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Stress and memory encoding: What are the roles
of the stress-encoding delay and stress relevance?
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The effects of acute stress on memory encoding are complex. Recent work has suggested that both the delay between stress

and encoding and the relevance of the information learned to the stressor may modulate the effects of stress on memory

encoding, but the relative contribution of each of these two factors is unclear. Therefore, in the present study, we manip-

ulated (1) acute stress, (2) the delay between stress and encoding, and (3) the relevance of the information learned to the

stressor. The results indicated that stress during encoding led to better memory for study materials that were related to the

stressor relative to memory for study materials that were unrelated to the stressor. This effect was numerically reduced for

materials that were encoded 40 min after stressor onset (23 min after the stressor had ended) compared with items encoded

at the time of the stressor, but this difference was not significant. These results suggest that the relevance of the information

learned to the stressor may play a particularly important role in the effects of stress on memory encoding, which has im-

portant implications for theories of stress and memory.

[Supplemental material is available for this article.]

The effects of stress on memory have been the subject of much re-
search (Wolf et al. 2016; Shields et al. 2017, 2021; Quaedflieg and
Schwabe 2018; Kalbe et al. 2020). Despite this, it is still somewhat
unclear how acute stress influences memory encoding (i.e., the
learning of new information); some prior studies have found that
stress impairs memory encoding (Schwabe andWolf 2010), where-
as other studies have found that stress enhances encoding
(Wiemers et al. 2013). Theories of stress and memory suggest
that specific factors may determine whether stress at encoding en-
hances or impairs memory (e.g., Mather and Sutherland 2011;
Schwabe et al. 2012; Mather et al. 2016). To date, however, little
work has examined the relative contributions of these factors.
We addressed this gap in the present study by experimentally ma-
nipulating two factors that are important to different theories of
stress andmemory in order to determine the effects of these factors
in contributing to the effects of stress on memory.

Early theories of stress and memory were nonspecific in the
enhancing effects of stress surroundingmemory encoding, as these
theories posited nonspecific enhancements of memory driven by
conjoint effects of noradrenergic activity and glucocorticoids
(e.g., McGaugh 2000). These early theories, however, are inconsis-
tentwithmore recentworkfinding that stress prior to or during en-
coding may only enhance memory under some conditions (e.g.,
Maheu et al. 2005; Payne et al. 2007; Smeets et al. 2009; Herten
et al. 2017; Wolf 2018; Kalbe et al. 2020). Two theories of stress
and memory encoding attempt to explain these findings by posit-
ing that either the relevance of the information learned to the
stressor (i.e., stress relevance) or the delay between stress onset
and encoding (i.e., the stress-encoding delay) plays a central role
in the effects of stress on memory encoding. For example, the
arousal-biased competition theory of stress and memory suggests

that highly arousing (e.g., stress-relevant) stimuli will bias percep-
tion and therefore memory encoding in favor of those highly
arousing stimuli at the expense of nonarousing stimuli (e.g.,
stress-irrelevant) (Mather and Sutherland 2011) via noradrenergic
direction of attention as well as direct beneficial effects of norad-
renergic activity on emotional memory consolidation (Mather
et al. 2016). Another theory of stress and memory, the dual-mode
theory, proposes that the stress response is time dependent, such
that the biological effects of stress on the hippocampus at a short
stress-encoding delay facilitate memory encoding, whereas the ef-
fects at a longer stress-encoding delay impair memory encoding
(Schwabe et al. 2012). This time-dependent effect of stress on
memory encoding, according to the dual-mode model, is thought
to be mediated by the different time courses of distinct stress-
responsive hormones: Norepinephrine increases and decreases rel-
atively quickly in the stress response and is thought to mediate
some of the rapid effects of stress on memory, whereas cortisol in-
creases and decreases at a slower pace and is thought to mediate
slower time-dependent effects of stress on memory through non-
genomic and subsequently genomic mechanisms (Joëls et al.
2006; Schwabe et al. 2012).

