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Information of which observers are not consciously aware can nevertheless influence perceptual pro-
cesses. Whether subliminal information might exert an influence on working memory (WM) represen-
tations is less clear, and relatively few studies have examined the interactions between subliminal and
supraliminal information in WM. We present 3 experiments examining this issue. Experiments 1a and b
replicated the finding that orientation stimuli can influence behavior subliminally in a visuomotor
priming task. Experiments 2 and 3 used the same orientation stimuli, but participants had to remember
a target orientation and report it back by adjusting a probe orientation after a memory delay. Before or
after presentation of the target orientation, a subliminal or supraliminal distracter orientation was
presented that was either irrelevant for task completion and never had to be reported (Experiment 2), or
was relevant for task completion because it had to be reported on some trials (Experiment 3). In both
experiments, presentation of a supraliminal distracter influenced WM recall of the target orientation.
When the distracter was presented subliminally, however, there was no bias in orientation recall. These
results suggest that information stored in WM is protected from influences of subliminal stimuli, while
online information processing is modulated by subliminal information.
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Subliminal stimuli have been shown to influence processing of
subsequent stimuli at a number of levels—from low-level visual
priming up to and including semantic priming (Dehaene et al.,
1998; Eimer & Schlaghecken, 1998, 2002; Greenwald, Draine, &

Abrams, 1996; Neumann & Klotz, 1994). Acceptance of sublim-
inal effects is not universal (cf., Pratte & Rouder, 2009; Reingold,
2004), but there are numerous demonstrations of subliminal influ-
ences on response times in priming tasks (Kiefer et al., 2011;
Kouider & Dehaene, 2007). For example, Eimer and Schlaghecken
(2002) examined the influence of masked prime stimuli—which
could not be identified above chance—on responses to a target
stimulus and showed that both subliminal and supraliminal prime
stimuli influenced participants’ reaction times (RTs) to target
stimuli, though interestingly, in different ways. These results were
replicated and their interpretation supported by additional control
studies (see Eimer & Schlaghecken, 2003 for a review).

Past studies have focused on the effects of subliminal stimuli on
responses to stimuli immediately present in the observer’s envi-
ronment. However, it remains unknown whether subliminal infor-
mation can influence what becomes consciously available in
working memory (WM). WM representations are short-lived rep-
resentations that are strictly limited in their capacity (Curtis &
D’Esposito, 2003; Zhang & Luck, 2008). Theorists have concep-
tualized WM in different ways. For example, one common con-
ception is that WM depends on attentional selection of stimuli into
a limited capacity store (Baddeley, 1986; Bundesen, 1990), which
is distinct from perceptual and semantic representations of the
stimuli. Alternatively, it has been argued that WM reflects the
temporary activation of perceptual and semantic representations of
stimuli (Cowan, 1995).

These different theories posit different putative effects of sub-
liminal processing on WM. For example, if WM involves the
activation of perceptual and semantic representations of stimuli,
then there is little reason to think that WM should be immune from
the influence of subliminal information. The same perceptual and
semantic representations would be recruited in WM identification
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tasks that use similar stimuli to tasks in which visuomotor priming
has been established. On the contrary, if WM is abstracted from
the perceptual and semantic representations used online for object
identification, then it may be that stimuli must be supraliminal,
entering the limited-capacity WM store, to influence processing.

Silvanto and Soto (2012) examined the influence of a subliminal
visual distracter on performance in a WM task. Participants had to
retain a target orientation in memory to compare against a probe
orientation after a delay period. During the delay period a masked
distracter orientation was presented on some trials. Accuracy in the
task was significantly reduced when an incongruent distracter was
presented during the WM delay period, relative to both congruent
and no-distracter conditions, suggesting that distracting subliminal
stimuli influence the maintenance and/or retrieval of WM repre-
sentations.

One important aspect of the Silvanto and Soto study is that they
used subjective rather than objective measures of subliminal pro-
cessing, which may have underestimated the degree of conscious
access to the masked stimulus (see Hannula, Simons & Cohen,
2005 for a review). In a control experiment, forced-choice identi-
fication was very high (d= � .80), suggesting that the stimuli may
have been available to objective report, although they were not
available to subjective conscious report. This difficulty can be
overcome if objective measures of awareness are taken as well as
subjective measures. Whereas subjective measures are good for
evaluating an observer’s internal subjective experience of the
environment, they might be based not only on sensitivity to stim-
ulus presence but also on the observer’s decision criterion. Ob-
servers may indicate no awareness when their perceptual experi-
ence of a stimulus simply failed to surpass their criterion for
confidently reporting it.

Here we present three experiments testing effects of subliminal
and supraliminal stimuli on perceptual and WM reports. In all
cases objective and subjective measures of stimulus awareness
were used. The first experiment was an adaptation of studies by
Eimer & Schlaghecken (1998, 2002) using stimulus parameters
matched to the subsequent WM experiments. In Eimer and
Schlaghecken (1998), prime and target stimuli were assigned ei-
ther the same, or opposite, responses (on congruent and incongru-
ent trials). The prime stimulus, when masked, influenced responses
to the target: RTs were slower and more errors made following
congruent compared to both neutral and incongruent primes. In
addition, neural markers of motor preparation (the lateralized
readiness potential measured using event-related potentials) were
also affected by prime-target congruency. Specifically, prime stim-
uli first elicited their corresponding response but this initial acti-
vation then reversed, meaning an incongruent response was acti-
vated for congruent trials while the congruent response was
activated for incongruent trials. The authors argued that the effects
reflect inhibition of the response initially activated by the prime,
when the prime is masked (Eimer & Schlaghecken, 1998, 2002).
We aimed to replicate the behavioral results using the stimuli
employed in the other experiments here, which targeted WM rather
than perceptual report. Two versions of the experiment were
conducted, using blocked (Experiment 1a) and trial-by-trial (Ex-
periment 1b) measures of subjective and objective awareness.

Experiment 2 was a WM task in which we asked participants to
remember the orientation of one of two sequentially presented
gratings for later recall. One orientation was a target and the other

a distracter. We varied the visibility of the stimuli, rendering one
subliminal in some conditions (based on objective measures) and
supraliminal in others. We examined whether subliminal informa-
tion could influence WM representations. Experiment 3 was a
replication and extension of Experiment 2. We assessed whether
any influence of subliminal information might depend on its task
relevance by occasionally probing the subliminal stimuli so that
they became task-relevant.

General Method

Participants

All experimental protocols were reviewed and approved by the
Central University Research Ethics Committee of the University of
Oxford. A total of 85 volunteers participated in the experiments:
31 males and 54 females, ranging from 18 to 34 years of age. All
participants had normal or corrected-to-normal vision and were
naïve to the purpose of the experiment. No participants partici-
pated in more than one experiment. Participants gave informed
consent before taking part, and received course credits or financial
compensation (£8 per hour) for taking part.

Experimental Procedures

Experiments were prepared and presented using the Psycho-
physics Toolbox in Matlab (Brainard, 1997; Kleiner, Brainard, &
Pelli, 2007; Pelli, 1997;). The stimuli were presented on a 23-in.
LED display with a spatial resolution of 1,920 � 1,080 and a
vertical refresh rate of 120 Hz. Stimuli were presented in dark gray
(14.5 cd/m2) at the center of the screen against a light gray
background (25.7 cd/m2). Orientation stimuli used throughout the
study consisted of the contours of an oriented bar (2.5° visual angle in
length and 0.5° visual angle in width) superimposed on a circle (1°
visual angle in diameter) forming the outline of a “UFO” shape
(Figure 1A). The probe orientation stimulus was identical to the
distracter and target orientation stimulus except for its color (light
green, 21.3 cd/m2). This change in color made the probe item
easily distinguishable from the to-be-remembered orientation stim-
uli in the sequence. Pattern masks were created on each trial by
overlaying the contours of 20 black (1.7 cd/m2) randomly oriented
bars, each with a randomly determined offset of maximally 1°
visual angle from the center of the screen (max. length and width:
3.5° visual angle). Thus, the exact appearance of the mask varied
from trial to trial. The bars used in creating the mask were identical
to those used to create the “UFO” stimuli.

