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The hippocampus supports distinctive encoding, enabling discrimination of perceptions from similar memories. Here,

an experimental and individual differences approach examined the role of encoding quality in the classification of

similar lures. An object recognition task included thought probes during study and similar lures at test. On-task study

reports were associated with lure discrimination in within-subject and between-subjects analyses. Within-subject on-task

reports were also associated with false classifications of lures as studied objects. These results are compatible with the

view that quality encoding supports memory-based rejection of lures but also engenders false alarms when perceptions

and memories are inaccurately compared.

[Supplemental material is available for this article.]

Memory interference may be prevented by hippocampal pattern
separation that encodes new events distinctly (Treves and Rolls
1994). Pattern separation has been investigated using amnemonic
similarity task (MST) (Stark et al. 2019). In object-based MSTs, par-
ticipants study objects and attempt to reject similar but not identi-
cal lures. Hippocampal subfields have been implicated in the
orthogonalization of inputs, supporting lure discrimination
(Yassa and Stark 2011; Hunsaker and Kesner 2013). However,
lure discrimination does not purely assay pattern separation, as en-
coding processes also contribute (Molitor et al. 2014). MSTs can
also bemodified to differentially recruit pattern separation or com-
pletion processes (Liu et al. 2016), with the latter supporting rein-
statement of studied objects. Encoding qualitymay also determine
how memory for studied objects is used to reject lures (Norman
and O’Reilly 2003; Gallo 2004; Odegard and Lampinen 2005).
The present experimental and individual differences study exam-
ined the association between self-reported encoding and lure
discrimination.

TheMSTwas designed to assay hippocampal function among
groups (Stark et al. 2019). Participants studied objects and classified
repeated study objects, similar lures, and novel foils as “old,” “sim-
ilar,” and “new,” respectively. When classifying lures, groups with
hippocampal dysfunction associated with aging, clinical disorders,
or neurological diseases show fewer correct rejections and more
false alarms. This has been assumed to reflect a pattern completion
process that reinstates existing memories when pattern separation
fails (Toner et al. 2009; Kim and Yassa 2013). However, it is contro-
versial whether pattern separation and completion processes are
dependent, as implied by this account, or whether they are inde-
pendent hippocampal operations (Hunsaker and Kesner 2013).
Supporting the latter, Alzheimer’s disease and hippocampal dam-
age can reduce lure rejections without increasing false alarms
(Kirwan et al. 2012; Ally et al. 2013). Lure rejection is also selective-
ly improved when study conditions promote detailed encoding
and item-specific retrieval (Dodson et al. 2000). These findings sug-
gest that pattern separation and completion processes operate in-

dependently to support lure discrimination, with pattern
completion contributing more when studied objects have been
successfully encoded.

Other approaches suggest that encoding quality affects lure
classifications in MSTs. For example, pairing studied objects with
background scenes and reinstating those scenes with lures has
been shown to increase false alarms (Doss et al. 2018; Racsmány
et al. 2021). Additionally, computational modeling suggests that
reduced encoding of object features accounts for higher lure false
alarms in older adults (Huffmanand Stark 2017). The role of encod-
ing quality in MST lure classifications has also been examined us-
ing eye tracking. In single-item, continuous recognition variants,
fewer fixations during study were associated with lure false alarms,
suggesting that they result from poorer encoding (Molitor et al.
2014; Bjornn et al. 2022). In contrast, more fixations to one object
of a studied pair led tomore false alarms to corresponding lures that
appeared next to noncorresponding targets on a forced-choice test
(Rollins et al. 2019), suggesting that better encoding did not sup-
port lure rejection in this context. Despite the differences among
approaches, these studies highlight that encoding differences in-
fluence both lure rejections and false alarms. However, these tasks
were incapable of showing how better encoding quality could
simultaneously increase rejections and false alarms, which would
support the view that pattern separation and completion operate
independently in MSTs.

