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Abstract
Reward benefits to memory formation have been robustly linked to dopaminergic activity. Despite the established characteri-
zation of dopaminergic mechanisms as operating at multiple timescales, potentially supporting distinct functional outcomes, 
the temporal dynamics by which reward might modulate memory encoding are just beginning to be investigated. In the present 
study, we leveraged a mixed block/event experimental design to disentangle transient and sustained reward influences on 
task engagement and subsequent recognition memory in an adapted monetary-incentive-encoding (MIE) paradigm. Across 
three behavioral experiments, transient and sustained reward modulation of item and context memory was probed, at both 
24-h and ~ 15-min retention intervals, to investigate the importance of overnight consolidation. In general, we observed that 
transient reward was associated with enhanced item memory encoding, while sustained reward modulated response speed 
but did not appear to benefit subsequent recognition accuracy. Notably, reward effects on item memory performance and 
response speed were somewhat inconsistent across the three experiments, with suggestions that RT speeding might also 
be related to time on task, and we did not observe reward modulation of context memory performance or amplification of 
reward benefits to memory by overnight consolidation. Taken together, the observed pattern of behavior is consistent with 
potentially distinct roles for transient and sustained reward in memory encoding and cognitive performance and suggests 
that further investigation of the temporal dynamics of dopaminergic contributions to memory formation will advance the 
understanding of motivated memory.

Introduction

With the abundance of environmental stimuli surrounding us 
in our daily lives, it is advantageous for humans to prioritize 
attending to and remembering motivationally salient infor-
mation, over that which does not have motivational value. 
Despite recognition of this general tendency, the mecha-
nisms by which motivation modulates cognition and infor-
mation processing are only beginning to be elucidated. A 
growing body of evidence suggests that experimental manip-
ulations of motivational incentives, such as rewards, typi-
cally enhance cognitive performance: this has been observed 
in terms of both attention and controlled performance (Bot-
vinick & Braver, 2015; Chiew & Braver, 2013; Engelmann 
& Pessoa, 2014; Williams et al., 2017; Yee & Braver, 2018) 
as well as in terms of enhanced memory encoding (Adcock 
et al., 2006; Miendlarzewska et al., 2016; Murty et al., 2016; 

Spaniol et al., 2014; Wittmann et al., 2005). Such modula-
tion has generally been interpreted as reflecting the role of 
rewards in promoting goal-directed, adaptive cognition in 
the service of survival (Chiew & Adcock, 2019; Clewett & 
Murty, 2019).

Neurobiologically, reward modulation of cognitive per-
formance has been linked to activity in the mesolimbic dopa-
mine (DA) system. Decades of evidence, much of it relying 
on animal models, indicate that DA activity is integral to 
incentive salience, reward processing, and motivated behav-
ior (Berridge & Robinson, 1998; Wise & Rompre, 1989). 
In this system, dopamine pathways project from midbrain 
regions (notably, the ventral tegmental area [VTA]) to both 
cortical and subcortical regions supporting higher cogni-
tive processes, including the prefrontal cortex and hip-
pocampus: this anatomical circuit is thought to underlie the 
effects that reward motivation can have on cognitive per-
formance (Chiew & Braver, 2013; Braver et al., 2014; Lis-
man & Grace, 2005; Sawaguchi & Goldman-Rakic, 1991). 
Consistent with this, evidence from human fMRI, using the 
now-classic monetary incentive encoding (MIE) paradigm 
(Adcock et al., 2006), has demonstrated enhanced memory 
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for reward-incentivized targets preceded by an anticipatory 
cue, in association with increased anticipatory activity in 
the VTA and hippocampus as well as increased functional 
connectivity between these regions. These observations sup-
port a model whereby reward-enhanced dopaminergic input 
to the hippocampus promotes greater memory encoding 
and subsequent memory benefit for motivationally-salient 
stimuli.

While subsequent research studies have yielded evidence 
consistent with this neuroanatomical model (e.g., Chowd-
hury et al., 2012; Gruber et al., 2014; Murty et al., 2016), 
effects of mesolimbic DA in the brain are complex and mul-
tifaceted, and the extent to which differential aspects of DA 
function might support distinct cognitive outcomes is not 
well-understood. In particular, DA activity has been identi-
fied to operate via separable dynamics at different timescales 
that might have distinct mechanistic contributions to cogni-
tion and behavior. These dynamics include phasic DA bursts, 
or rapid synaptic firing in response to unexpected reward 
(i.e., reward prediction errors; (Schultz et al., 1997)): these 
signals have been linked to updating of mental representa-
tions (Braver & Cohen, 2000; O’Reilly & Frank, 2006) and 
reward-based learning (Floel et al., 2008; Schultz, 1998). In 
contrast, tonic DA activity refers to sustained, extrasynap-
tic “background” activity (Goto et al., 2007; Grace, 1991), 
thought to index the long-term average reward rate of the 
current environment and modulating response vigor and 
rate of reward pursuit (Beierholm et al., 2013; Niv et al., 
2007). Most direct characterizations of dopamine activity at 
these different timescales have come from neuronal record-
ings in animal models. However, functional homology in 
DA systems across humans and other mammals (Berridge & 
Kringelbach, 2008) suggests that analogous phasic and tonic 
DA responses can also be solicited in humans by behavioral 
manipulations of reward. Consistent with this, a growing 
number of studies have used behavioral manipulations to 
disentangle transient and sustained reward dynamics, poten-
tially reflecting phasic and tonic dopamine, respectively, and 
their separate contributions to human cognitive performance 
(Engelmann et al., 2009; Jimura et al., 2010; Kostandyan 
et al., 2019; Williams et al., 2018).

In our prior work, we used a mixed block/event experi-
mental design to examine sustained versus transient effects 
of motivational incentive on cognitive control performance 
(Chiew & Braver, 2013). In this design, participants com-
plete separate baseline (no-incentive) and reward task 
blocks; within the reward block, non-incentive and incen-
tive trials (50% each) are randomly intermixed. This design 
allows for the examination of transient, trial-based effects 
of incentives by contrasting performance on non-incentive 
and incentive trials (whereby incentive status is randomly 
manipulated on a trial-by-trial basis) within the reward task 
block. This design also allows for the examination of more 

sustained, block-based effects of reward motivation by con-
trasting performance on baseline block trials (where per-
formance is thought to be relatively lower in a motivational 
context) with non-incentive trials in the reward block (where 
such trials, while not directly incentivized, are occurring in 
the broader motivational context of a task block with reward 
incentive prospect). This experimental approach is similar 
to the more general mixed block/event-related fMRI design 
approach that has been used to examine transient and sus-
tained brain activity separately (Visscher et al., 2003). It is 
important to note that the contrast thought to characterize 
transient reward (i.e., non-incentive versus incentive trials 
within a reward block) compares two conditions differing in 
terms of direct reward incentive, while the contrast thought 
to characterize sustained reward (i.e., baseline block trials 
versus non-incentive trials within a reward block) compares 
two conditions differing in terms of reward prospect. Given 
neurobiological accounts of tonic dopamine as a slower, 
extrasynaptic index of average reward rate in a given envi-
ronment, as opposed to phasic dopamine as a measure of 
transient synaptic firing in response to eliciting events, base-
line block trials versus non-incentive trials within a reward 
block should potentially differ in terms of tonic dopamine 
and sustained reward while comparing non-incentive and 
incentive trials within a reward block should potentially 
characterize differences phasic dopamine and transient 
reward (with comparable levels of tonic dopamine activity 
in both non-incentive and incentive trials when randomly 
intermixed, slowly updating over the course of the reward 
task block). Prior observations from our and others’ research 
using mixed block/event task designs with reward manipu-
lations suggest that it can elicit distinct physiological (both 
pupil and fMRI) indices of both transient and sustained 
reward as well as their separate effects on behavioral per-
formance (Chiew & Braver, 2013, 2014; Jimura et al., 2010).

Many studies seeking to disentangle transient and sus-
tained reward influences on cognition using a mixed block/
event trial design have observed them to have temporally 
distinct, but directionally similar, effects on performance: 
for example, in our own work, we have observed that tran-
sient and sustained reward were both associated with shifts 
towards enhanced proactive control and cue-based process-
ing (Chiew & Braver, 2013, 2014). Intriguingly, however, 
one recent study (Kostandyan et al., 2019) instead observed 
differential effects of sustained and transient reward on 
cognitive performance using an adapted Flanker attention 
paradigm. Specifically, Kostandyan and colleagues observed 
that when reward incentive was manipulated solely in a 
block-based (i.e., sustained) fashion, it was not associated 
with changes in task performance; in contrast, when reward 
incentive was manipulated in a mixed block/event fash-
ion (enabling investigation of both sustained and transient 
reward, similar to the mixed block/event design described 
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above), transient, but not sustained, reward was associated 
with improved task performance. While these behavioral 
findings were not explicitly interpreted in terms of phasic 
versus tonic dopaminergic mechanisms, Kostandyan and 
colleagues noted that observed associations between reward 
dynamics and performance benefit might be task-specific. 
Such specificity would be consistent with accounts of dif-
ferential dopamine dynamics serving distinct functions at 
varying temporal profiles.

In line with this idea, a recent study demonstrated that 
behaviorally manipulating the timing and certainty of reward 
cues, putatively engaging rapid phasic versus slower, multi-
second ramping dopamine dynamics, resulted in varying 
memory outcomes for incidental stimuli shown during 
reward anticipation (Stanek et al., 2019). While this study 
provides evidence that temporally-distinct reward dynam-
ics may support separable outcomes in terms of memory 
encoding performance, Stanek et al. did not compare the 
effects of transient and sustained reward manipulation (and 
associated contributions of putative phasic and tonic dopa-
mine). Meanwhile, studies demonstrating separable but simi-
lar effects of transient and sustained reward on cognition 
(i.e., Chiew & Braver, 2013, 2014; Engelmann et al., 2009; 
Jimura et al., 2010) have generally used cognitive control 
tasks, where effects of reward on cognition are examined 
in terms of the accuracy and speed of overt responses dur-
ing the immediate, online performance. In contrast to such 
outcomes, in a memory encoding paradigm, performance is 
not typically indexed in terms of immediate overt response, 
but instead subsequent memory at retrieval. These diverging 
task demands might potentially lead to different effects of 
transient and sustained reward when examining cognitive 
performance in the memory domain, as opposed to cogni-
tive control.

