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Color singletons that are irrelevant to locating a visual target do not typically capture attention if visual
search is effortful. In contrast, when search is efficient color singletons are often found to capture attention.
Such distraction by a color singleton can be modulated by single-task vs. dual-task manipulations when
visual search is efficient. This is due, presumably, to the increased cognitive load in the dual-task condition,
which interferes with top-down attentional control. This study investigated whether capture by a color
singleton is also modulated by single-task vs. dual-task manipulations when visual search was effortful. The
results of three experiments revealed that attentional capture effects were absent in a single-task condition
and were present in a dual-task condition, but only when the identity of the color singleton is not associated
with the target response-set. When the identity of the color singleton was relevant to the response-set it
captured attention in both the single-task and in dual-task conditions.
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With the abundance of visual stimuli available for processing at any
moment, attentional priority must be quickly assigned to task-relevant
stimuli. However, research continually shows that when a perceptually
salient but irrelevant item appears simultaneouswith a target, this item
can capture attention and interfere with locating the target (Theeuwes,
1992). Thisattentional capture effect ismore likelywhenvisual search for
a target is efficient and is less likely if visual search is effortful (e.g., Folk&
Annett, 1994; Jonides & Yantis, 1988; Theeuwes, 2004, in press;
Theeuwes & Burger, 1998). Recently, attentional capture effects were
found to be larger when observers engaged in a cognitively demanding
secondary task and visual search was efficient, compared to when this
secondary taskwas not required (Lavie & de Fockert, 2005). The present
study examined whether such a modulation of attentional capture also
occurs when visual search for a target is effortful.

The efficient/effortful distinction referred to above is related to the
speed of visual search through a display. This speed can be determined
by manipulating the number of nontarget items that appear with a
target (set size) and measuring an observer's response time (RT) to
locate the target. Performance is reported in milliseconds per item
(ms/item) and these search slopes have been used to describe how an
observer searched through a display. Slopes of 0–10 ms/item have been
taken to indicate parallel search, that is, all items were searched
simultaneously; whereas slopes of 20+ms/item have been taken to
indicate that search was serial, that is, item-by-item (e.g., Duncan &
Humphreys, 1989; Rauschenberger & Yantis, 2006; Treisman, 1988;
Treisman & Gelade, 1980; Treisman & Sato, 1990; Wolfe, 1994, 1998,
2001; Wolfe, Butcher, Lee, & Hyle, 2003; Wolfe, Cave, & Franzel, 1989).
But, the parallel-serial distinction is misleading, because it is difficult to
know exactly how observers search for a target based on search slopes
alone (e.g., Leber & Egeth, 2006; Townsend, 1976, 1990; Townsend &
Wenger, 2004). Thus, search slopes are best used to describe how
efficiently visual search proceeded through a display. In this study,
efficient search will refer to slopes between 0 and 10 ms/item and
effortful search will refer to slopes 20+ms/item (Rauschenberger &
Yantis, 2006; Wolfe, 1994, 1998, 2001; Wolfe et al., 2003). As stated in
the opening paragraph, attentional capture is more often observed
when visual search is efficient, compared to when search is effortful
(e.g., Bacon & Egeth, 1994; Folk & Annett, 1994; Jonides & Yantis, 1988;
Theeuwes, 2004, in press; Theeuwes & Burger, 1998).

Attentional capture can result when a single salient item (singleton)
appears in the same display as, but at a different location from, a target
item (for reviews, see Burnham, 2007a; Rauschenberger, 2003; Simons,
2000; Theeuwes, in press; Theeuwes, Atchley, & Kramer, 2000; Yantis,
2000; Yantis & Egeth, 1999). Attentional capture constitutes a shift in
attention to the singleton's location, which delays responding, by
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requiring an additional shift in attention to the target's location. For
example, Theeuwes (1992) had observers identify the orientation of a
bar inside of a green circle that appeared amidst green diamonds. On
one-half of the trials the diamonds were all green, but on the other half
one diamond was a red color singleton distractor. Responses were
slower when this color singleton distractor was present, suggesting it
captured attention. This occurred even though the ‘green’ and ‘circle’
target features were constant across trials and observers should have
used those features to guide attention directly to the target via top-
down attentional control.

Theeuwes (1992) results are consistentwith other studies that have
observed capture when visual search was efficient (e.g., Bacon & Egeth,
1994; Theeuwes, 1991, 2004). Studies that use methods similar to
Theeuwes (1992) often fail to observe capture when search is effortful
(e.g., Bacon & Egeth, 1994; Folk & Annett, 1994; Jonides & Yantis, 1988;
Theeuwes, 2004, in press; Theeuwes & Burger, 1998). According to
Theeuwes (2004, in press), this may be due to observers focusing
attention onto one or two items at a time during effortful visual search.
This focusing provides sufficient attentional resources to process each
item and accurately respond to a target, but precludes perception of the
singleton as salient. That is, focusing attention suppresses salient signals
from the color singleton distractor that normally capture attention
(Yantis & Johnston, 1990). In contrast, during efficient visual search
attention is diffuse across all the items in a display, which allows the
salient signals from the color singleton to capture attention. Indeed,
most results in the attentional capture literature are consistent with
Theeuwes (2004) hypothesis (but see Leber & Egeth, 2006, and Leber,
Kawahara, & Gabari, 2009, for exceptions).