Experiment 1a: Influence of Subliminal Stimuli in a
Visual Priming Task

In Experiment 1 we aimed to demonstrate that distracting ori-
entation stimuli, which remain subliminal by objective criteria,
influence orientation judgments about an orientation probe stimu-
lus. To this end we set out to replicate priming effects previously
reported by Eimer and Schlaghecken (1998, 2002), but here using
orientation, rather than arrow, stimuli. Eimer and Schlaghecken
(1998, 2002) reported opposite effects on RTs following sublim-
inal and supraliminal primes. Specifically, congruent supraliminal
primes speeded RTs to the probe. When primes were rendered
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subliminal this effect reversed, and RTs were faster following
incongruent compared to congruent primes. We predicted the same
pattern of effects for our experiment.

Method

Participants. Twenty volunteers took part (7 male, 18–30
years, one left-handed).

Stimuli. Following the design of Eimer & Schlaghecken
(1998, 2002), two orientations were used throughout the task: left
(120°) and right (60°). Two different types of masks were em-
ployed: a dense and a sparse mask. The dense mask was created as
described in the General Method section. The sparse mask con-
sisted of only five randomly overlapping horizontal, vertical, and
oblique lines (length � 2.5° visual angle, width � 0.12° visual
angle) each with a randomly determined offset of maximally 0.36°
visual angle from the center (see Figure 1A for an example of
stimuli and masks used). The dense mask was intended to render
stimuli subliminal, while the sparse mask was intended to preserve
stimulus visibility (Eimer & Schlaghecken, 1998, 2002).

Task and procedure. The experiment comprised two tasks: A
visual priming task and a prime-identification task. The purpose of
the priming task was to examine whether the prime orientation
stimuli could influence RTs to the subsequent probe orientation
stimuli; in other words, whether these kinds of subliminal stimuli

are sufficient to influence behavior. The purpose of the identifi-
cation task was to ensure that prime stimuli were rendered sub-
liminal by the dense mask but remained supraliminal with the
sparse mask. Figure 1A provides a graphical summary of the
priming task. Each trial began with the presentation of a central
fixation cross (500-ms duration). A prime stimulus (16-ms dura-
tion) was immediately followed by a mask (70-ms duration), then
followed by a 50-ms blank screen, and finally by the target
stimulus (100-ms duration). Participants responded according to
the orientation of the target (left or right). Visual feedback (“cor-
rect,” “incorrect,” “too slow”) was shown for 500 ms after a
response was made or after 450 ms (whichever occurred first). The
intertrial interval was 1,300 ms. Prime and target orientations were
either the same, or opposite (i.e., congruent or incongruent). In
other words, if the prime stimulus was 60° the target stimulus
could be 60° or 120°. Both congruency conditions were equiprob-
able and randomized within each block. Mask type was varied
between blocks, and block order was counterbalanced across par-
ticipants. Participants were instructed to respond as quickly as
possible without sacrificing accuracy, using their left and right
index fingers for “left” and “right” orientations, respectively.

The priming task consisted of a factorial design with two within-
subject factors: probe (same, different) and visibility (supraliminal,
subliminal). Participants completed eight blocks of 40 trials each

Figure 1. Design for Experiments 1a and 1b, and results for Experiment 1a (1b in supplemental) of the visual
priming task. (A) A central fixation cross was presented for 500 ms followed by a 16-ms prime stimulus, and
then a 70-ms dense or sparse backward mask. After a 50-ms mask-target interval, a target stimulus (congruent
or incongruent with the prime stimulus) appeared for 100 ms. Participants had 450 ms to indicate the orientation
(left or right) of the target stimulus and were given 500 ms feedback on their performance. After a 1,300-ms
intertrial interval the next trial began. (B) Median RTs to probes following congruent and incongruent prime
stimuli followed by a dense or sparse mask (subliminal and supraliminal, respectively) in Experiment 1a. Error
bars reflect � 1 standard error. (C) Mean accuracy to probes following congruent and incongruent prime stimuli
followed by a dense or sparse mask (subliminal and supraliminal, respectively) in Experiment 1a. Error bars
reflect �1 standard error.
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(320 trials in total, 80 trials per condition). Four blocks were run
using the dense mask (160 trials), the other four with the sparse
mask (160 trials). Blocks alternated between dense-mask blocks
and sparse-mask blocks, and the starting block-type was counter-
balanced across participants. Breaks were given after every block.
Participants completed a practice block of 40 trials before they
started the priming task.

A visual identification task was used to obtain objective and
subjective measures of awareness for stimuli followed by dense
and sparse masks (see Figure 2A). The same stimuli and masks as
in the priming task were used. Participants were presented with a
stimulus in half the trials to assess observers’ ability to discrimi-
nate between stimulus presence and absence as well as their
subjective awareness of the stimulus. When present, the stimulus
appeared for 16 ms and was followed by a 70-ms presentation of
either the dense or sparse mask. Mask density was varied between
blocks, and block order was counterbalanced across participants.
Following a delay of 500 ms, a probe stimulus was shown (con-
gruent or incongruent with equal probability). In the other half of
the trials, when no stimulus appeared, the procedure was the same

except that a blank display instead of a stimulus was shown before
the mask. Participants first completed a forced-choice discrimina-
tion task indicating whether the probe was of the same or different
orientation as the stimulus. Next, participants rated their subjective
awareness using the Perceptual Awareness Scale (PAS, Ramsøy &
Overgaard, 2004). This scale consists of four response options
defined as follows: 1 (stimulus not seen); 2 (weak glimpse: some-
thing was there but I do not know its orientation); 3 (almost clear
image: I think I know the orientation); and 4 (clear image).
Participants were instructed on how to use this scale before the
first session of the identification task. It was emphasized that
ratings are to be made introspectively, relying on visual experience
(Ramsøy & Overgaard, 2004). A shortened version of the four
ratings was spelled out on the screen at the end of each trial before
ratings were made [1 (stimulus not seen), 2 (weak glimpse), 3
(almost clear image), 4 (clear image)]. Participants responded by
pressing the corresponding number on the keyboard.

The identification task consisted of the same 2 � 2 (probe:
same, different; visibility: supraliminal, subliminal) design as the
priming task with the additional factor of prime presence (present,

Figure 2. Design of the visual identification task used in Experiments 1a and 1b, and results of the visual
identification task in Experiment 1a. (A) A central fixation cross was presented for 500 ms followed by a 16-ms
prime stimulus (present on 50% of trials, blank shown on other 50% of trials), and then a 70-ms dense or sparse
backward mask. After a 50-ms mask-probe interval, a probe stimulus (congruent or incongruent with the prime
stimulus) appeared for 100 ms. Participants first completed a forced-choice discrimination task indicating
whether the probe was of the same or different orientation as the stimulus. Next, participants rated their
subjective awareness using the PAS (Ramsøy & Overgaard, 2004). After a 1,300 ms intertrial interval the next
trial began. (B) Accuracy and d= in the forced-choice identification task for the dense and sparse mask condition
separately. (C) Mean awareness ratings for the sparse-mask, dense-mask, and stimulus-absent conditions
separately. (D) Proportion of different awareness ratings in the identification task for the three conditions. Error
bars reflect �1 standard error.
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absent). Thus, when no prime was present, probe orientation
cannot be described as “same” or “different” relative to the probe,
but instead was randomly determined to be either 120° or 60°.
Participants completed four blocks of 50 trials each (200 trials in
total). Thus, there were a total of 25 trials per target-present
condition. Two blocks were run with the dense mask (100 trials).
The other two were run with the sparse mask. Blocks alternated
between dense-mask and sparse-mask blocks, and the starting
block-type was counterbalanced across participants.

