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ABSTRACT

Prioritizing memories that are motivationally salient is adaptive for goal-directed behavior,
ensuring that information being retained is the most relevant to future goals. Past research
demonstrates we can use value signals to adaptively modulate our memory. Crucially,
CheCk fOr however, the timing of value signals varies. Sometimes we know the significance of an
updates upcoming event in advance, while other times, we are unaware of an event’s importance until
after the fact. Does the timing of a value signal relative to encoding change the cognitive
mechanism by which it shapes memory? To test this question, we developed a motivated
encoding task where the motivational cue appeared either before or after encoding. Across
two independent samples, pre-encoding motivation improved item memory regardless of test
timing, while the benefit of post-encoding motivation only appeared after a 24-hour delay. For
source memory, pre-encoding motivation reliably enhanced performance across conditions. In
contrast, the effect of post-encoding motivation on source memory was more variable: it was
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memory (Gholston et al., ; Shigemune et al., ; Villasefor et al., ) although see:
(Gholston et al., ; Shigemune et al., ; Villasenor et al., ). However, despite sub-
stantial progress in characterizing motivation’s enhancement on different kinds of memory,
several questions about the cognitive mechanisms governing this enhancement remain open.

One key unresolved question is how the timing of motivation impacts the ability to prior-
itize memory. While experiments typically present motivational value cues pre-encoding, in
daily life we don’t always know which information will be important in advance. A teacher
might prompt students to remember an upcoming slide, but could just as well underscore its
importance only after the fact, remarking, “That last slide will be on the exam.” Receiving a
value signal at the end of an episode has also been a central focus of reinforcement learning
models, which predict that this feedback drives updates to your internal models of the world
(Gershman & Daw, ). When the value of a stimulus is revealed after encoding, rather than
before encoding, does it influence memory through the same mechanisms?

Prior work proposes that motivation initiates anticipatory midbrain processes, which, via
dopaminergic modulation, strengthen memory formation in the medial temporal lobe (Adcock
etal, ; Cohen et al., ; Knowlton & Castel, ; Poh etal., ; Shohamy & Adcock,

). Memory enhancement has also been shown to benefit from selective attention (Cohen
et al,, ; Elliott & Brewer, ; Knowlton & Castel, ; Murphy et al., ;Yin et al.,,
) and strategic encoding (Cohen et al., ). However, such mechanisms are only relevant
for memory that is preceded by a motivationally relevant cue, suggesting they would not be effec-
tive routes to memory enhancement due to post-encoding motivation. Instead, memories can be
selectively strengthened post-encoding through offline processes that happen following the event.

Research on incidental reward has shown evidence for this kind of after-the-fact prioritiza-
tion; receiving a reward enhances memory for neutral items encoded prior to the reward

(Braun et al., ; Dunsmoor et al., ; Knowlton & Castel, ; Lin et al., ;
Murayama & Kitagami, ; Nielson & Bryant, ; Patil et al., ). Notably, these
effects appear only after a consolidation period (Cowan et al., ), with some evidence

suggesting a graded pattern, in which enhancement is stronger for stimuli closer to the reward.
These effects might arise through increased rates of reverse hippocampal replay in response to
reward, as has been shown in rodents (Ambrose et al., ; Shohamy & Adcock, ).
Human fMRI research corroborates this theory; rewarded items are preferentially reactivated
during sleep and post-task rest (Gruber et al., ; Sterpenich et al., ) and post-encoding
connectivity between the VTA, hippocampus, and category-selective visual cortex selectively
predicts memory for high-reward memoranda (Murty et al., ). This line of work raises the
possibility that motivational cues, much like direct receipt of reward, could trigger similar
consolidation-based processes which prevent important memories from decaying. Paradigms
that manipulate test expectations support this idea: when participants are told after encoding
that studied items (or a category of studied items) will be tested later, their performance
improves relative to baseline, but only if the test takes place after a night of sleep (van Dongen
etal., ; Wilhelm et al., ). More broadly, consolidation-based mechanisms have been
implicated in motivation reward-driven memory enhancement, including when cues are pre-
sented before or concurrent with encoding (Adcock et al., ; Igloi et al., ; Murayama
& Kuhbandner, ; Wittmann et al., ; though reward-driven memory effects have also
been observed without a consolidation delay, see: Gholston et al., ; Gruber et al., ;
Murty & Adcock, ). Critically, while pre-encoding motivation can enhance memory
through both encoding-phase mechanisms and post-encoding consolidation, post-encoding
motivation can by definition only operate through mechanisms that take place after the event.
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This asymmetry leads to the prediction that the memory benefit of post-encoding motivation
should be uniquely dependent on consolidation.

An alternative possibility is that motivation enhances memory through similar mechanisms,
regardless of its timing relative to encoding. Research on event segmentation, the process of
dividing continuous experience into discrete episodes, suggests that some memory processes
might not take place until after an event ends and could therefore be impacted by either pre-
or post-event motivation. Specifically, brain dynamics just after an event are predictive of later

recall (Baldassano et al., ; Barnett et al., ; Ben-Yakov & Dudai, ; Ben-Yakov &
Henson, ), and computational work suggests that boundaries are optimal moments for
transferring information from working memory into episodic memory (Lu et al., ). Applying

this framework to motivated encoding, a value cue presented immediately after an event (i.e., at
the boundary) could have the same effect as a cue presented before encoding, as long as the
event’s contents are still active in working memory. This perspective would predict that pre- and
post-encoding motivation could enhance memory through the same underlying mechanisms.

Therefore there are two alternative hypotheses: (1) Pre- and post-encoding motivation influ-
ence memory through distinct mechanisms, such that post-encoding motivation is uniquely
dependent on consolidation, or (2) Pre- and post-encoding motivation rely on the same mech-
anism and are equally affected by the consolidation process. In the present study, we aimed to
adjudicate between these hypotheses, by examining motivation timing and consolidation in
tandem, and assessing how these factors jointly influence memory. Participants viewed a
sequence of images, grouped into four-item “events.” During the study phase, motivation cues
indicated whether an event was motivated or neutral, appearing either before the event (pre-
encoding condition) or after the event ( post-encoding condition).

