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When people encounter items that they believe will help them gain reward, they later remember them better than others. A

recent model of emotional memory, the emotional context maintenance and retrieval model (eCMR), predicts that these

effects would be stronger when stimuli that predict high and low reward can compete with each other during both encoding

and retrieval. We tested this prediction in two experiments. Participants were promised £1 for remembering some pictures,

but only a few pence for remembering others. Their recall of the content of the pictures they saw was tested after 1 min and,

in experiment 2, also after 24 h. Memory at the immediate test showed effects of list composition. Recall of stimuli that

predicted high reward was greater than of stimuli that predicted lower reward, but only when high- and low-reward

items were studied and recalled together, not when they were studied and recalled separately. More high-reward items

in mixed lists were forgotten over a 24-h retention interval compared with items studied in other conditions, but reward

did not modulate the forgetting rate, a null effect that should be replicated in a larger sample. These results confirm

eCMR’s predictions, although further research is required to compare that model against alternatives.

It is paramount to remember information that can help us attain
our goals. Because memory resources are limited, it is adaptive
for the brain to prioritize experiences that can be leveraged tomax-
imize subjective utility over less-important experiences (Gershman
and Daw 2017). This intuition was expressed by Sherlock Holmes,
ArthurConanDoyle’s timeless protagonist, when, justifying his ig-
norance of astronomy, he remarked that “It is of the highest impor-
tance … not to have useless facts elbowing out the useful ones.”
Holmes’ intuition agrees with rational considerations, which sug-
gests that people should allocate their limited resources to increase
recall of the most valuable information (Anderson and Schooler
1991), yet how the opportunity to maximize utility influences
the cognitive mechanisms that underlie successful recall has not
been fully worked out.

There is substantial evidence from classical and instrumental
conditioning tasks that the immense capacity of encoding (Bjork
and Bjork 1992) are biased toward subjectively valuable informa-
tion. For example, stimuli that predict reward attract preferential
attention (e.g. Austin and Duka 2010; for review, see Le Pelley
et al. 2016; Mather et al. 2016). Since attention is one of the key
drivers of subsequent memory, it is, perhaps, not surprising that
in an experimental setting where participants anticipate that re-
membering some items earns more reward, operationalized
through money or “points,” such items are rehearsed more fre-
quently (Stefanidi et al. 2018) and remembered better (Wittmann
et al. 2005; Ariel and Castel 2014; Lee et al. 2015; Stefanidi et al.
2018; Hennessee et al. 2019). This bias is partially automatic, evi-
dent in that reward can attract attention obligatorily, even against
current goals (Bucker and Theeuwes 2017), and high-reward items
that participants are immediately instructed to forget are neverthe-
less recognized more accurately (Hennessee et al. 2019). Neverthe-
less, there is also an element of top-down control on this bias,
evident in that it is possible for participants to attenuate it by allo-
cating resources to nonrewarding items (Hennessee et al. 2019).
The bias reward exerts on the allocation of encoding resources

clearly agrees with the broad rational analysis of memory, men-
tioned above. However, while the computational and neural as-
pects of motivated memory have been discussed extensively
(Shohamy and Adcock 2010; Lisman et al. 2011; Mather et al.
2016; Mason et al. 2017; Rouhani et al. 2018), less is known about
the cognitive mechanisms (Barsalou 2017) that process signals as-
sociated with reward anticipation to support memory formation,
maintenance, and retrieval. Our main objective in this study,
therefore, is to investigate how reward anticipation influences
memory-relevant cognitive mechanisms.

In this endeavor, it may be helpful to look to the emotional
memory literature for clues. Theories of emotion define it as a re-
sponse to signals that are appraised as goal-relevant (Lazarus
1991; Sander et al. 2005). From this perspective, both a picture
scene that depicts violent crime and a handshake that clinches a
business deal reward can be described as emotionally significant.
Like reward, emotional stimuli also attract preferential attention
(Pourtois et al. 2013), modulate consolidation (Cahill and
McGaugh 1998), and enhance memory (for review, see Ack-Baraly
et al. 2017). Although the definition of emotion is controversial
(Barrett 2006; Izard 2010), as is the boundary between emotion
and motivation (Chiew and Braver 2011), it is useful to consider
whether they influence memory through the same cognitive
mechanisms.

The emotional context maintenance and retrieval model
(eCMR) is a variant of retrieved-context models, which was devel-
oped to account for the influence of emotion on free recall (Talmi
et al. 2019). eCMR models emotion reductively through a single
parameter, which was introduced to capture the preferential pro-
cessing resources typically allocated to emotional stimuli
(Pourtois et al. 2013). In addition to their effect on processing re-
sources during encoding, emotional and neutral stimuli are also
thought to differ in the pattern of semantic associations among
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them. However, given that in reward experiments there is no rea-
son to be concerned with particular structures of semantic associa-
tions, it is the influence on attention that will be key here. eCMR
distinguishes between two aspects of the encoding context—the
temporal and the source context (Polyn et al. 2009). The “temporal
context” is a core concept for retrieved-context theory (Howard
and Kahana 2002). The term does not refer to the passage of time
per se (Hintzman 2016), but rather to the sequential nature of en-
coding, whereby the encoded representation of each event reflects
its place in the sequence of events. Thus, the temporal context of
each item is a recency-weighted representation of previous items.
In contrast, the “source context” codes the attributes that one
item shares with others regardless of their place in the sequence.
In an experiment, the source context refers to aspects of encoding
outside its identity. Stimuli such as emotional picture scenes trig-
ger unique cognitive, affective, and physiological changes (Bradley
et al. 1992), and therefore, in emotional memory experiments, the
source context of emotional items is emotional while that of neu-
tral items is neutral. In eCMR (compared with previous retrieved-
context models) the extra attention that participants allocate to
emotional items binds them more tightly to their source context.
When memory is probed with a free recall test, the temporal con-
text of the test allows participants to narrow their memory search
to that of themost recent study set, therebyminimizing intrusions
(Lohnas et al. 2015). When items from the previous set compete
with each other for recall, the one whose encoding context is
most similar to that of the test context is the most likely to be re-
called (Polyn et al. 2009), and its recall biases the test context,
thereby influencing the recall likelihood of subsequent items.
The tighter binding of emotional items to the emotional source
context will enhance their competitive advantage during the test
when they compete against neutral items (Talmi et al. 2019), while
making it difficult to link them to a new context later on (Madan
et al. 2012). This is how eCMR explains the robust findings of
superior recall of distressing scenes and taboo words in typical ex-
perimental settings, where emotional and neutral stimuli are pre-
sented and recalled together, in “mixed” lists. eCMR also
successfully predicts a less intuitive finding—that the recall advan-
tage of emotional items is less pronounced and sometimes disap-
pears altogether when emotional and neutral items are presented
and recalled separately, in “pure” lists (MacKay et al. 2004; Hadley
andMacKay 2006; Talmi et al. 2007; Barnacle et al. 2018). The joint
pattern of recall of emotional and neutral stimuli in mixed and
pure lists is called the emotional list composition effect. eCMR sim-
ulates this effect as a consequence of the interplay between encod-
ing—where emotional items always capture attention, regardless
of the composition of the list, and are thereforemore tightly bound
to their source context—and retrieval effects, where the increased
association strength between emotional items and the source con-
text helps themwin the retrieval competition only against neutral
items, but not against equally strongly bound emotional items. For
the formal definition of these ideas, please see Howard and Kahana
(2002), Polyn et al. (2009), Lohnas et al. (2015), and Talmi et al.
(2019).

Although we developed eCMR to simulate the effects of emo-
tion, the model makes the same prediction for experiments that
manipulate reward, for two reasons. First, as aforementioned,
both emotional and high-reward items attract processing resources
preferentially. Second, the unique aspects of processing either of
these item types—such as appraisal of goal relevance and goal con-
gruence, physiological and phenomenological arousal—can be
construed as rendering their “source context” as unique and distin-
guished from the neutral source context of nonemotional or low-
reward stimuli. For these reasons, eCMRmakes the same prediction
for a list-composition effect for reward as it does for emotion. This
prediction is somewhat counterintuitive, because it seems adaptive

for memory to be best for items that predict “a pound” over those
that predict “a penny.”

eCMRunequivocally predicts that the promise for higher gain
would only result in a recall advantage in the mixed list condition,
but other theoretical positions aremore equivocal.While it isman-
ifestly adaptive to only retain valuable information, rational anal-
ysis may suggest that it could be even more adaptive to retain all
information unless there is a cost to doing so—even if this contra-
dicts the haughty retorts from 221B Baker Street. Rationale consid-
erations may induce participants either to allocate preferential
resources only to high-reward items (resulting in a main effect of
reward, and a null effect of list type), or to all but the low-reward
items in mixed lists (resulting in a list-composition effect).
Theoretical positions that account for the list-strength effect—
essentially, the effect of list composition effects on recall of items
that are strengthened through spaced repetition—predict null ef-
fects of list compositionwhen items are strengthened by capturing
preferential encoding resources (Malmberg and Shiffrin 2005).
Finally, theories that focus on the influence of reward at the main-
tenance stage (Shohamy and Adcock 2010; Lisman et al. 2011) are
often silent about immediate effects, although they predict a main
effect of reward on delayed recall.