Participants completed one experimental session lasting approx-
imately 45 min. All participants first completed the priming task
and then completed the identification task.

Analysis. For the priming task, we analyzed median RTs and
accuracy. For RTs, we calculated the median rather than the mean
since it is more robust to outliers. Only correct responses were
included in the RT analysis.

Performance in the identification task was measured in levels of
accuracy, d= in stimulus-present trials, and subjective ratings of
awareness for both stimulus-present and stimulus-absent trials. D’
was calculated from the hit rate and false-alarm rate using the
following equation (Macmillan & Creelman, 1991):

d� � z(Hit) � z(FA). (1)

Hit rate was defined as the probability that the participant
responded “different” when the probe orientation was different,
and the false-alarm rate was defined as the probability that the
participant responded “different” when the probe orientation was
the same.

In the case of hit rates of 1 and/or false alarm rates of 0, values
were adjusted using the following equation (Macmillan & Creel-
man, 1991, p. 8):

Adjusted Hit � 1 �
1

2*Nr of Trials
. (2)

Adjusted FA �
1

2*Nr of Trials
. (3)

Results

Visual priming task. Figure 1B and 1C show RTs and accu-
racy for each condition. We replicated the expected pattern of
speeded RTs following congruent supraliminal primes and slowed
RTs following congruent subliminal primes (Eimer &
Schlaghecken, 1998, 2002). This was reflected in a highly signif-
icant mask-by-congruency interaction (F(1, 19) � 45.32, p � .001,
�2 � .71, JZS Bayes factor: � 500). To examine this interaction
further, Bonferroni-corrected paired t tests were conducted com-
paring congruent and incongruent trials for each mask condition
separately. The difference between responses in congruent and
incongruent trials was significant for both the sparse and dense
masks. In the sparse-mask condition, responses were significantly
faster following congruent primes compared to incongruent primes
(MCongruent � 261 ms � 6, MIncongruent � 288 ms � 8; t(19) �
4.76, p � .001, d � 1.06, JZS Bayes factor: 211). In the dense-
mask condition, this effect reversed, and responses were signifi-
cantly faster following incongruent primes compared to congruent
primes (MCongruent � 289 ms � 6, MIncongruent � 280 ms � 7;
t(19) � �2.43, p � .025, d � 0.54, JZS Bayes factor: 2.40). The

main effects of probe congruency and mask were also significant
(F(1, 19) � 4.48, p � .05, �2 � .19, JZS Bayes factor: 1.01, and
F(1, 19) � 5.04, p � .05, �2 � .21, JZS Bayes factor: 1.62,
respectively). The same pattern of results was observed with mean,
rather than median, RTs (mask-by-congruency interaction: F(1,
19) � 51.23, p � .001, �2 � .73, JZS Bayes factor: � 500; main
effect of congruency: F(1, 19) � 5.12, p � .05, �2 � .21, JZS
Bayes factor: 0.96; main effect of visibility: F(1, 19) � 4.96, p �
.05, �2 � .207, JZS Bayes factor: 2.78; t tests dense-mask condi-
tion: MCongruent � 290 ms � 6, MIncongruent � 282 ms � 7;
t(19) � �2.36, p � .029, d � 0.53, JZS Bayes factor: 2.13;
sparse-mask condition: MCongruent � 264 ms � 6, MIncongruent �
288 ms � 8; t(19) � 4.98, p � .0001, d � 1.11, JZS Bayes factor:
328).

For accuracy, there was a significant mask-by-congruency in-
teraction (F(1, 19) � 10.26, p � .01, �2 � .35, JZS Bayes factor:
30.16). Bonferroni-corrected paired-samples t tests, comparing
congruent and incongruent trials for each mask condition sepa-
rately, revealed that accuracy was significantly better following
congruent primes compared to incongruent primes in the sparse
mask condition (MCongruent � 98% � .6, MIncongruent � 94% � .8,
t(19) � �4.08, p � .01, d � 0.91, JZS Bayes factor: 54). In the
dense-mask condition, there was no difference in accuracy be-
tween congruent and incongruent prime trials (MCongruent � 96% � .7,
MIncongruent � 96% � .7, t(19) � �.193, ns, JZS Bayes factor in
favor of the null: 4.23). The main effect of congruency was also
significant (F(1, 19) � 9.29, p � .01, �2 � .33, JZS Bayes factor:
10.84).

Prime-identification task with blocked design. Data from
one participant in the prime-identification task were not available
because the data files were mistakenly overwritten.

Accuracy and d=. Figure 2B shows accuracy and d= in the
forced-choice discrimination task for the stimulus present/supra-
liminal and present/subliminal condition separately. A paired-
samples t test compared accuracy in stimulus-present conditions
using dense versus sparse masks. There was a significant differ-
ence between the conditions reflecting that participants performed
significantly better in the sparse mask condition than in the dense-
mask condition, t(18) � - 4.78, p � .001, JZS Bayes factor: 196,
d � 1.50, Msparse � 66% � 3, Mdense � 48% � 2. Furthermore,
performance in the dense-mask condition was not significantly
better than chance (t(18) � �.722, ns, JZS Bayes factor in favor
of the null: 3.34).

Similarly, d= in the sparse-mask and dense-mask conditions
differed significantly, t(18) � 4.64, p � .001, d � 1.48, JZS Bayes
factor: 149. Participants performed significantly better in the
sparse-mask than in the dense-mask condition (Msparse � 0.92 �
0.2, Mdense � - .06 � .09). Importantly, d= in the dense-mask
condition was not significantly different from 0 (t(18) � .476, ns,
JZS Bayes factor in favor of the null: 3.80). These results show
that participants were not better than chance at detecting and
discriminating orientation in the dense-mask condition. However,
stimuli followed by the sparse mask were reliably detected and
their orientation discriminated.

Subjective ratings. Figure 2C and 2D show the mean aware-
ness ratings and proportion of different ratings for each condition
separately. A Wilcoxon signed-ranks test comparing average
awareness ratings in the sparse-mask, dense-mask, and absent
conditions indicated that there was no difference in ratings be-
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tween the absent (M � 1.32 � 0.10) and dense-mask condition
(M � 1.30 � 0.09, Z � �0.26, ns; see Figure 2). However, there
was a significant difference between the average awareness ratings
in the sparse-mask (M � 2.16 � 0.15) and absent condition
(Z � �3.82, p � .001), and the sparse-mask and dense-mask
conditions (Z � �3.82, p � .001, respectively).

To examine what was driving these differences, we calculated
the proportions of each rating for each participant separately, and
then ran eight separate Wilcoxon signed-ranks test comparing the
proportions of ratings between the absent- and sparse-mask con-
dition, and the dense-mask and sparse-mask condition for each
rating option separately. “Not Seen” ratings occurred significantly
more often in the dense-mask and absent condition compared to
the sparse-mask condition (Z � �3.77, p � .001 and Z � �3.82,
p � .001, respectively). Conversely, “Weak Glimpse,” “Almost
Clear” and “Absolutely Clear” ratings were made significantly
more often in the sparse-mask condition compared to the absent
and dense-mask condition (all p’s � 0.01).

Together, these results suggest that participants were unable to
discriminate stimulus orientations on dense-mask trials, and unable
to differentiate reliably between dense-mask and stimulus-absent
trials. Stimulus orientation on sparse-mask trials, however, was
reliably discriminated.

