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Abstract

Our memories can differ in quality from one event to the next, and emotion is one important explanatory factor. Still,
the manner in which emotion impacts episodic memory is complex: Whereas emotion enhances some aspects of
episodic memory—particularly central aspects—it dampens memory for peripheral/contextual information. Extending
previous work, we examined the effects of emotion on one often overlooked aspect of memory, namely, temporal
context. We tested whether emotion would impair memory for when an event occurred. Participants (N = 116 adults)
watched videos wherein negative and neutral images were inserted. Consistent with prior work, results showed that
emotion enhanced and impaired memory, respectively, for “what” and “which.” Unexpectedly, emotion was associated
with enhanced accuracy for “when”: We found that participants estimated that neutral images occurred relatively later,
but there was no such bias for negative images. By examining multiple features of episodic memory, we provide a
holistic characterization of the myriad effects of emotion.
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The relationship between memory and emotion has
been a vibrant area of study for decades. Intuitively, we
know that the most impactful and easily recalled memo-
ries are those that are most emotional and meaningful
to us, such as the experience of a natural disaster, a
wedding, or a bad grade. In agreement with such intu-
ition, many laboratory and autobiographical studies
have shown that emotion enhances memory for prior
events (e.g., Cahill & McGaugh, 1995; Kensinger &
Corkin, 2003; LaBar & Cabeza, 2000), often referred to
in the literature as the emotional-enhancement-of-
memory effect. Mechanistically, this effect is linked to
augmented attentional and sensory processing of emo-
tional material (e.g., Talmi et al., 2007; Todd et al., 2012;
for a review, see Todd et al., 2020), in addition to post-
encoding consolidation processes (McGaugh, 2018).
However, the effects of emotion on episodic memory
are not uniform. Indeed, in many studies, an important
distinction is made between the impact of emotion on

the central emotional content per se versus the contex-
tual (or peripheral) information that composes an
event: Whereas emotion can enhance memory for cen-
tral content, it can weaken memory for peripheral infor-
mation (Kensinger et al., 2007) as well as associations
between central and contextual material or their cober-
ence (in laboratory studies, this includes spatial back-
ground, adjacent content in view, or sequential
presentation; Bisby & Burgess, 2014; Kensinger et al.,
2007; Madan et al., 2012, 2017). If you were trekking
through the woods and encountered a snake, you are
likely to remember that you saw a snake, but you may
have difficulties remembering exactly where you saw
it. This effect (namely, reduced associative memory) is
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partially attributed to attentional narrowing: Emotional
content usurps attentional resources at the expense of
surrounding content (Mather & Sutherland, 2011; Talmi,
2013). (Still, attention cannot fully account for this phe-
nomenon; for a discussion, see Bisby et al., 2018.)

The above-mentioned studies focused on emotional
memory for either items or associative spatial or adja-
cent context. Here, we aimed to extend this body of
research by examining the effect of emotion (in this
case, negative emotion) on another important element
of an event: its temporal context. Time, like space, is
an essential dimension of episodic memory (Tulving,
1972), but it has received far less attention in the litera-
ture. Thus, we asked, how is memory for when an event
occurred affected by emotion? Reprising the above
example, if one were to place the hiking event on a
timeline, how well could one situate the encounter
with the snake on that timeline? According to one
hypothesis—which we tested here—negative emotion
will dampen memory for temporal context. We based
our hypothesis, in part, on the perspective that aug-
mented attentional allocation to negative items at
encoding may disrupt processing of temporal features
of an experience (akin to the effects of emotion on
other episodic associations).

