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A B S T R A C T

The production effect refers to superior memory performance for words read aloud than for those read silently. 
This finding has usually been attributed to the incorporation of distinctive sensorimotor information into the 
memory record of items read aloud, facilitating their successful retrieval during the memory test. Less research 
has explored other cognitive or motivational differences between the aloud and silent conditions. Here we used 
pupillometry to explore the time course of attention allocated during aloud, silent, and control (say “check”) 
study trials. Across four experiments, instructions were presented either concurrently with or preceding the 
word. To permit evaluation of preparatory processing independent of a verbal response, we explored the case 
where responses had to be withheld until a “Go” signal appeared. In addition to the typical behavioral production 
effect in memory, each experiment also revealed a pupillometric production effect (greater pupil dilation for 
aloud than for silent words) that—while separable from the act of speaking itself—was correlated with the size of 
the memory benefit. Critically, this pupillometric-behavioral correlation did not occur for control (say “check”) 
trials. We interpret these findings as support for an initial attention-focusing effect that comes from preparing for 
and executing vocalization during both aloud and control trials, followed by a phase of distinctive processing of 
target word features that is unique to aloud trials.

The finding that reading words aloud results in better memory than 
reading words silently is often credited to Hopkins and Edwards (1972)) 
(for earlier efforts, see Ekstrand et al., 1966; Murray, 1965; and for 
evidence that the strategy was understood and popularly used even 
earlier, see Gates, 1917; Herndon & Weik, 1896). Over the decades to 
follow, relatively few studies investigated this phenomenon, and it was 
referred to by several names, including the ‘pronunciation effect’ (e.g., 
Hopkins & Edwards, 1972) and the ‘modality effect’ (e.g., Conway & 
Gathercole, 1987; Gathercole & Conway, 1988), complicating connec
tions across the literature.

In the past 15 years, however, research interest in this topic has 
increased substantially following publication of an influential paper by 
MacLeod et al. (2010). Across eight experiments, they delineated the 
phenomenon, providing an updated theoretical framework and 

identifying the breadth and boundaries of what they labeled the ‘pro
duction effect.’ The phenomenon has since been generalized to a range of 
productive acts, including writing or typing (e.g., Forrin et al., 2012), 
singing (e.g., Quinlan & Taylor, 2013; but see Whitridge et al., 2024), 
and even imagining producing words in different ways (e.g., Jamieson & 
Spear, 2014). MacLeod and Bodner (2017) provide a brief review of the 
literature.

1. The distinctiveness account

The currently dominant theoretical account argues that producing a 
word encourages distinctive encoding (for a review of distinctiveness as 
a concept, see Hunt, 2006), making words that were produced at study 
more memorable than words that were not produced at study on a later 
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test. The distinctiveness idea has its roots in early work such as Hopkins 
and Edwards (1972) and especially in the work of Conway and Gath
ercole (1987) (Gathercole & Conway, 1988), with an update provided 
by MacLeod et al. (2010). Briefly, the idea is that reading aloud results in 
additional sensorimotor (e.g., auditory, articulatory) features being 
incorporated into the encoding episode at study. These features, some
times referred to as the production record (e.g., Fawcett, Quinlan, & 
Taylor, 2012; MacLeod et al., 2010), permit words previously read aloud 
to “stand out” at test against a backdrop of previously read silent words 
that lack these features.

There are two variants of this distinctiveness perspective differing in 
how these features benefit memory at test. The distinctiveness heuristic 
account (e.g., Dodson & Schacter, 2001) argues that, for each word, 
participants consider whether they believe that they said the word 
recently: If so, this is evidence that it must have been studied. Such 
evidence is not available for words that were read silently. This 
approach uses access to the production record to discriminate between 
old and new words. The relative distinctiveness account is similar but ar
gues that spoken words have distinctive features in memory, features 
not present for words read silently, and so seem to “pop out” during 
recall or recognition tests due to implicit retrieval dynamics, as captured 
in a variety of computational models (e.g., Caplan & Guitard, 2024; 
Jamieson et al., 2016; Kelly et al., 2022; Saint-Aubin et al., 2021; 
Wakeham-Lewis et al., 2022). This account does not necessitate strate
gic—or even conscious—use of the production record: The benefit 
emerges as a routine consequence of how encoding and retrieval 
operate.

The primacy of distinctiveness as an explanation for the production 
effect is backed by studies using source or list discrimination tasks, the 
outcomes of which suggest that participants do access distinctive in
formation attached to the encoding record—such as motor, auditory, or 
semantic information—during the memory test and that they use this 
information to discriminate between test items (Conway & Gathercole, 
1987; Ozubko et al., 2012; Ozubko et al., 2013). Participants also report 
using such a strategy when asked directly (e.g., Fawcett & Ozubko, 
2016; Online Supplement). Very early on, Hopkins and Edwards (1972)
observed the production memory benefit in a mixed-list design, where 
each participant studied both aloud and silent words, but not in a 
pure-list design, where each participant studied only aloud or only silent 
words. That the benefit of production emerged only for mixed-list de
signs was also used as evidence favoring distinctiveness: In the absence 
of silent words, the aloud words would lack a comparator from which to 
“pop out” (e.g., MacLeod et al., 2010). In a series of meta-analyses (e.g., 
Bodner et al., 2014; Fawcett, 2013; Fawcett et al., 2023), however, and 
in subsequent empirical work (Bodner et al., 2014; Bodner et al., 2016; 
Forrin et al., 2019; Forrin & MacLeod, 2016; Taikh & Bodner, 2016), 
consistent evidence has now shown that the production effect does occur 
in between-subjects designs, albeit with reduced magnitude compared 
to within-subject designs.

The magnitude of the production effect has also been found to ‘scale’ 
with increasingly elaborative forms of production (e.g., Conway & 
Gathercole, 1987; for a more recent perspective, see Forrin et al., 2012). 
For example, compared to silently mouthing a word, reading a word 
aloud leads to a larger production effect (e.g., Conway & Gathercole, 
1987), possibly due to the exclusion or mitigation of certain features 
such as auditory feedback. In general, most modern distinctiveness- 
based accounts subscribe to the sensorimotor scaling hypothesis 
(Whitridge et al., 2024) that the production effect ought to scale pro
portional to the number of distinctive processes which occur during the 
study phase (e.g., Forrin et al., 2012).

2. Other potential mechanisms

Alternative accounts of the production effect tend to focus on 
enhanced encoding or “strengthening” of the episodic memory for words 
read aloud (Bodner & Taikh, 2012; see also Craik & Lockhart, 1972, for a 

related concept). One mechanism through which this might be achieved 
is increased attention to those words (Bodner et al., 2014; Fawcett, 
2013; MacDonald & MacLeod, 1998; Ozubko et al., 2012). By making 
processing of the word more challenging and forcing engagement, 
production may also function as a form of desirable difficulty (e.g., 
Bjork, 1994; see also Bjork & Bjork, 2020), akin to how testing knowl
edge rather than re-studying it produces a greater benefit (e.g., Roediger 
& Karpicke, 2006; although production does not necessarily interact 
with other forms of desirable difficulties, see Hourihan & Fawcett, 
2024).

Supporting the idea that they are more attentive during production 
than during silent reading, participants self-report greater engagement 
with aloud words (Fawcett & Ozubko, 2016) and are less likely to mind- 
wander while reading aloud than while reading silently (Varao Sousa 
et al., 2013). Further, distracting attention using auditory nonsense 
syllables (but not white noise) eliminates the effect (Mama et al., 2018), 
and for people with attention-deficit/hyperactivity disorder the effect 
has been observed only in medicated but not in unmedicated individuals 
(Mama & Icht, 2018a). The influence of either auditory distraction or of 
an attentional deficit is observed predominantly within the aloud con
dition, suggesting that unimpaired and unimpeded attention is a 
necessary component for the memory advantage observed for aloud 
words.

On a recognition test, judging a studied word to be “familiar” reflects 
a quick, almost automatic sense of having previously encountered that 
word, but without specific details; in contrast, judging it to be “recol
lected” requires retrieval of specific contextual details more aligned with 
vivid remembering (Yonelinas, 2002). This distinction is informative in 
the case of the production effect. In a mixed-list design, producing words 
aloud during the study phase benefits both recollection and familiarity 
whereas in a pure-list design only familiarity shows a benefit. This 
pattern led Fawcett and Ozubko (2016) to argue that the production 
effect may arise due to multiple processes (e.g., see Fawcett et al., 2022; 
MacLeod & Bodner, 2017 for further discussion of this idea).

3. Beyond behavioral measures

Not surprisingly, over the past decade, interest has also grown in 
using psychophysiological and neuroimaging approaches to explore the 
mechanisms underlying the production effect. Two studies have used 
functional magnetic resonance imaging (fMRI; Bailey et al., 2021; 
Nakamura et al., 2023) and two have used electroencephalography 
(EEG; Hassall et al., 2016; Zhang et al., 2023) to study neural markers of 
this phenomenon.

Bailey et al. (2021) first used fMRI to identify brain regions and 
networks critical to the production effect. They reasoned that if pro
duction resulted in the encoding of additional distinct elements (i.e., 
motoric, semantic, etc.) then the areas responsible should be more active 
during study and should also be re-activated at test. They did observe 
greater activation in brain regions associated with sensorimotor and 
semantic processing during aloud than silent study trials. Moreover, this 
neural activity predicted memory performance for words studied aloud. 
Bailey et al. also hinted at additional processing that could be involved, 
such as enhanced engagement or conceptual encoding during aloud 
trials (see also Fawcett et al., 2022; Lu et al., 2025). Later, Nakamura 
et al. (2023) used fMRI to record neural activity during the test phase 
one week after study. They largely replicated the findings of Bailey et al. 
(2021), notably showing significant aloud-silent differences in the right 
lingual gyrus (involved in visual processing and potentially the reac
tivation of visually encoded word representations) and the left and right 
precentral gyri (involved in motor control, including articulation- 
related processes).

fMRI is limited in temporal resolution and so cannot completely 
characterize how an effect unfolds over time. Hassall et al. (2016) used 
EEG instead, measuring the P300—a positive deflection over the frontal 
and parietal lobes. Because it had previously been associated with 
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distinctive encoding in other paradigms (Fabiani & Donchin, 1995; 
Kamp et al., 2012), Hassall et al. inferred that the P300 amplitude 
should be greater for aloud than for silent words, which is what they 
observed. They interpreted this as neural evidence of distinctive 
encoding for aloud items. A more recent EEG study by Zhang et al. 
(2023) largely replicated the results of Hassall et al. (2016)—a larger 
P3b response during preparatory phases before reading aloud relative to 
reading silently—but they argued that the larger P3b response for aloud 
items could be due to attention rather than distinctiveness. Therefore, it 
remains an open question to what extent aloud items benefit from 
further attentional processing or increased distinctiveness of the target 
word in memory.

Although these recent EEG studies benefit from good temporal res
olution to quantify production and related processing as it unfolds, they 
share a common limitation: To avoid contamination of the EEG signal by 
movement during vocalization, target words and trial-type instructions 
were presented while neural measures were recorded, all before the 
actual response window. That is, ERPs were recorded during the pre- 
production intention phases rather than during the actual speaking 
time itself. ERP differences observed prior to the act of production 
suggest that aloud and silent words diverge in their processing even 
before participants say a word aloud.