While motivation reliably enhances item memory (Adcock et al., ; Gruber et al., ;
Shigemune et al., ; Spaniol et al., ), its effects on source and associative memory are
mixed (Gholston et al., ; Shigemune et al., ; Villasenor et al., ; Wolosin et al.,

). To clarify how motivation might differentially impact distinct forms of episodic memory,
our paradigm included three types of memory tests. First, during encoding, participants com-
pleted an unrewarded temporal order task, designed to assess incidental effects of motivation
on memory organization. Second, participants completed an item memory test, where they
distinguished between items shown during encoding and similar lures, and received a reward
for every motivated item they correctly identified. Lastly, to measure the impact of motivation
on source memory, participants identified the color of the border paired with a given
image, again receiving a reward for every correct motivated trial. Critically, to test the role
of consolidation, the item and source memory tests occurred either 3 minutes or 24 hours
after encoding.

Across two independent samples, we find that both pre-encoding (prospective) and post-
encoding (retrospective) motivational cues enhance memory for items and source information.
Interestingly, retrospective motivation consistently improved both item and source memory
only in the 24-hour delay condition. Conversely, prospective motivation benefited item and
source memory in both immediate and 24-hour delay conditions across both experiments.
Furthermore, echoing prior work on the effect of reward, we observe a stronger motivation
effect for items closer to the cue, but only following a 24-hour delay. Finally, the motivation
conditions demonstrated opposing patterns on memory organization: pre-encoding motiva-
tion significantly benefited temporal order judgements relative to post-encoding motivation.
These findings highlight the role of timing in determining motivation’s impact and suggest
multiple pathways through which valuable information can be prioritized in memory.
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METHODS

Experiment 1

Participants. A total of 596 participants were recruited for Experiment 1 online via the Prolific
platform. All individuals included were located in the U.S., proficient in English, possessed
normal or corrected vision, and had normal color vision. Of these participants, 26 did not
return for the second part of the study, 22 failed attention checks, 35 responded to too few
trials (defined as <85% on any given portion of the study), 78 failed one or more instruction
comprehension questions, 14 experienced technical errors with the task, and 1 did not com-
plete the task in the allotted time. Thus the final sample consisted of 420 participants (260
female; mean age = 24.98 + 2.8 years, age range = 18-30 years). Participants breakdown by
experimental condition was as follows: prospective-immediate (n = 95), prospective-delay (n =
115), retrospective-immediate (n = 101), and retrospective-delay (n = 109). Informed consent was
obtained with approval from the Columbia University Institutional Review Board. Participants
received a base payment of $12.00 and a bonus payment of up to $15.36, based on their
performance on item and source memory tests (96 motivated items * 2 questions (1 item
memory question, 1 source memory question) * 8 cents = $15.36).

Stimuli. Participants viewed sequences of grayscale objects (Frank et al., ). A total of 288
images were shown to each participant during encoding. Each object image was paired with a
colored border (red, purple, blue, or green). Items in each “event” all had the same border
color (event structure described below), and the color was chosen pseudorandomly such that
consecutive events were assigned different colors.

Procedure. In this paradigm, participants studied objects and completed three tests, each
probing different aspects of episodic memory (see ). They began by reading task
instructions, taking a comprehension quiz to ensure that they understood the instructions,
and completing a brief practice round to familiarize themselves with the structure of the task.
Next, participants completed 8 blocks of encoding, each followed by a brief temporal order
memory test. After the 8 blocks, participants completed the final memory test (see details
below).

We used a between-subjects design for our experiment. This design choice was motivated
by two considerations. First, given that there are relatively few studies directly comparing pro-
spective and retrospective motivation, we wanted to minimize task complexity for an online
sample by ensuring participants only needed to learn one cue-reward contingency. Second,
prior work suggests that reward-enhanced memory effects may be attenuated when the pro-
portion of rewarded trials is high (Nagel et al., ), so we sought to maintain a relatively low
ratio of motivated to neutral trials. A natural follow-up, now that we have established these
effects, would be a within-subjects design that will increase this proportion or lengthening the
task, to examine the replication of the results we report here. Participants were assigned to one
of four conditions (2 motivation conditions x 2 test delay conditions). Participants were
assigned to either the Prospective motivation condition (in which the motivation cue appears
prior to encoding) or the Retrospective motivation condition (in which the motivation cue
appears after encoding). One key difference between the motivation conditions is that partic-
ipants in the retrospective condition may have experienced greater overall motivation
throughout the experiment, since they only learned an event’s reward status after it occurred.
However, because motivation effects were analyzed relative to performance on neutral cues,
the retrospective results specifically reflect memory enhancement driven by motivational
cues rather than a general improvement in memory across the experiment.
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Figure 1. Experimental paradigm. A. During each encoding block, 9 four-item “event” sequences
of grayscale objects were presented. During each event, items were presented with a colored border
and participants were asked to judge whether it would be realistic or pleasant for the object to have
this color, with the color and judgment type switching every event. At the boundaries between
events, an icon indicated whether the items in an event would yield bonus payments in a later
memory test; this information was presented before the motivated event for some participants (pro-
spective condition) and after the motivated events for others (retrospective condition). B. Partici-
pants completed 8 encoding blocks during which they viewed sequences of objects pictures.
The encoding blocks were interleaved with short temporal order memory test blocks, followed
by a delay of either 3 minutes (immediate condition) or 24 hours (delay condition) before an item
memory test and a source memory test.

Participants were also assigned to one of two test delay conditions. In the immediate con-
dition, participants completed item and source memory tests after only three minutes of an
even/odd distractor task (see description below). In the delay condition, participants com-
pleted item and source memory tests approximately 24 hours after encoding (participants
completed the encoding phase by midnight EST, and had from 6:30 am to midnight EST the
following day to complete the test phase, see Supplementary Figure 1 for a distribution of
hours between sessions in the delay condition).

Encoding. For the encoding phase of the task, we adapted a version of the Ezzyat-Dubrow-
Davachi paradigm, specifically using a version designed to elicit event boundaries through
color and cover task changes (Buonomano et al., 2023; Cowan et al., 2024; Heusser et al.,
2018). Participants were shown a series of object images framed by colored borders. Each trial
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(object and border pair) was shown for 2.5 seconds with a 2-second inter-trial interval. While
the object was on screen, participants were instructed to imagine the object on screen in the
color of its border, and answer one of two questions: “Is this object-color combination pleas-
ant?” or “Is this object-color combination realistic?.” The task and the border color remained
consistent for a sequence of four successive images, constituting an “event.” Colors were
pseudo-randomized across events, such that no two consecutive events had the same color.
The encoding task (“pleasant?” or “realistic?”) alternated every other event, and the encoding
task assigned to the first event was randomly chosen for each participant.

