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Abstract
Visual working memory (VWM) representations interact with attentional guidance, but there is controversy over whether
multiple VWM items simultaneously influence attentional guidance. Extant studies relied on continuous variables like response
times, which can obscure capture – especially if VWM representations cycle through interactive and non-interactive states.
Previous conflicting findings regarding guidance when under high working memory (WM) load may be due to the use of noisier
response time measures that mix capture and non-capture trials. Thus, we employed an oculomotor paradigm to characterize
discrete attentional capture events under both high and low VWM load. Participants held one or two colors in memory, then
executed a saccade to a target disk. On some trials, a distractor (sometimes VWM-matching) appeared simultaneously with the
target. Eye movements were more frequently directed to a VWM-matching than a non-matching distractor for both load
conditions. However, oculomotor capture by a VWM-matching distractor occurred less frequently under high compared with
low load. These results suggest that attention is automatically guided toward items matching only one of two colors held in
memory at a time, suggesting that items in VWM may cycle through attention-guiding and not-guiding states when more than
one item is held in VWM and the task does not require that multiple items be maintained in an active, attention-guiding state.
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Introduction

Although attention and visual working memory (VWM) have
long been regarded as deeply connected, controversies regard-
ing the nature of this relationship still abound. Some propose
that representations in VWM can be held in different states
(Olivers, Peters, Houtkamp, & Roelfsema, 2011), Bactive^ or
Baccessory,^ such that an item held in an active state can
influence the guidance of attention, but an item held in an
accessory state cannot. When a single item is held in VWM,
attention is automatically captured by memory-matching
items (e.g., Olivers, Meijer, & Theeuwes, 2006), suggesting
that a single item is by default in an active state and influences
attentional guidance. When multiple items are held in VWM,

however, it is unclear whether the default state of all items will
be active, accessory, or a mixture of the two.

In some studies, multiple VWM items interacted with at-
tentional guidance (Bahle, Beck, & Hollingworth, 2018; Beck
& Hollingworth, 2017; Beck, Hollingworth, & Luck, 2012;
Grubert & Eimer, 2015, 2016; Hollingworth & Beck, 2016),
suggesting that multiple VWM items were maintained in an
active state, whereas other studies found reduced influence at
higher VWM loads (Downing & Dodds, 2004; Houtkamp &
Roelfsema, 2006; Soto, Greene, Chaudhary, & Rotshtein,
2012; van Moorselaar, Theeuwes, & Olivers, 2014), suggest-
ing that multiple VWM items were maintained in an accessory
state. However, much of the previous work used paradigms
that rely on continuous measures like response times (RTs),
potentially obscuring the effects of attentional capture by col-
lapsing across capture and non-capture trials, or paradigms for
which maintaining multiple VWM items in an active state was
task-relevant, potentially over-representing the interaction be-
tween VWM and attentional guidance.

To overcome these hurdles, we used a combined memory
and eye-movement task that has previously shown VWM-
based modulation of saccade trajectory (Hollingworth,
Matsukura, & Luck, 2013), allowing us to discretely
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categorize attentional capture and non-capture trials.
Participants were shown one or two colors to remember, then
instructed to saccade to a left or right disk. After fixating the
target disk, participants completed a forced-choice memory
test for one remembered color. On some trials, a distractor
disk appeared above or below central fixation simultaneously
with the target disk. This distractor sometimes appeared in a
VWM-matching color, letting us examine oculomotor cap-
ture. Unlike RTs, oculomotor capture provides a discrete mea-
sure – did the first saccade go toward the target or the
distractor? This allows a clearer view of how the probability
of attentional capture is affected by memory load.

We hypothesized that, when items are maintained in VWM
but are not task relevant, they are held in a mixture of active
and accessory states such that not more than one of the items is
maintained in an active state at any particular time, on average.
A distractor matching an item held in an accessory state would
be less likely to capture attention whereas a distractor
matching an item held in an active state would be more likely
to capture attention. This account predicts that capture by
memory-matching items should occur under both load-1 and
load-2, but the precise rate of capture should be reduced under
load-2 compared to load-1 because there is now a chance that
the memory-matching distractor on load-2 trials does not
match the item currently maintained in an active state in
VWM. In fact, the rate of capture under load-2 should be
reduced by at least half, if only one of the two items was held
in an active state at any given time.

