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Abstract In a bimanual-bisequential version of the
serial reaction time (SRT) task participants performed
two uncorrelated key-press sequences simultaneously,
one with fingers of the left hand and the other with
fingers of the right hand. Participants responded to
location-based imperative stimuli. When two such
stimuli appeared in each trial, the results suggest inde-
pendent learning of the two sequences and the occur-
rence of intermanual transfer. Following extended
practice in Experiment 2, transfer of acquired
sequence knowledge was not complete. Also in Experi-
ment 2, when only one stimulus appeared in each trial
specifying the responses for both hands so that there
was no basis for separate stimulus-stimulus or separate
response—effect learning, independent sequence learn-
ing was again evident, but there was no intermanual
transfer at all. These findings suggest the existence of
two mechanisms of sequence learning, one hand-
related stimulus-based and the other motor-based,
with only the former allowing for intermanual transfer.

Effector-related sequence learning
in a bimanual-bisequential serial reaction time task

The ability to acquire knowledge about sequential reg-
ularities is one of the characteristic features of human
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cognition. Since its introduction by Nissen and Bull-
emer (1987) the serial reaction time (SRT) task has
become the dominant tool for exploring the mecha-
nisms underlying sequence learning (for reviews see,
e.g., Clegg, DiGirolamo, & Keele, 1998; Hoffmann,
2001; Rhodes, Bullock, Verwey, Averbeck, & Page,
2004). On each trial in a typical SRT experiment a
stimulus appears in one of several locations, and par-
ticipants are instructed to press the key assigned to that
location as quickly as possible. The critical manipula-
tion entails the introduction of structural redundancies
in the stimulus sequence, typically the repetition of a
fixed sequence. Following sufficient practice, sequence
learning is usually demonstrated by a decrease of per-
formance when the fixed sequence is replaced with a
random sequence.

Because of the nature of a typical SRT task a fixed
sequence of stimuli (S;-S,-S5-S,...) is confounded with a
fixed sequence of responses (R;-R,—R;-R,...) as well as
with regularities between responses and subsequent stim-
uli (R-S;,1). Therefore, performance benefits for struc-
tured sequences can result both because participants
learn to anticipate forthcoming stimuli (S-S learning; R—
S learning) and because they learn to prepare forthcom-
ing responses in advance (R-R learning). Indeed, there is
evidence that each of these regularities contributes to
sequence learning (S-S learning: e.g., Howard, Mutter, &
Howard, 1992; Koch & Hoffmann, 2000; Remillard, 2003;
R-R learning: e.g., Hoffmann & Koch, 1997, 1998; Hoft-
mann, Martin, & Schilling, 2003; Hoffmann & Sebald,
1996; Nattkemper & Prinz, 1997; Riisseler & Rosler,
2000; R-S learning: e.g., Hazeltine, 2002; Hoffmann,
Sebald, & Stocker, 2001; Stocker & Hoffmann, 2004;
Stocker, Sebald, & Hoffmann, 2003; Ziessler, 1998; Ziess-
ler & Nattkemper, 2001). The question, then, arises to
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what degree the different regularities are learned inde-
pendently of one another or in an integrated fashion
(Deroost & Soetens, 2006; Frensch & Miner, 1995; Mayr,
1996; Riedel & Burton, 2006; Riisseler, Miinte, & Rosler,
2002; Schmidtke & Heuer, 1997).

The interplay between independent and integrated
sequence learning is what Keele, Ivry, Mayr, Hazeltine,
and Heuer (2003) recently aimed to capture in a model.
The authors propose two subsystems: A unidimensional,
automatic system encompassing independent learning
modules which operate on input from single dimensions
regardless of whether or not the respective stimuli are
attended to. Furthermore, an attentional, multidimen-
sional system is assumed which associates task-relevant
stimuli from different dimensions provided that they are
correlated and attended to. Next, we discuss briefly to
what extent the assumed automatic and independent
learning of stimulus sequences on different dimensions
has been substantiated.

Most of the experiments on independent sequence
learning presented participants with a response-corre-
lated stimulus sequence (S&R) accompanied by a
sequence of stimuli or stimulus attributes (S) which
were irrelevant for responding so that they could
remain unattended (Deroost & Soetens, 2006; Mayr,
1996; Riedel & Burton, 2006; Riisseler et al., 2002). All
theses studies provided reliable evidence for learning
of the S&R sequence. However, none of these stud-
ies—Mayr (1996) being the only exception—yielded
evidence for independent learning of the response
irrelevant S-sequence. These findings suggest that pure
stimulus sequences are only learned if the respective
stimuli are attended to (cf. Hoffmann & Sebald, 2005;
Jiménez & Méndez, 1999), which is at odds with the
assumption of unidimensional learning modules, which
automatically register any redundancy in the order of
stimuli. However, there are two studies which suggest
independent learning at least of attended sequences
(Frensch & Miner, 1995; Schmidtke & Heuer, 1997).

Frensch and Miner (1995, Experiment 2) alternately
presented one of two letters and one of two graphical
symbols. Both letters and symbols appeared in a fixed
5-element sequence creating a compound sequence
which was repeated every ten trials. The assignment of
responses to stimuli, however, was randomly changed
from trial to trial so that letters and symbols were both
response-relevant and hence attended to but not corre-
lated with the order of responses. After some practice
either the letter sequence or the symbol sequence was
randomized. In the letter change group only RTs for
letters and in the symbol change group only RTs for
symbols increased, clearly indicating independent
learning of the two sequences.

Schmidtke and Heuer (1997) presented in between
each element of a sequence of visual stimuli either a
high-pitched or a low-pitched tone. Participants were
asked to execute manual key presses in response to the
visual stimuli and to press a foot pedal whenever a
high-pitched tone appeared. In one of the conditions
the order of the visual stimuli as well as the order of the
tones followed a fixed 6-element sequence. After an
acquisition phase the two sequences were shifted rela-
tive to each other so that the regularities between them
were altered whereas the within-sequence regularities
remained unaffected (‘shift probe’). Nevertheless, all
responses were somewhat delayed indicating that par-
ticipants had learned an integrated sequence of visual
stimuli and tones. In additional test blocks either one
of the sequences was replaced with a random
sequence. In these ‘random probes’ RTs even
increased for that task for which the stimulus sequence
remained intact. This finding also indicated integrated
learning. However, as RTs increased more in the ‘ran-
dom probes’ than in the ‘shift probes’ Keele et al.
(2003; p. 323) concluded that besides integrated learn-
ing of the compound sequence the two sequences were
also at least partly learned independently of each
other.

Taken together, both studies provide evidence in
favor of independent learning of two response-relevant
and hence attended stimulus sequences thus support-
ing the notion of independent albeit not automatic
sequence learning modules (Keele et al., 2003). Fren-
sch and Miner (1995) explicitly speculated that the
letter and the symbol sequence they have used might
be acquired in different compartments of working
memory (Baddeley & Hitch, 1974): the letter sequence
in the phonological loop and the symbol sequence in
the visuo-spatial sketch pad. In case of Schmidtke and
Heuer’s (1997) experiments, independent modules for
visual and acoustic stimuli as well as for hand and foot
movements are conceivable.