There is one important qualification to the finding that color
singletons do not capture attention during effortful search. That is,
observers must have complete top-down knowledge for which
features to attend and which to ignore. For example, Theeuwes and
Burger (1998) found that a color singleton did not capture attention
during effortful search, but only when the target's color and the
singleton's colorwere constant across trials (Experiment 2).When the
target's color, the singleton's color, or both colors were varied across
trials (Experiments 1, 3, and 4, respectively), the color singleton
captured attention. Theeuwes and Burger attributed the capture
effects to incomplete top-down knowledge and attributed the absence
of capture in Experiment 2 to observers having complete knowledge
for which color to attend and which color to ignore. Specifically,
complete top-down knowledge provided observers with strong
attentional control to ignore the color singleton.

Theeuwes and Burger's (1998) results raise the question: If an
observer has complete top-down knowledge for which color to attend
and which to ignore, will a color singleton capture attention if an
observer is prevented from utilizing that information? This was
addressed by Lavie and de Fockert (2005) who found that cognitive
load increased attentional capture effects produced by a color
singleton. In a single-task condition (low cognitive load) observers
searched for a target circle among nontarget diamonds. One diamond
was a color singleton distractor on one-half of the trials. In a dual-task
condition (high cognitive load) observers performed the same task,
and they also rehearsed a set of digits that were presented at the
beginning of each trial. At the end of each dual-task trial observers
determined whether a single digit was present in the rehearsed set of
digits. Attentional capture was larger in the dual-task condition than
in the single-task condition, suggesting attentional capture was
modulated by cognitive load. Because these results were obtained
when visual search was efficient, one wonders if a similar effect of
cognitive load would be found when visual search is effortful.

Boot, Brockmole, and Simons (2005) found that attentional
capture effects by a color singleton were larger for observers who
were engaged in a secondary task compared to observers who were
not engaged in a secondary task. Boot et al. had observers search for a
target H or U among nontarget letters. The search display included a
color singleton letter on each trial and in some trials the target
appeared as the color singleton letter. Attentional capture was
assessed by examining search slopes when the target appeared as
the color singleton, compared to when the color singleton was one of
the nontarget letters. If the color singleton captured attention the slope
would be shallower when the target appeared as the color singleton.
During the visual search task auditory digits were presented to
participants. One group of participants was instructed to count the
number of digit repetitions (dual-task group), whereas another group
was instructed to do nothing (single-task group). Boot et al. found that
the single-task vs. dual-task manipulation modulated attentional
capture; however, Boot et al. also found “…in the single-task condition,
search slopes were somewhat shallower when the color singleton
happened to be the target” (p. 666). Specifically, RTs were shorter
when the target was the color singleton, which suggests the color
singleton captured attention in the single-task group. Although this
does not diminish the importance of Boot et al.'s results, it remains to
be shown that attentional capture by a color singleton is absent during
effortful visual search, but present when the same observers are
engaged in a secondary task that increases cognitive load.

In the present study observers participated in a visual search task that
was similar to the effortful search task used by Theeuwes and Burger
(1998, Experiment 2), in which attentional capture was not observed.
Participants were tested in both a single-task condition and a dual-task
condition that were similar to low and high cognitive load conditions,
respectively, used by Lavie and de Fockert (2005). Attentional capture
effects were not predicted to be found in the single-task condition, but
were predicted to occur in the dual-task condition. This was expected,
because the cognitively demanding secondary task should reduce
attentional control.

1. Experiment 1

Participants identified which one of two target letters (A or R)
appeared among four or eight nontarget letters. On half of the trials all
of the letters were red or were green (singleton-absent), and on the
other half of the trials one nontarget letter was a uniquely-colored
singleton distractor (singleton-present). The target's color and the
singleton's color were constant across trials, so participants knew
specifically which color to attend and which to ignore. The identity of
the singleton and the target was the same on half of the singleton-
present trials (singleton-compatible—both were A or both were R)
and differed on the other half (singleton-incompatible—if one was A
the other was R). Under similar conditions Theeuwes and Burger
(1998, Experiment 2) failed to obtain attentional capture and the
same result was expected here.

Participants were tested in a single-task condition in which they
completed only the visual search task, and also in a dual-task condition in
which they simultaneously performed the visual search task and a
cognitivelydemandingmemory task thatwas similar to that usedby Lavie
and de Fockert (2005; see also Lavie, Hirst, de Fockert, & Viding, 2004). In
the dual-task condition each participant began rehearsing six digits at the
beginningof each trial and continued rehearsingduring the search task. At
the endof each trial the participant decidedwhether amemory probedigit
was among the rehearseddigits. Attentional capture in the formof greater
RTs when the singletonwas present compared to absent was expected in
the dual-task condition, but not in the single-task condition.

1.1. Method

1.1.1. Participants
Twenty three University at Albany undergraduates participated for

course credit. All reported normal or corrected-to-normal vision and
participated in a single session that lasted approximately 80 min.
Participants sat in a soundproof and dimly lit room at a distance of
60 cm from a computer screen.



Fig. 1. Within-trial sequencing of the events in the dual-task condition. In the search
display the ‘A’ is the target and the distractor ‘R’ is presented in the unusual font. In the
actual displays the distractor appeared in the same font as the other letters but in a
color that differed from the other letters.