The above theories suggest that both the stress relevance of in-
formation and the stress-encoding delay should dictate whether
stress enhances or impairs memory encoding. In support of this,
the existing literature suggests that stress can lead to bettermemory
encoding for stress-relevant than stress-irrelevant materials
(Smeets et al. 2009; Wiemers et al. 2013; Wolf 2018; Kalbe et al.
2020), and that stress enhances memory encoding when the
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stressor occurs during or immediately prior to encoding compared
with when the stressor occurs sometime prior to encoding (Vogel
and Schwabe 2016; Shields et al. 2017; Zoladz et al. 2018;
Goldfarb et al. 2019). Unfortunately, however, almost all of the
studies that have found beneficial effects of stress on the encoding
of stress-relevant materials versus stress-irrelevant materials have
had very short or even no stress-encoding delay, rather than a rel-
atively long stress-encoding delay (Wiemers et al. 2013; though see
Smeets et al. 2009). Additionally, many studies have found that
stress immediately prior to encoding enhances memory even for
stress-irrelevant items or information (Payne et al. 2007;
Henckens et al. 2009; Wolf 2012; Zoladz et al. 2013, 2014).
Similarly, although a recent meta-analysis found support for
both of these factors in modulating the effects of stress on encod-
ing (Shields et al. 2017), this meta-analysis was unable to tease
apart the relative contribution of these two factors. To date, only
one study manipulated both the stress-encoding delay and item
relevance (Smeets et al. 2009), but this study was relatively under-
powered and thus may have obtained a null effect in one of these
factors due to a lack of power. Thus, it is not clear whether stress
generally improves memory encoding for stress-relevant materials
orwhether the beneficial effects of stress on encoding are limited to
conditions in which encoding occurs with very little or no delay
from the stressor itself.

We examined the contributions of stress relevance and the
stress-encoding delay to the effects of stress on memory encoding
in this experiment by randomly assigning 130 participants to a
stress or control condition. Each participant encoded two lists of
words—one during the stressor and one 40 min after its onset
(which was 23 min after the stressor ended)—to determine the
role of the stress-encoding delay. This second-list delay was chosen
because of both prior experimental work (Zoladz et al. 2011) and a
meta-analysis (Shields et al. 2017), both of which indicated that
stress immediately prior to encoding enhanced memory, whereas
when stress onset occurred more than 25 min prior to encoding,
stress impaired memory. Each of the word lists contained a mix
of 12 stress-relevant and 12 stress-irrelevant words. Drawing on
theories of stress and memory, we expected both stress relevance
and a short stress-encoding delay to enhance memory, with the
greatest enhancement for stress-relevant words with a short
stress-encoding delay.

Results

Effects of stress on cortisol
We first examined whether our stress manipulation successfully
produced a cortisol response. As expected, the Stress × Time inter-
action was significant (F(1,129.0) = 25.32, P<0.001). Decomposing
this interaction, we found that participants in the stress condi-
tion (M=6.41, SE= 0.70) did not differ from participants in the
control condition at baseline (M=5.80, SE=0.74; t(218.0) = 0.60, P
=0.548), whereas postmanipulation, participants in the stress
condition (M=12.46, SE=0.70) had significantly higher cortisol
levels than participants in the control condition (M=6.37, SE=
0.74; t(218.0) = 5.98, P<0.001). The Sex× Stress × Time interaction
was nonsignificant (F(1,129.0) = 0.11, P=0.742), indicating that cor-
tisol changes as a function of the manipulation did not differ by
participant sex.

Effects of stress on memory

Free recall
Next, we examined how stress during and prior to encoding
affected free recall for stress-relevant and stress-irrelevant informa-
tion in a mixed-model ANOVAwith Stress, Stress-Encoding Delay,

Item Relevance, and Sex as factors.1 We found significant main ef-
fects of Stress-Encoding Delay (F(1,378.0) = 84.47, P<0.001)
and Relevance (F(1,378.0) = 7.24, P=0.007), which were qualified
by a significant Stress × Item Relevance interaction (F(1,378.0) =
4.02, P=0.046). Sex did not moderate any of these effects (Ps >
0.053). Decomposing the significant Stress × Item Relevance
interaction, we found that participants in the stress condition
showed significantly better free recall of stress-relevant informa-
tion (M=1.50, SE=0.12) than of stress-irrelevant information
(M =1.05, SE=0.12; t(378.0) = 3.42, P<0.001). Participants in the con-
trol condition, however, did not differ between free recall of stress-
relevant information (which was relevant to the speech in the
control task; M=1.25, SE=0.12) and free recall of stress-irrelevant
information (M=1.19, SE=0.12; t(378.0) = 0.47, P=0.638).