The study of Schmidtke and Heuer (1997) raises the
question whether besides different stimuli also different
effectors may constitute independent sequence learning
modules. Several studies appear to rule out this possibil-
ity. These experiments indicated perfect or near to per-
fect transfer of acquired sequence knowledge from an
effector used during practice to another effector in a
subsequent transfer phase, which is at odds with an
effector-specific representation of the acquired sequence
knowledge (e.g., Cohen, Ivry, & Keele, 1990; Grafton,
Hazeltine, & Ivry, 1998, 2002; Keele, Jennings, Jones,
Caulton, & Cohen, 1995; Willingham, Wells, Farrell, &
Stemwedel, 2000). However, Verwey and Clegg (2005)
recently demonstrated an effector-specific, non-transfer-
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able component of sequence learning (see also Park &
Shea, 2005; Verwey & Wright, 2004). Verwey and col-
leagues’ as well as Park and Shea’s experiments differ
from previous investigations mainly in that participants
completed a considerably higher number of sequence
repetitions, suggesting that effector-specific sequence
knowledge might be a result of extensive motor training.

In sum, the issue of independent sequence learning
has been addressed repeatedly but is far from being
settled. There is some evidence in favor of independent
unidimensional learning modules provided that the
sequential items are attended to. However, it still
remains unclear what the dimensions are by which
independent learning modules are to be separated. In
the present study we were particularly interested in
exploring to what extent different effectors may consti-
tute independent learning modules. Except for the
study of Schmidtke and Heuer (1997) this issue has not
yet been addressed and is largely unresolved. This state
of affairs is surprising as there are many actions which
require the concerted use of different effectors. For
example, typing or playing the piano involves finger
movements of both hands in well ordered intertwined
sequences. Likewise, everyday actions like opening a
bottle of wine or brewing coffee require well coordi-
nated and rather constant movement sequences involv-
ing both hands. It might well be that for such highly
practiced coordinated movement sequences at least
part of the sequence knowledge is acquired and stored
in an effector-specific manner. For example, Daniel
Barenboim’s playing of a piano sonata might rely at
least in part on sequence knowledge separately stored
‘in the left and the right hand’.

The objectives of the present experiments were
threefold. At the most general level, the experiments
were designed to investigate the issue of concurrent
learning of two uncorrelated S&R sequences. More
specifically, we examined to what extent and under
which conditions two simultaneously performed S&R
sequences are learned independently of one another.
Finally, we set out to determine to what extent any
acquired independent sequence knowledge is based on
representations relying on stimuli, that is, on sequence
knowledge of perceptual origin which is transferable
between effectors, or on representations of effector-
specific movements, that is, on non-transferable knowl-
edge about response sequences.

Experiment 1

In the present experiments participants practiced a
repeating sequence of bimanual keypresses. On each
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trial two imperative stimuli appeared simultaneously,
one for each hand, and participants were instructed to
respond as simultaneously as possible with the appro-
priate fingers (for a similar procedure, see van der
Graaf, de Jong, Maguire, Meiners, & Leenders, 2004).
There was a fixed repeating sequence for the fingers of
the left hand and another uncorrelated repeating
sequence for the fingers of the right hand. Together
these two hand-related sequences established a com-
plex repeating compound sequence. This setting imi-
tates requirements of coordinated hand movements in
response to different environmental aspects.

Following extensive practice, three different types of
test blocks were introduced: First, only one of the two
hand-related sequences was replaced with a pseudo-
random sequence. Second, both hand-related
sequences were abolished, that is, both hands
responded to a random sequence. Finally, transfer
blocks were implemented in which the sequence prac-
ticed with the left hand was transferred to the right
hand and vice versa.

In order to assess the amount of independent and
integrated sequence learning, errors and RTs were
evaluated. Errors were calculated for each hand sepa-
rately whereas mean RTs were calculated for both
hands together. As participants were instructed to exe-
cute the two responses simultaneously a delay in
responding with one hand would also delay the
response with the other hand so that a separate analy-
sis of hand-related RTs does not make sense.

Assuming that on each trial the two required
responses are selected more or less sequentially, the
following data pattern would indicate independent
learning of the two S&R sequences: Abolishing only
one of the two sequences should result in a selective
increase of errors in the respective hand and an
increase of mean RTs, whereas abolishing both
sequences should cause an increase of errors in both
hands and a more pronounced increase of mean RTs.
In contrast, learning of the compound sequence would
be indicated by an equal increase of errors and RTs in
both hands irrespective of whether the sequence of
either of the hands or of both hands are abolished.

Furthermore, in case of independent learning the
amount of intermanual transfer can be assessed by the
performance in the transfer blocks. Better perfor-
mance in the transfer blocks compared to performance
in the test blocks in which both of the sequences are
abolished would show that responding to a random
sequence with one hand and to a transferred sequence
with the other hand (i.e., a practiced sequence carried
out with the ‘unpracticed’ hand) is easier than respond-
ing to two random sequences. Such an advantage
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would suggest that at least part of the sequence knowl-
edge has been transferred from the practiced to the
‘unpracticed’ hand. If however, performance in trans-
fer blocks equals performance with two random
sequences, hand-related but non-transferable sequence
knowledge is implicated.

Method
Participants

Twenty-four individuals (14 women; mean age
22.5 years) volunteered to participate in Experiment 1
either in partial fulfillment of course requirements or
for a payment of €15. Twenty participants reported to
be predominantly right-handed, the remaining four
asserted to be predominantly left-handed.

Task and design

The presence or absence of the fixed sequences consti-
tuted the within-subjects factor. In particular, the fol-
lowing types of test blocks were implemented (see also
Table 1): First, the fixed sequence participants had
practiced with their left hand was replaced with a
pseudo-random sequence while the right-hand
sequence was retained (test block L. .4). Second, the
sequence participants had practiced with their right
hand was replaced with a pseudo-random sequence
while the left-hand sequence was retained (R ,nq)-
Third, both fixed sequences were replaced with pseudo-
random sequences in the same test block (LR,,,4). In
addition to that, there were test blocks in which, fourth,
the sequence practiced with the left hand was trans-
ferred to the right hand while a pseudo-random
sequence was presented for the left hand (L,,,,), and,
fifth, the sequence practiced with the right hand was
transferred to the left hand while a pseudo-random
sequence was presented for the right hand (R,,,)- The
sequences were transferred from the practiced to the
unpracticed hand in such a way that the left-to-right
ordering of stimulus (and key) locations was main-
tained, that is, the sequences were not mirrored.

Apparatus and materials

Stimulus presentation and response registration was
controlled by the E-Prime software package (Schnei-
der, Eschman, & Zuccolotto, 2002). Participants used a
standard QWERTZ keyboard for responding. Stimuli
were presented to participants on a 17-inch computer
monitor. Responses and reaction times were recorded
separately for the left and the right hand.

Table 1 Assignment of fixed sequences and pseudo-random se-
quences to the left and the right hand in regular blocks and in the
different types of test blocks

Block type Sequence
Left hand Right hand

Regular block Practiced left Practiced right
Test block

L nd Random Practiced right

rand Practiced left Random

LR, .4 Random Random

Lians Random Practiced left

Rirans Practiced right Random

The imperative stimuli were asterisks 5 mm in diame-
ter presented in black on a white background. Asterisks
could appear in any one of six horizontally aligned
locations on the screen, each of which was marked by a
horizontal line 8 mm in length also appearing in black.
The asterisks were presented centered above these
lines. The lines (locations) were arranged in two
groups of three with a distance of 45 mm between the
groups. Within each group the lines were 6 mm apart.

The six keys S, D, F, J, K, and L on the keyboard
served as response keys and were assigned from left to
right to the six lines (locations) on the screen. The
response keys in turn were assigned from left to right
to the ring, middle, and index finger of the left hand
and the index, middle, and ring finger of the right hand.