1 Such single-task vs. dual-task manipulations are confounded with the time
between search displays on successive trials; however, this is not problematic for the
results of this study, as will be addressed in the General Discussion.

52 B.R. Burnham / Acta Psychologica 135 (2010) 50–58
1.1.2. Design
The complete design was a 2 (Task: Single vs. Dual)×2 (Singleton:

Present vs. Absent)×2 (Set Size: 5-items vs. 9-items)×2 (Target: A
vs. R)×2 (Target-Singleton Colors: Red–Green vs. Green–Red) mixed-
model and nested factorial, with the factor Target-Singleton Colors the
only between-subjects factor. Task was blocked and counterbalanced
across participants. All other factors were randomized within-blocks.

1.1.3. Stimuli
Experiment 1 was controlled by MEL 2 software (Schneider, 1995)

on a Pentium-based PC connected to a 17-inch color monitor. The z
and x keys were used for responding in the visual search task and the
N and / keys were used in the memory probe task. Participants rested
their left and right middle fingers on the z and / keys, respectively, and
their left and right index fingers on the x and N keys, respectively.

Search displays contained five or nine letters in 16-ptMS Sans Serif
font (0.48°×0.29°). The letters appeared at equally-spaced intervals
on the circumference of an array with a radius of 3.25°. The target was
an A or R and each target letter was presented equally often in each
potential target location. Nontargets were selected randomly and
without replacement from K Z N H U T S E. On singleton-absent trials
all letters were all red or all green. On singleton-present trials one
nontarget was colored differently from the other letters (red if the
target color was green, and green if the target color was red). The
color singleton and the target had the same identity on half the
singleton-present trials and different identities on the other half.

In the dual-task condition the memory probe task consisted of a
memory set presented at the beginning of a trial and a memory probe
presented at the end of a trial. The memory set was centered on the
screen and contained six white digits in 16-pt MS Sans Serif font
(0.48°×0.29°). The digits were randomly sampled without replace-
ment from the values 1–9. Participants were instructed to rehearse
the memory set when it appeared and continue throughout the visual
search task. Thememory probewas a single digit with the same visual
characteristics as the memory set. The probe was present in the
memory set on half of the trials and was equally likely to be any one of
the six digits in the memory set. When the probe was absent from the
memory set the probe was equally likely to be any one of the three
values in the range of 1–9 that were not part of the memory set.

1.1.4. Procedures
In the single-task condition each participant completed 20 practice

trials prior to data collection trials. In the dual-task each participant
completed 20 visual search practice trials, 20 memory probe practice
trials, and 20 dual-task practice trials prior to the data collection trials.
Participants completed a total of 736 data collection trials; half in each
the single-task and dual-task conditions, which were presented in
separate blocks and counterbalanced for order across subjects. A
random half of the trials in each condition were singleton-absent
trials and the other half were singleton-present trials. Participants
received a self-paced break after every 46 data collection trials.

In the single-task condition each participant was told that s/he
would see a display of letters and to indicate whether an A or R was
present by pressing the appropriate key as quickly and accurately as
possible. Participants were informed of the target-relevant color and
that on some trials one nontarget would be colored different from the
other letters, but that this color singleton should be ignored. Each trial
began with a 500 ms fixation at the center of the screen. The search
display was presented for 5000 ms or until a response was made.
Incorrect responses and failures to respond resulted in a 500 ms tone
being played. An inter-trial-interval of 1000 ms followed a correct
response or the offset of the error tone.

In the dual-task condition (Fig. 1) each participant was told s/he
would complete both a visual search task and a memory probe task on
each trial. A trial began with a 500 ms fixation followed by the memory
set for 2000 ms. The memory set was replaced by a mask of six white
asterisks (*) for 750 ms and followed by a fixation for 500 ms. The search
display then appeared for 5000 ms or until a response was made.
Incorrect responses and failures to respondwithin the time limit resulted
in a 500 ms error tone. As soon as the participant responded the search
displaywas erased and thememory probe appeared for 2000 ms or until
a response was made. If a participant responded incorrectly or failed to
respond within the time limit a 500 ms error tone played. Participants
were told to favor accuracy on the probe task. The next trial began
1000 ms after a correct response or the tone's offset.1

1.2. Results

Three criteria had to be satisfied to retain a participant's data for
the analyses. In the single-task condition accuracy had to be at least
80%. In the dual-task condition when visual search performance was
conditionalized on correct responding on the memory probe accuracy
had to be at least 90%, and when memory probe performance was
conditionalized on correct responding on the visual search task
accuracy had to be at least 70%. A more stringent visual search
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criterion was used in dual-task condition due to performance being
conditionalized on correctly responding to the memory probe. A more
liberal criterionwas used for thememory probe data, because the task
was secondary to the search task. Data from one participant were
discarded due to failure to meet both dual-task criteria and data from
two additional participants were discarded due to failure to complete
the study. Analyses are reported on the remaining 20 participants.

Visual search data were collapsed across the levels of the factor
target identity. The between-subject factor target-singleton colors did
not enter into any significant effects [Fsb1] and was not included in the
following analyses. Separate repeated-measures ANOVAs were con-
ducted on the RTs and the error rates from the search task. Unless noted
all effects called statistically significant are associated with pb .05.

