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Abstract
In four experiments pupillary responses were used to examine attention allocation and encoding dynamics in free recall.
In Experiment 1, pupillary responses increased (and then decreased) across serial position suggesting that attention was
increasingly allocated to items during learning until working memory was overloaded. In Experiment 2, manipulating
presentation duration resulted in larger and more sustained pupillary responses with increased presentation duration,
suggesting that participants were likely engaging in more elaborative and attention-demanding processes. In Experiment
3a, manipulating list-length resulted in decreased pupillary responses across serial position suggesting that participants
were prioritizing early list items and less attention was allocated to later items. In Experiment 3b, when list-length was
known, pupillary responses in the long-list length condition tended to decrease across serial position whereas pupillary
responses in the short list-length condition tended to increase and decrease across serial positon. These results suggest
that participants flexibly allocate attention to items during encoding depending on the nature of the task and the types of
processes that are engaged in. These results further suggest the potential of utilizing pupillary responses to track
attention allocation during learning.

Keywords Attention .Memory . Serial position effects

Introduction

The ability to learn and remember important information
is critical for a number of tasks and situations we encoun-
ter on an everyday basis. These range from relatively
mundane tasks, such as encoding and remembering where
you parked, to learning and remembering important infor-
mation such as esoteric driving laws in Oregon needed for
an upcoming driver’s test. In both cases it is critical that
you pay attention to the information at learning to ensure
it is properly encoded. In typical experiments it is not
always possible to track how attention and effort are allo-
cated across items during encoding. In the current study,
we utilized pupillometry as a means of tracking variation
in the allocation of attention to items during encoding in a
delayed free-recall task.

Attention and encoding

Learning new information is thought to be an attention-
demanding process. Information that we pay attention to tends
to be remembered better than information that is unattended,
or receives less attention. Thus, attention is needed not only to
select relevant information for on-going processing, but also
to allocate sufficient processing resources to relevant informa-
tion (Chun & Turk-Browne, 2007). In agreement with these
general ideas, much prior research has demonstrated that di-
viding attention during encoding results in poorer subsequent
memory performance than when attention is fully allocated to
encoding (e.g., Baddeley et al., 1984; Craik et al., 1996;
Murdock, 1965). That is, when attention is fully allocated to
encoding information, items are strongly encoded and subse-
quent recall tends to be high. When attention is divided be-
tween encoding and some secondary task, items are weakly
encoded and recall is much lower. Thus, situations that allow
for full attention at encoding should result in better remem-
bering than situations where attention is divided at encoding.

Not only does attention influence remembering between
conditions (full vs. divided), but attention also varies between
items even in full attention conditions. That is, some items will
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receive more attention than others owing to differences in item
characteristics (such as emotionally arousing items;
McGaugh, 2006), but also due to factors such as when in the
list items are presented. The notion that attention is important
for encoding has also been used to explain primacy effects in
recall whereby the first items presented are typically better
recalled than subsequent items (e.g., Murdock, 1962;
Tulving, 2007). Specifically, several models of immediate se-
rial recall suggest that primacy effects arise, in part, because
the amount of attention that is allocated to items decreases
with each successive item (e.g., Brown et al., 2000; Farrell
& Lewandowsky, 2002; Page & Norris, 1998). The first item
receives the most attention and successive items receive less
and less attention. Thus, in these accounts a primacy gradient
of attention allocation during encoding accounts for primacy
effects in immediate serial recall. A somewhat related idea has
been proposed by Tulving (2007; see also Tulving &
Rosenbaum, 2006) called the camatosis hypothesis.
According to the camatosis hypothesis, primacy effects arise
because encoding of the first item requires substantial effort,
which leads to a fatiguing of neural assemblies, and thus less
processing of successive items. That is, resources (potentially
attentional) are depleted during the course of list presentation.
Recent electrophysiological studies corroborate these ideas,
suggesting that initial items get a bigger boost of attention than
later items, resulting in primacy effects (Azizian & Polich,
2007; Healey & Kahana, 2020; Sederberg et al., 2006;
Serruya et al., 2014). Collectively, prior work suggests that
primacy effects arise, in part, from an inability to sustain at-
tention to encoding activities during the presentation of a list
(Healey & Kahana, 2016). Thus, in some cases, primacy ef-
fects can be seen as similar to a vigilance decrement that
occurs during the presentation of the list. Of course this does
not mean that all primacy effects arise due to differences in
attention allocation to items, but rather that differential atten-
tion allocation can influence primacy effects in some
situations.

There are additional ways in which differential attention
to items could arise. For example, it is possible that partic-
ipants are rehearsing the items during encoding (mainte-
nance rehearsal) and rehearsal is an effortful process (e.g.,
Kahneman & Beatty, 1966). Specifically, prior research ex-
amining pupillary responses (see below) during an immedi-
ate memory-span task found that effort allocation tends to
increase as the number of items increases during encoding
and are presumably held in working memory (the loading
function), and effort allocation then decreases as items are
recalled in serial order from working memory (the
unloading function; Gardner, Beltramo, & Krinksy, 1975;
Kahneman & Beatty, 1966; Kahneman & Wright, 1971;
Peavler, 1974). This suggests that attentional effort is allo-
cated as more items are presented and rehearsed for recall.
Thus, rather than attention decreasing across lists, this

account suggests that the allocation of attention should in-
crease across serial position.

The two prior accounts are primarily concerned with how
the allocation of attention changes across items, but it is also
important to examine how attention is allocated to each item
during encoding. For example, prior research has suggested
that maintenance rehearsal is composed of two processes: an
early attention-demanding process and a later more automatic
process (e.g., Naveh-Benjamin & Jonides, 1984; Phaf &
Wolters, 1993). Naveh-Benjamin and Jonides (1984) sug-
gested that the first component of rehearsal involves the re-
trieval and initiation of the proper rehearsal program, which is
an attention-demanding effortful process. The second compo-
nent is a more automatic continuous execution of the appro-
priate motor program. Similarly, Phaf and Wolters (1993)
suggested that elaborative rehearsal requires a continuous al-
location of attention to items, whereas maintenance rehearsal
involves an early focusing of attention followed by habitua-
tion. Thus, there are likely differences in how much attention
is allocated to individual items during encoding and whether
the allocation of attention is continuous or transient depending
on whether one is engaging in maintenance or elaborative
rehearsal.

Collectively, prior research suggests a number of possible
ways in which attention is allocated to items during encoding.
Some accounts suggest that the allocation of attention should
decrease across items, whereas other accounts suggest that the
allocation of attention should increase across items.
Furthermore, prior research has suggested that the allocation
of attention is associated with the type of processing that oc-
curs during encoding, with some processes (elaborative re-
hearsal) requiring more attention than other processes (main-
tenance rehearsal).