Method

Participants

Thirty University of Delaware (UD) students who reported
having normal color vision participated for course credit or
were compensated US$10/h for one 1.5-h session. Based on
independent pilot data, we determined we needed a minimum
of 19 participants to obtain 95% power to detect the weakest
effect present in our pilot data (η2p = .48) at the standard .05

alpha error probability. We recruited until the usable sample
included data from 20 participants (age M = 18.5 years, SD =
0.8, female = 16) based on the exclusion criteria outlined in
the study preregistration (see Results for criteria). All proce-
dures were approved by the UD Institutional Review Board.

Stimuli, apparatus, and procedure

Stimuli were presented on an LCD monitor (120 Hz) at a 94-
cm viewing distance. Eye position was recorded at 1,000 Hz
using an Eyelink1000 eye-tracking system. Saccades were
defined using a combined velocity ( > 35 °/s) and acceleration

( > 9,500 °/s2) threshold. Participants completed a 9-point
calibration at the beginning of each block (every 80 trials)
and mid-block as needed.

Each trial began with a 500-ms presentation of two
colored squares, each subtending 1.2° visual angle, offset
diagonally by 1.13° visual angle from central fixation (see
Fig. 1). The memory array squares could be the same
color (load-1) or different colors (load-2). After a blank
retention interval (700, 800, 900, or 1,000 ms), a target
disk (0.86° visual angle) appeared left or right of fixation
(disk was centered at 4.61–7.06° visual angle from fixa-
tion) and was equally likely to match or not match one
memory color. On some trials, the left/right target disk
appeared simultaneously with a distractor disk (0.94° vi-
sual angle) located above or below fixation (2.14° visual
angle from fixation) and could also match a memory col-
or. These factors yielded five trial types for each memory
load: target match, no distractor (TMDX); target non-
match, no distractor (TNDX); target match, distractor
non-match (TMDN); target non-match, distractor non-
match (TNDN); and target non-match, distractor match
(TNDM). Participants were instructed to saccade to the
left/right target disk and ignore up/down distractors.
Disks remained on-screen until the participant made an
eye movement toward the target1 or the saccade task
timed out (2,000 ms). Once the saccade task was complet-
ed, two squares (1.2° visual angle each) appeared on ei-
ther side of fixation (offset by 2.0° visual angle) and par-
ticipants were instructed to indicate via key press which
square matched a color in memory (left button for left
square match, right button for right square match). One
color was from the memory array, and the other was a foil
drawn from the same color family.

Object colors were drawn from four color families (reds,
greens, blues, or pinks) containing four exemplars each, and
objects were presented on a light gray background. On load-2
trials, memory colors were selected from different color fam-
ilies (e.g., one blue, one pink) and colors of any non-matching
target or distractor disks were selected from remaining color
families (e.g., red, green). When a disk matched a memory
color, the matching color could be exact (same exemplar as
the memory array) or inexact (different exemplar from the
same color family). When the target or distractor was an inex-
act match, the color exemplar used for the disk reappeared as
the foil in the memory test. Thus, there was no incentive to
preferentially attend to or fixate disks that matched a color in
memory.

Participants first performed 20 practice trials and then six to
eight blocks of experimental trials, depending on how many

1 A threshold was set such that trials terminated successfully when the x-
coordinate of the eye position was within 0.86° visual angle of the target’s x-
coordinate.
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were completed during the 1.5-h session. Each block
contained 80 total trials, eight each of the ten trial types, ran-
domly intermixed.

Results and discussion

One participant was excluded for memory test accuracy no
better than chance. Two participants were excluded for exe-
cuting saccades to a distractor location on 10% or more of
distractor-absent trials, indicative of poor eye tracking or mis-
understanding the task. Lastly, seven participants who had
20% or greater trials excluded from one or more conditions
due to the following criteria were excluded from analysis:
Initial saccade faster than 90 ms or slower than 600 ms, initial
saccade toward an irrelevant location, or missing eye-
movement data. Exclusionary criteria were set based on a
separate set of pilot data (N = 13 collected, N = 8 retained
for pilot analysis) and were specified in the preregistration.
Analyses are based on data from the remaining participants
(N = 20).

We subjected memory test manual response accuracy to a 2
(memory load: load-1, load-2) × 5 (trial type: TMDX, TNDX,
TMDN, TNDN, TNDM) repeated-measures ANOVA.2 There
was a significant main effect of memory load (F(1,19) =
163.87, p < .001, η2p = .90 (90% CI: .79, .93)), with accuracy

greater under load-1 (M = 91.6%, SD = 4.6%) compared to
load-2 (M = 79.3%, SD = 7.5%; t(19) = 12.84, p < .001, η2p =

.90), but no significant main effect of trial type (F(4,76) =
1.60, p = .182, η2p = .08) or interaction (F(4,76) = 2.43, p =

.055, η2p = .11). Given the dual-task nature of this paradigm

and the difficult within-category memory test, reduced perfor-
mance when two colors were maintained in memory com-
pared to one is not unexpected. Whether the VWM-
matching target or distractor disk was an exact or inexact
match to a memory array color did not meaningfully interact
with memory test performance (see Supplementary Materials
for details).