We overcame this limitation using a thought probe procedure
that could show the consequences of variations in encoding qual-
ity for lure rejections and false alarms. Encoding quality deter-
mines subsequent memory (Jacoby 1991; Long et al. 2018), as
when dividing attention during study impairs memory (Craik
et al. 1996) by reducing recollection (Gardiner and Parkin 1990)
or when focusing attention improves memory (Turk-Browne
et al. 2013; Garlitch and Wahlheim 2021). As with attention
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manipulations, thought probes measuring states of engagement,
including mind wandering, assess the memorial consequences of
encoding (Smallwood and Schooler 2006). Memory is often better
following on-task than off-task study reports (Blondé et al. 2022),
especially when the task involves semantic encoding (Maillet
and Rajah 2013; Thomson et al. 2014) or interference that can be
mitigated by recollection (Garlitch and Wahlheim 2020).
Including thought probes in a recognition task enables subsequent
memory analyses for all response and item types conditioned on
probe reports. Our primary goal was to determine whether both
lure rejections and false alarms would be greater when participants
reported being on task than off taskwhile studying the correspond-
ing similar objects.

Wedeveloped a two-study–test cycleMSTwith unique objects
in each cycle. The task balanced the number of probes with interp-
robe lag lengths to examine associations between object classifica-
tions and self-reported encoding (i.e., on-task reports). Thought
probes followed study objects that later appeared as similar lures
or studied targets on the recognition test. We could therefore con-
duct within-subject and between-subjects analyses to assess
encoding-related differences in discrimination of lures and recog-
nition of targets. We preregistered hypotheses on the Open
Science Framework (OSF; https://osf.io/v7cb4). Based on studies in-
dicating that memory for studied objects supports lure rejection
(Stark et al. 2019), we hypothesized that on-task reports would
be associated with better lure rejection in both within-subject
andbetween-subjects comparisons.We did not preregister hypoth-
eses for lure false alarms but reasoned that on-task reports would
also lead to more false alarms. Our rationale was that lures should
be misattributed as studied objects when pattern completion oc-
curred but participants could not distinguish memories from per-
ceptions. Finally, since mind wandering is often associated with
impaired episodic memory (Blondé et al. 2022), we hypothesized
that on-task reports would be associated with better target recogni-
tion in within-subject and between-subjects comparisons.

Three-hundred undergraduate students (222 females, Mage =
19.19; SD=2.50; range =18–43) from the University of North
Carolina at Greensboro (N=150; 106 females; Mage = 19.30; SD=
2.31; range =18–32) and Towson University (N=150; 116 females;
Mage = 19.07; SD=2.67; range = 18–43) participated for partial
course credit.1 We included any undergraduate students eligible
to participate in department studies as part of their course require-
ments. We did not set any specific exclusion criteria. We exceeded
our minimum planned sample and had 0.80 power (α=0.05) to
detect a small effect size (r=0.16) according to G*Power 3.1.9.2
(Faul et al. 2009). Participants were tested individually or in groups
up to four.

All stimuli were presented using E-prime 3.0 software
(Psychology Software Tools, Inc.). Participants completed two
study–test cycles with unique objects and identical procedures.
Each cycle included 270 objects (540 total) from the Stark
Laboratory’s database of MST stimuli (https://faculty.sites.uci
.edu/starklab/mnemonic-similarity-task-mst; Stark et al. 2013). A
within-subject design included target, lure, and foil test condi-
tions. For counterbalancing, the stimulus set was divided into six
90-object groups with comparable normative lure false alarm rates
established by Stark et al. (2013). Groups were then rotated
through cycles and test conditions, appearing equally often in
six formats across participants. In each cycle, participants viewed
180 objects during study and 270 objects at test. All objects ap-
peared for 3 sec each (1-sec ISI) instead of the standard MST dura-

tion of 2.5 sec (0.5-sec ISI). This modification was intended to
induce mind wandering and provide ideal time lags between
thought probes. Objects appeared in fixed random orders with
two stipulations: Nomore than three objects from the same condi-
tion appeared consecutively, and the average serial positions were
equated across conditions. Each study phase included 10 thought
probes (20 total), with an equal number following each study ob-
ject type (10 total after target and lure objects). The object lag be-
tween probes varied across intervals of 16, 17, 18, 19, or 20
objects, resulting in an average lag interval of 18 objects (SD=
1.41; range =16–20) and lag duration of 72 sec (SD=5.96; range =
64–80). Each probe evoked a discrete on-task or off-task judgment.
Figure 1 displays a schematic of the procedure.

