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Studies have revealed that rewards promote long-term memory, even in an incidental way. However, most previous studies
using the incidental paradigm have included two reward levels, and it is still not clear how the reward magnitude influences
memory. Adopting the incidental paradigm and three reward levels, the current study revealed that the reward magnitude
impacted I-d delayed episodic memory in a nonlinear, inverted U-shaped pattern. An additional experiment showed that
there was no reward effect in immediate episodic memory. Our results support the dopaminergic memory consolidation
theory and further imply that the reward magnitude needs to be considered in the theory.

[Supplemental material is available for this article.]

Recently, studies have revealed that a reward could facilitate mem-
ory (Shohamy and Adcock 2010; Miendlarzewska et al. 2016), not
just in the intentional paradigm but also in the incidental para-
digm. In the intentional paradigm, participants would strategically
pay attention to memorize the reward-related items as they are ex-
plicitly informed that reward is contingent upon memory perfor-
mance in a subsequent test when they encode the items (Adcock
et al. 2006; Ariel and Castel 2014; Cohen et al. 2014, 2016;
Spaniol et al. 2014; Hidi 2016; Miendlarzewska et al. 2016). In
the incidental paradigm, the reward accompanies some items dur-
ing the encoding phase but is independent of memory perfor-
mance for these items in the test phase (Mather and Sutherland
2011; Murayama and Kitagami 2014). For example, some studies
used the category of the items (e.g., living or nonliving objects)
to signal rewards in the encoding phase (e.g., participants would
anticipate a reward when they met a particular category) and ob-
served a better memory for the reward-related category in the sub-
sequent test (Wittmann et al. 2005; 2011; Patil et al. 2017). In this
paradigm, participants always do not know the subsequent mem-
ory test before they process it; thus, the enhancement effect on
the memory process is explained in terms of pure reward effect
rather than top-down attention and effort.

The reward effect on memory is associated with an increased
dopamine release that improves the plasticity of the hippocampal
memory system (Bromberg-Martin et al. 2010; Chiew et al. 2016).
The dopaminergic modulation of the hippocampus could last a
long time after reward events occur (e.g., in the memory consolida-
tion phase) (Bayer and Glimcher 2005; Lisman and Grace 2005;
Shohamy and Adcock 2010; Flagel et al. 2011; Gruber et al. 2016;
Murty et al. 2017), and, correspondingly, behavioral evidence
showed reward-related memory improvements in the delayed
memory test but not in the immediate memory test (McClure
et al. 2004; Murayama and Kitagami 2014; Patil et al. 2017).

Previous studies using the intentional paradigm have revealed
that reward values affected memory in a linear way (Castel et al.
2007, 2013); the greater the reward, the better the memory.
However, most previous studies using the incidental paradigm re-
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vealed the reward’s positive effect on memory by comparing items
for two reward levels. It is still unclear how multiple levels of reward
influence incidental memory. As many animal studies have re-
vealed that the excitatory responses of midbrain dopaminergic
neurons increase as the reward magnitude (or probability) increas-
es (Fiorillo et al. 2003; Satoh et al. 2003; Matsumoto and Hikosaka
2009), one might expect that the impact of the dopaminergic mod-
ulation on the hippocampus as well as the reward magnitude on
episodic memory occur in a simple linear (or on-off) manner.
That is, we are more sensitive to a higher reward, and a higher mag-
nitude would never lead to a worse performance than a lower
reward.

