Supplemental Materials
While the main manuscript focuses on the aggregate analysis of Experiments 1 and
2 to streamline the central message of the paper, here, we provide a more detailed analysis
of the individual experiments.
Rationale for Collapsing Experiment 1a and 1b
In a preliminary analysis, we examined whether the small variations in the task
design between Experiments 1a and 1b had an effect on the observed results. For this
purpose, we ran repeated measures ANOVAs for each analysis (e.g., Behavior, CDA, etc.)
with the within-subjects factors Task (Working Memory [WM], Attention) and Set Size (2, 4
items) and the between-subjects factor Experiment (1a, 1b). With one exception (described
next) there was no main effect of Experiment and no interaction of Experiment with any
other factor, p ³ .49. For the CDA analysis, there was a significant interaction of Laterality,
Task, and Experiment, F(46) = 4.28, p = .04, ηp2 = .09. To explore whether task lateralization
varied across experiments, we ran a repeated measures ANOVA with the factors Laterality
(Contralateral [“contra”], Ipsilateral [“ipsi”]) and Task (WM, Attention) for Experiment 1a
and 1b separately. For both experiments, there was a significant interaction of Laterality
and Task, p < .001. Specifically, there was a larger difference in laterality between the two
tasks for Experiment 1a (M = -.50, SD = .33) than for Experiment 1b (M = -.31, SD = .31).
The triple interaction between Laterality, Task and Experiment was not important for our
central question which focused on the cognitive processes that yield lateralized activity.
Thus, the data were collapsed across Experiments 1a and 1b.
Experiment 1
Behavior Results
Working memory. WM performance (Figure S1) was converted to a capacity score, K,
calculated as K = N x (H-FA). N is the set-size; H is the hit rate; and FA is the false alarm rate
(Cowan, 2001). We only analyzed “target absent” trials, as we excluded “target present”
trials (10% of total trials) from the CDA and alpha analyses. For the WM trials, we
compared performance between set size 2 and set size 4 using a two-tailed, paired-samples
t-test. There was a significant difference in K score between set size 2 and 4, t(47) = -3.14, p
= .003. Although the effect was smaller than usual, participants remembered significantly
more items on set size 4 trials (M = 1.73, SD = .77) than set size 2 trials (M = 1.52, SD = .40).
Attention. Accuracy (Figure S1) was essentially at ceiling for detecting whether a
line was present (Set Size 2: M = .99, SD = .01; Set Size 4: M = .97, SD = .02). On the rare
trials in which lines were presented, participants correctly reported the orientation of the
target line more frequently on set size 2 (M = .82, SD = .13) trials than on Set Size 4 (M =
.78, SD = .15) trials, t(47) = 2.56, p = .01. Thus, monitoring four locations was more difficult
than monitoring two locations.
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Figure S1. Behavioral performance for Experiment 1. (A) Average K score in the WM task for each
experiment. The distribution of K scores for all participants is represented by the violin plot. Dots and light
gray lines represent individual participants’ performance. (B) Average accuracy in the attention task when
participants had to discriminate the orientation of the target line.