During study, participants were told to consider whether ob-
jects belonged indoors or outdoors and that they would be asked
periodically to report whether they were attending to this task.
They did not make button presses during study because pilot re-
sults suggested that overt judgments sustained ceiling-level task
engagement. Participants were told that when probes appeared,
they should indicate being “on-task” when thinking about where
the objects belonged and “off-task”when thinking about anything
else. The instructions are provided in Supplemental Material SM1.
Probes appeared after objects but before ISIs to ensure that partici-
pants reported current subjective states during object processing.
Participants reported by clicking a button on the screen. At test,
participants were told to classify repeated study objects, similar
lures, and unstudied novel foils as “old,” “similar,” and “new,”
by pressing the “v,” “b,” and “n,” keys, respectively. Participants
were given up to 3 sec (1-sec ISI) to respond. The study–test cycles
appeared in immediate succession. Thought probe responses to
studied objects were used to categorize paired test objects as
“on-task” or “off-task” in analyses of classification accuracy.

Study Phase Test Phase

Probe Interval

64 80

Similar Lures
Target Objects

New Foils

Seconds
Objects

Indoor / Outdoor? 
Covert: no key press

Old / Similar / New? 
Overt: key press

16 17 18 19 20
68 72 76

…

…

A�en�on to task?

On
task

Off
task

Lag
16-20

…

A�en�on to task?

On
task

Off
task

Figure 1. Participants studied pictures of objects and took amodified rec-
ognition test in separate phases. They completed two identical study–test
procedures with unique objects in each. During study, participants covertly
considered whether the object belonged indoors or outdoors. Thought
probes appeared pseudorandomly after repeated target and similar lure
objects with a lag of 16–20 objects. Probes appeared immediately after
objects, and participants indicated being on-task or off-task. At test, partic-
ipants overtly classified objects as old, similar, or new with a key press.

1We replaced one Towson University participant who had an extreme negative
lure discrimination score (−0.30). We did not preregister this as an exclusion
criterion.
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All data preprocessing and statistical tests were performed us-
ing R software v. 4.1.0 (https://www.R-project.org). The analysis
scripts are on the OSF (https://osf.io/v7cb4). The percentage of
participants who reported being on-task was highest for the first
probe of each cycle, followed by sharp declines before stabilizing
(Fig. 2A). Fewer participants also reported being on-task in the sec-
ond cycle than the first cycle. This characterization of task
engagement is consistent with work showing that people’s minds
wander more as tasks progress (Teasdale et al. 1995; McVay and
Kane 2012). The wide range of on-task percentages across partici-
pants (Fig. 2B), was suitable for individual difference analyses of
associations with object classifications. Object classifications
were also suitable for individual difference analyses because aver-
age performance (Table 1) avoided edge effects and varied widely
across participants (see Supplemental Fig. S1). Bias-corrected scores
for lure discrimination {[p(similar|lure)− p(similar|foil)]; (M=0.27;
95%CI = [0.25, 0.29])} and traditional recognition {[p(old|target)−
p(old|foil)]; (M=0.56; 95% CI= [0.54, 0.59])} were also suitable for
individual difference analyses (also see Supplemental Fig. S1).

We tested hypotheses about encoding quality and object clas-
sifications using mixed-effect models with subjects and items as
random intercept effects and task report as a fixed effect. We fitted
separate logistic models to each response type using the glmer
function from the lme4 package v.1.1.27.1 (Bates et al. 2015).
We performed pairwise comparisons using the emmeans package
v.1.6.1 (https://CRAN.R-project.org/package=emmeans). The sig-
nificance level was α=0.05. Effect sizes are odds ratios (OR). We
conducted within-subject analyses of encoding separately for lures
and targets, including only participants who made at least one of
all classification types for an object type (lure n=234; target n=
219).

For lures (Fig. 3A), on-task reports led tomore correct rejections
(“similar” response) than off-task reports (z ratio=3.92; OR =0.67; P
<0.001). On-task reports also led to more false alarms (“old” re-
sponse) than off-task reports (z ratio=3.38; OR=0.69; P<0.001);
this associationdid not dependon theperceptual similarity between
lures and studied objects [a model including fixed effects of task re-
port and lure bin (see Supplemental Material SM2) indicated no sig-
nificant interaction; χ2 (2) =2.53; P=0.28]. Off-task reports led to
more lure incorrect rejections (“new” response) than on-task reports
(z ratio=6.98; OR=2.21; P<0.001). Finally, there was a positive
between-subjects correlation between on-task report percentage
and lure discrimination (r(298) = 0.27; P < 0.001). (Fig. 3C).