In support of our hypothesis, a burgeoning literature
on emotion and temporal memory suggests that its
effects are indeed disruptive. For example, studies
involving temporal order—one index of “when”
memory—suggest that participants are more likely to
recall emotionally arousing content out of order in com-
parison with nonarousing content (e.g., Huntjens et al.,
2015; Maddock & Frein, 2009; but see Schmidt et al.,
2011). Studies examining duration memory likewise
demonstrate that emotion distorts memory for time; in
such studies, emotional experiences, particularly when
negative, are later remembered as having elapsed more
slowly than they actually did (Campbell & Bryant, 2007;
Johnson & MacKay, 2019; Loftus et al., 1987). Other
work shows that emotion disrupts the temporal conti-
guity of recall (i.e., the tendency to recall items in the
order in which they were encoded; Siddiqui & Unsworth,
2011). We note, however, that although the literature
seems to favor an impairing effect of emotion on tem-
poral memory, there are some studies involving list
identification that show that emotion enhances tem-
poral memory (for which list an item appeared on;
also referred to as source memory; D’Argembeau &
Van der Linden, 2005; Rimmele et al., 2012; but see
Minor & Herzmann, 2019), and it is acknowledged that
the effects of emotion on time are likely complex and
nuanced.

In the present preregistered study (https://aspre
dicted.org/p4ci6.pdf), we built on this prior work using

Statement of Relevance

Through memory, humans are able to relive the
past in rich detail. Our memories are crucial to
our sense of self and guide thoughts and actions.
As one important factor, emotion plays a crucial
role in the fidelity of memory, searing in our
minds the best and worst of times. Still, experi-
mental data show that not all the details from
emotional events are preserved in memory. Here,
we probed three aspects of memory for negative
and neutral events: what, when, and which. We
used a laboratory analogue of real-world remem-
bering, in which participants watched videos
designed to mimic aspects of an unfolding real-
life experience. Emotion enhanced memory for
“what” but reduced memory for “which.” Critically,
emotion also altered memory for “when”; partici-
pants estimated that neutral images occurred later,
but negative images were not associated with such
bias. Thus, our results highlight the myriad effects
of emotion on memory.

a novel-timeline (“when”) paradigm (for related meth-
odology, see Montchal et al., 2019). To contextualize
our results in the broader emotional-memory literature,
we simultaneously tested “what” (item recognition) and
in “which” (associative recognition for a spatial context)
memory within the same paradigm, providing a holistic
representation of emotional episodic memories. In a
second experiment, we directly replicated our findings
in an independent sample. Following prior work, we
hypothesized that emotion would augment memory for
what emotional content was previously viewed but
attenuate memory for which unfolding spatial back-
ground that content is placed in. Our novel hypothesis
was that emotion would additionally attenuate memory
for when that content was viewed.

Method

Participants

All participants were University of British Columbia
undergraduate students recruited via the Human Sub-
ject Pool (Sona Systems; https://sona-systems.com),
tested in our laboratory, and given course credit for
participation. The study was approved by the Behav-
ioural Research Ethics Board at The University of British
Columbia. Participants were required to be between
the ages of 18 and 35 years and to self-report fluency
in English to ensure comprehension of the task. We
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Table 1. Properties of the Images From the Nencki
Affective Picture System

Negative images Neutral images

Property M SD M SD

Valence 2.48, 0.40 5.50,, 0.46
Arousal 6.91, 0.39 4.64y, 0.32
Luminance 121.32, 28.86 113.80, 33.57
Contrast 63.12, 11.43 05.44, 12.09
Entropy 7.60, 0.32 7.53, 0.33
Lrath-L 50.08, 1153 46.73, 13.47
L*a*b-A 2.66, 477 1.35, 448
L*a*b-B 7.18, 7.82 5.40, 8.84

Note: Within each row, means with different subscripts differ
significantly (p < .001). L¥a*b refers to the Commission Internationale
de I'Eclairage L*a*b color space. In this system, the L dimension
corresponds to luminance, whereas A and B correspond to channels
that range from red to green and from blue to yellow, respectively
(Tkal¢i¢ & Tasic, 2003). The mean represents the average across all
pixels in the image.

conducted a power analysis based on Madan et al’s
(2017) second experiment. The effect sizes for the
impact of emotion on “what” (Cohen’s d = 0.44) and
“which” (d = 0.52) memory indicated that a sample size
of 56 and 41, respectively, was adequate for detecting
an effect on these aspects of memory (o =.05,1 - f =
.90). Here, we sought to collect data from 60 partici-
pants in each cohort.