1.3. RTs

For the single-task condition only RTs from trials associated with a
correct response were used. For the dual-task condition only RTs from
trials associated with a correct response on both the visual search task
and the memory probe task were used. Each participant's geometric
mean was computed for each cell in the 2 (Task)×2 (Set Size)×2
(Singleton) design and also for the singleton-compatible and singleton-
incompatible conditions. Geometric means were used to reduce the
influence of trials with extreme RTs, without having to resort to any
trimming procedure. The arithmetic means of the geometric means are
averaged across set size and appear in Fig. 2. Subtracting the RT in the
singleton-absent from the RT in the singleton-present condition yields a
positive difference if the color singleton captured attention.

A 2 (Task)×2 (Set Size)×2 (Singleton) repeated-measures ANOVA
revealed a main effect of task, F(1, 19)=24.22,MSE=29,679, ηP2=.56,
due to RTs being greater in the dual-task condition (1078 ms) than in
the single-task condition (949 ms). The main effect of set size was
significant, F(1, 19)=135.31, MSE=10,331, ηP2=.88, due to RTs
increasing at a rate of 46.7 ms/item, suggesting visual search was
effortful. The singleton main effect was significant, F(1, 19)=30.47,
MSE=3944, ηP2=.62, due to greater RTs when the singleton was
present (1038 ms) than absent (983 ms), suggesting the singleton
captured attention. There were no interactions [Fsb1], and as seen in
Fig. 2 the capture effects were nearly equivalent in the single-task and
dual-task conditions. Hence, these data fail to confirm the prediction
that capture would be found in the dual-task condition, but not in the
single-task condition.
Fig. 2.MeanRTs in the color singleton present and absent conditions for the single-task and
dual-task conditions in Experiment 1. Error bars represent the 95% confidence intervals
based on the within-subjects error term for comparing differences between means
(Equation 2, Hollands & Jarmasz, 2010). The value after Δ is the attentional capture effect.
To assess the effect of response compatibility between the
singleton and the target, a 2 (Task)×2 (Set Size)×2 (Singleton
Compatibility) repeated-measures ANOVA was carried out. The main
effects of task, F(1, 19)=24.88, MSE=28,162, ηP2=.57, and set size,
F(1, 19)=104.07, MSE=13,303, ηP2=.85, were significant. The effect
of singleton compatibility was also significant, F(1, 19)=12.70,
MSE=4870, ηP2=.40, due to greater RTs when the singleton was
incompatible with the target's identity (1060 ms) than compatible
with its identity (1021 ms); a 39 ms response compatibility effect. This
response compatibility suggests that the color singleton captured
spatial attention to its location (Theeuwes, 1995; Theeuwes & Burger,
1998). No other effects were significant [Fsb1].

1.3.1. Errors
Themeanpercent errors averagedover set size appear in Table 1. A 2

(Task)×2 (Set Size)×2 (Distractor) repeated-measures ANOVA
revealed main effects of task, F(1, 19)=5.22, MSE=.09, ηP2=.22, and
singleton, F(1, 19)=8.60, MSE=.03, ηP2=.31. The main effect of task
was due to due to more errors made in the single-task condition (2.5%)
than the dual-task condition (1.4%), hinting at a speed–accuracy
tradeoff. Themain effect of singletonwas due tomore errors committed
when the distractor was present (2.4%) than absent (1.5%), which
supports attentional capture effect seen in theRTs. No other effectswere
significant [Fsb2.9].

A 2 (Task)×2 (Set Size)×2 (Singleton Compatibility) repeated-
measures ANOVA revealed main effects of task, F(1, 19)=5.64,
MSE=.10,ηP2=.23, and singleton compatibility, F(1, 19)=4.58,
MSE=.10, ηP2=.19. The Task×Singleton Compatibility interaction was
also significant, F(1, 19)=9.03, MSE=.10, ηP2=.32, due to a response
compatibility effect of 2.0% in the single-task condition, t(19)=3.02,
SE=.70, but not in the dual-task condition (−0.1%, tb1). No other
effects were significant [Fsb3.6]. The interaction is likely an artifact of
eliminating visual search data on those trials on with an incorrect
response to the memory probe.

1.4. Discussion

The surprising result was that attentional capture occurred in the
single-task condition, which was procedurally similar to Theeuwes and
Burger (1998) Experiment 2 where capture was not obtained. It seems
unlikely that Theeuwes and Burger's null capture effect was a Type II
error, because the power to detect a capture effect of the size reported in
the single-task condition was .90 based on a Cohen's d of 1.69 in the
present study. However, two additional experiments reported by
Burnham (2007b) that were modeled after Theeuwes and Burger's
Experiment 2 also yielded attentional capture by a color singleton in a
single-task condition (Experiment 2 from Burnham, 2007b: cap-
ture=114 ms, d=1.16, Power=.92; Experiment 3: capture=73 ms,
d=1.39, Power=.98). Hence, Theeuwes and Burger's null capture
effect failed to replicate on three occasions, suggesting attentional
capture under that set of conditions is a non-zero effect.
Table 1
Mean percent errors (and standard error of the mean) for the singleton-present and
singleton-absent conditions, in the single-task and dual-task conditions for Experi-
ments 1–3.