Pupil dilation as an index of attention allocation

Although prior research is consistent with the notion that at-
tention allocation is important for encoding and that attention
might be allocated differentially both within and across items
during encoding, more evidence is needed. A potential indi-
cator of the attention allocation to items during encoding are
pupillary responses. A great deal of prior research suggests
that the pupil dilates in response to the cognitive demands of
a task (see Beatty & Lucero-Wagoner, 2000; Goldinger &
Papesh, 2012; Laeng et al., 2012, for reviews). These effects
reflect task-evoked pupillary responses where the pupil dilates
relative to baseline levels due to increases in attention alloca-
tion across a number of tasks (Beatty & Lucero-Wagoner,
2000). Reviewing the literature up to that point, Kahneman
(1973) suggested that pupil dilation is a reliable and valid
psychophysiological marker of attentional allocation. That
is, these task-evoked pupillary responses correspond to the
intensive aspect of attention and provide an online indication
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of the intensity of attention (Just & Carpenter, 1993;
Kahneman, 1973).

There is a long history of using pupillary responses to ex-
amine encoding processes (e.g., Beatty & Lucero-Wagoner,
2000; Engle, 1975; Goldinger & Papesh, 2012; Heaver &
Hutton, 2011; Janisse, 1977; Kafkas & Montaldi, 2011;
Naber et al., 2013; Papesh & Goldinger, 2015; Võ et al.,
2008). For example, in a recognition memory task, Otero
et al. (2011) found larger pupil dilations when participants
recognized items that were encoded under deep-encoding
conditions compared to shallow-encoding conditions, sug-
gesting that deep processing was associated with greater at-
tentional allocation than shallow processing (e.g., Craik &
Byrd, 1982). Additionally, in another recognition memory
task, Papesh et al. (2012) found that greater pupil diameter
at encoding not only predicted subsequent recognition, but
also confidence ratings during retrieval, with the most confi-
dent items being associated with the largest pupils at
encoding. Similarly, in an immediate free-recall task, Ariel
and Castel (2014) found that high-value items were associated
with the largest pupil dilations during encoding, and these
items tended to be the best recalled. Collectively, prior re-
search suggests pupil dilation can be used to track how atten-
tion is allocated to items during encoding.

Research has also examined how attention allocation
changes across items as more items are added. As noted pre-
viously, Kahneman and Beatty (1966) found increased pu-
pillary dilation as working memory load increased in a
memory-span task (see also Heitz et al., 2008; Peavler,
1974; Unsworth & Robison, 2015). With each item that
was presented, the pupil tended to dilate, resulting in a load-
ing function. Subsequent research has replicated and extend-
ed these findings by demonstrating that pupil dilation was
larger for ungrouped than grouped items (Kahneman,
Onuska, & Wolman, 1968), larger when participants are re-
quired to recallmore items (Kahneman&Wright, 1971), and
largerwhen participants had to transform the items andwhen
the items were associated with reward (Kahneman, Peavler,
& Onuska, 1968). Furthermore, if participants are informed
that they no longer need to retain the items, the pupil con-
stricts, suggesting that the items have been dropped from
working memory (Johnson, 1971; Unsworth & Robison,
2018). Similarly, the pupil tends to constrict when more
items are presented than can be rehearsed in working mem-
ory (overloading; Granholm et al., 1996; Granholm et al.,
1997). Thus, rather than being a simple linear function be-
tweenpupil dilation andnumber of itemspresented, the func-
tion seems to be more quadratic in nature demonstrating a
loading function, an asymptote, and then overloading.
Overall, these results are consistentwith the notion that items
are being held and rehearsed in working memory during
encoding and that cumulative maintenance rehearsal is an
active effortful process (Kahneman, 1973).

While a number of studies have examined pupillary re-
sponses in memory-span tasks, considerably less work has
examined pupillary responses in free recall and how
pupillary responses change across serial position. To our
knowledge, only three prior studies have examined pupillary
responses in free recall and how they change across serial
position. For example, during a familiarization task in which
participants were presented with pairs of items for immediate
free recall, Kahneman and Peavler (1969) found that items
presented early in a list were associated with larger pupils than
items presented later in a list consistent with the idea that
attention allocation was decreasing across the list (although
they did not actually test whether the decline was significant).
More recently, Miller, Gross, and Unsworth (2019) examined
pupillary responses in a delayed free-recall task. In their first
experiment they found increased pupil dilation from serial
positions 1-6, but the pupil then constricted from serial posi-
tions 7-10 (a quadratic effect) consistent with loading and
overloading of resources seen in the memory-span tasks
(Granholm et al., 1996; Kahneman & Beatty, 1966).
However, examining individual differences in working-
memory capacity qualified these results by suggesting that
high working-memory capacity individuals tended to demon-
strate the quadratic pupillary function, whereas low working-
memory capacity individuals demonstrated a decrease in pupil
dilation across serial position. Thus, whereas the high
working-memory capacity individuals seemed to rely on cu-
mulative effortful rehearsal in which the allocation of attention
increased (and then decreased) across items, the low working-
memory capacity individuals allocated more attention to early
items and subsequently less attention to later items.
Examining pupillary responses for each item suggested that
the pupil tended to dilate while the item was on screen.
Similarly, Kucewicz et al. (2018) demonstrated that the pupil
tended to dilate with the presentation of each word (dilation
was larger for recalled vs. forgotten words), and there seemed
to be some evidence that the pupil increased and decreased
across serial position (although this was not explicitly tested).

In Miller et al.’s (2019) second experiment, items were
associated with points (1–10) in value directed remembering
paradigm (e.g., Ariel & Castel, 2014). In half of the lists the
points were assigned in a descending order such that primacy
items were worth the most points and recency items were
worth the fewest points. In the other half of the lists the points
were assigned in an ascending order such that primacy items
were worth the fewest points and recency items were worth
the most points. In the descending-points condition the qua-
dratic function was again seen, such that the pupil initially
dilated across serial position, but then decreased (and this
did not change as a function of working-memory capacity).
In the ascending condition, there was a more general increase
in pupil dilation across the list, suggesting that more attention
was allocated to recency items. Miller et al. interpreted these
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results as suggesting that participants can flexibly allocate
attention across items depending on the properties of the task
and the type of processing that participants are engaging in. In
some situations, and for some participants, cumulative main-
tenance rehearsal processes are utilized where attention allo-
cation increases across items up to a point and then decreases
as resources are overloaded. In other situations, and for some
participants, more attention is allocated to early items than
later items, or more attention is allocated to later items than
early items. Thus, it seems likely that the allocation of atten-
tion is partially dependent on the nature of the task, the type of
processes that are engaged in during encoding, as well as
ability differences.

Current study

The goal of the present study was to use pupillary responses as
an online measure of attention allocation to better examine
how attention is allocated to items during encoding in a de-
layed free-recall task. Specifically, if pupillary dilations pro-
vide an online measure of attentional allocation, we should be
able to track how attention is allocated to items during
encoding in order to better understand how attention is utilized
during learning. As noted previously, prior research has sug-
gested two possible ways in which attention is allocated across
items during encoding. First, it is possible that participants
cannot sustain their attention across items, and thus the allo-
cation of attention decreases across items in the list such that
early items receive the most attention consistent with primacy
gradient models of immediate serial recall (e.g., Brown et al.,
2000; Farrell & Lewandowsky, 2002; Healey & Kahana,
2016; Miller et al., 2019; Page & Norris, 1998; Tulving,
2007). We refer to this as the Sustained Attention account,
which predicts (as shown in Fig. 1) pupil diameter should
decrease across serial positions. Second, it is possible that

the allocation of attention increases across items as partici-
pants attempt to cumulatively rehearse items leading to a load-
ing function until working memory is overloaded (Granholm
et al., 1996; Kahneman & Beatty, 1966; Miller et al., 2019).
We refer to this as the Load-Overload account, which predicts
(as shown in Fig. 1) pupil diameter should initially increase
and then decrease across serial positions. Of course it is also
possible that the allocation of attention does not change across
the list, resulting in a null pupillary serial position effect. We
refer to this as the Same account, which predicts (as shown in
Fig. 1) that there should be no changes in pupil diameter
across serial positions. Furthermore, it is possible that each
of these accounts is correct in that participants can flexibly
allocate their attention depending on the nature of the task
and the type of processes that are engaged in.