Discussion

The results replicated previous findings (Eimer & Schlaghecken,
1998, 2002), showing that both subliminal and supraliminal orien-
tation stimuli can influence discrimination responses to a probe
stimulus. Participants were faster and more accurate to respond to
an orientation stimulus when a supraliminal prime of the same
orientation preceded the target stimulus. When the prime stimulus
was presented subliminally, this effect reversed and participants
were faster to respond to an orientation stimulus when the prime
orientation was different to the target orientation. In contrast to
supraliminal primes, there was no effect of subliminal primes on
accuracy. These results show that both orientation stimuli (as used
in this experiment), and arrow stimuli (as used in Eimer &
Schlaghecken, 1998, 2002), can influence behavior when pre-
sented subliminally.

Experiment 1b: Replication of Visual Priming With
Alternative Assessment of Prime Awareness

In Experiment 1a we used a blocked design to test for objective
awareness of stimuli in the prime-identification task. However, it
has been shown that blocked designs can underestimate prime
awareness (Pratte & Rouder, 2009), since participants may become
disengaged and unmotivated in difficult, subliminal blocks. When
subliminal and supraliminal trials are mixed together, relatively
easy and relatively difficult trials vary randomly keeping partici-
pants engaged with the task. Correspondingly, estimates for
chance identification of subliminal primes are different in mixed
compared to blocked identification tasks. To ensure that the effects
of subliminal primes in Experiment 1a were not due to residual
awareness of the stimuli, we tested another 20 participants on the
same visuomotor priming task followed by a prime-identification
task in which sparse and dense mask conditions were randomly
intermixed on a trial-by-trial basis.

Method

Participants. Twenty volunteers took part (9 male, 18–34
years old, one left-handed).

Stimuli, task, procedure, and analysis. The design, param-
eters, and analysis of the visual priming task were identical to
Experiment 1a. Experiment 1b was, therefore, a straight replication
of the previous experiment on an independent set of participants.
The prime-identification task was also equivalent, with the excep-
tion that the dense-mask and sparse-mask trials were intermixed
randomly, on a trial-by-trial basis, within a single testing block.

Results

Visual priming task. We replicated the pattern of results
observed in Experiment 1a. A significant mask-by-congruency
interaction in median RTs (F(1, 19) � 42.06, p � .001, �2 � .69,
JZS Bayes factor: �500) showed significant and opposite effects
of prime congruency in the sparse-mask (MCongruent � 246 ms �
7, MIncongruent � 266 ms � 7; t(19) � 4.64, p � .001, d � 1.04,
JZS Bayes factor: 166) and dense-mask conditions (MCongruent �
276 ms � 7, MIncongruent � 270 ms � 8; t(19) � �2.02, p � .058,
d � 0.45, JZS Bayes factor: 1.25). As before, main effects of
congruency and visibility were also significant (F(1, 19) � 4.44,
p � .048, �2 � .181, JZS Bayes factor: 0.65 and F(1, 19) � 14.94,
p � .001, �2 � .44, JZS Bayes factor: � 500, respectively). The
same pattern of results was observed with mean RTs (mask-by-
congruency interaction: F(1, 19) � 43.53, p � .001, �2 � .56, JZS
Bayes factor: �500; main effect of congruency: F(1, 19) � 4.41,
p � .049, �2 � .188, JZS Bayes factor: 0.65; main effect of
visibility: F(1, 19) � 13.57, p � .01, �2 � .42; JZS Bayes
factor: �500, sparse-mask condition: MCongruent � 251 ms � 7,
MIncongruent � 268 ms � 6; t(19) � 4.39, p � .001, d � 0.98, JZS
Bayes factor: 92; dense-mask condition: MCongruent � 277 ms � 7,
MIncongruent � 272 ms � 6; t(19) � �2.63, p � .016, d � 0.58,
JZS Bayes factor: 3.36).

Similarly, we replicated our findings in accuracy. A significant
mask-by-congruency interaction (F(1, 19) � 34.49, p � .001,
�2 � .65, JZS Bayes factor: 116) revealed significantly better
accuracy following congruent primes compared to incongruent
primes in the sparse-mask condition (MCongruent � 97% � .7,
MIncongruent � 92% � 1.4; t(19) � �4.57, p � .01, d � 1.02, JZS
Bayes factor: 144) and no difference in the dense-mask condition
(MCongruent � 95% � 1.6, MIncongruent � 95% � 1.1; t(19) � 0.25,
ns, JZS Bayes factor in favor of the null: 4.18). The main effect of
congruency was also significant (F(1, 19) � 7.70, p � .012, �2 �
.29, JZS Bayes factor: 10.69).

Analysis of performance in the prime-identification task re-
vealed that five participants performed better than chance at iden-
tifying the subliminal prime (see below). Importantly, when we
excluded those participants from analysis, we observed the same
pattern of results. A significant mask-by-congruency interaction in
median RT data (F(1, 14) � 35.47, p � .001, �2 � .72, JZS Bayes
factor: �500) showed opposite effects of congruency in the
sparse-mask (MCongruent � 244 ms � 8, MIncongruent � 259 ms �
8; t(14) � 3.17, p � .007, d � 0.81, JZS Bayes factor: 7.65) and
the dense-mask (MCongruent � 273 ms � 8, MIncongruent � 267 ms �
9; t(14) � �2.10, p � .054, d � 0.54, JZS Bayes factor: 1.44)
conditions. A significant mask-by-congruency interaction in the
accuracy data (F(1, 14) � 19.78, p � .001, �2 � .59, JZS Bayes
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factor: 5.54) was driven by a significant effect of congruency in the
sparse-mask condition (MCongruent � 97% � .9, MIncongruent �
92% � 1.7; t(14) � �3.32, p � .01, d � 0.86, JZS Bayes factor:
9.80) but not in the dense-mask condition (MCongruent � 94% �
1.3, MIncongruent � 94% � 2.1; t(14) � �0.19, ns, JZS Bayes
factor in favor of the null: 3.75).

Prime-identification task. Performance in the prime-
identification task showed that, at the group level, participants
were not better than chance at detecting and discriminating orien-
tation in the dense-mask condition (t(19) � �.39, ns). In the
sparse-mask condition, they reliably detected the stimuli and dis-
criminated their orientation. However, binomial tests applied to
responses at the individual subject level (alpha level at .05) indi-
cated that five participants performed significantly better than
chance. These five participants showed residual ability to differ-
entiate between stimulus-present and stimulus-absent trials to
some extent (see supplementary materials for more details).

Discussion

In Experiment 1b we used a mixed design to assess prime
identification. This revealed some awareness for the prime stimuli
in a small number of participants in our sample. This highlights the
importance of considering motivational factors when assessing
observers’ awareness in a subliminal prime-identification task
(Pratte & Rouder, 2009). Precautions must be taken to ensure that
observers stay engaged with the task, for example, by mixing
subliminal with supraliminal trials. Most importantly, however, we
replicated our main findings of subliminal priming in the visuo-
motor priming task. The replication of the visuomotor priming
effects (Eimer & Schlaghecken, 1998, 2002) in two independent
sets of participants provides reassurance about their reliability,
even though the magnitude of the effects and the Bayes factors in
each case are modest. Under the Bayesian framework, it is possible
to combine data sets and as one adds more data one is simply
adding more evidence to prior (however vague) knowledge
(Dienes, 2011). Capitalizing on the identical design and proce-
dures of our two priming tasks, we pooled the data across the two
experiments (without excluding any participants) and computed
the JZS Bayes factor on the comparison of median (mean) RTs and
accuracy between congruent and incongruent primes in the dense-
mask condition. For the combined median RTs (N � 40; incon-
gruent � 275 ms; congruent � 283 ms; t � �3.18), the JZS Bayes
factor � 11.97; and for combined mean RTs (N � 40; incongru-
ent � 277 ms; congruent � 284 ms; t � �3.42), the JZS Bayes
factor � 21.54. That is, the data strongly favor the alternative over
the null hypothesis, suggesting that subliminal prime stimuli in-
fluence behavior response times in our task. When the five par-
ticipants from Experiment 1b who showed residual awareness
were excluded, we observed similar values (median RTs � 11.3;
mean RTs � 23.65).