Two imperative stimuli appeared simultaneously on
every trial: one stimulus in one of the locations on the
left-hand side (referred to here as 1, 2, 3, from left to
right), and another stimulus in one of the locations on the
right-hand side (also referred to here as 1, 2, 3, from left
to right). During training, the left-hand stimuli followed a
repeating sequence independently of the right-hand stim-
uli, which followed another repeating sequence.

A 5-element sequence (32121) and a 6-element
sequence (121323) were used. The 6-element sequence
is a second-order conditional sequence, that is, at least
two preceding elements are required to predict the
next one in the sequence. The 5-element sequence con-
tains two first-order conditional transitions (3-2 and
2-1) and two-third-order conditional transition (3212
and 121-3). Because the two sequences are of different
length, they are uncorrelated and establish a common
dual-stimulus sequence which repeats every 30 trials.

Pseudo-random sequences were 90 elements long
so that each matched the length of an entire test block.
Furthermore, they were constructed to resemble the
fixed sequences which they replaced in that stimuli
appeared with the same frequency and did not repeat
on consecutive trials. From a large set of such pseudo-
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random sequences as many were selected as there
were test blocks in the experiment under the con-
straint that the selected pseudo-random sequences
shared as few triples as possible with the to-be-
replaced fixed sequence. Specifically, out of the total
of 88 triples (3-tuples) contained in each of those
pseudo-random sequences selected to replace the 5-
element sequence (triples wrapping around from the
last to the first elements in a 90-element pseudo-ran-
dom sequence were not counted because no such
wrap-around occurred in the test blocks), either 45 or
46 triples matched one of the 5 triples contained in the
5-element sequence. Similarly, each of those pseudo-
random sequences replacing the 6-element sequence
contained between 29 and 32 triples (out of a total of
88) matching one of the 6 triples in the 6-element
sequence. The same pseudo-random sequences were
used for each participant.

Procedure

Participants were tested individually. Half of the par-
ticipants practiced the 5-element sequence with the left
hand and the 6-element sequence with the right hand,
while the assignment was reversed for the remaining
participants.

The experiment was conducted in three sessions
scheduled for different days with a maximum of 1 day
between any two consecutive sessions. Session 1 started
with a warm-up block in which pseudo-random
sequences were presented for both hands, followed by
ten fixed-sequence blocks. Session 2 comprised 15
blocks, the first seven of which were fixed-sequence
blocks. Beginning with the eighth block (i.e., after 408
repetitions of the 5-element sequence and 340 repeti-
tions of the 6-element sequence), four test blocks alter-
nated with four fixed-sequence blocks. The four test
blocks were: one L4, one R, 4, and two LR, ;. The
order of these test blocks was counterbalanced across
participants with the pair of LR, 4 test blocks being
treated as one entity. Session 3 started with five fixed-
sequence blocks, and beginning with the sixth block (i.e.,
after a total of 624 repetitions of the 5-element sequence
and 520 repetitions of the 6-element sequence, not
counting sequence repetitions in session 2 L., 4 and
R,,.4 test blocks), four test blocks alternated with four
fixed-sequence blocks as described for session 2. The
order of presentation of these test blocks was also coun-
terbalanced across participants with the additional con-
straint that no participant received the same ordering of
test blocks as in session 2. Finally, blocks 14 and 15 were
test blocks of the L., and R, type. The order in
which these transfer blocks appeared was counterbal-
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anced across participants independently of the counter-
balancing of the first four test blocks. The session
concluded with a final fixed-sequence block.

Each fixed-sequence block comprised 120 trials, the
warm-up block and all of the test blocks comprised 90 tri-
als each. Each fixed-sequence block began at a different
position in the compound 30-element sequence estab-
lished by the two hand-related sequences. Each trial
began with the simultaneous presentation of two impera-
tive stimuli. As soon as the participant had executed two
responses the next stimuli were presented. A response—
stimulus interval (RSI) of 0 ms was primarily chosen in
order to optimize conditions for the acquisition of effec-
tor-specific sequence knowledge. It has been suggested
that the absence of an RSI may be advantageous for
effector-specific learning (Verwey & Wright, 2004),
although it certainly is not a necessary condition as dem-
onstrated by Verwey and Clegg’s (2005) finding of effec-
tor-specific learning at an RSI of 200 ms. Additionally,
the absence of an RSI may have resulted in limited
explicit learning (cf. Destrebecqz & Cleeremans, 2001).!

When one or both of the participant’s responses
were incorrect the German word for error (‘Fehler’)
flashed briefly (for 27 ms; 2 refresh cycles of the moni-
tor) in red color below the row of location lines.

Prior to session 1 participants received written
instructions presented on the screen. Participants were
informed about the assignment of locations on the
screen to keys on the keyboard and to fingers of the
two hands as described above. Participants were told
that two asterisks would appear in two of the locations
in every trial, indicating which pair of keys to press. No
mention was made of sequences. Both speed and accu-
racy were stressed in the instructions. Furthermore,
participants were instructed to perform the two
responses in each trial as simultaneously as possible.
Instructions were repeated prior to the start of sessions
2 and 3. In each session participants took self-termi-
nated rest periods between blocks during which a text
on the screen reminded the participants of the require-
ments regarding speed and accuracy as well as the syn-
chrony of the responses. The participants initiated each
block by pressing the space bar.

After completing the SRT task in session 3, partici-
pants were debriefed about the presence and the exact
length of the two sequences and were asked to recall
both of them in full length, beginning with the
sequence they had practiced with the left hand. More
specifically, participants were asked to write down
either the sequence of key presses or the sequence of

!'We would like to thank Willem Verwey for pointing this out.
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stimuli and they were encouraged to guess if they could
not recall parts of a sequence. They were also told that
they could use their hands during recall and start at any
position in the sequence.

Results

In order to focus presentation of results, only data
from session 3 will be presented in detail. Session 2
data yielded largely the same results. For each family
of pairwise comparisons (paired-samples ¢ tests) we
subjected P-values to the Bonferroni adjustment.

RTs from error trials (at least one incorrect
response) were excluded from analysis (6.7%), as were
outlier RTs (2.5 SD above or below the z-transformed
mean RT as determined separately for every partici-
pant, every block, and every hand; 2.8%). Further-
more, we excluded RTs from those trials in which RTs
for the left and right hand differed by more than 100 ms
(2.9%). For the remaining trials the RTs of the left and
the right hand were averaged. From these mean
bimanual RTs for each trial the median RT was com-
puted for every block. The means of the individual
median RTs are shown in Fig. 1. For each block error
rates were computed separately for both hands. The
two test blocks of the type LR, 4 Were treated as a sin-
gle test block. RT costs as an index of sequence learn-
ing were computed as the difference between the
median RT in a test block and the mean of the median
RTs in baseline blocks. For test blocks L. ,,4, Ryang> and
LR,,,q the baseline blocks were defined as the regular
block preceding the first of these test blocks and the
regular block following the last of these test blocks as
well as those regular blocks in between (i.e., blocks 31,
33, 35, 37, and 39 in session 3). For test blocks L.,
and R, the baseline blocks were the regular blocks
adjacent to these test blocks (i.e., blocks 39 and 42 in

session 3). Error costs were computed in a manner
analogous to RT costs. Error costs were obviously very
small proportions, which raises the issue of whether
parametric statistical analyses are appropriate for error
cost data. Yet, none of the error costs variables differed
significantly from a normal distribution, all Kolmogo-
rov-Smirnov Zs between 0.345 and 1.171, all P > 0.128.
Therefore, we decided to analyze the data with the
more powerful parametric procedures instead of non-
parametric statistical tests. Whenever necessary, the
degrees of freedom in repeated-measures analyses of
variance were adjusted with the Greenhouse-Geisser
epsilon (¢5g) in order to correct for any significant vio-
lations (Mauchly test) of the sphericity assumption.
The unadjusted degrees of freedom are reported
together with the respective ¢5g, if a correction has
been carried out. The corresponding reported P-values
reflect the adjusted degrees of freedom.