In addition to examining pupillary responses and atten-
tion allocation across items in a list, we were also interested
in examining how attention is allocated to each item regard-
less of serial position. As noted previously, prior research
suggests that when participants are engaging in mainte-
nance rehearsal, attention is allocated early on during item
presentation for word processing and setting up the rehears-
al program, but then the amount of attention drops as the
rehearsal program runs relatively automatically (e.g.,
Naveh-Benjamin & Jonides, 1984; Phaf & Wolters, 1993).
However, when participants are engaging in elaborative re-
hearsal processes, attention is continuously allocated during
item presentation as participants engage in overall more
effortful processing. This suggests that when maintenance
rehearsal processes are used, there should be a small brief
pupil dilation early in encoding. When elaborative rehearsal
processes are used there should be a large and sustained
pupil dilation during the encoding period. It should be pos-
sible to distinguish between these possibilities by examin-
ing pupillary responses for each item.
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Fig. 1 Possible changes in pupil diameter as a function of serial position and theoretical account. See text for details
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Before continuing it is important to note that there are two
general types of pupillary responses, which differ in their tem-
poral properties: tonic and phasic (e.g., Beatty, 1982; Chiew
& Braver, 2013; Kostandyan et al., in press; Unsworth &
Robison, 2016). Tonic pupillary responses are changes in
the pupil that occur relatively slowly across the duration of a
task, list, or block of trials. Conversely, phasic responses are
more short-lived pupillary responses tied to a specific event,
item, or trial. Thus, the above possibilities examining changes
in pupil dilation across items in a list represent changes in
tonic pupillary responses, which we refer to as list-level
changes. Possibilities examining changes in pupil dilation
for each item regardless of serial position represent changes
in phasic pupillary responses, which we refer to as item-level
changes. Both of these responses will be examined in the
current set of experiments.

To examine these issues, participants performed a delayed
free-recall task while their pupils were continuously measured
throughout the task. In Experiment 1 we examined pupillary
responses in delayed free recall in an attempt to replicate
Miller et al. (2019). In Experiments 2 and 3 we manipulated
presentation duration and list-length, respectively, in order to
further examine how these manipulations influenced pupillary
responses. The use of pupil diameter should allow us to track
how attention is being allocated to items during encoding and
examine possible differences in both list-level and item-level
pupillary responses.

Experiment 1

In Experiment 1 we examined pupillary responses during
encoding of a delayed free-recall task. Prior research with
this task demonstrated a quadratic list-level effect for pupil-
lary responses consistent with increasing allocation of at-
tention due to effortful cumulative rehearsal until working
memory was overloaded (e.g., Miller et al., 2019).
However, one issue with these results is that prior to
performing the delayed free-recall tasks all participants
completed three complex working-memory-span tasks to
assess individual differences in working-memory capacity.
These tasks, like other span tasks, require serial recall, and
thus the results may have been due to participants using
cumulative rehearsal in the span tasks and then continuing
to use that same rehearsal strategy when performing the
delayed free-recall task. That is, perhaps the pupillary re-
sults are due to serial order requirements on the span tasks
carrying over to free recall. To examine this possibility and
to see if we could replicate the same general pattern of re-
sults from Miller et al. (2019), participants completed the
same delayed free-recall task as Miller et al., without
performing any prior tasks.

Method

Participants

Participants were 45 undergraduate students recruited from
the subject pool at the University of Oregon. Based on our
prior pupillometry work (Miller et al., 2019), we determined
that a minimum sample size of 25 participants would be
sufficient to find a medium effect size, with a power of .80
and alpha set at .05 (two tailed). We aimed for a sample size
of 35 participants. Participants (71.7% female) were be-
tween the ages of 18 and 22 years (M = 18.93, SD = 1.14)
and received course credit for their participation. Data from
five participants were excluded from analyses because of
data-collection problems with the eye-tracker, and two par-
ticipants were excluded for not following instructions, leav-
ing a final sample of 38 participants.

Procedure

After calibration of the eye-tracker, participants were ad-
ministered a delayed free-recall task consisting of five
word lists containing ten words each. Word lists were
initially composed of randomized nouns selected from
the Toronto word pool (Friendly, Franklin, Hoffman, &
Rubin, 1982), and all words were between three and five
letters in length. Words (as well as the mask preceding/
following each word) were presented in black text in Arial
font (font size = 24) on a light gray background.
Participants were tested individually in a dimly lit room.
Properties such as ambient light, screen brightness, con-
trast, etc. were held constant across participants. All par-
ticipants received the same lists of words and were
instructed to recall as many words as possible from each
list. The task began with a “Ready?” signal onscreen for
2 s, followed by a fixation period lasting 2.5 s (baseline
pupil diameter). Each list began with the same “Ready?”
signal and fixation period, which were followed by a se-
ries of words presented individually in the center of the
screen for 3 s. Each word was preceded by a mask of five
plus signs (e.g., “+++++”) for 500 ms and each word was
followed by the same mask for 500 ms. After list presen-
tation, participants then completed a 16-s distractor task
that required participants to verbally report a series of
eight three-digit numbers in descending order (adapted
from Rohrer & Wixted, 1994). Each three-digit string
was presented onscreen for 2 s. At recall, three question
marks appeared in the center of the screen to prompt par-
ticipants to recall as many words as possible within a 45-s
window. Participants typed their responses in any order
they wished and pressed “enter” after each word, thereby
clearing the screen.
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Eye-tracking

Pupil diameter was continuously recorded binocularly at
120 Hz using a Tobii T120 eye-tracker. Participants were
seated 60 cm from the monitor with the use of a chinrest.
Stimuli were presented on the Tobii T120 eye-tracker 17-in.
monitor with a 1,024 × 768 screen resolution. Data from each
participant’s left eye were used. Missing data points due to
blinks, off-screen fixations, and/or eye-tracker malfunction
were removed. We did not exclude whole words or lists for
missing data. List-level pupillary responses were baseline
corrected by subtracting out baseline pupil diameter from the
last 400 ms of the fixation period on a list-by-list (i.e., each list
had its own baseline) basis for each participant. Item-level
pupillary responses were baseline corrected by subtracting
out pupil diameter from the 500-ms mask screen preceding
each item on an item-by-item basis (i.e., each item had its own
baseline) for each participant. The pupil data for the 3-s
encoding phase for each item were averaged into a series of
200-ms time windows and each 200-ms window was baseline
corrected on an item-by-item basis.

