLean,
Zhang, & Grondin, 2008), and another study
reported 5-year retention of a mirror-tracing skill
(Rodrigue, Kennedy, & Raz, 2005) in older adults.
However, the continuous motor tasks investigated in these studies are quite different from
the ASRTT and, in addition, none of these studies
distinguished between retention of general and
sequence-specific skills. In the second experiment, we investigate retention of general and
sequence-specific procedural skills in the ASRTT
with adults over the age of 65.
In addition to extending the investigation to
healthy older adults, we also examined the role of
motor-skill expertise on long-term retention.
Previous studies have shown that musical and
video-game expertise contributes to enhanced
perceptual-motor ability in other visual perception and attention domains (see review by Green
& Bavelier, 2008). To date, there are no studies of
long-term skill retention in these expert groups,
but it is possible that their expertise contributed
to the long-term retention we observed in Experiment 1. Thus we studied musicians, as well
age-matched, non-musician controls in Experiment 2 to examine this possibility.

Method
Participants. Older individuals were recruited
by advertisements in local newspapers for participation in the original ASRTT study that compared implicit learning in older piano players and
controls (Romano, Burns, Kranz, Howard, &
Howard, 2008). The piano players had been
playing piano recreationally for an average of
67.61 years (range 6077 years). All had some
formal training, could read sheet music, and
currently played regularly. We contacted all of
the original participants, and 14 (7 male; 6 piano
players) of the 26 agreed to return for the present
follow-up study. There was no difference in
implicit learning at Time 1 between the participants who returned and those who did not. None
of the participants had been told at the initial
experiment that they would be asked to return for
a follow-up portion of the study. The mean
retention interval was 367 days (362390 days).
Mean age, education, and standardised cognitive scores for the participants at Time 2 are
reported in Table 1. The piano players had greater
digit span and faster processing speed (as measured by Digit Symbol Coding), and performed
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better on the vocabulary task, compared to controls. However, there was no difference in visual
short-term or working memory (as measured
by the WMS-III Spatial Span) between the piano
players and controls at Time 2. The identical
pattern was found in standardised cognitive
scores at Time 1.
Procedure. The stimuli, apparatus, procedure,
and data reduction were identical to those in
Experiment 1.

Results and discussion
Is learning declarative? Responses on the postexperimental questionnaire, the card-sorting task,
and the computerised recognition task provide
consistent evidence that participants did not
acquire declarative knowledge of the sequence
structure, either after original learning at Time 1
or after the retention test at Time 2.
When asked whether they noticed any regularity, no one reported a pattern or described the
alternating nature of the sequence, even though
during the Time 1 debriefing, they had been told
that there was a pattern. In fact, as also observed
by Smith and colleagues (Smith et al., 2005), a
number of our older participants did not remember that they had previously performed the task.
For the card-sorting task, as in Experiment 1,
the mean proportion of times the low- and highfrequency triplets were placed into the frequent
category was calculated for each group at Time 1
and Time 2. See Table 4 for proportion of
‘‘frequent’’ responses and standard errors. A
222 ANOVA comparing the performance
of piano players to controls across the two
sessions (Time 1 and 2) for both triplet types
(high and low frequency) revealed no main
effects or interactions, indicating that people in
both groups sorted the rare and frequent triplets
the same at both sessions.
For the computerised recognition task a mean
familiarity rating was determined for target and
foil sequences for each group. See Table 5 for

mean ratings and standard errors. A 222
ANOVA revealed no main effects and no interactions, indicating no difference between the
groups in sequence-type ratings at either session.
These results, consistent with questionnaire and
card-sorting data, further demonstrate that participants did not acquire declarative knowledge of
the sequence structure.
Is there learning at Time 1? Preliminary 22
10 ANOVAs comparing the performance of
piano players and controls for the two triplet
types (high and low frequency) across Time 1 (10
epochs) revealed no significant differences between the groups and no interactions involving
group for either RT or accuracy. As in Experiment 1, the relatively low power resulting from
the small sample size here may have made it
difficult to detect small group effects (a power
analysis revealed that all interactions with group
were at or below 0.55). As in Experiment 1, for
subsequent Time 1 analyses, the data were
collapsed across groups as shown in Figure 4.
A 210 ANOVA on the combined Time 1
data revealed a significant main effect of epoch
for RT, F(9, 108)18.93, MSE1606, pB.001,
reffect .78, such that people became faster overall, revealing general skill learning. The main
effect of triplet type, F(1, 12)33.03, MSE143,
pB.001, reffect .86, and the triplet typeepoch
interaction, F(9, 108)2.78, MSE128, pB.01,
reffect .43, were also significant for RT, reflecting
sequence-specific learning: participants responded 9 ms faster on high-frequency trials
than on low-frequency trials overall (525 ms vs
534 ms, respectively), and this difference was
greater by the end of training on Epoch 10 (13
ms) than it was at the beginning on Epoch 1 (8 ms,
in the opposite direction, such that people began
by responding faster to the low- than highfrequency trials).
The accuracy analysis also produced significant
main effects of epoch, F(9, 108)2.86, MSE
.001, pB.01, reffect .44, and triplet type, F(1,
12)32.17, MSE0.001, p.0001, reffect .85.