So far, eCMR has only been tested against results of experi-
ments with negatively valenced emotional materials. We are not
aware of any previous studies of the list-composition effect with
positively valenced stimuli, nor with items that predict reward ex-
plicitly and thus may also be perceived as positively valenced.
List-composition effects have been reported for other types of ma-
terials that attract special elaboration during encoding (McDaniel
and Bugg 2008), and for stimuli that are repeated multiple times
within a study set (Ratcliff et al. 1990), but not for stimuli that
are studied for longer durations, for mass-repeated items, and for
deeply encoded items (Malmberg and Shiffrin 2005). Here we
test the prediction of eCMR, that reward will give rise to the list
composition effect, for the first time.

We tested this hypothesis by examining recall of picture stim-
uli whose later recall explicitly predicts high or low reward, and
that were encoded in pure and mixed lists. In two experiments,
our participants viewed lists of neutral pictures that were presented
framed or unframed. They knew that they could gain larger mon-
etary reward by recalling framed items on later test. The criticalma-
nipulation was the arrangement of framed and unframed items in
the list, such that some lists included both item types (mixed) and
some only one (pure). The frame provides a clear signal of which
individual stimulus should be prioritized (Mather and Sutherland
2011; Mather et al. 2016). The main aim of experiment 2 was to
provide a conceptual replication of experiment 1 by repeating
the procedure in a new sample, with small changes in methodolo-
gy. It also included a delayed test of the same effect to explore
whether the delayed effect of list compositionwould bemodulated
by reward.

Results

Experiment 1

Simulation results
Because our predictions are based directly on simulations using
eCMR,we begin by using eCMR to simulate experiment 1. The sim-
ulations reported here use the same formal structure described pre-
viously (simulation 2, Talmi et al. 2019). Notably, a post-encoding
distractor is already included in that simulation in themanner typ-
ical for retrieved-context models, simulating additional studied
items that cause temporal context drift but cannot be recalled.
The main difference between previously reported and new
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simulations is the semantic associations of stimuli inmixed lists. In
typical emotional memory experiments the emotion manipula-
tion is implemented by introducing a single “emotional” category
and a single “neutral” category in each of the mixed lists, thereby
creating a particular pattern of semantic associations (see, for ex-

ample, Fig. 1,middle panel). In contrast, in the experiments report-
ed here and most motivated memory experiments the reward
manipulation does not impact upon listwise semantic association
strengths. In keeping with emotional memory experiments, in ex-
periment 1 mixed lists included two semantic categories (we use

Figure 1. Model simulations of the list-composition task. (Top) Schematic of the list composition task. The list composition task comprises of two types of
lists: pure lists with items of only one type, and mixed lists of items of two types. Traditionally, one type of items is “stronger” in some way. Here the two
item types were framed pictures that predicted £1 if recalled and unframed pictures that predicted £0.10 if recalled. These are depicted as squares with
thicker and thinner frames. At the end of list presentation participants recalled all of the items they studied in any order. Here, a brief distractor task inter-
vened between encoding the recall. (Middle) Graphical representation of the hypothetical strength of semantic associations between stimuli in one mixed
list in the current experiments 1 and 2, and, for comparison, in typical emotional memory experiments. Each row/column represents a single item in the
list. Darker shades of gray represent stronger semantic associations. The left matrix models Talmi et al. (2007). Half of the stimuli are negative, arousing
picture scenes (here, the first half rows/columns), and the other half are neutral domestic scenes. Themiddlematrix models experiment 1. This experiment
also included two semantic categories in each list, crossed with the reward manipulation. The first quarter of the stimuli are the framed clothing pictures,
followed by framed stationery pictures, unframed clothing, and unframed stationery. The rightmatrix models experiment 2, where there was only a single
semantic category in each list. Although half the items were framed here, as well, this manipulation did not change their simulated semantic strength.
(Bottom) Results of two simulations of experiment 1 using eCMR.
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the values 0.08 and 0.02 here for within- and between-category as-
sociations, respectively), while in experiment 2 they included only
one semantic category.

The parameter used previously to model the increased atten-
tion to distressing emotional scenes was used here tomodel the in-
creased attention to framed pictures that promised higher reward,
where a value of ϕemot = 1 represents a null effect of reward on atten-
tion. Simulation 1 used ϕemot = 1.25 (the value of this parameter in
simulation 2 of Talmi et al. 2019), and simulation 2 ϕemot = 2.25 to
expose the effect that differential motivational investments might
have on recall. All parameter values are reported in Tables 1 and 2.
eCMR simulates the influence of item type on encoding resources
by allowing ϕemot to modulate the strength of the context-to-item
association (it modulates LCF

SW). Simulations 1b and 2b examine an
alternative, where ϕemotmodulate the ratewithwhich the temporal
context is updated (to modulate b

temp
enc ).

The bottom panel of Figure 1 depicts the results of the simu-
lations. Simulations 1a and 2a show even when the list comprises
of two semantic categories, as in experiment 1, the model still pre-
dicts that the reward manipulation will elicit a list composition
effect. Increasing the potency of the reward manipulation (by in-
creasing ϕemot in 2a compared with 1a) only influenced the mixed
list condition, where it increased the recall of high-value items and
decreased the recall of low-value items. Comparing Figures 1 and 2
show that the lower value of ϕemot in simulation 1a provided a bet-
ter qualitative fit to the average recall data than the value used in
simulation 2a. In contrast, simulations 1b and 2b did not capture
the emotional list composition effect; the increased drift between
items led to decreased recall of the in mixed lists in comparison
with pure lists. When the effect of emotion was made stronger
(by increasing ϕemot in 2b compared with 1b), the increase in con-
textual drift between items did not decrease the recall of emotional
items as much as that of neutral items.

Experimental results
All participants complied with the instruction for minimum dis-
tractor task performance. Testing memory with free recall is more
straightforward when the stimuli are words, because then it is
more obvious when participants did or did not recall a target.
Scoring recall of picture stimuli is more open-ended. Regardless
of the specific instructions participants receive, we cannot be
sure that they have retrieved more than a gist of the picture. In
our previous work, we asked participants to describe a picture
with a short sentence in order to distinguish it from all others.
Here we required participants to provide three details about each
picture in order for the response to be scored as correct. These in-
structions remove instances where participants only have a very
weak memory of item gist. The benefit of the current instructions
is that they are clearer to participants and thus decrease measure-
ment error and interindividual variance. In accordancewith the in-
structions given to participants, picture recall was scored as
“correct” if participants recalled at least three correct details about
a picture (disregarding participants’ own parsing of details with
commas). Two raters coded the recall data independently.
Although what counts as “detail” was not defined absolutely, the
raters shared a practical understanding of what counted as a detail,
evident in high interrater reliability (Cronbach’s α=0.96).

Discrepancies in their scoring and they were resolved through dis-
cussion. Given that here, participants knew they would only be
scored as correct if they retrieved three details, some of them
maynot have even attempted recall if they only had a single detail.
Therefore, a score of 0 for any recall could mean either nomemory
at all, or memory that is not strong enough. The proportion
of correct recalls was calculated for each condition (out of 16 in
the two pure list conditions, and out of eight in the mixed list con-
dition). Items that could not be confidently assigned to the preced-
ing list were coded as intrusions (combining unstudied items and
items from other lists). Three paired t-tests compared the average
intrusions for pure low-reward and pure high-reward, and each
pure list to the mixed list. No significant differences were found,
t<1.

The statistical analysis of average recall follows exactly on the
analytic approach we have used in previous work. That work led to
the prediction that we would find an interaction between list type
and reward. Therefore, the four comparisons that ensue—within
lists (high vs. low reward, in pure and mixed lists separately) and
across lists (high and low reward in mixed vs. pure lists)—are all
planned contrasts. To be conservative we corrected these for fam-
ilywise error by using a Bonferroni-corrected P-value threshold of
P< 0.0125.

