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The goal of the present study was to demonstrate that declarative and non-declarative knowledge
acquired in an incidental sequence learning task contributes differentially to memory retrieval and leads
to dissociable ERP signatures in a recognition memory task. For this purpose, participants performed a
sequence learning task and were classified as verbalizers, partial verbalizers, or nonverbalizers according
to their ability to verbally report the systematic response sequence. Thereafter, ERPs were recorded in a
recognition memory task time-locked to sequence triplets that were either part of the previously learned
sequence or not. Although all three groups executed old sequence triplets faster than new triplets in the
eclarative/non-declarative knowledge
vent-related potentials
ecollection
riming

recognition memory task, qualitatively distinct ERP patterns were found for participants with and with-
out reportable knowledge. Verbalizers and, to a lesser extent, partial verbalizers showed an ERP correlate
of recollection for parts of the incidentally learned sequence. In contrast, nonverbalizers showed a dif-
ferent ERP effect with a reverse polarity that might reflect priming. This indicates that an ensemble of
qualitatively different processes is at work when declarative and non-declarative sequence knowledge
is retrieved. By this, our findings favor a multiple-systems view postulating that explicit and implicit

diffe
learning are supported by

. Introduction

It is often assumed that incidental sequence learning can result
n different kinds of knowledge. A frequently used distinction is
hat between declarative sequence knowledge that individuals can
eport verbally, and non-declarative knowledge that is primarily
xpressed in terms of reaction time savings to sequentially struc-
ured material. Typically, only a subset of participants in a sequence
earning experiment, subsequently referred to as verbalizers, are
ble to verbally describe the sequential regularity of the training
hase that is responsible for the observed reaction time savings
cf. Frensch & Rünger, 2003). How many participants become ver-
alizers during an incidental learning phase depends on the exact
xperimental conditions as, for example, the amount of training,
he type of training, and the type of sequence all influence whether
eople are able to report the regularity (Frensch, Lin, & Buchner,
Please cite this article in press as: Ferdinand, N. K., et al. Event-related potent
Neuropsychologia (2010), doi:10.1016/j.neuropsychologia.2010.05.013

998).
There are two classes of theories regarding the generation

f explicit sequence knowledge in incidental learning situations.
ingle-system accounts assume that all indices of learning provide
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rent and functionally independent systems.
© 2010 Elsevier Ltd. All rights reserved.

different expressions of the same underlying memory represen-
tations. Learning increases the quality of representations, which,
in turn, leads to improved performance in all available measures
of learning (e.g., Perruchet & Amorim, 1992; Perruchet, Bigand, &
Benoit-Gonin, 1997). In contrast, multiple-systems accounts pro-
pose that explicit and implicit learning are supported by different
memory systems that are functionally independent and reliant on
different brain areas (e.g., Reber & Squire, 1994, 1998).

A theory about how explicit knowledge can develop in an inci-
dental learning situation and that concurs with the core assumption
of the multiple-systems view is the unexpected-event hypothe-
sis (Frensch et al., 2003). This theory assumes that performing
a sequentially structured task automatically triggers learning in
a non-declarative memory system (cf. Cleeremans, 2006, 2008).
In contrast, reportable sequence knowledge is generated by an
explicit reasoning system: some individuals attain the ability to
verbally describe an experienced regularity because they actively
and intentionally search for an explanation to an observed unex-
pected event. Such an event could be a feeling of familiarity
ial correlates of declarative and non-declarative sequence knowledge.

during the incidental learning phase or a rapid anticipatory motor
response that occurs before the next stimulus is even shown.
Empirical support for this view comes from a study by Rünger
and Frensch (2008). The authors conducted an incidental sequence
learning experiment with a modified serial reaction time task

dx.doi.org/10.1016/j.neuropsychologia.2010.05.013
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SRTT; Nissen & Bullemer, 1987). Unexpected events were induced
y repeatedly inserting a systematic transfer sequence during

earning of the training sequence. After the training phase, the
vailability of reportable knowledge about the training sequence
as found to be increased compared to a control condition in
hich sequence learning proceeded without disruption by a trans-

er sequence. The unexpected-event hypothesis thus provides a
heoretical ground for the identification of distinctive neuronal sig-
atures of non-declarative and declarative learning.

Although recent research has begun to tackle the mechanisms
hat are involved in the acquisition of reportable knowledge, much
emains unclear about the exact nature of these processes. With
he current experiment, we intended to provide novel electro-
hysiological evidence for the multiple-systems view of sequence

earning. Specifically, we focused on the products of learning
nd examined differences in the retrieval of memories that were
cquired during incidental sequence learning. To this end we
ecorded event-related potentials (ERPs) for participants with and
ithout reportable sequence knowledge in a recognition memory

ask with test sequences that had either been presented in a previ-
us incidental learning phase or that were new to participants.

Usually, recognition memory tasks follow an explicit learning
hase and items correctly classified as old are compared with items
orrectly classified as new. When explicit memory performance is
xamined like this, dual-process models of recognition memory
ssume that recognition can be based on two distinct processes,
amely familiarity and recollection (for reviews see Aggleton &
rown, 2006; Mecklinger & Jäger, 2009; Yonelinas, 2002). Familiar-

ty is assumed to be a fast and automatic retrieval process through
hich the global strength of a memory trace is assessed without

he retrieval of qualitative details. Recollection-based recognition,
n the other hand, is assumed to be a process through which addi-
ional qualitative information associated with the episodic context
n which an event was encountered can be retrieved. While rec-
llection is assumed to rely on the hippocampal formation, the
urrounding parahippocampal region, especially the perirhinal cor-
ex, seems to be one of the neural generators of the familiarity signal
Aggleton & Brown, 2001, 2006; Meyer, Mecklinger, & Friederici,
010).

Aside from employing methods that rely on performance mea-
ures like the process-dissociation procedure (Jacoby, 1991) or
he remember/know procedure (Tulving, 1995), the contribution
f familiarity and recollection to recognition judgments can be
stimated by dissociable ERP correlates. Familiarity is reflected in
ore positive-going ERPs for old as compared to new items. This

ffect is most pronounced over frontal brain areas approximately
etween 300 and 500 ms post-stimulus and hence has been termed
he FN400 or the mid-frontal old/new effect. Recollection, in con-
rast, is associated with a parietal old/new effect, characterized
y more positive-going waveforms for old as compared to new

tems between 400 and 800 ms post-stimulus over parietal elec-
rodes (for reviews see Friedman & Johnson, 2000; Mecklinger,
000, 2006; Rugg & Curran, 2007; Wilding & Herron, 2006). In an

llustrative study by Curran and Cleary (2003) participants studied
ine drawings and had to discriminate between studied pictures,

irror-reversals and new pictures in a subsequent recognition task.
hey found that at frontal electrodes in an early time window,
oltages were more positive-going for studied pictures and mirror-
eversals as compared to new pictures, presumably reflecting a
amiliarity signal. Additionally, for subjects with good behavioral
iscrimination between studied items and mirror-reversals a pari-
Please cite this article in press as: Ferdinand, N. K., et al. Event-related potent
Neuropsychologia (2010), doi:10.1016/j.neuropsychologia.2010.05.013