In cohort A (n = 60; 42 female), the mean age was
20.89 years (SD = 2.94). One participant’s age was
excluded from the mean because they entered an age
of “2.” We preregistered the study involving cohort A.
We ran a replication study (exact replication), which
involved cohort B, that was not preregistered. In cohort
B (n = 56; 44 female), our replication sample, the mean
age was 20.64 years (8D = 1.96). Cohort B was originally
intended to be another 60 participants, but data collec-
tion was interrupted because of the COVID-19 pandemic;
we shut down all laboratory testing on March 13, 2020.

Materials

Participants completed a general health and demograph-
ics questionnaire used for all studies in our laboratory.
Participants also completed a number of questionnaires
that are not discussed in this article (see the Supple-
mental Material available online).

Video stimuli consisted of 60 video clips, which
were downloaded from YouTube and later edited in
iMovie (Apple, 2019) to 18 s each. The videos dis-
played everyday experiences (e.g., a walking tour, a
street vendor cooking) and were selected to not be too

repetitive or exciting yet interesting enough to maintain
attention.

Image stimuli were selected from the Nencki Affec-
tive Picture System (NAPS) database (Marchewka et al.,
2014). On the basis of the normed ratings from the
database, we selected a total of 60 negative and 60
neutral images (see Table 1 and the Supplemental Mate-
rial). Whereas negative and neutral stimuli significantly
differed in valence and arousal (all ps < .001), they were
matched for low-level visual properties (luminance,
contrast, and entropy; all ps > .13; see Table 1).

To create encoding trials, we inserted half of the
NAPS images into the video clips (one per video) using
iMovie. Each image lasted for 2 s. The assignment of
the images to the video clips was random and was also
counterbalanced across conditions. The time at which
these images were displayed within the video was ran-
domized across trials but restricted to the middle 16 s
of the video (i.e., the image could start no earlier than
2 s into the video and no later than 16 s into the video,
with an image offset no later than 18 s; for further
counterbalancing information, see the Supplemental
Material). The mean image-placement times did not
significantly differ between the conditions, #(58) = 0.14,
p = .89, and they were also counterbalanced across the
negative and neutral conditions (negative: M = 9.73 s,
SD = 4.58; neutral: M = 9.57 s, SD = 4.88). The image
was added into the film sequence (i.e., not superim-
posed into the movie, and the movie was not visible
as a border around the image).

Trials for a recognition-memory (“what”) phase
included the 60 old NAPS images used during encoding
and the remaining 60 new images. The old and new
images were matched in arousal, valence, and the
above-mentioned low-level visual properties (all ps >
.35). To create trials for an associative recognition mem-
ory (“which”) phase, we took a single screenshot from
each video at a random interval (but excluding the first
and last 2 s of the video and 1 s before and after image
presentation), and four screenshots from other viewed
video clips served as lures (see the Supplemental
Material).

Procedure

The memory task consisted of four phases, administered
in the order described below (i.e., the order of phases
in the memory task was not counterbalanced).

Phase 1 (encoding). At encoding, participants were
shown each video clip (with the inserted NAPS image) in
a random order. To maintain participants’ focus, we asked
participants the following question immediately after each
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Phase 1
Encoding

Negative

Judgment of Learning

Neutral

How easy or difficult to pair?