For targets (Fig. 3B), on-task reports also led to more
correct recognition hits (“old” response) than off-task reports

(z ratio = 7.85; OR=0.42; P<0.001). In contrast, off-task reports
led to more incorrect target rejections (“similar” response; z ratio
= 3.23; OR=1.48; P=0.001) and misses (“new” response; z ratio =
5.59; OR=2.03; P<0.001) than on-task reports. There was also a
positive between-subjects correlation between on-task report per-
centage and traditional recognition (r(298) = 0.41; P < 0.001). (Fig.
3D). Collectively, these findings suggest that encoding quality en-
gendered lure rejection and false alarms depending on how subse-
quent memories could be compared with current percepts with
similar but not identical features.

The present study addressed a central theoretical issue about
the roles of hippocampal pattern separation and completion in
mnemonic discrimination tasks (Hunsaker and Kesner 2013).
Although pattern separation and completion are posited to be de-
pendent processes (Yassa et al. 2011), independent changes in lure
rejections and false alarms challenge this view (Kirwan et al. 2012;
Ally et al. 2013). Following prior studies of encoding quality and
lure discrimination (Molitor et al. 2014; Rollins et al. 2019;
Bjornn et al. 2022), we evaluated the consequences of self-reported
encoding for lure rejections and false alarms. On-task reports led to
more lure rejections, lure false alarms, and target recognitions and
were associated with participant-level differences in bias-corrected
lure discrimination and traditional recognition. Encoding quality
thus determined the potential for lure rejection, perhaps by sup-
porting memory for studied objects.

The present results join findings from eye-tracking studies in
showing that encoding quality differences can be inferred within
a task. The current finding that on-task reports led to more lure re-
jections is consistent with the finding that rejections in single-
object MSTs were associated with more study fixations than false
alarms (Molitor et al. 2014; Bjornn et al. 2022). Both measures
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Figure 2. (A) The percentages of participants that reported being on-task conditioned on thought probe order and study–test cycle. (B) The frequency
distribution of overall on-task report percentages across participants.

Table 1. Proportions of test object classifications

Object type

Test response

Similar Old New

Lure 0.47 [0.45, 0.48] 0.28 [0.26, 0.29] 0.23 [0.21, 0.24]
Target 0.17 [0.16, 0.19] 0.63 [0.62, 0.64] 0.17 [0.16, 0.19]
Foil 0.20 [0.18, 0.21] 0.07 [0.05, 0.08] 0.70 [0.69, 0.72]

Note that 95% confidence intervals appear in brackets. The row sums within
objects are <1.0 because participants sometimes failed to respond before the
deadline. The distributions of individual participant test response rates are dis-
played in Supplemental Figure S1.
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suggested that attention fluctuated during study and that task en-
gagement supported lure discrimination. In contrast, the current
finding of more lure false alarms following on-task reports is con-
sistent with the finding in a paired associate object MST that false
alarms received more study fixations (Rollins et al. 2019). Both en-
coding measures suggested that studied objects had to be encoded
initially to be mistaken for lures. Supporting this idea, targets and
lures were classified as “new”more often after off-task reports, sug-
gesting that those objects were insufficiently encoded for their
paired targets and lures to trigger pattern completion at test.

The present result that on-task reports led to more lure rejec-
tions and false alarms is consistent with finding that both respons-
es are more associated with subjective recollection of studied
objects during lure classification than familiarity (Kim and Yassa
2013). However, this is controversial, as work has shown more
lure false alarms associated with recollection and more lure rejec-
tions associated with familiarity (Szőllősi et al. 2020). The cause
of this inconsistency is unclear, but subjective memory measures
could characterize the consequences of encoding quality—from
thought probes or eye fixations—for subjective states of studied ob-
ject retrieval.

To conclude, we evaluated the role of encoding in mnemonic
discrimination using subjective reports of task engagement in an

MST. Self-reported encoding was associated with lure rejections
and false alarms, supporting the view of pattern separation and
completion as independent processes. Thought probes uniquely
assessed the role of encoding variability in mnemonic discrimina-
tion, but this approach is limited by only indexing encoding qual-
ity for a subset of stimuli. Future studies could combine this
approach with eye tracking and subjective reports of studied object
retrieval when classifying lures at test. This would provide converg-
ing evidence for the consequences of encoding–retrieval interac-
tions for lure discrimination.
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