tal old/new effect was found, i.e., ERPs were more positive-going
or studied items at parietal electrode sites. Similarly, Woodruff and
olleagues employed a recognition memory task including studied
ords and new words. For each test item, subjects had to judge
hether (1) the word was old and they were able to recollect some-
 PRESS
ologia xxx (2010) xxx–xxx

thing specific about the study episode (remember response), (2)
they were confident or (3) unconfident that the word was old in
the absence of a recollective detail, (4) they were unconfident or
(5) confident that the word was new (Woodruff, Hayama, & Rugg,
2006). They found that items confidently judged old demonstrated
a frontally distributed deflection that was more positive-going than
the waveforms for confident new items, reflecting familiarity. Addi-
tionally, a later positive component was enhanced in ERPs elicited
by recollected relative to highly familiar items, reflecting recollec-
tion. Both studies are consistent with the claim that the mid-frontal
old/new effect is related to familiarity and the parietal old/new
effect is related to recollection (see also Jäger, Mecklinger, & Kipp,
2006).

When, after an incidental learning phase, sequence knowledge
is probed in a recognition memory task that requires participants
to first execute a test sequence and then to decide whether it was
old or new, several outcomes are possible. The first possibility con-
cerns participants that have acquired reportable knowledge about
the training sequence. For these participants, we expected to find
RT priming—faster RTs to learned test sequences than to novel
sequences—and superior recognition performance. Upon presenta-
tion of a test sequence, these verbalizers should be able to retrieve
the sought-for sequence information and to consciously compare
the test sequences with the recollected training sequence. These
forms of explicit memory retrieval should be reflected in the ERP
correlates of familiarity and recollection.

When reportable sequence knowledge is largely absent, how-
ever, recollection-based recognition is unavailable and no parietal
old/new effect should be discernible in the ERP analysis. In contrast,
we should still be able to observe RT priming given the assump-
tion that implicit sequence learning is a mandatory consequence of
performing a sequentially structured task (cf. Cleeremans, 2006,
2008; Frensch et al., 2003). If sufficiently large, differences in
perceptual-motor fluency for old and new test sequences might
provide a differential familiarity signal that allows participants
to discriminate between old and new sequences in their recog-
nition judgments (cf. Buchner, Steffens, Erdfelder, & Rothkegel,
1997; Rünger, Nagy, & Frensch, 2009; Whittlesea & Williams, 1998,
2000). This familiarity signal should be reflected in a mid-frontal
ERP old/new effect. Alternatively, RT priming effects might be too
small to yield a reliable fluency-based familiarity signal. In this
case, recognition should not exceed chance level and no mid-
frontal old/new effect should be discernible. What ERP effects can
be expected in that case?

The electrophysiological correlates of priming are highly diver-
gent across studies (for reviews see Paller, Voss, & Westerberg,
2009; Rugg & Allen, 2000; Voss & Paller, 2008). For example, Rugg
et al. (1998) found that during a recognition memory task stud-
ied words led to a more positive-going ERP effect between 300 and
500 ms post-stimulus at parietal electrode sites as compared to new
ones irrespective of whether the word was consciously recognized.
They concluded that this ERP effect reflects memory in the absence
of awareness. Similarly, Nessler, Mecklinger, and Penney (2005)
found more positive-going ERP waveforms at centro-parietal elec-
trodes between 300 and 450 ms for repeated faces in an implicit
memory task (for similar results see Groh-Bordin, Zimmer, &
Mecklinger, 2005). In contrast, Paller and colleagues used face
stimuli that were encoded only to a minimal extent as to pro-
mote priming while recognition performance was at chance level.
Using this procedure, they found a negative potential at anterior
recording sites between 200 and 400 ms after stimulus presenta-
ial correlates of declarative and non-declarative sequence knowledge.

tion, presumably representing perceptual priming for face stimuli
(Paller, Hutson, Miller, & Boehm, 2003). All in all, the results regard-
ing the ERP correlates of implicit memory are heterogeneous and
different findings have been obtained depending, for instance, on
the kind of stimulus material and task characteristics. It is therefore

dx.doi.org/10.1016/j.neuropsychologia.2010.05.013
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elements in the training sequence. One participant’s new sequence was used as
another participant’s training sequence and vice versa. In order to maximize the
number of trials available for ERP analysis, we presented each of the twelve test
triplets six times. The colors, however, in which the rectangles appeared, were differ-
ent for each presentation.1 The order of test sequence presentation was determined

1 Colors were chosen for each old test sequence according to the following proce-
dure: We pseudo-randomly generated six permutations of the color list (green, red,
cyan, dark gray, magenta, blue) with the constraint that each color had to appear at
each position in the list. The resulting lists determined the colors of the six target
rectangles on the first trial of each of the six presentations of an old test sequence.
Consequently, for each presentation, the top rectangle on the first trial appeared in a
different color. The colors on the second and third trial were then chosen randomly
with the constraints that no rectangle appeared in the same color on consecutive tri-
als within a test sequence and that across repetitions of an individual test sequence,
there was a different sequence of colors for the top rectangle. Each new test sequence
was yoked to the old test sequence with the same response location on the first trial
ig. 1. Example of a stimulus display used in the color-matching SRTT (training and
ecognition phase).

ifficult to derive a precise prediction of ERP effects for participants
hat show RT priming in the absence of explicit sequence knowl-
dge. However, the absence of an ERP old/new effect in combination
ith a qualitatively different ERP effect of priming would cor-

oborate the distinction between declarative and non-declarative
equence knowledge.

To summarize, the goal of the present study was to demonstrate
hat declarative and non-declarative knowledge that was acquired
n an incidental sequence learning phase contribute differentially
o performance in a recognition memory task with old and new
equence parts and lead to dissociable ERP signatures in this task. In
ore detail, we expected to find qualitatively distinct ERP patterns

or participants with and without reportable sequence knowledge
hat reflect the differential contributions of familiarity, recollec-
ion, and priming. In order to assess the relative contributions of
hese processes to recognition judgments, we recorded ERPs during
sequence recognition task that was administered after a train-

ng phase with a color-matching version of the serial reaction time
ask (SRTT). Test items consisting of sequence fragments that were
ither part of the training sequence or part of a completely new
equence were used as retrieval cues.

. Materials and methods

.1. Participants

28 volunteers (13 female/15 male, aged 19–26 years, mean age 21.8 years) par-
icipated in the experiment which was approved by the local ethic committee and
as in accordance with the ethical guidelines of the Declaration of Helsinki. All sub-

ects were right-handed and had normal or corrected-to-normal vision. All signed
nformed consent before the experiment and were paid 8D per hour.