Average recall across experimental conditions was just under
50%, the level expected based on computational models of recall
(Naim et al. 2020). The average recall of mixed lists, collapsing
across reward (M=41.27, SD=12.48) was numerically lower than
the average recall of unrewarded pure lists (M=43.86, SD=
13.79). The average free recall data from each of the conditions
are depicted in Figure 2. They were analyzed with a 2(list: pure,
mixed) × 2(reward: high, low) repeated-measures ANOVA. The ef-
fect of list type was not significant, but the interaction with reward
was significant, F(1,28) = 20.09, P<0.001, ηp

2 = 0.42, qualifying the
significant main effect of reward, F(1,28) = 10.71, P<0.001, ηp

2 =
0.28. These results reveal a reward-dependent list-composition ef-
fect. Planned paired t-tests showed that the effect of reward was
only significant in the mixed list condition, t(28) = 4.38, P< 0.001,
Cohen’s d=0.81. There was no significant difference between re-
call of pure lists, t<1, or betweenmemory for high-rewarded items
in mixed and pure lists, t(28) = 1.69, P>0.1, Cohen’s d= 0.38
Low-rewarded items were recalled less well in mixed lists, t(28) =
4.72, P<0.001, Cohen’s d=0.88.

Experiment 2

Simulation results
We begin by using eCMR to simulate experiment 2. The simula-
tions reported here use ϕemot = 2.25, as in simulation 2a, because
they provided a better qualitative fit to the mixed list results of ex-
periment 2 than the value used in simulation 1a. The simulation
used the list structure of experiment 2, where there is only one
semantic category in each list. Simulation 3models the immediate
test results of experiment 2. Simulation 4 decreases the ability of re-
called items to retrieve the temporal context of their encoding, and
simulation 5 also decreases the ability of recalled items to retrieve
the source context of their encoding. Simulation 6 did all of this
but also added a diminished weighting of the temporal context

Table 1. Fixed parameter values in simulations

Parameter b
temp
enc bemot

enc γFC s η τ ϕs ϕd κ λ d βdist

Value 0.4 0.588 0.898 2.780 0.159 0.174 1.070 0.981 0.11 0.45 0.3 0.976

Note. Superscripts to β: (temp) Temporal context, (emot) emotional context. Subscripts to β: (enc) Encoding, (dist) distractor.
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in recall. All four operationalizations of delay resulted in a list-
composition effect (Fig. 3).

Distractor task performance
Because someparticipants did not complywith the instructions for
the distractor task, performance was analyzed in more detail. On
average, participants made 0.26 errors (SD= .36) and solved 14.49
(SD=4.62) math problems correctly.

Picture recall
Recall was scored by the experimenter as “correct” if participants
recalled at least three correct perceptual or semantic details about
a picture. When the experimenter (DK) identified that an experi-
mental picture was recalled, she noted its output order and reward
value in a table. Intrusions were not coded. Average immediate re-
call across experimental conditions was lower than that we ob-
served in experiment 1, potentially indicative of decreased
motivation during encoding on part of this sample, or due to the
faster presentation rate. Recall averaged ∼26% in the immediate re-
call, 20% in the delayed recall of pictures already recalled in session
1, and only 9% of pictures that were only recalled for the first time
in session 2. The average free recall data were analyzed with a 2 (de-
lay: immediate, delayed)× 2 (list: pure, mixed) × 2(reward: high,
low) repeated-measures ANOVA. This analysis only includes lists
that were tested once—either immediately (session 1) or only after
a delay (only tested in session 2), not lists that were tested in both
sessions. The three-way interaction was significant, F(1,29) = 13.83,
P<0.001, ηp

2 = 0.32. Using the same analysis, but including only in-
cludes lists that were tested twice—both immediately (session 1)
and after a delay (only tested in session 2), we found that as for
the once-recalled data, the three-way interaction was again signifi-
cant, F(1,29) = 5.13, P<0.001, ηp

2 = 0.15. We unpacked these interac-
tions to examine whether the list composition effect can be
detected immediately and whether it persists after a delay.

Immediate recall
The first analysis was a “list by reward” repeated measures ANOVA
that focused on average recall in the immediate condition; these
data are depicted in Figure 2. Its aim was to examine whether
this experiment replicated experiment 1. The effect of list type
was not significant, F<1, but the interaction with reward was sig-
nificant, F(1,29) = 30.05, P<0.001, ηp

2 = 0.51, qualifying the signifi-
cant main effect of reward, F(1,29) = 20.06, P<0.001, ηp

2 = 0.41,
which was also observed in experiment 1. Planned paired t-tests
showed that as in experiment 1, the effect of reward was only sig-
nificant in the mixed list condition, t(29) = 6.60, P<0.001, Cohen’s
d=1.20, where participants again recalled high-rewarded items ear-
lier than low-rewarded items. In contrast, there was no significant

difference between the recall of the two pure lists, t<1. To increase
sensitivity to effects that may take place at the beginning of the
pure list, we analyzed the recall of pure lists as a function of serial
position (Fig. 4), but found no significant effects (reward: F<1; se-
rial position: F(1,15) = 1.43, P= 0.13; interaction: F<1).

As in experiment 1, low-rewarded items were recalled less well
in mixed compared with pure lists, t(29) = 4.44, P<0.001. However,
while in experiment 1 high reward did not increase memory, here
recall of high-rewarded items was better than their recall in pure

Table 2. Variable parameter values in simulations 1–5

Parameter

Talmi
et al.
2019 1 2 3 4 5 6

ϕemot 1.25 1.25 2.25 2.25 2.25 2.25 2.25
b
temp
rec 0.51 0.51 0.51 0.51 0.05 0.05 0.05

bemot
rec 0.588 0.588 0.588 0.588 0.588 0.05 0.05

LCFtw 0.3 0.3 0.3 0.3 0.3 0.3 0.1
LFCwt 0.898 0.898 0.898 0.898 0.898 0.898 0.1

Note. Superscripts to L: (CF) Context to item, (FC) item to context.
Subscripts to L: (tw) Temporal context to item, (wt) item to temporal
context, (emot) emotional, (rec) recall, (dist) distractor.

A

B

C

D

Figure 2. Average free recall as a function of reward and list composi-
tion. High and low reward are presented in dark and light gray, respective-
ly. Error bars correspond to the standard error. (A) Immediate memory test
in experiments 1. (B) Immediate memory test in experiment 2. (C) Delayed
memory test in experiment 2 for lists that were only tested once. (D)
Delayed memory test in experiment 2 for lists that were tested twice.
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lists t(29) = 4.32, P< 0.001. The average recall of mixed lists,
collapsing across reward, M=26.45, SD=10.10, was equivalent
to the average recall of unrewarded pure lists, M=26.25, SD=
9.34, t<1.

Delayed recall—tested once
The second analysis was a list-by-reward repeated-measures
ANOVA. It focused on average recall in the delayed condition for
pictures that were only recalled once (see also Fig. 2). The list com-
position effect was less pronounced in this condition. Indeed, after
a delay the interaction between list type and reward was not statis-
tically significant, F(1,25) = 3.40, P=0.08, ηp

2 = 0.12, while the effect
of reward was significant, F(1,25) = 17.39, P<0.001, ηp

2 = 0.41, and
the effect of list was not significant, F<1. Nevertheless, planned
paired t-tests showed that the effect of reward was only significant
in the mixed list condition, t(25) = 3.54, P<0.01, Cohen’s d=0.69,
with amoderate-to-large effect size, but the same trendwas not sig-
nificant in the pure list condition, t(25) = 1.22, P=0.23, Cohen’s d=
0.23, and had a small effect size. The average recall of mixed lists,
collapsing across reward, M=9.61, SD=5.98, was equivalent to
the average recall of unrewarded pure lists, M=7.93, SD=6.97,
t(25) = 1.09, P=0.29.

Delayed recall—tested twice
The results of the delayed recall test in this conditionmimicked the
results of the immediate recall, showing that the list-composition
effect persisted over 24 h. The effect of list type was not significant,
F<1, but the interaction with reward was significant, F(1,29) =
22.89, P<0.001, ηp

2 = 0.44, qualifying the significant main effect
of reward, F(1,29) = 14.07, P<0.001, ηp

2 = 0.33.

Linear effect of forgetting
The significant three-way interaction between delay, reward and
list type suggests that the number of items “lost” over 24 h differed
among the four list types. We refer to this result as the influence of
reward on linear forgetting. In order to understand this influence
better, we unpack the three-way interaction with four separate

delay-by-reward ANOVAs. The results of
the analysis that included items that par-
ticipants recalled once, either in session 1
or 2, and the analysis that included items
that participants recalled twice, both im-
mediately (session 1) and after a delay
(only tested in session 2), yielded very
similar results, and will therefore be re-
ported together.