Althoughwe did not find a significant Stress × ItemRelevance×
Stress-EncodingDelay interaction (F(1,378.0) = 3.71,P=0.054) because
the interaction was close to significant we followed this up with sep-
aratemixed-modelANOVAsat eachstress-encodingdelay (i.e.,node-
lay and40minafter stress/control onset)withStress, ItemRelevance,
and Sex as factors. Atno stress-encodingdelay,we founda significant
main effect of Relevance (F(1,126.0) =6.97, P =0.009), whichwas qual-
ified by a significant Stress × Item Relevance interaction (F(1,126.0) =
7.49, P=0.007).Decomposing this interaction, at no stress-encoding
delay, we found that participants in the stress condition showed sig-
nificantly better free recall of stress-relevant information (M=2.02,
SE=0.15) than of stress-irrelevant information (M=1.28, SE=0.15;
t(378.0) =3.98, P<0.001), whereas participants in the control condi-
tion did not (speech-relevant:M=1.72, SE=0.16; speech-irrelevant:
M=1.74, SE=0.16; t(378.0) =−0.74, P=0.463). Participants in the
stress conditiondidnot recallmore stress-relevantwords thanpartic-
ipants in the control condition (t(114.0) = 1.19, P=0.236) (see Fig. 1),
indicating that stress biased the type of information recalled rather
than improving free recall in this paradigm.

At a 40-min delay between stress onset and encoding, we
found no significant main effects of any of the predictors (i.e.,
Stress, Item Relevance, or Sex; Ps > 0.128), and no significant inter-
actions between the predictors (Ps > 0.094). Neither stress nor con-
trol participants differed in recall (Ps > 0.390) between
speech-relevant and speech-irrelevant words when those words
were learned with a 40-min delay between the stress/control
speech onset and encoding (see Fig. 1). Participants in the stress
condition did not recall more speech-relevant (stress-relevant)
words than participants in the control condition at a 40-min delay
between speech onset and learning (t(222.0) = 1.08, P=0.284).

Cued recall2

Next, we examined whether providing a cue would influences the
effects of stress at or prior to encoding on memory in a mixed-

1To examine the data further, we separated words into low- and high-arousal
words (we thank a helpful reviewer for suggesting this analysis). In this model
with free recall as the outcome, high-arousal words were significantly more
likely to be recalled than low-arousal words (F(1,882.0) = 28.09, P<0.001).
However, no significant interactions emerged between word arousal and con-
dition (stress vs. control), with or without any other factors (e.g., there was
also no significant Stress × Item Relevance × Stress-Encoding Delay × Arousal in-
teraction). Interestingly, though, once the effect of word arousal was accounted
for, the Stress × Item Relevance × Stress-Encoding Delay interaction in free recall,
which was just outside of significance in our main analyses (P= 0.054) emerged
as significant in this model (F(1,882.0) = 4.16, P=0.042), which further justified
our decomposition of this interaction within the main analyses.
2Because cued recall was tested after free recall, in cued recall subjects may not
have reported some of the items that they had already reported in free recall. To
assess this possibility, we conducted exploratory analyses, where if a participant
had recalled a word during free recall but not cued recall, we added it to their
cued recall total. These exploratory analyses revealed the same findings as those
presented here. Therefore, we retained participants’ original cued recall re-
sponses in analyses.
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model ANOVA with cued words as the outcome and Stress,
Stress-Encoding Delay, Item Relevance, and Sex as factors. We
found significant main effects of Stress-Encoding Delay (F(1,378.0)
= 42.67, P<0.001) and Relevance (F(1,378.0) = 11.80, P<0.001),
which were qualified by a significant Stress × Item Relevance inter-
action (F(1,378.0) = 7.76, P=0.006) (Fig. 2). Decomposing this inter-
action, we found that participants in the stress condition showed
significantly better cued recall of stress-relevant information (M=
1.19, SE=0.09) than of stress-irrelevant information (M=0.72, SE
=0.09; t(378.0) = 4.54, P<0.001). For participants in the control con-
dition, however, there was no significant difference between cued
recall of stress-relevant information (M=0.77, SE=0.10) and cued
recall of stress-irrelevant information (M=0.72, SE=0.10; t(378.0) =
0.45, P=0.656). Sex was not a significant predictor of recall perfor-
mance (P=0.268), nor did sexmoderate the effect of any other var-
iable on recall (Ps > 0.242).