There were significant RT costs in every test block,
all #(23)>7.35, all P <0.001. For relevant RT cost
means and error cost means see Fig. 2a.

Independent learning of hand-related sequences: RT
costs

An ANOVA on session 3 RT costs with repeated mea-
sures on the factor test block (L,,n4 Riang> LRrand)
revealed a significant main effect, F(2, 46)=16.15,
P <0.001, reflecting that RT costs (a) did not differ sig-
nificantly between test blocks in which only one
sequence was randomized while the other was retained
(Lyang @and R,.4), 1(23) = 0.66, but (b) were smaller in
those test blocks than when both sequences were ran-
domized (test block LR,,.,4), both #(23) >4.90, both
P < 0.001. There was no negative correlation between
the individual RT costs in test blocks L4 and R4,
r(24) =0.21, P <0.33, indicating that there was no
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Fig. 2 Mean RT and error
costs (error bars represent

A) Entire Sample (N = 24)

B) Implicit Sub-Sample (n = 12)
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trade-off between learning of the left-hand sequence
and learning of the right-hand sequence.

Independent learning of hand-related sequences: error
costs

An ANOVA on session 3 error costs with repeated
measures on the factors Hand (left, right) and Test
Block (L,ynd> Riandgs LRrang) Tevealed a significant main
effect test block, F(2, 46) =5.89, P <0.01, indicating
generally higher error costs in test block LR,,,4 (2.9%)
than in test blocks L,,,4 (1.6%) and R,,,4 (1.8%), both
#(23) > 3.02, both P < 0.05, between which error costs
did not differ significantly, #(23) = 0.52. The main effect
Hand was not significant, F(1,23) =2.68, P < 0.115, but
the critical interaction between the factors hand and
test block was significant, F(2, 46) =20.34, P < 0.001,
egg = 0.743.

In order to unpack this interaction, separate ANOV As
on error costs with repeated measures on the factor
test block were computed for the left and the right
hand. Both of these analyses revealed a significant
main effect test block, both F(2, 46)>15.37, both
P <0.001, both egg <0.824. Significant right-hand
error costs were evident in test blocks R, 4 and LR,
both #(23) > 4.98, both P < 0.001, between which error
costs did not differ significantly, #(23) =0.54. Right-
hand error costs were, however, significantly higher in
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those test blocks than in test block L, both
#(23) > 4.09, both P < 0.001, in which right-hand error
costs were not significant, #(23) = 0.15. Significant left-
hand error costs were evident in test blocks L,,,4 and
LR, both #23)>4.40, both P <0.001, between
which error costs did not differ significantly,
t(23) = 1.63. Left-hand error costs were, however, sig-
nificantly higher in those test blocks than in test block
R,angs both #(23) > 4.62, both P < 0.001, in which left-
hand error costs were not significant, #(23) = —0.58. In
other words, performance suffered only for that hand
which lost its sequence while performance with the
other hand, which retained its sequence, was
unaffected.

Intermanual transfer: RT costs

An ANOVA on session 3 RT costs with repeated mea-
sures on the factor transfer block (LR,,,4> Lirans Rirans)
revealed a significant main effect, F(2, 46)=21.86,
P <0.001, indicating increased RT costs in LR,,,4 test
blocks compared to both the L, and the R, test
block, both #(23) > 5.48, both P < 0.001, between which
RT costs did not differ significantly, #(23) = 0.03. Trans-
fer blocks were somewhat more regular than the LR, 4
block because on any given trial there are only two pos-
sible subsequent stimulus combinations compared to
four possible subsequent stimulus combinations in test
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block LR,,,s- Consequently, the reduced costs in the
transfer blocks might be due to within-block learning.
In order to explore this possibility we ran an analysis
including block half (first vs. second) as an additional
within-subjects factor. However, the critical transfer
block x block half interaction was not significant,
F(2,46) =3.04, P < 0.058. Moreover, higher RT costs in
test block LR,,,4 than in transfer blocks L., and R,
both #(23) > 3.19, both P < 0.05, were already evident in
the first block half, F(2, 46) =9.61, P < 0.001. In sum,
performance suffered less when executing the trans-
ferred sequence together with a pseudo-random
sequence than when executing two pseudo-random
sequences indicating intermanual transfer.

Intermanual transfer: error costs

An ANOVA on session 3 error costs with repeated
measures on the factors hand (left, right) and transfer
block (LR, ngs Liranss Rirans) T€Vealed a significant main
effect transfer block, F(2, 46)=8.11, P <0.005,
egg = 0.789, indicating generally higher error costs in
test block LR,,q (2.9%) than in test blocks L.,
(11%) and R, (1.1%), both #(23)>3.48, both
P < 0.01, between which error costs did not differ sig-
nificantly, #(23) < 0.01. The main effect Hand was not
significant, F(1, 23) =2.63, P < 0.118, but the critical
interaction between the factors hand and transfer
block was significant, F(2, 46) = 11.04, P < 0.001.

In order to unpack this interaction, separate ANOV As
on error costs with repeated measures on the factor
transfer block were computed for the left and the right
hand. Both of these ANOVAs yielded a significant
main effect transfer block, both F(2, 46) > 7.12, both
P < 0.01. Significant right-hand error costs were evi-
dent in test blocks LR,,,q and Ry, both #(23) > 3.27,
both P < 0.005, between which error costs did not
differ significantly, #(23) = 1.68. Right-hand error costs
were, however, significantly higher in these test blocks
than in test block L., both #(23)>3.18, both
P < 0.05, in which right-hand error costs were not sig-
nificant, #(23) < 1. Significant left-hand error costs were
present in test blocks LR,y and L.,.. both
t(23) > 3.43, both P < 0.01, between which error costs
did not differ significantly, #(23) = 0.42. Left-hand error
costs were, however, significantly higher in these test
blocks than in test block R, both #(23) > 2.61, both
P <0.05, in which left-hand error costs were not sig-
nificant, #(23)I < 1. Consistent with RT results, the
transferred sequence did not have as detrimental an
effect on performance as a pseudo-random sequence.
Instead, performance suffered only for that hand with
which a random sequence was executed while no per-

formance decrements were evident for the other hand
with which the transferred sequence was executed.

Free recall

Participants’ performance in the post-experimental
recall task was scored by determining the number of
recalled triples which indeed were part of the respec-
tive repeating hand-sequence. Six participants recalled
the complete 6-element sequence, four participants
recalled the complete 5-element sequence, and only
two participants recalled both sequences completely.
These twelve participants were considered as having
explicit sequence knowledge. The remaining twelve
participants recalled a mean number of 2.25 triples
(out of 6; SD =0.75; min = 1; max = 3) from the 6-ele-
ment sequence and a mean number of 1.42 triples (out
of 5; SD = 1.31; min = 0; max = 3) from the 5-element
sequence. These participants were considered as hav-
ing only fragmentary sequence knowledge.