The encoding phase was organized into 8 blocks, and each block contained with 9 events
(9 events * 4 items = 36 items per block). The encoding phase included 8 blocks * 36 items per
block = 288 objects total. In between each event, participants were shown an arrow cue for
4.5 seconds. Crucially, reward motivation was manipulated within subjects by pseudo-
randomly assigning each event to one of two conditions: motivated and neutral. Specifically,
in each block, either two, three, or four of nine events were randomly assigned to be “moti-
vated”, ensuring the the number of motivated events was roughly equal across blocks. One
third of all events in the encoding phase were assigned to the motivated condition (24 events
out of 72). Motivated events are accompanied by a green arrow and dollar sign, and neutral
events are accompanied by a black arrow. The timing of the motivation cue depended on
whether participants were assigned to the prospective or retrospective motivation condition.
On the subsequent item and source memory tests, participants earned an 8 cent bonus for
every correct answer on a trial about a motivated item. Questions about neutral items did
not affect participants’ earnings. Participants in the prospective condition were shown the fol-
lowing text during the initial task instructions: “When you see the GREEN CUE it means the
NEXT 4 items are REWARDED items. This means that remembering these items when you
complete PART 2: memory quiz will earn you bonus money. So pay extra attention to the
NEXT 4 items after this cue! For every question you get correct about a REWARDED item,
you will get a 8 cent bonus!”. Participants in the retrospective condition received analogous
instructions referring to the preceding 4 items. Note that participants did not receive bonus
rewards based on their performance on the temporal order memory test.

Even/Odd Distractor Task. After each encoding block, participants completed a brief distractor
task (45 seconds long). Participants viewed a stream of numbers and were asked to report if a
number was even or odd as quickly as possible. Each number was displayed for 800 ms with a
200 ms inter-trial interval. A three-minute version of this task was also used before the item
memory test for the immediate-memory group.

Temporal Order Memory Test. Following the even/odd distractor task, participants were tested
on the relative timing of the object stimuli. Participants were shown two objects studied on the
preceding block that either belonged to the same event (“within-event”) or two separate events
(“across-event”), and were asked to indicate which object appeared later. Each participant
completed a total of 32 temporal order memory trials, with an equal split between within-
event and across-event trials. Of the 16 within- and 16 across-event trials, half consisted of
“lag 2” item pairs, and the other half consisted of “lag 3” item pairs. For “lag 2” and “lag
3” trials, the temporal test items were separated by two or three trials (objects or reward cues)
during encoding, respectively. For example, a “lag 3, within-event” trial would include items
at positions 1 and 4 within the same event, while a “lag 3, across-event” trial might contain
items at position 4 of the first event and position 2 of the next event. During encoding, the
duration of the cue trial (the arrow shown between events) was the same as an item trial
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(the object with a colored border), ensuring that the time interval between item pairs for both
within-event and across-event trials was consistent.

Item Memory Test. Participants answered 192 item memory questions in which they had to
choose between the item they studied at encoding and a highly similar lure. All motivated
items were tested (96 total), and a subset of neutral items were tested (neutral items were cho-
sen such that a roughly equal proportion of neutral items were tested from each block). This
test was self-paced, but each trial would end after 15 seconds without a response. After each
trial, participants received feedback indicating if their answer was correct, and if they received
bonus money (8 cents for every correct answer pertaining to an item in a motivated event).
After the item test, participants completed a 192 question source memory test.

Source Memory Test. Participants answered 192 source memory questions, in which they had to
select the border color of an item shown at encoding. All motivated items were tested (96 total),
and a pseudo-randomly chosen subset of neutral items were tested (same as those used in the item
memory test). This test was self-paced, but each trial would end after 15 seconds without a response.
After each trial, participants received feedback indicating if their answer was correct, and if they
received bonus money (8 cents for every correct answer pertaining to an item in a motivated event).

Experiment 2

To test the robustness of the results observed in Experiment 1, we conducted a replication
experiment (see attached pre-registration). The task design was identical to Experiment 1, save
three minor changes: 1. The temporal order memory test was modified such that participants
were only shown “within” event comparisons, in order to maximize power to detect effects of
the motivation manipulation on temporal order memory; 2. We updated the instructions with
image diagrams in order to improve clarity and in attempt to decrease attrition due to instruc-
tion quiz failure; 3. We added language in the instructions emphasizing that performance on
the temporal order test does not affect bonus payment, but reminding participants that below
chance performance on any portion of the task would affect payment eligibility overall
(specifically the following text was added: “ORDER questions do NOT earn you bonus money,
but try your best. Failure to respond or below chance performance on any part of the study
affects payment eligibility.”).

Participants. A total of 715 participants were recruited for the Experiment 2 online via the
platform Prolific. All individuals included were proficient in English, possessed normal or cor-
rected vision, and normal color vision. Of these participants, 21 did not return for the second
part of the study, 39 failed attention checks, 28 missed too many trials (>15% on any given
portion of the study), 109 failed one or more comprehension questions, and 35 experienced
technical errors. Thus the final sample consisted of 483 participants (246 female; mean age =
25.16 + 3.4 years, age range = 18-30 years). Participants breakdown by experimental condi-
tion was as follows: prospective-immediate (n = 130), prospective-delay (n = 126),
retrospective-immediate (n = 113), and retrospective-delay (n = 114). Informed consent was
obtained with approval from the Columbia University Institutional Review Board. Payment
structure was identical to that of Experiment 1.

Pre-Registered Behavioral Analyses

Item Memory. To determine the effect of motivation condition on item memory, we conducted
a binomial mixed effects model using the package Ime4 (Bates et al., ) via the Python
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interface pymer4 (Jolly, 2018). All models were fit at the individual trial level, with accuracy
on each trial coded as a binary outcome (correct = 1, incorrect = 0). P-values for fixed effects
were derived using Wald z-tests. We performed three versions of this analysis: 1. Separately on
each group of subjects (2 motivation conditions x 2 timing conditions). 2. Collapsing across
timing conditions, and adding an interaction term for timing. The first method was specified as
follows: correct ~ is_motivated + (11subject), where is_motivated refers to whether an item was
in a motivated or neutral event. The second method was specified as follows: correct ~ is_mo-
tivated * timing + (1lsubject), where timing is either immediate or delayed. 3. Collapsing
across motivation conditions (prospective and retrospective) to assess the relative effect of
the two: correct ~ motivation_type * is_motivated + (1|subject), where motivation_type is pro-
spective or retrospective. These analyses were performed two ways: 1. Removing items seen
twice due to the temporal order memory task (see Figure 2). 2. Using all items (see
Supplementary Figure 2).

