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Abstract

Examining Slowed Forgetting in Recognition Memory for Emotional and Neutral Pictures
By Susie Shepardson

Memory for emotional events (episodic emotional memory) is often stronger and more
persistent compared to memory for neutral events. Although many studies have found slower
forgetting for emotional vs. neutral stimuli, some key questions remain unanswered, in part
because of limited relevant experimental data, methodological issues with prior studies, and a
strong focus on negative emotional stimuli. Because few studies have examined forgetting for
positive stimuli, it remains unclear whether forgetting is slower for positive stimuli relative to
neutral stimuli. Another key question is the extent to which differential forgetting rates for
negative and positive stimuli are reflected in two primary components of episodic memory,
recollection (memory for contextual information) and familiarity (memory strength, independent
of recollection). We examined these questions in an online experiment that assessed memory for
negative, positive, and neutral pictures at three delay intervals, 10 minutes, 24 hours, and 1 week.
We assessed forgetting for overall recognition performance and for estimates of recollection and
familiarity across these three retention intervals for negative, positive, and neutral pictures.
Forgetting for negative pictures (vs. neutral pictures) was slower for overall recognition
performance and forgetting for negative pictures was also slower for both recollection and
familiarity. In contrast, forgetting was not slower for positive pictures and the forgetting rates for
positive and neutral pictures were broadly similar. In summary, the current study contributed to
the understanding of forgetting for emotional episodic memory, finding that slowed forgetting
was valence-dependent, and that slowed forgetting for negative pictures is reflected in both the
recollection and familiarity components of recognition memory. These findings suggest that
current theories of forgetting in emotional episodic memory, which have focused primarily on
negative emotional stimuli and on recollection-based forgetting effects, need to take into account
the role of negative and positive valence and effects on familiarity processes.
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SLOWED FORGETTING FOR EMOTIONAL AND NEUTRAL PICTURES 1

A wealth of experimental evidence confirms that episodic memory (conscious
recollection of prior events along with their context (Tulving, 1983)) is frequently enhanced for
stimuli and events that are emotionally arousing (Bowen et al., 2018; Hamann, 2001; LaBar &
Cabeza, 2006), relative to similar, neutral ones. Indeed, negative (unpleasant) and positive
(pleasant) emotional events figure prominently in the landscape of autobiographical memory,
comprising some of the most memorable and long-lasting types of episodic memories (Cabeza &
St Jacques, 2007; Conway & Pleydell-Pearce, 2000; Rubin, 2005). Reviews of the emotional
memory literature have emphasized the persistent, long-lived nature of emotional memories
relative to similar, neutral memories as a key distinctive attribute of emotional memories, along
with other key attributes, including greater memory strength, perceptual and affective vividness,
and an enhanced sense of recollection and memory confidence during memory retrieval (Bowen
etal., 2018; Hamann, 2001; LaBar & Cabeza, 2006; McGaugh, 2004).

What psychological and neurobiological mechanisms might account for slower forgetting
for emotional episodic memories? One possibility is that emotional memories are simply
stronger than neutral ones (i.e., better encoded), and thus memory performance for emotional
memories is higher after a given retention interval because memory performance was higher at
the time of initial encoding. However, this possibility is inconsistent with the findings of studies
that have matched initial memory performance between emotional and neutral stimuli and have
also found slower forgetting for emotional memories (LaBar & Cabeza, 2006; Sharot &
Yonelinas, 2008). Moreover, several studies have found that the emotional memory effect
(enhanced memory for emotional vs. neutral stimuli; EEM) often grows with time, for example,
finding a small or nonsignificant EEM in recognition memory at short delays and a significantly

larger EEM at a longer delay (typically days or weeks) (LaBar & Phelps, 1998; Sharot & Phelps,
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2004; Sharot & Yonelinas, 2008). Therefore, the slowed forgetting for emotional stimuli cannot
be explained in general by better initial memory for emotional stimuli.

Slower forgetting for emotional stimuli (particularly negative stimuli) has become a
generally accepted empirical finding and theoretical explanations have been proposed to account
for this phenomenon (Hamann, 2001; Kensinger, 2004; LaBar & Cabeza, 2006; Yonelinas &
Ritchey, 2015). The most widely accepted theoretical account for slowed forgetting for
emotional episodic memories is the amygdala-mediated consolidation model (Cahill &
McGaugh, 1998; Hamann, 2001, 2009; McGaugh, 2004). In this model, when the amygdala is
activated by emotionally arousing stimuli, it can modulate and enhance activity in the medial
temporal lobe memory system that supports episodic memory (McGaugh, 2004; Squire & Zola-
Morgan, 1991). This amygdala-mediated modulation of episodic memory is thought to occur
primarily during the consolidation of the memory representation, after the initial encoding of the
stimulus has completed (immediate amygdala-dependent effects of emotion on attention and
memory have also been found, but these have not been generally been invoked as causal factors
involved in slowed emotional forgetting (Schiimann & Sommer, 2018; Talmi, 2013; Talmi et al.,
2008)). Because consolidation is a process that unfolds over time, gradually stabilizing
memories, this time-dependent aspect of consolidation has been used to explain why the effects
of emotion on episodic memory are also time-dependent, increasing over time as the
consolidation process unfolds and potentially occurring to a greater extend during sleep and
other periods of increased consolidation (Payne & Kensinger, 2010, 2018; Walker, 2010).

The other major theoretical view proposed to explain slowed forgetting for emotional
memory is the emotional binding account (Yonelinas & Ritchey, 2015). Yonelinas and Ritchey

(2015) critiqued the amygdala-mediated consolidation model, pointing out a number of findings
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that this model either does not explain or which are not compatible with this model. They
proposed an alternative model in which the amygdala creates emotion-item bindings (i.e.,
memory associations) for emotional stimuli but not for neutral stimuli. Specifically, they
proposed that when emotional stimuli are experienced, the emotional response (i.e., affective
feelings) elicited by the stimulus item are bound to the item’s representation in the perirhinal
cortex (a medial temporal lobe region associated with item processing and memory for items),
forming an emotional binding that supports subsequent memory for that stimulus, in particular, a
form of memory known as recollection. It is currently well accepted that episodic memory is not
a unitary process but instead reflects the contributions of at least two primary underlying
cognitive processes: recollection and familiarity (Diana et al., 2007; Yonelinas, 2002) (but see
also (Wixted & Squire, 2011) for an alternative view). Recollection involves retrieval of
qualitative contextual information about an item’s prior occurrence, whereas familiarity involves
a graded signal of memory strength that supports judgments of whether an item has been
encountered before, even in the absence of recollection.