.2. Stimuli and procedure

A large colored rectangle (visual angle 3.5◦ × 4.3◦) and six small colored target
ectangles (visual angle 1.5◦ × 1.6◦ , respectively) were displayed simultaneously on
light-gray background (see Fig. 1). Each target rectangle was mapped to a spatially
ompatible response key on the computer keyboard (X, C, V, B, N, M). The response
eys were labeled “1” to “6” from left to right. On each trial, participants had to
etermine which of the six target rectangles at the bottom of the screen matched
he color of the large rectangle on top and to press the response key that was assigned
o that target rectangle. They responded to target rectangles 1, 2, and 3 with the ring,

iddle, and index fingers of their left hand, and to target rectangles 4, 5, and 6 with
he index, middle, and ring fingers of their right hand, respectively.

The same six colors (green, red, cyan, dark-gray, magenta, and blue) were used
n every trial, but each rectangle changed its color pseudo-randomly from one trial
o the next. On any given trial, the top rectangle and the six target rectangles were
isplayed simultaneously for 1000 ms, followed by a light-gray blank screen for
Please cite this article in press as: Ferdinand, N. K., et al. Event-related potent
Neuropsychologia (2010), doi:10.1016/j.neuropsychologia.2010.05.013

00 ms. Participants were required to respond within 1000 ms after stimulus onset.
f no response was made during that time, the visual feedback “zu langsam” (too
low) was shown for 800 ms. In case of an erroneous response, the visual feedback
ead “falsche Taste” (wrong key).

Response locations during the training phase with the color-matching version of
he SRTT were governed by a repeating 6-element first-order conditional sequence
 PRESS
ologia xxx (2010) xxx–xxx 3

(FOC; Reed & Johnson, 1994). Each of the six possible response locations occurred
once in the sequence (e.g., 1–5–2–6–4–3). Consequently, the response location on
any given trial was predictive of the response location on the next trial. The SRTT
contained no further sequential regularities other than the repeating sequence of
response locations. Each participant was randomly assigned to a different 6-element
sequence from a pool of 24 sequences. The sequences were permutations of the
six response locations that satisfy the following conditions: First, ‘runs’ of three or
more adjacent response locations (e.g., 1–2–3, 2–3–4–5, 6–5–4) were not permitted.
Second, adjacent response locations (e.g., 1–2, 3–4, 6–5) occurred exactly once in a
sequence. The first target location in each trial block was determined randomly with
the constraint that the response location had to differ from the response location
on the final trial of the previous block. Thereafter, response locations were chosen
according to the sequential regularity.

Participants were told that they were taking part in an experiment designed
to examine how practice affects the ability to discriminate colors. They were not
informed about the fact that correct response locations during the training phase
followed a repeating pattern. Learning of the sequential regularity was thus inciden-
tal. Before the experiment started, the SRTT was practiced with 40 warm-up trials
during which response locations were determined randomly. The warm-up trials
were repeated if a participant produced errors or time-outs in more than 20% of
the trials. The training phase comprised 8 blocks of trials during which participants
performed the 6-choice color-matching version of the SRTT. Each block consisted of
120 trials, for a total of 960 trials, i.e., 160 sequence repetitions.

Participants received feedback about their mean reaction times, error rates, and
percentage of responses that were too slow after blocks 1–7. If error rate or time-
outs exceeded ten percent for the first time, participants were prompted to make
fewer mistakes. After a second block with more than ten percent errors or time-outs,
participants were warned that the experiment would not be continued if they did
not lower their error rates.

Upon completion of the final block of trials, participants’ reportable knowledge
about the training sequence was assessed in a free recall. The experimenter pre-
sented a cue card with six boxes labeled “1” to “6” and told the participant that
the boxes represent the six response keys that correspond to the six target rectan-
gles. The experimenter then declared that responses in the training phase followed
a regular pattern and asked the participant to verbally describe the serial order of
response locations by referring to the labels on the cue card. In order to prevent any
spontaneous typing activity, participants had to cross their arms in front of their
upper body and hold a pencil in each hand while attempting to report the sequence.

After recall, subjects completed a recognition memory task for sequence parts.
The general format of the recognition task closely matched that used by Shanks,
Wilkinson, and Channon (2003). Participants performed three consecutive trials
with the color-matching SRTT. They were then asked to judge whether they had
executed the same sequence of key presses during the training phase. Ratings were
made in two steps: first, subjects had to decide whether the sequence had been
(a) old, and they remembered a certain reason why it had to be old (old-reason),
(b) old, but their decision had been based on a feeling of familiarity rather than
remembering a certain reason (old-feeling), or (c) new (new). Next, they had to give
a confidence judgment (rather sure vs. rather unsure). Participants expressed their
confidence by pressing a corresponding response key. The sides for the old/new and
sure/unsure responses were counterbalanced across subjects.

During the recognition memory task, twelve different three-trial test sequences
were presented as retrieval cues. Six of these sequence triplets were constructed by
starting at each position in a participant’s training sequence. The other six triplets
were derived in the same way from a new sequence that differed in all pairwise
transitions from the training sequence and that contained one reversal of adjacent
ial correlates of declarative and non-declarative sequence knowledge.

such that the colors of all rectangles were identical on the first trial. Put differently,
for each old test sequence there was a new test sequence with an identical first
trial. For the second and third trial of the new test sequence, the colors of the top
rectangle and the colors of the six target rectangles were determined randomly in
accordance with the predetermined response sequence and the requirement that
each rectangle had to change its color on consecutive trials.

dx.doi.org/10.1016/j.neuropsychologia.2010.05.013
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Table 1
Group assignments based on performance in free recall.

Subject Correctly recalled Group

Pairs Triplets Quadruples Quintuples

1 6 6 6 6 Verbalizer
3 6 6 6 6 Verbalizer
4 6 6 6 6 Verbalizer
6 6 6 6 6 Verbalizer
8 6 6 6 6 Verbalizer

22 6 6 6 6 Verbalizer
23 6 6 6 6 Verbalizer
24 6 6 6 6 Verbalizer

2 3 2 1 0 Partial verbalizer
10 1 0 0 0 Partial verbalizer
11 3 2 1 0 Partial verbalizer
12 1 0 0 0 Partial verbalizer
17 1 0 0 0 Partial verbalizer
19 1 0 0 0 Partial verbalizer
25 2 0 0 0 Partial verbalizer
27 1 0 0 0 Partial verbalizer

5 0 0 0 0 Nonverbalizer
7 0 0 0 0 Nonverbalizer

13 0 0 0 0 Nonverbalizer
14 0 0 0 0 Nonverbalizer
15 0 0 0 0 Nonverbalizer
16 0 0 0 0 Nonverbalizer
18 0 0 0 0 Nonverbalizer
20 0 0 0 0 Nonverbalizer
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21 0 0 0 0 Nonverbalizer
26 0 0 0 0 Nonverbalizer
28 0 0 0 0 Nonverbalizer

seudo-randomly for each participant in the following way: we created six sets of
equences, each of which contained the six new and six old test sequences. The sets
iffered with respect to the order of test sequences and the color arrangement for

ndividual items. The ordering of test sequences was random except for the fact that
o more than three old items could be presented in a row. Because of the relatively
mall number of test sequences used in the recognition task, we implemented the
ollowing procedure to prevent data loss due to inadmissible responses: a recog-
ition test triplet was repeated at the end of the recognition task phase if one of
he three SRTT trials contained an error or a time-out. Item repetitions occurred in
he order of the original presentation until each test triplet was responded to in an
dmissible way.