To ensure measurement of psychophysiological responses with good 
temporal resolution throughout the productive act—and to provide 
another novel approach—we opted to use pupillometry for the first time. 
Although pupil size can be modulated by task-irrelevant motor activity, 
it is primarily considered a proxy for activity within a distributed set of 
brain regions supporting focused attention (Strauch et al., 2022). This 
capturing of attentional processes throughout the act of production was 
crucial for testing our predictions.

4. The present research

The purpose of the present study is, then, to use pupillometry to 
unobtrusively quantify changes in processing, mental load, and 
engagement throughout the entire study phase of a typical production 
effect paradigm. Specifically, pupils dilate in response to phasic firing in 
the locus coeruleus (LC; Sirois & Brisson, 2014), reflecting 
moment-to-moment changes in attention or processing load. Pupils will 
be largest during difficult tasks (e.g., a hard math problem) and smallest 
during easy tasks (e.g., an easy math problem; Hess & Polt, 1964). 
Pupillometry has been used to unobtrusively study cognitive activity, 
including fundamental processes involved in attention (Unsworth & 
Robison, 2018), and working memory (Keene et al., 2022; Unsworth & 
Robison, 2015). Most relevant to our work, it has also been used as a tool 
to investigate recognition memory processes (Geller et al., 2016). For 
example, pupil size at encoding has been shown to reflect later retrieval 
success for words (Võ et al., 2008), images of manmade and natural 
objects (Kafkas & Montaldi, 2011), pictures of natural scenes (Naber 
et al., 2013), emotional memories (Sterpenich et al., 2006), and voices 
(Papesh et al., 2012).

Across four experiments, we applied pupillometry in standard 
mixed-list production paradigms where participants read some words 
aloud and some words silently. We expected that relative to silent 
reading, production ought to be associated with greater pupil dilation. 
This finding would provide a psychophysiological signature of the pro
duction effect reflective of additional attention dedicated to processing 
aloud words. In the taxonomy of attentional processes indexed by 
pupillometry as laid out by Strauch et al. (2022), this attention would 
likely be primarily at the executive control level due to coordination of 
motor output when speaking, monitoring of pronunciation, auditory 
feedback from one’s own voice, and so on. Put simply, reading aloud 
should influence state-level fluctuations of focused attention on the 
word being pronounced.

Experiment 1 provided a simple demonstration of this physiological 
signature using just the aloud and silent conditions. Subsequent 

experiments built on this finding. Experiment 2 added a control condi
tion in which participants repeated the same irrelevant word on each 
trial. In Experiment 3, pre-cuing with the task instruction prior to target 
word onset permitted observation of how participants react when they 
know whether the upcoming word will be produced aloud. Finally, 
Experiment 4 required participants to withhold responding until a “Go” 
signal was presented, allowing separation of processes involved prior to 
versus during the productive response itself.1

5. Experiment 1: reading aloud versus silently

In Experiment 1, we measured variation in pupil size during a pro
duction task to determine whether aloud trials involved greater atten
tion than did silent trials. If production enhanced attention, then pupil 
size should be greater on aloud trials than on silent trials. Further, if 
participants often are inattentive during silent trials, then there should 
be a negative drift in pupil size following word onset, possibly indicating 
mind-wandering or other task-irrelevant thoughts (Grandchamp et al., 
2014; Smallwood et al., 2011; Smilek et al., 2010; although see Franklin 
et al., 2013). Should the predicted pupillometric production effect 
represent processes necessary for the behavioral memory benefit to 
occur, we predicted a correlation between the aloud – silent difference in 
recognition performance and the aloud – silent difference in pupil size. 
We planned to explore this association both as an individual difference 
measure across participants and at the level of individual study trials.

5.1. Method

Participants. A minimum target sample size was set at 48 partici
pants but data collection was set to continue until the end of the aca
demic semester. Participants self-selected to participate in the study. All 
reported normal vision without requiring glasses or contact lenses. In 
the end, 58 University of Waterloo undergraduate students each took 
part in a single session in exchange for course credit.2 These data were 
collected in the Winter of 2019.3 The procedures received approval from 
the Office of Research Ethics (Protocol #32011).

Materials and Apparatus. Word stimuli were obtained from the 
English Lexicon Project (Balota et al., 2007). A master list was formed 
containing 160 words, each five letters long and most being one syllable 
(M = 1.35, SD = 0.52). The selected words were of average to high 
frequency (M = 177, SD = 200; Kučera & Francis, 1967), and were fairly 
concrete (M = 3.68, SD = 0.94). All words were presented in upper case 
using Arial 20 pt. font and were centered on a grey background. Fixation 
crosses were presented in Times New Roman 55 pt. font.

Colored fonts were used to indicate whether a participant should 
read a word aloud or silently during the study phase: either purple (hex 
color #950064) or green (hex color #005A00). Fixation crosses and 
words on the recognition test were presented in blue (hex color 
#0D00FF). These colors were chosen specifically to maintain a 2.16 
luminescence contrast ratio relative to the grey (hex color #808080) 
background used throughout the experiment. The colors used to indicate 
aloud versus silent study conditions, as well as the assignment of a given 

1 Experiment 1 was designed by the second and last author; Experiments 2, 3, 
and 4 were designed by the remaining authors. This explains the method 
changes between Experiments 1 and 2. That Experiments 1 and 2 were run 
independently using different methods and populations, yet produced sub
stantially the same results, is a strength of the present work.

2 Demographics were gathered but are no longer available, having been lost 
for all four experiments because of team members changing positions and 
research groups moving laboratory spaces in the period surrounding the global 
pandemic.

3 Although data collection was completed after Experiment 2, this is pre
sented as the first experiment in the series because its design differed from those 
of Experiments 2–4, all of which were carried out at a different institution.
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word to serve as a target or a lure, were counterbalanced across 
participants.

Eye-tracking and pupillometry recording was conducted using an SR 
Research EyeLink 1000 Plus (v.508) desktop model with a monocular 
lens, sampling at 2000 Hz. For the duration of the experiment, partici
pants remained in a chin rest and forehead brace about 45 cm from the 
screen. Eye-tracking monitored the dominant eye, ipsilateral to the 
participant’s self-reported dominant hand. An invisible but centrally 
placed 170 × 80-pixel rectangular interest region was used for trial 
progression and to track whether the participant’s gaze was focused on 
trial words. The experiment was presented on a 1920 x 1080p screen 
refreshing at 60 Hz. Lighting in the testing room was kept to a dim level 
to allow for proper expansion and contraction of pupils. Responses were 
made using a standard QWERTY keyboard.

Procedure. Following informed consent, participants were told that 
they would be studying a list of words for a later memory test. They were 
instructed to read words presented in one color aloud and words pre
sented in the other color silently without moving their lips. Participants 
were encouraged to remember all words regardless of their color. After 
basic task instructions were conveyed, calibration was performed (HV9 
type with 1-s pacing interval). Following calibration, a final reminder 
about color-task assignments was provided.

During the study phase, 80 words were presented one at a time in a 
fully randomized order, with trial types randomly intermixed; all re
ported experiments were similarly randomized. At the beginning of each 
study trial, a blue fixation cross appeared at the center of the screen. 
Once a participant’s gaze was in the interest area surrounding the 

fixation cross (but after at least 250 ms had elapsed), the trial proceeded 
and the fixation cross was immediately replaced with a target word for 2 
s. Depending on the color of the target word, the participant read the 
word aloud or silently. Each trial then ended with a 500-ms blank 
screen. A schematic representation of study phase events and timings is 
provided in Fig. 1.

Once all study words had been presented, participants completed 
another eye-tracking calibration and then began the recognition test 
phase. Here, participants were presented with all 160 words from the 
master stimulus list one at a time in a fully randomized order (80 targets 
plus the remaining 80 words that served as lures) and were tasked with 
responding with the ‘n’ key if the word was ‘new’ (i.e., not studied 
previously), or the ‘m’ key if the word was ‘old’ (i.e., remembered from 
the study phase). Each test trial began with a blue fixation cross at the 
center of the screen. Once a participant’s gaze was in the interest area 
surrounding the fixation cross (but after at least 250 ms had elapsed), 
the test trial proceeded. The fixation cross was immediately replaced 
with a target word that remained on the screen until a keyboard 
response was made. Each recognition trial ended with a 250-ms blank 
screen.

Pupil Signal Processing. Specifics pertaining to pre-processing steps 
associated with pupillary data are discussed in detail in the Online 
Supplement. In short, our workflow followed the same general pro
gression for each experiment: blink removal, artifact rejection, rejection 
of samples (i.e., individual timepoints within the continuous data set) 
where participants were looking too far from center, interpolation of 
missing samples, low-pass filtration, epoching, subtractive baselining, 

Fig. 1. Schematic representation of study trial events and event timings for the aloud condition in each of the four experiments. 
Note: In Experiment 1, equiluminant word color (purple/green) indicated whether to read the word aloud or silently; further, the duration of the fixation period at the 
start of each trial varied, lasting until fixation was maintained for at least 250 ms. In Experiments 2–4, “!!!” denoted a blink period, during which participants were 
encouraged to blink; a border made of boxes was used to maintain equiluminance before and after critical trial screens; “+” signalled participants to read the word 
aloud, whereas similar borders made up of “X” signalled participants to read silently, and “✓” signalled participants to say “Check” aloud. In Experiment 4, par
ticipants withheld any response until the “Go” signal represented by a border made of “=” appeared. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
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down-sampling to 50 Hz, within-subject z-score normalization, “bad” 
trial rejection (owing to too much missing data), and participant 
removal if too many trials were flagged as “bad.” All statistical models 
across all experiments were conducted using these z-score normalized 
data.

Statistical Approach. Details of our statistical approach are pre
sented in the Online Supplement. To summarize, recognition data were 
modelled using multilevel Bayesian probit regression via the brms 
package (v. 2.22.0; Bürkner, 2017, 2018, 2021) within R (v. 4.4.0; R 
Core Team, 2024). This permitted us to report our findings as memory 
sensitivity (d’) while still taking participant and item variation into ac
count. Experiments 2–4 collected confidence ratings at test, permitting 
us to estimate (and therefore analyze) both familiarity and recollection 
using Receiver Operating Characteristic (ROC) curves, following the 
methods popularized by Yonelinas (1994, 1997, 2001) (for an applica
tion within the production effect literature, see Fawcett & Ozubko, 
2016). In this approach, asymmetry in ROC curves within recognition 
memory is attributed to a threshold recollection process that contributes 
disproportionately to high-confidence recognition decisions, whereas 
the otherwise graded shape of the ROC reflects a continuous familiarity 
signal. Because the familiarity and recollection estimates from these 
ROC models almost always agreed with our analysis of d’, they are re
ported in our figures but otherwise mentioned only when they deviated 
from our main analyses.

Bayesian correlations were also fit comparing the magnitude of the 
pupillary production effect (aloud > silent based on mean pupil size) to 
the behavioral production effect (aloud > silent in d’) using brms 
following evaluation for outliers using two modern approaches (with 
data excluded only when a given point was identified as anomalous by 
both). Based on reviewer feedback, additional correlations compared 
average pupil size in each condition to average memory performance in 
that condition (as measured via d’). Note that in our Bayesian models a 
difference is considered credible if 0 is excluded from the confidence 
intervals of the relevant difference, akin to using confidence intervals to 
gauge significance in frequentist models.