Recently, the generality and strength of empirical support for phenomenon of slowed
forgetting has come under new scrutiny. In one such critique, Baraly et al. (2017) point out that
much of the empirical support for slowed forgetting of emotional stimuli is derived from older
studies (i.e., from several decades ago), and some of these studies have been shown to have
important methodological flaws that undermine their conclusions in some cases. For example, a
highly influential and widely cited early study by Kleinsmith & Kaplan (1963) found enhanced
cued recall for neutral numbers paired with negative emotional words (relative to neutral words),
but only after longer delay intervals and not at an immediate test. Although this study has been

widely cited as evidence for slowed forgetting of emotional memories, Mather (2007) reviewed
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this literature and noted a key methodological confound: arousal level (as indexed by skin-
conductance response) was confounded with serial position in Kleinsmith & Kaplan (1963)’s
study. A later study that avoided this confound by including buffer items at the beginning and
end of encoding lists to avoid primacy and recency effects failed to replicate the original findings
(Mather, 2007; Schirer-Necker, 1990) and several other studies that used group emotion rating
norms to define arousal categories also failed to replicate these effects (Mather, 2007).

Baraly et al. (2017) identified additional gaps in the current literature on forgettting and
emotional memory. Relatively few contemporary studies have examined forgetting for emotional
vs. neutral stimuli across more than two retention intervals. Studies that examine forgetting over
multiple retention intervals can be particularly informative as they provide a more fine-grained
assessment of the forgetting curve that allows additional issues to be examined, such as whether
forgetting rates change across different delay intervals. Another limitation of the current
literature is the wide variety of different paradigms used and sometimes conflicting results across
studies (Baraly et al., 2017). To help clarify this literature, Park (2005) conducted a qualitative
meta-analysis that reviewed the emotional memory forgetting literature. However, as noted by
Baraly et al. (2017), this review had several important methodological limitations and examined
forgetting in the context of the effects of arousal, broadly defined (e.g., effects of stimulant drugs
and time-of-day effects) rather than emotional memory per se. Also, since this meta-analysis was
published many years ago, it did not consider many more recent studies. Given these gaps in the
current literature, additional empirical studies of forgetting for emotional stimuli over multiple
retention intervals can potentially help clarify these key questions regarding emotional memory

and forgetting.
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An important additional question concerns whether slowed forgetting occurs to a similar
extent for both negative and positive emotionally arousing stimuli. The emotional memory effect
is found for both positive and negative emotionally arousing stimuli, and theoretical accounts of
emotional episodic memory have highlighted similarities between the enhancing effects of
emotionally arousing stimuli on memory, independent of emotional valence (Cahill & McGaugh,
1998; Hamann, 2009; Hamann et al., 1999; LaBar & Cabeza, 2006). However, most studies of
emotional episodic memory and forgetting have failed to examine forgetting for positive
emotional stimuli, typically focusing only on negative and neutral stimuli. Moreover, the limited
existing evidence regarding slowed forgetting for positive emotional stimuli is equivocal, in part
due to methodological problems with the studies that have examined this issue (Wang, 2014,
2018). Therefore, it remains unclear to what extent forgetting is slowed for positive emotional
stimuli, relative to neutral stimuli. Because the amygdala-mediated consolidation model
emphasizes the role of emotional arousal in the emotional enhancement of memory, rather than
differences between negative and positive valence, finding broadly similar effects of negative
and positive emotion on forgetting would be compatible with this theory. In contrast, the
emotional binding account focuses solely on forgetting effects for negative emotional stimuli and
does not make any predictions regarding forgetting for positive stimuli.

As noted above, most contemporary memory theories have focused on understanding the
relative contributions of two primary memory processes mediating episodic memory:
recollection and familiarity. With regard to emotional memory, interest has focused on two key
questions: to what extent does emotion influence recollection and familiarity differentially, and
do the effects of emotion on these two processes change over the course of forgetting. Studies

comparing the effects of emotion on recollection and familiarity have consistently found that
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emotion enhances recollection but has little or no effect on familiarity (Yonelinas & Ritchey,
2015). Much less is known, however, about whether such effects of emotion on recollection and
familiarity change over increasing memory retention intervals.

One influential study by Sharot and Yonelinas (Sharot & Yonelinas, 2008) examined
recognition memory for negative and neutral pictures after a short (5 minute) and a long (24-h)
delay, using a remember-know recognition paradigm to measure recollection and familiarity
processes in a within-subjects design. The main finding was that recollection was enhanced for
negative pictures relative to neutral pictures after a 24-h delay but not immediately after
encoding at the 5-minute delay, with the net effect of slower forgetting for recollection for
negative pictures relative to neutral ones. Yonelinas & Ritchey (Yonelinas & Ritchey, 2015)
subsequently used these findings as key evidence supporting their emotional binding model.

However, this study by Sharot and Yonelinas (2008) also found that forgetting was
slowed for familiarity, inconsistent with the predictions of the emotional binding model. It is
unclear why this inconsistent result was not discussed by Yonelinas & Ritchey (2015). Because
the enhancement of familiarity by emotion they observed was inconsistent with the findings of
several previous studies that had found that emotional arousal affected recollection but not
familiarity, Sharot and Yonelinas (2008) conducted a follow-up analysis of the familiarity
results. The results of this follow-up analysis led them to conclude that the enhancement of
familiarity for negative pictures and the finding of slowed forgetting for familiarity for negative
pictures were due to an indirect effect of a source memory judgment task (asking which of two
different encoding tasks had been performed with that item) that each participant completed
following making a remember vs. know recognition memory decision for each item on the

retrieval test. They argued that when memory for source was not available for an item,
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participants’ confidence may have been undermined, potentially making them less inclined to
respond “remember” and consequently they were more inclined to respond “know” (i.e.,
familiarity). After controlling for source judgment accuracy, the enhancement of familiarity for
negative vs. neutral pictures was no longer statistically significant when the results from the 24
hour delay were examined. There are two potential concerns regarding this conclusion however.
First, because the source memory judgments for each items were made following each
remember-know recognition judgment, it is unclear why the latter judgments would be expected
have a retroactive effect on the earlier remember-know decisions. In addition, the conclusion that
remember-know recognition judgments were contaminated by the subsequent source memory
test casts uncertainty on the overall validity of the remember-know results in that study as a basis
for accurate estimation of recollection and familiarity. Given these potential concerns, additional
data from new studies are needed before more definitive conclusions can be drawn regarding
these issues.

Sharot and Yonelinas (2008) did not examine forgetting for positive emotional pictures,
leaving the question of whether forgetting is slower for positive vs. neutral pictures and whether
any slower forgetting is differentially manifested in the recollection and familiarity components
supporting recognition memory. Regarding each theoretical model, the emotional binding view’s
prediction of slowed forgetting for recollection is specific to negative emotion and this view
makes no specific predictions for positive emotion. The amygdala-mediated consolidation view
in general predicts similar effects of positive and negative emotion on episodic memory
processes, so in line with this principle, slowed forgetting would be expected to be observed for
emotionally arousing stimuli regardless of positive vs. negative valence. Regarding differences

between recollection and familiarity, because considerable evidence implicates the hippocampus
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in mediating recollection and not familiarity (but see also Wixted & Squire, 2011) and the
amygdala-mediated consolidation view focuses on enhancement of hippocampal-dependent
consolidation processes, this suggests that slowed forgetting would be primarily reflected in
effects on recollection.