In particular, recent work in the motivated memory lit-
erature has suggested that reward might enhance memory 
through multiple mechanisms, occurring both at and after 
encoding. The extent to which such mechanisms might be 
associated with dopaminergic activity at distinct temporal 
dynamics is not currently well-characterized. Some studies 
have obtained evidence for reward-based memory selectivity 
that might relate to attentional and cognitive control pro-
cesses engaged in encoding. For example, value-based mod-
ulation of memory encoding has been suggested to involve 
strategic engagement of brain regions involved in semantic 
processing (Cohen et al., 2014), adjust in response to feed-
back regarding ongoing performance (Ariel & Castel, 2014; 
Castel, 2007), and decline selectively with divided attention 
(Elliott et al., 2019). However, other studies have identi-
fied mechanisms of reward-facilitated memory occurring 
after encoding or independently of cognitive processes at 
encoding. For example, recent fMRI evidence demonstrated 
that VTA-hippocampal connectivity during a post-encoding 

period predicted memory benefits for rewarded stimuli (Gru-
ber et al., 2016); meanwhile, Studte et al. (2017) observed 
that nap sleep after encoding benefited subsequent memory 
retrieval for high- but not low-reward information. Finally, 
Bowen et  al. (2020) observed that reward anticipation 
enhanced memory but did not improve directed forgetting, 
suggesting that reward can bolster memory independently 
of attentional control processes that can be directed towards 
either remembering or forgetting.

To investigate this further, we conducted three behavio-
ral experiments examining incentivized memory encoding 
of target items (photographic images of scenes, following 
Adcock et al., 2006) under transient versus sustained reward 
(engaging putative phasic versus tonic DA, respectively) 
using a mixed block/event design. Along with the presenta-
tion of target stimuli, each trial included a simple response 
task to index online performance at encoding. On the basis 
of prior research evidence, we anticipated that transient and 
sustained rewards would have diverging effects on memory 
encoding. Given observations from both the memory encod-
ing and the cognitive control literature that transient reward, 
potentially engaging phasic DA, might enhance subsequent 
memory and cognitive performance (e.g., Kostandyan et al., 
2019; Stanek et al., 2019), we hypothesized that transient 
reward might specifically be associated with memory ben-
efit in our paradigm. Two potential outcomes regarding the 
effects of sustained reward on memory were identified on the 
basis of inconsistent prior findings in the literature. Given 
accounts that tonic DA might support increased response 
vigor (Niv et al., 2007), we hypothesized that sustained 
reward might be associated with enhanced online perfor-
mance at encoding (i.e., faster response speed) but not nec-
essarily enhanced subsequent memory; on the other hand, 
given observations that sustained reward might not signifi-
cantly modulate cognitive performance (Kostandyan et al., 
2019), we also considered it possible that sustained reward 
might be associated with null effects altogether. Given the 
fixed order of our mixed block/event design, where a base-
line block is collected prior to a reward block with inter-
mixed non-incentive and incentive trials, we also tested 
whether time on task across the two task blocks modulated 
either online performance at encoding or subsequent mem-
ory for presented stimuli.

In addition to examining the effects of differing reward 
dynamics on memory for target items, in Experiments 2 and 
3 we also examined whether sustained and transient reward 
benefited memory context information (colored borders 
around presented target images) as well as for target items 
themselves. Prior evidence has suggested reward benefits to 
hippocampally-based binding of item and context informa-
tion, as well as an associative memory (Murty et al., 2011; 
Shigemune et al., 2014; Wolosin et al., 2012), and recollec-
tive memory for contextual details has been shown to be 
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enhanced for high- versus low-value items on a study list 
when tested in both an interspersed manner as well as with 
one final test (Cohen et al., 2017). However, other observa-
tions have suggested a reward benefit to the item but not 
context memory (Villaseñor et al., 2021). Given these mixed 
results, we were interested in investigating whether reward 
would benefit context memory in a similar fashion to item 
memory or not in the present study, and if this effect would 
vary with reward timing. Finally, while Experiments 1 and 
2 examined memory with a 24-h interval between encod-
ing and retrieval, in Experiment 3 we used a 15-min encod-
ing-retrieval interval to examine the relative importance 
of overnight consolidation to potential transient and sus-
tained reward-based modulation of memory. As described 
above, evidence suggests that reward benefits to memory 
can occur post-encoding (Gruber et al., 2016; Studte et al., 
2017); further, reward benefits to memory performance have 
been shown to increase with an overnight encoding-retrieval 
interval relative to the use of a same-day interval (Murayama 
& Kitagami, 2014; Spaniol et al., 2014).

Taken together, the present study aimed to disentangle 
contributions of transient versus sustained reward (reflect-
ing potential modulation by phasic versus tonic DA, respec-
tively) to episodic memory encoding. On the basis of prior 
evidence suggesting distinct functional roles for phasic and 
tonic DA, as differing observed effects of sustained and tran-
sient reward on cognition, we hypothesized that transient 
reward should benefit memory performance while sustained 
reward might not. Across experiments, the effects of reward 
on both item and context memory were investigated, as were 
time-on-task effects and the importance of an overnight con-
solidation period. Identifying potentially dissociable func-
tional roles for transient and sustained reward in contributing 
to memory formation would advance a more nuanced under-
standing of how motivational influences modulate memory: 
specifically, by elucidating the multiple mechanisms by 
which such modulation takes place and the timescales by 
which they operate.

Experiment 1

In this experiment, we used a mixed block/event design 
to examine the effects of transient reward (comparing 
between incentivized and non-incentivized trials, manipu-
lated on a trial-by-trial basis) and sustained reward (com-
paring between baseline block trials and non-incentivized 
trials presented under reward prospect) on memory encod-
ing in terms of subsequent recognition memory perfor-
mance. Reward incentive was contingent on the memory 
success of presented target images at 24-h retrieval. 
Additionally, on each trial, target images to be encoded 
were followed by a simple response task, allowing us to 

examine sustained and transient reward effects on online 
performance and relate this metric to subsequent memory.

Experiment 1: methods

Sample size determination

To determine the sample size needed to test the effect of 
sustained and transient reward on recognition memory, we 
estimated effect size using the effect of transient reward on 
recognition memory performance in Adcock et al. (2006), 
calculated as d = 0.614. A sample size analysis in G*Power 
3 (Faul et al., 2007) indicated that 24 participants would 
provide sufficient power to detect a similar effect of reward 
on recognition memory (alpha = 0.05, 1 − β = 0.80). This 
estimate was used to determine the sample size for Experi-
ment 1 and all subsequent experiments.

Participants

Thirty-six young adult participants were enrolled in 
the study (26 females, 10 males; mean age 20.5 years, 
SD = 0.50  years; mean years of education 14.1  years, 
SD = 0.38 years). Participants were recruited from the 
Denver area using flyers and the University of Denver’s 
online SONA psychology participant pool. All participants 
had a normal or corrected-to-normal vision, were fluent 
English speakers, had no known history of neurological 
disorder or injury, no current diagnosis of psychiatric or 
psychological disorder, and no current use of psychotropic 
medication. The experiment protocol was approved by the 
Institutional Review Board of the University of Denver 
and written informed consent was obtained from all sub-
jects prior to study participation. Participants took part in 
the experiment for either course credit or $10/h compensa-
tion, with the possibility of an additional bonus payment 
of up to $5 based on task performance.

Nine participants were eliminated from our final sam-
ple for the following reasons: not showing up for Day 2 
of the two-day study (N = 1); for having a global accu-
racy score lower than 60% on the arrow task at encoding 
(described below), indicating poor task engagement dur-
ing the encoding period (N = 5), and communicating to 
the researcher that they ignored or did not understand the 
incentive cues (N = 3). This yielded a sample of twenty-
seven usable participants (20 female, 7 male; mean age: 
20.7 years, SD = 0.63 years; mean years of education: 
14.33 years, SD = 2.40 years) who were included in the 
analyses reported below.
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Experimental procedure

The experiment was presented on a Dell PC computer using 
E-prime software (Psychology Software Tools, Pittsburgh, 
PA, USA). Subject responses, accuracy, and reaction time 
(RT) data were collected using an E-prime button box con-
nected to the stimulus presentation computer.

On Day 1 of the study, subjects completed a monetary 
incentive encoding (MIE) task (adapted from Adcock et al., 
2006) with a block design in which a baseline block (with no 
reward prospect) always preceded the reward block. Stimuli 
were presented on a gray background. On each task trial, 
participants were first presented with a cue (either a peach 
circle or a blue triangle) for 1 s; in the baseline block, par-
ticipants were told that both cues indicated the upcoming 
target stimulus and otherwise did not differ, while in the sub-
sequent reward block, participants were instructed that one 
cue indicated incentive trials (where successful subsequent 
recognition of the stimulus would be rewarded with a mon-
etary bonus) and one cue indicated non-incentive trials. Cue 
status was counterbalanced between participants. Cue pres-
entation was followed by a 2.5-s inter-stimulus interval (ISI; 
a fixation cross), which was then followed by the presenta-
tion of a target stimulus (an image of an indoor or outdoor 
scene; images were color photographs previously used as 
stimuli in Adcock et al., 2006), which was passively viewed 
for 1 s. Following the presentation of the target stimulus 
on each trial, participants were immediately presented with 
three arrow stimuli (presented one at a time in sequence for 
0.67 s each, or 2 s in total) and required to indicate with a 
button press whether each arrow was pointing to the left or 
to the right. While, as in Adcock et al. (2006), this “arrow 
task” served to standardize the duration of memory elabora-
tion for each target image, performance on this task (accu-
racy and reaction time) was also examined as a measure of 
online performance during encoding. Trials were separated 
by a 2-s inter-trial interval (ITI).

In the baseline block, participants were shown 80 target 
image stimuli (40 indoor scenes and 40 outdoor scenes). In 
the reward block, participants were shown 160 target image 
stimuli (80 indoor scenes and 80 outdoor scenes), of which 
half were on incentive trials and half were on non-incentive 
trials (equal numbers of indoor/outdoor scenes per incentive 
condition). Trial order was randomized in all blocks. Prior 
to beginning the reward block, participants were instructed 
that scenes preceded by an incentive cue may be included 
on a memory recognition test in 24 h and that they could 
earn up to $5 in bonus money for successful recognition 
performance.

 ~ 24 h after the Day 1 session, participants returned to 
the lab for a self-paced recognition memory test. In the rec-
ognition test, participants were shown 120 old images (pre-
viously viewed in the Day 1 session; 40 from the baseline 

block, 40 from non-incentive trials in the reward block, 40 
from incentive trials in the reward block) as well as 120 
novel images (thus, 240 recognition trials in total). As in 
the encoding paradigm, half of the images depicted indoor 
scenes and half of the images depicted outdoor scenes; 
image presentation order was randomized. We did not show 
all stimuli presented at encoding and a corresponding num-
ber of novel images (which would require 480 trials in total) 
to limit the length of the recognition task. Upon being pre-
sented with each image in the recognition task, participants 
indicated whether the image was old or new, then rated 
their memory confidence on a 3-point Likert scale (1 = very 
confident to 3 = just guessing). Trial structure for the MIE 
paradigm (both encoding and recognition sessions, across 
all three experiments) is depicted in Fig. 1.

Data analysis

Performance outcomes

Arrow task performance was characterized in terms of error 
rates and average correct reaction times (RTs) across the 
three arrows presented on each trial. Memory performance 
was examined on a trial-by-trial basis (subsequent hit versus 
miss) as a function of incentive condition and arrow task 
performance. Finally, we examined memory confidence as 
a function of memory status (hit versus miss) and incentive 
condition.