Contralateral Delay Activity Results
Recall that the WM condition required participants to direct attention to one side
and store the colors of the objects in WM, while the attention task required only the
deployment of spatial attention without storage of the objects in the sample array. As
shown in Figure S2, a significant CDA was observed only in the WM condition.
To characterize the apparent differences in CDA amplitude across task, we ran a
2x2x2 repeated measures ANOVA with the factors Laterality (contra, ipsi), Task (WM,
attention), and Set Size (2, 4 items) on data averaged from 400 to 1450 ms after stimulus
onset. In this analysis, a significant effect of Laterality (i.e., greater negativity contralateral
than ipsilateral to the sample array) provides evidence for a reliable CDA. This analysis
revealed a significant main effect of Laterality, F(1,47) = 36.26, p < .001, ηp2 = .44, and Set
Size, F(1,47) = 12.85, p = .001, ηp2 = .21. There was also a significant 2-way interaction of
Laterality and Task, p < .001, and a significant three-way interaction of Laterality, Task, and
Set Size, F(1,47) = 4.96, p = .03, ηp2 = .10. No other effects were significant, p ³ .60.
To characterize the significant interactions, we ran separate repeated measures
ANOVAs for the WM and Attention tasks, with the within-subjects factors Laterality
(contra, ipsi) and Set Size (2, 4 items). For the WM task, there was a significant main effect
of Set Size, F(1,47)= 6.56, p = .01, ηp2 = .12, and of Laterality, F(1,47) = 66.59, p < .001, ηp2 =
.59. The main effect of Set Size does not provide information about the CDA component,
because the effect was found in data collapsed across Laterality. The main effect of
Laterality, however, demonstrates that there was a reliable CDA in the WM condition. For
the Attention task, the repeated measures ANOVA revealed a significant main effect of Set
Size, F(1,47) = 10.07, p = .003, ηp2 = .18. Again, this effect is not diagnostic regarding the
CDA, because the data were collapsed across laterality. Critically, there was no main effect
of Laterality in the Attention task, F(1,47) = .95, p = .33, ηp2 = .02, suggesting that deploying
covert attention to the locations of the sample items was not sufficient to drive the CDA.
Finally, the three-way interaction between Laterality, Set Size, and Task reflects the
finding that set size effects in the attention task went modestly in the opposite direction of
a typical CDA, with greater negativity in the set size 2 condition (M = -.07, SD = .29) than in
the set size 4 condition (M = .001, SD = .29). This was not the case for the WM condition.
One unusual finding was that we did not observe a significant interaction between Set Size
and Laterality on the CDA amplitude in the WM task, despite many past demonstrations
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that CDA amplitude is sensitive to changes in mnemonic load (Luria, Balaban, Awh, & Vogel,
2016). CDA amplitude was numerically higher with the larger set size, but this was not
statistically reliable. We think this may be due to unusually low WM performance for this
group of subjects. While participants stored significantly more items in the set size 4
condition compared to the set size 2 condition, this difference was quite small (about 0.1
items); this modest difference in the number of items stored in the two conditions probably
explains why a reliable change in CDA amplitude was not observed. Nevertheless,
Experiment 2 will replicate the core empirical pattern while revealing a clear effect of WM
load on CDA amplitude. Furthermore, aggregate analysis of CDA amplitude across
Experiments 1 and 2 will also show a robust set size effect in line with past findings in the
literature (see the main text).
To summarize the CDA analysis for Experiment 1, the pattern of the CDA was
strikingly different for the WM and Attention tasks. When participants were instructed to
encode and maintain object representations, we observed a robust CDA. However, when
participants were instructed to deploy covert attention to the locations of the same squares
to perform a demanding target discrimination task, we saw no evidence of the CDA.
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Figure S2. Contralateral delay activity for Experiment 1. (A) CDA amplitude (μV) over time. Timepoint zero
marks the onset of the memory array, and timepoint 1450 marks the onset of the response array. (B) Average
CDA amplitude (μV) during the time window of interest, 400 to 1450 ms. The distribution of CDA amplitudes
for all participants is represented by the violin plot. Dots and light gray lines represent individual
participants.

Lateralized Alpha Power Results
As Figure S3 shows, we observed the typical suppression of alpha power
contralateral to the relevant hemifield in both tasks, though it was larger in the WM task.
We confirmed these impressions with a repeated measures ANOVA on the average alpha
power in the same window as the CDA with the factors Laterality (contra, ipsi), Task
(attention, WM) and Set Size (2, 4 items). The analysis revealed a main effect of Laterality,
F(1,47) = 22.99, p < .001, ηp2 = .33, and a significant interaction of Laterality and Task,
F(1,47) = 15.28, p < .001, ηp2 = .25. All other effects were not significant, p ³ .23. Mean alpha
lateralization was stronger in the WM (M = -.46, SD = .45) than in the Attention (M = -.04,
SD = .29) condition. Nevertheless, follow-up two-way paired-samples t-tests revealed that
alpha power was significantly lateralized in all conditions, WM set size 2: t(47) = -5.25, p <
.001; WM set size 4: t(47) = -4.91, p < .001; Attention set size 2: t(47) = -3.97, p < .001;
Attention set size 4: t(47) = -3.29, p = .002. Thus, in both the WM and Attention conditions,
we saw clear evidence of reduced alpha power in posterior contralateral electrodes,
consistent with the hypothesis that both the WM and Attention tasks recruited covert
spatial attention to the locations of the sample items. However, we also observed an effect