very ; :§ery
easy ifficult

20s

\ 4

Phase 2: “What”
[tem Recognition

Phase 3: “When”
Temporal Judgment

Phase 4: “Which”
Associative Recognition

Fig. 1. Illustration of the procedure for (a) the encoding task and (b) the three memory tasks. In Phase 1, participants saw video clips in
which 2-s negative or neutral images had been inserted. Afterward, they rated how easy or difficult they thought it would be to remember
which video and image were paired. In Phases 2 through 4, participants then judged whether they had seen each image before (“what”),
at what point during the associated video each image had appeared (“when”), and which of five images was taken from the video that had
previously appeared with the target image (“which”). Because of reproduction restrictions, substitute pictures are shown for the negative
and neutral conditions, rather than those from the Nencki Affective Picture System database.

video: “How easy or difficult do you think it will be to
remember this video and image pairing?” They responded
using a slider scale (from very easy to very difficult), and
this served as a judgment of learning rating (e.g., Caplan
et al., 2019; see Fig. 1a). The slider was presented for a
fixed 4 s, followed by a 2-s fixation cross. For complete-
ness, we report analyses of these ratings data in the Supple-
mental Material (this analysis was not preregistered).
Participants were asked to wait for 10 min before starting
Phase 2, during which they were provided with a coloring
sheet (to fill the time; also see the Supplemental Material).

Phase 2 (item recognition; “whbat”). Next, partici-
pants were shown the old and new images in a random
order. Each image was displayed for 4 s, and participants
judged whether the image was old or new by pressing a
key (“Q” for old, “P” for new; see Fig. 1b). Each judgment
was followed by a 2-s fixation cross.

Pbhase 3 (temporal judgment; “when”). In Phase 3, par-
ticipants saw old images (in a random order) accompanied

by a timeline that ranged from 0 to 20 s with two lines
marking each quarter of the timeline. Participants judged
when in the video they had seen the image by clicking
on the appropriate spot on the timeline (see Fig. 1b).
Participants were given up to 8 s to respond, and their
response was followed by a 2-s fixation cross.

Pbhase 4 (associative recognition; “which”). Finally,
participants saw old images (in a random order) sur-
rounded by five screenshots from the encoded videos
presented below the old image. These five screenshots
were the target image and four lure images (placement of
choices was random). Participants were asked to select
the target (i.e., the video that was previously paired with
the image; see Fig. 1b). Participants were given up to 8 s
to respond, and a 2-s fixation cross was displayed
between trials. This five-alternative forced-choice proce-
dure for the associative-recognition test was modeled
after Madan et al’s (2017) methodology.

At the end of the task, participants were debriefed
(see the Supplemental Material).
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Results

All reported analyses conform to those specified in our
preregistration, unless noted. Two participants in cohort
A and one participant in cohort B (our replication
cohort) were excluded from the reported results
because preliminary analyses indicated poor perfor-
mance in the item-recognition task (Phase 2), and mean
accuracy was collapsed across both conditions below
3 standard deviations from the mean. These three par-
ticipants were also the only ones with mean accuracy
below 60% (50% corresponded to chance performance).
An additional participant was excluded from cohort A
because the experimenter erroneously restarted the
experiment after the participant had seen some of the
stimuli. Although we report parametric statistics, we
reran analyses using nonparametric tests (related-
samples Wilcoxon signed rank test, as noted in our
preregistration) because of violations of normality for
some variables, and the results did not change.

Pbhase 2 (item recognition; “what”)

For each participant, d' was calculated and analyzed
(the same pattern of results was observed for accuracy,
but we preregistered only the analysis of d'). A paired-
samples ¢ test showed that participants in cohort A
performed better in the negative (M = 3.28, SD = 0.93)
than the neutral (M = 2.58, SD = 0.86) condition, #(56) =
8.07, p <.001, d =1.07, as predicted. That is, emotional
images were remembered better. This effect was repli-
cated in cohort B (negative: M = 3.02, SD = 0.83; neu-
tral: M = 2.35, SD = 0.82), #(54) = 6.80, p < .001, d =
0.92 (see Fig. 2, which shows accuracy scores to ease
interpretation).