Arrow task performance

Linear mixed effects models, implemented in R (version 
4.0.5) using the nlme package (Pinheiro et al., 2013), were 
used to examine arrow performance at the individual trial 
level within each subject. Incentive (baseline, non-incentive, 
incentive), Memory Status (hit versus miss), and the Incen-
tive × Memory Status interaction term were examined as 
fixed effects in linear mixed effects models with arrow per-
formance (error rate and RT) as continuous outcome meas-
ures, using maximum likelihood estimate and subject mod-
eled as a random effect. Each analysis was conducted on the 
full amount of data available: thus, Incentive was examined 
as a predictor of arrow performance on all trials at encoding, 
while Memory Status and the Incentive × Memory Status 
interaction were examined as predictors of arrow perfor-
mance only for trials with stimuli presented subsequently at 
recognition (i.e., half of the trials presented overall at encod-
ing). Analyses examining Incentive as a predictor of arrow 
performance only on trials with stimuli presented subse-
quently at recognition were also conducted and are presented 
in the supplementary material. For each outcome, model 
comparison and selection were conducted by comparing a 
model containing each fixed main effect (Incentive, Memory 
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Status) against a baseline model including only the inter-
cept. Where one or more fixed effects significantly predicted 
model outcome, a follow-up analysis including the interac-
tion term (Incentive × Memory Status) was conducted and 
compared against a baseline model including the fixed main 
effects alone. Finally, to examine whether Incentive had a 
significant effect on arrow performance over and above time 
on task effects, we conducted follow-up analyses where time 
on task (trial order across the two task blocks) was examined 
as a fixed effect. When time on task was observed to be a 
significant predictor, we added Incentive as a fixed effect to 
the model, to examine whether Incentive had a significant 

effect on arrow performance over and above the effect of 
time on the task alone.

Recognition memory performance

We used logistic mixed effects models (using the lme4 pack-
age in R; Bates et al., 2018) to examine whether memory 
performance as a binary outcome (hit versus miss) was 
predicted by fixed effects of Incentive condition and arrow 
task performance. Once again, we used maximum likeli-
hood estimation and subject modeled as a random effect. For 
this model, Incentive was entered first as a fixed effect and 

Fig. 1   Encoding and retrieval task trial structure for the three exper-
iments used in the study. A All three experiments used an adapted 
monetary incentive encoding (MIE) paradigm where cues preceded 
an intentionally-encoded target stimulus. At encoding, in the baseline 
block, participants were instructed that the two cues had no meaning 
beyond alerting the participant to the upcoming target stimulus. In the 
reward block, participants were instructed that one cue that successful 
recognition of the upcoming target would be associated with a mon-
etary reward (incentive trials), while one cue did not (non-incentive 
trials). Following the target stimulus, participants performed a simple 

response task (the “arrow task”), a performance which was examined 
as a metric of online performance during encoding, and an inter-trial 
interval prior to the next trial. B At recognition, participants identi-
fied a target stimulus as old or new as well as their memory confi-
dence on each trial (item memory); in Experiments 2 and 3, for target 
stimuli identified as “Old”, participants also made a context memory 
judgment (identifying the colored border presented with the target 
item at encoding) and rated memory confidence for this context judg-
ment
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the model was compared against a baseline model includ-
ing only the intercept; subsequently, arrow error rates were 
added into the model, which was then tested against the 
Incentive model as a baseline. (note that the model did not 
converge with the addition of arrow RT as a predictor, so 
examination of arrow RT was omitted.) This approach ena-
bled testing, on a trial-by-trial level, of whether the Incentive 
condition predicted memory outcome as well as whether 
arrow performance (as a metric of online task performance 
during encoding), itself potentially modulated by Incen-
tive, accounted for significant variance in memory outcome 
over and above that predicted by Incentive alone. As when 
examining arrow task performance, follow-up analyses 
were conducted examining time on task (TOT) as a fixed 
effect; if TOT was significant, Incentive was added to the 
model to examine whether it predicted subsequent mem-
ory performance over and above the effect of TOT alone. 
Finally, memory confidence was examined using a linear 
mixed effects model (using the nlme package in R) with 
Incentive and Memory Status as fixed effects and with an 
observed significant fixed effect, follow-up analysis includ-
ing the Incentive × Memory Status interaction term. As 
previously, we also conducted analyses examining TOT as 
a fixed effect on memory confidence, and where significant, 
comparing the TOT model to a model containing both TOT 
and Incentive as predictors. Model comparison and selection 
procedure were parallel to that used for examining arrow 
performance measures (accuracy and RT) as a function of 
these fixed effects.

While the main results are described below, the full mixed 
effects model building and comparison process for each out-
come variable, for both arrow task and memory performance 
outcomes, is presented in the supplementary material.

Experiment 1: results

Arrow task performance

Arrow performance, both errors and RTs, are visualized as a 
function of incentive condition in Fig. 2A. When examining 
arrow error rates as an outcome, adding Incentive as a fixed 
effect significantly improved model fit over baseline (Likeli-
hood Ratio (LR) = 24.54; p < 0.001); adding Memory Status 
as a fixed effect marginally improved model fit over baseline 
(LR = 3.25, p = 0.072). The Incentive effect was driven by 
decreased errors in the Incentive condition vs. both Base-
line (estimate = − 0.01, 95% CI = − 0.02 to 0.00, p = 0.041) 
and Non-Incentive (estimate = − 0.03, 95% CI = − 0.04 to 
− 0.02, p < 0.001) conditions, as well as elevated errors in 
Non-Incentive relative to Baseline (estimate = 0.02, 95% 
CI = 0.01–0.03, p < 0.001). The trend-level effect of Mem-
ory Status was due to lower errors for subsequent memory 

hits vs. misses (estimate = − 0.01, 95% CI = − 0.02–0.00, 
p = 0.072). Also, adding the Incentive × Memory Sta-
tus interaction term significantly improved model fit over 
Incentive and Memory Status fixed effects alone (LR = 6.32, 
p = 0.042): the interaction was driven by significant differ-
ences in arrow error rates between hits and misses in the 
Baseline vs. Non-Incentive conditions, with elevated errors 
in Non-Incentive subsequent misses vs. hits, but comparable 
errors across Baseline hits and misses (estimate = − 0.04, 
95% CI = − 0.07 to − 0.01, p = 0.013). Follow-up analyses 
did not reveal a significant TOT effect on arrow error rates 
over baseline (LR = 0.23, p = 0.629).

When examining arrow RTs as an outcome, adding 
Incentive as a fixed effect significantly improved model fit 
over baseline (LR = 74.70, p < 0.001), due to faster RTs in 
Non-Incentive vs. Baseline conditions (estimate = − 15.28, 
95% CI = − 18.76 to − 11.81, p < 0.001) and Incentive vs. 
Baseline conditions (estimate = − 9.07, 95% CI = − 12.54 
to − 5.60, p < 0.001), as well as significantly faster RTs in 
Non-Incentive vs. Incentive trials (estimate = 6.21, 95% 
CI = 2.74–9.68, p < 0.001). Adding Memory Status as a 
fixed effect did not significantly improve model fit over 
baseline (LR = 1.52, p = 0.22) and the addition of the Incen-
tive × Memory Status interaction term did not improve 
model fit over the fixed main effects (LR = 1.03, p = 0.596) 
and were not explored further. Follow-up analyses did 
reveal a significant TOT effect on arrow RTs over baseline 
(LR = 47.52, p < 0.001) due to decreasing RTs (i.e., speed-
ing) over the course of the two task blocks (estimate = -0.07, 
95% CI = − 0.09 to − 0.05, p < 0.001). However, the effect 
of Incentive was significant over and above TOT alone 
(LR = 27.78, p < 0.001), and all contrasts between Incentive 
conditions as described above remained significant.

Recognition memory performance

Memory hit rates as a function of Incentive are visualized 
in Fig. 3A. When examining memory outcome (hit versus 
miss) using a logistic mixed effects model, adding Incen-
tive as a fixed effect significantly improved model fit over 
baseline (i.e., random effects only; χ2 = 11.49, p < 0.001). 
This was due to increased recognition memory (greater 
proportion of hits versus misses) in the Baseline condition 
versus Non-Incentive (estimate = -0.21, 95% CI = − 0.40 
to − 0.03, p = 0.021) as well as in the Incentive condition 
versus Non-Incentive (estimate = 0.31, 95% CI = 0.12–0.49, 
p < 0.001). Addition of arrow error rates as a fixed effect 
did not significantly improve the model over Incentive alone 
(χ2 = 2.61, p = 0.11). Follow-up analyses revealed a signifi-
cant TOT effect on subsequent recognition memory relative 
to baseline (χ2 = 5.36, p = 0.021), which was due to poorer 
subsequent memory with increasing time on task (esti-
mate = − 0.001, 95% CI = − 0.002 to − 0.000, p = 0.021). 
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Fig. 2   Performance on the “arrow task” (i.e., a simple response task 
used to index online performance at encoding) as a function of Incen-
tive Condition and Memory Status (“misses” versus “hits”—i.e., 
subsequently forgotten versus remembered item targets) across (A) 

Experiment 1; (B) Experiment 2A and 2B; (C) Experiment 3. Arrow 
task performance was measured in terms of error rates as well as 
average correct reaction times (RTs)

Fig. 3   Item memory performance (in terms of proportion correct judgments, or “hits”) as a function of Incentive on (A) Experiment 1; (B) 
Experiment 2A and 2B; (C) Experiment 3. Statistically significant differences in memory performance are indicated
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However, the effect of the Incentive remained significant 
over and above TOT (χ2 = 14.96, p < 0.001) due to enhanced 
subsequent memory for items presented in the Incentive con-
dition versus Baseline (estimate = − 0.43, 95% CI = − 0.72 
to − 0.14, p = 0.003) and Non-Incentive (estimate = − 0.31, 
95% CI = − 0.49 to − 0.13, p < 0.001) conditions in this 
updated model.

When examining memory confidence using a linear mixed 
effects model, adding Incentive as a fixed effect did not sig-
nificantly improve model fit (LR = 3.68, p = 0.16) while add-
ing Memory Status as a fixed effect robustly improved the 
model over baseline (LR = 176.12, p < 0.001), due to higher 
memory confidence for hits versus misses, as expected. Fur-
ther, adding the Incentive × Memory Status interaction term 
significantly improved model fit over Incentive and Mem-
ory Status fixed effects alone (LR = 12.67, p = 0.002): this 
interaction was driven by a greater confidence gap between 
memory hits and misses for Incentive targets versus Baseline 
(estimate = − 0.118, 95% CI = − 0.223 to − 0.013, p = 0.028) 
and Non-Incentive (estimate = − 0.191, 95% CI = − 0.297 
to − 0.085, p < 0.001) targets. Follow-up analyses did not 
reveal a significant effect of TOT on memory confidence 
over the baseline model (LR = 0.48, p = 0.489).