Source Memory. To determine the effect of motivation condition on source memory, we con-
ducted a binomial mixed effects model following the same approach described above for item
memory. We performed three versions of this analysis: 1. Separately on each group of subjects
(2 motivation conditions x 2 timing conditions). 2. Collapsing across timing conditions, and
adding an interaction term for timing. The first method was specified as follows: correct ~
is_motivated + (1lsubject), where is_motivated refers to whether an item was in a motivated
or neutral event. The second method was specified as follows: correct ~ is_motivated * timing +
(Tlsubject), where timing is either immediate or delayed. 3. Collapsing across motivation
conditions (prospective and retrospective) to assess the relative effect of the two: correct ~
motivation_type * is_motivated + (1|subject), where motivation_type is prospective or retro-
spective. These analyses were performed two ways: 1. Removing items seen twice due to the
temporal order memory task (see Figure 4). 2. (see Supplementary Figure 3).

ltem Memory [C1$%PROSPECTIVE
I «$ RETROSPECTIVE
x
A
* *

Experiment 1

c
s
k]
2
s
=
S
B
2
]

Experiment 2

[[]

Effect of

[ ~p<a
+ p<05
xx P <001

Immediate Delay

Figure 2. Effect of motivated encoding condition and test delay on item memory. Effect of moti-
vation on item memory. Each bar represents the effect size of motivation as determined by a bino-
mial mixed effects model of motivation on memory accuracy. Error bars indicate 95% confidence
intervals of the coefficient estimate. While prospective motivation improved memory regardless of
consolidation time, retrospective motivation enhanced item memory only after a delay.
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Temporal Order Memory. To ensure that the paradigm successfully induced event boundaries,
we sought to replicate the finding that accuracy for temporal order memory is higher within
events. To test this, we conducted a linear mixed effects model assessing the effect of compar-
ison type (within-event vs. across-event) on temporal memory accuracy for Experiment 1. The
model was specified as follows: correct ~ comparison_type + (11subject). As with the item and
source memory analyses, models were fit at the individual trial level with binary accuracy as
the outcome, and p-values were derived using Wald z-tests.

Next, we wanted to investigate if the motivated encoding manipulation impacted temporal
order memory. Due to a limited number of temporal order trials, and the subsequent removal
of “across-event” temporal order trials in Experiment 2 (to maximize power), we subset the
data to “within-event” trials. We then assessed if temporal memory was improved for
motivated events compared to neutral events. The model was specified as follows: correct ~
is_motivated * motivation_condition + (1lsubject), where motivation_condition refers to
whether the participant was assigned to the prospective or retrospective condition.

Exploratory Behavioral Analyses

Carry-Over Effects of Motivation. To explore the specificity of motivation’s benefit, we exam-
ined if items proximal to a motivational cue are better remembered, even when they are not
pertinent to the monetary bonus. To test this, we conducted a model of memory accuracy
specified as follows: accuracy ~ reward_cue_before * reward_cue_after, where reward_cue_
before refers to whether or not the items were preceded by a reward cue, and reward_cue_after
refers to whether items were followed by a reward cue. The interaction revealed the effect of
having a reward cue preceding and following a given event. The reference level consisted of
events that were preceded and followed by neutral cues.

Event Position & Memory. We tested if item memory varied as a function of which part of an
event an item came from. For instance, do we observe a boost in memory just prior to event
boundaries? To investigate this, we ran the following model for both item and source memory:
correct ~ event_index + (1lsubject).

Next we asked if there was an interaction between motivation’s modulation of memory and
an item’s position in an event. To test if motivational enhancement scales linearly with distance
from the motivational cue, we ran a separate model, including cue_distance as a continuous
variable, repeated for both item and source memory: correct ~ cue_distance * is_motivated +
(1lsubject). To better visualize the effect of cue_distance, we ran this model at the subject level:
motivation_effect ~ cue_distance, where motivation_effect is the average difference in accuracy
for motivated vs. neutral items for each subject (see ).

Transparency and Openness

Experiment 2 task, primary analyses, and exclusion criteria were pre-registered at

. In our pre-registration, we wrote that we aimed to collect
150 participants per condition. Due to a bug in the code used to monitor data collection,
we collected a greater number of participants than intended, yielding a final sample size of
715 (i.e., approximately 178 participants per condition prior to exclusion). Additionally, in our
preregistered analyses, we specified that the analyses of motivation would be conducted with
mixed effects models that included the following random effects: (1 + is_motivatedlsubject) +
(1litem). However, due to convergence errors that indicated our model was over-specified, we
simplified the random effects, instead choosing to include only a random intercepts for
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subject: (1lsubject). Finally, in the pre-registration we did not specify if the models would be
run on the data from Experiments 1 and 2 separately or combined. Here we chose to report all
three versions (Experiments 1 and 2 separately, as well as across the full sample) to show
which effects replicate across experiments as well as summarize the effect across both studies.
Code and data will be made available upon publication of the manuscript at

RESULTS

For Stimuli Earlier in an Event, Item Memory Is Enhanced, While Source Memory Is Impaired

Before assessing how motivation modulated item, source, and temporal order memory, we
first examined memory performance generally. Performance on the item memory test was
largely above chance with 99.77% of participants performing above 50% in the immediate
condition, and 97.84% in the delay condition. Performance did not vary significantly across
Experiments 1 and 2 for the immediate condition (Experiment 1: M = 0.75, SD = 0.07, N =
196; Experiment 2: M = 0.74, SD = 0.08, N = 243; t(437) = 1.4, p = 0.16) or the delay con-
dition (Experiment 1: M= 0.68, SD = 0.08, N =224; Experiment 2: M= 0.68, SD =0.08, N =
240; {462) = 0.25, p = 0.8). Performance on the source memory test was also largely above
chance (25%), with 1.82% falling below chance in the immediate condition, and 6.47%
falling below chance in the delay condition. Accuracy did not vary significantly across
Experiments 1 and 2 for either the immediate condition (Experiment 1: M = 0.46, SD =
0.12, N = 196; Experiment 2: M = 0.45, SD = 0.12, N = 243; 437) = 1.3, p = 0.19) or
the delay condition (Experiment 1: M = 0.35, SD = 0.08, N = 224; Experiment 2: M =
0.36, SD = 0.09, N = 240; {(462) = —1.25, p = 0.21).