We also examined ¢ (response bias), although this
was not a preregistered analysis. A paired-samples ¢
test showed that greater bias was present in the nega-
tive (M = 0.18, SD = 0.34) than the neutral (M = 0.41,
SD = 0.38) condition in cohort A, #(56) = 4.23, p < .001,
d = 0.56. This effect was replicated in cohort B (nega-
tive: M = 0.14, SD = 0.32; neutral: M = 0.30, SD = 0.31),
1(54) = 3.10, p = .003, d = 0.42. Thus, participants were
more likely to endorse any item as old in the negative
condition.

Pbhase 3 (temporal judgment; “when”)

Accuracy was assessed by first subtracting each partici-
pant’s response along the timeline from the actual time
when the image was placed in the video for each trial
(i.e., the amount of error in their estimate) and then
averaging across trials for each participant, per our
preregistration. In this analysis, scores that lie closer to

zero indicate better performance. A paired-samples ¢
test showed that participants in cohort A performed
better in the negative (M = 0.14, SD = 1.58) relative to
the neutral (M = 0.75, SD = 1.36) condition, #(56) = 3.62,
p=.001, d=0.48, contrary to our prediction. This effect
was replicated in cohort B (negative: M = -0.12, SD =
1.16; neutral: M = 0.72, SD = 1.11), #(54) = 4.62, p <
.001, d = 0.62 (see Fig. 3, left). The larger mean for the
neutral condition can be interpreted as participants
estimating that the item occurred later in time than it
actually did. An analysis (not preregistered) examining
temporal memory that was conditional on successful
item recognition (i.e., hits) showed a similar pattern in
both cohort A, #(56) = 3.61, p = .001, d = 0.48, and
cohort B, #(54) = 4.33, p < .001, d = 0.58.

To better assess these responses, we aggregated
data across participants and examined the resulting
empirical cumulative distribution functions (CDFs; the
approach detailed in this paragraph was not preregis-
tered but was performed to increase clarity of the
results). The x-axis position of the rise in the CDF
indicates whether there is a bias in responding earlier
or later for one of the conditions (see Fig. 3, right).
Here, we see that the response CDF for the negative
distribution is centered at zero, whereas the neutral
condition is shifted rightward, corresponding to later
time judgments. In this analysis, precision/sensitivity is
represented by the slope in the CDF, whereas bias
would correspond to a shift along the x-axis. If partici-
pants were generally more variable, this would appear
as a gradual incline in the CDF; in contrast, high preci-
sion would be shown as a very steep step change in
the function. Tendencies to respond relatively earlier
or later (i.e., bias) are shown as a leftward or rightward
shift in where the CDF rises. More technically, perfect
precision corresponds to a sharp step increase at error =
0 (i.e., a piecewise function, overlapping with the axis
mark): CDF = {O(error < 0), 1(error > 1)}. The chance
distribution was estimated through simulations as our
upper bound, determined by comparing each trial’s
correct time with a uniform distribution ranging from
0 s to 20 s (inclusive of each end value).

As can be seen in Figure 3, both the neutral and
negative conditions had similar slopes but are suffi-
ciently more precise (steeper) than the chance distribu-
tion. To test this quantitatively, we conducted a
bootstrapping and distribution-fitting procedure (see
the Supplemental Material). Based on the cohort A data,
the 95% confidence interval (CD of the fitted shape
parameter that corresponds to the distribution slope
was [3.59, 3.90] for the negative condition and [3.85,
4.22] for the neutral condition. Because both of these
intervals overlap, we failed to find a statistical differ-
ence in the temporal-judgment precision between the
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Associative Recognition

Associative Recognition
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P(Target)
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N
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Fig. 2. Performance of cohort A (top row) and cohort B (bottom row). The proportion of negative and neutral images correctly identified
as old or new in the item-recognition task (“what”) is shown on the left. The proportion of negative and neutral target images correctly
selected in the associative-recognition task (*which”) is shown in the middle. Associative recognition of negative and neutral images in the
“which” task conditioned on item hit in the “what” task is shown on the right. In each graph, difference scores (Diff.) for each participant
were calculated by subtracting accuracy for negative images from accuracy for neutral images. The dashed lines denote chance performance
(50% and 20% correct for the item- and associative-recognition tasks, respectively). The error bars represent 95% confidence intervals.