Study phase pupil data were analyzed using frequentist generalized 
additive mixed models (GAMMs) with thin-plate regression splines via 
the mgcv package (v. 1.9–1; Wood, 2017) with random curves for both 
participant and item. For each model, we used a k (basis dimension) of 
12 and verified model adequacy via visual inspection of smooths and 
residual plots. We confirmed that effective degrees of freedom (EDF) 
were below their specified k values, indicating no evidence of over
fitting. Underfitting was similarly ruled out using the gam.check func
tion. Overall, this is a more conservative approach than often is used in 
this literature but again permits confidence in generalizing to new 
participants and items (assuming properties like those used in this 
study). For each experiment, an additional model was fit exploring the 
waveforms separated not only by condition but also by test phase ac
curacy to determine whether, within a given condition, the waveforms 
differed as a function of accuracy. However, these models failed to 
observe significant differences between recognized and non-recognized 
trials (within a given production condition) for any experiment and 
therefore are not reported below.

Finally, an exploratory mass univariate approach was used 
comparing each condition at each time point and determining whether a 
100-ms moving average window surrounding that time point predicted 
subsequent memory outcomes. For the latter, multilevel (logistic) 
models were again used, incorporating random intercepts and slopes for 
participant and word. Both were corrected for multiple comparisons 
using cluster-based p-values derived by simulating time-series from a 
hypothetical Null distribution for the relevant test statistics (correcting 
for false discovery rate produced similar, albeit far more conservative, 
results).

5.2. Results

Prior to analysis, 13 participants were excluded for having too many 
‘bad’ trials. Although this exclusion rate seems high, it is directly 
attributable to the short duration of the trial and the lack of a suitably 
long blink period. Our subsequent experiments addressed this issue by 
including an explicit blink period. The remaining 45 participants were 
included in our analyses. For those participants that remained, an 
average of 14.1 % (SD = 14.7 %) of trials were excluded as ‘bad’ and on 
average 13.0 % (SD = 5.7 %) of the samples within each retained trial 
were imputed owing to missing data (e.g., blinks).

For each experiment, all raw behavioral and study-phase pupillary 
data, as well as our pre-processing and analysis scripts, are available on 
the Open Science Framework (OSF; https://osf.io/9mqhd/).

5.2.1. Recognition memory
Hits and false alarms are provided in Table 1 for all experiments. As 

depicted in Fig. 2, a consistently credible behavioral production effect 
was observed: Participants exhibited greater memory sensitivity (d’) for 
aloud words than for silent words in all four experiments.

5.2.2. Pupil size by condition
We next conducted our generalized additive mixed model and mass 

univariate analysis of the study phase pupil data. As depicted in the rug 
plots of Fig. 3, both analyses showed an initial increase in pupil size as 
the word and instruction were processed, followed by a gradual decline 
in pupil size for silent trials and a sharp, positive deflection for aloud 
trials. This resulted in a large pupillary production effect (aloud > silent) 
that was significant beginning around 500 ms following word and in
struction onset and that lasted until the end of the trial. That the effect 
emerged ~500 ms following stimulus onset aligns with the typical time 
course expected of changes in pupil size related to cognitive mecha
nisms, in particular attention.

5.2.3. Predicting memory outcomes using study phase pupil dilations
We next calculated mean pupil size for each trial from 500 ms after 

instruction onset until trial end and used this to predict later memory 
accuracy (i.e., “hits”) on a trial-by-trial basis (i.e., relating pupil size on a 
given study trial to the probability of later recognizing the same word 
during the memory test). Using the mean of the entire trial in this way 
failed to produce a significant effect for either aloud, B = − 0.02, 95 % CI 
[− 0.10, 0.06], or silent, B = 0.01, 95 % CI [− 0.05, 0.08] trials. Our 
exploratory model, using a moving 100-ms window, did produce a 
window from 380 ms to 670 ms for which larger pupils were predictive 
of subsequently recognizing the word for silent trials. No time window 
was predictive of memory for aloud words.

5.2.4. Correlating the behavioral and pupillometric production effects
Our final analysis evaluated whether there was a correlation between 

the behavioral production effect (defined as the difference in d’ between 
words studied aloud versus words studied silently) and the pupillometric 
production effect (defined as the difference in mean pupil size between 
aloud and silent study phase trials) at the participant level. Whereas the 
models reported in the preceding paragraph were conducted using trial- 
level pupil dilation to predict later “hits,” here the models evaluated the 
association between mean differences in pupil dilation and mean 

Table 1 
Experiments 1, 2, 3, and 4: Mean hits (%) for each condition (aloud, silent, 
control) as well as overall false alarms (%) (with standard errors in parentheses).

Experiment Aloud Silent Control False Alarms

Experiment 1 74.3 (1.9) 56.3 (2.2) – 23.7 (1.5)
Experiment 2 82.0 (1.6) 62.0 (2.1) 57.3 (2.1) 34.6 (2.2)
Experiment 3 83.6 (1.4) 66.1 (1.7) 60.1 (1.8) 29.1 (1.3)
Experiment 4 80.3 (2.1) 61.4 (2.5) 58.8 (2.0) 34.9 (1.9)
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differences in memory performance (d’) averaged across trials within a 
given participant. As depicted in Fig. 4, participants with larger pupil
lometric production effects also exhibited larger behavioral production 
effects, r = .37, 95 % CI [.07, .66]. To decompose this association 
further, we next correlated mean memory performance (d’) for each 
condition with the corresponding mean pupil dilation during their 
matching encoding trials. As depicted in Table 2, the correlation be
tween behavioral and pupillary production effects appears to be driven 
by a positive association between memory performance and pupil size 
during aloud trials, r = .32, 95 % CI [.03, .60]; there was no evidence of 
association between memory performance and pupil size during silent 
trials, r = − .02, 95 % CI [− .31, .27].

5.3. Discussion

Experiment 1 provided, to our knowledge, the first demonstration of 
a pupillometric production effect. During aloud trials, a large positive 
deflection was observed starting at roughly 500 ms following word 
onset. This timeframe is typical of changes in pupil size related to 
cognitive processes and likely reflects an increase in engagement or 
processing load associated with encoding or producing a word in the 
aloud condition. Conversely, for silent words, there was an initial in
crease in pupil size followed by a precipitous decline for the remainder 
of the trial. We interpret the increase in pupil size during aloud study 
trials as reflecting greater attention paid to aloud words, whereas the 
drop in pupil size for silent words (well below baseline levels) may 

Fig. 2. Experiments 1, 2, 3, and 4: Memory sensitivity (d’) and associated contrasts estimated from a multilevel probit regression model as a function of condition 
(aloud, silent, control) and experiment. 
Note. Error bars represent 95 % confidence intervals. Comparisons are considered credible if the confidence intervals for the respective contrast do not cross 0. Rec. =
recollection, Fam. = familiarity.
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Fig. 3. Experiments 1, 2, 3, and 4: Normalized pupil size as a function of time (ms), modelling approach (mass univariate, generalized additive mixed model), 
condition (aloud, silent, control), and experiment. 
Note. Columns reflect two different analysis approaches; rows represent individual experiments. The mass univariate model reflects the empirical mean and its 95 % 
confidence interval, with rug plots (black horizontal bars) indicating timepoints where paired cluster corrected t-tests identified significant differences between the 
indicated conditions. Generalized additive mixed models (GAMM) reflect predictions from a multilevel model and its 95 % confidence interval, with rug plots 
indicating timepoints where this model predicted credible differences between the indicated conditions. Onsets of trial events are noted by arrows.
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indicate that participants became relatively disengaged during the silent 
trials. Given that this is the first demonstration of the pupillometric 
production effect, we reserve further consideration until the General 
Discussion.

6. Experiment 2: reading aloud, reading silently, or making an 
unrelated response

Experiment 1 provided a basic test of our hypothesis that pupil size 
would increase during the encoding of aloud trials, while simultaneously 
revealing a precipitous decline in pupil size for silent trials. This pupil
lometric production effect suggests that participants pay more attention 
when reading aloud than when reading silently. Confirming this, the 
pupillometric pattern was significantly correlated with the magnitude of 
the behavioral production effect.

Experiment 2 replicated this finding in a paradigm incorporating two 
enhancements. First, in addition to aloud and silent trials, control trials 
were added in which participants studied individual target words but 
spoke the same irrelevant word (“check”) on each trial. This control 

condition was included to account for task-irrelevant sensorimotor 
stimulation (cf. Bailey et al., 2021; MacDonald & MacLeod, 1998). We 
were interested in how a repeated spoken response, in lieu of the actual 
word presented on that trial, would influence the pupillometric pattern, 
and whether this pattern would predict later memory performance. We 
predicted that the control condition would exhibit behavioral perfor
mance comparable to the silent condition (cf. MacLeod et al., 2010) and 
a pupillometric pattern smaller in magnitude than that in the aloud 
condition. The second modification involved extending trial duration 
and incorporating a blink period. Lengthening the trials permitted more 
time for the pupillary response to form given that in Experiment 1 the 
production-related deflection appeared truncated; adding the blink 
period also has the advantage of reducing exclusions based on ‘bad’ 
trials by allowing the participant to blink prior to trial initiation.

6.1. Method

Participants. Sample size was determined by the number of partic
ipants that could be recruited during an academic term, with no 

Fig. 4. Experiments 1, 2, 3, 4, and combined: Normalized behavioral (measured as d’) and pupillometric (measured as normalized pupil size) production effects and 
corresponding control effects as a function of measurement window (overall, early, late) and experiment. 
Note. Columns are titled based on whether the production effect (aloud – silent) or control effect (control – silent) is reported, and whether the pupillometric effect is 
based on the whole trial (overall), early time window, or late time window. For Experiment 3, early refers to 500–1500 ms (instruction period) and late refers to 
1500–5000 ms (word and response period). For Experiment 4, early refers to 500–3500 ms (word and instruction period) and late refers to 3500–6000 ms (response 
period). Correlations following outlier correction are stated in the top left corner (* indicates a credible relation) and plotted as a solid line; correlations preceding 
outlier correction are depicted via the dotted lines. All credible correlations are plotted in red.
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minimum. In the end, 36 undergraduate students at Memorial Univer
sity of Newfoundland (MUN) participated for an hour in exchange for 
either 1 credit point toward a psychology class or $10 CAD. Participants 
were asked not to wear facial or eye makeup which interfere with the 
accuracy of the pupillometric equipment. Unlike in Experiment 1, par
ticipants were allowed to wear glasses. Data from three participants 
were excluded prior to processing, two because their glasses interfered 
with the eye-tracker (both also had elevated ‘bad’ trial counts) and one 
because the tracker conflated their thick eyelashes with the pupil. These 
data were collected between Fall 2017 and Winter 2018. The procedures 
for this and all following experiments received approval from the 
Interdisciplinary Committee on Ethics in Human Research (ICEHR; 
Protocol #20171484-SC).

Stimuli and Apparatus. This experiment was created using the 
Experiment Builder (SR Research, 2020) software package developed for 
the EyeLink 1000 Plus (SR Research, 2010). The experiment was dis
played using a MacMini computer running OSX 10.12 with a 22″ 1020 ×
768-resolution BenQ monitor. All stimuli were presented in black (RGB: 
0, 0, 0) size 24 Courier font on a grey (RGB: 128, 128, 128) background.