.3. EEG recording

Subjects were seated in a dimly lit, electrically shielded, and sound-attenuated
hamber. While performing the experiment, the electroencephalogram (EEG) was
ecorded from 59 Ag/AgCl electrodes embedded in an elastic cap and amplified
rom DC to 100 Hz at a sampling rate of 500 Hz. The left mastoid served as refer-
nce. To control for vertical and horizontal eye-movements, the electrooculogram
EOG) was recorded from the outer ocular canthi and the right sub- and supraor-
ital ridges. Impedances for all electrodes were kept below 10 k�. Further off-line
ata processing included a digital band-pass filter from 0.5 to 30 Hz in case of

ow-frequency signal drifts or high-frequency noise in the EEG channels. Record-
ng epochs including eye-movements were corrected by using a linear regression
pproach (Gratton, Coles, & Donchin, 1983), and epochs with other recording arti-
acts were rejected before averaging whenever the standard deviation in a 200 ms
ime interval exceeded 30 �V in any EOG channel.

.4. Data analyses

Data from free recall were used to divide subjects into three different groups. If
he correct training sequence was recalled, a participant was assigned to the group
f verbalizers. If parts of the training sequence were recalled correctly, the partici-
ant was assigned to the group of partial verbalizers, and if no sequence parts were
ecalled correctly, the participant was allotted to the group of nonverbalizers.

Statistical analyses of behavioral data include measures of reaction times in the
raining phase and reaction times to sequence triplets in the recognition memory
ask. To examine the temporal development of the reaction times in the training
Please cite this article in press as: Ferdinand, N. K., et al. Event-related potent
Neuropsychologia (2010), doi:10.1016/j.neuropsychologia.2010.05.013

hase, mean reaction times were calculated for each of the eight blocks. For analyz-
ng performance in the recognition memory task, we used the Pr measure (hit rate

inus false alarm rate) as described by Snodgrass and Corwin (1998) and the per-
entage of correct old-reason and old-feeling judgments. With the latter analysis,
e intended to provide additional support for the distinction between recollection-

ased and familiarity-based recognition judgments. Analyses of EEG data include
Fig. 2. Reaction times during training phase. Bars depict standard errors of the mean.

ERPs locked to the presentation of the second and third stimulus in the recognition
memory task for old and new sequence triplets, respectively. ERPs were not analyzed
for the first stimulus of the sequence triplet, since old and new triplets cannot be dis-
tinguished at that point. Selection of the time windows for ERP analyses was based
on previous studies and on visual inspection of the waveforms. Old/new effects
in the recognition memory task were measured as the difference in mean voltage
between old and new sequence parts, independently of classification accuracy, in a
time window from 300 to 500 ms after presentation of the second and third stimu-
lus. Since we used a motor sequence, ERP effects might have been more closely tied
to the responses that to the visual stimuli, so we additionally conducted an analysis
locked to subjects’ responses to the third stimulus. Time windows between 200 and
100 ms prior to the response and between 100 ms prior to 100 ms after the response
to the third stimulus were chosen. A 100 ms pre-stimulus baseline was used for all
ERP averages.

Behavioral and ERP data were analyzed using t-tests or repeated measures
analyses of variance (ANOVAs) with an alpha level of .05. The Greenhouse-Geisser
correction for non-sphericity was used whenever appropriate and epsilon-
corrected p-values are reported together with uncorrected degrees of freedom and
Greenhouse-Geisser epsilon values. Statistical analyses of the ERP data were cal-
culated at electrodes C5, C6, CP5, CP6 for the CNV and F3, Fz, F4, C3, Cz, C4, P3,
Pz, P4 for all other ERP components, using the factors laterality (left, middle, and
right electrodes) and Anterior-Posterior (frontal, central, parietal electrodes). For
reasons of clarity, only main effects or interactions including the factors of inter-
est are reported. Post hoc testing was conducted using Tukey HSD. One subject had
to be excluded from the analyses due to technical problems during EEG recording.
Consequently, all analyses were based on the data of 27 subjects.

3. Results

3.1. Free recall

Free recall was used to divide subjects into three different
groups. Using the criteria specified above (see Section 2.4), we
obtained 8 verbalizers, 8 partial verbalizers, and 11 nonverbaliz-
ers (see Table 1). All analyses reported below were conducted with
these group assignments.

3.2. Reaction times during training phase

All groups showed decreasing reaction times to correct
responses during the training phase (see Fig. 2). An ANOVA with
the between-subjects factor Group (verbalizers, partial verbaliz-
ers, nonverbalizers) and the within-subject factor Block (block 1,
block 8) showed main effects for Group (F(2,24) = 11.10, p < .01)
and Block (F(1,24) = 79.09, p < .01), as well as an interaction
(F(2,24) = 18.15, p < .01). This means that all groups started with
similar reaction times in block 1 (p = .89) but differed in block
8 (F(2,24) = 17.06, p < .01). Post hoc testing (Tukey HSD) revealed
that in block 8, verbalizers (mean = 291 ms) responded faster than
partial (mean = 493 ms) and nonverbalizers (mean = 537 ms; all p-
values < .05). Partial and nonverbalizers did not differ (p = .53).
However, all groups showed faster reaction times in block 8 as
ial correlates of declarative and non-declarative sequence knowledge.

compared to block 1 (verbalizers: F(1,7) = 60.23, p < .01, partial
verbalizers: F(1,7) = 6.55, p = .03, nonverbalizers: F(1,10) = 38.24,
p < .01). Consistent with this, a Tukey HSD test showed that the
reaction time differences between block 1 and 8 were larger for ver-
balizers (mean = 298 ms) than for partial verbalizers (107 ms) and

dx.doi.org/10.1016/j.neuropsychologia.2010.05.013
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ig. 3. Reaction times to old and new sequence triplets during recognition memory
est. Bars depict standard errors of the mean.

onverbalizers (56 ms; all p-values < .01), while partial and nonver-
alizers did not differ (p = .45).