Task Singleton present Singleton absent

% Error SEM % Error SEM

E1 Single 3.0 0.6 1.9 0.4
Dual 1.7 0.3 1.1 0.2

E2 Single 3.0 0.5 3.0 0.5
Dual 2.0 0.4 2.1 0.5

E3 Single 2.4 0.7 2.3 0.5
Dual 2.0 0.5 1.7 0.3

Percent error is rounded to the nearest tenth.



Fig. 3.Mean RTs in the color singleton present and absent conditions for the single-task
and dual-task conditions in Experiment 2 Error bars represent the 95% confidence
intervals based on the within-subjects error term for comparing differences between
means (Equation 2, Hollands & Jarmasz, 2010). The value after Δ is the attentional
capture effect.

2 I thank an anonymous reviewer for pointing this out.
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Also puzzling is that Burnham, Neely,Walker andNeill (2006) found
that a color singleton with similar physical characteristics as the one
used here (i.e., color, size, luminance) did not capture attention during
effortful visual search when the target's color and the singleton's color
were constant across trials. However, in Burnham et al. the color
singleton was always irrelevant to the target's response-set (the
singleton was an E and the two potential targets were A and R);
whereas in Experiment 1 the color singletonwas always relevant to the
response-set (the singleton was A or R and the target was A or R).
Because the color singletonwas irrelevant to the target in both color and
identity in Burnham et al. it may have been easier to ignore. In contrast,
because the singleton was relevant to, though non-predictive of, the
target's identity in Experiment 1 it may have been difficult to ignore.
This possibility was explored in Experiment 2.

2. Experiment 2

The procedures used in Experiment 1 were replicated except that
the identity of the color singleton was always E, which made it
irrelevant to response-set. If the singleton's response-set relevance
contributed its capturing attention in the single-task condition in
Experiment 1, then capture should not be found in the single-task
condition in Experiment 2. Because the memory probe task should
increase cognitive load a capture effect should still be observed in the
dual-task condition.

2.1. Methods

Unless noted, all methods were identical to those used in
Experiment 1.

2.1.1. Participants
A new sample of 28 undergraduates participated.

2.1.2. Stimuli
Displays were identical to those presented in Experiment 1 except

that the identity of the singleton was always an E.

2.2. Results

Data from two participants were discarded due to failure to meet
the single-task criterion and data from two additional participants
were discarded due to failure to meet both dual-task criteria. Analyses
are reported on the data from the remaining 24 participants.

2.2.1. RTs
Each participant's data were treated the same as Experiment 1.

Arithmeticmeans of theparticipants' geometricmeanRTs appear in Fig. 3.
A 2 (Task)×2 (Set Size)×2 (Singleton) ANOVA revealed a main effect of
task, F(1, 23)=41.35,MSE=38,024, ηP2=.64, due to RTs being shorter in
the single-task condition (868 ms) than in the dual-task condition
(1049 ms). The set size main effect was also significant, F(1, 23)=
167.43, MSE=8067, ηP2=.88, due to RTs increasing at a rate of 41.9 ms/
item, suggesting effortful search. The singletonmaineffectwas significant,
F(1, 23)=4.95, MSE=1234, ηP2=.18, due to greater RTs when the
singletonwas present (964 ms) than absent (952 ms). Most importantly,
the Task×Singleton interaction was significant, F(1, 23)=9.39,
MSE=990, ηP2=.29, due to a significant capture effect of 25 ms in the
dual-task condition, t(23)=3.12, SEM=8.07, compared to a non-
significant effect of −3 ms in the single-task condition, t(23)=.501,
p=.62, SEM=5.25. No other effects were significant, Fsb1.0.

2.2.2. Errors
The mean percent errors, averaged over set size, appear in Table 1.

A 2 (Task)×2 (Set Size)×2 (Singleton) repeated-measures ANOVA on
the error rates yielded amain effect of task, F(1, 23)=5.23,MSE=.08,
ηP2=.19, due to more errors in the single-task condition (3.0%) than in
the dual-task condition (2.0%), hinting at a speed–accuracy tradeoff.
No other effects were significant, Fsb1.9.

2.3. Discussion

These results are consistent with the prediction that during
effortful search and when an observer has complete knowledge for
which color to attend and which color to ignore, capture would not be
obtained in a single-task condition, but would be obtained in a dual-
task condition. The absence of capture in the single-task condition
replicates Burnham et al. (2006) results and the capture effect
observed in the dual-task condition is similar to that observed by
Lavie and de Fockert (2005) where visual search was efficient. It is
noteworthy that a capture effect was observed in the dual-task
condition when search was effortful, which is a condition that does
not typically yield capture by a color singleton (e.g., Folk & Annett,
1994; Jonides & Yantis, 1988; Theeuwes, 2004; Theeuwes & Burger,
1998; but see Proulx, 2007, for evidence suggesting that salience
facilitates target detection in a conjunctive, effortful, search).

The results of Experiments 1 and 2 suggest that cognitive load
modulates attentional capture, but only if the identity of a color singleton
is response-set irrelevant. This follows from finding that the task by
singleton interaction was not obtained when response-set relevant
singletons were presented in the visual search displays (Experiment 1),
but was obtained when response-set irrelevant singletons were
presented in thevisual searchdisplays (Experiment2). Before concluding
that this difference in results was due to the relevance vs. irrelevance of
the color singleton, a subtle confoundbetweenExperiments 1and2must
be addressed. Specifically, the difference in resultsmay have been due to
a difference in the uncertainty of the singleton's identity, which varied
across trials in Experiment 1, butwas constant across trials in Experiment
2.2 Experiment 3 examined this issue.