Experiment 2: Influence of Task-Irrelevant Subliminal
Versus Supraliminal Stimuli on WM

Having replicated the finding that subliminal stimuli can influ-
ence visuomotor processes in a priming task, we aimed to examine
whether subliminal stimuli can influence stimuli that become
consciously available in WM representations. Participants were

presented with a sequence of two orientation stimuli—one of
which was followed by a mask. Participants recalled the orienta-
tion of the unmasked target stimulus. The masked stimulus acted
as a distracter. On half of the trials, the distracter stimulus sub-
liminal and on the other half it was supraliminal. We examined
whether recalling an orientation from WM can be influenced by a
distracter orientation, and to test how this varies with changes in
the observer’s awareness of the distracter orientation. In line with
the visuomotor priming design by Eimer and Schlaghecken (1998,
2002), we were mainly interested in examining the influence of a
distracter before encoding, rather than during the delay period.

Method

Participants. Twenty-four new volunteers took part in the
experiment (5 male, 18–30 years old, all right-handed). Two
additional participants started but did not complete all sessions of
the experiment. Their data were not included in the analysis.

Stimuli. The orientations of target, distracter, and probe stim-
uli were randomly determined on each trial and ranged from 0° to
180°. Distracter duration and presentation was varied to yield three
conditions occurring in equal proportions: distracter absent, supra-
liminal distracter present (presented for 200 ms), and subliminal
distracter present (duration individually determined, M � 36 ms �
7; see below for further details). When the distracter was absent, a
blank image was shown for either the duration used in the supra-
liminal or the subliminal condition (randomly determined on each
trial). The duration of the mask was 70 ms.

Task. The experiment comprised two tasks: A WM task (see
Figure 3A) and a visual identification task (see supplementary
Figure 1A). The purpose of the WM task was to examine whether
the orientation of the masked distracter stimulus could influence
encoding of the target orientation. The purpose of the identification
task was to ensure the mask rendered the distracting stimulus
indiscriminable in the subliminal condition.

In the WM task, participants were instructed to report the
orientation of the unmasked stimulus. Each WM trial began with
the presentation of a central fixation cross for 500 ms followed by
either the target (unmasked) or distracter (masked) orientation
stimulus. Since we were primarily interested on testing the effect
of subliminal and supraliminal stimuli on WM encoding, the
proportion of trials in which the distracter stimulus appeared first
was larger (80% of the trials). To ensure that participants attended
to all stimuli in the sequence, the distracter was presented after the
target on the remaining 20% of the trials. There was a 500-ms
delay between offset of the first orientation stimulus (or the sub-
sequent mask if the first orientation stimulus was the distracter)
and onset of the second orientation stimulus. After another 500-ms
delay after the second orientation stimulus or mask, participants
reported the target orientation by rotating a probe stimulus to the
remembered target orientation by moving the computer mouse.

The prime-identification task was adapted from the task used in
Experiment 1a (see supplementary materials section for details).

Design and procedure. Participants completed two sessions
on two separate days; the first session lasted approximately 2 hr
and the second session lasted approximately 90 min. Before the
beginning of the first session, participants completed a staircase
procedure to set the duration of stimulus presentation for the
subliminal condition. After the staircase procedure, participants
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completed a practice session of 50 trials in which they received
feedback after every trial. The participants then started the WM
task. In each session, participants completed both the WM and the
identification task, always starting with the WM task. The WM
task consisted of a factorial design with the variables “distracter”
(absent, supraliminal, subliminal) and “stimulus order” (target
first, distracter first). The different trial types were randomly
intermixed within a block. Only trials in which the distracter
appeared first were used in the analysis.

Overall, participants completed a total of 1,200 trials (24 blocks
of 50 trials) of the WM task, resulting in a total of 320 trials in each
condition in which the distracter appeared before the target, and 80
trials in each condition in which the distracter appeared after the
target. The first 600 trials were completed in the first session, the
second 600 trials in the second session. Participants completed a
total of 400 trials (four blocks of 100 trials) of the identification
task, resulting in a total of 25 trials per condition. The prime-
identification task was completed after every sixth block of the
WM task (every 300 trials).

Staircase procedure. The distracter duration in the subliminal
condition was determined before the start of the experiment using
a staircase procedure. The staircase task used the same stimulus
sequence as the identification task, but without subjective ratings

(see supplementary materials). Participants completed 60 trials of
the staircase task. Stimuli and masks were identical to those in the
WM task. Each trial started with the presentation of an orientation
stimulus, followed by a 70-ms mask, and then by a delay of 500
ms, and finally the presentation of a probe stimulus. Participants
indicated whether the probe stimulus was identical or rotated by
90° relative to the first orientation. Probe stimuli were of the same
orientation in half the trials. We used a one-up/one-down staircase
to derive the presentation duration of the first orientation that lead
to 50% accuracy. The staircase started with a presentation duration
of 50 ms, and dynamically adapted the duration in log steps based
on participants’ accuracy every 20 trials. Participants received
feedback at the end of each trial in the form of a written word
(“correct, “incorrect”) presented centrally on the screen. The stair-
case procedure was repeated if necessary until participants reliably
performed at chance level.

Analysis.
Identification task. Performance in the identification task was

measured as described in Experiment 1.
Working-memory task. Only trials in which the distracter

appeared first were included in the analysis. For each trial, the
reported orientation was collected and measured against the ori-
entation of the target stimulus to derive recall error and recall

Figure 3. Design and results of the WM task used in Experiment 2. (A) A central fixation cross was presented
for 500 ms followed by either the target or distracter orientation stimulus (distracter first on 80% of trials).
Participants were instructed to report the orientation of the unmasked stimulus. Thus, the target was always
unmasked and the distracter was always immediately followed by a mask. There was a 500-ms delay between
offset of the first orientation stimulus (or the subsequent mask if the first orientation stimulus was the distracter)
and onset of the second orientation stimulus. After another 500-ms delay, participants reported the target
orientation by rotating a probe stimulus to the remembered target orientation by moving the computer mouse.
(B) Mean recall precision (1 SD) for the distracter conditions as a function of target-distracter similarity (left)
and mean overall recall precision for the two conditions (N � 23) in Experiment 2. For plotting purposes, the
data for this and all similar figures depicting response error and recall precision were smoothed by using eight
overlapping bins in the analysis where adjacent bins overlap by 50% and each bin contains 25% of the overall
data. Shaded areas and error bars reflect �1 standard error. (C) Mean recall error for the supraliminal and
subliminal conditions as a function of target-distracter similarity (left) and mean overall recall error for absent,
supraliminal, and subliminal conditions (N � 23) in Experiment 2.
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precision. Recall error was defined as the angular deviation be-
tween the target orientation and the reported orientation. Recall
precision measured the trial-to-trial variability in the response
error, and was calculated as the reciprocal of the standard deviation
(SD) of errors across trials. Since orientation space is circular, we
used Fisher’s definition of SD for circular data (Fisher, 1993), and
subtracted the value expected by chance so that a precision value
of zero corresponds to chance performance. In a one-item WM
task, recall precision is estimated around 3.5 rad�1, and this value
decreases as the number of items is increased (Bays, Catalao, &
Husain, 2009). First, we compared overall precision in the three
conditions. Then, to examine whether, and how, presentation of a
distracter orientation had an effect on information stored in WM
we estimated recall precision and recall error as a function of
target-distracter similarity—that is, the angular difference between
the target and distracter orientations. Data from each participant
were sorted into eight equally sized nonoverlapping bins (n 	 40
trials per bin per subject), ranging from �90° to 
 90° angular
deviation. Recall precision and error were then calculated sepa-
rately for each subject and condition for each of the eight bins.