In the current study, we examined three main questions about differences in rates of
forgetting for emotional vs. neutral pictures: 1) To what extent is forgetting slower for negative
emotional pictures relative to neutral stimuli across multiple memory delay intervals? Based on
the results of prior studies that reported slowed forgetting for negative stimuli compared to
neutral stimuli (Sharot & Yonelinas, 2008; Baraly et al., 2017), we predicted that negative
emotional pictures will be forgotten more slowly compared to neutral pictures, consistent with
the predictions of both major theories, 2) To what extent is forgetting slower for positive
emotional pictures relative to neutral stimuli across multiple memory delay intervals? Our
predictions for forgetting of positive pictures were more tentative, because few prior studies have
examined this issue. Given that many of the experimental effects in the emotional episodic
memory literature are arousal-based and are broadly similar for both negative and positive
stimuli, we tentatively predicted that forgetting for emotionally arousing positive pictures would
be slowed relative to neutral pictures, 3) To what extent is slower forgetting for negative or
positive pictures (relative to neutral pictures) manifested differentially for the recollection and
familiarity components that support recognition memory performance? We predicted that
recollection for negative pictures would be slowed relative to neutral ones, consistent with the
prior literature and both theories. However, given the relatively small number of relevant prior
studies, we did not have specific predictions regarding forgetting for recollection of positive

pictures. Turning to familiarity and forgetting, because of the limited relevant literature we also
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did not have specific predictions regarding forgetting rates, for either negative or positive
pictures. Notably, slowed forgetting for negative and positive familiarity would be difficult to
reconcile with the predictions of the emotional binding theory.

We examined these three primary questions in an online experiment that assessed
memory for negative, positive, and neutral pictures at three delay intervals, 10 minutes, 24 hours,
and 1 week, in a within-subjects design. In an initial session, participants were presented with all
the pictures that would serve later as targets in the recognition tests. On each encoding trial,
participants briefly viewed each picture individually for 0.75 s and made an incidental
indoor/outdoor decision about the picture. After a distractor task, the first recognition memory
task (10 min) was given, using a remember/familiar/new recognition task to assess overall
recognition performance as well as estimates of recollection and familiarity. Participants
completed the second session 24 hours later and the third session 1 week after the first session.
During each recognition test, one-third of the encoded pictures were presented as targets,
intermixed with distractor pictures of each valence. Our primary interest was in assessing
forgetting (for overall recognition performance and for estimates of recollection and familiarity)
across the three retention intervals for negative, positive, and neutral stimuli.

2. Methods

2.1 Participants

Forty-seven undergraduate students at Emory University participated in this online study.
All participants gave informed consent and received course credit for their participation. Two
participants were excluded because they did not understand the retrieval instructions. Six

participants were excluded because they omitted over 10% of indoor/outdoor encoding task



SLOWED FORGETTING FOR EMOTIONAL AND NEUTRAL PICTURES 10

responses during the encoding phase. The data for the 39 (10 males) remaining participants with
a mean age of 18.85 (0.87) were used for the analyses in this study.
2.2 Stimuli

2.2.1 Stimuli norming

In an initial norming phase, 1,206 pictures (402 neutral, 402 negative, and 402 positive)
were collected from various emotional stimuli databases and online digital photo sharing
platforms including IAPS (Lang et al., 1997), OASIS (Kurdi et al., 2017), NAPS (Marchewka et
al., 2014), and two online photo sharing sites, unsplash.com, and pixabay.com. For purposes of
online ratings, these pictures were grouped into six rating surveys consisting of 201 pictures
each, 67 of each valence. Participants rated each picture on emotional valence and emotional
arousal measured using the Self-Assessment Manikin (SAM) scale. The SAM scale instructs
participants to rate valence and arousal on a visually presented scale (1-9) from very negative to
very positive for valence and from weak or no emotion to strong emotion for arousal (Morris,
1995). Stimulus order was counterbalanced across participants.

Each ratings survey was administered using the Qualtrics platform. 10 Emory University
undergraduates (ages 18-22) took each survey. All participants gave informed consent and
received course credit for their participation. Each participant’s responses were examined to
verify they used the entire 1-9 scale for both valence (1 — very negative: 9- very positive) and
arousal (1 — weak or no emotion: 9 — strong emotion).

2.2.2 Stimulus selection

Using the ratings obtained from the stimulus norming phase, pictures were sorted into
positive (valence rating greater than 6.00), neutral (valence ratings between 4.25 and 5.75), and

negative (valence rating less than 4.00). Next, the pictures were inspected to ensure they matched
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their intended valence category and were assessed for visual complexity. Picture sets were
selected so as to approximately match the average visual complexity of pictures across the three
valence categories. Finally, pictures were selected in order to match negative and positive
pictures on arousal ratings. After all selection procedures were completed, a final set of 621
selected pictures (207 per valence) were used in the current study. The mean valence ratings for
the neutral, negative, and positive pictures were 5.15 (SD=0.36), 2.86 (SD=0.40), 7.18,
(SD=0.47). For arousal ratings, both negative (M=5.29, SD=0.73) and positive pictures (M=5.28,
SD=0.79) were rated as more arousing than neutral pictures (M=2.79, SD=0.58); t(206) = 41.68,
p<.001. There was no significant difference between the arousal ratings for negative and
positive, t(206) = -0.09, p=0.93, confirming that these sets of pictures had been matched.
2.3 Experimental tasks and study design

The experiment was conducted remotely using the Zoom and Pavlovia online platforms.
After participants were given instructions and had completed a practice session with a researcher
in a Zoom meeting, they proceeded to complete the rest of the session alone using the Pavlovia
experiment site. Given the limited control over each participant’s experimental environment, an
extensive pre-test and post-test questionnaire was used to gather information about each
participant’s testing environment. Before beginning the experiment participants provided
information regarding where they were taking the experiment, the type of laptop computer and
size of laptop screen they were using, and the length and width of the pictures in the experiment
as they appeared on the screen, using items of known size such as a credit card. Participants were
also instructed to be in a distraction-free area, to use the same laptop and location for all three
sessions, and to sit with their laptop screen an elbow’s length away from their body. After

completing each retrieval test, participants took a survey on Qualtrics where they provided
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information regarding their time zone, the amount of effort they felt they expended (0-100%),
whether or not they followed the instructions, and their understanding of the remember/familiar
instructions.