The temporal order memory test was the most challenging for participants, but 88.04% of
participants performed above 50% (chance level performance for a two-alternative forced
choice test) and overall performance was similar to previous studies using a highly similar task
(Cowan et al., ). Performance was slightly better on this task in Experiment 2 compared to
Experiment 1(Experiment 1: M = 0.63, SD = 0.14, N = 196; Experiment 2: M = 0.65, SD =
0.13, N =243; #(901) = —2.64, p = 0.008). To confirm that the paradigm produces event
boundaries as intended, we replicated past work showing greater temporal order memory
within vs. across events (see ). We note that our paradigm may pro-
duce stronger event boundary effects than typical Ezzyat-DuBrow—-Davachi designs, given
that the inter-event interval in our task is longer and involves an additional button press, both
of which could reinforce the formation of discrete events. See supplement for visualization of
overall memory accuracy hit rate ( ) and for item and source hit-rate
grouped by condition (item: , source: ).

As an exploratory analysis, we investigated the impact of event position on memory, inde-
pendent of motivation, to determine if memory is better for information that occurred at the
start or the end of an episodic event. Prior research has reported mixed results regarding the
impact of event boundaries on item memory. Some studies show enhanced recognition mem-
ory for items encoded concurrent with a boundary (McClay et al., ; Swallow et al., ).
In contrast, other work reports no difference in recognition memory for items appearing before
versus after a boundary (DuBrow & Davachi, ), while still other studies find improved
item memory (better discrimination from similar lures) for items presented immediately before
a boundary (Morse et al., ). Looking first at item memory, we observe a significant effect of
position, such that item memory is improved for items occurring later in an event (Experiment 1,
immediate: 8 = 0.04, 95% CI [0.02, 0.06], p < .001; Experiment 1, delay 8 = 0.02, 95% ClI [0.0,
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0.04], p = 0.027; Experiment 2, immediate: 8 = 0.03, 95% CI [0.01, 0.05], p = 0.004; Experi-
ment 2, delay § = 0.04, 95% CI [0.02, 0.05], p < .001; Combined sample, immediate: 8 = 0.03,
95% Cl [0.02, 0.05], p < .001; Combined sample, delay: 8 = 0.03, 95% Cl [0.02, 0.04], p <
.001; see , for results split by motivated vs. neutral events see

).

Interestingly, source memory shows the opposite pattern, such that accuracy is greater for
items occurring earlier in the event. We observe a negative relationship between event index
and source memory across experiments and delay conditions, and the effect is significant in all
but the Experiment 1 delay condition (Experiment 1, immediate: 8 = —0.03, 95% CI [-0.05,
—0.01], p=0.001; Experiment 1, delay 8 = —0.01, 95% CI [-0.03, 0.01], p = 0.18; Experiment
2, immediate: 8 = —0.04, 95% CI [-0.06, —0.02], p < .001; Experiment 2, delay 8 = —0.04, 95%
Cl [-0.05, —0.02], p < .001; Combined sample, immediate: g = —0.04, 95% CI [-0.05, —0.02],
p < .001; Combined sample, delay: 8 = —0.02, 95% CIl [-0.04, —0.01], p < .001; see

, for results split by motivated vs. neutral events see
). This finding replicates prior work showing improved source memory for information
encountered early in an event, after an event boundary (Clewett et al., ; Cowan et al.,
; Heusser et al., ). Taken together, these results reveal a double dissociation: item
memory benefits from later event positions, whereas source memory benefits from earlier ones.

Episodic Memory Is Consistently Enhanced by Prospective Motivation, While Retrospective Motivation
Effects May Require Consolidation

Item Memory. In Experiment 1, item memory was significantly enhanced by prospective moti-
vation for participants in the immediate condition (8 = 0.08, 95% CI [0.0, 0.15], p = 0.043; see

). This effect replicated in Experiment 2 (8 = 0.07, 95% CI [0.0, 0.13], p = 0.036; see

), and was significant in the combined sample (8 = 0.07, 95% Cl [0.02, 0.12], p =
0.004). For participants in the delay condition, memory for motivated items was significantly
better than for neutral items in Experiment 1 (8 = 0.08, 95% CI [0.02, 0.15], p = 0.011; see

) and Experiment 2 (8 =0.11, 95% Cl [0.05, 0.17], p < .001; see ), as well
as in the combined sample (8 = 0.1, 95% CI [0.05, 0.14], p < .001). Altogether, pre-encoding
motivation reliably enhanced item memory, regardless of the time participants have for mem-
ory consolidation.

In contrast to prospective motivation, the efficacy of retrospective motivation on item mem-
ory was contingent on consolidation time. Across both experiments, there was no effect of

retrospective motivation memory in the immediate condition (Experiment 1: 8 = —0.03,
95% CI [-0.1, 0.04], p = 0.42; Experiment 2: g = —0.02, 95% CI [-0.09, 0.05], p = 0.62;
see ). Additionally, in both experiments, the immediate effect of retrospective motiva-

tion was weaker than that of prospective motivation, and this difference was significant in the
first experiment (Experiment 1: 8 =-0.11, 95% CI [-0.21, —0.0], p = 0.046; Experiment 2 (8 =

—0.09, 95% CI [-0.18, 0.01], p = 0.07; see ). On the other hand, in the delay condi-
tion of Experiment 1, we observed a significant effect of retrospective motivation (8 = 0.07,
95% CI [0.01, 0.14], p = 0.028; see ), and this dissociation between immediate

and delayed test replicated in Experiment 2 (immediate condition: 8 = —0.02, 95% ClI
[-0.09, 0.05], p = 0.62; delay condition: g = 0.07, 95% CI [0.01, 0.14], p = 0.03; see

), as well as in the combined sample (immediate: g8 = —0.02, 95% CI [-0.07,
0.03], p=0.36; delay: 8 = 0.07, 95% CI [0.03, 0.12], p = 0.002). Using a model on data from
both delay conditions, we observed a significant interaction of motivation type and delay con-
dition in Experiment 1 (8 = —0.11, 95% Cl [-0.2, —0.02], p = 0.03), although this effect was
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only marginally significant in Experiment 2 (8 = —0.09, 95% CI [-0.16, 0.01], p = 0.064). This
effect was significant when combining samples from Experiments 1 and 2 (8 = —0.096, 95% Cl
[-0.15, —0.03], p = 0.006). These results of the retrospective condition data suggest items can
be successfully prioritized in memory after encoding, but that effect depends on consolidation.