.3. Recognition memory task

An ANOVA with factors Group (verbalizers, partial verbal-
zers, nonverbalizers), Triplet (first, second, third stimulus of
equence triplet), and Item Status (old, new sequence triplet)
evealed that reaction times during the recognition memory
ask showed learning-related differences (see Fig. 3). There were

ain effects for Triplet (F(2,48) = 8.16, p < .01, ε = .79) and Item
tatus (F(1,24) = 57.37, p < .01), and interactions between Item Sta-
us and Group (F(2,24) = 17.45, p < .01), Triplet and Item Status
F(2,48) = 55.42, p < .01, ε = .86), and Triplet, Item Status and Group
F(4,48) = 13.05, p < .01, ε = .86). In this analysis, sequence learning
s reflected in the significant main effect of Item Status and the
tem Status × Triplet interaction, given that old and new sequences
re indistinguishable on the first trial in a triplet. The latter, i.e.,
o difference between old and new items in reaction times to the
rst stimulus of a triplet, was confirmed in an ANOVA on first-trial
Ts with Group as a between-subjects variable and Item Status
s a within-subject variable. The significant three-way interaction
ndicates group differences in the amount of sequence learning. To
urther quantify these differences, we computed RT priming values
i.e., the difference in mean RT between old and new sequences
ollapsed across the second and third trial of a triplet) for ver-
alizers (120 ms), partial verbalizers (39 ms), and nonverbalizers
20 ms). A Tukey HSD test showed that RT priming was greater for
erbalizers than for partial verbalizers and nonverbalizers (p < .01,
espectively) while the latter two groups exhibited similar amounts
f priming.

As a measure of performance in the recognition memory task,
r was calculated and compared between groups (see Fig. 4). The
NOVA with factor group (verbalizers, partial verbalizers, nonver-
Please cite this article in press as: Ferdinand, N. K., et al. Event-related potent
Neuropsychologia (2010), doi:10.1016/j.neuropsychologia.2010.05.013

alizers) showed a main effect (F(2,24) = 41.34, p < .01) and Tukey
SD revealed that verbalizers’ Pr was larger than that of partial and
onverbalizers (all p-values < .05). One-sample t-tests revealed that
erbalizers showed above-chance Pr (t(7) = 11.02, p < .01), whereas
artial and nonverbalizers did not (p = .15 and p = .79, respectively).

ig. 4. Pr measure during recognition memory test. Bars depict standard errors of
he mean.
Fig. 5. Relative frequencies of correct old judgments for each group during recog-
nition test. Bars depict standard errors of the mean.

We additionally compared correct old-reason and correct old-
feeling judgments from the recognition memory task (see Fig. 5).
The ANOVA with factors group (verbalizers, partial verbalizers,
nonverbalizers) and judgment (old-reason, old-feeling) showed a
main effect for group (F(2,24) = 21.1, p < .01) and an interaction
between group and judgment (F(2,24) = 26.24, p < .01). Separate
ANOVAs for each group revealed that verbalizers used the old-
reason judgment more often than the old-feeling judgment to
correctly classify old triplets as being old (F(1,7) = 24.8, p < .01)
while the opposite, i.e., more old-feeling than old-reason judg-
ments, was the case for partial and nonverbalizers (F(1,7) = 7.31,
p = .03 and F(1,10) = 12.69, p < .01, respectively).

3.4. ERP data

3.4.1. Stimulus-locked analyses
Figs. 6 and 7 show the stimulus-locked ERPs for old and new

items in the recognition memory test for the second and third
stimulus of the triplet, respectively. Visual inspection suggests that
there is a parietal old/new effect for verbalizers and, to a lesser
extend, for partial verbalizers. Additionally, there appears to be
a contingent negative variation (CNV) over central and centro-
parietal areas stimulus-locked to the second triplet stimulus and
a frontal N100 to the third stimulus, for verbalizers only. In the fol-
lowing, the analyses of these components are reported in order of
their chronological occurrence.

For the parietal old/new effect, an ANOVA with factors Group
(verbalizers, partial verbalizers, nonverbalizers), Laterality (left,
middle, right electrodes), Anterior-Posterior (frontal, central, pari-
etal electrodes), and Item Status (old, new sequence triplet) was
calculated in a 300–500 ms time window after the second stim-
ulus of the sequence triplet. Since it revealed an interaction
between Group, Item Status, and Anterior-Posterior (F(4,48) = 3.36,
p = .04, ε = .57), separate ANOVAs with factors Laterality, Anterior-
Posterior, and Item Status were calculated for each group.
Verbalizers showed an interaction between Anterior-Posterior and
Item Status (F(2,14) = 11.83, p < .01, ε = .52) which was due to old
items eliciting more positive-going ERP waveforms than new ones
at posterior electrode sites (F(1,7) = 15.39, p < .01). There was no
main effect or interaction involving the factor Item Status for par-
tial and nonverbalizers, In a time window from 900 to 1100 ms
after the second stimulus of the sequence triplet, a CNV was found
for verbalizers only. It was measured at central and centro-parietal,
lateral electrodes where largest CNV amplitudes were obtained. An
ial correlates of declarative and non-declarative sequence knowledge.

ANOVA with factors Group (verbalizers, partial verbalizers, non-
verbalizers), Laterality (left (C5/CP5), right (C6/CP6)), and Item
Status (old, new sequence triplet) revealed a marginally significant
interaction between Group and Item Status (F(2,24) = 3.23, p = .06).
Separate ANOVAs with factors Laterality and Item Status were cal-

dx.doi.org/10.1016/j.neuropsychologia.2010.05.013
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ig. 6. ERPs for old and new items during recognition memory test locked to the
econd stimulus of the sequence triplet.

ulated for each group. Verbalizers’ mean amplitudes for old items
ere more negative going than those for new ones (F(1,7) = 9.18,
= .02), while there was no main effect or interaction containing

he factor Item Status for nonverbalizers and partial verbalizers.
In addition, an N100 component was visible for verbalizers

etween 60 and 140 ms stimulus-locked to the third stimulus of
he sequence triplet. An ANOVA with factors Group (verbalizers,
artial verbalizers, nonverbalizers), Laterality (left, middle, right),
nterior-Posterior (frontal, central, parietal), and Item Status (old,
ew sequence triplet) revealed a marginally significant interaction
etween Group and Item Status (F(2,24) = 2.69, p = .08). Separate
NOVAs for each group showed that old items were marginally
ore negative than new ones (F(1,7) = 5.00, p = .06) for verbalizers

nly.
Similarly to the parietal old/new effect to the second triplet

timulus, an ANOVA with factors Group (verbalizers, partial
erbalizers, nonverbalizers), Laterality (left, middle, right elec-
rodes), Anterior-Posterior (frontal, central, parietal electrodes),
nd Item Status (old, new sequence triplet) was conducted in a
00–500 ms time window after the third stimulus of the sequence
riplet. It revealed an interaction between Group and Item Status
F(2,24) = 8.34, p < .01) and ANOVAs were calculated for each group.
Please cite this article in press as: Ferdinand, N. K., et al. Event-related potent
Neuropsychologia (2010), doi:10.1016/j.neuropsychologia.2010.05.013

or verbalizers, old items were more positive-going than new ones
F(1,7) = 13.54, p < .01) and additionally, the interaction between
nterior-Posterior and Item Status was significant (F(2,14) = 7.27,
= .02, ε = .62). Post hoc testing revealed a significant old/new effect
Fig. 7. ERPs for old and new items during recognition memory test locked to the
third stimulus of the sequence triplet.

at frontal, central, and posterior electrodes (F(1,7) = 9.54, p < .01,
F(1,7) = 14.27, p < .01, and F(1,7) = 12.09, p = .01, respectively). How-
ever, as indexed by the effect size, this effect for verbalizers was
larger at central (ω2 = .45) and parietal (ω2 = .41) electrode locations
than at frontal ones (ω2 = .35). For partial verbalizers, there was a
marginally significant interaction between Anterior-Posterior and
Item Status (F(2,14) = 4.47, p = .06, ε = .56) which was due to old
items being more positive than new ones at parietal electrode loca-
tions only (F(1,7) = 5.87, p = .04). For nonverbalizers, an interaction
between Anterior-Posterior and Item Status (F(2,20) = 9.41, p < .01,
ε = .61) was obtained. Further analyses showed that the interac-
tion was not due to an old/new effect at frontal, central, or parietal
electrodes (all p-values > .19,) but rather to the theoretically less
relevant fact that old items show a stronger Anterior-Posterior gra-
dient than new ones.