3. Experiment 3

In Experiment 1 the color singleton's identitywas always response-
set relevant, but its identity varied; whereas in Experiment 2 the color



Fig. 4.Mean RTs in the color singleton-present and absent conditions for the single-task
and dual-task conditions in Experiment 3. Error bars represent the 95% confidence
intervals based on the within-subjects error term for comparing differences between
means (Equation 2, Hollands & Jarmasz, 2010). The value after Δ is the attentional
capture effect.

3 The 10 ms difference in the single-task condition appears to be driven by one
participantwith an86 mscapture effect.When that individual's datawas removedand the
data reanalyzed, the Task×Singleton interaction remained significant, F(1, 24)=5.17,
MSE=966, ηP2=.18, and the capture effect in the single-task condition was reduced to
7 ms andno longer approachedsignificance, t(23)=1.47,p=.16, SEM=4.67. The capture
effect in the dual-task condition (27 ms) was unaffected, t(23)=4.13, SEM=6.61. Thus,
the small (10 ms) capture effect in the single-task conditionmaynotbe reliableand should
be interpreted with caution.
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singleton's identitywas always response-set irrelevant, but its identity
was constant. It is possible that a difference in the variability of the
color singleton's identity, not the response-set relevance of the color
singleton, produced the different results observed between Experi-
ments 1 and 2. Specifically, in Experiment 2 the color singleton's
identity was constant and observers could be certain of its identity on
each trial. In contrast, in Experiment 1 the color singleton's identity
was varied and observers could never be certain of its identity on any
trial. This difference in uncertaintymay have translated to a difference
in top-down attentional control between Experiments 1 and 2. For
example, studies using the Stroop (1935) ink-color naming task have
found that increasing the uncertainty of a distractor dimension
(frequency of the color words) is associated with larger Stroop-
congruency effects (e.g., Logan & Zbrodoff, 1979, 1998; Melara &
Algom, 2003; Sabri,Melara, & Algom, 2001). Thus, increased variability
in an irrelevant distractor dimension is associated with larger
interference. It is possible that uncertainty over the singleton's identity
in Experiment 1 made it difficult to ignore in the single-task condition
and this resulted in the capture effect.

In Experiment 3, the procedures used in Experiments 1 and 2 were
replicated, but the identity of the color singleton was varied across
trials between E and F. Experiment 3 is similar to Experiment 1 with
respect to the uncertainty over the color singleton's identity.
Experiment 3 is similar to Experiment 2, because the color singleton
will always be response-set irrelevant. If different results between
Experiments 1 and 2was due to a difference in response-set relevance
of the color singleton, then the results of Experiment 2 should be
replicated. If the difference in the results was due to a difference in the
uncertainty over the color singleton's identity, then the results of
Experiment 1 should be replicated.

3.1. Methods

Unless noted, all methods were identical to those used in
Experiments 1 and 2.

3.1.1. Participants
Twenty nine undergraduate students from The University of

Scranton participated.

3.1.2. Stimuli
Experiment 3 was controlled by E-Prime version 2.0.8.22 software

(Psychology Software Tools Inc.). The visual search displays were
identical to those presented in Experiments 1 and 2 except the
identity of the color singleton was E or F. The singleton's identity was
selected randomly across trials with each identity (E and F) presented
equally often.

3.2. Results

Data from two participants were discarded due to failure to meet
the memory probe criterion in the dual-task condition and data from
two more participants were discarded due to failure to complete the
study. Analyses are reported on the remaining 25 participants.

3.2.1. RTs
Each participant's data were treated the same as Experiments 1

and 2. Arithmeticmeans of the participants' geometricmeanRTs appear
in Fig. 4. A 2 (Task)×2 (Set Size)×2 (Singleton)ANOVA revealed amain
effect of task, F(1, 24)=17.12,MSE=47,620, ηP2=.42, due to RTs being
shorter in the single-task condition (809 ms) than the in the dual-task
condition (937 ms). The set size effect was also significant, F(1, 24)=
160.02,MSE=7626, ηP2=.87, due to RTs increasing at a rate of 39.1 ms/
item, suggesting effortful search. The singleton main effect was
significant, F(1, 24)=22.79, MSE=810, ηP2=.49, due to greater RTs
when the singleton was present (883 ms) than absent (864 ms). Most
importantly, the Task×Singleton interaction was significant, F(1, 24)=
4.46, MSE=981, ηP2=.15, due to a capture effect of 28 ms in the dual-
task condition, t(24)=4.41, SEM=6.43, compared to a smaller, but
nearly significant capture effect of 10 ms in the single-task condition,
t(24)=1.83, p=.08, SEM=5.50.3 No other effects were significant,
Fsb2.1.