of task, with more robust lateralization of alpha power in the WM task.
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Figure S3. Lateralized alpha power for Experiment 1. (A) Lateralized alpha power (μV2) over time. Timepoint
zero marks the onset of the memory array, and timepoint 1450 marks the onset of the response array. (B)
Average lateralized alpha power (μV2) during the time window of interest, 400 to 1450 ms. The distribution
of lateralized alpha power for all participants is represented by the violin plot. Dots and light gray lines
represent one participant’s alpha power.
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Pupil Dilation Results
To compare pupil dilation (Figure S4) between the WM and Attention tasks
collapsed across set size, we ran a two-way paired-samples t-test on the averaged pupil
dilation from the same time window as the CDA. We did this separately for each task. There
was no significant difference in average pupil dilation between the WM (M = .65, SD = 2.00)
and Attention (M = .86, SD = 1.78) tasks, t(43)= -.83, p = .41. Thus, pupil dilation provided
no indication that stronger lateralized activity in the WM task was due to increased effort.
Indeed, an aggregate analysis below will provide evidence that this correlate of cognitive
effort was actually higher in the Attention task.
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Figure S4. Task-evoked pupil response for Experiment 1. (A) Pupil dilation (arbitrary units) over time.
Timepoint zero marks the onset of the memory array, and timepoint 1450 marks the onset of the response
array. (B) Average pupil dilation (arbitrary units) during the time window of interest, 400 to 1450 ms. The
distribution of pupil dilation for all participants is represented by the violin plot. Dots and light gray lines
represent one participant’s pupil dilation.

Horizontal Gaze Position Results
To compare horizontal gaze position between the tasks (during the same time
window used to measure the CDA) we ran a 2x2 repeated measures ANOVA on horizontal
eye position with the factors Task (WM, Attention) and Set Size (2, 4 items). This analysis
revealed that there was no main effect of Task or Set Size, and no significant interaction
between these two factors, p ³ .12 for all effects. Thus, participants moved their eyes the
same amount in all conditions. In all conditions, participants moved their eyes less than
0.017 degrees of visual angle, which is smaller than the size of the fixation dot.
Experiment 2

Rationale for Collapsing Experiment 2a and 2b
In a preliminary analysis, we examined whether the small variations in task design
between Experiments 2a and 2b had an effect on the observed results. For this purpose, we
ran repeated measures ANOVAs for each analysis (e.g., Behavior, CDA, etc.) with the withinsubjects factors Task (WM, Attention) and Set Size (2, 4 items) and the between-subjects
factor Experiment (2a, 2b). There was no main effect of Experiment for any of the analyses,
p>=.10, and no interaction of Experiment with any other factor (p > .10). Therefore,
subsequent analyses collapsed the data across 2a and 2b.
Behavior Results
We separately analyzed performance for the WM and attention tasks (Figure S5).
For the WM task, there was a significant difference in K score between Set Size 2 and 4,
t(48)= -4.1, p < .001. Participants remembered significantly more items on set size 4 (M =
1.43, SD = .69) than set size 2 trials (M = 1.23, SD = .49).
In the Attention task, participants had a high rate of detecting whether a line was
present (Set Size 2: M = .97, SD = .02; Set Size 4: M = .96, SD = .02). To compare
performance between set size 2 and 4 when participants had to discriminate the
orientation of the target line, we used a two-tailed, paired-samples t-test. Participants
correctly reported the orientation of the target line more frequently on Set Size 2 (M = .75,
SD = .10) than on Set Size 4 (M = .69, SD = .11) trials, t(48) = 4.00, p < .001. Thus,
monitoring four locations was more difficult than monitoring two locations.
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Figure S5. Behavioral performance for Experiment 2. (A) Average K score in the WM task for each
experiment. The distribution of K scores for all participants is represented by the violin plot. Dots and light
gray lines represent one participant’s performance. (B) Average accuracy in the attention task when
participants had to discriminate the orientation of the target line.