Although we did not find a significant Stress × Item Relevance
× Stress-Encoding Delay interaction (F(1,378.0) = 2.07, P=0.152), we
followed this up with separate mixed-model ANOVAs at each
stress-encoding delay (i.e., no delay and a 40-min delay between
speech onset and learning) with cued recall as the outcome and
Stress, Item Relevance, and Sex as predictors. With no delay be-
tween speech onset (i.e., stress/control) and encoding, we
found a significant main effect of Item Relevance (F(1,126.0) =
13.23, P<0.001), which was qualified by a significant Stress ×
Item Relevance interaction (F(1,126.0) = 7.18, P= 0.008). Decompos-
ing this interaction, at no delay between stress/control and encod-
ing, we found that participants in the stress condition showed
significantly better cued recall of stress-relevant information (M=
1.57, SE=0.14) than of stress-irrelevant information (M=0.81, SE
=0.14; t(126.0) = 4.60, P<0.001), whereas participants in the control
condition did not (speech-relevant: M= 1.07, SE=0.14; speech-
irrelevant:M=0.95, SE=0.14; t(126.0) = 0.66, P=0.511). Additional-
ly, participants in the stress condition showed significantly greater
cued recall of speech-relevant (i.e., stress-relevant) words than par-
ticipants in the control condition (t(108.0) = 2.53, P=0.013), indicat-
ing that, relative to a control condition, stress-enhanced cued recall
of stress-relevant information encoded with no delay between
stress and encoding.

At a 40-min delay between stress onset and encoding,
we found a significant main effect of Stress on cued recall

(F(1,58.1) = 4.03, P=0.049), but no other
significant main effects (Ps > 0.115) or in-
teractions (Ps > 0.214). Following up on
themain effect of stress, relative to partic-
ipants in the control condition, partici-
pants in the stress condition showed
significantly greater cued recall of speech-
relevant words (t(135.0) = 2.34, P=0.020)
when those words were encoded 40 min
poststressor onset.3

Correlations between cortisol

and memory
We also examined whether changes in
cortisol were associated with the free or
cued recall of information learned during
stress or 40min poststressor onset.We ex-
amined these potential associations both
over all participants and in the stress
group alone andwe assessed possible qua-
dratic (e.g., inverted-U) associations be-
tween changes in cortisol as well. In all
of these analyses, changes in cortisol
(neither Δ-cortisol nor residualized chan-

ge scores) were not associated with any memory outcome (Ps >
0.120).

Discussion

We found that across the two recall tasks, stress during encoding
led to greater recall of stress-relevant materials relative to
stress-irrelevant material. Although this effect was numerically
larger formaterials encoded during the stressor than those encoded
after a short delay, the stress-relevance effect was not significantly
different across the delay conditions. However, the stress–rele-
vance interaction was significant for materials encoded during
the stressor but not for those encoded after a short delay, suggest-
ing that delay might play a role in the effects of stress on memory
encoding. As is often the case in studies of stress andmemory (e.g.,
Schwabe and Wolf 2010), we did not observe any associations be-
tween cortisol responses to stress and memory performance.
Altogether, our results suggest that the relevance of learned infor-
mation to a stressor plays a larger role than the delay between stress
onset and encoding in the effects of stress on memory encoding.
These results are most consistent with predictions from the
arousal-biased competition theory of memory and perception
(Mather and Sutherland 2011), as stress led to a relative preference
for stress-relevant words (vs. irrelevant words) whereas control par-
ticipants did not differ in recall between thoseword types. In short,
it seems that both item relevance and the delay between stress and
encoding are important factors, but item relevance to the stressor
may be the most important factor in contributing to enhancing
the effects of stress on encoding.

Although both the stress-encoding delay and item relevance
to the stressor were unable to be teased apart in the meta-analysis,
we are not the first to manipulate these two variables in the same

Figure 1. Free recall of speech-relevant and speech-irrelevant words by experimental condition and
manipulation-encoding delay. Participants in the stress condition showed significantly greater free
recall of speech-relevant words than speech-irrelevant words when the words were encoded during
the stress/control manipulation (after speech preparation time but before the speech was delivered),
whereas participants in the control condition did not. Free recall did not differ by an experimental con-
dition or speech relevance with a 40-min delay between stress/control manipulation onset and
encoding.