The pattern of capture effects and, most importantly, the task by
singleton interaction suggest that the memory probe task moderated
the magnitude of the attentional capture effects. But, the nearly
significant capture effect in the single-task condition also suggests
that variability of the color singleton's identity influenced the
magnitude of the capture effect. To examine this, a 2 (Experiment 2
vs. 3)×2 (Task)×2 (Set Size)×2 (Singleton) mixed-ANOVA was
performed on the data from Experiments 2 and 3. The ANOVA revealed
main effects of experiment, F(1, 47)=4.05, MSE=189,857, ηP2=.08,
task, F(1, 47)=54.70,MSE=43,017,ηP2=.54, set size, F(1, 47)=324.66,
MSE=7876, ηP2=.88, and singleton, F(1, 47)=23.75, MSE=1038,
ηP2=.34. Most importantly, the task by singleton interaction was
significant, F(1, 47)=14.36, MSE=966, ηP2=.23, but there were no
significant interactions with experiment [all other Fsb2.0]. Thus,
variability of the color singleton's identity had only a small influence
on the capture effects in Experiment 3.
3.2.2. Errors
The mean percent errors, averaged over set size, appear in Table 1.

A 2 (Task)×2 (Set Size)×2 (Singleton) repeated-measures ANOVA on
the error rates in Experiment 3 yielded no significant effects, Fsb2.0.

A 2 (Experiment: 2 vs. 3)×2 (Task)×2 (Set Size)×2 (Singleton)
mixed-ANOVA revealed a main effect of task, F(1, 47)=6.98,
MSE=.10, ηP2=.13. No other effects were significant, Fsb1.4.



56 B.R. Burnham / Acta Psychologica 135 (2010) 50–58
3.3. Discussion

The results of Experiment 3 replicate the pattern of results
observed in Experiment 2: The color singleton captured attention in
the dual-task condition and the capture effect was smaller and did not
reach a conventional level of statistical significance in the single-task
condition. This pattern of capture effects and the statistically
significant task by singleton interaction are more supportive of the
hypothesis that the difference in results in the single-task condition
between Experiments 1 and 2 was due to a difference in response-set
relevance of the color singleton. The results are less supportive of the
hypothesis that the difference in results was due to a difference in the
uncertainty of the singleton's identity across trials. Nonetheless, it
should be noted that the small capture effect in the single-task
condition suggests that the uncertainty of the singleton's identify had
some influence on the capture effect. But because this effect was
marginal and may not be reliable (see Footnote 3): the lack of
significant Experiment×Singleton and Experiment×Task×Singleton
interactions suggests that any influence of this uncertainty wasminor.
In short, Experiments 2 and 3 suggest that response-set irrelevant
color singletons do not capture attention during effortful search
unless an increase in cognitive load is imposed by a secondary task.

4. General discussion

This studymakes at least four important contributions: First, a color
singleton captured attention when (a) search was effortful, (b) the
singletonwas irrelevant to locating the target, and (c) observers knew
which color to attend and which to ignore. These are conditions that
typically preclude capture by a color singleton (e.g., Folk & Annett,
1994; Jonides & Yantis, 1988; Theeuwes, 2004, in press; Theeuwes &
Burger, 1998). Second, although visual search was effortful attention
must have been spread diffusely across the display. If attention had
focused onto one or two items at a time during visual search the salient
signals from the color singleton would be suppressed and not have
captured attention. This finding conflicts with Theeuwes (2004, in
press) attentional window hypothesis, which states that the attended
area is reduced in size to encompass only a few items during effortful
search. Third, attentional capture by the color singleton in a single-task
condition depended onwhether the singleton is response-set relevant.
This is likely due to both top-downand bottom-up factors contributing
to attentional capture by response-set relevant singletons; whereas
only bottom-up factors could contribute to capture by response-set
irrelevant singletons. Fourth and most important, response-set
irrelevant color singletons did not capture attention in a single-task
condition, but did capture attention in a dual-task condition. This
suggests that under increased cognitive load a color singleton captures
attention during effortful search. Below, I address these and other
points.

One question is why in the single-task condition response-set
relevant color singletons captured attention in Experiment 1, but
response-set irrelevant singletons did not in Experiment 2, and
captured attention slightly in Experiment 3. This is especially
important because capture by the response-set relevant singletons
in Experiment 1 (and experiments by Burnham, 2007b) fails to
replicate Theeuwes and Burger (1998) null capture effect that was
observed under similar conditions. One possibility is that the capture
of attention by the response-set relevant singletons involved both
bottom-up and top-down factors. Upon presentation of the search
display the singleton's location and identity would be highlighted due
to its salience (bottom-up factor). In Experiment 1, because the color
singleton's identitywas part of the response-set attention should have
been allocated to it (top-down factor); thereby producing the capture
effect. In Experiments 2 and 3, because the singleton's identity was
not part of the response-set no attention should have been allocated
to it; thereby yielding no reliable capture effects. Hence, the bottom-
up salience of the singleton alone was not powerful enough to capture
attention in the single-task condition during the effortful search.

This explanation is consistent with Folk, Remington and Johnston's
(1992) contingent involuntary orienting hypothesis, which states that
capture is contingent on a singleton's features being part of an
observer's attentional set. This attentional set includes perceptual
features that are useful for locating and responding to a target. In the
present study this would have included the identity of both potential
target letters, because this was the only feature that distinguished the
target from the nontarget letters. Folk et al.'s hypothesis predicts
capture in Experiment 1, because the color singleton's identity was in
the attentional set, and predicts no capture effect in Experiments 2
and 3, because the singleton's identity was not in the attentional set.
This was the observed pattern of results in the single-task condition.