2.3.1 Encoding phase
In the first session of the experiment, participants completed the encoding phase, during which
they encoded 414 pictures (138 per valence). Each encoding trial began with the presentation of
the picture together with the prompt for the indoor vs. outdoor incidental encoding task. The
prompt for the indoor task was presented on the left side of the screen and the prompt for the
outdoor decision was presented on the right side of the screen (see Figure 1). The total duration
of each encoding trial was 1.75 s. Each trial started with picture presentation for 0.75 s
simultaneously with the prompt for the indoor/outdoor task. Next, the picture disappeared from
the screen and participants were allowed an additional 0.5 s to complete the indoor/outdoor task.
Finally, a fixation cross appeared for 0.5 s before the next trial began. The trials were separated
into 4 blocks of 100 trials, and there was a 15 second break between each block to reduce
fatigue. Five neutral buffer pictures were presented at the beginning and at the end of the

encoding list, to reduce serial position effects on memory.
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Figure 1.
Encoding Phase Procedure

' 5
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Note. Each encoding trial began with a 0.5 second fixation cross, followed by presentation of a picture and the
indoor/outdoor prompt or 0.75 seconds, after which the picture disappeared and participants were allowed an
additional 0.5 seconds to complete the indoor/outdoor task before the next trial began.

For the indoor/outdoor task, participants were instructed to press the ‘Q’ key if they
thought the picture showed an indoor scene or the ‘P’ key if they thought the picture showed an
outdoor scene. Participants were instructed to make a response for every picture even if they
were unsure if the picture was indoor or outdoor. The purpose of the indoor/outdoor encoding
task was primarily to ensure that participants viewed and attended to each stimulus and made a
response. Since a substantial proportion of the pictures (approximately one-third) were difficult
to classify unambiguously as being completely outdoor or indoor, to assess the quality of each
subject’s responses, we focused on whether a response was made on each trial rather than on the
accuracy of the indoor/outdoor response. We excluded any participant from further analysis who
failed to make a response on 10% or more trials (6 participants were removed on the basis of this
criterion).

2.3.2 Delay phase

After encoding, participants completed a trivia filler task for 10 min. Each trial of the

trivia task involved viewing a trivia question for 7 seconds (answering the question silently) then
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viewing the answer for 3 seconds and indicating whether or not they answered the question
correctly by pressing “Q” if they answered correctly and “P” if they did not.

2.3.3 Retrieval phase

There were three separate retrieval test phases. The first occurred immediately after the
delay task, at 10 min after the end of the encoding phase. The second retrieval phase occurred 24
hours after the first session, and the third retrieval phase occurred 1 week after the first session
(i.e., if a participant had their first session at 9 am on Monday, their session 2 was 9 am on
Tuesday and session 3 was 9 am the following Monday).

Each retrieval test included 206 pictures, 138 targets and 69 lures (46 targets and 23 lures
per valence). The test was self-paced with a new/familiar/remember task (see Figure 2).
Retrieval items were presented in two separate blocks of 103 pictures each, with a 15 s rest break
between the blocks. Each block started with a multiple choice catch trial question intended to test
the participant’s understanding of the new/familiar/remember retrieval task. To provide
participants with additional practice making the keyboard responses, each retrieval test started

with 4 neutral buffer pictures (that did not appear elsewhere in the experiment).
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Figure 2
Retrieval Phase Procedure
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Note. Each retrieval trial began with 1 second fixation followed by presentation of a picture and a
new/familiar/remember task which was self-paced. Once the response of 1, 2, or 3 was pressed, the next trial began.

Each retrieval test began with a detailed instruction and practice phase where the
new/familiar/remember task was explained. The instructions for this task were adapted from
similar ones described in Migo et al., (2012). Participants were tested on whether they
understood the recognition task instructions (specifically, whether they understood the difference
between the correct meaning of a “remember” and a “familiar” response) during the instruction
phase, the practice phase, during two catch trials (one at the beginning and one at the middle of
the retrieval phase), and finally, in a post-test questionnaire after each retrieval phase.
Participants who could not correctly explain their understanding of the recognition task
instructions were excluded from further analysis (2 participants).

2.3.4 Data analysis

Overall picture recognition was assessed by examining the hit rates, false alarm rates,
corrected recognition accuracy (hit rate minus false alarm rate), and the d’ sensitivity statistic.

We based our conclusions regarding memory performance and forgetting primarily on the basis
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of the d” and corrected recognition accuracy scores. Results for hit rates and false alarm rates
were also examined to clarify the results obtained for d” and corrected recognition.

The d’ measure allows memory accuracy (sensitivity) to be assessed separately from
response criterion (c, the bias for an individual to judge an item on a recognition test as being old
or new) and d’ also has the advantage of being a ratio-scale measure, which is a desirable
property of a memory measure in the context of assessing forgetting (MacMillan & Creelman,
2004). Participants’ d’ scores for each condition and delay interval were calculated using a log-
linear transformation of hit and false alarm rates (Stanislaw & Todorov, 1999) to address the
issue that this statistic is undefined when hit rates are 1.0 and false alarm rates are 0. Although
the log-linear transformation is commonly used for this purpose, it should be noted that when hit
rates are 1.0 or false alarm rates are 0, the resulting d’ scores are biased and are less accurate
estimates of memory sensitivity than when these boundary conditions are avoided (MacMillan &
Creelman, 2004).

Mean reaction times (RTs) were also calculated for each subject for each combination of
conditions to check for outliers and characterize overall performance across conditions and delay
intervals. Partial Eta Squared (n?) was calculated to estimate the effect size for each analysis.
Recollection and familiarity processes were estimated using the independent K (IRK) procedure
(Yonelinas and Jacoby 1995; Yonelinas and Levy 2002), in which “remember” responses are
assumed to estimate recollection whereas familiarity is estimated as the proportion of “familiar”
responses divided by the proportion of non-remember responses. The recollection and familiarity
estimates were corrected for their respective false alarm rates by subtracting the proportion of
“remember”’ responses for new (distractor) items from the proportion of “remember” responses

for old (target) items, and for familiarity, using the formula familiarity = ((hit rate for “familiar”



SLOWED FORGETTING FOR EMOTIONAL AND NEUTRAL PICTURES 17

items)/(1 — hit rate for “remember” items) ) — ( false alarm rate for “familiar” items)/ (1- false
alarm rate for “remember” items) (Yonelinas and Levy, 2002).

For each memory measure, separate repeated-measures ANOVAS were conducted with
Delay (10 min, 24 h, 1 week) and Valence (negative, positive, and neutral) as within-subjects
factors. Differences in forgetting rates were assessed by examining the interaction between
conditions across delay intervals for each memory measure. This method is by far the one which
is most often used for this purpose. However, another method of measuring forgetting has been
recommended when memory performance differs at the initial, shortest memory delay interval
(Loftus, 1985; Wixted, 1990). Loftus and others have noted that when memory performance at
the initial time point differs significantly between conditions or groups, comparisons of
forgetting can be distorted by scaling problems. An alternative method, which assesses the
proportion of forgetting at each retention interval, relative to memory at the initial time point, is
not affected by these scaling problems (Loftus, 1985). For the analysis of forgetting that
examined recollection estimates, the proportional forgetting analysis method was because there
were significant differences in memory performance between conditions at the initial, 10-min
time point.