Experiment 1: discussion

Reward incentive has previously been shown to enhance rec-
ognition memory of associated target stimuli, but in prior 
experimental designs it has generally been manipulated on 
a transient, trial-by-trial basis (e.g., Adcock et al., 2006; 
Wolosin et al., 2012). Given the evidence that phasic and 
tonic DA might serve distinct functional roles, in the present 
experiment we used a mixed block/event design to disentan-
gle transient and sustained reward (putatively engaging pha-
sic versus tonic DA, respectively) and examined their effects 
on task engagement and memory encoding. We observed the 
effects of incentive on both arrow performance, as a metric 
of online performance during the encoding stage, and subse-
quent recognition memory 24 h later. Given the fixed order 
of baseline and reward task blocks, we also tested whether 
time on task could account for observed Incentive effects. 
While we did observe some TOT effects, including RT 
speeding over time (potentially reflecting a practice effect; 
Mowbray & Rhoades, 1959) as well as decreased recog-
nition memory over time (potentially reflecting decreased 
vigilance with fatigue; Bowyer et al., 1983), Incentive effects 
remained significant over and above effects of TOT.

When contrasting Incentive versus Non-Incentive trials 
(i.e., examining effects of transient reward), we observed 
higher arrow accuracy but slower arrow RTs: this may 
be interpreted as improved online task performance dur-
ing the encoding period as a function of transient reward. 

Additionally, subsequent recognition memory for stimuli 
presented in Incentive vs. Non-Incentive trials was enhanced 
both in terms of higher hit rates as well as in terms of a larger 
memory confidence “gap” between subsequent accurate 
and inaccurate responses (i.e., hits and misses; with higher 
memory confidence argued to potentially reflect detail-rich 
recollective memory, which might preferentially rely on the 
hippocampus, to a greater extent; Yonelinas, 1994). Taken 
together, the arrow performance data at encoding and subse-
quent memory data suggest that transient reward was associ-
ated with enhanced task performance during the encoding 
period and subsequent memory for target stimuli (although 
note that arrow task performance was incidental to the to-be-
remembered target stimuli, and arrow error rates did not sig-
nificantly improve the model predicting memory outcomes 
over and above the effect of Incentive as a predictor). Such 
differences in memory performance were not observed when 
contrasting Non-Incentive and Baseline trials (i.e., exam-
ining the effects of sustained reward). Arrow performance 
was faster in Non-Incentive versus Baseline trials, but also 
less accurate; subsequent memory performance, in terms of 
either corrected hit rates or memory confidence, did not sig-
nificantly differ between Non-Incentive and Baseline trials.

When considering all three incentive conditions together, 
a pattern of RT speeding emerged whereby Non-Incentive 
trials were faster than both Incentive and Baseline trials, but 
this was accompanied by a decrease in accuracy; Incentive 
trials were also faster than Baseline trials, but this speed-
ing was accompanied by an increase in accuracy. (Note that 
correlations between error rates and average RTs in all three 
conditions were non-significant, suggesting that these find-
ings do not reflect a systematic speed-accuracy tradeoff.1) 
The observed pattern, whereby both Non-Incentive and 
Incentive trials were significantly faster than Baseline tri-
als, is consistent with accounts that sustained reward pros-
pect, associated with tonic DA, can promote response vigor 
and decrease response times even when incentives are not 
contingent on response speed (Manohar et al., 2017). In con-
trast, reward benefits to memory observed here were limited 
to the transient reward manipulation (contrasting Incentive 
versus Non-Incentive trials), thought to tap phasic DA activ-
ity. Thus, distinct effects of sustained and transient reward 
were observed on task performance, with sustained reward 
appearing to specifically enhance response vigor in terms 
of RT speeding, while the transient reward was associated 

1  In addition to Experiment 1, we tested for significant correlations 
between errors and RTs in each incentive condition of the subse-
quently-described Experiment 2 and 3. The only significant correla-
tion observed was between errors and RTs in the baseline condition 
of Experiment 2B. This suggests that differences in error rates and 
RTs specifically as a function of changes in incentive are not likely to 
be the product of systematic speed-accuracy tradeoff.
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with more accurate arrow task performance at encoding and 
improved subsequent recognition memory.

Given the suggestion of a memory benefit associated with 
transient (but not sustained) reward in Experiment 1 data, 
as well as prior evidence suggesting that reward might spe-
cifically benefit associative or contextual memory owing to 
preferential reward-related recruitment of the hippocampus 
at encoding (Shigemune et al., 2014; Wolosin et al., 2012), 
we conducted a second experiment that largely replicated 
Experiment 1 but also included context information (a 
colored border around presented target item stimuli) that 
was also tested for at recognition, upon endorsement of an 
item as remembered, as a function of incentive condition.

Experiment 2

In Experiment 1, we observed distinct effects of sustained 
and transient reward on task performance: specifically, tran-
sient but not sustained reward was associated with improved 
accuracy in the arrow task at encoding and enhanced sub-
sequent memory. In Experiment 2, we aimed to replicate 
this observation as well as extending our investigation to 
compare the effects of sustained and transient reward on 
context memory as well as item memory.

Task design for Experiment 2 mirrored Experiment 1, 
with the addition of contextual information (a colored border 
around each presented target stimulus). At subsequent rec-
ognition test, target items that were endorsed as remembered 
were also subject to a contextual memory judgment, with 
memory for context information on correctly-remembered 
items examined as a function of incentive condition. Note 
that unlike memory for item stimuli, which was associated 
with incentive payout, memory for contextual information 
was incidental, with no directed encoding instruction or 
associated incentive for context memory success. We did 
not have explicit hypotheses regarding potential differences 
in reward effects on memory as a function of intentional 
versus incidental encoding, given prior evidence that reward 
can benefit memory for information encountered in both 
kinds of encoding contexts (e.g., Adcock et al., 2006; Gru-
ber et al., 2016; Spaniol et al., 2014; Stanek et al., 2019). 
While we recently speculated that reward benefit to memory 
in intentional versus incidental encoding might be supported 
by different mechanisms (Chiew & Bowen, in press), such 
differences and their implications for memory performance 
outcomes are not yet well-understood.

To foreshadow our Experiment 2 findings, in our initial 
Experiment 2 sample (hereon referred to as Experiment 2A) 
we did not observe an expected effect of reward incentive on 
item or context memory recognition, or, once accounting for 
time on task, on arrow task performance. Given these unex-
pected findings, we replicated Experiment 2B in a second 

sample (hereon referred to as Experiment 2B) and combined 
the two samples together, including Experiment (2A versus 
2B) as a variable, to examine for potential effects of reward 
on memory and task performance with improved statistical 
power. With this larger sample, we did observe the expected 
effects of reward incentive on arrow task performance as 
well as memory confidence but continued to observe a null 
effect of reward incentive on recognition memory. We also 
observed significant differences in arrow error rates and item 
memory confidence between Experiment 2A and 2B, but no 
differences in incentive effects. These results are reported 
below and full implications are discussed in the General 
Discussion. Separate results for Experiment 2A and Experi-
ment 2B are also fully reported in the Supplement.

Experiment 2: methods

Participants

Sample size was determined using the same estimation pro-
cedure as in Experiment 1.

Experiment 2A

Thirty-five young adult participants were enrolled in 
the study (20 females, 14 males, 1 non-binary; mean age 
20.14  years, SD = 0.62  years; mean years of education 
13.34 years, SD = 2.26 years). Participants were recruited 
from the University of Denver’s SONA participant pool and 
participant eligibility criteria and compensation were the 
same as in Experiment 1. Four participants were eliminated 
from our final sample for the following reasons: not show-
ing up for Day 2 of the two-day study (N = 1), for technical 
issues in the experiment program whereby responses were 
not logged correctly (N = 1), and for having a global accu-
racy score lower than 60% on the arrow task at encoding, 
indicating that they were not attending during the encoding 
period (N = 2). This yielded a sample of thirty-one usable 
participants (18 females, 13 males, 1 non-binary; mean 
age: 19.18 years, SD = 0.47 years; mean years of educa-
tion: 13.32 years, SD = 1.77 years) who were included in 
the analyses reported below.

Experiment 2B

Thirty young adult participants were enrolled in the study 
(19 females, 7 males, 4 non-binary or declined to specify); 
mean age 19.07 years, SD = 1.08 years; mean years of edu-
cation 12.93 years, SD = 0.94 years). Participants were 
recruited from the University of Denver’s SONA partici-
pant pool and participant eligibility criteria and compen-
sation were the same as in Experiment 1 and Experiment 
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2A. Five participants were eliminated from our final sample 
for not showing up for Day 2 of the two-day study (N = 2); 
and for having a global accuracy lower than 60% on the 
arrow task at encoding (described below), indicating poor 
task engagement during the encoding period (N = 4). This 
yielded a sample of twenty-four Experiment 2B participants 
(13 females, 7 males, 4 non-binary or declined to specify; 
mean age: 19.12 years, SD = 1.12 years; mean years of edu-
cation: 12.92 years, SD = 0.97 years).

With these participants, the combined Experiment 2A and 
2B sample were fifty-five participants in total (20 males, 30 
females, and 5 non-binary or declined to specify gender; 
mean age: 19.53 years, SD = 2.17 years; mean years of edu-
cation: 13.15 years, SD = 1.48 years).

Experimental procedure

The Day 2 experimental procedure was very similar to the 
Day 1 procedure described previously for Experiment 1 
(same stimuli, block design, numbers of trials, and trial tim-
ing structure). The only differing aspect of the Day 1 proce-
dure in Experiment 2 was that the target image on each trial 
was presented surrounded by either a red or a blue border 
(equal numbers of target images with red and blue borders in 
all three incentive conditions; border colors were counterbal-
anced between participants). Participants were informed that 
reward receipt would be contingent on successfully remem-
bering the presented images of scenes (i.e., successful item 
memory) on incentivized trials in a subsequent memory test. 
As in Experiment 1, participants returned for a self-paced 
recognition memory test ~ 24 h after completing the Day 1 
procedure; this recognition memory test followed Experi-
ment 1 in its numbers of previously-viewed and novel image 
stimuli, and of the previously-viewed images, the numbers 
of stimuli from each of the three incentive conditions. How-
ever, in Experiment 2’s recognition memory test, after par-
ticipants made an old/new item memory judgment for image 
stimuli items and rated their item memory confidence (using 
a 3-point Likert scale as in Experiment 1), image items that 
were rated as “old” were also subject to a context memory 
judgment, whereby the image was presented on the screen 
again, now with both a red border and a blue border as in 
the Day 1 procedure. Participants had to choose which of the 
two versions of the image was presented the day before and 
rated their memory confidence for this context information 
on a 3-point Likert scale.

Data analysis

Performance outcomes

As in Experiment 1, arrow task performance was charac-
terized in terms of error rates and average correct reaction 

times (RTs) across the three arrows presented on each trial. 
Memory performance was now calculated in terms of item 
memory (as corrected hit rates as well as trial-level hits 
vs. misses, as in Experiment 1) as well as context mem-
ory performance (correct vs. incorrect context informa-
tion judgments on item hits) for each incentive condition. 
Memory confidence levels were also examined for correct 
and incorrect item and context memory judgments as a 
function of incentive condition.