The analysis of pure lists found
a significant effect of delay, (once-
recalled: F(1,29) = 130.07, P<0.001, ηp2=
0.82, twice-recalled: F(1,29) = 48.52, P<
0.001, ηp

2 =0.63), but no other significant
effects (all F<1). The analysis of mixed
lists produced a different pattern. While
the main effect of delay was again signifi-
cant (once-recalled: F(1,29) =115.08, P<
0.001, ηp

2 =0.80, twice-recalled: F(1,29) =
52.47, P<0.001, ηp2=0.64), the main ef-
fect of reward was also significant, (once-
recalled: F(1,29) = 48.69, P<0.001, ηp

2 =
0.63, twice-recalled: F(1,29) = 46.28, P<
0.001, ηp

2 =0.61), as was the interaction,
(once-recalled: F(1,29) = 13.80, P<0.001, ηp

2

=0.32, twice-recalled: F(1,29) = 6.49, P=
0.016, ηp

2 =0.18). In both cases, the signifi-
cant interaction stemmed from a greater loss of high-reward items
than low-reward items in mixed lists (Fig. 5).

Proportional forgetting rates
The number of items lost over time is a simple, intuitivemetric, but
it had been criticized (Loftus 1985; Slamecka 1985), and a variety of
forgetting scores have been proposed (Wixted 1990). Because here,
immediate recall performance differed between conditions, it was
imperative to examine whether rewardmodulated forgetting rates,
taking immediate performance into account. Proportional forget-
ting scores were computed for each list-by-reward condition. This
calculationwas carried out both for lists that were tested once—im-
mediately or after a delay, that is, in session 1 or 2, but not both,
and for lists that were tested twice, in both sessions 1 and 2. The
calculation followed the formula:

average immediate recall− average delayed recall)/(average
immediate recall + average delayed recall).

Figure 3. Model simulations of experiment 2. The leftmost simulation models immediate recall. The
nested simulations to the right add additional facets of delayed memory, in order: a decreased ability to
retrieve the temporal context, a decreased ability to retrieve the source context, and a decreased weight-
ing of the temporal context.

Figure 4. Recall probability as a function of serial position. (Left)
Immediate recall of pure lists in experiment 2. The shaded area represents
standard errors. (Right) Immediate recall of mixed lists in experiment
2. The shaded area represents standard errors.
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As in the d2 discrimination index in animals’ novel-object
recognition tests (Ennaceur and Delacour 1988), the denominator
is a sum of both immediate and delayed recall. The benefit of this
computation here is that it allowed us to avoid excluding some par-
ticipants who had not recalled anything in one of these condi-
tions. However, it still necessitated excluding participants who
did not recall anything both immediately and after a delay in
one of the conditions. Forgetting scores were analyzed with two
separate list-by-reward repeated-measures ANOVA, for the
once-recalled and twice-recalled data (Fig. 5). In total, N=26 and
N=24 were included in these analyses, respectively. The results
of both analyses were very similar: None of the factors were signifi-
cant, all F<1.

Discussion

In two experiments, the results of the immediate recall test
showed that participants recalled significantly more high-value
items than low-value items only when they were studied and re-
called together, in a mixed list, but not when they were studied
and recalled separately, in pure lists. This is the first demonstra-
tion of a list composition effect using an explicit reward manipu-
lation. They replicate the emotional list composition effect,
this time with emotional value operationalized as prediction
of high monetary reward. The reward-based list-composition ef-
fect in average recall aligns with a core prediction of eCMR, de-
picted in simulations reported here and predicted by Talmi
et al. (2019).

The immediate mixed-list results, where reward significantly
influenced average recall, are not new. They corroborate many pre-

vious reports of enhanced immediate free
recall advantage for reward-predicting
items (e.g., Ariel and Castel 2014; Stefa-
nidi et al. 2018). Reward did not increase
free recall in the immediate pure-list con-
dition (noting that the experiments
were not powered to detect small effect
sizes). These results replicate previous ex-
periments where reward,manipulated be-
tween subjects, failed to increase
immediate free recall, cued recall or
source memory (Nilsson 1987; Ngaosu-
van and Mantila 2005; Murayama and
Kuhbandner 2011). Our findings suggest
that those failures may be due to the
between-subject nature of the manipula-
tion of reward in those experiments,
which is similar to our pure-list condi-
tion. The list-composition paradigm,
which was here used with a reward ma-
nipulation for the first time, is superior
to between-subject designs because it al-
lows us to document a replicable influ-
ence of reward anticipation on
immediate memory in mixed lists in the
same participants. The entire pattern
therefore extends the results of Ngaosu-
van and Mantila (2005) and of Nilsson
(1987), where the evidence for the success
of the manipulation of reward was only
documented in subjective ratings ofmoti-
vation. This significant interaction was
replicated in both of the present experi-
ments, and in experiment 2 also in the
twice-recalled delayed data, another ad-

vantage over a replication of null effects in between-subject
designs.

An interesting aspect of our data is the comparison between
the average recall in mixed lists and in what could be considered
a “baseline” condition, the low-reward, pure-list condition. In
agreement with previous findings (Stefanidi et al. 2018), the pres-
ence of reward in mixed lists, while serving to prioritize memory
for high-value items, did not increase memory for the mixed list
overall, compared with baseline. This is because increasedmemory
for high-value items was accompanied by decreased memory for
low-value items in both experiments. This result has implications
for the rational analysis of memory. Taken simplistically, it is al-
ways rational for an individual to recall information that has
high value for them than any other information. However, a ratio-
nal agent should not slavishly recall everything thatwas important
in the past, but rather adapt their retrieval to present goals. Our re-
sults suggest that the goal to maximize rewardmay not increase re-
trieval capacity, but rather bias retrieval to best serve the agent’s
current priorities. Retrieved-context models implement the goal
to maximize reward by using the temporal context of the recall
test to narrow the focus of the memory search to the most-recent
list. With this narrow focus of the memory search, high-reward
items stand out against low-reward items from the same mixed
list, but have no particular advantage against other high-reward
items. Similar ideas about the importance of the relative, rather
than the absolute, distinctiveness of emotional items duringmem-
ory retrieval have been reviewed authoritatively by Schmidt
(1991), and resemble findings from choice experiments using
pain and monetary reward (Nieuwenhuis et al. 2005; Vlaev et al.
2009, 2011). These ideas could be further tested in settings where
the reward landscape changes prior to retrieval.

BA

C

Figure 5. Forgetting of high- and low-reward items over 24 h. (Top) Item lost over a 24-h period.
Separate plots report results for items only tested once immediately and once after 24 h (left), or
twice, both immediately and after a delay (right). Error bars represent the standard error. (Bottom)
Proportional forgetting scores for items only tested once immediately and once after 24 h, or twice,
both immediately and after a delay. Error bars represent the standard error.
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LikeMurayama and Kuhbandner (2011), we also observed that
recall of pure high-reward lists compared with low-reward lists was
only increased after a delay, althoughhere the effect was not statisti-
cally significant. Reward increased the number of items lost after a
delay, but had no effect on the forgetting rate. There are other re-
ports where either emotional value or reward did not modulate
the forgetting rate (Murayama and Kitagami 2014; Koster et al.
2015), and evidence that most cognitive manipulations that in-
crease immediate memory do not attenuate proportional forgetting
rates (Loftus 1985; Slamecka 1985), butno conclusivemeta-analysis.
Murayama and Kuhbandner (2011) had double our sample size (N=
45) and report the size of the delayed effect to be small. Our more
modest sample size in experiment 2, due to the exclusion of partic-
ipants who suspected a memory test, would not have allowed us to
detect a small effect, and the delayed once-recalled data of these re-
maining participants was low, risking floor effects. It is notable that
conclusions from the once-recalled data are supported by the
twice-recalled data, where floor effects are not a concern. In both
analyses, the list composition effect was less pronounced after a de-
lay, an effect that, at face value, aligns best with the hypothesis that
reward attenuates forgetting. However, more high-reward items
than low-reward items were forgotten in the mixed-list condition,
and reward did not alter the number of items forgotten in pure lists.
Neither reward nor the type of list modulated the proportional for-
getting rate. In interpreting the null effect of reward on the forget-
ting rate, we note that our sample size allowed us to detect a
medium effect sizewith >0.8 statistical power. The low level of recall
in the delayed test meant that many participants recalled too few
items to compute various recall organization scores, which could
have helped test some of the more subtle aspects of eCMR, and pos-
sibly differentiate between the operationalizations of delay in simu-
lations 3–6. Tentatively, we conclude that reward does not have a
large effect on forgetting in the list-composition task. Future studies
can use our results to decide on a sample size suitable to detect small
effect sizes. With a larger sample, it would be very interesting to
compare the effect of reward on recall and on recognition memory
tests, which are more prevalent in themotivatedmemory literature.