Results and discussion

Behavioral effects

First we examined accuracy as a function of serial position.
Overall, proportion correct was .62 (SE = .03). As shown in
Fig. 2, examining proportion correct as a function of serial
position suggested a main effect of serial position, F(9, 333)
= 34.20,MSE = .04, p < .001, partial η2 = .48, such that there
was a strong primacy effect but no recency effect, consistent
with other work using delayed free recall (Glanzer & Cunitz,
1966).

Pupillary effects

Next we turn to our primary analyses of interest examining
pupillary dilations. As noted previously, pupil diameter was
measured continuously throughout the encoding period.
Figure 3 shows the overall averaged pupillary responses dur-
ing the presentation of the words. As can be seen, there
seemed to be a general trend whereby the pupil increased
and then decreased across serial positions. Additionally, there
seemed to be an increase in pupil diameter that occurred for
each word (Kahneman & Peavler, 1969; Kucewicz et al.,
2018). Thus, in order to better examine these notions, we
separately examined baseline corrected list-level and item-
level pupillary responses.

List-level pupillary responses Our first set of analyses focuses
on changes in pupillary responses as a function of serial

position throughout the encoding phase. As shown in Fig.
4a, there was a main effect of serial position, F(9, 333) =
4.16, MSE = .007, p < .001, partial η2 = .10, such that pupil
diameter increased up to position seven and then decreased
back down to the same levels as position 1. Replicating Miller
et al. (2019), there was a quadratic trend, F(1, 37) = 18.64,
MSE = .012, p < .001, partial η2 = .34.

Item-level pupillary responses Next we examined item-level
pupillary responses to determine if the pupil dilated for the
presentation of each word regardless of serial position.1 As
shown in Fig. 4b, there was a main effect of time bin, F(14,
518) = 2.46,MSE = .002, p = .002, partial η2 = .06, and, more
specifically, a significant quadratic trend, F(1, 37) = 6.85,
MSE = .004, p = .013, partial η2 = .16, indicating that the pupil
dilated early in the encoding period and subsequently de-
creased. The peak was significantly different from baseline,
t(37) = 3.63, p = .001.

Overall, the current list-level results replicated prior re-
search in demonstrating a quadratic trend for pupillary re-
sponses across serial position (Miller et al., 2019). This oc-
curred even though participants in the current study did not
perform any tasks prior to the delayed free-recall task. Thus, it
does not seem like the results from Miller et al. (2019) were
due to participants performing the complex span tasks prior to
the delayed free-recall task, which resulted in any carryover

1 We conducted exploratory analyses examining differences in pupillary re-
sponses for subsequently remembered and subsequently forgotten items in
each experiment. In Experiment 1 there was no difference between remem-
bered (M = .011; SD = .05) and forgotten items (M = .012; SD = .06), t(37) =
-.19, p = .85 (see Kucewicz et al., 2018 for contrasting results) . Similar results
were obtained when examining only primacy items, t(7) = .96, p = .37, or
when non-primacy items, t(37) = .36, p = .72. In Experiment 2 there was no
difference between remembered (M = .023; SD = .05) and forgotten items (M =
.027; SD = .06), t(38) = -.54, p = .59. Similar results were obtained when
examining only primacy items, t(27) = -.26, p = .80, or when non-primacy
items, t(38) = .85, p = .40. Similar results were obtained when examining each
presentation-duration condition separately. In Experiment 3 there was no dif-
ference between remembered (M = .001; SD = .054) and forgotten items (M =
.008; SD = .065), t(37) = -1.22, p = .23. Similar results were obtained when
examining only primacy items, t(26) = .09., p = .93, or when non-primacy
items, t(37) = .19, p = .85. Similar results were obtained when examining each
list-length condition separately. We also did an analysis where the item-level
pupillary responses predicted accuracy for each item and participant using
logistic MLM. None of the analyses across experiments were significant (all
ps >.37), suggesting that item-level pupillary responses did not predict subse-
quent memory. Thus, while Kucewicz et al. (2018) found evidence for pupil-
lary subsequent memory effects in their study, our results did not demonstrate
such effects. One potential reason for this discrepancy is that in our experi-
ments we utilized larger samples of participants (N = 10 in Kucewicz et al.,
2018), but each participants completed a smaller number of lists than in
Kucewicz et al. in which participants completed seventeen lists of twelve
words each. Thus, each participant had many more items from which to cal-
culate pupillary responses for recalled vs. forgotten items. For example, in our
Experiment 1 there were a total of 50 words per participant, whereas in
Kucewicz et al. each participant was given 204 words. Given the within-
subject nature of these analyses, having more items per subject likely resulted
in greater power to find potentially small within-subject effects. Future re-
search is needed to better examine the robustness of pupillary subsequent
memory effects in free recall.
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effects. BothMiller et al. and the current results suggested that
the pupil tended to increase in dilation across serial position up
to around position seven and then decrease in dilation. These
results are consistent with the Load-Overload account in sug-
gesting that attention is increasingly allocated across items as
participants engage in a form of effortful cumulative rehearsal
until working memory becomes overloaded, at which point
attention allocation decreases (Granholm et al., 1996;
Kahneman & Beatty, 1966; Miller et al., 2019). Examining
the item-level pupillary responses suggested that the pupil
dilated early in the encoding period and subsequently de-
creased. These results are consistent with the notion that when
each word is presented there is a brief burst of attention in
order to process the item and add the current word to the
rehearsal list, but then attention allocation decreases (e.g.,
Naveh-Benjamin & Jonides, 1984; Phaf & Wolters, 1993).
These results provide insights into how attention is allocated

to items during encoding both across serial positions and with-
in each item.

Experiment 2

The purpose of Experiment 2 was to replicate and extend
Experiment 1. Specifically, in Experiment 1 examining the
item-level pupillary responses suggested a brief pupillary di-
lation followed by constriction consistent with what would be
expected if participants were rehearsing items. In Experiment
2 we wanted to see if we could get larger and more sustained
item-level pupillary responses consistent with what you would
expect if participants were engaging in more effortful elabo-
rative processing. Prior research has demonstrated that as pre-
sentation duration increases, participants are more likely to
use more elaborative strategies (such as organization and
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imagery), resulting in better recall performance (Stoff &
Eagle, 1971; Unsworth, 2016). Thus, participants adaptively
change their encoding strategies as a function of task demands
and experience (Delaney & Knowles, 2005; Finley &
Benjamin, 2012; Unsworth, 2016). Furthermore, in a paired-
associates task, Miller and Unsworth (in press) recently dem-
onstrated that when participants reported using effective learn-
ing strategies (such as imagery or sentence generation), they
demonstrated larger pupillary responses and better recall than
when they reported using more ineffective strategies (such as
rote rehearsal). Therefore, in Experiment 2 participants per-
formed the same delayed free-recall task as in Experiment 1,
but on a third of the lists the words were presented for 2 s each,
on another third of the lists the words were presented for 4 s
each, and finally on the last third of lists the words were
presented for 8 s each. For the 2-s presentation-duration con-
dition we expected to replicate the results from Experiment 1
in terms of both list-level and item-level effects. For the 8-s
presentation-duration condition, however, we expected to see
a much larger item-level pupillary response, and this response

should be sustained throughout the encoding period as partic-
ipants continually allocate high levels of attention to the items.
The 4-s presentation condition should likely fall somewhere in
between the other two conditions. Thus, by manipulating pre-
sentation duration we should encourage participants to switch
strategies and attention allocation policies, and this should be
reflected in the item-level pupillary responses.