Pupillary data from the participant’s right eye were recorded at a 
rate of 500 Hz using a desk-mounted EyeLink 1000 Plus comparable to 
the one used in Experiment 1. The eye-tracking hardware was placed 
below the monitor and a chin rest was installed on the desk to minimize 
head movement during the study. The chin rest was positioned so that 
the participant’s eyes were 105 cm away from the display screen and 
their forehead was against the forehead rest. The distance from the eye- 
tracker camera to the chin rest was 50 cm. Participants responded using 
a standard QWERTY keyboard.

Stimuli were 200 words taken from the MRC Psycholinguistic 
Database (Coltheart, 1981). These words were subdivided into five 
randomized lists of 40 words. Lists were matched for word length (M =
5.42, SD = 1.28) and Kucera-Francis written word frequency (M =
63.76, SD = 81.02; Kučera & Francis, 1967). To control for word-level 
variability, the five lists were counterbalanced across all conditions 
(aloud, silent, control, and two foil lists). Counterbalancing and 
randomization were programmed using a custom script run using Psy
choPy3 (Peirce et al., 2019).

Production instructions (aloud, silent, check) were delivered via a 
box (720 pixels × 540 pixels) at the center of the screen. The perimeter 
of the box was made up of a series of ‘x’ for silent trials, ‘+’ for aloud 
trials, or ‘✓’for “check” trials. Each symbol was comprised of four 
identical straight lines, reconfigured to create the desired shape, 
ensuring that they were matched for luminance (see Fig. 1). A fourth box 
was made from small squares, also matched for luminance, and acted as 
a neutral interstimulus placeholder between trials to maintain equal 

luminance between screen changes.
Procedure. The experiment consisted of four phases: a familiariza

tion phase, a practice phase, a study phase, and a test phase. Calibration 
of the eye-tracking device was completed prior to each phase to ensure 
precise measurement of the pupil. Calibration and validation used the 
same protocol as in Experiment 1.

In the familiarization phase, participants were acquainted with the 
study procedure. Each instruction cue (i.e., the box made up of symbols) 
was presented with an instruction in the center noting its meaning: ‘x’ 
with the instruction “Read the word silently,” ‘+’ with the instruction 
“Read the word out loud,” and ‘✓’ with the instruction “Say ‘Check’.” 
For all conditions, participants were asked to make the respective 
response once. Each of the instruction cues was presented three times for 
6 s. In the “check” condition, participants were also orally instructed to 
read the word on the screen silently to themselves in addition to making 
the overt response.

Next came the practice phase. Participants were asked to restate the 
instructions from the familiarization phase to ensure understanding. If 
they could not remember the instructions, the researcher repeated them. 
The practice phase followed a format identical to that of the study phase 
described below, with calibration and validation completed prior to the 
presentation of the practice list. The practice phase was shorter than the 
study phase, containing only 9 three-letter words (e.g., ‘CAT, ‘CAR’, and 
‘BAR’) each repeated three times. This shorter list was presented to 
ensure that the participant understood the instructions and could 
perform the tasks.

Immediately preceding the study phase, the researcher recalibrated 
the eye tracker. As depicted in Fig. 1, each study phase trial began with 
two blank screens for 200 ms interposed by a 1-s “blink” screen—three 
exclamation marks (‘!!!’) presented at the center of the screen. Partici
pants were instructed to blink if needed during this period (and to avoid 
blinking outside this period) so that they could keep their eyes open for 
the remainder of the trial. The target word was presented inside an in
struction cue box (i.e., ‘+’, ‘x’, ‘✓’) for 3500 ms. Participants were to 
implement the appropriate task during this time. To control for changes 
in luminance that would affect pupil dilation, a placeholder screen with 
a fixation dot that matched the pixilation of the cue screen was displayed 
for 2 s before the pre-cue and 1 s after stimulus presentation. The fixa
tion screen served as a baseline period for analysis purposes. To fore
shadow, although trial events differed across our experiments, the same 
fixation period was used in each case to ensure cross-condition and 
cross-experiment comparability because participants are thought to be 
engaged in similar processing during these standard baseline periods.

The study phase was followed by a brief break during which the 
experimenter provided instructions for the test phase, and recalibration 

Table 2 
Experiments 1, 2, 3, and 4: Correlations (with 95 % confidence intervals in parentheses) between d’ and mean pupil 
dilation for each condition (aloud, silent, control). N reflects total sample size and n reflects the number of participants 
included in each model following exclusion of outliers.

Aloud Control Silent
Experiment Overall Early Late Overall Early Late Overall Early Late
Experiment 1

(N = 45)

.32

[.03, .60]

n = 45

– – – – – -.02

[-.31, .27]

n = 42

– –

Experiment 2

(N = 33)

.45

[.12, .77]

n = 31 

– – .31

[-.03, .64]

n = 32

– – -.27

[-.60, .05]

n = 32

– –

Experiment 3

(N = 68)

.20

[-.03, .43]

n = 67

.36

[.12, .60]

n = 64

.11

[-.13, .35]

n = 65

-.19

[-.43, .05]

n = 64

.14

[-.10, .37]

n = 65

-.25

[-.49, -.01]

n = 65

.11

[-.12, .35]

n = 66

.16

[-.08, .40]

n = 64

.02

[-.21, .25]

n = 66

Experiment 4

(N = 42)

.17

[-.12, .46]

n = 41

-.09

[-.39, .20]

n = 41

.29

[.01, .59]

n = 41

.40

[.10, .71]

n = 38

-.02

[-.02, .26]

n = 41

.09

[-.21, .38]

n = 41

-.12

[-.42, .18]

n = 41

-.05

[-.34, .25]

n = 41

-.12

[-.41, .17]

n = 41

Combined

(N = 188)

.27

[.12, .41]

n = 182

.12

[-.06, .32]

n = 188

.11

[-.07, .30]

n = 188

.04

[-.13, .20]

n = 188

.20

[.01, .39]

n = 188

-.19

[-.37, -.01]

n = 188

-.07

[-.21, .08]

n = 182

.17

[-.01, .37]

n = 188

-.06

[-.25, .13]

n = 188

Note: Sample sizes used for each model differ based on which data were identified as outliers based on the automated 
approach described in-text. Credible correlations excluding 0 are highlighted.
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and validation were again completed with the eye tracker. Each test trial 
began with two blank 200-ms screens surrounding a 1-s blink screen 
during which participants were again instructed to blink if needed. Next, 
a fixation dot was displayed in the center of the screen for 2 s and then 
replaced by the test word for 3 s. After the test word disappeared, par
ticipants made their responses using the numerical keys (1–6) at the top 
of the keyboard. Participants were asked to indicate whether they had 
seen the word before using the following scale: 1 – very sure new, 2 – 
mostly sure new, 3 – unsure new, 4 – unsure old, 5 – mostly sure old, and 
6 – very sure old. The scale was displayed on each trial following the 
removal of the target word and remained until the participant made a 
self-paced response.

6.2. Results

All participants that would have been excluded owing to too many 
‘bad’ trials were already excluded for other reasons. Of the 33 partici
pants that remained, an average of 1.8 % (SD = 3.7 %) of trials were 
excluded as ‘bad’; on average, 5.9 % (SD = 4.6 %) of the samples within 
each retained trial was imputed owing to missing data (e.g., blinks).

6.2.1. Recognition memory
As in Experiment 1, we first analyzed recognition phase perfor

mance. There were two major differences from Experiment 1. First, the 
response was now a confidence-based recognition judgment. As a result, 
responses were dichotomized such that 1, 2, or 3 became “No “and 4, 5, 
or 6 became “Yes.” Confidence ratings were further used to estimate 
recollection and familiarity. As depicted in Fig. 2, there was a credible 
behavioral production effect: Participants exhibited greater sensitivity 
(d’) for aloud words than for words from silent or control trials. Unex
pectedly, however, participants exhibited credibly worse performance 
for words from control trials than for silent words (this was only a trend 
for our analyses of recollection and familiarity).

6.2.2. Pupil size by condition
As depicted in Fig. 3, analyses of the aloud and silent waveforms 

replicated the results observed in Experiment 1, with a slight increase in 
pupil size coinciding with word onset in both conditions followed by a 
rapid decline for silent trials and a rapid increase for aloud trials. The 
control condition presented similarly to the aloud condition, differing in 
peaking earlier and more shallowly and dropping off more quickly. 
Whereas the silent condition differed significantly from both the aloud 
and control conditions for most of the trial, the aloud and control con
ditions differed only from ~1800 ms to ~3000 ms.

6.2.3. Predicting memory outcomes using study phase pupil dilations
Using average pupil size across an entire trial to predict memory 

performance (i.e., “hits”) for individual words during aloud, silent, and 
control trials once again failed to produce a significant effect for any 
condition, Baloud = 0.05, 95 % CI [− 0.04, 0.14], Bsilent = 0.02, 95 % CI 
[− 0.06, 0.09], Bcontrol = − 0.01, 95 % CI [− 0.09, 0.07].

As in Experiment 1, we next conducted a similar model using a 100- 
ms moving window. Here, pupil size at encoding predicted later memory 
for silent trials between 210 and 270 ms, and for aloud trials between 
2340 and 2690 ms, each such that larger pupils were associated with a 
higher probability of recognizing the word on that trial. In this case the 
window for silent trials failed to survive cluster-level correction.

6.2.4. Correlating the behavioral and pupillometric production effects
Finally, we correlated the size of the behavioral production effect 

(aloud - silent) as measured via d’ for each participant with the size of 
that participant’s pupillometric production effect (averaging across tri
als). For comparison, we did the same for the control effect (control - 
silent). As depicted in Fig. 4, whereas the correlation between the con
trol < silent effect and its corresponding pupil deflection was non- 
credible and, if anything, negatively associated, r = − .15, 95 % CI 

[− .49, .19], the correlation between the behavioral and pupillary pro
duction effects was again credible: Participants exhibiting a larger aloud 
> silent deflection in pupil size also showed a larger production effect in 
memory as measured using d’, r = .42, 95 % CI [.08, .74]. This corre
lation of behavioral and pupillary effect sizes was again driven primarily 
by a positive association between memory performance and pupil size 
during aloud trials, r = .45, 95 % CI [.12, .77], although in this case there 
was also a non-credible trend toward a negative association between 
memory performance and pupil size during silent trials, r = − .27, 95 % 
CI [− .60, .05].

Interestingly, a further exploratory correlation showed that the pu
pillary production effect (aloud > silent) and the corresponding control 
> silent pupillary effect were strongly correlated, r = .77, 95 % CI [.55, 
.87]. This suggests that participants who demonstrate especially large 
pupillary deflections during aloud (as compared to silent) study trials 
also demonstrate especially large pupillary deflections during control 
(as compared to silent) trials, despite the latter providing no memory 
advantage for the words on those trials. Because we interpret the former 
as reflecting attention to the target word being pronounced aloud, and 
the latter as reflecting attention directed toward a competing verbal 
response (i.e., say ‘check’) at the expense of the target word, we see this 
pattern as compatible with our hypotheses. That said, there are 
convergent but not mutually exclusive reasons why this correlation ex
ists. For instance, it could arise from shared sub-processes of vocaliza
tion (e.g., speech motor effort, response anticipation, or action 
monitoring), or from measurement artifacts owing to jaw and cheek 
movements subtly altering pupil size estimates.