The replication of the list-composition effect we have obtained
with emotional pictures in our previous work (summarized in Table
1 in Barnacle et al. 2018) and high-reward items here is compatible
with the suggestion that they impact upon the same cognitive
mechanism, through prioritization of goal-relevant stimuli for re-
source allocation (Mather and Sutherland 2011; Mather et al.
2016) that then has varied influences on memory as a function of
the context of recall. This is also reminiscent of findings that un-
signed prediction error, possibly reflecting the initial spike of dopa-
mine released when animals experience stimuli with either
appetitive or aversive motivational salience (Schultz 2016), drives
memory enhancement (Kalbe and Schwabe 2019). However, al-
though present results confirmed a core prediction of the eCMR
model, we suspect that future work will reveal differences between
the impact of the prospect of instrumental positive reinforcement
on cognition (current manipulation) and the impact of other ma-
nipulations of emotional value, which will necessitate revisions of
themodel in future. For example, there are indications that recogni-
tionmemory is affected differently by the influence of monetary re-
ward compared with pain (Dunsmoor et al. 2015; Murty et al. 2016;
Patil et al. 2017), and by actions taken to gain reward, compared
with avoidance of action for the same purpose (Koster et al. 2015).
Even within the domain of positive instrumental reinforcement,
where participants act to gain reward that depends on their perfor-
mance in recall tests, there is already evidence for a dissociation be-
tween actually winning and the mere possibility of winning on
memory (Mather and Schoeke 2011). It is thus important to ac-
knowledge that even if the same model parameter is discovered to
provide the best account of the impact of reward anticipation and

that of negative, intense emotion, this does not imply equivalence
either at the level of cognitive mechanism or at the level of neural
implementation.

A limitation of the work reported here is that we did not mon-
itor how much attention was allocated to each item during encod-
ing. Although we hypothesized that framed items will attract more
attention than unframed items regardless of the composition of
the list, and this assumption is reflected in the simulations, we did
not collect evidence for it. Our data allow us to test one implication
of this assumption: that attention (and reward prediction error) was
greater at the beginning of the high-reward pure list, compared with
later in the list, conferring a special memory advantage on the early
serial positions. This hypothesis wasnot confirmed:Whenwe exam-
ined recall as a function of the serial position of the item in pure lists,
therewasno evidence for increasedmemory for early list items in the
high-reward condition. Measuring attention at encoding could help
distinguish between the theoretical account of eCMR to the list-
composition effect, and alternatives such as increased rehearsal of
high-reward items in mixed lists, or a form of item-method directed
forgetting, where the absence of the frame serves as the forget cue
anddecreases rehearsal of low-reward items.While effects onmassed
rehearsal can be encompassed within the influence of reward on
ϕemot in the current eCMR framework. In contrast, eCMR currently
cannot simulate selective spaced rehearsal. A memory pattern such
as that reported here can stem from selective rehearsal if participants
engage in spaced rehearsal of framed (but not unframed) items in the
mixed list, but in the low-reward pure-list condition they engaged in
spaced rehearsal of all items—perhaps because there is no cost to do-
ing so. Such behavior would concur with the importance of strategic
effects on the value-directed remembering paradigm in Hennessee
et al. (2019), and would imply that the effect of reward is extremely
sensitive to its local list context (Nieuwenhuis et al. 2005). Further
research could test this alternative account either by quantifying at-
tention during encoding, or by examining performance on a final
forced-choice recognitionmemory test,which ismore sensitive to at-
tention at encoding, and less to retrieval biases. Increased final-
recognition accuracy of high-value items regardless of list composi-
tion, together with list-composition effects in immediate recall,
would align with eCMR’s predictions, but not with the selective re-
hearsal account. Although such a study has not been conducted
with a reward manipulation, the list composition effect triggered
by other manipulations is often abolished in recognition tests
(McDaniel and Bugg 2008).

In summary, our experiments show that in some situations,
people recall just as much for a penny as they do for a pound. We
found that memory for reward-predicting information was not
any better than memory for any other information—unless the
two competed during recall. eCMR predicted this pattern, and ex-
plained it as the result of the interplay between encoding and re-
trieval. If eCMR captures the working of participants’ minds,
SherlockHolmesmayhave beenwrong to attribute enhancedmem-
ory for useful facts to what “the skillful workman… takes into his
brain-attic”; namely, only to biased encoding. Given that retrieval
capacity is more limited than storage capacity, the genius detective
may have benefited also from an expert ability to select themost ap-
propriate cues to narrow the search of his brain-attic, so that the
most important facts would come readily to mind.

Materials and Methods

Experiment 1

Participants
In two previous studies, using a similar number of lists/items per
list and emotional/neutral pictures (Barnacle et al. 2016, 2018),
we found that the “list type by emotion” interaction was large
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(the partial η2 was 0.33 and 0.61, respectively; Richardson 2011 de-
fines a partial η2 > 0.1379 as “large”). Using Gpower (Faul et al.
2007), we calculated that N=23 participants were required to
achieve 95% statistical power to detect an interaction with a large
effect size (assuming a correlation between repeated measures of
0.2). Twenty-nine participants took part in experiment 1 (28 wom-
en, one man, age range 18–21). This final sample size allows us to
detect amedium effect sizewith >0.8 statistical power. All were stu-
dents, who received course credits for participation. To be eligible
participants were required to have normal or corrected-to-normal
vision. Participants could take part if they were between 18 and
35 yr old, but not if they had past or current neurological or psychi-
atric problems, were taking centrally acting medications, or any
nonprescription recreational drugs. The project gained ethical ap-
proval from the University of Manchester Research Ethics
Committee.

Materials
Stimuli consisted of pictures retrieved from freely available data-
bases, including the Bank of Standardized Stimuli (Brodeur et al.
2010, 2014) and from Food-Pics (Blechert et al. 2014; scores for
pictures drawn from the Food-pic database were converted from a
1–100 scale to the BOSS 1–5 scale). Forty-eight pictures of clothing
and 48 pictures of stationery were used; for example, a green hand-
bag, a tweed jacket, a high-heel black shoe with a buckle; a metal
filing cabinet, and a red paper folder. Pictures from these two
semantic categories were matched for familiarity (clothing: M=
4.30, SD=0.32; stationery: M=4.39, SD=0.35) and complexity
(clothing: M=2.29, SD=0.37; stationery: M=2.30, SD=0.49) and
adjusted in size to 280×210 pixels.

The experiment included six lists: two pure lists where all pic-
tures were framed (pure lists, high reward), two pure lists where
none of the pictures were framed (pure lists, low reward), and
two mixed lists, where in each, half the pictures were framed and
the other half unframed. Each list included 16 pictures, with eight
pictures from each semantic category. In the pure-list condition
they were all either framed with a gray square, or unframed. In
the mixed list condition, four pictures from each category were
framed and four unframed, for a total of eight framed and eight un-
framed in the list. The assignment of pictures to conditions was
randomized for every participant.

The experiment was implemented using Cogent200 on a
Matlab platform. In addition, the experiments used nine printed
sheets with 36 easy arithmetic subtraction and addition problems
for the distractor task, with one sheet assigned randomly to each
block.

Procedure
Participants were tested individually, in a quiet room, in the pres-
ence of a single experimenter. After providing informed consent,
the experiment began with instructions and practice and ended
with reward delivery. It comprised of six blocks, with one of the ex-
perimental lists assigned to each block. The allocation of experi-
mental condition to block, the allocation of picture lists to the
picture task in each block, the order of pictures in each list, and
the order of blocks were randomized for each participant. Each
block included a picture task, a distractor task, and a free recall
test. These are described below.

Picture task. In each block participants viewed 16 pictures, which
could be all framed, all unframed, or half framed and half
unframed. The condition of each upcoming list (pure or mixed
frames) was never declared to participants. Participants did not
know in advance how many framed pictures they would see in
any individual block. Each picture was individually presented at
the center of the screen on a white background. It was presented
for 2 sec followed by a blank screen for 3.5, 4, or 4.5 sec
(randomized ISI) before the next picture was presented.

Distractor task. Immediately following the picture task, the screen
displayed the words “math task” and participants were given 60
sec to complete as many arithmetic questions as possible on the
sheet in front of them.

Free recall test. At the end of the distractor task a soft beep was
sounded and the words “Free Recall” were displayed. Participants
were given 3 min to describe in writing each of the pictures they
remembered at any order. They were prompted to keep trying if
they stopped before the time. A beep signaled the start and end
of the memory task.