The question now is why the response-set irrelevant color
singletons captured attention in the dual-task condition, but not in
the single-task condition in Experiments 2 and 3. One likely
explanation is the memory probe task interfered with maintaining
task-relevant visual search information in working memory. Interfer-
ence with working memory could have reduced top-down control
over which color to attend and which to ignore. Thus, an observer
would have minimal resistance against the bottom-up salience and
attention-capturing ability of the response-set irrelevant color
singleton.

There are at least two conceivable ways the memory probe task
might have interfered with working memory: (1) Rehearsing the
memory set blocked and prevented rehearsal of task-relevant visual
search information. By not actively maintaining which color to attend
and which color to ignore in working memory, observers would be
less able to exert top-down control and would be susceptible to
attentional capture. (2) Rehearsing the memory set consumed
working memory capacity, which reduced the capacity available to
maintain task-relevant visual search information. Working memory
capacity is related to the top-down control of attention and the ability
to ignore irrelevant stimuli (e.g., Conway, Cowan, & Bunting, 2001;
Fukuda & Vogel, 2009; Kane & Engle, 2003; Sobel, Gerrie, Poole, &
Kane, 2007; Unsworth, Schrock, & Engle, 2004). For example, Conway
et al. (2001) found that individuals with low working memory
capacity (compared to individuals with high working memory
capacity) were less able to ignore unattended information during
dichotic listening; and Kane and Engle (2003) found individuals with
low working memory capacity were more susceptible to Stroop
(1935) color–word interference. Hence, lower working memory
capacity is associated with less top-down attentional control. In the
present study, because observers simultaneously rehearsed amemory
set and performed a visual search task, both tasks would have
competed for the sameworkingmemory capacity. Hence, the addition
of the memory probe task may have reduced top-down control by
consuming some working memory capacity that would normally be
allocated to the search task.

Whether the memory probe task reduced top-down control by
preventing rehearsal of task-relevant visual search information, or
indirectly reduced top-down control by consuming working memory
capacity, is beyond the scope of this study. Indeed, because both
hypotheses predict less top-down control when working memory is
interfered with, both hypotheses would predict no capture in the
single-task condition and capture in the dual-task condition. Because
this was the pattern of results in Experiments 2 and 3, this study
cannot be used support either hypothesis. The results of Experiment 1
are inconsistent with both hypotheses, but as mentioned above, the
capture effect in the single-task condition in Experiment 1 was likely
due to both bottom-up and top-down factors driving attentional
capture. Nonetheless, it is clear that the memory probe task interfered
with the top-down control of attention, thereby allowing bottom-up
salience of the color singleton to capture attention. This is consistent
with Lavie and de Fockert (2005) explanation of their results (see also,
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Lavie, Hirst, de Fockert, & Viding, 2004); who proposed that the
memory probe task interfered with working memory. Studies are
planned to examine whether this interference with working memory
has a direct or an indirect influence on top-down control.

The results of this study are somewhat at odds with Theeuwes
(2004, in press) attentional window hypothesis. This hypothesis
states that the occurrence of attentional capture depends on attention
being diffusely spread across the visual field to allow salient signals
from a singleton to be detected. During efficient (‘parallel’) search
salient signals from a singleton will be detected and capture attention,
because attention is spread across a display; however, during effortful
(‘serial’) search salient signals will not be detected or capture
attention, because attention is focused (see also Belopolsky, Zwann,
Theeuwes, & Kramer, 2007). But if so, the color singleton should not
have captured attention in this study, because the effortful (serial)
search that was observed in each experiment would have reduced the
size of the attentional window and precluded the singleton from
being detected, which was not the case. This is not to say that the
attentional window hypothesis is incorrect, just that it must be
expanded to accommodate these results.

As noted in Footnote 1, the single-task vs. dual-task manipulation
was confounded with the time between search displays on successive
trials. Specifically, the delay was shorter in the single-task condition
than in the dual-task condition. Although this confound has no
implications for the overall results, the interpretation of one result
must be reconsidered. In Experiment 1, the capture effects in the
single-task and dual-task conditions were equivalent. This was
attributed to the response-set relevance of the color singleton;
however, it is also possible that the short delay between search
displays on successive trials in the single-task condition induced a
cognitive load equal to the load induced by the memory probe task in
the dual-task condition. That is, a shorter delay would force an
observer to process more displays in a given unit of time, compared to
the dual-task condition. Having to process more displays may be as
cognitively demanding as thememory probe task. Such a time-induced
load could have reduced attentional control and resulted in capture by
the singleton in the single-task condition. But this explanation is
highly unlikely, because if a time-induced load was present in the
single-task condition in Experiment 1, the same single-task condition
should also have instantiated a time-induced load and resulted in
capture effects in Experiments 2 and 3, whichwas not the case. Hence,
this confound does not seem a problem for any of the interpretations
made in this study.

In conclusion, three experiments examined the effect of cognitive
load on attentional capture by a color singleton during effortful visual
search. The results suggest a color singleton can be ignored when
cognitive load is low or absent, and the identity of the color singleton
is irrelevant. But, when a secondary task increases cognitive load, an
irrelevant color singleton will capture attention. Such secondary tasks
interfere with top-down control that normally aids visual search and
resists attentional capture.
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