6.3. Discussion

As in Experiment 1, our predictions were supported. There was a 
pupillometric production effect—larger pupils on aloud trials than on 
silent trials. Again, production was associated with a large, positive 
deflection whereas silent reading was associated with a precipitous 
decline to well below baseline. The former is consistent with enhanced 
attention during the aloud trials; the latter is consistent with attentional 
disengagement or mind-wandering (e.g., Unsworth & Robison, 2018). 
These findings also gain support from the moving window analysis. For 
silent trials, greater pupil size following word onset (i.e., remaining 
attentive after the word was initially encoded) was predictive of later 
memory for the word; for aloud trials, greater pupil size near the end of 
the trial (i.e., remaining attentive after the word was read aloud, 
possibly rehearsing) was predictive of later memory for the word. It is 
also worth noting that the aloud and silent conditions diverged later in 
Experiment 2 than in Experiment 1, potentially owing to the use of 
symbolic cues rather than color cues as the trial type instruction. Sym
bolic cues may take longer to decode although it is also the case that 
there were now three possible trial types.

Our predictions concerning control trials were mostly supported. 
Compared to aloud trials, the pupillary response for control trials peaked 
earlier and was smaller and of shorter duration. This could be because on 
control trials participants were able to activate the associated response 
more readily given that it was being made repeatedly; in contrast, for 
aloud trials, greater effort was required to process the unique word for 
that specific trial. More speculatively, it is possible that participants 
remain engaged with the response longer on aloud trials because control 
trials reflect a dual task, with time spent lingering on or processing the 
control response detracting from time spent studying the actual target 
word. The behavioral data are consistent with this interpretation as it 
appears that producing the control word impaired memory for the target 
word on that trial. This behavioral finding was unexpected given that 
previous research (e.g., Bailey et al., 2021; MacLeod et al., 2010) tended 
to observe no difference between control and silent trials.

Although the pupillary production effect was associated with a larger 
behavioral production effect, the pupillary control effect was not cred
ibly predictive of the behavioral control-silent difference; if anything, it 
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was negatively associated, suggestive again that the dual task interfered 
with encoding the word. The pupil-memory correlation observed for the 
pupillary production effect—also observed in Experiment 1—might 
suggest that participants who are most engaged during aloud trials and 
least engaged during silent trials (the pupillary production effect), also 
tend to show the largest production effect in memory.

The control finding is also novel and might potentially speak against 
a broad attentional account. Specifically, if production simply served to 
‘alert’ participants during trials in which a response was made, similar 
benefits might be expected for the aloud and control conditions. The fact 
that repeating the control word produced a similar positive deflection 
suggests that rather than a general increase in attention or alertness, it 
matters what attention is being allocated toward for memory improve
ments to occur. In the case of the aloud condition, participants are forced 
to engage with the target word on a deeper level and may be encouraged 
to linger on that word, potentially enhancing other forms of processing. 
In contrast, for control trials, participants are forced to engage with the 
control word (“check”) which seems to harm encoding of the target 
word by diverting processing away from that word at a critical moment.

Having now observed the pupillary production effect twice, we were 
next interested in better understanding its constituent components. To 
do so, we developed two additional experiments designed to separate 
the processing of the cue, word, and response so that we could consider 
them separately.

7. Experiment 3: separating instruction from word onset and 
response

In Experiments 1 and 2, we demonstrated changes in pupil size 
related to the production condition which suggested that reading aloud 
is more demanding than reading silently. Additionally, we demonstrated 
a relation between this pupillary production effect and the behavioral 
production effect (but no association between the analogous control 
effects). These first two experiments provide a temporally precise eval
uation of production by capturing pupillometric signals of underlying 
cognitive processes. Nonetheless, these experiments are limited in their 
ability to support firm conclusions pertaining to the observed pupillo
metric effects because any putative differences in attentional allocation 
necessarily overlapped temporally with effects driven by production 
itself. To further isolate the mechanisms involved, the next two experi
ments sought to temporally separate the act of speaking from other 
cognitive processes.

Experiment 3 did this by implementing a pre-cueing procedure based 
on Bailey et al. (2021) which highlights preparatory processes that 
might occur when participants know that they will be producing 
something. By separating motoric production from the initial encoding 
of the word, we can address whether processing differs in response to 
distinctive words and whether there also are preparatory differences in 
initial encoding when a participant knows that they will be producing 
the word later. Additionally, by separating vocal responses from the 
word presentation, we can elucidate attentional differences that might 
occur in response to words that are produced versus those that are not 
produced. Participants might engage differently with the trials 
depending on the action that they will be taking. For example, they 
might show more attentional engagement on trials where they know 
that they will be speaking, even before they see the word that they are to 
say (and therefore, prior to the possibility of any form of distinctive 
processing for the target word).

7.1. Method

Participants. Sample size was determined by the number of partic
ipants that could be recruited during two academic terms with no 
minimum. The recruitment duration was doubled in this case for prag
matic purposes: For Experiment 2, we spent a term programming the 
task leaving only one term for recruitment, whereas for Experiment 3 the 

task was already implemented. In the end, 71 students at MUN partici
pated for an hour in exchange for 1 credit point toward a psychology 
class or $10 CAD. Data from three participants were excluded prior to 
processing: One became ill during the session, one confused the in
structions, and one had an eye condition that led them to close their eyes 
for most of the study phase (this participant would also have been 
excluded based on missing trials). Thus, the data of 68 participants were 
included. These data were collected between Fall 2018 and Winter 2019.

Materials and Procedure. The experimental setup and words were 
identical to those used in Experiment 2, except that a pre-cueing pro
cedure was implemented. During this pre-cueing phase, a given symbol 
border was presented around a fixation dot to indicate the trial type to 
be performed with the target word; 1500 ms later, the word appeared on 
the subsequent screen. See Fig. 1 for a visual depiction and for the al
terations to trial timings. Participants were also explicitly instructed to 
hold their response on control trials until the word appeared on the 
screen.

7.2. Results

All pupil pre-processing steps were the same as for Experiment 2 
except that epochs were time-locked to instruction onset and ran from 
− 200 ms to 6 s. Once again, participants who would have been excluded 
owing to too many ‘bad’ trials were already excluded for other reasons. 
For the remaining participants, an average of 1.5 % (SD = 5.7 %) of trials 
were excluded as ‘bad’ and on average 5.0 % (SD = 4.4 %) of the samples 
within each retained trial were imputed owing to missing data (e.g., 
blinks).

7.2.1. Recognition memory
As depicted in Fig. 2, a credible production effect (aloud > silent) 

was observed along with a credible control effect (control < silent) as in 
past experiments. In this case, the control effect was credible for fa
miliarity but not for recollection.

7.2.2. Pupil size by condition
With the instruction now preceding word onset and response, there 

are two apparent peaks in the waveforms depicted in Fig. 3. Once in
structions appeared, there was an initial positive deflection for all con
ditions. Whereas the mass univariate approach almost immediately 
identified differences among the conditions (within ~500 ms), the more 
conservative GAMM models observed a control > silent difference on a 
similar timeframe but an aloud > silent difference only starting at 
~1400 ms (just preceding word onset). Because pupil change resulting 
from cognitive processes is slow, the differences observed in the period 
surrounding word onset likely reflect a cognitive response to the pre
paratory instruction phase, especially given that even perception of the 
word (let alone higher cognitive processes) would require more time to 
produce any such change. Following word onset, pupil size in the silent 
condition dropped precipitously whereas both the aloud and control 
conditions exhibited sustained peaks associated with the response, again 
earlier and smaller in the control condition than in the aloud condition.

7.2.3. Predicting memory outcomes using study phase pupil dilations
Using the mean pupil size across each individual trial at encoding to 

predict later memory performance (i.e., “hits”) once again failed to 
produce a credible effect for any condition, Baloud = 0.03, 95 % CI 
[− 0.04, 0.09], Bsilent = 0.02, 95 % CI [− 0.03, 0.07], Bcontrol = − 0.01, 95 
% CI [− 0.06, 0.05]. Our exploratory window analysis did reveal that 
pupil size for silent trials within ranges from 50–80 ms, 650–880 ms, and 
1080–1990 ms (largely the period preceding and surrounding word 
onset) was predictive of later recognizing the word; however, only the 
final period survived cluster correction. The same finding emerged in a 
model separately including the early and late portions of the trial as 
predictors, showing that—in aggregate—pupil size in the period pre
ceding and surrounding the word credibly predicted memory for silent 
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words. Neither window predicted later memory for aloud or control 
trials.

7.2.4. Correlating the behavioral and pupillometric production effects
As depicted in Fig. 4, the pupillary production effect was again 

correlated with the behavioral production effect, r = .29, 95 % CI [.05, 
.53] whereas the negative control behavioral effect was not correlated 
with the control > silent pupil effect, r = − .05, 95 % CI [− .29, .18]. In 
this case, the correlation between memory performance and average 
pupil size trended positive overall for the aloud condition, r = .20, 95 % 
CI [− .03, .43] but was only credible for a time window around in
struction onset, r = .36, 95 % CI [.12, .60]. No credible association was 
observed for any of the silent comparisons (see Table 2). A trend favored 
a negative association between memory performance and average pupil 
size for control trials, r = − .19, 95 % CI [− .43, .05] but this was only 
credible for a time window surrounding the response, r = − .25, 95 % CI 
[− .49, − .01]. The aloud > silent and control > silent pupil effects were 
again highly correlated, r = .69, 95 % CI [.55, .80].

7.3. Discussion

Experiment 3 replicated the behavioral and pupillary production 
effects observed in Experiments 1 and 2. Further, the unexpected pattern 
in Experiment 2 of worse memory performance for control words than 
for silent words also replicated. This differs from the prior literature. For 
example, MacLeod et al. (2010) had previously examined production 
with a nonunique vocal response (“yes”) and had observed no such 
difference in recognition scores (cf. Bailey et al., 2021). We return to this 
point in the General Discussion.

In the pupillary data, the initial peak associated with instruction 
onset in each condition suggests that participants engaged in some form 
of processing preceding word onset. Given that the word was yet to 
appear, this presumably reflected heightened alertness or preparation. 
This peak was larger and more sustained for the aloud and control 
conditions than for the silent condition. Here, differences emerged 
almost immediately for the control – silent contrast, but more slowly for 
the aloud – silent contrast (just prior to word onset). It is well known that 
cognitive effects appear after a delay of ~500–1000 ms in the pupillary 
signal (Hoeks & Levelt, 1993; Verney et al., 2004), meaning that these 
differences are attributable to the instruction itself rather than to the 
word or the response (pupillary effects of which would be observed 
~500 ms later). This initial peak was also larger and earlier for control 
trials than for aloud trials. This is likely because, although participants 
withheld responding, they already knew the response on control trials 
and could prepare that response during this period. For aloud trials, they 
had to wait for the unique word onset to do so.

The fact that differences emerged in response to the pre-cue alone is 
remarkable from a theoretical perspective because at this stage there is 
no distinctive target word information to encode. Yet pupillary differ
ences during this period were also, on their own, predictive of the 
behavioral production effect (see Fig. 4). This supports the idea that 
these early pupillary responses were preparatory and most likely 
attentional in nature. Knowing that a response will be required may it
self induce a state of heightened engagement, facilitating encoding and a 
subsequent production effect in memory. Evidence is mixed, though, as 
to whether this attentional state offers a general memory benefit: In the 
control condition, pupillary effects have thus far (and in the final 
experiment) been non-credibly negatively correlated with behavioral 
performance.