For each memory measure, additional repeated-measures ANOVAS were conducted
separately comparing the negative and neutral conditions and the positive and neutral conditions.
These were planned comparisons motivated by our a priori theoretical interest in comparing
forgetting patterns for each emotion condition relative to the neutral condition. Simple
comparisons (pairwise t tests) are reported comparing the valence conditions if there was a main
effect of Valence, and these comparisons were all Bonferroni-corrected.

3. Results
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3.1 Overall picture recognition

For corrected recognition, there was a significant interaction between Delay and Valence
on corrected recognition scores, F(4, 152)=5.56, p<.001, n%=.13 (see Figure 3A), indicating
differences in forgetting across conditions. There also were main effects of Valence, F(2,
76)=16.30, p<.001, n%=.30, and Delay, F(1.52, 57.66)=156.62, p<.001, n%=.81.

To assess the predictions regarding differential forgetting for negative vs. neutral pictures
and positive vs. neutral pictures, planned follow-up within-subjects ANOVAs were conducted
for each pair of conditions separately. The overall pattern of findings for corrected recognition
and d’ was quite similar. For the ANOVA with corrected recognition for negative and neutral
pictures, as predicted, there was a significant interaction between Delay and Valence, F(2,
76)=9.72, p<.001, n%=.20. Inspection of this interaction showed that forgetting was slower for
negative pictures compared to neutral pictures (see Figure 3B). In addition, there were significant
main effects of Valence, F(1, 38)=21.42, p<.001, n%=.36, and Delay, F(1.54, 58.39)=114.35,
p<.001, n%=.75. Simple comparisons between the negative and neutral conditions on corrected
recognition performance found no significant difference between these two conditions at the 10
minute delay interval, t(38)=-0.41, p=.68, whereas the negative condition had significantly
higher memory performance at both 24 hours and 1 week relative to neutral pictures (ps<.001).

For corrected recognition for positive and neutral pictures, there was no interaction
between Delay and Valence, F(2, 76)=1.07, p=.35, n%=.03, no main effect of VValence, F({,
38)=0.01, p=.92, n%<.01, and a main effect of Delay, F(2, 76)=159.40, p<.001, n%=0.81 (see

Figure 3C).
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Figure 3.
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In addition to corrected recognition, the same statistical analysis was also conducted

using the signal detection theory measure d’. Because the proportions of 0 false alarm rates were

relatively high at the 24 hour and 1 week delay intervals, particularly for the neutral picture

condition, this had the net effect of biasing (inflating) the d’ scores for the neutral condition at

the 24 hour and 1 week delay intervals. The corresponding corrected recognition scores at these

delay intervals for the neutral condition were not affected by this issue as it is a problem specific

to calculation of d’ scores.
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As shown in Figure 4A, there was a significant interaction between Delay and Valence
for d’ scores, F(4, 152)=3.28, p=.013, n%p=.08. In addition, there were main effects for both
Valence, F(2, 76)=5.41, p=.006, n%=.13, and Delay, F(1.64, 62.39)=98.11, p<.001, n%p=.72.

To assess the predictions regarding differential forgetting for negative vs. neutral pictures
and positive vs. neutral pictures, planned follow-up within-subjects ANOVAs were conducted
for each pair of conditions separately with d” scores as the dependent variable. For the ANOVA
for negative and neutral pictures, as predicted, there was a significant interaction between Delay
and Valence, F(2, 76)=4.84, p=.01, n%=.11, indicating that forgetting was slower for negative
pictures compared to neutral ones (see Figure 4B). In addition, there was a main effect of Delay,
F(2, 76)=70.51, p<.001, n?%=.65, but no main effect of Valence, F(1, 38)=3.69, p=.06, n%p=.09.
Simple comparisons between the negative and neutral conditions on d’ scores showed that
memory was higher for negative pictures at the 1 week delay interval, t(38)=3.23, p=.003, but
not at 10 minutes (p=.29) or 24 hours (p=.38).

The corresponding ANOVA was conducted comparing positive and neutral pictures on d’
scores. There was no significant interaction between Delay and Valence, F(2, 76)=2.83, p=.065,
n%=.07, no main effect of Valence, F(1, 38)=1.80, p=.19, n%=.05, and a main effect of Delay,

F(2, 76)=83.42, p<.001, n?%=.69 (see Figure 4C).
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Figure 4.
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Turning to the analysis of hit rates, as shown in Figure 5A, there was a significant
interaction between Delay and Valence, F(4, 152)=5.67, p<.001, n%=.13. There were main
effects for both Valence, F(2, 76)=70.26, p<.001, n%=.65, and Delay, F(2, 76)=283.75, p<.001,
n%=.88.

To assess the predictions regarding differential forgetting for negative vs. neutral pictures
and positive vs. neutral pictures, planned follow-up within-subjects ANOVAs were conducted
for each pair of conditions separately with hit rates as the dependent variable. For the ANOVA
with the negative and neutral conditions, as predicted, there was a significant interaction between

Delay and Valence for hit rates, F(2, 76)=9.12, p<.001, n%=.19, indicating that forgetting was
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slower for negative compared to neutral (see Figure 5B). In addition, there were main effects of
Valence, F(1, 38)=113.45, p<.001, n?%=.75, and Delay, F(2, 76)=261.75, p<.001, n?%=.87.
Simple comparisons between the negative and neutral conditions on hit rate performance found
negative hit rates were significantly higher than neutral, t(38)=5.99, p<.001, at the 10 minute
delay, and this effect was found at both later delay intervals as well (ps<0.001).

For the ANOVA with the positive and neutral conditions, there was no significant
interaction between Delay and Valence, F(2, 76)=0.59, p=.56, n%=.02. However, there were
main effects of Valence, F(1, 38)=28.62, p<.001, n%=.43 and Delay, F(2, 76)=256.73, p<.001,
n%=.87 (see Figure 5C). Simple comparisons between the positive and neutral conditions on hit
rate performance found positive hit rates were significantly higher than neutral, t(38)=-2.76,
p=.009, at the 10 minute delay, and this effect was found at both later delay intervals as well

(ps<.01).
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Figure 5.
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For false alarm rates, there was no interaction between Delay and Valence on false alarm
rates, F(4, 152)=1.76, p=.14, n%=.04 (see Figure 6A) indicating no significant differences in
patterns of false alarm rates across conditions. There were main effects of Valence, F(1.71,
64.98)=20.14, p<.001, n%=.35, and Delay, F(1.72, 65.53)=20.51, p<.001, n%=.35.

To assess the predictions regarding differential forgetting for negative vs. neutral pictures
and positive vs. neutral pictures, planned follow-up within-subjects ANOVAs were conducted
for each pair of conditions separately. For the ANOVA with false alarm rates for negative and
neutral pictures, as predicted, there was a significant interaction between Delay and Valence,

F(2, 76)=4.00, p=.02, n%=.09. Inspection of this interaction showed that false alarm rates
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declined slower for negative pictures compared to neutral pictures (see Figure 6B). In addition,
there were also main effects of Valence, F(1, 38)=27.21, p<.001, n%=.42, and Delay, F(2,
76)=17.97, p<.001, n%=.32. Simple comparisons between the negative and neutral conditions on
false alarm rate performance found that negative false alarm rates were significantly higher than
neutral, t(38)=5.42, p<.001 at the 10 minute delay, and this effect was found at both later delay
intervals as well (ps<.01).