TABLE 4
Participant mean (SE) proportion of each triplet type rated as frequent for card-sort data for Experiment 2
Time 1

Piano players
Controls
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Time 2

High frequency

Low frequency

High frequency

Low frequency

.66 (.04)
.58 (.10)

.61 (.03)
.56 (.06)

.42 (.09)
.58 (.05)

.47 (.08)
.54 (.05)
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TABLE 5
Participant mean (SE) familiar ratings for computerised recognition data for Experiment 2
Time 1

Piano players
Controls

Time 2

Target sequences

Foil sequences

Target sequences

Foil sequences

2.55 (.12)
2.73 (.12)

2.75 (.09)
2.71 (.07)

2.85 (.19)
2.51 (.14)

2.88 (.14)
2.64 (.07)

However, the epochtriplet type interaction did
not reach significance for accuracy, F(9, 108)
0.74, MSE0.001, p.67, reffect .24. Overall
accuracy declined with practice from an initial
97% in Epoch 1 to 93% in Epoch 10, likely
reflecting the feedback that encouraged respond-

Figure 4. RTs for correct responses (upper panel) and
accuracy (lower panel) as a function of epoch and trial type.
Time 1: epochs 110; time 2 (1 year later): epochs 1120. Each
epoch consists of 20 blocks of 80 trials, for a total of 1600 trials
per epoch. Participants rested for a few minutes in between
each epoch, except for between epochs 5 and 6 and between
epochs 14 and 15, in which they completed the neuropsychological tasks displayed in Table 1. The dips between epochs 5
and 6 and between epochs 14 and 15 reflect a consolidation
that occurred during the break. This pattern is typical in
ASRTT studies (see Figure 1). Experiment 2.

ing at 92% as well as sequence-specific learning,
as described above.
Thus older adults, like young adults, showed
both general skill learning and sequence-specific
skill learning at Time 1 on both the RT and
accuracy measures, in that high-frequency trials
were faster and more accurate than were the lowfrequency trials, and the RT trial-type effect
increased with practice. This finding replicates
previous findings with older adults (e.g., Howard
& Howard, 1997; D. V. Howard et al., 2004).
Is there retention of general skill? Although
initial learning did not differ between the two
groups, we wanted to examine whether or not
expertise had an effect on retention. This was
investigated as prior research has shown that
motor-skill experts not only improve in perceptual, cognitive, and/or motor performance, but
that their improvement is a result of lasting
change, as opposed to differences due to shortterm effects (Green & Bavelier, 2008). So for the
following comparisons we included group (piano
players versus controls) as an independent variable.
First we investigated whether or not there was
retention of general skill learning. As in Experiment 1, we focused on RT, and Figure 5 shows the
means used in the analysis. A groupepoch
ANOVA produced a significant main effect of
epoch, F(2, 24)17.86, MSE1794, pB.0001,
reffect .82, but neither the main effect of group
nor the groupepoch interaction approached
significance. The epoch effect was investigated
further in two planned t-test comparisons, corrected using Bonferroni correction. As shown in
Figure 5, like the young adults, overall RT was
significantly faster at the start of Time 2 (epoch
11) than at the start of Time 1 (epoch 1), 1 year
earlier,
t(13)4.87,
pB.001,
reffect .38
(power0.26). There also was no difference in
RT between the end of Time 1 (epoch 10) and the
start of Time 2 (epoch 11), t(13)1.09, p.30,
reffect .07 (power0.06). Thus these results
parallel those of Experiment 1 with young adults
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Figure 5. RT scores for the first and last epoch at time 1 and
the first epoch at time 2 for piano players and controls.
Experiment 2.