Instructions. Before the experiment began participants were given
instructions about each of the tasks. For the picture task, they
were asked to view the pictures and try to commit them to
memory. Participants were told that they will earn £1 for
recalling framed pictures, and 10 pence for recalling unframed
pictures, but they were not given any information about the
proportion of framed pictures. Thus, the gain in the high-reward
lists was 10 times higher than the gain in the low-reward lists.
Participants were explicitly told that their goal was to maximize
their monetary reward. For the Distractor task, they were
informed that to qualify for reward they must (1) complete at
least eight questions and (2) answer correctly two questions that
are randomly selected for checking. For the free recall test,
participants were asked to describe each of the pictures they
could recall by writing three details about the picture, separated
by a comma. They were shown two pictures and given the
following examples: “A plant, spikey green leaves, in green pot”
and “plastic elephant, purple, facing right.”

In previous studies of recall of complex picture scenes we did
not mandate a particular number of details, but this requirement
was introduced here after piloting, because of the nature of the
stimuli we used, which were simpler and more interrelated than
thosewe used in previous experiments. Indeed, some stimuli could
be considered subordinates of the same basic-level exemplars (e.g.,
two types of shirt) (Rosch et al. 1976), so that without this instruc-
tion, a participant might have responded with the single word
“shirt” to refer to a number of list items (e.g., a folded, purple-
checked shirt and a short-sleeve, blue T-shirt on a hanger). The re-
quirement to report three details helped minimize responses that
could not be confidently assigned to a particular picture.
However, we did not wish to be overly prescriptive with this in-
struction and therefore told participants that anything at all about
the picture counted as a “detail,” including perceptual (the color or
orientation of an object), or semantic (an old-fashioned or an
expensive-looking object). We assumed that most participants
who really did recall the specific picture of the blue T-shirt would
be able to describe it as a “blue (detail 1) T (detail 2) shirt (detail
3)” rather than just a “shirt.”

Practice. After the instructions were delivered, participants practiced
each of the tasks using a set of 16 additional pictures (three
framed). During the practice block a lower reward rate was in
effect (10 pence vs. one penny). At the end of the practice block
participants were given feedback about their performance and
paid any money they earned.

Reward delivery. At the end of the session, one block was selected
randomly, and participants who qualified for reward, based on
their performance on the distractor task, were paid according to
their free recall performance (no participant failed to comply
with the reward eligibility criteria on the distractor task). They
were debriefed and thanked.

Experiment 2

Comparison between experiments 1 and 2
In experiment 2 we needed to provide participants with cues that
should help them, during the delayed test, to constrain their mem-
ory search to a single study list. We reasoned that participants
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might be confused if we asked them to recall the first, second, or
third list. In contrast, it is natural to address lists by their content.
Therefore, in experiment 2 each study list included items from a
single semantic category, with the category label presented before
the first item of each list. Participants were tested only on half of
the lists immediately. During the delayed test they were given
the label of each list in turn, for example, they were asked to recall
“the list of animals.”

The added manipulation of time delay decreased the number
of items participants could recall in each condition. In experiment
1 there were two data points in each condition (two pure lists in
each reward condition—a total of 32 items per condition; and
two mixed lists—a total of 16 items per condition). To avoid halv-
ing the number of items per condition and the concomitant poten-
tial increase inmeasurement error, we increased the number of lists
from six to eight. This also allowed us to equate the number of
items participants studied in each condition (now 16 in each
cell). Finally, in order to decrease rehearsal effects, we shortened
the ITI, introduced a cover story and a manipulation check.
Other than these changes, the methodology of experiment 2 re-
sembled that of experiment 1.

Participants
Participants in experiment 2 were recruited from the local commu-
nity through advertising. They took part in two experimental ses-
sions and received £14 for their time and effort. We told
participants explicitly that they could only qualify for reward if
they did not make mistakes in the distractor task. We excluded
two participants whomademore than two errors on average across
all lists. These participants were statistical outliers, with 5.63 and
2.25 errors, which exceeded the interquartile range by more than
three SDs (the average and SDs of the performance of the final sam-
ple are provided in the results section). Of the remaining sample,
nine participants indicated they expected amemory test in session
2, and three of these nine stated they have rehearsed the pictures in
preparation for this (see “Session 2,” below). These three partici-
pants were excluded from the analysis to avoid contaminating
the forgetting rate data. The final sample included 22 women
and eightmenwhowere 19–35 yr old. Our sample size calculations
were based on the same considerations as for experiment 1. The fi-
nal sample size allows us to detect a medium effect size with >0.8
statistical power.

Materials
Stimuli consisted of 16 ×9 pictures from nine different categories:
clothing, animals, cityscapes, food, household objects (non-
kitchen), kitchen objects, landscapes, office items, and people.
For example, a stream in an autumnal field; a pigeon on a low brick
fence; a black swivel chair. Theywere drawn from the same sources
as in experiment 1, as well as the Nencki Affective Picture System
(Marchewka et al. 2014), ImageNet (http://image-net.org), and
Internet sources. None had an overt emotional tone.While catego-
ries and pictures differed onmultiple attributes, theywere random-
ly assigned to conditions for each participant, eliminating the
danger of systematic error. The Clothing list was always used in
the practice block; otherwise, allocation of list to condition was
randomized for each participant.

Each list included 16 pictures, all of which belonged to a sin-
gle semantic category. In the pure list condition, all pictures were
either framed or unframed; in the mixed list condition eight pic-
tures were framed and eight unframed.

Procedure
Participants in experiment 2 took part in two sessions, 24 h apart.
The procedure of session 1 was almost identical to the procedure of
experiment 1 other than the differences noted below. Session 2 in-
cluded a delayed free recall test of each of the blocks encoded in ses-
sion 1.

Session 1. Session 1 included eight blocks. Each block began with a
screen stating the semantic category of the pictures in that block,
for example, “landscapes,” which participants could view as long
as they wished. Four blocks included pure lists (half high-reward
and half low-reward), and four included mixed lists. Only half of
the blocks in each condition ended with a free recall test. The ITI
was eliminated, so pictures followed each other with no time
gap, other than the last picture, which, due to experimenter
error, followed an ITI of 3.5–4.5 sec. As in experiment 1, the list
condition (pure, mixed, high, or low reward) was never declared
to participants.

Cover story in session 1. Participants received the same instructions as
participants in experiment 1, and the same example pictures, but
the details given with the second picture were slightly altered to
“plastic toy, elephant, purple” because the detail “facing right”
led to some participants using object orientation in their recall,
which was sometimes tricky to verify. Additional instructions
were appended at the end. The purpose of the additional
instructions was to equate the nature of encoding across blocks
allocated to the immediate and delayed recall condition, and to
decrease the likelihood of rehearsal between session1 and session
2. Participants were told that in some blocks, the immediate free
recall test will be omitted. Furthermore, they were told that one
of these blocks would be selected for a delayed free recall test at
the end of session 1. To maintain credibility, session 1 always
began with a bogus, additional practice block, which appeared to
participants to be part of the experiment, and ended with a
delayed free recall test of pictures from that block. The practice
block always used the same Clothing list. In the delayed test at
the end of session 1 participants were reminded they saw a list of
“clothing” and asked to recall the items from that list. Data from
this test were not analyzed. The session ended with reward
delivery as in experiment 1. We hoped that the inclusion of a
delayed memory test in session 1 would discourage participants
from expecting another one in session 2. Finally, participants
were told that session 2 will include different tasks in session 2.

Session 2. The session began with a delayed free recall test of each of
the eight blocks presented in session 1. Participants were shown
the title of the category of a list from one block, and given 4 min
to recall the pictures from that block, before the next title was
presented. Eight titles were presented in total. Note that four of
the tests referred to lists that were never tested before. The other
four tests referred to lists that were already tested in session 1,
immediately after the distractor task that followed list
presentation. Thus, the delayed test in session 2 was the first test
of half of the blocks, but the second test of the other half.
Participants were informed that they would be rewarded for their
recall according to the same schedule and rate. When
participants completed the experimental tasks, they were given
an additional task of picture rating. Data from this task, which
are available on bioRxiv, were collected to help control stimuli in
future experiments, and are not reported here. In the picture
rating task, participants were asked to rate the similarity between
picture pairs on a 1–7 scale. For this rating they were asked to
consider picture content, rather than visual similarity, and to
respond quickly. Participants were shown each category in turn
(the order of categories was counterbalanced) and, within each
category, all possible pairs between the 16 pictures (the order of
pairs was random). In all, participants rated 120 pairs in each
category, a total of 1000 ratings. At the end of the session
participants were asked whether they expected a memory test,
and if they answered in the affirmative, whether they made any
notes or rehearsed pictures in their head. Then they were paid,
debriefed, and thanked.