The critical analysis for the current study examined the
probability that a saccade was directed to a memory-
matching distractor. For this, we examined the trajectory of
the first eye movement that occurred after the saccade target
and distractor (if present) disks appeared. These saccades were
categorized as being directed either toward the target
(left/right horizontal meridian ± 45°) or toward the distractor
(upper/lower vertical meridian ± 45°). As mentioned above,
only trials during which the first saccade was directed to a
relevant location (up/down/left/right 90° wedge containing a
target or distractor disk) were included for analysis (2.6% of
all trials rejected). Trials with eye movements that were ex-
cessively fast ( < 90 ms) or slow ( > 600 ms) (4.9% of all trials
rejected) or that were missing eye-movement data (1% of all
trials rejected) were excluded. For all remaining trials (94.7%2 See Table S1 in the Supplementary Materials for condition means.

Fig. 1 Illustration of trial events, trial types (T = target, D = distractor, M
= match, N = non-match, X = absent), and discrete oculomotor outcomes
(Bcapture,^ Bno capture^). Participants were instructed to remember the
memory array color(s), make an eye movement to a left or right target
disk, then indicate which of the two colors presented during the memory

test matched a color in memory. The memory array squares could be the
same color (load-1) or different colors (load-2). The saccade task yielded
five different trial types, depending on whether the target or distractor
disks matched a color in memory, for each memory load. All trial types
were equally likely and randomly intermixed within each block
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of trials retained (some trials met multiple exclusion criteria)),
when an initial saccade was directed toward a distractor, the
trial was categorized as Bcapture,^ whereas if the initial sac-
cade was directed toward the target, the trial was categorized
as Bno capture.^ The proportion of Bcapture^ trials was calcu-
lated for each distractor-present condition (see Fig. 2).

When multiple representations are being maintained in
VWM, there are competing predictions for the likelihood of
oculomotor capture by a VWM-matching distractor. If the
default state of multiple VWM representations is accessory,
we should observe capture on load-1 but not load-2 trials
because the VWM representations will no longer interact with
attentional guidance. Alternatively, if the default state of mul-
tiple VWM representations is active, we should observe sim-
ilar rates of capture on load-1 and load-2 trials, as VWM
representations will interact with attentional guidance regard-
less of how many are maintained. Lastly, if the default state of
multiple VWM representations is a mixture of active and ac-
cessory states such that one item is in an active state at any
particular time, we should observe reduced oculomotor cap-
ture on load-2 compared to load-1 trials, as the VWM-
matching distractor will match the one VWM representation
held in an active state on load-2 trials less frequently.

Consistent with the third hypothesis, we observed greater
oculomotor capture by a VWM-matching distractor compared
to a non-matching distractor both on load-1 (26% vs. 6%;
t(19) = 7.02, p < .001, η2p = .72) and load-2 trials (12% vs.

6%; t(19) = 5.17, p < .001, η2p = .58). Importantly, capture was

reduced for load-2 compared to load-1 (t(19) = 7.13, p < .001,

η2p = .73), suggesting that multiple VWM representations were

held in a mixture of active and accessory states. This same
pattern of oculomotor capture was present for both exact and
inexact VWM-matching distractors (see Supplementary
Materials for details).

In fact, the reduction in oculomotor capture from load-1 to
load-2 was nearly half. If, when multiple items were being
maintained in VWM, one item was randomly assigned to an
active state and the other item was assigned to an accessory
state, a VWM-matching distractor disk would match the ac-
tive VWM color half as often as when only a single item is
maintained in VWM. To quantify this, we compared the cap-
ture rate on load-2 trials to half the capture rate on load-1 trials
and found no difference (12% vs. 13%; t(19) = 0.76, p = .459,
η2p = .03). A Bayes Factor analysis indicated that the null was

in excess of three times likelier than the alternative (BF01 =
3.34). These results suggest that one item at a time is held in an
active state under these conditions.