3We also examined intrusions from the noncued items (e.g., stress-irrelevant
items recalled during the cue for personality-related words) as a function of
stress, sex, item relevance, and stress-encoding delay. Noncued item intrusions
were greater for items learned during the first list (P= 0.020) and for
stress-irrelevant items (P< 0.001), but no other main effect or interaction
reached significance (Ps > 0.059). Noncued item intrusions did not differ by
stress, nor did stress interact with item relevance or stress-encoding delay to
predict noncued item intrusions (Ps > 0.210).
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study. In particular, Smeets et al. (2009) examined the effects of
stress at encoding of the same word list used in this study and
had participants learn the words both immediately after stressor
offset (15 min postonset) or 2 h poststressor offset before complet-
ing a free recall test 24 h later.4 It should benoted that the encoding
task used by Smeets et al. (2009) differed from the task used here;
Smeets et al.’s encoding task involved auditory presentation, it
had an immediate recall test as soon as the full list was presented
and the list was presented and tested three times during encoding.
We chose not to use this same task due to work published after
Smeets et al.’s study, which suggested that an immediate recall
testmay blunt the effects of stress on encoding (Wolf 2012).Webe-
lieve that this difference in encoding tasks may explain the rela-
tively poorer memory performance in our study compared with
Smeets et al.’s study. Nonetheless, as in our study, Smeets et al.
(2009) found that stress improved memory for stress-relevant in-
formation regardless of the delay between stress and encoding.
However, their comparison (control) group was a group that
learned the words 60 min prestressor and postlearning glucocorti-
coid administration significantly influences memory retention up
to 3 h postlearning (Micheau et al. 1984), indicating that their con-
trol group may have been influenced by stress as well. Although
Smeets et al. (2009) also present the results of a no-stress control
comparison at the end of their results, they do not specify how
their groups differ in recall relative to the no-stress control other
than presenting a significant interaction in an ANOVA and it is
therefore unclear how the stress-encoding delay or the stress-
relevance of the items altered the effects of stress on memory en-
coding. Our results therefore clarify the effects of these factors on
free recall as well as elucidating their contribution to cued recall.

Some studies (e.g., Schwabe et al. 2008; Zoladz et al. 2018)
have found that stress enhances recall of stress-irrelevant (i.e.,
not related) information if that stressor occurs shortly prior to en-
coding, which differs from our results. Some notable factors may
explain this difference. First, these studies did not have partici-
pants learn information under stress—as we did—but had partici-
pants learn the information shortly after stressor offset. It is

possible that stress enhances the
encoding of information—even stress-
irrelevant information—if the stressor
concludes shortly before that informa-
tion is learned. Second, these studies did
not include stress-relevant information
and it is possible that the inclusion of
this information leads to the preferential
encoding of stress-relevant information
at the expense of stress-irrelevant infor-
mation. Similarly, it is possible that rela-
tively underexplored factors, such as
context, could modulate whether stress
enhances or impairs memory for certain
information (Shields et al. 2019a). Future
work should examine each of these
possibilities.

Although much animal work has
found that glucocorticoids play a role in
the effects of stress on memory (e.g.,
Joëls et al. 2006; Roozendaal and Mirone
2020), we did not observe an association
between cortisol and memory in this
study. This lack of association, however,

is consistent with prior work in humans, which has found that
the effects of stress onmemory when stress occurs during the non-
genomic effect window of glucocorticoids are related to interac-
tions between cortisol and markers of noradrenergic activity, but
not to cortisol in isolation (e.g., Smeets et al. 2009). Therefore, it
is possible that we would have observed an association between
memory and the conjunction of cortisol and noradrenergic activi-
ty if we had assessed noradrenergic activity.

Our results have intriguing implications for theories of stress
andmemory. In particular, our results aremore in line with predic-
tions from the arousal-biased competition theory of stress and
memory (Mather and Sutherland 2011) than with predictions
from the dual-mode model (Schwabe et al. 2012), as we found
that stress benefited recall of stress-relevant information without
any significant effects of the delay between stress and encoding,
though we note that the relative support for the arousal-biased
competition theory from our data is relatively weak. The dual-
mode model places a primary emphasis on the stress-encoding de-
lay, highlighting the time-dependent effects of norepinephrine
and cortisol onmemory as the primarymechanism throughwhich
the stress-encoding delay modulates the effects of stress on memo-
ry encoding (Schwabe et al. 2012). In contrast, the arousal-biased
competition theory contends that stress acts to facilitate memory
largely via noradrenergic direction of attentional resources toward
stress-relevant or otherwise arousing information (Mather and
Sutherland 2011), coupled with the general facilitation of emo-
tional memory by noradrenergic activity (Mather et al. 2016).
The significant modulation of stress by item relevance but not de-
lay that we observed therefore provides relatively greater support
for the arousal-biased competition theory given its tenet that mod-
ulationof attention toward stress-relevant information is a primary
driver of stress effects on memory encoding. However, neither of
these theories can easily account for why stress enhanced recall
of stress-relevant information after stress-induced arousal had pre-
sumably dissipated (i.e., 23 min poststressor offset) (Hidalgo et al.
2015; Newton et al. 2017; Shields et al. 2019b). Alternatively,
Roozendaal and Mirone (2020) recently observed an interesting
dissociation between the effects of glucocorticoids and noradrener-
gic activity onmemory, such that glucocorticoid activity increased
memory generalization, whereas noradrenergic activity enhances
memory accuracy. The time course of our experiment entails that
noradrenergic activity would have been much more prominent

Figure 2. Cued recall of speech-relevant and speech-irrelevant words by experimental condition and
manipulation-encoding delay. Participants in the stress condition showed significantly greater cued
recall of speech-relevant words than speech-irrelevant words when the words were encoded during
the stress/control manipulation (after speech preparation time but before the speech was delivered),
whereas participants in the control condition did not. Cued recall did not differ by experimental condi-
tion or speech relevance with a 40-min delay between stress/control manipulation onset and encoding.