However, many studies have revealed that reward magnitude
modulates performance in a more complex and nonlinear way. For
example, previous studies revealed that reward magnitude influ-
enced the performance of some tasks (e.g., motor learning, intelli-
gence tests) (Kuhbandner et al. 2016; Lee et al. 2019) in an inverted
U shape (Mobbs et al. 2009; Aarts et al. 2014; Lee and Grafton
2015). That is, a high reward leads to a less-than-optimal perfor-
mance compared with a medium reward. Some researchers de-
scribed this phenomenon as “overmotivation” or “overarousal”
and suggested that performance was superior at the level of arousal
and dopamine release (Dodson 1915) and that a high reward in-
duced excessive arousal or “overdosed” the dopaminergic system
beyond this level and led to a decrement in performance (Mobbs
et al. 2009; Aarts et al. 2014). Other researchers have suggested
that the negative effect of a high reward was due to the shift of at-
tention and executive control to the internal state (e.g., anxiety)
(Callan and Schweighofer 2008; Ariely et al. 2009; Capa and
Bouquet 2018; Watanabe et al. 2019) or details of the task
(Beilock and Carr 2005; Beilock and DeCaro 2007; Vealey et al.
2014; Lee and Grafton 2015; Lee et al. 2019) that led to a reduction
in goal-directed attentional control for the target task. Thus, the
negative effect would not occur in tasks that do not require a
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substantial amount of top-down strategy (e.g., an incidental motor
learning task) (Lee et al. 2019).

The inconsistent idea of the relationship between reward
magnitude and performance motivated us to explore how reward
magnitude influenced incidental episodic memory. Two experi-
ments were conducted in the current study. Experiment 1 com-
prised an incidental encoding task and a subsequent surprise
recognition test 1 d later to investigate the effect on delayed mem-
ory. Sixty healthy participants were randomly assigned to the con-
trol and reward groups. One participant was excluded for having
memory performance more than three standard deviations below
average, resulting in a total sample size of 30 (13 males; mean +
SD=22.4+3.02 yr) in the reward group and 29 (13 males; mean +
SD=21.3+2.36 yr) in the control group.

In the encoding phase (Fig. 1A), a central fixation cross “+”
was presented for 500 msec. Then, two images were displayed
simultaneously on the left and right sides of the central fixation
cross for 1500 msec, participants were instructed to judge the
number of target images (living images or nonliving images, coun-
terbalanced across participants in each group) in the two images
within the following 1500 msec when a “?” was displayed.
Informative feedback was provided for 1500 msec after the judg-
ment. To prevent carryover effects (Anderson et al. 2006), partici-
pants performed three flanker tasks in which they judged the
direction of the middle arrow of a set of three arrows.

Participants in the control and reward groups went through
the same encoding procedure, except that they received different
feedback for their judgment of the number of target images. A cor-
rect response was followed by neutral feedback in the control group
and monetary reward feedback based on the number of target im-
ages in the reward group. That is, participants in the reward group
received no reward (¥0), medium reward (¥1~0.144 USD) and
high reward (¥2) for correct judgments in nontarget trials, one-
target trials and two-target trials respectively. The encoding phase
included 20 nontarget (nonreward) trials, 40 one-target (medium-
reward) trials, and 20 two-target (high-reward) trials. This design
produced four types of images, each including 40 images (160 im-
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ages in total): nontarget images in the nontarget trials (nonreward
images in the nonreward trials), nontarget images in the one-target
trials (nonreward images in the medium-reward trials), target imag-
es in the one-target trials (reward images in the medium-reward tri-
als), and target images in the two-target trials (reward images in the
high-reward trials).

Participants returned 1-d later (the mean interval between the
encoding phase and the memory test was 23.73 h, SD=1.51, in the
reward group and was 24.00 h, SD = 1.44, in the control group) for a
surprise recognition memory test (Fig. 1B) in which the 160 previ-
ously presented images and 160 new images were presented one by
one. Participants were instructed to judge whether the images were
old or new within 3000 msec and to rate their confidence within
3000 msec. Additional procedural details are in the Supplemental
Material.

The analyses on participants’ response during the encoding
phase were in the Supplemental Material and we focused on how
reward magnitude influenced memory performance in the main
text. We analyzed the memory performance of the participants’
correctly judged trials in the encoding phase. The memory perfor-
mance was indexed by d’ score, calculated by the z score of the hit
rates (the percentage of “Old” responses for the “Old” stimuli) mi-
nus the z scores of the false alarm rates (the percentage of “Old” re-
sponses for the “New” stimuli). The mean hit rates for nontarget
images in nontarget trials, nontarget images in one-target trials,
target images in one-target trials, and target images in two-target
trials were respectively, 0.385, 0.416, 0.505, and 0.443 in the re-
ward group and 0.421, 0.441, 0.434, and 0.436 in the control
group. The mean false alarm rates for nontarget images and target
images were respectively, 0.258 and 0.269 in the reward group and
0.304 and 0.335 in the control group.