Contralateral Delay Activity Results
As shown in Figure S6, CDA amplitude was different across the WM and Attention
tasks, with more robust lateralized activity and effects of set size in the WM task. This
impression was confirmed with a repeated measures ANOVA with the factors Task (WM,
Attention), Laterality (contra, ipsi) and Set Size (2, 4 items). The repeated measures ANOVA
revealed significant main effects of Laterality, F(1,48) = 39.38, p < .001, ηp2 =.45, and Set
Size, F(1,48) = 21.03, p < .001, ηp2 = .31. Critically, there was a reliable interaction between
Laterality and Task, F(1,48) = 23.68, p < .001, ηp2 = .33, showing that CDA amplitude
differed between the WM and Attention tasks. There were also significant interactions
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between Task and Set Size, F(1,48) = 5.72, p = .02, ηp2 = .11, and between Laterality and Set
Size F(1,48) = 16.88, p < .001, ηp2 = .26; because these interactions refer to data collapsed
across Laterality or Task, they are not informative regarding the central question of which
task requirements generate the CDA. Finally, given our hypothesis that the CDA may be
specifically tied to the formation of object representations, we also predicted a triple
interaction between Laterality, Task and Set Size, because load-dependent CDA effects
should be more pronounced in the WM task. This interaction was trending but did not reach
conventional thresholds for significance, F(1,48) = 3.72, p = .06, ηp2 = .07. We re-visit this
question below with a more sensitive aggregate analysis of Experiments 1 and 2 together.
To further delineate the key interaction between Laterality and Task, we ran a
follow-up paired-samples t-tests, collapsed across set size. Examining the difference
between contralateral and ipsilateral activity in each task, we observed reliable effects of
Laterality for both the WM and Attention tasks, p £ .03 for all conditions. Critically,
however, the effect of Laterality was substantially larger in the WM task, (M = -.49, SD =
.50) than in the Attention task (M = -.17, SD = .35), t(48) = -4.88, p < .001. Thus, Experiment
2 replicated the broad empirical pattern in Experiment 1; the CDA was far stronger when
participants were instructed to store object representations in WM than when they were
instructed to attend those locations in anticipation of upcoming targets.
The marked difference in CDA amplitude between the WM and Attention tasks is
particularly striking in light of their strong similarity. Indeed, while the labels for the WM
and Attention tasks highlight their respective storage and selection requirements, both
tasks actually require the sustained maintenance of spatial information. In the WM task,
participants held the positions of the sample items in mind to facilitate change detection,
while in the Attention task, participants held a sustained focus of spatial attention at
specific positions. Nevertheless, CDA amplitude was more than twice as high in the WM
task, motivating the conclusion that the CDA is tied to object representations held in WM
per se, and not simply the deployment of covert attention – even when an attention task
requires the maintenance of spatial information. If this is correct, however, it raises the
question of why we saw reliable a CDA in the Attention task. Our working hypothesis is that
this modest effect of Laterality could reflect the occasional storage of object
representations during the Attention task, but the current study does not provide a clear
way to test this possibility. Nevertheless, while this question can’t be fully answered,
Experiment 2 did replicate the striking divergence in CDA amplitude between the WM and
Attention tasks, in line with the hypothesis that this neural signal may be specifically tied to
item storage in visual WM.
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Figure S6. Contralateral delay activity for Experiment 2. (A) CDA amplitude (μV) over time. Timepoint zero
marks the onset of the memory array, and timepoint 1450 marks the onset of the response array. (B) Average