In sum, for the second stimulus of the sequence triplet, an
old/new effect emerged for verbalizers only. Consistent with the
parietal old/new effect that has been reported in studies of item
recognition before, this effect showed a parietal distribution and
can be taken to reflect recollection (e.g., Curran, 2000; Mecklinger,
2000; Rugg & Curran, 2007). After the third stimulus of the triplet,
the old/new effect was more broadly distributed for verbalizers and
ial correlates of declarative and non-declarative sequence knowledge.

was also present for partial verbalizers. In addition to the parietal
old/new effects, there were a CNV to the second stimulus and a ten-
dency for an N100 to the third stimulus of the sequence triplet for
verbalizers only.

dx.doi.org/10.1016/j.neuropsychologia.2010.05.013
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balizers only. After the third stimulus of the triplet, this effect was
ig. 8. ERPs for old and new items during recognition memory test locked to the
hird response to the sequence triplet.

.4.2. Response-locked analyses
Surprisingly, there was no hint of an early frontal old/new effect

n any group. But as the training sequence was a motor sequence,
t is conceivable that the old/new effects were more closely tied
o the motor response than to the stimulus and, due to variabil-
ty in response speed, might be better visible in a response-locked
RP analysis. We therefore analyzed the ERP data in the recogni-
ion memory task time-locked to the response to the third stimulus
f the triplet. As the stimulus-locked old/new effect was most
ronounced after the third stimulus of the test triplet, the response-

ocked analysis was conducted for the third response only. After
isual inspection of the response-locked ERP averages (see Fig. 8),
e found an old/new effect between 100 ms prior and 100 ms past

he response with a parietal distribution for verbalizers and par-
ial verbalizers. Based on its resemblance to the stimulus-locked
arietal old/new effect, we will further refer to this effect as the
esponse-locked parietal old/new effect. Interestingly, for nonver-
alizers, there seemed to be a polarity-reversed effect in the same
ime window. After having established the time window for the
esponse-locked parietal old/new effect, between 100 ms preced-
ng and following participants’ responses, we searched for a frontal
ld/new effect in a time window prior to that because the early
rontal old/new effect usually precedes the parietal old/new effect.
he analyses of both components are reported in order of their
hronological occurrence.

An ANOVA with factors Group (verbalizers, partial verbalizers,
onverbalizers), Laterality (left, middle, right), Anterior-Posterior
frontal, central, parietal electrodes), and Item Status (old, new
equence triplet) from 200 to 100 ms prior to the response revealed
Please cite this article in press as: Ferdinand, N. K., et al. Event-related potent
Neuropsychologia (2010), doi:10.1016/j.neuropsychologia.2010.05.013

n interaction between Anterior-Posterior, Group, and Item Status
F(4,48) = 5.09, p = .01, ε = .58). For verbalizers there was an inter-
ction between Anterior-Posterior and Item Status (F(2,14) = 5.11,
= .05, ε = .57). Contrasts showed, however, that the interaction was
 PRESS
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due to a tendency of new items being more positive at parietal
than at frontal and central electrodes (F(1,7) = 4.47, p = .07) rather
than differences between old and new items (all p-values > .24). For
partial and nonverbalizers, there was neither a main effect nor an
interaction involving Item Status.

In a time window from 100 ms prior to the response to 100 ms
past the response, an ANOVA with factors Group (verbalizers,
partial verbalizers, nonverbalizers), Laterality (left, middle, right),
Anterior-Posterior (frontal, central, parietal), and Item Status (old,
new) provided a main effect for Item Status (F(1,24) = 10.82, p < .01)
and interactions between Item Status and Group (F(2,14) = 16.42,
p < .01) and Item Status and Anterior-Posterior (F(2,48) = 5.15,
p = .03, ε = .57). Separate ANOVAs for each group showed that for
verbalizers the ERPs to old items were more positive-going than
those to new ones (F(1,7) = 34.61, p < .01). As in the stimulus-
locked analysis, this old/new difference was significant at frontal
(F(1,7) = 23.82, p < .01), central (F(1,7) = 41.03, p < .01), and parietal
(F(1,7) = 19.59, p < .01) locations. Interestingly, for nonverbalizers
an effect with opposite polarity was found. Old items elicited more
negative-going ERPs than new ones (F(1,10) = 5.14, p < .05). Further
contrast analyses showed that this effect was significant at frontal
(F(1,10) = 5.97, p < .05) and central (F(1,10) = 5.03, p < .05) electrode
sites. To test whether the aforementioned effect for nonverbaliz-
ers is already present for the second response of the triplet, we
conducted an additional ANOVA with Anterior-Posterior and Item
Status in the time window from 100 ms prior to 100 ms past the
second response for the sequence triplet. This analysis did neither
yield a main effect for Item Status nor an interaction between Item
Status and Anterior-Posterior (all p-values > .53).

Taken together, the response-locked analyses confirmed the
stimulus-locked results, as they showed a parietal old/new effect
for verbalizers. Moreover, they revealed an additional fronto-
central an effect for nonverbalizers which was reversed in polarity.
No evidence for a frontal old/new effect was found in the response-
locked analysis.

4. Discussion

The present study was designed to examine possible differences
between verbalizers and nonverbalizers in access and retrieval of
memory representations that were acquired during an incidental
sequence learning phase. For this purpose, we recorded ERPs in
a recognition memory task time-locked to sequence triplets that
were either part of the previously learned sequence or completely
new to the subjects. Participants were classified as verbalizers,
partial verbalizers, or nonverbalizers according to their ability to
verbally report the systematic response sequence of the training
phase.

In the recognition memory task, RT savings to old as compared
to new sequence triplets showed that there had been learning of
the training sequence in all three groups. However, this RT priming
effect was most pronounced for verbalizers. In addition, verbaliz-
ers discriminated well between old and new test sequences and
indicated for the majority of their old responses that they were
based on a specific reason (e.g., recall of a specific event from the
study episode). Conversely, partial verbalizers and nonverbalizers
performed at chance level in the recognition memory task and did
not have a specific reason for their old judgments in most cases.