Arrow task performance

As in Experiment 1, linear mixed-effects models were 
employed to examine arrow error rates and RTs, with the 
use of the same fixed effects (Incentive, Memory Status, 
and the Incentive × Memory interaction term) and model 
comparison and selection procedure. Following Experi-
ment 1, each analysis was conducted on the full amount of 
data available: thus, analyses examining Incentive as a pre-
dictor of arrow performance were conducted on all trials, 
while analyses examining Memory Status and Incentive × 
Memory Status were conducted only on trials with stimuli 
subsequently presented at recognition. Again, analyses 
examining Incentive as a predictor of arrow performance 
only on trials with stimuli presented subsequently at rec-
ognition were conducted and are presented in the sup-
plementary material. Follow-up analyses were conducted 
where time on task (TOT) was examined as a fixed effect; 
when this was significant, Incentive was added as a fixed 
effect to the model to examine whether it had a significant 
effect on performance over and above TOT alone.

Recognition memory performance

Again, as in Experiment 1, logistic mixed effects mod-
els were used to examine item memory performance as a 
binary outcome (hit versus miss), again with the addition 
of fixed effects (Incentive condition and arrow error rates). 
Item and context memory confidence were examined using 
linear mixed-effects models with fixed effects (Incentive, 
Memory Status, and their interaction), model comparison, 
and selection procedures paralleling those conducted in 
Experiment 1. Follow-up analyses were again conducted to 
examine TOT as a predictor, and where significant, adding 
Incentive as an additional predictor to examine its effect 
over and above TOT alone. As in Experiment 1, results are 
described below, with full model output and model com-
parison procedures for our mixed effects models examin-
ing both arrow task and memory outcomes included in the 
supplementary material.
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Experiment 2 (combined 2A and 2B): results

Arrow task performance

Experiment 2A and 2B arrow performance, both errors 
and RTs, are visualized as a function of incentive condi-
tion in Fig. 2B. When examining arrow error rates as an 
outcome measure in the combined Experiment 2 dataset, 
adding Experiment (2A vs. 2B) as a fixed effect improved 
the model (LR = 7.44, p = 0.01); this was due to higher 
overall error rates in Experiment 2B compared to Experi-
ment 2A (estimate = 0.06, 95% CI = 0.02–0.10, p = 0.01). 
In terms of task factors, adding Memory Status as a fixed 
effect did not significantly improve model fit over baseline 
(LR = 1.24, p = 0.27), while adding Incentive as a fixed 
effect did significantly improve the model (LR = 8.01, 
p = 0.02). The effect of Incentive was due to increased 
errors in the Non-Incentive condition relative to the Incen-
tive condition (estimate = − 0.01, 95% CI = − 0.02 to 0.00, 
p = 0.005). The addition of the Incentive × Memory Sta-
tus interaction term did not improve model fit over fixed 
main effects of Incentive and Memory Status (LR = 4.06, 
p = 0.13). We also did not observe a significant effect 
of TOT on arrow error rates over the baseline model 
(LR = 0.41, p = 0.52).

When examining arrow RT as an outcome in the com-
bined Experiment 2 dataset, adding Experiment (2A vs. 
2B) as a fixed effect did not improve the model (LR = 0.05, 
p = 0.82), indicating that arrow RTs did not significantly 
differ between Experiment 2A and 2B. However, adding 
Incentive as a fixed effect significantly improved model fit 
over baseline (LR = 70.06, p < 0.001), an effect driven by 
speeding in Non-Incentive and Incentive trials relative to 
Baseline (Non-Incentive vs. Baseline: estimate = − 10.85, 
95% CI = −  13.46 to −  8.24, p < 0.001; Incentive vs. 
Baseline: estimate = − 7.69, 95% CI = − 10.29 to − 5.08, 
p < 0.001) as well as speeding in Non-Incentive trials 
relative to Incentive (Non-Incentive vs. Incentive: esti-
mate = 3.16, 95% CI = 0.57–5.76, p = 0.02). The fixed 
main effect of Memory Status did not improve model fit 
over baseline (LR = 0.08, p = 0.78). However, addition 
of the Incentive × Memory Status interaction term did 
improve model fit over fixed main effects of Incentive 
and Memory Status to a trend level (LR = 5.62, p = 0.06): 
this was due to differences in arrow RTs for subsequent 
hits versus misses in Baseline vs. Non-Incentive trials 
(whereby RTs to subsequent memory misses were slower 
than hits in Baseline, but RTs to subsequent memory hits 
versus misses were comparable in Non-Incentive; esti-
mate = 7.72, 95% CI = 0.26–15.18, p = 0.04) as well as in 
Baseline vs. Incentive trials (whereby RTs to subsequent 
memory misses were slower than hits in Baseline, but RTs 

to subsequent memory hits versus misses were slower in 
Incentive; estimate = 7.76, 95% CI = 0.35–15.18, p = 0.04). 
Notably, with the addition of the Incentive × Memory Sta-
tus interaction term, the main effect of Memory Status 
in the model also reached trend-level (estimate = − 4.56, 
95% CI = − 9.82 to 0.71, p = 0.09), due to faster RTs in 
subsequent memory misses versus hits. Finally, follow-up 
analyses revealed a significant TOT effect on arrow RTs 
over baseline (LR = 56.98, p < 0.001) due to RT speed-
ing with increasing time on task (estimate = − 0.06, 95% 
CI = − 0.07 to − 0.04, p < 0.001), but the effect of Incen-
tive on arrow RTs remained significant over and above 
TOT (LR = 16.09, p < 0.001).

Item recognition memory performance

Experiment 2A and 2B item memory hit rates as a function 
of Incentive are visualized in Fig. 3B. We examined item 
memory outcome (hit versus miss) in the combined Experi-
ment 2 dataset using logistic mixed effects models. Adding 
Experiment (2A vs. 2B) did not improve model fit over base-
line (χ2 = 0.04, p = 0.83), indicating that item memory did 
not significantly differ between Experiment 2A and 2B. In 
terms of task factors, adding Incentive as a fixed effect did 
not significantly improve model fit over baseline (χ2 = 3.75, 
p = 0.15). Additionally, adding arrow error rates as a fixed 
effect did not significantly improve the model over Incen-
tive alone (χ2 = 1.29, p = 0.26). Follow-up analyses did not 
reveal a significant TOT effect on item memory recognition 
over baseline (χ2 = 0.54, p = 0.46).

When examining item memory confidence in the com-
bined Experiment 2 dataset, adding Experiment (2A vs. 
2B) as a fixed effect significantly improved the model 
(LR = 5.16, p = 0.02); this was due to lower overall memory 
confidence in Experiment 2B relative to 2A (estimate = 0.22, 
95% CI = 0.03–0.42, p = 0.02). In terms of task factors, add-
ing Memory Status as a fixed effect significantly improved 
the model over baseline (LR = 244.97, p < 0.001), due to 
higher item memory confidence for hits versus misses (esti-
mate = − 0.25, 95% CI = − 0.28 to − 0.22, p < 0.001). The 
addition of Incentive as a fixed effect did not significantly 
improve the model over baseline (LR = 0.67, p = 0.72). How-
ever, adding the Incentive × Memory Status interaction term 
revealed a significant improvement over the main effects of 
Incentive and Memory Status (LR = 6.58, p = 0.04): this 
interaction was driven by a greater confidence gap between 
memory hits and misses for Non-Incentive targets versus 
Baseline targets (estimate = − 0.08, 95% CI = − 0.16 to 
− 0.01, p = 0.02) and for Incentive targets versus Base-
line targets (estimate = − 0.08, 95% CI = − 0.15 to − 0.01, 
p = 0.03). Finally, follow-up analyses did not reveal a sig-
nificant TOT effect on item memory confidence over the 
baseline model (LR = 0.01, p = 0.93).
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Context recognition memory performance

Experiment 2A and 2B context memory hit rates are visu-
alized as a function of Incentive in Fig. 4A. We examined 
context memory outcome (correct versus incorrect) in the 
combined Experiment 2 dataset using logistic mixed effects 
models. Adding Experiment (2A vs. 2B) did not improve 
model fit over baseline (χ2 = 0.04, p = 0.85), indicating that 
context memory did not significantly differ between Experi-
ment 2A and 2B. Adding Incentive also did not significantly 
improve model fit over baseline (χ2 = 0.06, p = 0.82), and 
adding arrow error rates as a fixed effect did not signifi-
cantly improve the model over Incentive alone (χ2 = 0.06, 
p = 0.81). Follow-up analyses did not reveal a significant 
effect of TOT on context memory over the baseline model 
(χ2 = 0.01, p = 0.91).

When examining context memory confidence in the com-
bined Experiment 2 dataset, adding Experiment (2A vs. 
2B) as a fixed effect did not improve the model (LR = 0.40, 
p = 0.53), indicating that context memory confidence did not 
significantly differ between the two experiments. Likewise, 
adding fixed effects of Incentive and Memory Status did 
not significantly improve the model (Incentive: LR = 0.22, 
p = 0.90; Memory Status: LR = 0.06, p = 0.81), and add-
ing the Incentive × Memory Status interaction did not sig-
nificantly improve the model over fixed main effects alone 
(LR = 1.25, p = 0.54). Follow-up analyses did not reveal a 
significant TOT effect on context memory confidence over 
the baseline model (LR = 0.47, p = 0.49).

Experiment 2: discussion

Given findings from Experiment 1 indicating that transient 
reward was associated with enhanced task performance dur-
ing the encoding period and improved subsequent memory 
for target stimuli, we sought to replicate these observations 

as well as examining the effects of transient and sustained 
reward on context memory in Experiment 2. In our initial 
Experiment 2A sample, the effects of Incentive on perfor-
mance were limited to observations of RT speeding, which 
no longer reached significance when controlling for time 
on task. We conducted a replication of this experiment in a 
second sample (Experiment 2B). When we examined effects 
in the combined sample, but included Experiment (2A vs. 
2B) as a predictor, we did note that arrow error rates were 
higher and item memory confidence was lower in Experi-
ment 2B than in Experiment 2A. A difference that could 
have potentially driven this effect was that Experiment 2B 
was conducted in Fall 2022, after the onset of COVID-19, 
while Experiment 2A was conducted prior to COVID-19; 
the potential implications of this and variation across experi-
ment samples are discussed further in our General Discus-
sion below.

In the larger, combined Experiment 2 sample, as in 
Experiment 1, we observed higher errors and faster RTs on 
Non-Incentive versus Incentive trials, as well as faster RTs 
on both Non-Incentive and Incentive trials relative to Base-
line trials. We also observed an interaction of Incentive × 
Memory Status on item memory confidence—specifically, 
increasing memory confidence “gap” between subsequent 
accurate and inaccurate responses (hits and misses) with an 
incentive in Experiment 2. However, notably, this difference 
in memory confidence was observed as a function of sus-
tained reward (in comparing Non-Incentive and Incentive 
conditions relative to Baseline) instead of as a function of 
transient reward (comparing Incentive versus Non-Incen-
tive conditions), as observed in Experiment 1. Addition-
ally, we did not observe any significant effects of Incentive 
or Memory Status on context memory or context memory 
confidence.