4Smeets et al. (2009) further examined word arousal as a moderating factor, but
the different encoding task we used, which differed from theirs, led us to decide
not to examine this factor in primary analyses due to low recall rates.
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during the encoding of list one than list two (noradrenergic activ-
ity increases rapidly following stress onset and fades shortly after
stress offset) (Joëls et al. 2006), with the opposite being true for
nongenomic glucocorticoid effects (glucocorticoids increase
much slower thannoradrenergic activity and fade over amuch lon-
ger time) (Schwabe et al. 2012). Therefore, the observed resultsmay
be consistent with the idea that noradrenergic activity enhances
memory accuracy whereas glucocorticoid activity impairs memory
precision. A fourth theoretical explanation of our results comes
from the contextual binding theory of stress and memory (Sazma
et al. 2019), which suggests that stress benefits memory by creating
a particularly salient memory for the context in which items are
learned, thereby making recall of contextually related information
(e.g., stress-relevant information learned in that context) easier.
Although we did not experimentally manipulate context in this
study, it is possible that the reason why stress enhanced recall of
stress-relevant information of the list encoded under stress, but
not of the list encoded 40 min poststressor onset, was that the
list encoded under stress was closer in temporal context than the
second list was to the highly contextually salient event that was
the stressor. Although speculative, this possibility provides ave-
nues for future research.

Some limitations of this study should be noted. First, this
study examined the effects of stress onmemory in a healthy young
adult population of relatively high socioeconomic status. The ef-
fects of stress on memory sometimes differ in older adults (e.g.,
Pulopulos et al. 2013), so future research should attempt to deter-
mine whether our results generalize to other populations.
Second, our memory paradigm resulted in fairly low recall rates.
It is possible that stressmay interact with the stress-encoding delay
or item relevance in a different way when information is encoded
more strongly, as the effects of stress onmemory retrieval differ de-
pending on memory strength (Smith et al. 2016). Third, because
we only collected two saliva samples and only assayed for cortisol,
we were unable to characterize the entire cortisol response, includ-
ing the entirety of reactivity as well as recovery, or examine inter-
actions with markers of noradrenergic activity, such as salivary
α-amylase (sAA), all of which may have shown associations with
memory (e.g., Smeets et al. 2009). Similarly, because we did not as-
sess cortisol on the retrieval day, it is possible that the stress and
control groups differed in baseline cortisol levels on the retrieval
day; however, to our knowledge, all similar stress studies—includ-
ing studies in our laboratory—that assessed cortisol on the retrieval
day have found no differences in baseline cortisol between groups
in cortisol at retrieval (e.g., McCullough and Yonelinas 2013).
Fourth, we did not assess baseline or poststressor affect, and as
such, the onlymanipulation check we hadwas the differential cor-
tisol changes between groups. It is possible that negatively
valenced or autonomic arousal may have persisted longer than
we anticipated (into the second list) and we are unable to assess
that possibility. Fifth, the filler task used, which asked participants
to remember the video they watched, is atypical and may have in-
fluenced the behavioral results. We chose this filler task in order to
limit rehearsal of the first list prior to learning the second list, but
this filler taskmay be responsible in part for the relatively low recall
rates we observed. Sixth, participants in this study were told to in-
tentionally encode the word lists (along with the filler videos) for a
potential memory task, which is somewhat unusual for studies of
stress andmemory. Wemade this decision because intentional en-
coding was used in the initial study from which our stimuli were
obtained (Smeets et al. 2009) and because a meta-analysis did
not find differences in the effects of stress onmemory encoding de-
pending on whether encoding was intentional or incidental
(Shields et al. 2017). Seventh, because encoding of the second list
always followed the first, it is possible that memory for the second
list was affected by proactive interference from both the first list

and the fillermovie, which participants were told theymay be test-
ed on as well, and this interference may explain the relatively poor
memory performance observed for the second list. Finally, al-
though prior work has found that the items in the second list
were relevant enough to the stressor to be remembered even
when encoded long after stressor offset (Smeets et al. 2009), the
first list was encoded in the presence of evaluators, entailing that
stress relevance may have been higher for the first list.