two conditions. However, these values are significantly
higher than the simulated chance data, which had a
fitted shape parameter of 2.82, corresponding to the
shallower slope in the distribution—and lower preci-
sion. Hence, this provides a statistical comparison for
participants’ response data being more precise than
chance responding. The 95% CIs for the fitted shape
parameter in cohort B produced very similar results
(negative condition: 95% CI = [3.606, 3.96]; neutral con-
dition: 95% CI = [3.93, 4.24]); again, both intervals over-
lap, but we also see very similar values and consistently
slightly higher values for the neutral condition, indicat-
ing that the pattern of results is relatively robust.

Phase 4 (associative recognition;
“which”)

The proportion of trials with correct responses (correct
trials/total trials) was calculated for each participant. A
paired-samples ¢ test (preregistered) showed that par-
ticipants were less accurate in associative recognition
in the negative (M = 0.56, SD = 0.24) relative to the

neutral (M = 0.59, SD = 0.23) condition in cohort A,
1(56) = 2.85, p =.0006, d = 0.38, as predicted. This effect
was replicated in cohort B (negative: M = 0.55, SD =
0.22; neutral: M = 0.60, SD = 0.24), 1(54) = 2.81, p =
.007, d = 0.38 (see Fig. 2). (Note that chance was 20%
because there were five choices.) An analysis (not pre-
registered) examining associative recognition that was
conditional on successful item recognition (i.e., hits)
demonstrated a similar pattern in cohort A, #56) = 3.55,
p=.001, d=0.47, and cohort B, #(54) = 3.51, p = .001,
d = 0.47 (see Fig. 2).

Exploratory analysis relating effects
of emotion on performance across the
three task pbhases

An exploratory analysis (not preregistered) in the full
sample examined potential associations between per-
formance (difference scores) across the different
aspects of memory probed. Because this involved three
comparisons, we used a Bonferroni-corrected value
(o) of .016. This analysis failed to yield any significant
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Fig. 3. Performance of cohort A and cohort B on the temporal-judgment task (*when”). The bar graphs show the mean error in par-
ticipants’ estimates of when the target image had appeared in the associated video. Difference scores (Diff.) for each participant were
calculated by subtracting accuracy for negative images from accuracy for neutral images. The error bars represent 95% confidence inter-
vals. For interpreting the aggregate response distributions, we plot the empirical cumulative distribution functions (CDFs) for negative
(red) and neutral (gray) stimuli (the dotted line denotes chance responses). Each circle marker corresponds to 20-percentile increments

of the distribution.

associations (all ps > .09). Accordingly, any change in
performance due to emotion from one phase did not
predict a corresponding change in any other phase.

Discussion

Here, we asked participants to study negative and neu-
tral images in the context of a naturalistic, unfolding
laboratory episode and tested their memory for what
they saw, in which spatial context they saw it, and—
most critically—when they saw it. Our study yielded a
number of findings. First, we observed a robust emo-
tional enhancement of memory in our “what” item-
recognition task: Participants remembered negative
images better than neutral ones (~6% enhancement in
accuracy) and also showed a tendency to endorse emo-
tional items as old (i.e., emotion enhanced both sensitivity
and bias). This effect replicates a well-established litera-
ture (see below) and extends it to a novel procedure.
Second, we found that negative emotion hindered associa-
tive (in “which” spatial context) memory: Participants

were less adept at remembering the item—background
video pairing for negative items than neutral items (i.e.,
reduced associative recognition; ~4% difference). This
associative deficit demonstrates a conceptual replica-
tion of a burgeoning literature in the context of a novel
paradigm. Third, and most central to our present goal,
we unexpectedly found that negative emotion was asso-
ciated with more accurate judgments for “when” an
image occurred within an ongoing episode (qualified
below). Hence, we observed support for only two of
our three hypotheses.