For false alarm rates for positive and neutral pictures, there was no interaction between
Delay and Valence, F(2, 76)=0.68, p=.51, n%=.02, but there were main effects of Valence, F(1,
38)=40.99, p<.001, n%=.52, and Delay, F(2, 76)=14.28, p<.001, n%=.27 (see Figure 6C).
Simple comparisons between the positive and neutral conditions on false alarm rate performance
found positive false alarm rates were significantly higher than neutral, t(38)=-3.53, p=.001 at the

10 minute delay, and this effect was found at both later delay intervals as well (ps<.05).
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Figure 6.
Forgetting Results for False Alarms
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3.2 Analysis of Recollection and Familiarity

To address our third main question, regarding potential differences in forgetting rates for
recollection and familiarity, we examined differences in forgetting for estimates of recollection
and familiarity, derived from the remember/familiar recognition task, for negative, positive, and
neutral pictures. As noted in the Methods section, when memory performance differs
significantly between experimental conditions at an initial time point, this raises the concern that
comparisons of forgetting may be distorted by scaling effects. A recommended solution is to

transform memory scores for later delay intervals into proportional forgetting scores, based on
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the corresponding initial level of memory performance, because this proportional measure is
unaffected by possible scaling issues.

3.2.1 Recollection

We first examined whether the average recollection estimates for the negative, positive,
and neutral conditions differed significantly at the first delay interval of 10 min. As an initial
step, we excluded from further analysis the results from 4 participants who had initial
recollection estimates near floor (less than .05) at the initial, 10 min time point, since initial near-
floor memory scores precluded assessment of forgetting across the subsequent two delay
intervals. As shown in Figure 8B and 8C, in line with previous findings (Ochsner, 2000),
recollection estimates were higher for negative pictures than for neutral or positive pictures at the
initial 10 minute delay interval, and were in turn higher for positive pictures than neutral
pictures. Because of these significant differences at the initial 10 min delay interval, we
converted the recollection scores at each delay interval into proportional forgetting scores by
dividing the recollection scores at each delay by the corresponding initial recollection score,
separately for each valence condition.

For proportional recollection, there was a significant interaction between Delay and
Valence on corrected recognition scores, F(2.01, 68.25)=2.56, p=0.08, n%=.07 (see Figure 7A),
indicating differences in forgetting across conditions. There also were main effects of Valence,
F(1.70, 57.73)=5.87, p<.001, n%=.15 and Delay, F(2, 68)=141.31, p<.001, n?%=.81. To assess
the predictions regarding differential forgetting for negative vs. neutral pictures and positive vs.
neutral pictures, planned follow-up within-subjects ANOVAs were conducted for each pair of
conditions separately. For the ANOVA with corrected recognition for negative and neutral

pictures, as predicted, there was a significant interaction between Delay and Valence, F(2,
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68)=4.316, p=.017, n%=.11. Inspection of this interaction showed that forgetting was slower for
negative pictures compared to neutral pictures (see Figure 7B). In addition, there were also main
effects of Valence, F(1, 34)=10.04, p=.003, n%=.23, and Delay, F(1.55, 52.54)=133.93, p<.001,
n%=.80. Simple comparisons between the negative and neutral conditions on proportional
recollection scores found significant differences between these two conditions at the 24 hour
delay, t(34)=2.60, p=.014 and at the 1 week delay, t(34)=2.68, p=.011.

For proportional recollection for positive and neutral pictures, there was no interaction
between Delay and Valence, F(1.59, 54.15)=1.51, p=.23, n%=.04, no main effect of Valence,
F(1, 34)=1.34, p=.25, n%=.04, and a main effect of Delay, F(1.65, 55.99)=146.60, p<.001,

n%=.81(see Figure 7C).
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Figure 7.
Forgetting Results for Proportional Recollection Scores
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Although the initial differences in recollection at the 10 min delay interval required an
analysis of proportional forgetting scores for the analysis of recollection, for comparison with
other studies that have not analyzed proportional forgetting scores, we also conducted the same
analysis on the original recollection estimates. As shown in Figure 8A, this 3 (Valence) x 3
(Delay) ANOVA with untransformed recollection estimates as the dependent variable found a
significant interaction between Valence and Delay, F(3.27, 111.23)=4.22, p=.006, n% =.11.
However, inspection of this interaction showed that it was likely an artifact of floor effects in the

recollection estimates for the neutral condition. There were significant main effects for both
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Valence, F(1.69, 57.44)=41.30, p<.001, n%=.55 and Delay, F(1.65, 56.26)=133.72, p<.001,
n%=.80.

To assess the predictions regarding differential forgetting for negative vs. neutral pictures
and positive vs. neutral pictures, planned follow-up within-subjects ANOVAs were conducted
for each pair of conditions separately. For the ANOVA with original recollection estimates for
negative and neutral pictures, as predicted, there was a significant interaction between Delay and
Valence, F(2, 68)=6.35, p=.003, n%=.16. Inspection of this interaction showed that forgetting
was slower for negative pictures compared to neutral pictures (see Figure 8B). In addition, there
were also main effects of Valence, F(1, 34)=63.80, p<.001, n%=.65, and Delay, F(1.63,
55.25)=108.75, p<.001, n%=.76. Simple comparisons between the negative and neutral
conditions on original recollection estimates found significant differences between these two
conditions at the 10 minute delay, t(34)=5.93, p<.001) as well as at the two later delays
(ps<.001).

For original recollection estimates for positive and neutral pictures, there was no
interaction between Delay and Valence, F(1.39, 47.15)=2.84, p=0.08, n%=0.08, but there were
main effects of Valence, F(1, 34)=18.82, p<.001, n?%=.36 and Delay, F(1.58, 53.84)=132.84,
p<.001, n%=.80 (see Figure 8C). Simple comparisons between the positive and neutral
conditions on original recollection estimates found significant differences between these two

conditions at the 10 minute delay, t(34)=-3.05, p=.004 but not at the two later delays (ps>0.05).
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Figure 8.
Forgetting Results for Untransformed Recollection Estimates
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3.2.2 Familiarity

We first excluded from further analysis the results from 6 participants who had initial
familiarity estimates near floor (less than .05) at the initial, 10 min time point, since initial near-
floor memory scores precluded assessment of forgetting across the subsequent two delay
intervals. As shown in Figure 9B and 9C, familiarity estimates did not differ for negative,
neutral, or positive pictures at the initial 10 minute delay interval, therefore, the transformation to
proportional scores was not warranted.

As shown in Figure 9A, this 3 (Valence) x 3 (Delay) ANOVA with familiarity estimates

as the dependent variable found a significant interaction between Valence and Delay, F(4,
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128)=2.91, p=.024, n%=.08. There were significant main effects for both Valence, F(2,
64)=8.66, p<.001, n%=.21 and Delay, F(1.56, 49.87)=70.86, p<.001, n%=.69.