While the prior results speak to the impact of the cue on the items designated as “moti-
vated”, we also wanted to examine the specificity of the motivational cue. For instance, do
the events preceding a prospective cue or the events following a retrospective cue also receive
a memory boost due to their proximity to the reward cue, despite the fact that memory for
these events do not affect bonus payment? To test this hypothesis, we ran a model assessing
the impact of event status on memory, comparing accuracy for stimuli in events falling after a
reward cue, before a reward cue, as well as the interaction of these factors (i.e. events flanked
by reward cues). However, mere proximity to the reward cue did not significantly enhance
memory across in any of the four conditions tested (prospective immediate, prospective
delayed, retrospective immediate, retrospective delayed: all p’s > .05). Consequently, the
benefit of the motivational cue on item memory does not appear to extend beyond the actual
stimuli cued as rewarded (see ).

In addition to exploring the impact of motivation on item memory overall, we were also
curious about potential interactions between event index and the effect of motivated encoding
on memory. One possibility is that motivation enhances memory in a graded fashion, with
items closer to the motivation cue demonstrating the largest benefit, with a decreasing effect
the farther the item is from the cue. Alternatively, one might predict that items are bound
strongly into a singular event unit, either due to implicit processing or conscious strategies
employed during encoding. If motivation operates on the event as a unit, one might anticipate
uniform enhancement of items at all positions.

To test the hypothesis that motivation enhances memory in a graded fashion, we added an
interaction term for cue distance into our model. We see no evidence of an interaction between
motivation and cue distance in the intermediate condition. However in the delay condition,
across both prospective and retrospective motivation conditions, the interaction between dis-
tance from cue and motivation is negative (prospective: g = —0.04, 95% Cl [-0.07, —0.0], p =
0.034; retrospective: 8 = —0.02, 95% CI [-0.05, 0.02], p = 0.38; combined 8 = —0.03, 95% ClI
[-0.05, —0.0], p = 0.033). Stated another way, the impact of motivation is larger for items closer
in time to the moment of the motivation cue (items at the beginning of prospectively motivated
events and at the end of retrospectively motivated events, see ).

Source Memory. Prospective motivation significantly enhanced source memory in both the
immediate and delay condition in Experiment 1 (immediate: 8 = 0.1, 95% CI [0.03, 0.17],

p = .004; delay: g = 0.07, 95% CI [0.01, 0.13], p = 0.39; see ), and both of these
effects replicated in Experiment 2 (immediate: 3= 0.11, 95% CI [0.06, 0.17], p < .001; delay:
B=0.17,95% CI [0.11, 0.23], p < .001; see ), as well as in the combined sample
(immediate: 8 = 0.11, 95% Cl [0.06, 0.15], p < .001; delay: 8 = 0.12, 95% Cl [0.08, 0.17],
p < .0071).

Similar to the pattern observed in item memory, in Experiment 1 retrospective motivation
had no effect on source memory in the immediate condition, but marginally benefited mem-
ory in the delay condition (immediate: 8 = .008, 95% Cl [-0.06, 0.07], p = 0.82; delay: g =
0.06, 95% CI [0.0, 0.13], p = 0.06; see ). However, contrary to our pre-registered
prediction, this pattern did not replicate in Experiment 2. Rather, source memory was better
for motivated items compared to neutral items for participants in both delay conditions
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Motivation’s effect on item memory by cue distance
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Figure 3. Effect of motivation on item memory by distance from motivational cue. Colored
markers show the average difference in memory accuracy for motivated vs. neutral items, according
to the item’s distance from the cue (a distance of 1 is the item adjacent to the cue, a distance of 4 is
the item farthest from the cue). Black lines show the model fit (‘accuracy_difference ~ distance_
from_cue’). Green and blue markers represent values for prospective and retrospective conditions,
respectively; squares denote values for Experiment 1 while circles denote values for Experiment 2.
We see no significant effect of distance in item memory measured immediately, but item memory
measured after a delay shows a negative effect, such that the influence of motivation decreases with
distance from the cue.
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Figure 4. Effect of motivated encoding condition and test delay on source memory. Effect of
motivation on source memory. Each bar represents the effect size of motivation as determined by
a binomial mixed effects model of motivation on memory accuracy. Error bars indicate 95% con-
fidence intervals of the coefficient estimate.
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(immediate: 5= 0.1, 95% Cl1 [0.038, 0.163], p=.002; delay: 5= 0.1, 95% CI [0.037, 0.164],
p =.002; see ). Combining samples from Experiments 1 and 2, the effect of retro-
spective motivation on source memory is significant in both delay conditions (immediate:
B = 0.08, 95% Cl [0.04, 0.13], p = .015; delay: 8 = 0.08, 95% CI [0.04, 0.13], p < .001).

To understand the specificity of the motivation’s benefit on source memory, we examined if
items proximal to a motivational cue are better remembered, even when they are not pertinent
to the monetary bonus. To assess this, we compared source memory accuracy for events that
fell before a reward cue, after the reward cue, as well as the interaction of reward-before and
reward-after conditions, relative to neutral-flanked stimuli. For the immediate condition, mere
proximity to a reward cue did not significantly enhance memory (all ps > .05), or for the pro-
spective delayed condition (Experiment 1: 8 = 0.016, 95% CI [-0.016, 0.047], p = 0.323;
Experiment 2: 8 = —0.002, 95% CI [-0.036, 0.031], p = 0.888; Combined: 8 = 0.006, 95%
Cl [-0.016, 0.029], p = 0.583). However after a delay, there was a significant effect of proximity
to reward in the retrospective condition combined sample such that events falling after the
motivational cue were better remembered, relative to neutral-flanked events (Experiment 1:
B = 0.025, 95% CI [-0.007, 0.056], p = 0.129; Experiment 2: 8 = 0.023, 95% CI [-0.009,
0.055], p = 0.153; Combined: 8 = 0.024, 95% CI [0.001, 0.047], p = 0.037). Consequently,
after a 24-hour delay, the benefit of retrospective motivation may extend forward to reward-
irrelevant items (see ).