Hypotheses regarding the effects of experimental parameters on
recall precision and recall error were tested using analysis of
variance (ANOVA) and t tests.

Results

Working-memory task.
Recall precision. Overall precision was significantly different

between the subliminal-distracter, supraliminal-distracter, and
distracter-absent conditions (F(2, 46) � 28.70, p � .001, �2 �
1.11, JZS Bayes factor: �500, see Figure 3), reflecting that pre-
cision in the supraliminal-distracter condition was significantly
worse than in both the subliminal-distracter and the distracter-
absent conditions (MSupraliminal � 2.34 rad�1 � 0.221, MSubliminal �
3.36 rad�1 � 0.228, and MAbsent � 3.29 rad�1 � 0.226, respec-
tively; t(23) � �5.75, p � � .001, d � 1.17, JZS Bayes factor:
�500 and t(23) � �5.34, p � � .001, d � 1.09, JZS Bayes
factor: �500). Recall precision in the subliminal-distracter and
distracter-absent conditions were not different (t(23) � 1.124, ns,
JZS Bayes factor in favor for the null: 2.65).

To compare the effects of subliminal versus supraliminal stimuli
on WM encoding, we used 2 � 8 repeated-measures ANOVAs
with the variables “visibility” (supraliminal, subliminal) and
“target-distracter similarity” (8 nonoverlapping bins ranging
from �90° to 
 90° angular deviation) on the recall precision and
recall error data. Figure 3 shows the recall precision with which
participants recalled the target’s orientation as a function of target-
distracter similarity for each visibility condition separately. There
was a significant interaction between visibility and target-
distracter similarity (F(7, 161) � 4.28, p � .001, �2 � .157, JZS
Bayes factor: �500). To examine this interaction further, two
separate one-way repeated-measures ANOVAs assessed the effect
of target-distracter similarity for each condition separately. There
was a significant effect of target-distracter similarity in the supra-
liminal (F(7, 161) � 6.00, p � .001, JZS Bayes factor: � 500) but
not in the subliminal (F(7, 161) � 0.49, ns, JZS Bayes factor: 0.02)
condition. Specifically, the more similar the orientations of the
distracter and the target were, the better participants’ recall preci-
sion tended to be (see Figure 3B).

Recall error. Figure 3C shows recall error for the target ori-
entation as a function of target-distracter similarity for each visi-
bility condition separately. The mean error in the distracter-absent
condition was 0.59° � 0.45°, which was not significantly different
from zero (t(23) � 1.34, ns, JZS Bayes factor in favor of the null:
2.11). Visual inspection of the graph suggests that recall error
varied as a function of target-distracter similarity in the supralim-
inal but not the subliminal-distracter condition. When the distracter
orientation was clockwise to the target orientation (a negative
circular distance in Figure 3C) recall error was systematically
shifted clockwise (negative), while counterclockwise distracters
led to a counterclockwise shift in recall error. Indeed, there was a
significant interaction between visibility and target-distracter sim-
ilarity (F(7, 161) � 7.15, p � .01, �2 � .166, JZS Bayes factor:
�500) reflecting that there was a significant effect of target-
distracter similarity in the supraliminal (F(7, 161) � 8.18, p �
.001, �2 � 1.836, JZS Bayes factor: �500) but not the subliminal
(F(7, 161) � 1.91, p � .104, JZS Bayes factor: 0.43) distracter
condition.

Analysis of performance in the identification task revealed that
one participant was able to discriminate between stimulus present
and absent trials, and their individual subjective ratings mirrored
this pattern of performance. Effects were the same when we reran
the analysis excluding this one participant.

Control analyses. Previous studies using similar WM tasks
have shown that a nontrivial proportion of overall error rates
can be attributed to participants mistakenly reporting the dis-
tracter item, that is, misbinding of distracter and target identities
(Bays et al., 2009). To ensure that the systematic shift in recall
error toward the distracter orientation was not exclusively
driven by these misbinding trials, we used a mixture-model
approach to model different sources of error contributing to the
overall distribution of responses (see Bays et al., 2009 for
details) using publicly available Matlab code (available on
bayslab.com). The original code returns parameter estimates for
the probability of reporting the target (�), the probability of
reporting the distracter (�), and the probability of responding
randomly (�), on the basis of the entire dataset. However, to
estimate these probabilities the relative weights for target, dis-
tracter, and random responses are calculated for each trial
separately. We used these trial-wise weights to identify target
responses, misbinding trials, and guessing trials. Specifically,
trials with larger values for distracter weights, that is, misbind-
ing trials, and guess trials, were excluded from analysis. All
misbinding trials had distracter weights of �0.90 while all
target-related trials had distracter weights of �.10. When we
rerun our main analyses (calculating recall precision and recall
error as before) we observed the same effects as reported above,
but with a reduction in overall recall error (significant effect of
target-distracter similarity in the supraliminal (F(7, 161) � 3.24,
p � .009, �2 � 0.864, JZS Bayes factor: 10.48) but not the
subliminal (F(7, 161) � 1.48, p � .211, JZS Bayes factor: 0.17)
distracter condition:. Therefore, the systematic shift in recall error
toward the distracter orientation was not due to distracter intru-
sions, but due to a bias in target-related responses.

Identification task. Performance in the prime-identification
task showed that at the group level participants were not better
than chance at performing the discrimination task for the masked
stimulus (see supplementary materials for more details).
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Discussion

The results show that supraliminal but not subliminal distracters
presented before the target orientation strongly influenced the
observers’ subsequent recall based on the WM representation.
When distracters were supraliminal, observers’ reports of the tar-
get orientation were strongly biased toward the distracter orienta-
tion, and the strength of this bias varied with the similarity between
distracter and target orientations. The effect represented a system-
atic bias rather than intrusions from trials on which participants
incorrectly reported the orientation of the distracter stimuli (mis-
binding errors). This occurred despite the fact that the distracter
was task-irrelevant and never probed. When presented sublimi-
nally, distracters exerted no influence on orientation reports. The
Bayesian analysis supports the conclusion that this is a true null
effect and not due to low sensitivity of the task design (which
would be reflected in a Bayes factor closer to 1 than to 0).

The results, therefore, suggest that subliminal stimuli are unable
to influence WM representations that become available for con-
scious report. However, the fact that the masked stimuli in the
current task were consistently task-irrelevant and could be com-
pletely ignored may have dampened any influence they may have
otherwise exerted. It is well known that task relevance can mod-
ulate stimulus processing (Ansorge & Neumann, 2005; Gayet, Van
der Stigchel, & Paffen, 2014; Gorgoraptis, Catalao, Bays, & Hu-
sain, 2011; Wyart, Nobre, & Summerfield, 2012; Zokaei, Mano-
har, Husain, & Feredoes, 2014). In particular, task relevance has
been shown to mediate the effect of subliminal stimuli in some
tasks (Ansorge & Neumann, 2005; Gayet at al., 2014). Gayet et al.
(2014) asked participants to complete a peripheral target-detection
task with central arrow cues that were either subliminal or supra-
liminal (randomly intermixed), with the majority of cues being
supraliminal. Subliminal cues were never predictive, while supra-
liminal cues could be nonpredictive or highly predictive (presented
as separate experimental conditions on separate days). It was found
that subliminal arrow cues only facilitated performance when they
were presented among predictive supraliminal cues. This facili-
tatory effect increased over the course of the experiment, suggest-
ing that the usage of subliminal cues was based on participants
learning the predictive value of the supraliminal cue. Subliminal
information only appears to be used when it is presented in a
context where there is a reason to use it.

Thus, in the next experiment, we changed the task so that the
subliminal orientation stimulus was task-relevant. Specifically,
participants now had to report the orientation of the masked item
on a proportion of trials even when it was presented subliminally.
We hypothesized that task relevance would encourage processing
of the masked subliminal stimuli, thus allowing them to bias
orientation reports on subsequent targets.