ERP old/new effects were examined after the second and third
stimulus of the sequence triplet in the recognition memory task. For
the second stimulus, a parietal old/new effect was found for ver-
ial correlates of declarative and non-declarative sequence knowledge.

further enhanced for verbalizers and also showed up for partial ver-
balizers. Usually, the parietal old/new effect is found approximately
500 ms post-stimulus in item recognition experiments (Friedman
& Johnson, 2000; Mecklinger, 2000, 2006; Rugg & Curran, 2007;

dx.doi.org/10.1016/j.neuropsychologia.2010.05.013
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ilding & Herron, 2006). The earlier timing of the present effect
300–500 ms post-stimulus) is most probably due to the specific
haracteristics of our task where a sequence triplet had to be
rocessed. However, because of its functional characteristics, its
olarity and topography, we feel safe to conclude that this effect
epresents the parietal old/new effect, the ERP correlate of recol-
ective processing, that is typically found in recognition memory
tudies. The finding that verbalizers stated they had a certain rea-
on for their old judgments in the recognition memory test is also
onsistent with this view.

Somewhat surprisingly, we found no early frontal old/new effect
n any group. Yet, the sequence used in our experiment was a motor
equence, so it is conceivable that the old/new effects were more
losely related to the response than to the stimulus and, due to
emporal variability of the responses, might be better visible in a
esponse-locked analysis (cf. De Chastelaine, Friedman, & Cycowicz,
007). Therefore, ERPs in the recognition memory task were addi-
ionally analyzed averaged to the response to the third stimulus
f the sequence triplet. In this analysis the parietal old/new effect
as found between 100 ms prior to and 100 ms after the response,

gain, for verbalizers only. Also, no hint of a familiarity-related early
ld/new effect was found, suggesting that familiarity plays a negli-
ible role when recognizing parts of a previously learned sequence
nd that recollection of the specific serial configuration might be
andatory for correct sequence recognition judgments. This result

s at odds with the widely held belief in the sequence learning lit-
rature that the perceived fluency of executing a test sequence can
esult in a feeling of familiarity and thereby serves as the basis for
recognition judgment (e.g., Buchner et al., 1997; Rünger et al.,

009). A possible reason why an ERP correlate of familiarity was not
ound in the current data could be that individual test sequences
ere presented repeatedly during the recognition test (each

equence triplet was shown six times to increase the trial number
or the ERP analysis). In particular, the repetition of new sequence
riplets may have enhanced the familiarity of new items and by this
ispersed differences in familiarity between old and new items that
ay have existed in the beginning of the test phase (see Bader et

l., 2010, for similar arguments; see Paller, Voss, & Boehm, 2007,
or an alternative view on the mid-frontal old/new effect).

Interestingly, for nonverbalizers the response-locked analysis
evealed a significant effect with reversed polarity as compared
o the old/new effect found for verbalizers which might reflect
riming. This effect is also visible in the stimulus-locked ERP data,
ut since it occurred slightly later than the parietal old/new effect
nd thus was not properly captured by the time windows used
or the stimulus-locked analyses, it was not significant in the lat-
er analysis. Similar ERP priming effects with negative polarity and
nterior topographical distribution have been found when chance-
evel explicit memory accuracy was used as a criterion for implicit

emory (as is the case for nonverbalizers), whereas task-irrelevant
epetition of items usually led to positive repetition effects (cf.
roh-Bordin et al., 2005). For example, the perceptual priming
ffect found by Paller and colleagues (2003) took the form of a neg-
tive potential at anterior recording locations about 200–400 ms
fter stimulus presentation. Face stimuli that were encoded only to
minimal extent evoked more negative-going ERPs than new stim-
li. The logic of this design was that contributions from recognition
rocesses would be negligible for these repeated faces and the brain
otentials elicited by them would represent implicit memory pro-
esses only, i.e., priming (see also Voss & Paller, 2009). Gruber and
üller (2002) presented line drawings either once or repeatedly.
Please cite this article in press as: Ferdinand, N. K., et al. Event-related potent
Neuropsychologia (2010), doi:10.1016/j.neuropsychologia.2010.05.013

hey found more positive-going ERPs for repeated stimuli at poste-
ior electrodes and the reversed effect, more negative-going ERPs
or repeated stimuli, at anterior sites (see also Gruber, Malinowski,

Müller, 2004). In the current study, priming resulted in more
egative-going potentials for old as compared to new sequence
 PRESS
ologia xxx (2010) xxx–xxx

triplets at frontal recordings after the third response was given. We
further explored whether a similar effect was already present for
the nonverbalizers’ second response. As no such effect was found
at the time of the second response, we assume that, either two
sequential responses may have been too weak to trigger implicit
knowledge of a six-element sequence or the effect was too small to
be detected in the current experiment.

Tulving and Schacter proposed that priming and implicit mem-
ory largely reflect changes in a cortically based, presemantic
perceptual representation system, composed of several domain-
specific subsystems (Schacter, 1992; Tulving & Schacter, 1990).
Following that line of thought, the fronto-central topography
obtained in the present study might reflect the fact that priming
could either be based on perceptual (location of target rectangle on
the screen) or motor (button press) representations in the current
task. Also, in our study the ERP correlates of implicit and explicit
memory are at least partly overlapping in time. This might explain
the seeming absence of priming in verbalizers and partial verbal-
izers: the corresponding ERP effects are of opposite polarity and
might have cancelled each other out to some extend. This led to
visible ERP priming effects for nonverbalizers, but might also result
in underestimating the old/new effects for verbalizers and partial
verbalizers in the response-locked analysis.

An alternative explanation of the seeming absence of priming in
the ERP data of verbalizers and partial verbalizers could be derived
from a competition between memory systems. That is, the sys-
tem supporting explicit memory might have inhibited the system
responsible for implicit memory. Consistent with this view, sev-
eral neuropsychological studies have identified different networks
for explicit and implicit knowledge (e.g., Hazeltine, Grafton, & Ivry,
1997; Jiménez, Vaquero, & Lupiáñez, 2006; Rauch et al., 1995). For
instance, Rauch et al. (1995) conducted a sequence learning task
under an implicit and an explicit learning condition and found
that implicit sequence learning activated a right-sided corticos-
triatal system that includes the ventral premotor cortex, ventral
striatum, thalamus, and bilateral visual association cortex. In con-
trast, explicit sequence learning activated language and visual areas
including left Broca’s area, bilateral temporo-parietal cortex, and
bilateral primary visual cortex, as well as the bilateral cerebellar
vermis. Willingham and colleagues obtained evidence for proce-
dural knowledge in explicit learners, but only in an experimental
condition that was designed to prevent the activation of the explicit
system (Willingham, Saldis, & Gabrieli, 2002). Together, this could
mean that the explicit system does not prevent implicit learning,
but might attenuate its effects under specific testing conditions.
In the context of the present study, it was the complete absence
of explicit sequence knowledge in nonverbalizers that allowed
implicit knowledge to take center stage during the recognition test,
while the behavior of verbalizers and partial verbalizers (despite
low levels of reportable sequence knowledge in the latter group)
was largely under the control of the explicit system. As noted
above, the partial verbalizers constitute a heterogeneous group that
includes subjects with some chunks of explicit sequence knowl-
edge as well as some without valid explicit knowledge (cf. Table 1).
Unfortunately, there is no straightforward way to further separate
participants in this group (especially to distinguish the subjects
with little explicit knowledge from those without explicit knowl-
edge but “good guessing” because guessing probabilities for small
parts of the sequence are relatively high). Our criteria for group
assignments in the present study were based on earlier studies
with similar goals (Ferdinand, Mecklinger, & Kray, 2008; Rünger
ial correlates of declarative and non-declarative sequence knowledge.