Finally, we assessed if motivation’s impact on source memory depends on distance from the
motivational cue. To determine if motivation enhances source memory in a graded fashion, we
added an interaction term for cue distance into our model of memory. Source memory dem-
onstrates a qualitatively similar pattern to item memory (wherein, after a delay, distance from
the cue is negatively correlated with motivation’s effect), but these results are not significant
(all ps > .05; see ).

Prospective and Retrospective Motivated Encoding Have Opposing Effects on Temporal Order Memory

To evaluate the impact of our motivated encoding manipulation on temporal order memory,
we analyzed within-event trials, testing whether participants were more accurate at judging
the relative order of two items from the same event when that event was motivated versus
neutral (see for details). While we hypothesized an effect of motivation on item mem-
ory prior to running Experiment 1 and 2, for temporal order memory, the expected effect of
motivation seemed less clear. On the one hand, participants were not rewarded for their per-
formance on this task and therefore might be expected to show no improvement for motivated
events. Alternatively, temporal order memory is thought to reflect the extent to which discrete
stimuli are linked into a single representation (Clewett & Davachi, ; Clewett et al., ;
DuBrow & Davachi, , ; Ezzyat & Davachi, ), and could be expected to be
larger for events in which participants are motivated to remember the shared context for all
items.

In both experiments, we found that prospective and retrospective conditions had signifi-
cantly different relationships between event motivation and temporal order memory (Experi-
ment 1: §=-0.26, 95% CI [-0.48, —0.05], p = 0.015; Experiment 2: § = —0.16, 95% CI [-0.3,
—-0.02], p = 0.031; see ), and this effect was also observed when combining experi-
ments (8 = —0.19, 95% CI [-0.31, —0.07], p = 0.002). Prospective motivation improved tem-
poral order memory, and this effect was significant in Experiment 1, marginal in Experiment 2,
and significant when combining experiments (Experiment 1: 8 =0.23, 95% Cl1 [0.08, 0.38], p=
0.003; Experiment 2: 8 = 0.09, 95% CI [-0.01, 0.19], p = 0.08; Combined: 8 = 0.13, 95% ClI
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Figure 5. Effect of motivated encoding condition on temporal order memory. Effect of motivated
encoding condition on temporal order memory for within-event trials. Bars represent the effect size
(log-odds coefficient) of motivation on temporal order accuracy, as determined by a binomial mixed
effects model predicting whether participants correctly identified which of two items from the same
event appeared later. Error bars indicate 95% confidence intervals of the coefficient estimate. Com-
parisons between bars test the significance of the interaction between motivation status (motivated
vs. neutral) and motivation condition (prospective vs. retrospective). Note: this analysis collapses
across delay conditions, as temporal order memory always occurs during encoding.

[0.05, 0.21], p=0.002). Retrospective motivation numerically decreased temporal order accu-
racy in both experiments, though this effect was not significant (Experiment 1: 8 =—0.04, 95%
Cl [-0.18, 0.12], p = 0.64; Experiment 2: § = —0.07, 95% CI [-0.18, 0.03], p = 0.19; Com-
bined: 8 = -0.06, 95% CI [-0.14, 0.03], p = 0.17). Note that in Experiment 2, the instructions
to participants emphasized that bonus payments would be unaffected by the temporal order
memory test; this may have led to a less robust effect of prospective motivation on accuracy
(compared to Experiment 1), but this change did not eliminate the effect of motivation con-
dition type.

DISCUSSION

The information we encode can differ both in terms of its future value, and when we learn
of its future value. There may be cues available at the start of an event that alert us to its
significance, but we often don’t learn of an event’s importance until after it ends and we
observe an outcome or reward. Here we investigated how motivation timing and consolida-
tion interact to determine what survives in memory. In two experiments, we found evidence
that both pre- and post-encoding motivation can enhance later memory. Critically, however,
the role of consolidation differed for motivational cues presented before versus after event
encoding. Pre-encoding motivation led to an immediate enhancement of item memory,
while the effect of post-encoding only emerged after a 24-hour delay. Additionally, we
observed that, following a 24-hour delay, the motivational effect was stronger for items
closer to the cue. Lastly, the results of a temporal order task revealed that only pre-encoding
motivation improved memory for how items arranged within events. Together, our findings
suggest that the timing of motivation relative to an event may determine the mechanism by
which it affects memory.

In investigating the mechanisms by which motivation shapes memory formation, we sought
to adjudicate between two key hypotheses. The first posits that post-encoding motivation,
much like receipt of reward at the end of an episode, relies on an extended consolidation
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period to influence memory. The second hypothesis is that both pre- and post-encoding moti-
vation can affect memory immediately and via similar mechanisms. Our item memory results
support the former account, indicating that retroactive motivation requires a consolidation-based
mechanism to modulate memory. The source memory results are also largely inline with this
interpretation: the benefit of retroactive motivation was more consistent across experiments in
the delay condition than in the immediate condition. Finally, results from the temporal memory
task provide converging evidence that pre- and post-encoding motivation modulate memory
through distinct processes. Prior work has shown that temporal order memory relies on the
strength of associative links between items, and that disrupting associative encoding—such as
task switches (Wang & Egner, ), interleaved distractor tasks (DuBrow & Davachi, ),
and context changes in color or judgment type that induce event boundaries (Cowan et al.,
; Heusser et al., )—impairs temporal memory. These findings align with the interpre-
tation that pre-encoding motivation enhances within-event binding, thereby strengthening asso-
ciative memory. However, as our current design assesses memory only on the day of encoding,
further research is required to determine whether post-encoding motivation fails to enhance
memory due to the necessity of anticipatory processes during encoding, or whether retroactive
effects might emerge given sufficient consolidation time. It should be noted that performance on
the temporal memory test is quite low, both in the present study and in past research using a
similarly structured task (Cowan et al., ). As a result, temporal order memory may need to
be operationalized differently in tasks assessed after a 24-hour delay to prevent floor effects.