Method

Participants

Participants were 40 undergraduate students recruited from
the subject pool at the University of Oregon. Similar to
Experiment 1, we aimed for a sample size of 35 participants.
Participants (56.1% female) were between the ages of 18 and
23 years (M = 19.60, SD = 1.08) and received course credit for
their participation. Data from one participant were excluded
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from analyses because of data collection problems with the
eye-tracker, leaving a final sample of 39 participants.

Procedure

Participants performed the same delayed free-recall task as in
Experiment 1 with the following exceptions. There were nine
total lists of ten words each from the same pool of words from
Experiment 1. On a third of the lists the words were presented
for 2 s each, on another third of the lists the words were
presented for 4 s each, and finally on the last third of the lists
the words were presented for 8 s each. Presentation duration
was randomized so that participants did not know how long
the words would be presented until the end of the first word.
All other aspects of the task were the same as Experiment 1.

Eye-tracking

This was the same as in Experiment 1.

Results and discussion

Behavioral effects

Overall, proportion correct was .55 (SE = .03). There was a
main effect of presentation duration, F(2, 76) = 40.51,MSE =
.07, p < .001, partial η2 = .52, such that proportion correct
increased with increasing presentation duration (2 s M = .47,
SE = .03; 4 sM = .53, SE = .04; 8 sM = .64, SE = .03). There
was a main effect of serial position, F(9, 342) = 33.26,MSE =
.07, p < .001, partial η2 = .47, consistent with Experiment 1
and prior research. As shown in Fig. 5, there was a presenta-
tion duration by serial position interaction, F(18, 684) = 1.70,
MSE = .07, p = .035, partial η2 = .04, such that the effect of
presentation duration was mainly localized to the primacy
items.

Pupillary effects

Similar to Experiment 1, we examined baseline-corrected list-
level and item-level pupillary responses. See the Appendix for
the overall averaged pupillary responses during the presenta-
tion of the words.

List-level pupillary responses Examining pupillary responses
as a function of serial position throughout the encoding phase
suggested that the main effect of presentation duration was not
quite below the .05 criterion, F(2, 76) = 3.13,MSE = .20, p =
.05, partial η2 = .08. Unlike Experiment 1, there was not a
main effect of serial position, F(9, 342) = 1.35,MSE = .022, p
= .21, partial η2 = .03. However, as shown in Fig. 6a, there
was a presentation duration by serial position interaction,

F(18, 684) = 2.49, MSE = .010, p = .001, partial η2 = .06.
Examining each presentation duration separately suggested
that there was an effect of serial position in the 2-s presenta-
tion-duration condition, F(9, 342) = 3.33, MSE = .014, p =
.001, partial η2 = .08, and like Experiment 1, there was a
significant quadratic trend, F(1, 38) = 13.78, MSE = .035, p
= .001, partial η2 = .27. There was no effect of serial position
in either the 4-s presentation condition, F(9, 342) = .95,MSE
= .016, p = .48, partial η2 = .02, or the 8-s presentation-dura-
tion condition, F(9, 342) = 1.39, MSE = .011, p = .19, partial
η2 = .04. Thus, only in the shortest presentation-duration con-
dition was there a significant (quadratic) effect of serial
position.

Item-level pupillary responses Next we examined the item-
level pupillary responses as a function of presentation dura-
tion. Examining the mean pupillary responses suggested a
main effect of presentation duration, F(2, 76) = 5.50, MSE =
.002, p = .006, partial η2 = .13, such that pupil dilation tended
to increase with increasing presentation duration (2 sM = .02,
SE = .01; 4 s M = .01, SE = .01; 8 s M = .05, SE = .01).
Examining each presentation duration separately suggested
that there was no effect of time bin in the 2-s presentation-
duration condition, F(9, 342) = 1.33, MSE = .002, p = .22,
partial η2 = .03. However, there were significant effects of
time bin in both the 4-s presentation condition, F(19, 722) =
1.74, MSE = .003, p = .026, partial η2 = .04, and in the 8-s
presentation-duration condition, F(39, 1482) = 2.43, MSE =
.003, p < .001, partial η2 = .06. As shown in Fig. 6b, all of the
presentation-duration conditions demonstrated an initial brief
pupil dilation (although not significant in the 2-s condition).
Similar to Experiment 1, in the 4-s presentation-duration con-
dition, following the initial dilation, the pupil then constricted.
However, in the 8-s presentation-duration condition, the pupil
dilated to its largest levels and maintained this level of dilation
for most of the encoding period before decreasing back to the
starting levels. The peak dilation was significantly different
from baseline in both the 4-s and the 8-s conditions (all ps <
.007).

Overall, the list-level results from Experiment 2 suggested
that when presentation duration was short (2 s), there was a
quadratic effect for pupillary responses across serial position
consistent with the Load-Overload account and Experiment 1.
However, for longer presentation durations, there was not a
significant effect of serial position, consistent with the Same
account suggesting overall similar allocation of attention to
each item. One interesting finding from the list-level analyses
was that the pupillary responses for the 8-s presentation-dura-
tion condition were generally smaller than those for the 2-s
condition. This would seemingly suggest that this condition
was associated with less effort than the 2-s condition.
However, as seen in Fig. 11c in the Appendix, the pupillary
response for the first word started off near baseline and
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demonstrated a small peak, but then demonstrated a large
reduction in pupil diameter. Thus, the second word (and sub-
sequent words) started off at a much lower level than the first
word. This was likely due to the fact that participants did not
know how long the presentation duration was going to be until
the first word was presented. Thus, it is not necessarily the
case that the 8-s condition is associated with lower effort (see
below), but rather demonstrates the importance of examining
both list-level and item-level effects.

Examining item-level pupillary responses suggested
that at shorter presentation durations there was a general
increase in pupil dilation and subsequent decrease consis-
tent with Experiment 1. However, for the 8-s presentation-
duration condition there was a large initial ramp up in
pupil dilation that was maintained for most of the
encoding period consistent with the notion that attention
was continuously being allocated to encoding the items.
Based on prior research that suggests that increased pre-
sentation duration is associated with a switch from main-
tenance rehearsal to elaborative processing (e.g., Stoff &
Eagle, 1971; Unsworth, 2016), these results suggest that
when presentation duration is short, attention is allocated
briefly to process the item and potentially add the current
item to the rehearsal list. However, when presentation
duration is long and more elaborative processes can occur,
attention is allocated in a more continuous fashion both
within and between items. However, it should be noted
that we did not directly examine participant’s encoding
strategies, and thus we do not know if a switch in strate-
gies occurred in the current study. Future research is
needed to examine if switches in encoding strategies are
accompanied by changes in pupillary responses as specu-
lated here. Collectively, these results suggest that with
increasing presentation duration, participants changed
how they processed the items and changed their attention
allocation policies.