Explicit versus implicit sequence learning

In order to assess whether our results depend on the
acquisition of explicit sequence knowledge, we
repeated all analyses for the sub-sample of 12 partici-
pants who displayed only fragmentary explicit
sequence knowledge. We obtained the same pattern of
results as for the entire sample (see Fig. 2b).

Discussion

In a bimanual version of the SRT task, participants
executed two uncorrelated S&R sequences simulta-
neously, one with the left hand and the other with the
right hand. After extensive practice, either one of the
two sequences or both were replaced with a pseudo-
random sequence. The resulting RT costs were signifi-
cantly larger when both sequences were randomized
than when only one of the sequences was randomized.
As participants suffered similarly from losing either of
the two sequences and individual RT costs were not
negatively correlated the data suggest independent
learning of the two sequences. This conclusion is fur-
ther supported by hand-related error costs, that is,
left hand errors increased only when the sequence of
the left hand was abolished and right hand errors
increased only when the right-hand sequence was
abolished.

Additionally, RT costs in transfer blocks in which
the sequence practiced with the one hand was trans-
ferred (parallel-shifted, not mirrored) to the other
hand (while the hand with which the transferred
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sequence had been practiced executed a pseudo-ran-
dom sequence) were significantly smaller than when
both sequences were abolished. This suggests that the
acquired sequence knowledge allows for transfer
between hands. Intermanual transfer was additionally
confirmed by the fact that there were no significant
error costs for that hand which executed a transferred
sequence.

Thus, the results of Experiment 1 are consistent with
independent learning of two uncorrelated, hand-
related S&R sequences. As the same pattern of results
was obtained for a sub-sample of participants who
acquired only fragmentary if any explicit sequence
knowledge, the underlying learning mechanisms pre-
sumably do not require the sequence structures to be
recognized. Furthermore, the acquired sequence
knowledge appeared to be effector-independent inas-
much as it was available for intermanual transfer. The
question remains, then, what the acquired sequence
knowledge may be based on. At least two possibilities
are to be considered.

First, and probably most obvious, participants may
have benefited from facilitation of the forthcoming
stimulus locations for each of the two hands. Second,
participants may have benefited from facilitation of the
forthcoming responses for each hand, either by facilita-
tion of the locations of the to-be-pressed keys (Willing-
ham et al., 2000) or by facilitation of the to-be-moved
fingers (R-R learning).

Experiment 2 was designed in order to better assess
the different impact that stimulus and response facilita-
tion may have on the observed sequence learning. For
this purpose a new condition was introduced in which
the responses of both hands were specified by only one
stimulus so that there were no longer two different
stimulus sequences available for separate learning.
Secondly, we used longer and more complex sequences
in Experiment 2 in order to make integrated learning
of the compound sequence more unlikely. This should
also render the acquisition of explicit sequence knowl-
edge more difficult. Finally, the training was prolonged
in order to increase the chances of obtaining a manifes-
tation of non-transferable, hand-specific sequence
knowledge.

Experiment 2

In Experiment 2 participants performed a bimanual
SRT task essentially similar to the one described for
Experiment 1 except for an additional variation of
stimulus presentation: the dual-stimulus condition was
a replication of Experiment 1, with two stimuli, one for
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each hand, appearing simultaneously on every trial. In
contrast, in the single-stimulus condition the responses
for the left and the right hand were specified by only
one imperative stimulus. In both conditions partici-
pants practiced the same uncorrelated sequences, one
with fingers of the left hand, the other with fingers of
the right hand.

In the dual-stimulus condition we expected to find
independent learning of the two sequences resulting in
transferable sequence knowledge just like in Experi-
ment 1. In the single-stimulus condition, however,
which hardly allows for hand-related stimulus-stimulus
(S-S) or response-stimulus (R-S) learning, weaker
indications of (a) independent sequence learning and
(b) intermanual transfer are to be expected, if and only
if stimulus facilitation plays the crucial role for inde-
pendent sequence learning.

Method

Because Experiment 2 was identical to Experiment 1 in
most respects only the differences are described here.

Participants

Twenty-four individuals (13 women; mean age
23 years) volunteered to participate in Experiment 2
either in partial fulfillment of course requirements or
for a payment of €25. Twenty participants reported to
be predominantly right-handed, three asserted to be
ambidextrous, and one participant was predominantly
left-handed.

Apparatus and materials

In the dual-stimulus condition, asterisks again
appeared in any one of six horizontally aligned loca-
tions. Unlike in Experiment 1, the six locations were
not arranged in two groups of three. Instead, there was
a distance of 6 mm between any two adjacent locations.
Consequently, the visual separation of the two stimulus
sequences was less obvious.

In the single-stimulus condition, the imperative
stimuli (asterisks) could appear in any one of nine cells
in a 3 x 3 matrix displayed centered on the screen,
standing on one of its vertices (see Fig. 3). The length
of each side of the cells was 15 mm. The rows and
columns of the matrix were marked by straight lines
9mm in length appearing at the lower left side and
lower right side of the matrix, respectively.

The left-hand keys S, D, and F were assigned com-
patibly from left to right to the rows of the matrix (num-
bered 1, 2, 3, from left to right), while the right-hand
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dual-stimulus condition single-stimulus condition

Fig. 3 Stimulus-response assignment in the two presentation
modes in Experiment 2. The keys which participants were in-
structed to press simultaneously in response to the depicted stim-
ulus display are colored dark gray

keys J, K, and L were assigned compatibly from left to
right to the columns of the matrix (also numbered 1, 2,
3, from left to right). In this way, a single stimulus speci-
fied both a response for the left hand and a response for
the right hand.

In both conditions, the sequences of the left and the
right hand were determined by fixed sequences in regu-
lar blocks. An 8-element sequence (32131312) and a 9-
element sequence (212132313) were used. In both
sequences, prediction of the respective next element
required the knowledge of up to four preceding ele-
ments, so that the sequences were not only more com-
plex but also better balanced than in Experiment 1.
When presented simultaneously, these two uncorre-
lated sequences establish a compound sequence which
repeats every 72 trials.

The pseudo-random sequences were 144 elements
long so that each matched the length of an entire test
block. They were constructed to conform to properties
of the fixed sequences they replaced as described for
Experiment 1. Again, pseudo-random sequences
were selected that shared as few quadruples (4-tuples)
as possible with the to-be-replaced fixed sequence.
Specifically, out of the total of 141 quadruples con-
tained in each of the pseudo-random sequences
selected to replace the 8-element sequence either 46 or
48 quadruples matched one of the 8 quadruples con-
tained in the 8-element sequence. Similarly, each of the
pseudo-random sequences replacing the 9-element
sequence contained either 29 or 31 quadruples (out of
a total of 141) matching one of the 9 quadruples in the

9-element sequence. The same pseudo-random
sequences were used for each participant.

Procedure

Half of the participants were assigned to the dual-stim-
ulus and the single-stimulus condition each. Within
each condition, half of the participants practiced the 8-
element sequence with the left hand and the 9-element
sequence with the right hand while the assignment was
reversed for the other participants.

Session 1 started with a warm-up block in which
pseudo-random sequences were presented for both
hands, followed by 15 fixed-sequence blocks. Session 2
comprised 20 fixed-sequence blocks. Session 3 started
with five fixed-sequence blocks, and beginning with the
sixth block (i.e., after 720 repetitions of the 8-element
sequence and 640 repetitions of the 9-element
sequence), five test blocks alternated with five fixed-
sequence blocks. These test blocks were: L,,.4, Riangs
LR, ng> Lianss a0d Ryne- The order of the first three
and the last two of these test blocks was counterbal-
anced across participants independently of each other.