Experiment 2’s results diverged from Experiment 1 in 
that transient reward (i.e., the comparison between Incentive 
and Non-Incentive trials) was not associated with benefit to 

Fig. 4   Context memory performance (in terms of proportion correct judgments) as a function of Incentive on (A) Experiment 2A and 2B; (B) 
Experiment 3
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subsequent memory accuracy. The null effect of reward on 
recognition memory was observed for both target items, the 
successful retrieval of which was associated with incentive 
payment, as well as for incidental context information. As 
in Experiment 1, mixed effects models indicated that arrow 
error rates were not a significant predictor of memory perfor-
mance, suggesting that reward effects on a simple response 
task during the encoding phase might be independent of 
memory outcomes. These observations suggest that the 
benefits of transient reward to memory encoding previously 
observed in Experiment 1, while consistent with a body of 
behavioral and neural evidence suggesting reward benefits 
to memory encoding, might be less robust than originally 
anticipated. Additionally, differences in memory confidence 
for hits and misses were observed as a function of sustained 
reward, potentially reflecting differences in the ability to 
remember detail-rich, recollective memories (Yonelinas, 
2001) across incentive conditions despite insignificant dif-
ferences in memory accuracy itself as a function of incen-
tive. Importantly, these differences in memory confidence 
were observed as a sustained reward (i.e., increased between 
Baseline and both Non-Incentive and Incentive conditions), 
not transient reward (between Non-Incentive and Incentive 
conditions), suggesting that potential benefits of reward on 
memory might not be limited to transient timescales. One 
final observation in the combined Experiment 2 sample, 
that diverged from Experiment 1 results, was a trend-level 
interaction of Incentive × Memory Status on arrow RTs: on 
Baseline trials, response times were slower on trials with 
subsequently-forgotten versus subsequently-remembered 
stimuli, while on Incentive trials, the reverse was observed: 
response times were faster on trials with subsequently-for-
gotten versus subsequently-remembered stimuli. However, 
the extent to which faster RTs at encoding might be associ-
ated with better or worse subsequent memory, and why that 
might vary by incentive condition, are currently unclear.

To probe these findings further, we conducted a third 
experiment. Experiment 3 was a replication of Experi-
ment 2 but with a ~ 15-min interval between encoding and 
retrieval instead of a 24-h interval as in Experiments 1 and 
2. Manipulating the retention interval in this fashion allowed 
us to investigate the relative importance of overnight con-
solidation to memory modulation via transient and sustained 
reward.

Experiment 3

In Experiment 3, we largely replicated Experiment 2’s pro-
tocol, but instead of a 24-h interval between encoding and 
retrieval, the retention interval was approximately 15 min. 
The goal of Experiment 3 was to clarify the relative contri-
bution of transient versus sustained reward-related processes 

occurring during overnight consolidation, versus processes 
occurring during encoding, supporting memory modulation.

Extensive evidence suggests that sleep is vital to success-
ful memory consolidation (Klinzing et al., 2019; Marshall 
& Born, 2007; Stickgold, 2005; Walker & Stickgold, 2004). 
In particular, it has been suggested that consolidation pro-
cesses during sleep might selectively strengthen memories 
that are adaptive or of relevance to the future, such as mem-
ories of emotionally or motivationally-salient information 
(Payne et al., 2012). Consistent with this idea, sleep-based 
consolidation has been demonstrated to amplify memory 
benefits for reward-related information (Murayama & Kit-
agami, 2014; Spaniol et al., 2014; Studte et al., 2017). Given 
these findings, we anticipated that in Experiment 3, which 
had no overnight consolidation period, memory would be 
enhanced by transient reward, but that the benefit of reward 
to memory would be attenuated relative to that observed in 
Experiment 1.

Experiment 3: methods

Participants

Sample size was determined using the same estimation pro-
cedure as in the previous experiments. Thirty-one young 
adult participants were enrolled in the study (24 females, 7 
males; mean age 19.35 years, SD = 0.28 years; mean years 
of education 13.03 years, SD = 0.25 years). Participants were 
recruited from the University of Denver’s SONA participant 
pool and participant eligibility criteria and compensation 
were the same as in Experiment 1 and 2.

One participant was eliminated from our final sample 
for having an accuracy score lower than 60% on the arrow 
task at encoding, indicating poor task engagement during 
the encoding period. This yielded a sample of thirty usable 
participants (23 females, 7 males; mean age: 19.44 years, 
SD = 0.30 years; mean years of education: 13.00 years, 
SD = 1.38 years) who were included in the analyses reported 
below.

Experimental procedure and data analysis

Experimental procedure was identical to that implemented 
in Experiment 2, except that the interval between encoding 
and retrieval was ~ 15 min instead of ~ 24 h. Data analysis 
followed procedures previously outlined for Experiment 2. 
As in the prior two experiments, results are described below, 
with full model output and model comparison procedures 
for our mixed effects models included in the supplementary 
material.
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Experiment 3: results

Arrow task performance

Arrow performance, both errors and RTs, are visualized 
as a function of incentive conditions in Fig. 2C. When 
examining arrow error rates as an outcome, adding Incen-
tive as a fixed effect significantly improved model fit over 
baseline (LR = 13.89, p = 0.001); this effect was driven by 
increased errors in the Non-Incentive condition vs. both 
Baseline (estimate = 0.02, 95% CI = 0.00–0.03, p = 0.01) 
and Incentive (estimate = −  0.02, 95% CI = −  0.03 to 
− 0.01, p < 0.001) conditions. Adding Memory Status 
as a fixed effect did not improve model fit over baseline 
(LR = 1.14, p = 0.285). Additionally, adding the Incentive 
× Memory Status interaction term did not significantly 
improve model fit over Incentive and Memory Status fixed 
effects alone (LR = 1.40, p = 0.497). Follow-up analyses 
did not reveal a significant effect of TOT on arrow error 
rates (LR = 0.72, p = 0.393).

When examining arrow RTs as an outcome, adding 
Incentive as a fixed effect significantly improved model 
fit over baseline (LR = 15.11, p = 0.001), due to slower 
RTs in the Baseline condition vs. both the Non-Incentive 
condition (estimate = -6.49, 95% CI = − 9.80 to − 3.19, 
p < 0.001) and the Incentive condition (estimate = -4.05, 
95% CI = − 7.35 to − 0.74, p = 0.02). Adding Memory 
Status as a fixed effect did not significantly improve model 
fit over baseline (LR = 1.52, p = 0.217) and addition of the 
Incentive × Memory Status interaction term did not sig-
nificantly improve model fit over the fixed main effects 
(LR = 4.64, p = 0.10) and were not explored further. Fol-
low-up analyses revealed a significant effect of TOT on 
arrow RTs (LR = 33.01, p < 0.001) due to RT speeding 
over the course of the two task blocks (estimate = -0.06, 
95% CI = −  0.08 to −  0.04, p < 0.001). The effect of 
Incentive on arrow RTs was trend-level over and above 
TOT alone (LR = 5.61, p = 0.061), due to RT differences 
between Incentive and Baseline conditions as described 
above (note that in the model including both TOT and 
Incentive as predictors, the previously significant con-
trast between Baseline and Non-Incentive trials no longer 
reached significance (estimate = 3.43, 95% CI = − 1.75 to 
8.63, p = 0.195)).

Item recognition memory performance

Item memory hit rates as a function of Incentive are 
visualized in Fig.  3C. When examining item memory 
outcome (hit versus miss) using a logistic mixed effects 
model, adding Incentive as a fixed effect significantly 

improved model fit over baseline (i.e., random effects only; 
χ2 = 38.20, p < 0.001). This was due to increased recogni-
tion memory (greater proportion of hits versus misses) in 
the Incentive condition versus Baseline (estimate = 0.50, 
95% CI = 0.33–0.67, p < 0.001) and Non-Incentive (esti-
mate = 0.42, 95% CI = 0.25–0.59, p < 0.001) conditions. 
Additionally, adding arrow error rates as a fixed effect 
did not significantly improve the model over Incentive 
alone (χ2 = 1.07, p = 0.30). Follow-up analyses did reveal 
a significant effect of TOT on item memory relative to 
the baseline model (χ2 = 9.21, p = 0.002); this was due 
to improving subsequent memory with increasing time 
on task (estimate = 0.0015, 95% CI = 0.0005–0.0025, 
p = 0.002). However, the effect of Incentive remained sig-
nificant over and above TOT (χ2 = 29.00, p < 0.001); all 
contrasts between Incentive conditions as described above 
remained significant.

When examining item memory confidence, adding 
Incentive as a fixed effect significantly improved model fit 
(LR = 35.26, p < 0.001), due to significantly higher memory 
confidence levels in the Incentive condition relative to both 
Baseline (estimate = − 0.14, 95% CI = − 0.19 to − 0.09, 
p < 0.001) and Non-Incentive (estimate = −  0.13, 95% 
CI = − 0.18 to − 0.08, p < 0.001) conditions. Adding Mem-
ory Status as a fixed effect also improved the model over 
baseline (LR = 107.95, p < 0.001), due to higher item mem-
ory confidence for hits versus misses (estimate = − 0.23, 
95% CI = − 0.28 to − 0.19, p < 0.001). Adding the Incen-
tive × Memory interaction further improved the model over 
fixed main effects (LR = 27.46, p < 0.001): this interaction 
was driven by a greater confidence gap between memory 
hits and misses for Incentive targets versus Baseline (esti-
mate = − 0.26, 95% CI = − 0.36 to − 0.16, p < 0.001) or 
Non-Incentive (estimate = −  0.20, 95% CI = −  0.30 to 
− 0.10, p < 0.001) targets. Follow-up analyses revealed a 
significant TOT effect on item memory confidence over the 
baseline model (LR = 5.68, p = 0.017) due to decreasing 
item memory confidence with increasing time on task (esti-
mate = − 0.0004, 95% CI = − 0.0007 to − 0.0001, p = 0.017). 
However, the effect of Incentive was significant over and 
above TOT (LR = 29.90, p < 0.001), with all contrasts 
between Incentive conditions as described above remaining 
significant.

Context memory performance

Experiment 3 context memory hit rates are visualized in 
Fig. 4B. When examining context memory outcome (cor-
rect versus incorrect) using a logistic mixed effects model, 
adding Incentive did not significantly improve model fit over 
baseline (χ2 = 2.83, p = 0.24). Additionally, adding arrow 
error rates as a fixed effect did not significantly improve the 
model over Incentive alone (χ2 = 0.25, p = 0.62). Follow-up 
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analyses did not reveal a significant effect of TOT on con-
text memory recognition over the baseline model (χ2 = 0.09, 
p = 0.77).