Experiment 3a

The purpose of Experiment 3a was to replicate and extend
the results from the prior experiments. In both Experiment
1 and the 2-s presentation-duration condition in
Experiment 2 there was evidence for the Load-Overload
account in terms of a quadratic pupillary response across
serial position. In the 4-s and 8-s presentation-duration
conditions in Experiment 2, the pupillary serial position
functions were not significant, suggesting that similar
amounts of attention were being allocated across serial
positions consistent with the Same account. As such, there
was evidence for the Load-Overload and Same accounts,
but we have not seen evidence for the Sustained Attention
account aside from what was seen for low working-

memory capacity individuals in Miller et al. (2019). The
purpose of Experiment 3a was to try and find evidence for
the Sustained Attention account by manipulating list-
length. We reasoned that relatively short list-lengths of
ten items in the prior experiments could have encouraged
participants to try and cumulatively rehearse items (espe-
cially in the short presentation-duration conditions), lead-
ing to quadratic pupillary serial position curves. However,
with much longer list-lengths, participants might abandon
this strategy and instead only focus on the early list items
(or attempt to rehearse items in small chunks) rather than
trying to rehearse the entire list in order. Evidence for
such an idea comes from prior research examining the
item-order hypothesis in free recall, which suggests that
order information is particularly important for short lists,
but not for long lists (Mulligan & Lozito, 2007). Thus,
with long lists of items we expected to find a general
decrease in pupillary responses across serial position con-
sistent with the Sustained Attention account. For short
lists of items we expected to replicate the prior experi-
ments in finding a quadratic pupillary function. To test
these notions, participants performed the same delayed
free-recall task as in Experiment 1. On a third of the lists
there were ten words per list, on another third of the lists
there were 15 words per list, and finally on the last third
of lists there were 20 words per list. By manipulating list-
length, we should encourage participants to switch atten-
tion allocation policies, and this should be reflected in the
list-level pupillary responses.

Method

Participants

Participants were 40 undergraduate students recruited from
the subject pool at the University of Oregon. Similar to
Experiment 1, we aimed for a sample size of 35 participants.
Participants (57.5% female) were between the ages of 18 and
32 years (M = 21.18, SD = 3.18) and received course credit for
their participation. Data from one participant were excluded
from analyses because of data collection problems with the
eye-tracker and data from one participant were excluded for
failing to follow instructions leaving a final sample of 38
participants.

Procedure

Participants performed the same delayed free-recall task
as in Experiment 1 with the following exceptions. There
were nine total lists of words from the same pool of words
from Experiment 1. On a third of the lists list-length was
ten words, on another third of the lists list-length was 15
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words, and finally on the last third of lists list-length was
20 words. List-length was randomized so that participants
did not know how long the lists would be. All other as-
pects of the task were the same as Experiment 1.

Eye-tracking

This was the same as in Experiment 1.

Results and discussion

Behavioral effects

Overall, proportion correct was .48 (SE = .03). There was a
main effect of list-length, F(2, 74) = 56.72, MSE = .006, p <
.001, partial η2 = .61, such that proportion correct decreased
with increasing list-length (10M = .56, SE = .03; 15M = .49,
SE = .03; 20 M = .38, SE = .03). Examining each list-length
separately suggested main effects of serial position in each, all
Fs > 10, all ps < .001, all partial η2s > .21. As shown in Fig. 7,
each list-length demonstrated characteristic serial position
curves for delayed free recall with large primacy and no
recency.

Pupillary effects

Similar to the prior experiments, we examined baseline-
corrected list-level and item-level pupillary responses. See
the Appendix for the overall averaged pupillary responses
during the presentation of the words.

List-level pupillary responses Examining pupillary re-
sponses as a function of serial position for each list-
length separately suggested no main effect of serial posi-
tion in the list-length 10 condition, F(9, 333) = 1.61, MSE
= .014, p = .11, partial η2 = .04. However, there were
significant effects of serial position in both the list-
length 15, F(14, 504) = 8.72, MSE = .017, p < .001,
partial η2 = .20, and list-length 20, F(19, 684) = 5.49,
MSE = .017, p < .001, partial η2 = .13, conditions. As
shown in Fig. 8a, both the list-length 15 and 20 condi-
tions demonstrated decreases in pupil dilation across seri-
al position. Examining the first ten serial positions for
each list-length together suggested no main effect of list-
length, F(2, 70) = 1.74, MSE = .195, p = .18, partial η2 =
.05, and no list-length by serial position interaction, F(18,
630) = 1.23, MSE = .010, p = .23, partial η2 = .03. There
was, however, a main effect of serial position, F(9, 315) =
5.49, MSE = .018, p < .001, partial η2 = .14, suggesting
that there was a general decrease in pupillary responses
across serial position. Thus, unlike Experiment 1, which
demonstrated that the pupil tended to increase and then

decrease in dilation across serial position, in the current
experiment the pupil tended to constrict across serial
positions.

Item-level pupillary responses Next we examined the item-
level pupillary responses as a function of list-length. The main
effect of list-length did not fall below the .05 criterion, F(2,
74) = 2.77, MSE = .014, p = .069, partial η2 = .07. Likewise
there was no significant main effect of time bin, F(14, 518) =
.96,MSE = .004, p = .490, partial η2 = .03, nor a list-length by
time bin interaction, F(28, 1036) = 1.24, MSE = .001, p =
.185, partial η2 = .03. As shown in Fig. 8b, there was a general
trend of a brief dilation early in the encoding period; however,
unlike the prior experiments, the peak was not significantly
different from baseline in any condition (all ps > .06).

Overall, the list-level analyses suggested that, unlike the
prior experiments, there was a consistent decrease in pupillary
responses across serial position. These results are consistent
with the notion that participants are allocating more attention
to early list positions in accord with the Sustained Attention
account. Furthermore, we expected to see a quadratic pupil-
lary function for the list-length 10 condition consistent with
the prior experiments and Miller et al. (2019), but this did not
occur. Rather there were similar decreases in pupillary re-
sponses across list-length. One possible reason for this is that
because participants did not know how long the list was they
treated all lists the same. If participants had been explicitly
told how long the list-length was going to be or if list-length
was blocked, then perhaps we could have seen different func-
tions for the different list-lengths. Although it should be noted
that prior research using an overt rehearsal paradigm found
that participants still cumulatively rehearse even when list-
length is unknown (Ward, 2002). In terms of the item-level
analyses there was not a significant pupillary response.
Collectively, with long lists of items, we found evidence of a
general decrease in pupillary responses across serial position
and the pupillary responses for each item were small (and not
significantly different from zero), suggesting that participants
may have prioritized early list items and less attention was
allocated to items later in the list.

Experiment 3b

The purpose of Experiment 3b was to replicate and extend
the results from the prior experiment. In particular, across
all list-lengths the list-level pupillary responses tended to
decrease across serial positions. However, we expected to
find evidence for the Load-Overload account when list-
length was short (ten items), but evidence for the
Sustained Attention account when list-length was long
(20 items). As noted above, one possible reason for why
we did not replicate the prior findings in terms of the
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Fig. 8 (a) Change in pupil diameter as a function of serial position and list-length in Experiment 3a. Error bars reflect one standard error of the mean. (b)
Change in pupil diameter during the encoding period for each word and list-length in Experiment 3a. Shaded areas reflect one standard error of the mean
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Fig. 7 Proportion correct as a function of serial position and list-length in Experiment 3a. Error bars represent one standard error of the mean
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Load-Overload account for the short list-length is that
participants did not know how long the list-length was
going to be and thus treated all list-lengths the same rather
than switching allocation policies for the different list-
lengths. If this is the case, then if participants know in
advance how long the list is going to be, they can dynam-
ically switch allocation policies in line with each list-
length. To test this notion, participants performed the
same delayed free-recall task as Experiment 1. On half
of the lists there were ten words per list and on the other
half of lists there were 20 words per list. List-length was
blocked within participants (and counterbalanced between
participants). Additionally, prior to each list participants
were told how long the list-length would be. By explicitly
telling participants how long the list will be and manipu-
lating list-length we should encourage participants to
switch attention allocation policies and this should be
reflected in the list-level pupillary responses.