It is worth noting, however, that a small amount of capture
was observed for TNDN trials. To calculate an appropriate
baseline, we simulated the amount of Bcapture^ due to an
imaginary distractor on TNDX trials, when no actual distractor
was present. The rate of Bcapture^ was less than 1%, on aver-
age, and significantly less than when compared to TNDN trials
for both load-1 (0.3% vs. 5.8%; t(19) = 3.10, p = .006, η2p =

.11) and load-2 (0.7% vs. 6.4%; t(19) = 3.04, p = .007, η2p =

.10). Taking the rate of TNDN capture as a baseline, and
removing it from the rate of TNDM capture, capture under
load-1 (19.3%) is almost four times greater than capture
under load-2 (5.2%). This is consistent with the possibil-
ity that memory items are dynamically cycled between
active and accessory states. That is, if the distractor and
saccade target disks appear when one VWM item is being
promoted from an accessory to active state and the other
demoted from an active to accessory state, neither of the
VWM items are apt to capture attention.

To examine whether differences in saccadic precision
across load-1 and load-2 might explain the observed pattern
of attentional capture, we first plotted coordinates of the land-
ing position for the initial saccade on each TNDM trial relative
to the distractor and target positions (see Supplementary Fig.
1). Qualitatively, saccades clustered around distractor and tar-
get locations with equal precision across the two memory
conditions. To quantify this, we measured the initial saccade
precision on capture trials relative to distractor position, and
precision on non-capture trials relative to target position, sep-
arately for load-1 and load-2 trials. Mean error for capture
trials relative to distractor position was 0.97° visual angle for
load-2, and 0.99° visual angle for load-1, a difference that was
not significant (t(15) = 0.28, p = .79, η2p = .001, BF01 = 3.8;

note: four subjects with no capture under load-2 were exclud-
ed from this analysis). Mean error for non-capture trials
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Fig. 2 Initial saccades were more frequently directed to a memory-
matching distractor compared to a non-matching distractor both with a
one-item (26% vs. 6%; t(19) = 7.02, p < .001, η2p = .72) and two-item

(12% vs. 6%; t(19) = 5.17, p < .001, η2p = .58) memory load. Critically,

oculomotor capture under high load was reduced compared to capture
under low load (12%vs. 26%; t(19) = 7.13, p < .001, η2p = .73), suggesting
that multiple colors were held in a mixture of active and accessory states.
Error bars indicate ± within-subject 95% confidence intervals (Morey,
2008)
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relative to target position was 1.13° visual angle for load-2,
and 1.30° visual angle for load-1, a difference that was statis-
tically significant (t(19) = 3.18, p = .005, η2p = .11). Notably,

however, this difference suggests that saccadic precision was
actually improved under load-2 compared with load-1. Thus,
we see no evidence that the load-based effect on capture was
due to lower saccadic precision under load-2.

One possible explanation for the reduced capture on
load-2 trials is that participants were more likely to forget
one of the colors on load-2 trials, as indicated by reduced
memory test accuracy for load-2 compared to load-1 tri-
als, and were therefore less subject to oculomotor capture
by a VWM-matching distractor if it matched a color no
longer in VWM. However, when we restrict the capture
analysis to trials on which participants responded correct-
ly to the memory test, the same pattern emerges (see
Supplementary Materials for details). These results sug-
gest that the reduced capture by a VWM-matching
distractor in load-2 compared to load-1 cannot be ex-
plained simply by reduced memory of the colors main-
tained in VWM.

A more parsimonious explanation for the current re-
sults is that, when multiple items were maintained in
VWM, they were held in a mixture of active and acces-
sory states such that only a single item was in an active
state at any particular time. It is unclear, however, whether
individual items in VWM cycle through active and acces-
sory states during a trial or if one item is preferentially
maintained in an active state throughout the trial.
However, when adjusted for baseline rates of capture, it
would appear that capture is less than 50% as likely under
high compared to low load. This would suggest that items
are cycling in and out of the active state, as discussed
earlier. Either configuration of active and accessory states
within VWM, without the task demands to maintain mul-
tiple VWM items in an active state, could begin to resolve
previously discrepant findings that sometimes suggested
guidance of attention by multiple VWM items, while at
other times suggested that none of the items in VWM
could influence the guidance of attention when multiple
items were held in VWM.

Previous work supporting the latter typically relied on RT
measures of capture. In fact, if we instead examine the time-to-
target-fixation (analogous to RT) in the current dataset, we
again find evidence of capture by a VWM-matching distractor
on load-1 trials (M = 96 ms difference (TNDM-TNDN); t(19) =
4.49, p < .001, η2p = .52), but not load-2 (M = 17ms difference

(TNDM-TNDN); t(19) = 1.51, p = .147, η2p = .11), a similar

pattern to the RT results found by van Moorselaar et al.
(2014). This discrepancy between oculomotor and time-to-
target-fixation results illustrates the value of discrete measures
of capture such as the one used here.