To assess the predictions regarding differential forgetting for negative vs. neutral pictures
and positive vs. neutral pictures, planned follow-up within-subjects ANOVAs were conducted
for each pair of conditions separately. For the ANOVA with familiarity estimates for negative
and neutral pictures, as predicted, there was a significant interaction between Delay and Valence,
F(2, 64)=4.73, p=.001, n%=.13. Inspection of this interaction showed that forgetting was slower
for negative pictures compared to neutral pictures (see Figure 9B). In addition, there were also
main effects of Valence, F(1, 32)=8.06, p=.008, n?%=.20, and Delay, F(1.52, 48.59)=54.34,
p<.001, n%=.63. Simple comparisons between the negative and neutral conditions on original
recollection estimates found no significant difference between these two conditions at the 10
minute delay, t(32)=-0.69, p=.49, but there were significant differences between these two
conditions at the two later delays (ps<0.01).

For familiarity estimates for positive and neutral pictures, there was no interaction
between Delay and Valence, F(2, 64)=1.42, p=.25, n% =.04, no main effect of Valence, F(1,
32)=0.81, p=.38, n% =.03, and a significant main effect of Delay, F(2, 64)=84.11, p<.001, n%

=.72 (see Figure 9C).
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Figure 9.
Forgetting Results for Familiarity Estimates
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3.3 Recognition response criteria

As briefly explained above, in signal detection theory the response criterion ¢ represents
the bias for an individual to judge an item on a recognition test as being old or new (MacMillan
& Creelman, 2004). Typically, as a delay increases, participants’ response criteria decrease
(become more lenient) meaning that they tend to respond “yes I remember” more frequently
(Singer & Wixted, 2006). However, in the current study, as shown in Figure 10, as delay
increased, participants’ response criteria became more strict (i.e., the criterion values ¢ increased)
and therefore participants had a greater tendency to respond “no”.

As shown in Figure 10, this 3 (Valence) x 3 (Delay) ANOVA with response criterion as

the dependent variable found no interaction between Valence and Delay, F(4, 152)=1.262,
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p=.29, n?% =.03. There were significant main effects for both Valence, F(1.73, 65.65)=61.812,
p<.001, n?% =.62 and Delay, F(1.63, 62.05)=137.38, p<.001, n% =.78. Simple comparisons
between the delay intervals found negative response criteria significantly increased from the 10
minute delay to the 24 hour delay (t(38)=-9.18, p<.001) and from the 24 hour delay to the 1 week
delay (t(38)=-7.29, p<.001). The same effects were found for neutral and positive (ps<.001).
Simple comparisons between the valence conditions found the response c for each valence were
significantly different from each other at each delay interval (ps<.01) except for positive and
negative at the 1 week delay (t(38)=-1.82, p=.23).

Figure 10.
Forgetting Results for Response Criterion
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4. Discussion

The current study investigated three main questions concerning differences in rates of
forgetting for emotional vs. neutral pictures. For the first two questions, which concerned the
extent to which forgetting is slower for negative and positive emotional pictures relative to
neutral stimuli, the results were relatively clear and readily interpretable . For negative pictures,
overall forgetting assessed with recognition memory was slower relative to neutral pictures

across the three delay intervals (10 minutes, 24 hours, and 1 week), consistent with several other
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studies. Also, whereas there was no EEM for negative pictures at the shortest delay interval, a
significant EEM was observed at the latter two delay intervals, again consistent with prior
findings that the EEM often is small or absent at a short delay and grows over time (Sharot &
Yonelinas; Yonelinas & Ritchey, 2015).

In contrast, for positive emotional pictures, although we had tentatively predicted slower
forgetting on the basis of the amygdala-modulated consolidation view, in fact there was no
evidence for overall slower forgetting relative to neutral pictures, and the forgetting curves for
positive and neutral pictures were very similar, particularly for corrected recognition
performance (Figure 3). An EEM for positive pictures was observed for hit rates but not for the
corrected recognition or d’ measures. EEM effects are frequently smaller for positive emotional
stimuli than for negative emotional stimuli, even when positive and negative stimuli are matched
on normative arousal, as was the case in the current study (Talmi et al., 2007).

Our third primary question concerned the extent to which any potential slowed forgetting
for negative or positive pictures (relative to neutral pictures) is reflected differently in the
recollection and familiarity components that contribute to recognition memory performance.
Although floor effects and differences in initial memory performance complicated the
interpretation of the results, particularly for recollection, some relevant new findings were
obtained. Consistent with our predictions, recollection for negative pictures (as assessed by
proportional forgetting scores because of differences between valence conditions in initial levels
of memory) was slowed relative to neutral pictures, consistent with both main theories and with
the findings of most prior relevant studies. In contrast, we did not find evidence for slowed
forgetting for recollection of positive pictures relative to neutral ones, and had made no specific

predictions regarding forgetting for recollection for positive pictures.
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Turning to familiarity, we observed slower forgetting for familiarity for negative pictures
relative to neutral ones. This result is contrary to the predictions of the emotional binding view,
which specifies that only recollection should be enhanced for negative emotional stimuli.
However, this result it is broadly compatible with the amygdala-mediated consolidation view,
which allows for modulation of familiarity processes. No evidence for slowed forgetting for
familiarity for positive pictures was found, a finding that is compatible with both theories. The
slower forgetting for familiarity for negative pictures matches a similar result reported by Sharot
& Yonelinas (2008). Although slowed forgetting for familiarity was attributed in that study to
the influence of a subsequent, separate source judgement, our current findings, which were
obtained in the absence of this source judgment task, suggest that slowed forgetting for
familiarity for negative pictures does occur and is not due to the influence of other memory tests.

The goal of the current study was not to determine which of the two major theories is more
compatible with our findings. This was in part because gaps in the predictions of these theories
made it difficult to directly compare between them. Nevertheless, it is useful and informative to
discuss the current findings in the context of these two theories. To recap the major findings,
forgetting was slower for negative pictures for overall recognition (i.e., for corrected recognition,
d’, and hit rates), consistent with the predictions of both theories, and this slower forgetting
extended across all three delay intervals up to the 1 week delay. Another key finding was that
slower forgetting was not observed for positive pictures, even though the positive pictures were
matched to the negative pictures on normative rated arousal, and the enhancement of recognition
for positive pictures was also weaker than the corresponding effect for negative pictures, being
observed only for hit rates. Because both theories focus on the effects of negative emotion and

do not make specific explicit predictions regarding positive emotion, these findings regarding
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memory for positive emotion are broadly consistent with both theories. Although these findings
would not be predicted based on the amygdala-modulated consolidation view’s proposal that
emotional arousal is the primary factor influencing the amygdala’s memory-enhancing functions,
this view does acknowledge that there may be additional valence-specific effects on memory.