Acknowledgments
D.T. was supported by the Royal Society (IE160027). D.K. was sup-
ported by the University of Manchester Learning Through
Research initiative. N.D.D. was supported by grant DA038891

Reward-based list composition effects

www.learnmem.org 454 Learning & Memory

 Cold Spring Harbor Laboratory Press on November 24, 2021 - Published by learnmem.cshlp.orgDownloaded from 

http://image-net.org
http://image-net.org
http://image-net.org
http://image-net.org
http://image-net.org
http://learnmem.cshlp.org/
http://www.cshlpress.com


from National Institute on Drug Abuse, part of the Collaborative
Research in Computational Neuroscience program, and grant
57876 from the John Templeton Foundation. We thank
Charlotte Ho, Emma Kavanagh, and Rebecca Lawless for collecting
the data for experiment 1.

References
Ack-Baraly KT, Davidson PSR, Hot P, Talmi D. 2017. How emotional arousal

enhances episodic memory. In: Learning and memory: a comprehensive
reference (ed. Byrne JH), pp. 295–324. Academic Press, Cambridge,
Massachusetts. doi:10.1016/B978-0-12-809324-5.21051-1

Anderson JR, Schooler LJ. 1991. Reflections of the environment in memory.
Psychol Sci 2: 396–408. doi:10.1111/j.1467-9280.1991.tb00174.x

Ariel R, Castel AD. 2014. Eyes wide open: enhanced pupil dilation when
selectively studying important information. Exp Brain Res232: 337–344.
doi:10.1007/s00221-013-3744-5

Austin AJ, Duka T. 2010. Mechanisms of attention for appetitive and
aversive outcomes in Pavlovian conditioning. Behav Brain Res 213: 19–
26. doi:10.1016/j.bbr.2010.04.019

Barnacle GE, Montaldi D, Talmi D, Sommer T. 2016. The list-composition
effect in memory for emotional and neutral pictures: differential
contribution of ventral and dorsal attention networks to successful
encoding. Neuropsychologia 90: 125–135. doi:10.1016/j.
neuropsychologia.2016.06.023

Barnacle GE, Tsivilis D, Schaefer A, Talmi D. 2018. Local context influences
memory for emotional stimuli but not electrophysiological markers of
emotion-dependent attention. Psychophysiology 55: e13014. doi:10
.1111/psyp.13014

Barrett LF. 2006. Are emotions natural kinds? Perspect Psychol Sci 1: 28–58.
doi:10.1111/j.1745-6916.2006.00003.x

Barsalou LW. 2017. What does semantic tiling of the cortex tell us about
semantics? Neuropsychologia 105: 18–38. doi:10.1016/j
.neuropsychologia.2017.04.011

Bjork RA, Bjork EL. 1992. A new theory of disuse and an old theory of
stimulus fluctuation. In From learning processes to cognitive processes:
essays in honor of William K Estes, vol. 2 (ed. Healy AF, et al.), pp. 35–67.
Erlbaum, Hillsdale, NJ.

Blechert J, Meule A, Busch NA, Ohla K. 2014. Food-pics: an image database
for experimental research on eating and appetite. Front Psychol 5: 617.
doi:10.3389/fpsyg.2014.00617

Bradley MM, Greenwald MK, Petry MC, Lang PJ. 1992. Remembering
pictures: pleasure and arousal in memory. J Exp Psychol Learn Mem Cogn
18: 379–390. doi:10.1037/0278-7393.18.2.379

Brodeur MB, Dionne-Dostie E, Montreuil T, Lepage M. 2010. The bank of
standardized stimuli (BOSS), a new set of 480 normative photos of
objects to be used as visual stimuli in cognitive research. PLoS One 5:
e10773. doi:10.1371/journal.pone.0010773

Brodeur MB, Guérard K, Bouras M. 2014. Bank of standardized stimuli
(BOSS) phase ii: 930 newnormative photos. PLoS One 9: e106953. doi:10
.1371/journal.pone.0106953

Bucker B, Theeuwes J. 2017. Pavlovian reward learning underlies value
driven attentional capture. Atten Percept Psychophys 79: 415–428. doi:10
.3758/s13414-016-1241-1

Cahill L, McGaugh JL. 1998. Mechanisms of emotional arousal and lasting
declarative memory. Trends Neurosci 21: 294–299. doi:10.1016/
S0166-2236(97)01214-9

Chiew KS, Braver TS. 2011. Positive affect versus reward: emotional and
motivational influences on cognitive control. Front Psychol 2: 279.
doi:10.3389/fpsyg.2011.00279

Dunsmoor JE, Murty VP, Davachi L, Phelps EA. 2015. Emotional learning
selectively and retroactively strengthens memories for related events.
Nature 520: 345–348. doi:10.1038/nature14106

Ennaceur A, Delacour J. 1988. A new one-trial test for neurobiological
studies of memory in rats. 1: behavioral data. Behav Brain Res 31: 47–59.
doi:10.1016/0166-4328(88)90157-X

Faul F, Erdfelder E, Lang AG, Buchner A. 2007. G*Power 3: a flexible
statistical power analysis program for the social, behavioral, and
biomedical sciences. Behav Res Methods 39: 175–191. doi:10.3758/
bf03193146

Gershman SJ, DawND. 2017. Reinforcement learning and episodicmemory
in humans and animals: an integrative framework. Annu Rev Psychol 68:
101–128. doi:10.1146/annurev-psych-122414-033625

Hadley CB, MacKay DG. 2006. Does emotion help or hinder immediate
memory? Arousal versus priority-binding mechanisms. J Exp Psychol
Learn Mem Cogn 32: 79–88. doi:10.1037/0278-7393.32.1.79

Hennessee JP, Patterson TK, Castel AD, Knowlton BJ. 2019. Forget me not:
encoding processes in value-directed remembering. J Mem Lang 106: 29–
39. doi:10.1016/j.jml.2019.02.001

Hintzman DL. 2016. Is memory organized by temporal contiguity? Mem
Cognit 44: 365–375. doi:10.3758/s13421-015-0573-8

Howard MW, Kahana MJ. 2002. When does semantic similarity help
episodic retrieval? Recent years have seen a resurgence of in- terest in the
dynamics of retrieval in free recall. J Mem Lang 46: 85–98. doi:10.1006/
jmla.2001.2798

Izard CE. 2010. The many meanings/aspects of emotion: definitions,
functions, activation, and regulation. Emot Rev2: 363–370. doi:10.1177/
1754073910374661

Kalbe F, Schwabe L. 2019. Beyond arousal: prediction error related to
aversive events promotes episodic memory formation. J Exp Psychol
Learn Mem Cogn 46: 234–246. doi:10.1037/xlm0000728

Koster R, Guitart-Masip M, Dolan RJ, Düzel E. 2015. Basal ganglia activity
mirrors a benefit of action and reward on long-lasting event memory.
Cereb Cortex 25: 4908–4917. doi:10.1093/cercor/bhv216

Lazarus RS. 1991. Emotion and adaptation. Oxford University Press,
New York.

Lee T-H, Greening SG, Mather M. 2015. Encoding of goal-relevant stimuli is
strengthened by emotional arousal in memory. Front Psychol 6: 1173.
doi:10.3389/fpsyg.2015.01173

Le PelleyME, Mitchell CJ, Beesley T, George DN,Wills AJ, Le PelleyM. 2016.
Attention and associative learning in humans: an integrative review.
Psychol Bull 142: 1111–1140. doi:10.1037/bul0000064

Lisman J, Grace AA, Duzel E. 2011. A neoHebbian framework for episodic
memory; role of dopamine-dependent late LTP. Trends Neurosci 34:
536–547. doi:10.1016/j.tins.2011.07.006

Loftus GR. 1985. Evaluating forgetting curves. J Exp Psychol 11: 397–406.
doi:10.1037/0278-7393.11.2.397

Lohnas LJ, Polyn SM, Kahana MJ. 2015. Expanding the scope of memory
search: modeling intralist and interlist effects in free recall. Psychol Rev
122: 337–363. doi:10.1037/a0039036

MacKay DG, Shafto M, Taylor JK, Marian DE, Abrams L, Dyer JR. 2004.
Relations between emotion, memory, and attention: evidence from
taboo stroop, lexical decision, and immediatememory tasks.MemCognit
32: 474–488. doi:10.3758/BF03195840

Madan CR, Fujiwara E, Gerson BC, Caplan JB. 2012. High reward makes
items easier to remember, but harder to bind to a new temporal context.
Front Integr Neurosci 6: 61. doi:10.3389/fnint.2012.00061