The literature on emotion and temporal memory is
limited relative to the literature on other facets of emo-
tional episodic memory. Nonetheless, this literature
largely favors the perspective that emotion reduces
temporal memory, for example, in studies of order judg-
ments and duration (as noted in the introduction; for
a review, see Palombo & Cocquyt, 2020), with some
exceptions (e.g., Schmidt et al., 2011). For example,
Maddock and Frein (2009) compared temporal-order
memory for negative pairs (vs. neutral or positive pairs)
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and found an impairment for negative stimuli (also see
Huntjens et al., 2015). What then can account for the
findings in our paradigm?

On the surface, our paradigm differs from others in
the literature in many ways. First, each of our episodes
contained only one negative (or neutral) item, pre-
sented against a backdrop of neutral, mundane content.
Under such circumstances, is it possible that “when”
was afforded with greater centrality in the context of
the unfolding scenario? That is, perhaps the timing was
encoded as an intrinsic feature of an image (Mather,
2007). By analogy, a number of studies on emotion and
memory show that properties in other domains that are
intrinsic to a stimulus benefit from emotion, including
stimulus color (MacKay et al., 2004), the visuospatial
location of the stimulus (Costanzi et al., 2019; Gonzalez-
Garrido et al., 2015; Mather & Nesmith, 2008), and even
objects overlaid on neutral background scenes (Madan
et al., 2020). Critically, we note that in our study, nega-
tive emotion did not affect precision per se, but it did
affect participants’ responding; in the neutral condition,
there was a shift to later temporal estimates. In other
words, when participants made temporal judgments in
the neutral condition, they tended to judge the events
as having happened later. By contrast, in the negative
condition, participants’ responses were not consistently
biased to be either early or late. If timing was encoded
as an intrinsic feature that was enhanced by negative
emotion, we might have expected to see enhanced
precision in the negative condition, but instead, we
observed comparable precision for both conditions. It
is not clear what mechanism can account for the pres-
ent results.

It is notable that on the “what” memory task, although
participants were more accurate in the negative condi-
tion (with higher d' scores, a measure of sensitivity),
they also showed a more liberal response bias for nega-
tive items (i.e., they were more willing to endorse items
at test as “old” in the negative condition). Although
increased sensitivity for emotional stimuli is observed
in the literature (for a review, see Bennion et al., 2013;
also see Grider & Malmberg, 2008), such findings are
not uniformly observed. Moreover, a more lenient
response bias for emotional stimuli is often reported,
either in conjunction or in the absence of changes in
sensitivity (see Bennion et al., 2013; Dougal & Rotello,
2007). Relevant to this issue, one factor often attributed
to performance differences between negative and neu-
tral conditions is the degree of semantic interrelated-
ness among items; negative items are inherently more
interrelated than neutral items. Although some studies
have included a categorized neutral condition matched
to the emotional condition in semantic interrelatedness
(e.g., Buchanan et al., 2006; Madan et al., 2012; Maratos

et al., 2000; Talmi & Moscovitch, 2004), this is generally
constrained to studies using word stimuli. Because of
the richness and complexity of image stimuli, semantic
relatedness is often not controlled for in these studies
(but see Barnacle et al., 2018) and could have influ-
enced performance on the tests used here. This is an
important consideration for future research.

We performed individual-differences analyses to
determine whether the emotional impact in each of the
three memory tasks was associated (and failed to find
such relationships). However, we caution against draw-
ing strong conclusions from these analyses because our
study was not designed to allow for strict comparison
among the three tasks given that the nature of the tests
differed (e.g., recall vs. recognition), the order of tasks
was not counterbalanced, and the tests were not matched
in difficulty.