When examining context memory confidence, adding 
Incentive as a fixed effect significantly improved model fit 
(LR = 17.67, p < 0.001), due to lower context memory con-
fidence for Baseline targets relative to Non-Incentive targets 
(estimate = − 0.13, 95% CI = − 0.20 to − 0.06, p < 0.001) 
or Incentive targets (estimate = − 0.13, 95% CI = − 0.20 to 
− 0.06, p < 0.001). The addition of Memory Status as a fixed 
effect did not improve the model over baseline (LR = 0.75, 
p = 0.386) and the addition of the Incentive × Memory Sta-
tus interaction term did not improve the model over fixed 
main effects alone (LR = 0.63, p = 0.729); thus, these effects 
were not explored further. Follow-up analyses revealed a 
significant effect of TOT over the baseline model on context 
memory confidence (LR = 4.93, p = 0.026) due to decreas-
ing memory confidence with increasing time on task. How-
ever, the effect of Incentive on context memory confidence 
remained significant over and above TOT (LR = 13.33, 
p = 0.001), again due to higher context memory confidence 
in Incentive trials than in Baseline (here dropping to a trend 
effect; estimate = − 0.09, 95% CI = − 0.21 to 0.01, p = 0.088) 
or Non-Incentive trials (estimate = − 0.13, 95% CI = − 0.20 
to − 0.06, p < 0.001).

Experiment 3: discussion

The procedure for Experiment 3 replicated Experiment 
2 except for the retention interval between encoding and 
retrieval, which was ~ 15 min instead of ~ 24 h (as in both 
Experiment 1 and 2). In Experiment 2, the sustained reward 
was associated with RT speeding and changes in item mem-
ory confidence, while reward effects on either item or con-
text memory accuracy were not observed. In contrast, in 
Experiment 3, we observed significant reward effects both 
on arrow performance and subsequent memory performance 
that largely paralleled observations from Experiment 1, 
despite design differences between Experiment 1 and 3 that 
included both manipulation of context information (present 
at Experiment 3 and absent at Experiment 1) and retention 
interval (~ 15 min in Experiment 3 and ~ 24 h in Experiment 
1).

Notably, in Experiment 3, we observed elevated arrow 
error rates in Non-Incentive trials, relative to both Baseline 
and Incentive trials, as well as RT speeding in Incentive trials 
relative to Baseline trials. This pattern of arrow performance 
is somewhat consistent with observations from Experiment 
1, where increased arrow accuracy was observed on Incen-
tive vs. Non-Incentive trials, and interpreted as potentially 
reflecting enhanced online task performance under transient 
reward (although note that in Experiment 1, Incentive trials 

were both slower and more accurate relative to Non-Incentive 
trials, whereas in Experiment 3, Non-Incentive and Incentive 
RTs did not significantly differ).

Along with increased arrow accuracy, the transient reward 
was also associated with enhanced subsequent recognition, as 
characterized by both higher item memory accuracy as well as 
a larger memory confidence “gap” between subsequent item 
memory hits and misses, for stimuli shown in the Incentive 
versus Baseline and Non-Incentive conditions. Both of these 
observations of transient reward effects on item memory accu-
racy and memory confidence are consistent with Experiment 
1 results. Interestingly, while we did not observe Incentive 
effects on context memory accuracy, we observed that context 
memory confidence was elevated in Incentive trials, relative 
to Non-Incentive and Baseline trials. Surprisingly, this effect 
occurred in the absence of a significant effect of Memory 
Status (i.e., accuracy) on context memory confidence. Recent 
evidence suggests that reward is associated with a more liberal 
response bias (Bowen, Marchesi, & Kensinger, 2019); such a 
bias may have potentially contributed to elevated confidence 
levels for Incentive targets, even in the absence of accuracy 
effects on memory confidence.

Taken together, these results are consistent with Experi-
ment 1 in suggesting that transient reward (Incentive vs. 
Non-Incentive trials) was associated with both improved 
arrow task accuracy at encoding as well as enhanced subse-
quent item memory. In contrast, RT speeding appeared to be 
sensitive to sustained reward (differentiating Non-Incentive 
and Incentive trials vs. Baseline trials), potentially reflect-
ing enhanced vigor, but note that this effect dropped to a 
trend level, driven by differences between Incentive and 
Baseline trials when accounting for time on task. Context 
memory accuracy was not significantly modulated by either 
transient or sustained reward, although we observed that 
context memory confidence was significantly higher as a 
function of sustained reward (i.e., in Non-Incentive and 
Incentive trials relative to Baseline trials). Intriguingly, the 
results of Experiment 3 also suggest that the observed ben-
efits of transient reward to item memory were not dependent 
on overnight consolidation. If anything, the significant effect 
of Incentive on memory hit rates was larger in Experiment 3 
(χ2 = 38.20) than in Experiment 1 (χ2 = 11.49); suggesting 
that, contrary to hypotheses, reward benefit to memory was 
actually more robust with a ~ 15 min versus ~ 24-h retention 
interval. Implications of this observation are discussed fur-
ther in the General Discussion below.

General discussion

Widespread evidence indicates that motivationally-salient 
information is prioritized in attention and memory and that 
such prioritization might be supported by dopaminergic 
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modulation of cortical and subcortical activity critical to 
cognition (Braver et al., 2014). Given the characterization of 
DA system activity at multiple temporal dynamics, reflect-
ing distinct neurobiological mechanisms and potentially 
supporting distinct functional outcomes (Grace, 1991; Niv, 
2007), we compared the potential effects of transient and 
sustained reward, putatively associated with phasic versus 
tonic DA, respectively, on memory encoding in the present 
study. Across three experiments, we leveraged a mixed 
block/event task paradigm similar to those we have previ-
ously used to disentangle transient reward (by comparing 
performance on incentivized versus non-incentivized trials, 
manipulated on a trial-by-trial basis) and sustained reward 
(by comparing performance on trials in a baseline block, ver-
sus non-incentivized trials in a task block with reward pros-
pect) on cognitive control (Chiew & Braver, 2013). In two of 
the three experiments conducted in the present study (Exper-
iment 1 and 3), we observed a benefit of transient reward on 
subsequent item memory accuracy. In contrast, sustained 
reward did not appear to have a significant effect on subse-
quent memory accuracy. Instead, the sustained reward was 
associated with altered performance (specifically, decreased 
RTs) in a simple response task performed during the encod-
ing stage. Notably, RT speeding also increased with time on 
task in all three experiments, and when accounting for time 
on task as a factor, RT differences as a function of incen-
tive dropped to a trend level in Experiment 3. However, RT 
differences as a function of sustained reward (faster RTs in 
both Non-Incentive and Incentive trials relative to baseline) 
remained significant after accounting for time on task in 
both Experiment 1 and 2. Taken together across the three 
experiments, these observations suggest potentially separate 
functional roles for transient and sustained reward, and in 
particular, a benefit of transient reward (putatively engaging 
phasic dopamine) to memory formation.

Importantly, not all of our observations were consistent 
with predictions. In particular, in Experiment 2, we did not 
observe any reward benefit (on either a transient or sustained 
timescale) to subsequent item memory, even after conduct-
ing a replication-enabling investigation with a larger sample. 
These results were inconsistent in both Experiments 1 and 3 
but are difficult to pinpoint why, given similar paradigms in 
all three experiments, consistent retention intervals across 
both Experiments 1 and 2, and similar young adult samples 
recruited from an undergraduate subject pool at the Uni-
versity of Denver for all three experiments. When examin-
ing for demographic differences across participant samples, 
we did observe some variation in gender, age, and years of 

education,2 but these differences do not clearly distinguish 
Experiment 2 participant samples from samples for Experi-
ments 1 and 3. While many prior studies have suggested a 
reward benefit to memory in MIE-type paradigms, where a 
reward cue precedes the presentation of a to-be-remembered 
target, one recent study (Poh et al., 2019) did not observe 
a significant benefit of reward to incidental memory. While 
this observation was interpreted as potentially stemming 
from the lack of an overnight consolidation period, this sug-
gests that reward benefits to memory should not be consid-
ered globally robust.

Along with these inconsistent effects of reward incen-
tive on item memory accuracy, we also observed effects 
of reward incentive on item memory confidence: specifi-
cally, larger differences in confidence levels in correct ver-
sus incorrect responses to previously-shown stimuli (i.e., 
“hits” versus “misses”). Interestingly these effects were 
observed across all three experiments, but in Experiments 
1 and 3, reward effects on memory confidence differences 
were observed as a function of transient reward (i.e., larger 
differences in confidence levels for memory hits versus 
misses in Incentive trials compared to Non-Incentive and 
Baseline trials), while in Experiments 2A and 2B, reward 
effects on memory confidence differences were observed 
as a function of sustained reward (i.e., larger differences 
in confidence levels were observed in Incentive and Non-
Incentive trials, compared to Baseline trials). High-confi-
dence memory recognition has been suggested to reflect 
recollective processes preferentially depending on the hip-
pocampus (Kim & Cabeza, 2009), which is parsimonious 
with an account whereby reward-related dopamine modula-
tion might improve memory via input to hippocampal struc-
tures. However, why these memory confidence differences 
might be occurring with transient reward in Experiments 
1 and 3, where item memory accuracy also increased with 
reward, and sustained reward with Experiment 2, where item 
memory accuracy did not change with reward, is not cur-
rently clear. Memory confidence is often, but not always, 
related to memory accuracy (Busey, Tunnicliff, Loftus, & 
Loftus, 2000) and some evidence suggests that dopamine 
can have differential effects on memory performance versus 

2  Testing for demographic differences across experiments: Race: 
χ2(12, N = 116) = 15.64, p = 0.21; Gender: χ2(6, N = 88) = 15.57, 
p = 0.02; Age: F(3,108) = 2.37, p = 0.07; Years of Education: 
F(3,108) = 3.81, p = 0.01. By pairwise comparisons, the effect on 
Gender was driven by differences between Experiment 2B (13 

females, 7 males, 4 non-binary or declined to specify) and Experi-
ment 3 (23 females, 7 males). By pairwise comparisons, the trend 
effect on Age was driven by differences between Experiment 1 
(M = 20.7  years, SD = 3.26) and Experiment 2B (M = 19.1  years, 
SD = 1.12). By pairwise comparisons, the effect on Years of Educa-
tion was driven by differences between Experiment 1 (M = 14.3 years, 
SD = 2.40) and 2B (M = 12.9 years, SD = 0.97) as well as Experiment 
1 and Experiment 3 (M = 13.00, SD = 1.39). While these differences 
suggest some demographic variability across our experiments, they 
do not neatly account for a null effect of transient reward on memory 
accuracy in Experiment 2 versus Experiments 1 and 3.

Footnote 2 (continued)
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metacognitive confidence but has not examined such influ-
ences at different timescales (Clos et al., 2019). Further 
research examining the effects of reward motivation on 
memory accuracy versus confidence, and potential differ-
ences as a function of temporal dynamics could help clarify 
this issue further.