Each fixed-sequence block comprised 144 trials, as did
all of the test blocks. The warm-up block contained only
72 trials. Each fixed-sequence block began at a randomly
determined position in the 72-element compound
sequence established by the two hand-related sequences.

Prior to session 1, participants received written
instructions presented on the screen. For the dual-stimu-
lus condition these were exactly the same as in Experi-
ment 1. Participants in the single-stimulus condition were
additionally informed about the assignment of rows and
columns in the matrix to keys on the keyboard and to
fingers of the two hands as described above. After com-
pleting the SRT task in session 3, participants completed
a sequence recall task as described for Experiment 1.

Results

Again, we subjected P-values to the Bonferroni adjust-
ment for each family of pairwise comparisons (paired-
samples  tests).

RT and error data were prepared as described for
Experiment 1. In the dual-stimulus condition RTs from
8.7% of trials were excluded (4.4% error trials, 2.6% out-
lier RTs, 1.6% trials with asynchronous responses) and in
the single-stimulus condition RTs from 10% of trials
were excluded (5.8% error, 2.9% outlier, 1.3% asynchro-
nous). The means of the individual median RTs in each
block are shown in Fig. 4. As described for Experiment 1,
RT costs for each test block were computed as the differ-
ence between the median RT in that test block and the
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Fig. 4 Means of individual median RTs in Experiment 2 sepa-
rately for the two presentation modes. For presentation purposes,
test blocks are ordered in a consistent manner; in reality, the

mean of the median RTs in the baseline regular blocks.
For test blocks L, .4 Ring» and LR, all adjacent
blocks provided the data for the baseline (i.e., blocks 41,
43,45, and 47). Accordingly, for the test blocks L., and
R ans> the adjacent blocks 47, 49, and 51 constituted the
baseline. Error costs were computed in a manner analo-
gous to RT costs. Again, none of the error cost variables
differed significantly from a normal distribution, all
Kolmogorov-Smirnov Zs between 0.481 and 1.152, all
P > 0.140. Therefore, we decided to stick to parametric
analysis with the degrees of freedom in repeated-mea-
sures ANOV As adjusted for violations of the sphericity
assumption as for Experiment 1.

There were significant RT costs in every test block
when including data from both presentation modes
(the dual-stimulus and the single-stimulus condition),
all #(23) > 6.65, all P < 0.001, as well as when analyzing
RT costs separately for each presentation mode, all
1(11) > 4, all P < 0.01. For relevant RT cost means and
error cost means see Figs. 5 and 6a.

Independent learning of hand-related sequences: RT
Costs

A mixed-factors ANOVA on RT costs with repeated
measures on the factor test block (L4 Rrands LRrand)
and with presentation mode (dual-stimulus condition,
single-stimulus condition) as the between-subjects factor
revealed a significant main effect test block, F(2, 44)
=26.10, P <0.001, indicating higher RT costs in test
block LR, than in test block L .4 and R, 4, both
#(23) > 5.58, both P < 0.001, between which RT costs did
not differ significantly, #(23)=0.03. The main effect
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order of test blocks was counterbalanced across participants. The
ordinate’s scale has been adjusted for data from session 3 (blocks
37-51) to aid comparison with data from Experiment 1

presentation mode was not significant, F(1, 22) = 0.16,
but the interaction was, F(2, 44) = 3.45, P < 0.05.

In order to unpack this interaction, separate ANOV As
on RT costs with repeated measures on the factor test
block were computed for both presentation modes. In
the dual-stimulus condition the data pattern of Experi-
ment 1 was repeated: the main effect test block was
significant, F(2, 22) =28.77, P < 0.001, indicating that
RT costs did not differ significantly between blocks
L..qand R4, #(11) < 1.1, P> 0.91, but were lower in
these blocks than in block LR,,,4, both #(11) > 6.05,
both P <0.001. In the single-stimulus condition the
main effect test block was also significant, F(2, 22)
=545, P <0.05, and RT costs did not differ between
blocks L,nq and R4, 1(11) = 0.83. However, different
from the dual-stimulus condition only in block L, 4
were RT costs lower than in block LR, 4, #(11) = 3.12,
P <0.05, whereas the difference between blocks R, 4
and LR, was not significant, #(11) =2.48, P < 0.092.
Furthermore, the mean difference between RT costs in
blocks L., and R,.q on the one hand and block
LR,,,q on the other hand was substantially smaller
(M =289 ms) than in the dual-stimulus condition
(M =55.6ms), F(1, 22) =5.15, P < 0.05, although RT
costs in LR,  blocks did not differ significantly
between the two conditions, #(22) = 1.56, P < 0.133.

There was no negative correlation between individ-
ual RT costs in test blocks L and R

rand rand>
r(24) =0.371, P <0.074 (dual-stimulus condition:
r(12) =0.521, P <0.082; single-stimulus condition:

r(12) = 0.305, P < 0.335), indicating that there was no
trade-oftf between learning of the left-hand sequence
and learning of the right-hand sequence.
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Independent learning of hand-related sequences: error and with presentation mode as the between-subjects
costs factor revealed a significant interaction between the

factors hand and test block, F(2, 44) = 8.38, P < 0.005,
A mixed-factors ANOVA on error costs with repeated g5 = 0.767. The main effect test block approached but
measures on the factors hand (left, right) and test block  did not reach significance, F(2, 44) =2.66, P < 0.081.
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No other main effects or interactions were significant,
all F <0.80.

In order to further analyze the significant interac-
tion, separate ANOVAs with repeated measures on
the factor test block were computed for left-hand and
for right-hand error costs. Because there were no sig-
nificant interactions involving presentation mode this
factor was dropped.

The ANOVA for left-hand error costs revealed a
significant main effect test block, F(2, 46)=4.97,
P < 0.05, indicating significant costs in test blocks L.,,q
and LR, 4 both #(23) > 2.85, both P < 0.01, but not in

block R4, #(23) = 0.79, P < 0.437. Costs in block L., .4
but not in block LR,,,q were significantly higher than in
block R4 #(23)=2.89, P <0.05, and t(23)=2.26,

P <0.10, respectively. Costs did not differ between
blocks L.,.qand LR, 4, 1(23) = 1.12.

The ANOVA for right-hand error costs revealed a
significant main effect test block, F(2, 46)=8.42,
P <0.001, indicating significant error costs in test
blocks R,,,q and LR, both #23)>4.56, both
P <0.001, which did not differ from each other,
t(23) =1.09, but which were significantly higher than
those in test block L., both #?23)>2.83, both
P <0.05, for which there were no significant error
costs, #(23) = 0.78, P < 0.445. Thus, as in Experiment 1,
performance suffered only for that hand which lost its
sequence while performance with the other hand,
which retained its sequence, was unaffected.

Intermanual transfer: RT costs

A mixed factors ANOVA on RT costs with repeated
measures on the factor transfer block (LR,,,45 Liranss
Ri..,s) and with presentation mode (dual-stimulus con-
dition, single-stimulus condition) as the between-sub-
jects factor revealed a significant main effect transfer
block, F(2, 44) =4.06, P <0.05. The critical transfer
block x presentation mode interaction was significant,
F(2, 44) =437, P<0.05. No other main effects or
interactions were significant, all F < 1.