Experiment 3: Influence of Task-Relevant Subliminal
Versus Supraliminal Stimuli on WM

Method

Participants. Twenty-one new subjects took part in the ex-
periment (10 male, 18 – 32 years, two left-handed). Two additional
participants were tested but their data were not included in the
analysis as their task performance was very poor (high error rates
and �50% misbinding or guess trials).

Stimuli. The stimuli were identical to those used in Experi-
ments 1 and 2.

Task. As in Experiment 2, participants performed two tasks: a
WM task and an identification task. The WM task (Figure 4A) was
adapted from the task used in Experiment 2. The main difference
was that participants were prompted to report the orientation of
either the masked or unmasked stimulus. This was done to render
the masked stimulus task-relevant, and allowed us to assess
whether the orientation of the task-relevant subliminal stimulus
could influence encoding of the unmasked item. Concurrently, this
manipulation also allowed us to assess whether participants had
any information available about the subliminal orientation when
asked to reproduce it. The purpose of the identification task was to
ensure that the pattern mask was effective at rendering stimuli
subliminal.

Each trial began with the presentation of a central fixation cross
for 500 ms followed by a first orientation stimulus, which was
followed by a 70-ms mask. The presentation duration of the first
orientation stimulus was varied to yield two conditions of equal
probability: a first condition in which the orientation was visible
despite the mask and another in which the mask rendered the
orientation stimulus invisible (duration individually determined,
M � 32 ms � 6). After a 500-ms delay, the second orientation
stimulus was presented for 200 ms (unmasked). This was followed
by another 500-ms delay, and then by a 500-ms cue stimulus,
which indicated to participants which orientation they had to report
at the end of the trial. The cue was the number “1” or “2,” denoting
the first or second orientation stimulus, respectively. After a final
500-ms delay, participants reported the cued target orientation by
matching the orientation of a probe stimulus with the orientation of
the cued stimulus using the computer mouse. Participants also
completed an identification task that was identical to the one used
in Experiment 2 (see supplementary materials for details).

Staircase procedure. The staircase procedure was the same
as the one used in Experiment 2.

Design and procedure. Design and procedure were identical
to Experiment 2 apart from the following changes. The WM task
consisted of a fully factorial design with two variables: stimulus 1
visibility (subliminal, supraliminal) and cue (Stimulus 1, Stimulus
2). The different trial types were randomly intermixed within a
block. Thus, the experimental design yielded four conditions:
supraliminal distracter presented before a supraliminal target (we
will refer to this condition as DT), subliminal distracter presented
before a supraliminal target (dT), supraliminal target presented
before presentation of a supraliminal distracter (TD), and sublim-
inal target presented before a supraliminal distracter (tD).

Before starting the main experimental task, participants com-
pleted 50 practice trials in which they received feedback after
every trial. Following practice, participants completed 24 blocks of
50 trials (1,200 trials in total) of the WM task, yielding 300 trials
in each condition. The first 600 trials were completed in the first
session and the last 600 trials in the second session. The identifi-
cation task was identical to that in Experiment 2.

Analysis.
Working-memory task. Effects on recall precision and recall

error were tested using ANOVAs and t tests. First we tested
whether task-relevant subliminal and supraliminal stimuli pre-
sented before the target can influence orientation reports. To that
end we ran a 2 � 8 repeated-measures ANOVA with the variables
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“visibility” (subliminal, supraliminal) and “target-distracter simi-
larity” (8 bins ranging from 90° clockwise from the target to 90°
counterclockwise) on recall precision and recall error. In a second
analysis, we examined whether a supraliminal distracter presented
after the target can influence reports on the target using a one-way
repeated-measures ANOVA with the variable “target-distracter
similarity” on recall precision and recall error. Finally, we tested
whether participants had any information available when asked to
report a subliminal target presented before a supraliminal dis-
tracter. We reasoned that if participants had no orientation infor-
mation available regarding the subliminal stimulus, the mean error
should be high and not different from chance performance. We did
not analyze recall precision, as in this case this measure might be
contaminated: if a participant consistently reported the uncued,
supraliminal orientation, recall precision would be high as errors in
orientation report cluster around a certain value (the uncued ori-
entation) and error variability is low in each bin. Recall error, on
the other hand, would still be high and is therefore more informa-
tive about task performance.

Identification task. Performance in the identification task was
assessed as described in Experiment 2.

Results

Effects of subliminal and supraliminal distracters.
Recall precision. Figure 4B shows the precision with which

participants recalled the target orientation as a function of target-

distracter similarity for the dT and the DT conditions. As in
Experiment 2, the interaction between visibility and target-
distracter similarity was significant (F(7, 140) � 4.18, p � .001,
�2 � 0.173, JZS Bayes factor: 321). To examine this interaction
further, two separate one-way repeated-measures ANOVAs as-
sessed the effect of target-distracter similarity for each condition
separately. These revealed a significant effect of target-distracter
similarity on recall precision in the supraliminal (DT) condition
(F(7, 140) � 9.09, p � .001, �2 � .313, JZS Bayes factor: �500)
but not in the subliminal (dT) condition (F(7, 140) � 1.13, p �
.347, JZS Bayes factor: 0.09). Specifically, the more similar the
orientation of the supraliminal distracter was to the target orien-
tation, the better was participants’ recall precision (see Figure 4B).

The main effect of target-distracter similarity on precision was
also significant (F(7, 140) � 5.61, p � .001, �2 � 0.219, JZS
Bayes factor: �500), but there was no main effect of visibility
(F(1, 20) � .56, ns, JZS Bayes factor: 0.19).

Recall error. Figure 4C shows recall error for the target ori-
entation as a function of target-distracter similarity for the dT and
DT condition separately. As in the previous experiment, there
was a significant interaction between visibility by target-
distracter similarity (F(7, 140) � 5.49, p � .001, �2 � 1.507,
JZS Bayes factor: � 500), reflecting a significant effect of
target-distracter similarity in the supraliminal (DT) (F(7,
140) � 10.50, p � .001, �2 � 2.41, JZS Bayes factor: �500)
but not the subliminal (dT) (F(7, 140) � 1.21, p � .310, JZS

Figure 4. Design and results of the WM task used in Experiment 3. (A) A central fixation cross was presented
for 500 ms followed by a first orientation stimulus, followed by a 70-ms mask. The presentation duration of the
first orientation stimulus was varied to yield two conditions of equal probability: one in which the orientation
was visible despite the mask and another in which the mask rendered the orientation stimulus invisible. After a
500-ms delay, the second orientation stimulus was presented for 200 ms (unmasked). This was followed by
another 500-ms delay, and then by a 500-ms cue stimulus, which indicated to participants which orientation they
had to report at the end of the trial. After a final 500-ms delay, participants reported the cued target orientation
by matching the orientation of a probe stimulus with the cued orientation stimulus using the computer mouse.
(B) Mean recall precision of cued orientation recall as a function of cued and uncued orientation similarity (left)
and mean overall recall precision of cued orientation recall in Experiment 3 plotted for both conditions separately
(N � 19). (C) Mean recall error as a function of cued and uncued orientation similarity in Experiment 3 plotted
for the DT and dT condition separately (left), and mean overall recall error for the two conditions separately
(N � 19).
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Bayes factor: 0.12) condition. When the supraliminal distracter
orientation was counterclockwise to the target orientation (a
negative circular distance in Figure 4C) there was a counter-
clockwise (negative) shift in participants’ orientation reports of
the target. Similarly, when the supraliminal distracter orienta-
tion was clockwise to the target orientation (a positive circular
distance in Figure 4C) there was a clockwise (positive) shift in
participants’ orientation reports of the target. Subliminal dis-
tracters did not influence WM recall.