CDA amplitude (μV) during the time window of interest, 400 to 1450 ms. The distribution of CDA amplitudes
for all participants is represented by the violin plot. Dots and light gray lines represent one participant’s CDA
amplitude.
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Lateralized Alpha Power Results
We observed the typical suppression of alpha power contralateral to the relevant
hemifield in both tasks (Figure S7). Once again, this effect was larger in the WM task. We
confirmed these impressions with a repeated measures ANOVA on average alpha power
with the factors Laterality (contra, ipsi), Task (attention, WM) and Set Size (2, 4 items). The
analysis revealed a significant main effect of Laterality, F(1,48) = 24.17, p < .001, ηp2 = .34,
and a significant interaction between Laterality and Task, F(1,48) = 13.38, p < .001, ηp2 =
.22. Follow-up two-way paired samples t-tests on the difference between contralateral and
ipsilateral activity for each condition revealed significant alpha power suppression in all
conditions, p £ .001 for both set sizes in both the WM and Attention tasks. No other effects
were significant, p ³ .10.
To characterize the interaction of Laterality and Task, we collapsed Laterality into a
difference wave (contra minus ipsi). We then compared this difference wave for the
Attention and WM conditions, averaged across Set Size, with a two-way paired samples ttest. This analysis revealed a significant difference in alpha power lateralization between
the WM and Attention tasks, t(48) = -3.66, p = .001. Alpha power was more suppressed in
contralateral relative to ipsilateral electrodes during the WM (M = -9.16, SD = 13.38) than
during the Attention (M = -4.01, SD = 6.73) task.
To summarize, in both tasks, we found clear evidence of sustained covert orienting
towards the relevant hemifield. This makes the important point that the lack of a robust
CDA in the Attention task is not due to a failure to maintain attention towards the relevant
hemifield. In addition, replicating the finding from Experiment 1, we observed reliably
stronger lateralization of alpha power when participants were instructed to store the
sample items in WM. Thus, both neural signals suggest a distinction between the
maintenance of items in working memory, and the maintenance of spatial attention at the
position of those items.
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Figure S7. Lateralized alpha power for Experiment 2. (A) Lateralized alpha power (μV2) over time. Timepoint
zero marks the onset of the memory array, and timepoint 1450 marks the onset of the response array. (B)
Average lateralized alpha power (μV2) during the time window of interest, 400 to 1450 ms. The distribution
of lateralized alpha power for all participants is represented by the violin plot. Dots and light gray lines
represent one participant’s alpha power.

Pupil Dilation Results
To compare the task-evoked pupil response (Figure S8) between the WM and
Attention tasks collapsed across set size, we ran a two-way paired-samples t-test. This
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analysis revealed greater task-evoked pupil dilation in the Attention task (M = .60, SD =
.29) than in the WM task (M = -.07, SD = 2.36), t(43) = -3.65, p = .001, suggesting that the
Attention task elicited greater cognitive effort. Therefore, the robust CDA in the WM
condition is unlikely to reflect greater cognitive effort in the WM than the Attention task.
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Figure S8. Task-evoked pupil response for Experiment 2. (A) Pupil dilation (arbitrary units) over time.
Timepoint zero marks the onset of the memory array, and timepoint 1450 marks the onset of the response
array. (B) Average pupil dilation (arbitrary units) during the time window of interest, 400 to 1450 ms. The
distribution of pupil dilation for all participants is represented by the violin plot. Dots and light gray lines
represent one participant’s pupil dilation.

Horizontal Gaze Position Results
To determine whether horizontal gaze position varied across tasks, we ran a 2x2
repeated measures ANOVA with the factors Task (WM, Attention) and Set Size (2, 4 items).
This analysis revealed a significant main effect of Task, F(1,42) = 4.78, p = .03, ηp2 = .10.
Participants moved their eyes more during the WM (M = .03, SD = .03) than the Attention
(M = .02, SD = .02) task. We would like to point out that the difference in eye movements
between these two tasks is only about .01 degrees, which is smaller than the diameter of
the fixation point. Nevertheless, to determine whether these differences in horizontal gaze
position drive the differences in the CDA that we observe, we compared horizontal gaze
position during the time window when the CDA initially emerges, 400 to 925 ms after
stimulus onset. The 2x2 repeated measures ANOVA with factors Task (WM, Attention) and
Set Size (2, 4 items) for the average horizontal gaze position during this time window
revealed that there was no significant main effect of Task or Set Size and no interaction of
these two factors, p ³ .06 for all effects. This indicates that during the time window when
the CDA is ramping up, participants moved their eyes the same amount in all conditions.
Therefore, any differences in the CDA that we observe are not driven by differences in
horizontal eye movements. As a follow-up analysis we also analyzed horizontal eye
movement averaged over the end of the trial, 926 to 1450 ms, with another 2x2 ANOVA
with factors Task (WM, Attention) and Set Size (2, 4 items). This analysis revealed that
differences in horizontal eye movements between the WM and Attention tasks emerged
toward the end of the trial, significant main effect of Task, F(1,43) = 4.40, p = .04, ηp2 = .09.
All other effects and interactions were not significant, p ³ .06.
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