In considering differences across experiments in the 
present study and variation across experimental samples 
more broadly, we noted that when comparing performance 
in Experiment 2A to its replication, Experiment 2B, error 
rates were higher and item memory confidence was lower 
in Experiment 2B. In considering these performance differ-
ences between Experiment 2A and 2B, we note that Experi-
ment 2A (as well as Experiment 1 and 3) were conducted 
prior to the onset of COVID-19 in the United States in the 
Spring of 2020, while Experiment 2B was conducted later, 
in Fall 2022. While all participant samples used consistent 
eligibility criteria, including no known history of neurologi-
cal disorder or injury, no current diagnosis of psychiatric or 
psychological disorder, and no current use of psychotropic 
medication, the COVID-19 pandemic and related disrup-
tion have been a major and ongoing source of chronic stress 
worldwide, characterized in samples including U.S.-based 
university students similar to the population recruited for 
the present study (Copeland et al., 2021; Kecojevic et al., 
2020) and associated with decrements in cognitive task 
performance (da Silva Castanheira et al., 2021). Separate 
work has observed reduced memory confidence under stress 
(Corbett et al., 2017), suggesting that lower memory con-
fidence in Experiment 2B could potentially be related to 
increased stress as a result of COVID-19 as well. While we 
did not obtain measures of stress or affective state from our 
participants, such influences could act as potential sources 
of variation in task performance. Indeed, our own recent 
work (Chiew et al., 2018) suggests that the effect of moti-
vational influences on memory might vary with individual 
differences. Future research leveraging larger sample sizes 
could further explore individual variation in stress, affect, 
and trait differences as potential contributions to variability 
in motivated memory effects.

Additionally, across Experiments 2 and 3, memory accu-
racy for context information was not significantly modulated 
by reward. We had anticipated that context memory should 
be enhanced by reward motivation, potentially to an equal 
or greater extent than item memory, on the basis of prior 
findings suggesting that reward motivation facilitates hip-
pocampal associative binding processes, integrating event 
elements such as item and context information together into 
coherent memory representations (Shigemune et al., 2014; 
Shohamy & Adcock, 2010; Wolosin et al., 2012). The null 
effects of reward on context memory in the present study, 
in contrast to such prior studies, may have resulted from a 
number of possible factors. First, given that context memory 

judgments were only performed for target items reported 
as “old” at recognition, the number of trials where context 
memory judgments could be evaluated as correct or incor-
rect (i.e., trials where a previously-shown target item was 
correctly remembered) were relatively limited relative to the 
number of trials where item memory was evaluated,3 mak-
ing it more difficult to detect incentive-related differences. 
Recent work from the psychological methods literature has 
suggested that, in addition to considering sample size when 
ensuring adequate statistic power, the number of task trials 
be also considered (Boudewyn et al., 2018). While to our 
knowledge, guidelines have yet to be established regard-
ing statistical power and appropriate numbers of trials in 
a recognition memory task, the limited number of context 
memory trials completed likely limited our ability to detect 
differences between incentive conditions. In addition to this 
limitation, context memory performance, in terms of pro-
portion of trials correct, was at ~ 0.5 (chance levels) in both 
Experiment 2 and 3.4 Performance at this level may reflect 
a floor effect, with context memory performance too low to 
reveal susceptibility to reward manipulations. It is possible 
that context memory was at this level because the context 
information being judged (discerning whether the target item 
was paired with a red or blue colored border) was relatively 
devoid of semantic content, as opposed to stimuli such as 
object pairs that have been used to examine reward benefits 
to associative encoding (e.g., Wolosin et al., 2012) and that 
might be more amenable to memory elaboration and encod-
ing. However, note that other researchers such as Shigemune 
et al. (2014) have successfully demonstrated reward ben-
efits to context memory information such as item location 
(i.e., whether the remembered item was presented on the 
left versus right side of the screen at encoding), which also 
lacks semantic information, similarly to our manipulation. 
Follow-up studies with a larger number of context memory 
task trials will be helpful in further clarifying these results 
and the potential nature of transient and sustained reward 
on context memory.

Another unexpected finding that emerged from our data 
is that the largest benefit of transient reward to memory 

3  In Experiment 2A and 2B combined, an average of 18.1 (SD = 7.4) 
context memory judgments (i.e., for correctly identified item hits) 
were conducted per incentive condition, and in Experiment 3 an aver-
age of 18.2 (SD = 7.3) context memory judgments were conducted 
per incentive condition (versus 40 item memory judgments per incen-
tive condition in all three experiments).
4  In item memory recognition, previously-shown target stimuli were 
correctly endorsed as old (i.e., “hits”) at a proportion of ~ 0.5 as well. 
However, across all experiments, the proportion of hits was signifi-
cantly greater than “false alarms” (novel stimuli at recognition that 
were incorrectly endorsed as old), indicating that item memory accu-
racy was greater than chance. No such opportunity for false alarms 
was available for context memory judgments.
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performance was observed in Experiment 3, where the 
encoding-retrieval interval was ~ 15 min (instead of ~ 24 h 
as in Experiments 1 and 2). Given research suggesting that 
reward-related benefits to memory encoding might be ampli-
fied by overnight consolidation (Murayama & Kitagami, 
2014; Spaniol et al., 2014), we anticipated that shortening 
the retention interval should attenuate the benefit of reward 
on memory performance (although note that other studies 
have observed reward-enhanced memory with immediate 
retrieval following encoding; (Gruber et al., 2013; Murty & 
Adcock, 2014). Additionally, in Experiment 3, the reward 
was not associated with significantly higher arrow accuracy 
and the reward-related benefit to memory did not appear to 
relate to arrow task performance at encoding (as indicated by 
lack of model improvement when adding arrow error rates as 
a predictor of item memory outcome). Similar to these null 
findings in Experiment 3, we observed an inconsistent rela-
tionship between arrow task performance and subsequent 
memory in Experiment 2, with faster RTs predicting hits 
versus misses in the Baseline condition, but faster RTs pre-
dicting misses versus hits in the Incentive condition. Given 
these findings, it is uncertain to what extent reward effects 
on subsequent memory are associated with reward-related 
changes in performance or attention at encoding, as pre-
viously been suggested in the value-directed remembering 
literature (Cohen et al., 2014; Elliott et al., 2019). Addition-
ally, while performance on our arrow task was characterized 
during the encoding period, performance on this task was 
incidental to the to-be-remembered target stimuli and can-
not be considered a direct proxy for attention to the target 
stimuli themselves. In future work, measures beyond overt 
task performance, such as eye-tracking or neuroimaging, 
might be able to better characterize the nature of task per-
formance and attention at encoding and their relationships 
to subsequent memory under transient and sustained reward, 
clarifying these observed results further.

It is also important to note that the mixed block/event 
reward manipulation we used in the present study, enabling 
characterizations of sustained versus transient reward, has 
been previously used to examine cognitive control but not, to 
our knowledge, memory encoding. Our observations suggest 
that transient reward (comparing between non-incentive and 
incentive trials, with reward incentive manipulated trial-by-
trial) benefited memory accuracy while sustained reward 
(comparing between baseline and non-incentive trials, with 
reward prospect manipulated on a blocked basis) did not. 
Given that baseline and reward blocks were presented in 
a set order, our results also suggest that time on task was a 
significant contributor to both arrow task performance as 
well as subsequent memory, and may have accounted for 
some observed effects of sustained reward on RT speeding 
in Experiments 2 and 3. Future studies that counterbalance 
the order of baseline and reward blocks should help mitigate 

such time-on-task effects. The null effect of sustained 
reward on subsequent memory performance is consistent 
with prior pharmacological evidence that increased tonic 
dopamine does not benefit associative memory (Breiten-
stein et al., 2006), although opposing evidence suggests that 
hippocampally-reliant spatial memory in rodents remained 
intact when phasic dopamine activity was selectively disa-
bled (Zweifel et al., 2009) and those reward manipulations 
can retroactively benefit memory for previously-presented 
neutral stimuli in humans (Murayama & Kitagami, 2014). 
These observations continue to suggest a potential role for 
sustained reward and tonic dopamine in supporting memory 
formation that has yet to be fully characterized.

An additional consideration for future work is how sus-
tained versus transient reward dynamics are distinguished. 
Neuroimaging studies in humans have suggested that mem-
ory encoding might be enhanced in motivational contexts 
where reward prospect and associated neural regions (e.g., 
the VTA) are active over temporally extended periods that 
have been described as sustained (MacInnes et al., 2016; 
Shohamy & Adcock, 2010; Stanek et al., 2019). However, 
it is important to note that the temporal windows identified 
in these prior studies are multi-second but < 1 min in length: 
MacInnes et al. (2016) observed sustained VTA activation 
related to motivation in ~ 20-s time windows, while in Stanek 
et al. (2019), reward benefits to memory were behaviorally 
characterized for stimuli presented ~ 3–3.6  s following 
reward cue onset in association with putative slow, ramping 
dopamine responses. In contrast, our study examined task 
performance was a function of sustained reward in terms 
of blockwise effects (e.g., comparing between baseline 
and reward-prospect blocks), with task blocks of ~ 20 min 
in length. Thus, our characterization of sustained reward 
in the present study was over a considerably longer time 
period than those previously characterized as “sustained” 
and linked to memory benefit. As we have previously noted 
(Chiew et al., 2016), reward-related dopaminergic responses 
have been characterized as rapid, phasic responses; tonic 
responses over a sustained period; or multi-second ramping 
responses, thought to operate on a temporal window inter-
mediate to phasic and tonic activity. Given these findings, 
additional clarification of what might constitute transient 
versus sustained reward, characterization of associated 
dopaminergic responses and the timescales on which they 
operate, as well as their contributions to memory formation, 
continues to be important for a comprehensive understand-
ing of reward and dopaminergic modulation of memory.

In conclusion, in two out of three experiments, we 
obtained evidence suggesting that transient reward was 
generally associated with enhanced item memory accu-
racy, while the sustained reward was associated with RT 
speeding but with no benefit to memory accuracy. This 
pattern of results was interpreted as potentially consistent 
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with accounts positing distinct roles for phasic and tonic 
dopamine in cognition, and in particular, the idea that pha-
sic dopamine might support updating of mental represen-
tations and reward learning (Braver & Cohen, 2000; Floel 
et al., 2008; Schultz, 1998), while tonic dopamine might 
promote response vigor and speeding, even when reward 
receipt is not contingent on speed (Manohar et al., 2017; 
Niv et al., 2007). However, we also observed results con-
trary to our predictions, including a null effect of reward 
on overall memory benefit in Experiment 2, null effects of 
reward on context memory accuracy in both Experiment 
2 and 3, and the largest reward-related memory benefit in 
Experiment 3, where overnight consolidation was elimi-
nated. We also observed effects of reward incentive on 
differences in item memory confidence for correct versus 
incorrect responses (“hits” versus “misses”) across all 
three experiments, but in Experiments 1 and 3 this reward 
effect was observed at a transient timescale, along with 
transient reward benefit to item memory accuracy, while 
in Experiment 2, the reward effect on memory confidence 
was observed at a sustained timescale, in the absence of 
reward effects on item memory accuracy. Future research 
should incorporate designs including larger samples, 
greater numbers of context memory trials, measures of 
trait individual differences, and biological measures such 
as eye-tracking and neuroimaging to clarify the nature 
of these effects. Such efforts would advance further our 
understanding of transient and sustained reward contri-
butions to memory encoding and cognitive performance.
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