A 2 (Group: reward vs. control) x 4 (Image Type: nontarget im-
ages in nontarget trials vs. nontarget images in one-target trials vs.
target images in one-target trials vs. target images in two-target tri-
als) ANOVA with d’ score as the dependent variable revealed a sig-
nificant main effect of Group, F1,57=5.100, P=0.028, 12=0.082,
and a nonsignificant main effect of Image Type, F(22s,129.89)=
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Figure 1. The incidental encoding task and recognition memory test. (A) In the incidental encoding task, participants were instructed to judge the
number of target images (living images or nonliving images). In this example, the target images were living images. A correct response was followed
by neutral feedback in the control group and monetary reward feedback based on the number of target images in the reward group. (B) A surprise
memory test was performed 1 d later (Experiment 1) or immediately afterward (Experiment 2). Participants were asked to determine whether the

images were old or new and to rate their confidence.
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Figure 2. Results from Experiment 1. Recognition memory (d’ score) as a
function of Group (reward, control) and Image Type (00 = nontarget images
in the nontarget trials, O[1]=nontarget images in the one-target trials, 1[0]
=target images in the one-target trials, 11 =target images in the two-target
trials) in the delayed test. Error bars represent the standard error.

1.519, P=0.220, n*=0.026. The interaction of Group x Image Type
was significant, F( 28 120.80)=4.466, P=0.010, n*=0.073 (Fig. 2).
Simple main effect analyses revealed that in the control group,
there was no significant difference in memory performance across
the four types of images, F(3 s5,=0.886, P=0.454, whereas in the re-
ward group, recognition memory performance was significantly
different across the four types of images, F3 55 =4.383, P=0.008.
The pairwise comparison analyses revealed that participants in
the reward group recognized the reward images in the medium-
reward trials significantly better than the nonreward images in
the nonreward trials, t=3.19, P=0.014, and the reward images in
the high-reward trials, t=2.77, P=0.041. However, the reward im-
ages in the medium-reward trials were not significantly better
recognized than the nonreward images in the medium-reward tri-
als, t=2.23, P=0.165. The memory performance for the nonreward
images in the nonreward and the medium-reward trials and for the
reward images in the high-reward trials was not different, Ps>0.4.
That is, the reward images in the medium-reward trials were best
recognized, and compared with the medium reward, the high re-
ward did not further improve but instead impaired memory perfor-
mance of reward images. To directly test the reward effect in the
four image types, post-hoc t-tests at each level between the reward
group and the control group were also conducted. The target imag-
esin the one-target trials and in the two-target trials were better rec-
ognized in the reward group than in the control group, t=3.87, P<
0.001, and t=2.11, P=0.040, whereas the memory performance of
nontarget images in the nontarget trials and in the one-target trials
in the reward group was not significantly different from that in the
control group, Ps>0.3. It seems the high reward could also pro-
mote memory performance though it was not optimal. We also an-
alyzed memory performance with participants’ subsequent
confidence in their judgments. The overall pattern of the results
with confidence was very similar to that without consideration
of the confidence, which is presented in the Supplemental
Material.

Experiment 1 suggested reward magnitude impacted delayed
memory in a nonlinear way. We further tested how reward magni-
tude affected immediate memory in Experiment 2. Experiment 2
was identical to Experiment 1 except that participants took the rec-
ognition test immediately after they finished the encoding task.
Sixty participants were recruited and randomly assigned to two
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groups with one participant excluded for not following the task in-
structions, resulting in a total sample size of 30 (13 males; mean +
SD=21.3+2.14 yr) in the reward group and 29 (13 males; mean +
SD=21.0+2.24 yr) in the control group.