The finding that familiarity for negative pictures was slowed relative to neutral pictures
appears difficult to reconcile with the emotional binding view, as this result is contrary to an
explicit prediction of the model. The current findings replicate those of Sharot and Yonelinas
(2008), who also found slower forgetting for familiarity for negative vs. neutral pictures, using a
similar remember/know task, although they concluded that this finding was spurious and was due
to the effects of including a source memory task. Finally, the null effects of positive emotion on
forgetting for both recollection and familiarity are equally compatible with both theories.

Two studies by Wang, (Wang, 2014, 2018) addressed similar questions to those addressed in
the current study, but the findings of these studies are difficult to interpret because of
methodological issues and anomalous patterns of results. Wang (2014) attempted to analyze
forgetting rates of positive, neutral, and negative pictures across three delay intervals. However,
this first study used a between-subjects design with only 20 subjects in each group leaving the
study considerably underpowered to detect differences in forgetting effects. There were also
patterns of results that point to other potential issues in the study including a lack of forgetting in
all three valence conditions between the 5 minute and 24 hour delays, and in the analyses of
recollection, though the statistics were not reported, it appears that negative and neutral had no
differences in recollection at any of the delay intervals. Finally, the study also attempted to

analyze familiarity but the familiarity estimates were calculated incorrectly.
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These methodological and result pattern issues were addressed by Wang in a subsequent
study in 2018 (Wang, 2018). Wang (2018) used a within-subjects design that was properly
powered, however other methodological issues persisted as well as the anomalous patterns of
results. For example, Wang (2018) increased the number of delays from three to seven, but did
not increase the stimuli set and therefore only 10 pictures of each valence were presented at each
delay. This study did have evidence of forgetting in the overall recognition unlike in Wang
(2014), but the problems with negative and neutral recollection persisted and at one delay
interval, negative recollection was significantly lower than neutral. Familiarity was correctly
calculated in Wang (2018), but the analyses found no forgetting or differences between the
valence conditions. Given these anomalous results for recollection and familiarity, there is a
possibility that the participants did not have a strong understanding of the instructions for
retrieval. These methodological problems and issues with the results of these two studies make it
difficult to interpret their findings with respect to the main questions we focused on in the current
study.

There were some limitations associated with the current study. First, floor effects were
present in some conditions, which complicated the interpretation of some results. False alarm
rates for neutral pictures exhibited floor effects at the 24 hour and 1 week delays, thus
contributing to inflated scores in d’ for the neutral condition at those delays. There were also
floor effects in recollection and familiarity estimates for some conditions. Some subjects had
recollection or familiarity estimates at floor at the first delay interval and therefore had to be
excluded from the analyses of recollection and familiarity, and there were also floor effects at the

1 week delay which made it difficult to interpret the interactions.
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Second, for recollection estimates, initial values differed significantly between valence
conditions at the initial, 10 min delay and therefore we used proportional forgetting scores,
which are often recommended to deal with possible scaling effect issues (Wixted, 1990; Ritchey,
Dolcos, & Cabeza, 2008). Although the use of proportional scores to assess forgetting is well
motivated theoretically, to assess the robustness of this finding across different measurement
scales and performance levels, future studies should reexamine this question under conditions
where initial recollection levels are matched and no conversion to proportional forgetting scores
is required.

Finally, in the current study we used normative ratings to select the sets of negative,
positive, and neutral stimuli and to match negative and positive stimuli on mean arousal, but
emotion ratings for the stimuli from the subjects in this study were not collected, in part because
of the large number of pictures and time constraints for the online study, which already required
subjects to participate in three relatively long experimental sessions. Therefore, it is possible that
stimuli did not consistently elicit the intended emotional responses in some subjects. However,
normative ratings of arousal are often highly correlated with individual arousal ratings and with
EEM effects, especially when obtained from the same population (Canli et al. 2000; Kensinger &
Schacter 2006; Touryan et al. 2007). Future studies should acquire post-retrieval emotion ratings
and psychophysiological responses for stimuli address this limitation. Another direction for
further study is to determine whether similar effects are found using recall tasks. Because
performance on recall tasks is widely considered to be primarily mediated by recollection
(Baraly et al. 2017; Craik & Lockhart 1972), emotional forgetting effects in recollection can be
assessed more directly using a recall task, obviating the need to estimate recollection from

remember/familiar recognition task performance.
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In conclusion, the current study showed slowed forgetting for negative vs. neutral
pictures stimuli in overall recognition performance. Slowed forgetting for negative pictures was
also found for both of the main component processes contributing to recognition memory,
recollection and familiarity. In contrast, forgetting was not slower for positive pictures and the
forgetting results for positive and neutral pictures were broadly similar. Importantly, this study
highlighted that the slowed forgetting of emotional stimuli occurs in both recollection and
familiarity but only for negative stimuli and not positive. In summary, the current study
contributed to the understanding of forgetting for emotional episodic memory, finding that
slowed forgetting was valence dependent, and that slowed forgetting for negative pictures is
reflected in both the recollection and familiarity components of recognition memory. These
findings suggest that current theories of forgetting for emotional episodic memory, which have
focused primarily on negative emotional stimuli and on recollection-based forgetting effects,
need to take into account the role of negative and positive valence and effects on familiarity

processes.
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Appendix
1. Response times

As shown in Figure 1A, to characterize overall performance of response times (RTS)
across conditions and delay intervals, RTs for hits were analyzed with a 3 (Valence) x 3 (Delay)
repeated measures ANOVA. There was no interaction between Valence and Delay, F(2.76,
99.34)=1.54, p=.21, n? =.04 or main effect of Valence, F(2, 72)=0.26, p=.77, n% =.01. There
was a main effect of Delay, F(1.33, 48.03)=8.91, p=.002, n?% =.20 characterized by the slowest
RT at the 10 minute delay (M=1.47, SE=0.05) and longest at the 1 week delay (M=1.86,
SE=0.11).

Finally, as shown in Figure 1B, to characterize performance of RTs across the responses
of either “Familiar” or “Remember”, RTs were analyzed with a 2 (Response: Familiar,
Remember) x 3 (Valence) x 3 (Delay) repeated measures ANOVA. There was no significant
three-way interaction, F(4, 56)=1.8, p=.14, n?% =.11. There were also no significant 2-way
interactions (Fs<2.2). However, there were main effects for Response, F(1, 14)=8.5, p=.011, n?%
=.38, with recollection (M=1.67, SE=0.059) lower than familiarity (M=1.78, SE=0.050) and
Delay, F(1.35, 18.9)=4.68, p=0.034, n% =.25 with the slowest RT at the 10 minute delay
(M=1.59, SE=0.04) and longest at the 1 week delay (M=1.93, SE=0.10). Importantly, there were
no main effects of Valence in either RT analysis, suggesting that any effects of valence on

memory were unlikely to be due to a speed-accuracy tradeoff.
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Figure 1.
Response time analysis
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Note. A) Response times for the valence conditions across the delay intervals. B) Response times for familiarity and

recollection responses at each delay.
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