Past research has investigated the cognitive mechanisms underlying motivated memory by
contrasting behavior and brain activity for neutral and motivated stimuli (Adcock et al., ;
Cohen et al., ; Elliott & Brewer, ; Poh et al., ; Wolosin et al., ). Expanding
on this work, the results of two complementary measures of memory studied here highlight
that the behavioral effects of motivation are also critically dependent on its timing relative
to encoding. More broadly, our findings argue that distinctions in memory processes should
not be drawn solely based on motivational relevance (i.e., motivated vs. neutral), but must also
consider the temporal dynamics of motivation signals (i.e., pre- vs. post-encoding). In this
sense, identifying when motivation exerts its influence is essential for carving memory pro-
cesses at their natural joints, helping to delineate underlying mechanisms that might otherwise
be conflated.

Our findings suggest that post-encoding motivation may operate similarly to other types of
salience during encoding (e.g., emotional arousal, incidental reward) in that it requires con-
solidation to improve memory for preceding stimuli (Braun et al., ; Dunsmoor et al.,

, ; Patil et al., ). A key question that remains, however, is the nature of the
consolidation-dependent process driving these effects. One potential mechanism is hippocam-
pal replay, which occurs during sleep and periods of rest and is thought to strengthen the mem-

ory traces it reactivates (Atherton et al., ; Foster & Wilson, ; Lee & Wilson, ).
Furthermore, reward drives higher rates of reverse replay (Ambrose et al., ; Gomperts
et al., ; Singer & Frank, ), offering a route by which neutral memories leading up

to a rewarding event might be strengthened over the course of consolidation. Finally, consis-
tent with the graded effect of motivation observed here, rodent research demonstrates that
reward-sensitive ventral tegmental area (VTA) neurons coordinate replay, resulting in
increased rates of hippocampal replay for locations proximal to reward (Gomperts et al.,

). Although we test the effect of motivation, rather than direct receipt of reward, prior
fMRI research in humans demonstrates that motivational cues also modulate VTA activity
(Adcock et al., ; Wolosin et al., ). Taken together, these studies point to VTA-
mediated replay as a plausible mechanistic account of our findings. An important limitation
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of our design, however, is that our 24-hour delay condition cannot isolate the specific contri-
bution of sleep, as it necessarily includes both sleep and waking periods. A sleep/wake design
(e.g., where the delay duration is held constant but only one group sleeps during the delay)
could help disentangle this could clarify whether sleep plays a privileged role in consolidating
retrospectively motivated memories, or whether the benefit accrues more gradually over time.

While our results align with previous research showing consolidation-dependent retroac-
tive effects, they also raise the question: is consolidation always required for post-encoding
motivation to influence memory? Alternatively, the impact of post-encoding cues might
depend on their exact timing. The event segmentation literature demonstrates a sharp increase
in hippocampal activity at boundaries that scales with event salience and predicts subsequent
recall (Baldassano et al., ; Barnett et al., ; Ben-Yakov & Dudai, ; Ben-Yakov &
Henson, ). Boundary activity has been shown to quickly reactivate representations of the
prior event (Silva et al., , ; Sols et al., ), potentially analogous to replay
observed during brief periods of rest during exploration in rodents and nonhuman primates
(Carr et al.,, ; Leonard et al., ). As a result, it is possible that in our task the post-
encoding cue arrived too late (i.e. after the hippocampal boundary activity), whereas a cue
presented slightly earlier might yield immediate memory improvements, as seen in the pre-
encoding motivation condition.

Aside from the precise timing of the retroactive motivational cue, the content of a memory
might also impact whether consolidation is necessary for retroactive effects. Previous research
has shown same-day effects of post-encoding value cues on memory for words and sentences
(Chung & Federmeier, ; Hayes et al., ; Villasenor et al., ). One potential expla-
nation for the discrepancy between these studies and our own is stimulus format, and partic-
ularly whether that format facilitates rehearsal. Word stimuli may be easier to rehearse than the
images in our task, allowing for an immediate retroactive boost in memory that would other-
wise require consolidation time.

Rehearsal might also explain why the impact of retrospective motivation was apparent
immediately in Experiment 2 for source memory, but was never observed in the immediate
condition for item memory. In the item memory task, participants needed to remember the
fine-grained details of an item to correctly distinguish it from the lure. Consequently, it might
be difficult or impossible to improve one’s accuracy on the item memory test through explicit
rehearsal. The source test, on the other hand, required participants only to recall a color and
item combination, which might be more conducive to explicit rehearsal. Indeed, some partic-
ipants reported using such strategies in the experiment feedback form (“repeating in my head
what the object was and the color (ex: blue sharpie)”). If rehearsal results in an immediate
effect of retrospective motivation, and participants differ in the extent to which they rehearsed,
this could explain why we observed inconsistent effects of motivation on source memory
across experiments. Future research is needed to clarify the role of rehearsal and determine
the contexts in which consolidation is necessary for retroactive memory enhancement.

The type of boundary may also play a role in determining the effect of retrospective moti-
vation. In our paradigm, boundaries were defined by both color and task switches, which prior
work suggests elicit robust event boundary effects (Cowan et al., ; Heusser et al., ). It
remains possible that the retrospective cue’s effect depends in part on boundary-driven reac-
tivation of the preceding event, and might differ as a function of how boundaries are defined
(i.e., whether boundaries arise from a longer inter-trial interval alone, a task switch, a change
in stimulus features, or some combination of these). A design that parametrically varies bound-
ary type or strength while holding cue timing constant could help clarify this relationship.
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The role of strategic attention in the prospective condition merits further investigation, con-
sidering the potential increased attention that the reward cues may elicit. In the current
between-subjects design, participants in the prospective condition can anticipate which
events are motivated, potentially allowing them to strategically allocate attention toward moti-
vated events. This is a meaningful feature of prospective motivation as it operates in the real
world: we often adjust our encoding effort when we know something is important in advance.
However one drawback of this choice is the inability to distinguish between a purely motiva-
tional enhancement of memory versus an impairment in memory for neutral items (compared
to performance if no cues were provided). A within-subjects design in which participants expe-
rience both prospective and retrospective cues would make the upcoming cue type unpredict-
able, removing the strategic option to pay less attention to neutral events. Likewise, replacing
the current reward/no-reward contrast with high and low reward cues could provide incentive
to attend across both conditions. Whether the prospective advantage persists under these con-
ditions remains an open question.

In sum, our results reveal dissociable effects of pre- and post-encoding motivation on mem-
ory. These findings highlight the critical role of the timing of motivation and provide evidence
that multiple mechanisms contribute to value-based memory prioritization
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