Identical to thatin Experiment 1, the analyses on participants’
response during the encoding phase were in the Supplemental
Material and we focused on the reward effect on memory per-
formance in the main text. In the test, the mean hit rates for non-
target images in nontarget trials, nontarget images in one-target
trials, target images in one-target trials, and target images in two-
target trials were respectively, 0.549, 0.555, 0.598, and 0.601 in
the reward group and 0.551, 0.549, 0.550, and 0.547 in the control
group. The mean false alarm rates for nontarget images and target
images were 0.265 and 0.274 in the reward group and 0.287 and
0.236 in the control group. The results in Experiment 2 showed
no significant main effect of Group, F,57,=0.342, P = 0.561, W=
0006, or Image Type, F(2_12'120.63)=2.923, P=0055, 1]2:0.049, or
interaction of Group x Image Type, F3 12,120.63y=0.016, P=0.987,
1?=0.000 (Fig. 3). The pattern of the results with confidence was
similar to that without consideration of the confidence, which is
also presented in the Supplemental Material.

Taken together, our results showed that in the delayed test,
the reward images in the medium-reward trials were better recog-
nized than the nonreward images in the nonreward trials and
the reward images in the high-reward trials. The memory perfor-
mance did not differ between the nonreward images in the nonre-
ward and medium-reward trials and the reward images in the
high-reward trials. No reward effect on episodic memory was ob-
served in the immediate test. These results demonstrated an invert-
ed U pattern instead of a linear relationship between the reward
magnitude and long-term incidental memory.

Many previous studies have revealed that rewards facilitate
memory and learning (Shohamy and Adcock 2010; Miendlarzew-
ska et al. 2016). Consistent with these findings, the current study
found that reward images (in the medium-reward trials) were better
recognized than nonreward images. Some researchers have pro-
posed a dopaminergic memory consolidation theory to explain
the reward effect on memory, which suggests that a reward would
trigger the release of dopamine that modulates the activity of the
hippocampus and other memory-related regions in the consolida-
tion (post-encoding) phase (Wittmann et al. 2005; Murayama and
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Figure 3. Results from Experiment 2. Recognition memory (d’ score) as a
function of Group (reward, control) and Image Type (00 = nontarget images
in the nontarget trials, 0[1] = nontarget images in the one-target trials, 1[0] =
target images in the one-target trials, 11 =target images in the two-target
trials) in the immediate test. Error bars represent the standard error.
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Kitagami 2014; Gruber et al. 2016). Other researchers have suggest-
ed that a reward could also impact memory by prompting people to
use more effortful strategies on reward-related items (Cohen et al.
2014). Although the current study adopted the incidental para-
digm to avoid the use of strategy, one may argue that reward images
might automatically capture attention (Anderson et al. 2011; An-
derson and Halpern 2017), and be encoded deeper than nonreward
images (Murayama and Kitagami 2014), thus inducing an en-
hancement effect on memory performance. However, it should
be noted that the effect only occurred in the delayed test, not in
the immediate test, which should be explained by dopaminergic
memory consolidation rather than the encoding receiving more at-
tention and cognitive control efforts.

More importantly, the reward images in the high-reward trials
were recognized as worse than those in the medium-reward trials.
To our knowledge, the current study was the first to reveal high re-
ward impairment in incidental memory. Previous research has
shown the negative effect of a high reward on the performance
of other tasks (the “choking on money” phenomenon) and pro-
posed two underlying mechanisms to explain the impairment ef-
fect of a high reward on performance: excess arousal (and
dopamine release) and attention shift (Mobbs et al. 2009; Aarts
et al. 2014; Lee and Grafton 2015; Lee et al. 2019). We suggest
that in the current study, this effect was due to excess arousal
and dopamine release rather than an attention shift to an internal
state or to task details because we used an incidental instead of an
intentional paradigm to exclude the attention effect. Again, the at-
tention shift could not explain why this effect occurred only in the
delayed test, not in the immediate test. One previous study re-
vealed a negative relationship between arousal and intentional
spatial memory in reward conditions across trials and participants
and suggested arousal as a potential inhibitor in reward-related in-
tentional learning (Murty et al. 2011). Future studies should inves-
tigate the physiological and neural bases underlying high reward
impairment in incidental memory and learning. Here, we should
caution that high rewards “impaired,” or had a “negative” effect
on memory only when it was compared with the medium reward.
When we compared the memory performance between the reward
and control groups, we could see the positive effect of reward on
the target images for both the one-target (medium-reward) and
two-target (high-reward) levels. Thus, the reward could overall en-
hance memory performance regardless of magnitude and it had an
especially positive effect on the medium level.