Instead, we consider more broadly whether the
effect of emotion on “what,” “when,” and “which” may
evoke different mechanisms; we draw on recent theo-
retical models that propose that memory enhancements
for negative items versus the reduced binding of those
items to their context are supported by somewhat dis-
tinct neurocognitive systems. For example, according
to one view, the amygdala facilitates the usurping of
cognitive resources (attention, perception, etc.) toward
emotional content and the binding of emotion to items
(see Yonelinas & Ritchey, 2015). By contrast, associative
impairments akin to the one observed here in our
“which” task (namely, findings of attenuated memory
for an item or background pairing) are thought to be
mediated by disrupted hippocampal item-context bind-
ing (e.g., Bisby & Burgess, 2017; Yonelinas & Ritchey,
2015). Although a detailed discussion of the neuroimag-
ing literature is beyond the scope of this article, we
note that these theoretical ideas are supported by func-
tional MRI data (e.g., Bisby et al., 2010; Kensinger &
Schacter, 2006; Madan et al., 2017).

What about temporal memory? We surmised that a
hippocampal binding mechanism (item-context binding)
would lead to impaired temporal-context memory in
the face of emotional content, in keeping with the find-
ings reported in a burgeoning literature on temporal
processing in this structure (e.g., Montchal et al., 2019)
and the presence of time cells (for a review, see
Eichenbaum, 2017). For example, in a recent study by
Montchal and colleagues (2019), temporal precision
(measured using a task that inspired ours) was associ-
ated with functional MRI activity in hippocampal sub-
regions and lateral entorhinal cortex. Yet our finding
suggests that emotion does not impair all aspects of
hippocampal binding, and indeed, there is good reason
to believe that item-context bindings involve different
mechanisms depending on the nature of the context
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(e.g., Dimsdale-Zucker et al., 2018; Madan et al., 2020).
Follow-up neuroimaging work probing emotional effects
on temporal memory (with aligned psychometrics) is
needed to further explicate how these structures may
contribute to the unexpected pattern of temporal behav-
ioral effects observed in the present study versus their
contribution to the “what” and “which” aspects of emo-
tional memory. However, as a first step, additional
behavioral work is needed to better characterize the full
spectrum of effects of emotion on various aspects of
temporal memory using a range of paradigms (e.g.,
temporal order, duration, temporal distance).

Our study has some limitations. First, we did not
include positive stimuli and thus cannot disentangle the
effects of valence versus arousal. Although some of the
effects of emotion on memory appear to be arousal
specific, emotional-memory phenomena can diverge by
valence (Bowen et al., 2018; Clewett & Murty, 2019).
Second, our paradigm has limited ecological validity.
The negative stimuli were juxtaposed by completely
unrelated background content (appearing and disap-
pearing in an abrupt fashion), whereas negative emo-
tional occurrences in the real world unfold more
naturally. It is therefore possible that we created an
oddball effect (Sakaki et al.; 2014), in which negative
images were more salient than neutral ones when jux-
taposed with the neutral backgrounds. Moreover,
although we sought to create dynamic unfolding expe-
riences, the events were not robustly dynamic (e.g., a
scenario involving a street vendor cooking). If one’s
memory for “when” is drawn from what is happening
in an event, there may have been less information for
people to draw on. In our paradigm, this may have
produced heavier reliance on absolute time rather than
relative time because the event per se provided less
diagnostic information. Emotion in the context of the
latter may result in a different pattern of results, and
we highlight the importance of considering both event
characteristics and the temporal measurement choice
per se.

The present study and our emphasis on emotion’s
effects on temporal processing are topical, particularly
given recent theoretical and modeling work (e.g.,
Cohen & Kahana, 2020; Palombo & Cocquyt, 2020;
Talmi et al., 2019) that calls attention to the need for
more empirical data on how emotion affects our unfold-
ing experiences. Our novel approach and unexpected
results add important data to a burgeoning field of
study and stand to further fuel theoretical models of
emotional memory.
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