Malmberg KJ, Shiffrin RM. 2005. The ‘one-shot’ hypothesis for context
storage. J Exp Psychol Learn Mem Cogn 31: 322–336. doi:10.1037/
0278-7393.31.2.322

Marchewka A, Zurawski Ł, Jednoróg K, Grabowska A. 2014. The Nencki
affective picture system (NAPS): introduction to a novel, standardized,
wide-range, high-quality, realistic picture database. Behav Res Methods
46: 596–610. doi:10.3758/s13428-013-0379-1

Mason A, Farrell S, Howard-Jones P, Ludwig CJH. 2017. The role of reward
and reward uncertainty in episodic memory. J Mem Lang 96: 62–77.
doi:10.1016/J.JML.2017.05.003

Mather M, Schoeke A. 2011. Positive outcomes enhance incidental learning
for both younger and older adults. Front Neurosci 5: 129. doi:10.3389/
fnins.2011.00129

Mather M, Sutherland MR. 2011. Arousal-biased competition in perception
and memory. Perspect Psychol Sci 6: 114–133. doi:10.1177/
1745691611400234

Mather M, Clewett D, Sakaki M, Harley CW. 2016. Norepinephrine ignites
local hotspots of neuronal excitation: how arousal amplifies selectivity
in perception and memory. Behav Brain Res 39: e200. doi:10.1017/
S0140525X15000667

McDaniel MA, Bugg JM. 2008. Instability in memory phenomena: a
common puzzle and a unifying explanation. Psychon Bull Rev 15:
237–255. doi:10.3758/PBR.15.2.237

Murayama K, Kitagami S. 2014. Consolidation power of extrinsic rewards:
reward cues enhance long-term memory for irrelevant past events. J Exp
Psychol Gen 143: 15–20. doi:10.1037/a0031992

Murayama K, Kuhbandner C. 2011. Money enhances memory
consolidation: but only for boring material. Cognition 119: 120–124.
doi:10.1016/j.cognition.2011.01.001

Murty VP, LaBar KS, Adcock RA. 2016. Distinct medial temporal networks
encode surprise during motivation by reward versus punishment.
Neurobiol Learn Mem 134: 55–64. doi:10.1016/J.NLM.2016.01.018

Naim M, Katkov M, Romani S, Tsodyks M. 2020. Fundamental law of
memory recall. Phys Rev Lett 124: 018101. doi:10.1103/
PhysRevLett.124.018101

Ngaosuvan L, Mantila T. 2005. Rewarded remembering: dissociations
between self-ratedmotivation andmemory performance. Scand J Psychol
46: 323–330. doi:10.1111/j.1467-9450.2005.00462.x

Nieuwenhuis S, Heslenfeld DJ, von Geusau NJA, Mars RB, Holroyd CB,
Yeung N. 2005. Activity in human reward-sensitive brain areas is
strongly context dependent. Neuroimage 25: 1302–1309. doi:10.1016/j
.neuroimage.2004.12.043

Nilsson L-G. 1987. Motivated memory: dissociation between performance
data and subjective reports. Psychol Res 49: 183–188. doi:10.1007/
BF00308685

Reward-based list composition effects

www.learnmem.org 455 Learning & Memory

 Cold Spring Harbor Laboratory Press on November 24, 2021 - Published by learnmem.cshlp.orgDownloaded from 

http://learnmem.cshlp.org/
http://www.cshlpress.com


Patil A, Murty VP, Dunsmoor JE, Phelps EA, Davachi L. 2017. Reward
retroactively enhances memory consolidation for related items. Learn
Mem 24: 65–69. doi:10.1101/lm.042978.116

Polyn SM, Norman KA, Kahana MJ. 2009. A context maintenance and
retrieval model of organizational processes in free recall. Psychol Sci 116:
129–156. doi:10.1037/a0014420.A

Pourtois G, Schettino A, Vuilleumier P. 2013. Brain mechanisms for
emotional influences on perception and attention: what is magic
and what is not. Biol Psychol 92: 492–512. doi:10.1016/j.biopsycho
.2012.02.007

Ratcliff R, Clark SE, Shiffrin RM. 1990. List-strength effect: I. Data and
discussion. J Exp Psychol Learn Mem Cogn 16: 163–178.

Richardson JTE. 2011. Eta squared and partial eta squared as measures of
effect size in educational research. Educational Res Rev 6: 135–147.
doi:10.1016/j.edurev.2010.12.001

Rosch E, Mervis CB, Gray WD, Johnson DM, Boyes-Braem P. 1976. Basic
objects in natural categories. Cogn Psychol 8: 382–439. doi:10.1016/
0010-0285(76)90013-X

Rouhani N, Norman KA, Niv Y. 2018. Dissociable effects of surprising
rewards on learning and memory dissociable effects of surprising
rewards on learning and memory. J Exp Psychol Learn Mem Cogn 44:
1430–1443. doi:10.1037/xlm0000518

Sander D, Grandjean D, Scherer KR. 2005. A systems approach to appraisal
mechanisms in emotion. Neural Netw 18: 317–352. doi:10.1016/j
.neunet.2005.03.001

Schmidt SR. 1991. Can we have a distinctive theory of memory?Mem Cognit
19: 523–542. doi:10.3758/BF03197149

Schultz W. 2016. Dopamine reward prediction-error signalling: a
two-component response. Nat Rev 17: 183–195.

Shohamy D, Adcock RA. 2010. Dopamine and adaptive memory. Trends
Cogn Sci 14: 464–472. doi:10.1016/j.tics.2010.08.002

Slamecka NJ. 1985. On comparing rates of forgetting: comment on Loftus
(1985). J Exp Psychol Learn Mem Cogn 11: 812–816. doi:10.1037/
0278-7393.11.1-4.812

Stefanidi A, Ellis DM, Brewer GA. 2018. Free recall dynamics in
value-directed remembering. J Mem Lang 100: 18–31. doi:10.1016/j.jml
.2017.11.004

Talmi D, Luk BTC, McGarry LM, Moscovitch M. 2007. The contribution of
relatedness and distinctiveness to emotionally-enhanced memory. J
Mem Lang 56: 555–574. doi:10.1016/j.jml.2007.01.002

Talmi D, Lohnas LJ, Daw ND. 2019. A retrieved context model of the
emotional modulation of memory. Psychol Rev 126: 455–485. 10.1037/
rev0000132

Vlaev I, Seymour B, Dolan RJ, Chater N. 2009. The price of pain and the
value of suffering. Psychol Sci 20: 309–317. doi:10.1111/j.1467-9280
.2009.02304.x

Vlaev I, Chater N, Stewart N, Brown GDA. 2011. Does the brain
calculate value? Trends Cogn Sci 15: 546–554. doi:10.1016/j.tics.2011.09
.008

Wittmann BC, Schott BH, Guderian S, Frey JU, Heinze H-J, Düzel E. 2005.
Reward-related fMRI activation of dopaminergic midbrain is associated
with enhanced hippocampus-dependent long-termmemory formation.
Neuron 45: 459–467. doi:10.1016/J.NEURON.2005.01.010

Wixted JT. 1990. Analyzing the empirical course of forgetting. J Exp Psychol
Learn Mem Cogn 16: 927–935. doi:10.1037/0278-7393.16.5.927

Received July 8, 2021; accepted in revised form August 31, 2021.

Reward-based list composition effects

www.learnmem.org 456 Learning & Memory

 Cold Spring Harbor Laboratory Press on November 24, 2021 - Published by learnmem.cshlp.orgDownloaded from 

http://learnmem.cshlp.org/
http://www.cshlpress.com


 10.1101/lm.053470.121Access the most recent version at doi:
 28:2021, Learn. Mem. 

  
Deborah Talmi, Deimante Kavaliauskaite and Nathaniel D. Daw
  
through the lens of retrieved context models
In for a penny, in for a pound: examining motivated memory

  
License

Commons 
Creative

.http://creativecommons.org/licenses/by-nc/4.0/described at 
a Creative Commons License (Attribution-NonCommercial 4.0 International), as 

). After 12 months, it is available underhttp://learnmem.cshlp.org/site/misc/terms.xhtml
first 12 months after the full-issue publication date (see 
This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the

Service
Email Alerting

  
 click here.top right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the

© 2021 Talmi et al.; Published by Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on November 24, 2021 - Published by learnmem.cshlp.orgDownloaded from 

http://learnmem.cshlp.org/lookup/doi/10.1101/lm.053470.121
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://learnmem.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/lm.053470.121&return_type=article&return_url=http://learnmem.cshlp.org/content/10.1101/lm.053470.121.full.pdf
http://learnmem.cshlp.org/
http://www.cshlpress.com