Although previous studies suggested that dopamine is sent to
the hippocampus in a nontargeted way (Adcock et al. 2006;
Spaniol et al. 2014; Murty et al. 2017; Pu and Yu 2019) and hence
rewards should enhance memory for stimuli nonselectively
(Mather and Schoeke 2011; Murayama and Kitagami 2014), we
found that the reward in our study only enhanced the memory
for the target images, not for the nontarget images in the medium-
reward trials. This lack of the reward effect on nontarget images was
evident in both the immediate and delayed tests. We speculated
that more attention or some kind of arousal-biased competition
(Mather and Sutherland 2011) in favor of goal-relevant stimuli (tar-
get images) might have interfered with the processing of the simul-
taneously presented nontarget images and thus attenuated the
reward effect on the nontarget images in the immediate test. In ad-
dition, a recent study revealed that the effect of dopamine would
tag the worthiest items and reprocess them during sleep intensive-
ly (Asfestani et al. 2020). It is possible that although dopamine af-
fected the processing of the target and nontarget images
nonselectively during the encoding phase, it only tagged and re-
processed the target images during sleep and thus we observed
the reward effect on the target images only in the delayed test.

It also should be noted that, although many previous studies
revealed the reward effect on the delayed test instead of the imme-
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diate test, some studies also reported the latter, for both intentional
memory (Madan and Spetch 2012; Spaniol et al. 2014; Wolosin
et al. 2013) and incidental memory (Murty and Adcock 2014). In
the study by Murty and Adcock (2014), the immediate reward ef-
fect was observed on the salient items (the novel images that inter-
rupted participant’s expectancy) in the reward anticipation stage.
It is possible that either the items’ salience or the participants’
strong expectancy or both might have increased the reward effect
in the immediate test. Future studies should investigate the factors
that influence the timing of the reward effect.

In addition, the reversed effect of a high reward in the current
study was inconsistent with the results of some previous studies
that also included more than two levels of reward to test reward
and memory (Wittmann et al. 2005; Castel et al. 2007; Callan
and Schweighofer 2008; Bunzeck et al. 2010; Wittmann et al.
2011; Madan and Spetch 2012; Castel et al. 2013). These studies
used different tasks (or paradigms, or intervals between encoding
and test) from those in the current study. For example, previous re-
search showed a linear pattern between reward magnitude and in-
tentional memory in the immediate test (Castel et al. 2007, 2013).
Thus, we should caution that reward magnitude may have a com-
plex impact on memory and learning and may depend on many
factors, such as task, paradigm, the interval between encoding
and test, and personality traits (Callan and Schweighofer 2008).

Finally, we should add a note about the theoretical accounts of
current results. In addition to the arousal or dopamine hypothesis
aforementioned, our results were also consistent with the “adaptive
scaling of reward” theory that suggested the performance was de-
pendent on the relative reward value rather than the absolute re-
ward value (Bunzeck et al. 2010). That is, in our study, the images
with a relatively high reward value (the reward images in the
medium-reward trials with the relative value of ¥1) were better rec-
ognized than those with a relatively low reward value (the reward
images in the high-reward trials and the nonreward images in the
nonreward trials with the relative value of ¥0). However, there
was a major difference between the study by Bunzeck et al. (2010)
study and the current study. Whereas Bunzeck et al. (2010) focused
on the effect of the magnitude difference between the expected re-
ward and the actual reward feedback on memory, our study did not
lead participants to have an anticipation about the reward before
they received the feedback. Future studies should further test the
“adaptive scaling of reward” hypothesis in the current task (e.g.,
to test whether there is the reward effect on the condition of two
reward-predicting stimuli, with the cumulative reward magnitude
was matched with that of the one-target trials).

In conclusion, this study revealed an optimal effect of a medi-
um reward in long-term incidental episodic memory. This result
has two implications for reward and memory research. First, the
current study supported dopaminergic memory consolidation.
Second, the reward magnitude needs to be considered in efforts
to optimize memory and learning.
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