Method

Participants

Participants were 46 undergraduate students recruited
from the subject pool at the University of Oregon.
Similar to Experiment 1, we aimed for a sample size of
35 participants. Participants (66.7% female) were between
the ages of 18 and 34 years (M = 19.6, SD = 2.73) and
received course credit for their participation. Data from
four participants were excluded from analyses because
of data collection problems with the eye-tracker, leaving
a final sample of 42 participants.

Procedure

Participants performed the same delayed free-recall task as in
Experiment 1 with the following exceptions. There were six
total lists of words from the same pool of words from
Experiment 1. On half of the lists there were ten words per
list and on the other half of lists there were 20 words per list.
List-length was blocked within participants (and
counterbalanced between participants). Additionally, prior to
each list, participants were told how long the list-length would
be. All other aspects of the task were the same as in
Experiment 1.

Eye-tracking

This was the same as in Experiment 1.

Results and discussion

Behavioral effects

Overall, proportion correct was .49 (SE = .03). There was
an effect of list-length, t(41) = 13.84, p < .001, such that
proportion correct decreased with increasing list-length
(10 M = .60, SE = .03; 20 M = .37, SE = .03).
Examining each list-length separately suggested main ef-
fects of serial position in each, all Fs > 10, all ps < .001,
all partial η2s > .21. As shown in Fig. 9, each list-length
demonstrated characteristic serial position curves for de-
layed free recall with large primacy and no recency.

Pupillary effects

Similar to the prior experiments, we examined baseline-
corrected list-level and item-level pupillary responses. See
the Appendix for the overall averaged pupillary responses
during the presentation of the words.

List-level pupillary responses Examining pupillary re-
sponses as a function of serial position for each list-
length separately suggested a main effect of serial posi-
tion in the list-length 10 condition, F(9, 369) = 2.54, MSE
= .018, p = .008, partial η2 = .06. As seen in Fig. 10a, the
pupillary response demonstrated a slight initial decrease,
and then increased up to serial positons 7–9 before de-
creasing again. Thus, given the slight initial dip, the cubic
trend was significant, F(1, 41) = 15.69, MSE = .022, p <
.001, partial η2 = .28. There was also a significant effect
of serial position in the list-length 20 condition, F(19,
779) = 3.02, MSE = .027, p < .001, partial η2 = .07. As
shown in Fig. 10a, the list-length 20 condition demon-
strated a decrease and then a plateau in pupil dilation
across serial position. Examining the first ten serial posi-
tions for each list-length together suggested a main effect
of list-length, F(1, 41) = 16.23, MSE = .180, p < .001,
partial η2 = .28, with generally larger pupillary responses
in the list-length 10 condition (M = -.02, SE = .03) com-
pared to the list-length 20 condition (M = -.14, SE = .03).
There was also a main effect of serial position, F(9, 369)
= 3.13, MSE = .024, p = .001, partial η2 = .07.
Importantly, there was also a list-length by serial position
interaction, F(9, 369) = 4.18, MSE = .023, p < .001, par-
tial η2 = .09. When list-length was short, the pupillary
responses were more similar to what was seen in
Experiments 1 and 2 (short presentation duration), consis-
tent with the Load-Overload account. However, when list-
length was long the results were similar to Experiment 3a,
demonstrating a general decrease across early serial posi-
tions consistent with the Sustained Attention account.
Thus, unlike Experiment 3a, there were clear list-level
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Fig. 10 (a) Change in pupil diameter as a function of serial position and
list-length in Experiment 3b. Error bars reflect one standard error of the
mean. (b) Change in pupil diameter during the encoding period for each

word and list-length in Experiment 3b. Shaded areas reflect one standard
error of the mean
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Fig. 9 Proportion correct as a function of serial position and list-length in Experiment 3b. Error bars represent one standard error of the mean
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differences in pupillary responses between short and long
list-lengths.

Item-level pupillary responses Next we examined the item-
level pupillary responses as a function of list-length. The
main effect of list-length was not significant, F(1, 41) =
.39, MSE = .026, p = .54, partial η2 = .01. There was,
however, a significant main effect of time bin, F(14, 574)
= 3.89, MSE = .004, p < .001, partial η2 = .09. The list-
length by time bin interaction was not significant, F(14,
574) = .99, MSE = .002, p = .462, partial η2 = .02. As
shown in Fig. 10b, both conditions demonstrated an initial
brief pupil dilation followed by pupil constriction, similar
to Experiment 1 and the short presentation condition in
Experiment 2. The peak dilation was significantly differ-
ent from baseline in both conditions (both ps < .001).

Overall, the list-level analyses suggested clear differ-
ences in the pupillary responses across serial position for
the short and long list-lengths. In particular, in the long
list-length condition the pupil demonstrated an initial de-
crease and then plateau consistent with Experiment 3a.
These results are consistent with the notion that partici-
pants are allocating more attention to early serial positions
in accord with the Sustained Attention account. In the
short-list length condition, however, the pupillary re-
sponse was more similar to what was seen in the prior
experiments and Miller et al. (2019), in which the pupil
tended to increase (after a brief initial dip) for middle
serial positions and then decrease for the last serial posi-
tion. These results are consistent with the Load-Overload
account. Examining the item-level pupillary responses
suggested that the pupil dilated early in the encoding pe-
riod and subsequently decreased consistent with the prior
experiments. Thus, when participants know the length of
the list in advance, there are clear differences in how
attention is being allocated to items in short and long
list-lengths.

General discussion

In four experiments we conducted an initial examination
of attention allocation during encoding in a delayed free-
recall task utilizing pupillary responses. In particular, we
were interested in how attention is allocated both across
items in a list (list-level responses) and within each item
(item-level responses), and how this changes as a function
of different task manipulations. In terms of list-level re-
sponses we noted that there were three basic accounts of
how attention might change across items in a list. First,
the Sustained Attention account in accord with primacy
gradient models suggests that attention should decrease
across items in a list (e.g., Brown et al., 2000; Farrell &