Upon word onset, we again observed a characteristic positive 
deflection for both aloud and control trials (with aloud trials exhibiting a 
greater, later peak than control trials) in contrast to a rapid decline in 
pupil size for silent trials. This again aligns with the general account that 
participants disengage more quickly and fully from words that they read 
silently than they do from words that they read aloud. These findings 
also broadly align with the possibility that during silent trials 

participants may be engaged in off-task thoughts or mind-wandering, 
which are associated with a decrease in pupil size (Unsworth & Robi
son, 2018). On silent trials, participants maintain a minimum level of 
engagement until word onset and then lapse soon after reading the 
word.

8. Experiment 4: separating instruction and word onset from 
response

In Experiment 3, we separated processing of the instruction from 
processing of the word and response to evaluate whether preparatory 
mechanisms contribute to the production effect when participants are 
aware that production is upcoming. Knowing that you will soon produce 
a word was associated with heightened engagement (for a related idea, 
see Forrin et al., 2019). However, word onset remained confounded with 
response, preventing separate evaluation of the pupillometric signal 
associated with the productive act. In Experiment 4, we modified our 
task to use delayed production (Hassall et al., 2016; Mama & Icht, 
2018b) to separate the processing that occurs during production from 
the productive act itself. Here, participants received the instruction and 
word concurrently but had to withhold responding until a “Go” signal 
was presented.

We sought to address two issues. First, we wanted to separately 
quantify differences observed preceding the productive act from differ
ences observed during the productive act to determine which best pre
dicted the behavioral memory benefit. Second, we wondered whether 
engagement would “drop off” for silent words during the holding period. 
For silent words, participants were instructed to say the word quietly in 
their head at the “Go” signal so it was also plausible that a peak would be 
observed during silent trials reflecting this covert action. Note that, like 
the design used by Mama and Icht (2018b), the word disappeared from 
the screen during the Go cue so that participants had to hold the word in 
working memory prior to producing it. Hassall et al. (2016) previously 
demonstrated a greater amplitude of the P300b signal in response to the 
cue and stimuli in a similarly designed delayed production procedure. 
Given that, and our finding in earlier experiments that pupil size differed 
across the three conditions (aloud, control, silent) prior to any motoric 
production, we expected a similar divergence in the pupillary response 
during the holding period prior to vocalization.

8.1. Method

Participants. Sample size again was determined by the number of 
participants that could be recruited during an academic term with no 
minimum. We had intended to recruit again for two terms, but the global 
pandemic prevented this, and following the pandemic the researchers 
involved had taken on new positions elsewhere. Thus, 45 students 
enrolled at MUN either were recruited through the university’s psy
chology pool and received one course credit or were recruited by poster 
advertisement and were paid $10 CAD. Data from three participants 
were excluded prior to processing: One accidently started the task prior 
to calibrating with the eye-tracker, one had thick glasses making it 
difficult to calibrate, and one was simply missing the file containing 
their pupil data. The data of the remaining 42 participants were included 
in the analyses. These data were collected in Fall 2019 and Winter 2020 
(ending with the onset of the pandemic).

Materials and Procedure. All materials and procedures were iden
tical to those of Experiment 2 except that an additional “Go” signal was 
presented following word and instruction onset. Participants were 
instructed to withhold their verbal response until this signal appeared, 
or on silent trials to say the word in their head again upon its presen
tation. See Fig. 1 for a depiction and for timings.

8.2. Results

No participants were flagged as having too many ‘bad’ trials. Overall, 

J.M. Fawcett et al.                                                                                                                                                                                                                              Cognition 266 (2026) 106326 

12 



an average of 1.1 % (SD = 2.9 %) of trials were excluded as ‘bad’; on 
average 4.7 % (SD = 3.7 %) of the samples within each retained trial 
were imputed owing to missing data (e.g., blinks).

8.2.1. Recognition memory
Replicating our prior experiments, both a credible behavioral pro

duction effect (aloud > silent) and a credible control effect (control <
silent) were observed. The control effect was not credible for familiarity 
or recollection separately.

8.2.2. Pupil size by condition
With the overt response now separated from word and instruction 

onset, two peaks were again observed in the waveforms depicted in 
Fig. 3. Once the instruction and word appeared, there was an initial 
positive deflection for all conditions that was greater for aloud and 
control trials than for silent trials. This was followed by a sustained 
positive deflection for the aloud and control conditions (likely reflecting 
retention of the word in working memory until it could be produced), 
whereas for silent trials pupil size dropped off rapidly. Because within 
the control condition the memory component (i.e., retaining a word that 
was not going to be produced) is comparable to the silent condition, this 
might best be attributed to preparation for the response. This was then 
followed by a positive deflection for both aloud and control trials upon 
receipt of the “Go” signal, reflecting the response itself. For silent trials, 
where participants were to “say the word in their head” upon receipt of 
the “Go” signal, there was also a modest positive deflection of lesser 
magnitude, superimposed on the negative deflection generally observed 
for those trials. For this experiment, no significant differences in pupil 
size were observed between aloud and control trials for our more con
servative GAMM model, although our mass univariate analysis revealed 
a period of significance from ~3900 ms to ~4500 ms. Pupil size on 
aloud and control trials was significantly greater than on silent trials 
throughout.

8.2.3. Predicting memory outcomes using study phase pupil dilations
Using aggregate per-trial pupil size to predict later memory perfor

mance for the aloud, silent, and control trials again failed to produce a 
significant effect for any condition, Baloud = − 0.03, 95 % CI [− 0.10, 
0.05], Bsilent = 0.04, 95 % CI [− 0.02, 0.11], Bcontrol = − 0.03, 95 % CI 
[− 0.10, 0.03]. Our exploratory window analysis did reveal that pupil 
size for silent trials within the range 770–1160 ms and for control trials 
within the range 880–1680 ms was predictive of memory for words in 
those respective trials. Interestingly, whereas for silent words greater 
pupil size predicted better memory (as in our prior studies), for control 
trials greater pupil size predicted worse memory. No windows were 
predictive of later memory for aloud trials.

8.2.4. Correlating the behavioral and pupillometric production effects
As depicted in Fig. 4, the correlation between the pupillary pro

duction effect and the behavioral production effect trended in the pre
dicted direction, but this time was not credible, r = .20, 95 % CI [− .10, 
.50]. In this case, the per condition correlations again demonstrated a 
trend toward a positive association for the aloud condition, r = .17, 95 % 
CI [− .12, .46], with a credible association observed only for a time 
window surrounding the response, r = .29, 95 % CI [.01, .59], and a 
negative trend for the silent condition overall, r = − .12, 95 % CI [− .42, 
.18]. As in past studies, the control effect was not credibly correlated 
with the corresponding control > silent pupil effect, r = .20, 95 % CI 
[− .11, .50], although a positive association was observed between 
memory performance and pupil size in the control condition overall, r =
.40, 95 % CI [.10, .71]. The aloud > silent and control > silent pupil 
effects were again highly correlated themselves, r = .64, 95 % CI [.40, 
.78].

As this is the final experiment in the series, we undertook an addi
tional correlation model that combined all four experiments (combined 
N = 188 for Aloud – Silent and N = 143 for Control - Silent). Here, the 

pupil-behavioral correlation was observed to be credible for the pro
duction effect, r = .31, 95 % CI [.17, .46], but not for the control effect, r 
= − .02, 95 % CI [− .19, .14]. Also of note, the pupillary production effect 
correlation was apparently driven more by the late time window in 
Experiments 3 and 4 (reflecting word + response or response alone) than 
by the early time window (reflecting instruction or instruction + word +
holding period). In the combined data, despite a credible positive as
sociation between memory performance and pupil size for the aloud 
condition, r = .27, 95 % CI [.12, .41], no similar trend was observed for 
the silent, r = .04, 95 % CI [− .13, .20], or control, r = − 0.07, 95 % CI 
[− .21, .08] conditions; however, for the control condition there was a 
credible positive association observed for the early time window, r =
.20, 95 % CI [.01, .39], and a negative association observed for the late 
time window, r = − .19, 95 % CI [− .37, .01].

8.3. Discussion

The post-cuing procedure in Experiment 4 permitted separate eval
uation of the processes involved in encoding the word from those 
involved in the productive act itself. Separate deflections were observed 
for each, with aloud and control trials producing similar waveforms 
(here aloud was slightly, but non-significantly, higher than control 
throughout) both of which were significantly greater in magnitude 
compared to the waveform for silent trials. For the silent trials, pupil size 
initially increased before gradually declining to baseline levels, with a 
modest peak surrounding the onset of the ‘Go’ signal (where participants 
said the word silently in their head). For aloud and control trials, pupil 
size declined more gradually during the ‘holding’ period and peaked to a 
much greater degree upon ‘Go’ signal onset.

It is noteworthy that the aloud/control > silent pattern in pupil 
dilation emerged even during the instruction and word onset phases and 
was sustained throughout the holding period because at this point all 
conditions had the same processing demands: reading the stimulus, 
alerting to the condition, and awaiting response. Increased pupil size in 
the aloud and control conditions compared to the silent condition sug
gests that participants were preparing to speak even early in the trial and 
remained at a heightened level of engagement until the response was 
made. This notion lends support to the hypothesis that there is a pre
paratory component to the production effect that may reflect differences 
in attention related to preparing an overt and target-relevant response. It 
also aligns with earlier work arguing that knowing that an overt 
response must soon be made has consequences for participant motiva
tion and behavior (e.g., Forrin et al., 2019). This might also explain the 
imagined production benefit reported by Jamieson and Spear (2014).

The fact that aloud and control trials did not differ with respect to 
pupil size in our primary model was unexpected. Of course, participants 
do speak in both cases. Given the additional processing involved in 
preparing a unique verbal response on aloud trials, however, we had 
predicted some difference especially given that we observed such dif
ferences in Experiment 2. Nonetheless, in the present case, speaking in 
either condition appeared to require roughly equal attention, with the 
check response readily “pre-loaded” as soon as the instruction appeared. 
Whereas reading a unique word benefited memory—potentially by 
forcing participants to engage specifically with that word—repeating 
“check” had no such benefit, likely because speaking in this case 
diverted processing away from the target word. Silent trials once again 
demonstrated an initial peak at word and instruction onset followed by a 
decline to baseline, which could reflect disengagement. A second peak 
occurred following ‘Go’ signal onset, reflecting momentary re- 
engagement, but the magnitude was much smaller for silent trials than 
for aloud or control trials.

In the present case, unlike in our prior experiments, the pupillary 
production effect was not credibly associated with the behavioral pro
duction effect. However, when the Bayesian priors for this analysis were 
instead mildly informed by the earlier studies, the effect did become 
credible, r = .22, 95 % CI [.01, .43]. Critically, the pupillometric- 
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behavioral production effect correlation was credible when the results of 
the four experiments were combined.

9. General discussion

Production has been presented as a simple encoding technique 
requiring little knowledge or practice but nevertheless affording a sub
stantial mnemonic benefit. However, effective use requires under
standing its underlying processes. Past research has focused largely on 
whether distinctiveness adequately explains the mnemonic benefit of 
production (see MacLeod & Bodner, 2017, for a summary); other pro
cesses, notably enhanced attention or encoding that could occur in 
addition to the productive act itself, have been less examined despite 
having been considered in early studies (e.g., MacDonald & MacLeod, 
1998).