in demonstrating at least partial incidental retention of general procedural skill over a period of
1 year for older adults.
Is there retention of sequence-specific skill?
Figure 6 displays the trial-type effects for RT
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and accuracy (upper and lower panels, respectively) for the epochs used in the following
analyses. A groupepoch ANOVA on the RT
data revealed a significant main effect of epoch,
F(2, 24)6.91, MSE285, pB.01, reffect .78,
but neither the main effect of group nor the
groupepoch interaction reached significance.
The epoch effect was investigated further in
two planned comparisons, corrected using Bonferroni correction to investigate retention. As
seen in Figure 6, there was a significant ‘‘exposure
effect’’ (Knopman, 1991) as revealed in a significantly greater RT trial-type effect at the start
of Time 2 (epoch 11) than at the start of Time 1
(epoch 1), t(13)3.08, pB.01, reffect .53
(power0.45). There was also clear evidence of
retention as revealed in no significant difference
between the RT trial-type effects at the end of
Time 1 (epoch 10) and the start of Time 2 (epoch
11), t(13)0.35, p.73, reffect .05 (power
0.05). Although the accuracy trial-type effects
(lower panel of Figure 6) show a similar pattern
to the RT effects, the accuracy effects are small,
and no effects in the groupepoch ANOVA on
accuracy reached significance.
Thus the RT data reveal that older adults
showed sequence-specific retention over 1 year.
In addition, there were no significant differences
in retention between the piano players and
controls.

GENERAL DISCUSSION

Figure 6. RT trial-type effects (upper panel) and accuracy
trial-type effects (lower panel) for the first and last epoch at
time 1 and the first epoch at time 2 for piano players and
controls. Experiment 2.

The present findings demonstrate that both general and sequence-specific skills acquired in the
ASRTT can be retained for periods as long as 1
year. In addition, we have shown that long-term
retention occurs in healthy older adults as well as
in college-age adults and that these effects are not
limited to motor-skill experts.
A caveat is that low statistical power may have
played a role in our findings. Group differences
were not detected in either experiment, and it
is possible that group differences would have
emerged with a larger sample. However, the focus
of this study was on the retention of procedural
skills rather than on group differences or the role
of expertise per se. Evidence for retention involved two comparisons for each condition, one
where retention would be revealed by a significant difference (Epoch 1 vs Epoch 11) and
another where retention would be revealed by
no difference (Epoch 10 vs Epoch 11). Our results
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followed this pattern suggesting that low power
did not play an important role in these analyses.
In addition, some forgetting may have occurred over the 1-year interval but was not
detected with this small sample. A second caveat
is that fatigue may have masked continued
learning at Time 1, and what is seen as ‘‘retention
of general motor skill’’ in this study could actually
reflect a release of fatigue over the retention
interval (Rickard, Cai, Rieth, Jones, & Ard,
2008). Indeed, participants in both experiments
showed v-shaped learning curves as seen in
Figures 1 and 4. This finding is common in
ASRTT studies (cf. D. V. Howard & Howard,
2004) and may reflect the presence of performance fatigue that at least partially masked
continued learning (Rickard et al, 2008). However, in this study, overall RT (Figures 2 and 5)
was faster at the beginning of Time 2 than at the
beginning of Time 1, consistent with the conclusion that at least some retention of general motor
skill occurred.
Despite these concerns, our findings provide
evidence that sequence-specific skill is retained
over a 1-year period. These findings are consistent with the ‘‘procedural reinstatement theory’’
that posits that skills are well retained to the
extent that the perceptual, motor and cognitive
procedures underlying their learning are reinstated at test (Fendrich et al., 1991; Healy,
Wohldmann, & Bourne, 2005a; Marmie & Healy,
1995). Thus one would expect high levels of
retention in the present study as the identical
task was used at test. However, in contrast, when
Willingham and Dumas (1997) examined 1-year
retention of the SRTT in young adults they found
no sequence-specific retention, but they did find
retention of general skill as measured by faster
overall RT compared to a naı̈ve control group.
Some of the participants displayed declarative
knowledge, but as in another study (Knopman,
1991), when these individuals were excluded,
results remained the same. So although other
studies (Knopman, 1991; Nissen et al., 1989)
conclude that implicit sequence-specific learning
is retained after 1 or 2 weeks, Willingham and
Dumas (1997) conclude that it is not retained
over a longer 1-year interval, even when the
original procedures were reinstated at retest.
However, the present results indicate that implicit
sequence-specific learning is retained for 1 year.
Willingham and Dumas (1997) outline several
possible reasons why retention of sequencespecific knowledge was not revealed in their