& Frensch, 2008) and were chosen with the intent to obtain a clear
separation between the groups of verbalizers and nonverbalizers.

Taken together, qualitatively distinct ERP signatures in recog-
nition were found for participants with and without reportable
sequence knowledge. Verbalizers and, to a lesser extent, partial

dx.doi.org/10.1016/j.neuropsychologia.2010.05.013
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erbalizers showed recollection for parts of an incidentally learned
equence. For partial verbalizers, this effect is probably due to rec-
llection of sequence chunks. That might also explain the fact that
artial verbalizers needed more specific retrieval cues (parietal
ld/new effect only after third triplet stimulus) than verbalizers
parietal old/new effect after second and third stimulus) to activate
he recollection process. Familiarity seems to have played no role in
ecognizing sequence parts, presumably because the frequent rep-
tition of new sequence triplets rendered old and new items too
imilar and thus differences in familiarity between both item types
oo small to be diagnostic for recognition judgments. In contrast to
erbalizers and partial verbalizers, nonverbalizers showed a differ-
nt ERP effect with a reverse polarity that we take to reflect priming.
ince two qualitatively different ERP effects were found for verbal-
zers (partial verbalizers) and nonverbalizers, the obtained ERPs in
his study provide strong support in favor of two different processes
ontributing to sequence recognition. This implies that implicit and
xplicit knowledge about an event sequence lead to differences
n the processes engaged during retrieval and contribute differen-
ially to performance in a recognition memory task that requires
articipants to discriminate between learned and novel sequences.

In addition to the old/new effects reported above, we also
btained two other ERP components for verbalizers in the recogni-
ion memory task, namely a CNV following the second stimulus
f the sequence triplet and an N100 after the third stimulus of
he triplet. The CNV is a negative potential with a fronto-central
istribution that is usually found on trials defined by the succes-
ion of two events, the first serving as a cue that a second stimulus
ill follow at a fixed interval (Rohrbaugh & Gaillard, 1983; Tecce &
attanach, 1982). It is related to the salience and the signal value
f the cue and reflects motor preparation and the anticipation of
he second stimulus (e.g., Brunia, 1988; Brunia & Van Boxtel, 2004,
an Boxtel, Van den Boogaart, & Brunia, 1993). Consistent with this,
e found a CNV over motor areas after the second stimulus of the

riplet which, due to the use of a first-order conditional sequence,
s the first stimulus that makes it possible to distinguish old from
ew triplets. Its occurrence shows that after the response to the
econd stimulus of the triplet is recollected as belonging to the
raining sequence, the next stimulus (or at least its visuo-spatial
onfiguration) is expected and the corresponding motor response
s prepared.

Following the third stimulus of the sequence triplet an N100
as elicited for verbalizers. The N100 is a negative-going potential

ssociated with selective attention and is taken to reflect orienting
f attention towards task-relevant stimuli (Hillyard, Hink, Schwent,
Picton, 1973; Luck, Heinze, Mangun, & Hillyard, 1990). For exam-

le, Hillyard et al. (1973) demonstrated that attention to tones
resented to one ear enhances auditory N100 amplitude. Similar
ndings were obtained for the visual domain (Hillyard & Annlo-
ento, 1998). Also, and especially important for the current context,
opfinger, Woldorff, Fletcher, and Mangun (2001) were able to
emonstrate in a combined PET/ERP study, that increasing task dif-
culty is accompanied by an increase in anterior N100 amplitude
nd greater activity in the pulvinar and in parietal regions. They
nterpreted this as reflecting the top-down recruitment or allo-
ation of attentional resources and the increasing need for more
ffective filtering of unwanted information. In a similar way, the
100 obtained in the current study might reflect higher engage-
ent of attentional processes to the relevant rectangle or screen

osition and the filtering out of the irrelevant ones. That is, it depicts
he top-down allocation of attention when an item has been iden-
Please cite this article in press as: Ferdinand, N. K., et al. Event-related potent
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ified as old in order to facilitate task processing (for similar results
ee Mulert et al., 2008).

Although the latter two ERP effects were not predicted by our
ypotheses and rest on statistically marginal effects, we still think
hat they can further our understanding of the current data. As
 PRESS
ologia xxx (2010) xxx–xxx 9

mentioned above, it has been proposed that generating reportable
knowledge requires a constructive mental act that can be trig-
gered by observed behavioral changes which the participant does
not expect (Frensch et al., 2003; Rünger & Frensch, 2008). Tubau,
Hommel, and López-Moliner (2007) recently suggested that the
generation of explicit knowledge is associated with a shift from
perceptual, stimulus-based control to internal, plan-based control.
Consistent with that, the ERP components found for verbalizers in
the current experiment show that after the second response to
the presented sequence triplet is recognized as belonging to the
training sequence (parietal old/new effect), the next stimulus is
expected and the corresponding response is prepared (CNV). When
the third stimulus then appears on the screen more attentional
resources are allocated to process it (N100), before this stimu-
lus, too, is recollected (parietal old/new effect). Because none of
these processes seems to be at work for nonverbalizers, it appears
that only explicit remembering is associated with additional cog-
nitive processes that help to solve the current task and prepare the
appropriate motor responses. As such, the CNV and N100 effects
for the verbalizers can be taken as reflections of alterations in stim-
ulus and response processing that are due to the emergence of
explicit reportable knowledge. By this they nicely underscore the
above mentioned shift from perceptual, stimulus-based to inter-
nal, plan-based control that accompanies the generation of explicit
knowledge.

Interestingly, since our recognition memory task closely resem-
bled the training phase in some crucial aspects, the current results
might also shed light on the generation of reportable knowl-
edge. One might speculate, for example, that these same processes
are already involved in the training phase when the sequence is
acquired and that they emerge after subjects first encounter an
unexpected event. To explore this, further studies are required in
which ERP effects in the training and recognition test phase are
systematically compared.

Our findings show that an ensemble of qualitatively different
processes is at work when declarative and non-declarative knowl-
edge is retrieved. By this, they favor the multiple-systems view
postulating that explicit and implicit learning are supported by
different systems which are functionally independent. Addition-
ally, we were able to show that together with the emergence of
declarative sequence knowledge additional cognitive processes,
concerning stimulus processing and response control, can be
recruited in order to better solve the current task and prepare the
appropriate motor responses.
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