9.1. The pupillometric production effect

Across four experiments, we adopted a novel psychophysiological 
approach using changes in pupil size to unobtrusively quantify pro
cessing demands during production and to relate those demands to the 
behavioral production effect. We consistently observed a robust 
behavioral production effect (aloud > silent). We also observed an un
expected but consistent control effect (control < silent): Repeating an 
unrelated control word impaired memory for the target word on that 
trial. In our pupillary data, reading a word aloud and repeating a control 
word were each associated with a positive pupil deflection tied to word 
or instruction onset. Aloud trials tended to demonstrate larger, later 
peaks than control trials (except for Experiment 4). Reading silently was 
instead invariably associated with a dilation peak surrounding initial 
encoding of the word followed by a decline to or below baseline level, 
with only slight recovery in Experiment 4 when a “Go” signal indicated 
that the response should be made (i.e., saying the word silently in their 
head).

In each experiment, the pupillary production effect (aloud > silent) 
was predictive of the behavioral production effect, including in time 
windows preceding word onset (although in Experiment 4 this correla
tion was not credible without priors informed by the preceding experi
ments). Yet a comparable analysis of the negative control effect tended 
to produce no such brain-behavior relation, despite the two pupillary 
effects themselves being correlated. The findings are broadly compatible 
with classic distinctiveness-based accounts, but they also suggest a role 
for other processes.

Making any response encourages greater engagement with the task, 
as demonstrated by both aloud trials and control trials exhibiting greater 
pupil sizes than silent trials throughout, including periods where there 
was no distinctive information to encode (e.g., the instruction period of 
Experiment 3) and when task demands were putatively matched across 
trials (e.g., the “holding” period of Experiment 4). These differences 
reflect an increase in pupil size for aloud trials and control trials 
accompanied by a decrease for silent trials.

Throughout this study we have interpreted greater pupil dilation as 
reflecting increased attention during aloud and control encoding trials. 
Beyond attention, however, there is a sizeable literature suggesting that 
pupil dilation may instead index processes such as cognitive effort (van 
der Wel & van Steenbergen, 2018) or working memory (Unsworth & 
Robison, 2015). While these mechanisms are likely at play in any 
cognitive study, we reason that in the present case pupil dilation is 
unlikely to be driven by them. Cognitive effort would seem to be an 
unlikely contributor in our experiments given that we observed similar 
pupil deflections for the aloud and control conditions: Surely repeating 
the same word each time is less effortful than reading a new word. The 
design of our experiments also helped to rule out working memory as 
crucial: In all experiments (except Experiment 3), the condition 
assignment and target word were presented in unison such that nothing 
had to be held in working memory before a response was made. As a 

result of our systematic progressions of experimental design, these 
alternative factors are unlikely to be the main drivers of the pupillo
metric responses that we observed.

Consistent across all experiments, pupil size was not monotonically 
related to later memory performance. Put simply, there was a clear 
dissociation between pupil dilation and encoding efficacy. Beginning in 
Experiment 2 and carrying on through Experiments 3 and 4, we 
observed that pupil dilation was comparably large in both the aloud and 
control conditions, yet only the aloud condition yielded a substantial 
memory benefit. Indeed, the control condition always led to perfor
mance worse than silent reading. This could reflect cue overload 
(Watkins & Watkins, 1975) in that the control trials involve two 
words—the presented target word and the word “check”—whereas the 
silent trials involve only the presented target word. More generally, the 
repeated word “check” could simply be interfering with the presented 
target word on that trial.

In addition, in Experiments 2 and 3, pupil size in the aloud condition 
correlated positively with memory performance whereas pupil size in 
the control condition did not. We argue that increased attentional 
engagement—which we see pupil dilation as indexing—is by itself not 
sufficient for successful memory encoding. Rather, what matters is where 
attention is directed. In the control condition, when participants prepare 
to speak their attention is directed to a repeated, non-informative 
response (“check”) rather than to the target word, yielding pupil dila
tion without a related memory benefit. We interpret pupil dilation as 
indexing a heightened state of attention preceding and during speak
ing—regardless of what is spoken. It is only in the aloud condition, 
however, that this attention is beneficially directed toward the target 
word.

This interpretation is consistent with previous work showing that 
pupil dilation reflects time pressure, arousal, and task urgency rather 
than encoding efficacy (Gross & Dobbins, 2021; Lloyd & Nieuwenhuis, 
2024; Murphy et al., 2016; Robison et al., 2022; Unsworth & Miller, 
2020). In addition, the delayed naming literature has used a pre-cueing 
paradigm like our Experiment 4 and demonstrated that pupil size re
flects greater attention beginning with pre-speech planning and carrying 
through to post-lexical processing, matching the waveforms observed 
here as well (Goldinger et al., 1997; Papesh & Goldinger, 2012). 
Therefore, recognizing the distinction between greater pupil dilation 
and encoding efficacy per se will help prevent misinterpretation in 
future studies that use pupillometry to index learning and memory.

9.2. Theoretical interpretation

Putting this into the context of contemporary theory, the distinc
tiveness account (e.g., Conway & Gathercole, 1987; MacLeod et al., 
2010) might interpret Experiments 1 and 2 as reflecting cognitive de
mands associated with distinctive encoding of the study word, preparing 
the unique response, and binding sensorimotor features (i.e., the pro
duction record) to the study episode. These features could then be used 
to drive memory benefits as proposed by the distinctiveness heuristic 
account (e.g., Dodson & Schacter, 2001)—where these features are used 
strategically to guide memory—or as proposed by the relative distinc
tiveness account (e.g., Jamieson et al., 2016)—where the presence of 
these features interacts with implicit retrieval processes to give rise to 
the effect. Either account likewise easily accommodates the finding that 
repeating a control word aloud produces a similar pupil deflection but of 
lesser magnitude, and each account would have (correctly) predicted 
that this deflection on control trials would not predict later memory. 
This perspective also aligns with Hassall et al.’s (2016) interpretation of 
the P300 in their ERP study, which was viewed as an indicator of 
distinctive encoding.

A strict interpretation of the distinctiveness account has greater 
difficulty, however, explaining the precipitous drop in pupil size for si
lent trials, as well as the aloud/control > silent pattern observed in pupil 
size during the instruction period of Experiment 3 and the holding 
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period of Experiment 4. Concerning the former, the most obvious 
interpretation is that once participants have read a word in the silent 
condition, that trial is completed and they become disengaged. This 
perspective is supported by findings that participants report paying less 
attention to silent words than to aloud words (e.g., Fawcett & Ozubko, 
2016), that they tend to mind-wander more during silent reading (e.g., 
Varao Sousa et al., 2013), and that pupillary constriction is typical when 
mind-wandering (e.g., Unsworth & Robison, 2018). Further, the only 
consistent finding in our exploratory moving window analysis was that 
increased pupil size during the early portion of the silent trials in each 
experiment was predictive of later memory for those silent words, sug
gesting that remaining attentive early in the trial (as evidenced by larger 
pupil sizes) would predict better memory for silent words, in turn 
resulting in a smaller production effect.4

The pupillometric control effect is another piece of evidence sug
gesting that simply forcing engagement is insufficient to induce a 
memory benefit for words studied in the affected trials (see MacLeod, 
1975, for an analogous finding in the context of the release from pro
active interference paradigm). If it were the case that the behavioral 
production effect arose because participants were alert during aloud 
trials and disengaged during silent trials, a memory benefit would be 
expected for control trials where they were also alerted. However, if 
anything, memory was worse for words in the control condition than for 
words in the silent condition. This aligns with Bailey et al. (2021) who 
observed similar activity in aloud and control trials with no association 
between activation on control trials and later recognition, just as we saw 
in our correlation analyses.

Participants were attentive on control trials while focusing on mak
ing the “check” response, but this appears to have undermined further 
processing of the target word. Therefore, it is not engagement alone but 
the features with which participants engage that is critical. For example, 
Bailey et al. (2021) observed greater activation of motor and auditory 
cortices at test for aloud and control words than for silent words, sug
gesting that participants were potentially re-activating the production 
record in both conditions but, because on control trials the record did 
not contain discriminative information between episodic events, it did 
not benefit memory performance for the target words. Rather than 
simply encouraging general attentiveness as in control trials, reading 
aloud forces attention to the target word and, in so doing, encourages 
distinctive processing liable to improve memory performance.

9.3. Implications for encoding techniques

To summarize, the production effect probably arises due to a com
bination of processes that vary depending on methodological factors. 
This is, of course, not unique to production. Fawcett et al. (2022)
identified similar sentiments having emerged within the enactment ef
fect (Russ et al., 2003) and the generation effect (Rosner et al., 2013) 
literatures as well. and Fawcett and Ozubko (2016, see also Ozubko 
et al., 2012) drew similar conclusions and proposed a dual-process ac
count of the production effect, attributing the effect of production on 
recollection to potential distinctive encoding and the effect of produc
tion on familiarity to enhanced encoding owing to attentional or moti
vational factors. This was also used to explain why the production effect 
is usually (but not always, see Whitridge et al., 2024) smaller in 
between-subjects designs. MacLeod and Bodner (2017) concluded that 

the smaller between-subjects effect was due to strengthening—which 
can also be seen as greater attention—and that the larger within-subject 
effect was due to this strengthening plus a larger contribution of 
distinctiveness (see also, Fawcett & Ozubko, 2016).

One possible framing would be that reading a word aloud serves as a 
desirable difficulty, orienting attention to the target word and encour
aging encoding of all features necessary to produce that word. In doing 
so, however, participants are also driven to stay alert during the trial. 
Remaining focused on the word may engage additional processing, 
including enhanced processing of conceptual information (e.g., Fawcett 
et al., 2022; Lu et al., 2025). Further, this state of heightened engage
ment could facilitate binding of the encoded features into the study 
episode. This latter component also aligns with the recent finding that, 
contrary to past expectation (MacLeod et al., 2010), the production ef
fect improves at least certain forms of implicit memory (Lu et al., 2025; 
Mama, 2025).

In this way, the production effect emerges not through distinctive 
encoding or attention alone, but rather through the interplay of the two, 
with production (and its preparatory requirements) serving to force 
attentional engagement, the effect of which is then at least partially 
mediated by distinctive encoding, including but not limited to sensori
motor processes. Such a framework might also explain why control trials 
exhibit a similar pupillary signature to aloud trials without the mne
monic benefit: Although attention is engaged, processing is oriented 
away from the target word, discouraging distinctive processing of the 
word’s features.

One implication of this view would be that the mechanisms implied 
by our pupillometric analyses—including response preparation, execu
tion, etc.—are representative of the mechanisms present during a typical 
task. These mechanisms also align well with phenomenological reports 
by participants (e.g., Fawcett & Ozubko, 2016). It is important to keep in 
mind that this article has focused exclusively on study phase processes 
because we were interested in leveraging the unobtrusive nature of 
pupillometry to evaluate the roles of attention and distinctive encoding 
in the emergence of the effect. This focus on the study phase does not 
address potential test phase mechanisms, including whether a distinc
tiveness heuristic is used by participants and whether production is used 
as a contextual cue (possibly facilitated by sensorimotor reinstatement) 
to facilitate memory retrieval (see Wakeham-Lewis et al., 2022; Whi
tridge et al., 2024; Zhou & MacLeod, 2022). These test-phase processes 
are worthy of their own future investigation.