study, two of which are considered here. First,
since a number of participants showed evidence
of declarative knowledge, it is possible that
learning the simple repeating pattern tapped
into the declarative system which, although developing more quickly, lasts for a shorter time
than procedural memory does (Tunney, 2003).
Thus declarative learning of the simple repeating
pattern may have interfered with procedural
learning (cf. Poldrack & Rodriguez, 2004). However, since Willingham and Dumas (1997) found
no sequence-specific retention, even when the
individuals with declarative knowledge were removed, this cannot fully account for their null
findings.
Second, a more likely explanation for the lack
of retention that Willingham and Dumas (1997)
consider is that their participants may not have
had enough training for long-term retention to
occur. In their experiment individuals received
only 40 repetitions of the pattern in the initial
session. They point out that this is much less
practice than had been used where long-term
retention of implicit skill is observed, and it may
not be sufficient for retention of sequence-specific knowledge after 1 year. In order to test this
hypothesis, participants could receive more training. However, in the simple repeating SRTT, with
extended practice, individuals become increasingly aware of the regularity and the explicit
declarative system plays a larger role in learning.
Even with only 40 pattern repetitions (480 trials),
Willingham and Dumas (1997) reported that over
half of the participants had some level of declarative knowledge, as assessed by post-learning freerecall and sequence-recognition tests. Therefore
simply extending practice does not allow unbiased evaluation of the long-term effect of
practice in the SRTT context.
In the present study, using the ASRTT paradigm, participants in both of our experiments
responded to a subtle pattern that repeated 200
times (1600 trials) during Time 1. Our findings are
consistent with their conjecture that long-term
retention of sequence-specific skill in the SRTT
requires extensive practice prior to the retention
interval. This possibility is consistent with
evidence from other well-remembered procedural
tasks that often require extensive practice to learn
and remember (Karni & Sagi, 1993; Rodrigue
et al., 2005; Savion-Lemieux & Penhune, 2005;
Shadmehr & Brashers-Krug, 1997; Smith et al.,
2005; Walton et al., 2008) as well as with the
procedural skills we learn in everyday life, such as
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riding a bike or learning natural language
grammar.
Although we cannot attribute long-term retention in the ASRTT specifically to extensive
practice, we can rule out a number of possible
alternative explanations for our findings. First, we
can rule out the possibility that declarative rather
than procedural knowledge underlies the longterm retention. Previous studies have shown that
people do not spontaneously acquire declarative
knowledge of the sequence regularity in the
ASRTT (D. V. Howard et al., 2004) even with
more extensive training than given here. In fact it
is difficult for people to gain declarative knowledge of the regularity even when they are given
very specific prompts about its nature, such as
presenting the pattern- and random-trial elements in different colours (Song, Howard, &
Howard, 2007). In the present study we used
three very different tests and found no evidence
of declarative knowledge.
Second, it is very unlikely that our findings
simply reflect relearning at Time 2. In contrast to
previous studies that have used the traditional
SRTT in which learning is measured in random
probe trials that occur only after many pattern
trials (Knopman, 1991; Nissen et al., 1989;
Willingham & Dumas, 1997), in the ASRTT,
learning is assessed by comparing responses to
pattern and random trials within the first few
blocks at Time 2. Although it is likely that some
additional learning did occur at Time 2, the
retention effects we report cannot be attributed
to relearning alone.
Third, we are confident that we did not simply
recruit a biased sample of particularly strong
learners at initial testing who were more likely
to show long-term retention. As we reported in
the method section, the participants who returned
in both experiments did not differ from those who
did not, either in their initial learning or in their
demographic or neuropsychological profiles.
Finally, it is not likely that people continued to
practice the ASRTT during the retention interval.
No one (including the experimenters) knew that
they would be brought back a year later for
testing. Even if participants moved their fingers to
practise the general motor skill in the interim, the
ASRTT involves responding to stimuli and, without declarative knowledge of the sequence, people would not have known what to practice.
In conclusion, we have shown 1-year retention
of sequence-specific procedural skills in the
ASRTT for older and younger adults as well as
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in motor-skill experts and controls. This finding is
at odds with the results reported by Willingham
and Dumas (1997) with the traditional SRTT, but
consistent with theoretical accounts of the procedural memory system and the procedural reinstatement theory as well as with previous
demonstrations of long-term motor skill retention
using other tasks. Future studies should investigate the factors and neural mechanisms that
contribute to such long-term retention of procedural skill.
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