In conclusion, we found that the effects of stress on encod-
ing were modulated by the relevance of the information to the
stressor but not significantly by the delay between stress and en-
coding. However, relevance of the information to the stressor
modulated the effects of stress on memory for information en-
coded during the stressor, but not for information encoded after
a short delay, suggesting that delay may still play some role in the
interaction. In particular, we found that stress enhanced recall of
stress-relevant information learned during—but not after—stress
relative to stress-irrelevant information. These results therefore
appear to suggest that although both factors may be important,
the relevance of the information learned to a stressor may play
a particularly important role in the effects of stress on encoding,
which has important implications for theories of stress and
memory.

Materials and Methods

Participants
One-hundred-thirty (67 female) young adults (Mage = 19.8, SDage =
1.9, range: 18–35) attending University of California at Davis par-
ticipated in this study. These participants were randomly assigned
to the acute stress induction (n=69; 37 female) or control condi-
tion (n=61; 30 female). A sample size of 126 participants was tar-
geted because it provided 95% power to detect the effect of stress
on memory encoding with our conditions according to a recent
meta-analysis (i.e., a one-tailed test for an effect size of 0.592
with our study conditions; Shields et al. 2017), and we slightly
oversampled in case of unexpected errors or data loss. We did
not invite participants who had a current illness, diabetes, history
of stroke, neurological disorders, current or former diagnosis of
posttraumatic stress disorder, hospitalization for a psychiatric dis-
order within the past year, current injury or illness within the
past week, major sleep disturbances within the past 6 wk, or con-
sumption of more than eight caffeinated beverages a day.
Similarly, individuals who were pregnant, nursing, on any form
of medication (including hormonal birth control or asthma medi-
cation) or illegal drugs, had taken any mood-altering medications
within the past two months, or had taken oral or injected cortico-
steroids within the past three months were not invited to partici-
pate. Participants were instructed not to eat, drink anything
besides water, use tobacco, brush their teeth or floss, or engage in
any exercise for 2 h prior to the start of the study. Compliance
with these instructions and inclusion criteria (i.e., no drug or hor-
monal contraceptive use) was assessed using a questionnaire at the
beginning of the study.

Materials and procedure
Participants arrived at the laboratory in groups of two to four.
Upon arrival, each participant was greeted by an experimenter
who instructed the participant to rinse their mouth out with a pro-
vided glass of purified water. The participant was then invited into
the laboratory and seated at his/her assigned isolated computer,
and then (if necessary) was told to wait to begin until the experi-
menter gave permission. The experimenter waited until all the par-
ticipants had arrived to give each participant permission to begin.
Once given permission, each participant provided informed con-
sent and completed miscellaneous measures for ∼5 min to allow
acclimation to the testing environment. Participants’ computers
then reached a password-protected screen that instructed them
to wait for instructions from the experimenters. Participants
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waited until all other participants for the session completed the
initial measures, upon which time the first (baseline) saliva sample
was taken.

Next, participants completed the laboratory-based stressor or
control task, depending on their time slot’s assigned condition. An
experience of acute stress was induced using a modified version of
the Trier Social Stress Test for Groups (TSST-G) (von Dawans et al.
2011). The modifications we made were consistent with those
made by Smeets et al. (2007, 2009) to enable our assessment of
learning of stress-relevant information. In particular, because par-
ticipants learned 24 personality-related words (see the memory
task description below), the speech task was modified so as to re-
quire participants to give a speech on their personality.

All participants were first informed that they should prepare a
speech on their personality using a provided blank piece of paper.
Participants in the stress conditionwere further informed that they
would be giving this speech in front of a panel of trained evalua-
tors. After 3min of preparation, participants in the stress induction
condition had their preparation paper taken from them, were
brought to a roomwith the evaluators facing them and wall divid-
ers to prevent the participants from interacting and then handed a
piece of paper containing amixed list of 12 personality-related (i.e.,
stress-relevant) words and 12 similar words that were not related to
personality (i.e., stress-irrelevant). All of the words for the memory
task are presented in the Supplemental Material. In the control
condition, after 3 min of preparation, participants in the control
condition simply brought the same paper containing the 24 words
as was given to participants in the stress condition and asked to
stand. All participants were then told to try tomemorize the words
on that list for the next 2 min, since their memory would be tested
for those words (participants in the stress condition did this with
the evaluators looking at them as they stood; participants in the
control condition did this at their desks). After 2 min had elapsed,
participants in the stress induction condition were conspicuously
recorded while they spoke on their personality in front of a live
panel of evaluators trained to maintain neutral facial expressions
at all times. In the control condition, participants in the control
condition stood at their desks and delivered their speeches quietly
without social evaluation fromany evaluators or other participants
(i.e., out of earshot). The speech portion of the stressor/control task
lasted a total of 12 min.