Lewandowsky, 2002; Healey & Kahana, 2016; Miller
et al., 2019; Page & Norris, 1998; Tulving, 2007).
Second, the Load-Overload account suggests that atten-
tion is increasingly allocated to items as participants en-
gage in effortful cumulative rehearsal processes until
working memory is overloaded (e.g., Granholm et al.,
1996; Kahneman & Beatty, 1966; Miller et al., 2019).
Finally, the Same account is essentially the null hypothe-
sis suggesting that attention allocation does not change
across items. The results from the experiments suggested
evidence for all three accounts. In particular, in
Experiment 1, the short presentation duration (2-s) condi-
tion in Experiment 2, and the short list-lengths in
Experiment 3b we replicated prior research demonstrating
a pupillary serial position curve where the pupil initially
increased and then decreased across serial position in ac-
cord with the Load-Overload account. In the 4-s and 8-s
presentation-duration conditions in Experiment 2, the pu-
pil serial position curve was not significant, suggesting
similar pupillary responses across serial position in accord
with the Same account. However, in Experiment 3a (and
long list-lengths in Experiment 3b) there was a general
decrease in the pupillary responses across serial position.
Thus, there was clear evidence for all three accounts de-
pending on the nature of the task. When list-length was
short (and the current list-length was known) and presen-
tation duration was brief, the results were consistent with
the Load-Overload account, suggesting the possibility that
participants were attempting to cumulatively rehearse the
entire list resulting in increased attention allocation across
items until working memory was overloaded. When pre-
sentation duration was increased, participants likely en-
gaged in more elaborative encoding processing resulting
in a more continuous allocation of attention both within
(see below) and across items. However, when list-length
increased (and the current list-length was unknown) par-
ticipants may have prioritized early list items, thereby
allocating most of their attention to primacy items and
less attention was allocated to subsequent items. As such,
the current results suggest that there is likely no single
pattern of attention allocation across items (as some
models seem to suggest); rather, participants likely flexi-
bly allocate their attention to items depending on the na-
ture of the task and perhaps by the types of processes that
are engaged in (i.e., cumulative rehearsal vs. elaborative
processing). While these initial results are promising, fu-
ture research is needed to further examine how partici-
pants flexibly allocate their attention to items across a list
and whether list-level pupillary responses accurately track
these changes in allocation policies. Furthermore, because
all of the experiments here relied on delayed free recall
with relatively short lists, future research is needed to
examine these effects in other free-recall paradigms like
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immediate free recall and potentially with longer list-
lengths than used in the current study.

In terms of item-level responses, prior research has
suggested that when participants engage in maintenance
rehearsal, attention is initially allocated to an item,
followed by habituation, but when participants engage in
elaborative rehearsal, attention is allocated in a more con-
tinuous fashion (e.g., Naveh-Benjamin & Jonides, 1984;
Phaf & Wolters, 1993). The results from the experiments
suggested evidence consistent with both ideas. When pre-
sentation duration was relatively short in each experiment,
the pupil tended to dilate briefly early in the encoding
period followed by constriction back to baseline levels
consistent with the idea that attention was only briefly
allocated to the item initially. However, when presenta-
tion duration was increased to 8 s in Experiment 2, there
was a large initial ramp up in pupil dilation that was
maintained for most of the encoding period before falling
back down to baseline levels. This latter pattern is consis-
tent with the notion that attention was being fairly contin-
uously allocated to the item, as would be expected if par-
ticipants were engaging in more elaborative processing of
the item (e.g., Phaf & Wolters, 1993). Thus, there was
evidence for both a brief initial allocation of attention to
items and a more sustained allocation of attention to items
depending on the presentation duration of the items. The
one wrinkle to this pattern were the results from
Experiment 3a where list-length was manipulated. In this
experiment the item-level pupillary responses were not
significantly different from zero. It is not clear what is
causing these much smaller (and non-significant) item-
level pupillary responses. It is possible that given the long
(and unknown) list-lengths participants were devoting
most of their attention to primacy items, as noted previ-
ously, and subsequent items were encoded in a less active
fashion with little attention or rehearsal. It is also possible
that these null results are simply a Type II error given that
prior research (Kahneman & Peavler, 1969; Kucewicz
et al., 2018; Miller et al., 2019) and the prior experiments
all demonstrated item-level pupillary responses. In
Experiment 3b when list-length was known, the item-
level pupillary responses were significant and similar to
the prior experiments. Future research is needed to better
examine these effects and the extent to which these item-
level pupillary responses are associated with different al-
location policies associated with different types of
encoding processes.

The current results broadly suggest that pupillary re-
sponses can be used to examine how attention is allocat-
ed to items during encoding in a delayed free-recall task.
That is, pupillary responses can be used to examine how
effortful processing is changing both within and between
items during encoding. The current results suggest that

sometimes greater pupil dilation and greater allocation of
attention are associated with better recall. For example,
in Experiment 2, longer presentation durations were as-
sociated with larger pupils and better recall. Similarly, in
Experiment 3a (and long list-lengths in Experiment 3b),
primacy items were associated with larger pupils and
better recall. These results are consistent with prior re-
search suggesting that greater dilation is associated with
better memory both within and between subjects (e.g.,
Ariel & Castel, 2014; Kucewicz et al., 2018; Miller &
Unsworth, in press; Miller et al., 2019). For example,
Ariel and Castel (2014; see also Miller et al., 2019)
found that words associated with higher point values
were associated with larger pupil dilations during
encoding and were more likely to be recalled than items
associated with lower point values. Furthermore, in a
paired-associates task, Miller and Unsworth (in press)
found that when participants reported using effective
learning strategies (such imagery or sentence generation),
they demonstrated larger pupillary responses and better
recall than when they reported using more ineffective
strategies (such as rote rehearsal). Thus, some manipula-
tions are associated with larger pupils and better recall.
At the same time, other results suggest that there is not a
clear mapping between greater pupil dilation and better
memory. For example, in Experiments 1 and 2, quadratic
effects (a cubic effect was seen in Experiment 3b) in the
list-level analyses suggested the largest dilation occurred
for mid-list items and these items were recalled worse
than primacy items as is typically seen (see also Miller
et al., 2019). Furthermore, in all four experiments exam-
ining subsequent memory effects at the item-level sug-
gested no differences between subsequent remembered
versus forgotten items in terms of pupil dilation1 (see
Kucewicz et al., 2018, for contrasting results). Thus,
across all analyses, the results suggest that the relation
between pupil dilation and memory performance in free
recall is more nuanced than simply assuming that greater
dilation is associated with better memory. Future research
is needed to better examine conditions in which there are
positive, negative, and/or no relation between pupil dila-
tion and memory performance both within and between
subjects.

Collectively, the current results suggest that partici-
pants flexibly allocate their attention to items in a delayed
free-recall task depending on the nature of the task and
the types of processes that are engaged in. These results
suggest the potential of using pupillary responses (both
list- and item-level responses) to track attention allocation
during encoding. Future research is needed to better ex-
amine flexible allocation of attention to items during
learning and the extent to which pupillary responses can
be used to track changes in attention allocation.
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Fig. 11 (a) Change in pupil diameter during list presentation in the 2-s
presentation-duration condition. (b) Change in pupil diameter during list
presentation in the 4-s presentation-duration condition. (c) Change in

pupil diameter during list presentation in the 8-s presentation-duration
condition. Numbers reflect serial position of each presented word. Data
from Experiment 2
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Fig. 12 (a) Change in pupil diameter during list presentation in the list-
length 10 condition. (b) Change in pupil diameter during list presentation
in the list-length 15 condition. (c) Change in pupil diameter during list

presentation in the list-length 20 condition. Numbers reflect serial posi-
tion of each presented word. Data from Experiment 3a
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Fig. 13 (a) Change in pupil diameter during list presentation in the list-length 10 condition. (b) Change in pupil diameter during list presentation in the
list-length 20 condition. (c) Numbers reflect serial position of each presented word. Data from Experiment 3b
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