In order to wunpack the significant transfer
block x presentation mode interaction, separate
ANOVAs on RT costs with repeated measures on the
factors block half (first, second) and transfer block
were computed for data from each presentation mode.
The factor block half was included to evaluate the
within-block learning account of intermanual transfer
as discussed for Experiment 1.

For data from the dual-stimulus condition, the
ANOVA revealed a significant main effect transfer
block, F(2, 22) =10.21, P < 0.001, indicating that RT
costs were significantly higher in test block LR, 4 than
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in test blocks L., and R, both #(11) >2.82, both
P <0.05. RT costs did not differ significantly between
test blocks L, and R, #(11) = 1.47. That is, as in
Experiment 1, performance suffered less when exe-
cuting the transferred sequence together with a
pseudo-random sequence than when executing two
pseudo-random sequences, thus indicating intermanual
transfer. In contrast, for data from the single-stimulus
condition there was no evidence for intermanual trans-
fer as the main effect transfer block was not significant,
F(2,22)=0.02.

Both in the dual-stimulus and in the single-stimulus
condition neither the main effect block half was signifi-
cant, both F(1, 11) <0.10, nor was the block half x
transfer block interaction significant, F(2, 22) = 2.60,
P <0.097, and F(2, 22) =2.91, P < 0.076, respectively.
Thus, there were no reliable indications of within-
block learning in transfer blocks.

Intermanual transfer: Error costs

A mixed factors ANOVA on error costs with
repeated measures on the factors Hand (left, right),
block half (first, second), and transfer block, and with
presentation mode as the between-subjects factor
was computed. The interaction between the factors
transfer block and presentation mode approached
but did not reach significance, F(2, 44)=3.01,
P < 0.06. The other main effects and interactions
were not significant either, all F < 2.78. Separate
ANOVAs with repeated measures on the factors
hand and test block for the dual-stimulus and the
single-stimulus condition revealed no significant
effects, all F < 3.18.

Free recall

None of the participants recalled either of the two
sequences completely. In order to split the sample into
two sub-samples as in Experiment 1, we considered
participants as possessing at least noticeable explicit
sequence knowledge if they recalled 3 or more quadru-
ples from the 8-element or 4 or more quadruples from
the 9-element sequence. The other participants were
considered as possessing negligible explicit sequence
knowledge.

In the dual-stimulus condition, six participants
possessed noticeable explicit sequence knowledge.
They recalled a mean number of 2.7 quadruples from
the 8-element sequence (SD =1.21; min = 1; max = 4)
and a mean number 4.8 quadruples (SD = 0.75; min = 4;
max = 6) from the 9-element sequence. The remaining
six participants with negligible explicit sequence
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knowledge recalled a mean number of 1.2 quadruples
(SD=041; min=1; max=2) from the 8-element
sequence and a mean number of 1.5 quadruples
(SD =1.05; min=0; max=23) from the 9-element
sequence.

In the single-stimulus condition seven participants
were classified as possessing noticeable explicit
sequence knowledge: they recalled a mean number of 3
quadruples from the 8-element sequence (SD =1.29;
min = 1; max =4) and a mean number 5 quadruples
(SD =1.15; min=3; max=6) from the 9-element
sequence. The remaining five participants recalled a
mean number of 1.8 corresponding quadruples
(SD=045; min=1; max=2) from the 8-element
sequence and a mean number of 1.8 corresponding
quadruples (SD = 1.30; min = 0; max = 3) from the 9-
element sequence.

Explicit versus implicit sequence learning

The sub-sample of participants with only negligible
explicit sequence knowledge showed almost the same
data pattern as the entire sample (see Fig. 6b).

Discussion

Participants performed the bimanual-bisequential SRT
task with either two distinct stimuli or only one stimu-
lus specifying the required simultaneous responses of
the left and the right hand. Following extensive prac-
tice, independent learning of the two sequences was
tested in a series of test blocks. RT costs were higher
when both sequences were replaced with a pseudo-ran-
dom sequence than when only one of the sequences
was abolished. As individual RT costs in the test blocks
with only one of the sequences abolished were not neg-
atively correlated independent learning of the two
sequences is indicated. The same pattern of results was
obtained for a sub-sample with only negligible if any
explicit sequence knowledge. Therefore, the learning
of the hand-related sequences is presumably indepen-
dent of the recognition of the sequences.

Concerning the two stimulus presentation modes,
the critical increase of RT costs with both compared to
only one of the sequences randomized turned out to be
clearly more pronounced with two stimuli compared to
one stimulus, although the pattern of hand-related
error costs corroborates the conclusion that indepen-
dent sequence learning had occurred.

Intermanual transfer also was significantly influ-
enced by the stimulus presentation mode: transfer
from the practiced to the unpracticed hand was evi-
dent in the dual-stimulus condition whereas in the

single-stimulus condition, the data provided no evi-
dence for intermanual transfer. This finding is in line
with the notion that the hand-related but nevertheless
transferable sequence knowledge we found in Experi-
ment 1 and in the dual-stimulus condition of Experi-
ment 2 most probably relies on the facilitation of
forthcoming stimuli in the hand-related stimulus
sequences. This can take the form of both S-S and R—
S learning. If there is only one stimulus for both
sequences, separate hand-related stimulus sequences
no longer exist so that neither hand-related S-S nor
R-S learning can take place. Nevertheless, the data,
in particular the error costs, suggest that also in the
single-stimulus condition hand-related sequence
knowledge has been acquired. As such knowledge
could hardly rely on stimulus facilitation (i.e., S-S or
R-S learning) it most likely reflects response facilita-
tion (R-R learning), that is, hand-specific motor
sequence knowledge, which does not lend itself to
intermanual transfer.

It deserves mention that intermanual transfer was
weaker in the dual-stimulus condition of Experiment 2
than in Experiment 1. This becomes especially appar-
ent if RT costs in transfer blocks L., and R, are
compared with RT costs in test blocks R, 4 and L,
respectively, that is, if one compares performance
decrements resulting from executing with one hand a
regular and with the other hand a random sequence
depending on whether the regular sequence is per-
formed by the hand which has previously practiced this
sequence or by the other hand which has previously
practiced another sequence. In Experiment 1 there is
virtually no difference between these two conditions
(see Fig.2) suggesting that intermanual transfer is
nearly complete. In contrast, in Experiment 2 (see
Fig. 6a), transfer blocks (Liune Rirans) Yielded higher
RT costs than test blocks (Rung» Lrana)> F(1, 22) =
24.27, P < 0.001.