Participants were then returned to their desks and a password
was entered to allow the study to continue on their computers. Af-
ter completing a filler measure, participants then watched a filler
video (on the history of manners) until a total of 15 min poststres-
sor offset had elapsed. Participants were told to try to remember
this video because their memory for it would be tested, though
nomemory test for video contents was given.We chose to instruct
participants to try to remember this video in order to discourage
participants from rehearsing the first list of words during the wait-
ing period between the first and second lists. After a total of 15min
poststressor offset had elapsed, participants then provided the
postmanipulation saliva sample. Participants then watched a sec-
ond filler video (on traveling) for ∼8 min, or until a total of 23
min poststressor offset had elapsed; participants were again told
that they should try to remember this video because their memory
for it would be tested. After 23 min poststressor offset had elapsed,
the experimenter provided participants with a secondmixed list of
12 personality-related (i.e., stress-relevant) words and 12 similar
words that were not related to personality (i.e., stress-irrelevant).
These words were those used by Smeets et al. (2009)—Smeets
et al. also had 24 additional words of the same kind from an unan-
alyzed recognition task, which we used for our other list (see be-
low), counterbalanced in the order presented. All participants
were again given 2 min to study the words and told to try to re-
member the words since their memory for them would be tested.
The order of these lists was counterbalanced across participant con-
dition and sex. Thus, participants learned a total of 24 stress-
relevant words, 12 during the manipulation, and 12 ∼40 min later
(as the first list was given at the beginning of the 17-min stressor),
as well as 24 stress-irrelevant words on the same schedule. There-
fore, we were able to assess memory for stress-relevant information
that was presented both while and after the stressor occurred. After

2 min of study for the second list had elapsed, participants com-
pleted a filler personality questionnaire before being dismissed
for that session.

All participants returned 48 h later andwere greeted by the ex-
perimenter, seated at their same computers as before, and started
on the study. Participants completed filler questionnaires for
∼10 min to allow acclimation to the study environment. Then,
the experiment advanced to a screen summoning the experiment-
er, who advanced the participant to the free recall instructions.
Participants were asked “to write down as many of the words
that [they could] remember from either/both of the two lists
[they] studied during the first part of the experiment,” and were
given a full 5 min to write these words down. After a full 5 min
had elapsed, the experiment automatically continued to the cued
recall tasks. In the first of these, participants were cued to recall
the stress-relevant words with the following prompt: “You learned
24words related to your or someone else’s personality. Please enter
those words in the box below.” Participants were then given 3min
to recall as many words as they could remember. After 3 min had
elapsed, the experiment automatically advanced to the second
cued recall task. Participantswere cued to recall the stress-irrelevant
words with the following prompt: “You also learned 24 words un-
related to personality but that can describe people’s or things’ char-
acteristics (e.g., physical appearance). Please enter those words in
the box below.” Participants were then given 3 min to recall as
many of these words as they could remember. After completing
this task, participants were debriefed and dismissed.

Saliva samples
Participants provided two saliva samples (baseline, which was pro-
vided immediately prestressor, and postmanipulation, which was
provided 15 min poststressor offset, or 32 min poststressor onset)
using a passive droolmethod. Immediately after collection, the sal-
iva vials were placed in a freezer kept at −20°C until assayed.

Cortisol
Saliva samples were assayed in duplicate for cortisol using high-
sensitivity salivary cortisol ELISA kits (Salimetrics LLC) according
to the manufacturer’s instructions. The interassay CV was 3.68%
and the average intraassay CV was 3.11%. The sensitivity for these
assays was 0.012 µg/dL. All controls were in the expected ranges.
Participant sex, condition (i.e., stress vs. control), and list order
were counterbalanced across plates to ensure balanced sample rep-
resentation in each plate. Cortisol concentrations were converted
frommicrograms per deciliter to nanomoles per liter for consisten-
cy with most human stress literature.

Data analysis
All data were analyzed in R, version 4.0.2. Because the acute stress
manipulation necessitated randomization of participant sessions
to conditions (i.e., rather than participants), analyses required a
multilevel model to account for shared variability within sessions.
Thus, all analyses were linearmixedmodels with participants nest-
ed within sessions. Although not stated in the results, all mixed-
models nested participants within time slots because of random-
ized time slots—rather than participants—to conditions (i.e.,
Stress vs. Control). Similarly, although not stated in the results,
all memory analyses controlled for study list order counterbalance
(see “Materials and Procedure”).
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