Analysis of performance in the identification task revealed that
one participant was able to discriminate between stimulus present-
and absent-trials, with the individual subjective ratings mirroring
this pattern of performance. We reran the analysis excluding this
participant (N � 20) and the results remained equivalent. Thus, we
replicated the findings of the previous experiment that partici-
pants’ orientation reports are systematically shifted toward the
distracter orientation if and only if the distracter is visible.

Our main interest was the influence of subliminal and supra-
liminal stimuli on WM encoding, but for completeness we also
report results from our other two conditions (tD and and TD) in the
supplementary materials.

Control analyses. To ensure that the systematic shifts in recall
error with distracter orientation observed in Experiment 3 were not
exclusively driven by trials in which participants incorrectly re-
sponded based on distracter stimuli (misbinding trials), we applied
mixture-modeling to our data set, and excluded misbinding and
guess trials. We then rerun our main analyses on recall precision
and recall error. The same effects were observed (significant effect
of target-distracter similarity in Condition DT but not Condition
dT: F(7, 140) � 8.60, p � .001, �2 � 2.105, JZS Bayes factor:
�500; and F(7, 140) � 0.85, p � .518, JZS Bayes factor: 0.05,
respectively).

Identification task. Performance in the prime identification
task showed that, at the group level, participants were at chance at
performing the discrimination task for the masked stimulus (see
supplementary materials).

Discussion

Experiment 3 replicated and extended the findings of Experi-
ment 2: a distracter orientation influenced observers’ report of a
remembered target orientation, whether it was presented before or
after the target orientation. Observers’ reports of the target orien-
tation were biased toward the distracter orientation. In contrast, the
orientation of subliminal distracters did not influence responses.
This was the case even when the distracter orientation was relevant
for task completion—previously suggested to be a necessary con-
dition for subliminal information to influence subsequent percep-
tion (Gayet et al., 2014).

General Discussion

We have shown, using a novel and sensitive approach to mea-
sure influence of irrelevant stimuli on targets, that irrelevant dis-
tracters can influence WM performance to target stimuli when
distracters are supraliminal but not when they are subliminal
according to objective visibility measures. Experiments 1a and 1b
replicated effects of subliminal stimuli on perceptual judgments
(Eimer & Schlaghecken, 1998, 2002), while Experiment 2 dem-

onstrated that these effects do not extend to WM decisions. Ex-
periment 3 replicated the effects in Experiment 2 even when the
subliminal stimuli were made task relevant. Interestingly, it also
revealed that a supraliminal distracter orientation influences mem-
ory recall for a target orientation both when it appears before and
when it appears after the target orientation. Whether this effect
represents an encoding, response or maintenance effect is difficult
to determine with the current set of results, and we leave this open
to interpretation.

The present finding on subliminal stimuli and WM contrasts
with findings by Silvanto and Soto (2012), who reported an effect
of a subliminal distracter on WM representations of a target item.
Participants retained a target orientation in memory to compare
against a probe orientation stimulus. During the delay period, a
masked subliminal distracter was presented on most trials, which
was either congruent or incongruent with the target orientation. In
the incongruent condition, but not the congruent or no-distracter
conditions, participants’ accuracy was significantly impaired. A
critical factor here, however, may be the level of awareness that
participants had on the masked distracter. Crucially, Silvanto and
Soto (2012) defined levels of awareness based on subjective mea-
sures; a stimulus was classified as subliminal when observers
reported not having seen it. We, on the contrary, classified stimuli
as subliminal by presenting them in such a way that observers
could not identify them above chance. Thus, our study defined
stimuli as subliminal on the basis of an objective measure, while
Silvanto and Soto (2012) used a subjective measure. The differ-
ence in results suggests that information of which observers are
subjectively not aware can influence WM representations as long
as observers show some sensitivity (d= � 0) to the stimulus.
However, there is no evidence of infiltration of WM for stimuli
that are objectively below a threshold for awareness. The current
results are consistent with the notion that items should be available
for awareness to be encoded, or to influence, other WM represen-
tations (cf., Baddeley, 1986; Bundesen, 1990). The results may
further suggest that WM is not simply a matter of activating
sensory codes (cf., Cowan, 1995), regardless of their level of
awareness.

It is important to remember that the notion of subliminal pro-
cessing remains controversial (Pratte & Rouder, 2009; Reingold,
2004). Our two replications of the influence of subliminal primes
on speeded responses in a visuomotor task similar to that used by
Eimer and Schlaghecken (1998, 2002) add support to the possi-
bility of subliminal effects, at least in the context of influencing
motor tendencies in perceptual tasks. Our aim, in Experiments 2
and 3, was to test for putative effects of subliminal stimuli in the
context of WM, but these experiments also differed from those in
Experiment 1 in terms of the types of representations required to
guide responses.

Indeed, an alternative explanation of the present set of results
might focus less on the distinction between WM and perception,
but instead on the nature of representations that observers need to
access to complete the task. Notably, in Experiments 1a and 1a we
implemented a strict response deadline and only stimulus-response as-
signments needed to be accessed. In Experiments 2 and 3, on the
contrary, the perceptual content of the stimulus needed to be
retrieved as observers had to report the visual appearance of a
stimulus. Thus, it might be that subliminal effects are not readily
observed in WM-type tasks because decisions require consider-
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ation of the appearance of an item, whereas observers’ responses
can be modulated by subliminal information in tasks that require
access to stimulus-response assignments. Future research could
address this possibility by measuring subliminal effects in percep-
tual tasks that require access to the perceptual content of the
stimuli, and subliminal effects in WM tasks that do not require
access to it.

Mutual influences between supraliminal stimuli on observers’
reports have recently been reported in tasks using spatial frequency
(Dubé, Zhou, Kahana, & Sekuler, 2014; Huang & Sekuler, 2010)
and orientation stimuli (Fischer & Whitney, 2014). Huang and
Sekuler (2010) asked participants to reproduce the spatial fre-
quency of one of two successive Gabors, as indicated by a cue
stimulus presented after the Gabors. The reproduced spatial fre-
quency of the target item was influenced by the spatial frequency
of the nontarget stimulus, and responses were biased in the direc-
tion of the nontarget item. This effect was found both within a trial,
between a target and distracter stimulus, and between trials, from
one target item to the subsequent target item. Similarly, Fischer
and Whitney (2014) found a systematic bias in observers’ per-
ceived orientations in the direction of previously seen orientations.
Thus, this biasing effect appears to be robust across different
experimental set ups and stimuli, and seems to be a general
principle of information processing.

Importantly, here we explicitly controlled for the possibility that
responses incorrectly based on the wrong stimulus may contami-
nate results and drive such biasing effects. The studies reviewed
above did not model “misbinding.” What appears to be a biasing
effect in the direction of the distracter might emerge when observ-
ers mistakenly report the distracter instead of the target on some
small number of trials. Our analyses modeling and excluding
misbinding and guessing trials unambiguously confirm a real
influence of distracter stimuli on the memory for the target.

Unlike in perceptual and visuomotor processes, these WM bi-
ases were not induced by subliminal information. Gayet et al.
(2014) suggested that subliminal information is only used when
the context in which it is presented provides an incentive to make
use of this information. However, we did not observe an effect of
subliminal distracters on target recall even when observers were
asked to report back the distracter’s orientation on some trials.
Instead, we argue that WM representations are not as easily influ-
enced by subliminal material and task-relevance may have a stron-
ger mediating effect on the processing of subliminal stimuli in
perceptual tasks, than in WM tasks such as ours.

We show an effect of a distracter on memory representations for
a target item over and above misbinding in two separate experi-
ments. This biasing effect was observed even though only two
items (the target and the distracter) were presented, which is well
below capacity limitations of WM. This finding suggests a per-
meability of memory representations even before capacity is ex-
ceeded, constraining current models of WM.
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