We account for this incompleteness of intermanual
transfer by the same reasoning as for the failure of
transfer in the single-stimulus condition, that is, we
argue that despite the presentation of separate stimuli,
learning of hand-related stimulus sequences has been
hampered compared to Experiment 1 for the following
reasons: first, because the separation of the hand-
related stimuli was less obvious; second, because the
amount of training was increased which is known to
make the occurrence of effector-specific (non-transfer-
able) sequence knowledge more likely (e.g., Park &
Shea, 2005; see also Bapi, Doya, & Harner, 2000); and
third, because the amount of explicit sequence knowl-
edge was substantially reduced, which has been sug-
gested to make implicit effector-specific learning more
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prominent (cf. Hikosaka, Nakamura, Sakai, & Naka-
hara, 2002).2

General discussion

The present experiments explored sequence learning
in a situation in which participants simultaneously
responded with the left and the right hand to uncorre-
lated repeating stimulus sequences, thus mimicking
everyday actions requiring the coordinated use of both
hands in a recurring canonical way. There were three
objectives:

First, the experiments investigated to what extent
the two hand-related stimulus-response sequences
(S&R) are learned independently of each other. To the
best of our knowledge the present experiments consti-
tute the first direct investigation of the learning of two
simultaneously executed uncorrelated S&R sequences.
Second, we explored the extent to which any acquired
independent sequence knowledge was bound to the
respective hand or available for intermanual transfer.
Finally, the experiments aimed to discover the repre-
sentational nature of any independently acquired
hand-related sequence knowledge. In particular, we
assumed that transferable sequence knowledge primar-
ily relies on stimulus facilitation resulting from either
S-S or R-S learning, whereas non-transferable knowl-
edge should primarily rely on response facilitation
resulting from R-R learning. Accordingly, we exam-
ined whether the amount of transferable sequence
knowledge is reduced in favor of non-transferable
sequence knowledge when the two response sequences
are triggered by a single stimulus instead of two stim-
uli, so that the acquisition of hand-related stimulus
codes is impeded.

This manipulation of the stimulus presentation mode
additionally allowed us to explore the extent to which
different effectors might constitute separate unidimen-

2 One reviewer correctly pointed out that the performance decre-
ments in transfer blocks might not be due to a failure of transfer
but rather to interference: first, for the transfer hand the formerly
practiced sequence might interfere with the new transferred se-
quence; second, the transferred sequence might become sup-
pressed because the hand which has practiced this sequence
before now has to perform a random sequence. However, the
interference account can hardly explain why in transfer blocks of
Experiment 1 no interference at all is indicated. In particular, in
Experiment 1 the error data suggested nearly complete transfer
as the hands which performed the transferred sequence never
produced error costs, whereas the hands which performed the
random sequence always produced error costs. Therefore we con-
sider the account in terms of transfer at least as plausible as the
interference account.

@ Springer

sional learning modules in the sense of Keele etal.’s
(2003) theory of sequence learning. When there is only a
single stimulus there is virtually no basis for the establish-
ment of separate stimulus-related learning modules.
Consequently, any independent learning of the two
sequences would have to be ascribed to the operation of
separate learning modules for the left and the right hand.

The method we employed required simultaneous
responding with the left and the right hand to corre-
sponding stimuli. In Experiment 1 and in the dual-stimu-
lus condition of Experiment 2, each of two stimuli
specified the response for one hand. In the single-stimu-
lus condition of Experiment 2, however, only one stimu-
lus appeared on each trial with its position in a row and a
column of a matrix specifying the left and the right hand
response, respectively. The order of stimuli and of
responses for both hands was determined by two uncor-
related repeating sequences. After training, either one
or both of the sequences were replaced with a random
sequence or a sequence practiced with one hand was to
be performed with the other hand. Increases of RTs and
error rates in these test blocks in comparison to adjacent
regular blocks (RT costs and error costs, respectively)
were used as indicators of sequence learning.

RT costs in test blocks with both sequences abolished
were generally larger than in test blocks in which only
one sequence was abolished. Moreover, response errors
were mostly hand-related, that is, error costs were evi-
dent only for hands executing a pseudo-random
sequence, but not for hands executing a practiced
sequence. Both results suggest the acquisition of inde-
pendent knowledge about the sequences of stimuli and
responses of the left and the right hand. Although coor-
dinated responding with both hands was required, partic-
ipants seem to have acquired separate knowledge about
the sequential repetitions in each hand. As such learning
of hand-related sequences was also indicated in sub-sam-
ples with only fragmentary or negligible explicit sequence
knowledge, the acquisition of hand-related sequences
appears to be independent of sequence recognition.

In addition to that, the data revealed complete inter-
manual transfer of the acquired sequence knowledge
when responses of both hands were triggered by distinct
but identically arranged stimuli (Experiment 1). Reduc-
ing the distinctiveness of the hand-related stimulus
sequences (dual-stimulus condition of Experiment 2),
also reduced the amount of intermanual transfer. Finally,
when there was only one stimulus for both sequences,
intermanual transfer was no longer indicated. These find-
ings suggest that under the present conditions the trans-
ferable sequence knowledge relies mainly on stimulus
codes which are acquired in a hand-related manner but
which nevertheless are available for intermanual transfer.
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Some aspects of the reported data pattern could also
have been due to learning of the compound bimanual
sequence instead of separate learning of two hand-
related sequences.’> When, after learning, only the part
of the compound sequence pertaining to one hand is
randomized, and the learned part pertaining to the
other hand remains correct, hand-related error costs as
well as reduced RT costs compared to when the whole
compound sequence is randomized would result even if
only compound learning had occurred. Therefore, this
pattern of findings does not unambiguously indicate
independent learning of two hand-related sequences.
We cannot rule out that at least parts of the compound
sequence may have been learned but we doubt that
compound learning provides a satisfactory account for
all our findings.

First, it stands to reason that compound learning in
Experiment 2 should have been easier and thus more
pronounced in the single-stimulus condition than in the
dual-stimulus condition, which was clearly not the case.
Numerically, the difference was even in the opposite
direction. Second, the transitions of the compound
sequence are changed in equal measure both in trans-
fer blocks (L uns and Ry;ans) and in test block LR,,.4, SO
that the same costs should result. However, we found
in Experiment 1 and in the dual-stimulus condition of
Experiment 2 substantially greater RT costs in block
LR, .4 than in transfer blocks. One may argue that
the reduced costs in the transfer blocks are due to
within-block learning. However, there were no reliable
indications of within-block learning. Furthermore,
within-block learning of a compound sequence should
have reduced error costs for both hands whereas we
found the error costs selectively reduced for only that
hand which performed the transferred sequence. In
sum, we argue that the data pattern reported here is
more consistent with the independent sequence learn-
ing than with the compound learning account.

It remains to discuss the transfer issue: Experiment 2
provided data in support of hand-related sequence
knowledge which could be transferred to the other
hand only partly (dual-stimulus condition) or not at all
(single-stimulus condition). This suggests sequence
knowledge which is bound to the hand with which it
has been acquired (cf. Verwey & Clegg, 2005; Verwey
& Wright, 2004; see also Park & Shea, 2005).

Such hand-specific sequence knowledge may rely on
the order in which the keys assigned to the respective
hand are to be pressed (cf. Willingham et al., 2000), or
it might rely on the order in which the fingers of the

3 We would like to thank an anonymous reviewer for alerting us
to this alternative account.

respective hand have to act. Under the present condi-
tions the order of keys is equally transferable as the
order of stimulus locations. Therefore, we consider the
latter alternative to be more likely. The notion that
after extensive practice our participants may have
acquired hand-specific representations of the order in
which the fingers are to be moved fits well with the
speculation of Keele et al. (2003, p. 317) that “distinc-
tions within the motor system (e.g., hands vs. feet) may
also constitute dimensions”, that is, separate unidimen-
sional learning modules.

The possibility that the execution of highly trained
coordinated movements may rely partly on sequence
knowledge which is stored ‘in’ the involved limbs
opens interesting research perspectives. On the one
hand, it is necessary to explore the conditions for the
acquisition of such embodied sequence knowledge and
to clarify its representational format. On the other
hand, the existence of effector-specific sequence knowl-
edge points to a hierarchy of movement control in
which effector-independent and effector-specific mech-
anisms cooperate in a way we do not yet understand
and which to elucidate seems to us a worthwhile
endeavor.
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