10. Conclusion

Reading words aloud renders them more memorable than words that 
are read silently. The current series of experiments provides evidence 
compatible with distinctiveness as a central process in the production 
effect while suggesting that additional processes are involved. In 
particular, the finding of a pupillary response prior to the presentation of 
target information supports earlier findings that attention likely plays a 
role in the production effect. We propose that production leads to 
heightened attention, which is a crucial antecedent or facilitator of 
distinctive encoding. The current study therefore refines the distinc
tiveness versus strength discussion (see MacLeod & Bodner, 2017) in the 
production effect literature by positioning attention as a prerequisite for 
effective encoding during production. Future studies should further 
examine whether attention plays a critical or supportive role in 
improving memory via production. Furthermore, the current studies 
highlight pupillometry as a useful metric for examining processes un
derlying the production effect. Given its simple implementation yet 
powerful efficacy as a mnemonic technique, the production effect stands 
as a critical method worthy of investigation focused on both mechanistic 
and applied perspectives.

4 These findings would also appear to align with the “lazy reading” hy
pothesis (cf. Begg & Snider, 1987) deriving from studies of the generation effect 
which would propose that silent words are processed to a lesser extent than 
aloud words. However, the lazy reading hypothesis has been challenged several 
times by the fact that forcing participants to initially engage elaboratively with 
the word via generation or semantic analysis (MacLeod et al., 2010, Experi
ments 7 and 8; see also Forrin et al., 2014) or by imagery (Forrin et al., 2014) 
prior to production does not interact with the production effect.
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Võ, M. L., Jacobs, A. M., Kuchinke, L., Hofmann, M., Conrad, M., Schacht, A., & 
Hutzler, F. (2008). The coupling of emotion and cognition in the eye: Introducing the 
pupil old/new effect. Psychophysiology, 45(1), 130–140. https://doi.org/10.1111/ 
j.1469-8986.2007.00606.x

Wakeham-Lewis, R. M., Ozubko, J., & Fawcett, J. M. (2022). Characterizing production: 
The production effect is eliminated for unusual voices unless they are frequent at 
study. Memory, 30(10), 1319–1333. https://doi.org/10.1080/ 
09658211.2022.2115075

Watkins, O. C., & Watkins, M. J. (1975). Buildup of proactive inhibition as a cue-overload 
effect. Journal of Experimental Psychology: Human Learning and Memory, 1(4), 
442–452. https://doi.org/10.1037/0278-7393.1.4.442

van der Wel, P., & van Steenbergen, H. (2018). Pupil dilation as an index of effort in 
cognitive control tasks: A review. Psychonomic Bulletin & Review, 25(6), 2005–2015. 
https://doi.org/10.3758/s13423-018-1432-y

Whitridge, J. W., Huff, M. J., Ozubko, J. D., Bürkner, P. C., Lahey, C. D., & Fawcett, J. M. 
(2024). Singing does not necessarily improve memory more than reading aloud. 
Experimental Psychology, 71(1), 33–50. https://doi.org/10.1027/1618-3169/ 
a000614

Wood, S. N. (2017). Generalized additive models: An introduction with R (2nd ed.). 
Chapman and Hall/CRC. 

J.M. Fawcett et al.                                                                                                                                                                                                                              Cognition 266 (2026) 106326 

17 

https://doi.org/10.1016/S0022-5371(72)80036-7
https://doi.org/10.1016/S0022-5371(72)80036-7
https://doi.org/10.1027/1618-3169/a000615
https://doi.org/10.1027/1618-3169/a000615
https://doi.org/10.1093/acprof:oso/9780195169669.001.0001
https://doi.org/10.1037/cep0000081
https://doi.org/10.1037/cep0000009
https://doi.org/10.1080/17470218.2011.588335
https://escholarship.org/uc/item/7rk363fw
https://doi.org/10.3758/s13414-022-02557-5
https://doi.org/10.1016/j.jml.2021.104299
https://doi.org/10.1016/j.jml.2021.104299
http://refhub.elsevier.com/S0010-0277(25)00267-7/rf0240
http://refhub.elsevier.com/S0010-0277(25)00267-7/rf0240
https://doi.org/10.1038/s41598-024-52486-6
https://doi.org/10.1038/s41598-024-52486-6
https://doi.org/10.1016/j.jml.2024.104584
https://doi.org/10.1016/j.jml.2024.104584
https://doi.org/10.1016/S0001-6918(97)00047-4
https://doi.org/10.1016/S0001-6918(97)00047-4
https://doi.org/10.2307/1421776
https://doi.org/10.2307/1421776
https://doi.org/10.1177/0963721417691356
https://doi.org/10.1177/0963721417691356
https://doi.org/10.1037/a0018785
https://doi.org/10.1037/a0018785
https://doi.org/10.1027/1618-3169/a000633
https://doi.org/10.1016/j.actpsy.2018.03.002
https://doi.org/10.1016/j.actpsy.2018.03.002
https://doi.org/10.1017/S1355617718001017
https://doi.org/10.1017/S1355617718001017
https://doi.org/10.1080/09658211.2017.1384496
https://doi.org/10.1080/09658211.2017.1384496
https://doi.org/10.1038/ncomms13526
https://doi.org/10.1038/2071011a0
https://doi.org/10.1167/13.2.11
https://doi.org/10.1016/j.actpsy.2023.104051
https://doi.org/10.3758/s13421-011-0165-1
https://doi.org/10.3758/s13421-011-0165-1
https://doi.org/10.1080/09658211.2013.800554
https://doi.org/10.3758/s13414-011-0263-y
https://doi.org/10.1016/j.ijpsycho.2011.10.002
https://doi.org/10.3758/s13428-018-011-y
https://doi.org/10.1080/09658211.2013.766754
https://www.r-project.org/
https://doi.org/10.3758/s13423-022-02081-5
https://doi.org/10.1111/j.1745-6916.2006.00012.x
https://doi.org/10.1016/j.cortex.2012.09.009
https://doi.org/10.1016/j.cortex.2012.09.009
https://doi.org/10.1007/s00221-003-1398-4
https://doi.org/10.1007/s00221-003-1398-4
https://doi.org/10.1016/j.jml.2021.104219
https://doi.org/10.1002/wcs.1323
https://doi.org/10.1371/journal.pone.0018298
https://doi.org/10.1371/journal.pone.0018298
https://doi.org/10.1177/0956797610368063
http://refhub.elsevier.com/S0010-0277(25)00267-7/rf0380
http://refhub.elsevier.com/S0010-0277(25)00267-7/rf0380
http://refhub.elsevier.com/S0010-0277(25)00267-7/rf0385
http://refhub.elsevier.com/S0010-0277(25)00267-7/rf0385
https://doi.org/10.1523/JNEUROSCI.1001-06.2006
https://doi.org/10.1523/JNEUROSCI.1001-06.2006
https://doi.org/10.1016/j.tins.2022.05.003
https://doi.org/10.1037/cep0000083
https://doi.org/10.3758/s13421-020-01077-7
https://doi.org/10.3758/s13421-020-01077-7
https://doi.org/10.3758/s13423-014-0747-6
https://doi.org/10.3758/s13415-018-0594-4
https://doi.org/10.3389/fpsyg.2013.00892
https://doi.org/10.1016/j.ijpsycho.2003.12.003
https://doi.org/10.1111/j.1469-8986.2007.00606.x
https://doi.org/10.1111/j.1469-8986.2007.00606.x
https://doi.org/10.1080/09658211.2022.2115075
https://doi.org/10.1080/09658211.2022.2115075
https://doi.org/10.1037/0278-7393.1.4.442
https://doi.org/10.3758/s13423-018-1432-y
https://doi.org/10.1027/1618-3169/a000614
https://doi.org/10.1027/1618-3169/a000614
http://refhub.elsevier.com/S0010-0277(25)00267-7/rf0460
http://refhub.elsevier.com/S0010-0277(25)00267-7/rf0460


Yonelinas, A. P. (1994). Receiver-operating characteristics in recognition memory: 
Evidence for a dual-process model. Journal of Experimental Psychology: Learning, 
Memory, and Cognition, 20, 1341–1354. https://doi.org/10.1037/0278- 
7393.20.6.1341

Yonelinas, A. P. (1997). Recognition memory ROCs for item and associative information: 
The contribution of recollection and familiarity. Memory & Cognition, 25, 747–763. 
https://doi.org/10.3758/BF03211318

Yonelinas, A. P. (2001). Consciousness, control and confidence: The three cs of 
recognition memory. Journal of Experimental Psychology: General, 130, 361–379. 
https://doi.org/10.1037/0096-3445.130.3.361

Yonelinas, A. P. (2002). The nature of recollection and familiarity: A review of 30 years 
of research. Journal of Memory and Language, 46(3), 441–517. https://doi.org/ 
10.1006/jmla.2002.2864

Zhang, B., Meng, Z., Li, Q., Chen, A., & Bodner, G. E. (2023). EEG-based univariate and 
multivariate analyses reveal that multiple processes contribute to the production 
effect in recognition. Cortex, 165, 57–69. https://doi.org/10.1016/j. 
cortex.2023.04.006

Zhou, Y., & MacLeod, C. M. (2022). Production as a distinctive contextual cue for 
retrieving intentionally forgotten information. Canadian Journal of Experimental, 76 
(3), 226–233. https://doi.org/10.1037/cep0000284

J.M. Fawcett et al.                                                                                                                                                                                                                              Cognition 266 (2026) 106326 

18 

https://doi.org/10.1037/0278-7393.20.6.1341
https://doi.org/10.1037/0278-7393.20.6.1341
https://doi.org/10.3758/BF03211318
https://doi.org/10.1037/0096-3445.130.3.361
https://doi.org/10.1006/jmla.2002.2864
https://doi.org/10.1006/jmla.2002.2864
https://doi.org/10.1016/j.cortex.2023.04.006
https://doi.org/10.1016/j.cortex.2023.04.006
https://doi.org/10.1037/cep0000284

	The pupillometric production effect: Evidence for enhanced processing preceding, during, and following production
	1 The distinctiveness account
	2 Other potential mechanisms
	3 Beyond behavioral measures
	4 The present research
	5 Experiment 1: reading aloud versus silently
	5.1 Method
	5.2 Results
	5.2.1 Recognition memory
	5.2.2 Pupil size by condition
	5.2.3 Predicting memory outcomes using study phase pupil dilations
	5.2.4 Correlating the behavioral and pupillometric production effects

	5.3 Discussion

	6 Experiment 2: reading aloud, reading silently, or making an unrelated response
	6.1 Method
	6.2 Results
	6.2.1 Recognition memory
	6.2.2 Pupil size by condition
	6.2.3 Predicting memory outcomes using study phase pupil dilations
	6.2.4 Correlating the behavioral and pupillometric production effects

	6.3 Discussion

	7 Experiment 3: separating instruction from word onset and response
	7.1 Method
	7.2 Results
	7.2.1 Recognition memory
	7.2.2 Pupil size by condition
	7.2.3 Predicting memory outcomes using study phase pupil dilations
	7.2.4 Correlating the behavioral and pupillometric production effects

	7.3 Discussion

	8 Experiment 4: separating instruction and word onset from response
	8.1 Method
	8.2 Results
	8.2.1 Recognition memory
	8.2.2 Pupil size by condition
	8.2.3 Predicting memory outcomes using study phase pupil dilations
	8.2.4 Correlating the behavioral and pupillometric production effects

	8.3 Discussion

	9 General discussion
	9.1 The pupillometric production effect
	9.2 Theoretical interpretation
	9.3 Implications for encoding techniques

	10 Conclusion
	Author note
	CRediT authorship contribution statement
	Appendix A Supplementary data
	Data availability
	References