Conclusions

We found clear evidence that maintaining multiple items in
VWM reduces, but does not eliminate, attentional capture by
memory-matching items. Moreover, the reduction in capture
was not significantly different from halving the load-1 capture
rate, and was perhaps reduced by more than half, suggesting
that time spent in an Bactive^ state was shared across the
multiple items in VWM. Though it is possible to maintain
multiple VWM representations in an active state that can si-
multaneously influence attentional guidance, there is evidence
that this configuration of attention and VWM systems is less
efficient (Menneer, Barrett, Phillips, Donnelly, & Cave, 2007;
Stroud, Menneer, Cave, Donnelly, & Rayner, 2011) and may
be more effortful. To mitigate expending unnecessary effort,
multiple representations in VWMmay not be held in an active
state unless required by current task demands. The saccade
portion of the task described here did not rely on the memory
items. In the absence of these task demands, the present results
support the hypothesis that multiple representations in VWM
are held in a mixture of active and accessory states.

Multiple possible causes for the reduction in capture under
load-2 remain, but we view it as unlikely that the observed
reduction is due to, for instance, interference between memory
load and saccadic performance. When we analyzed the preci-
sion of saccade landing position, we found that there were no
differences between load-1 and load-2 in the degree of ‘error’
with respect to distractor locations, when capture occurred.
Further, non-capture target-directed saccades were actually
slightly but significantly more precise under load-2 than
load-1. We cannot fully rule out the possibility that reduced
capture is due to a less precise representation of two items
under load-2. However, we found it notable that similar rates
of capture occurred when memory-probe responses were in-
accurate as when they were accurate, suggesting that the fi-
delity of the memory representation played a limited role in
determining whether capture occurred under either low or
high load.

In the current study, we observed almost exactly a 50%
reduction in capture by memory-matching distractors under
load-2 compared with load-1. While we interpreted this as
indicating that only one item is held in an ‘active’ state at a
time, the true reduction in capture is likely greater than 50%:
when we factored Bbaseline^ capture by a non-matching
distractor into consideration, the reduction in capture from
load-1 to load-2 was closer to 75%. A possible explanation
for this is that cycling items between active and accessory
states in VWM might result in periods during which neither
VWM item can interact with attention. If this dynamic cycling
between states explains the observed reduction in capture be-
yond that predicted by the reduced potential for capture due to
increased memory load, it suggests that the default configura-
tion within VWM is not that one item is Bselected^ and held in

1344 Psychon Bull Rev (2019) 26:1340–1346



an active state, while the other item is held in an accessory
state, for the entire duration of the maintenance period.

We cannot rule out that the precise amount of load-
dependent capture observed here might depend on other fac-
tors such as target-distractor distance or the predictability of
the distractor object location, and thus the precise ratio of
capture trials should not be over-interpreted. For instance,
although the overall rate of capture was reduced compared
to the paradigm used here, varying target-distractor distance
has been shown to modulate attentional capture such that a
salient distractor closer to the target more frequently elicited
oculomotor capture than a salient distractor further away from
the target (Gaspelin, Leonard, & Luck, 2017); we might ob-
serve different capture ratios under varying target-distractor
distances, though we would predict that the reduced rate of
capture due to a load of two items would be proportionally
scaled according to the overall capture rate due to location. On
the other hand, if participants were simply inhibiting both
possible distractor positions on some trials, this type of atten-
tional control and possible mitigation of attentional capture
would not be expected to interact with memory load and thus
would be an unlikely explanation for the observed reduction
in capture from load-1 to load-2. Further examining the pre-
cise ratio of load-dependent capture will be important for fu-
ture work, but the critical finding for the current work is that
attentional capture was significantly reduced under load-2
compared to load-1.

The current study takes an important step toward resolving
an ongoing debate over the nature of interaction between vi-
sual attention and VWM systems. The discrepancy between
attentional capture effects observed using oculomotor mea-
sures – capture under both low and high VWM loads – and
those observed using RT-like measures – time-to-target-
fixation revealed capture under low but not high VWM load
– suggest a possible explanation for the discrepancy in extant
studies. Resolution of this debate over the interface between
VWM and attention will have implications for the general
architecture of attention and memory systems: some models
of working memory suggest that only one item can be held in
the Bfocus of attention^ and made available for other process-
es (McElree, 2001; Oberauer, 2002), whereas others suggest
that multiple items can influence other processes (Cowan,
2001). Our results suggest that, in the absence of task demands
to maintain multiple VWM items in an active state, a single
VWM item is held in an active state and can influence atten-
tional guidance.
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