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ARTICLE INFO ABSTRACT

Keywords: Smith, Floerke, and Thomas (2016) demonstrated that learning by repeated testing, or retrieval practice, re-
Stress duced stress-related memory impairment when compared to learning by repeatedly studying material. In the
Cortisol

Retrieval practice
Testing effect
Context

present experiment, we tested whether, relative to study practice, retrieval practice would improve post-stress
memory by increasing access to both item and source information. Participants learned two wordlists, which
were temporally segregated to facilitate distinction between the two lists. Participants returned one week later

for stress induction and two memory tests. Each test featured a recognition test that was given to assess item
memory accessibility, and a list-discrimination task that was given to assess source memory. Relative to study
practice, successful retrieval practice during learning reduced false alarms but did not improve source memory
on the post-stress test. Results are discussed as they relate to current theories surrounding stress effects and

retrieval practice effects.

1. Introduction

Memory retrieval is generally impaired when preceded by a psy-
chological stressor that causes a marked increase in the stress hormone
cortisol (Buchanan, Tranel, & Adolphs, 2006; de Quervain, Roozendaal,
& McGaugh, 1998; Kuhlmann, Piel, & Wolf, 2005; Shields, Sazma,
MecCullough, & Yonelinas, 2017). Though the majority of studies on the
topic have replicated this effect, recent work has highlighted the po-
tential for learning techniques to effectively create stress-resistant
memories. Specifically, the act of taking practice tests when learning
new material, also known as retrieval practice, has been shown to greatly
improve post-stress memory performance relative to conventional study
techniques (Smith et al., 2016; Smith, Davis, & Thomas, 2018). In the
present experiment, we aimed to elucidate the mechanism underlying
the efficacy of retrieval practice in the context of stress. Specifically, we
examined the influences of stress and retrieval practice on both item
and source memory, an approach that was informed by commonalities
in the theories surrounding stress effects and retrieval practice effects.

Implicated in the detrimental effects of stress on memory retrieval is
the physiological stress response. Cortisol that is released from the
adrenal cortex during a stressful event binds to the amygdala and
hippocampus (Lovallo, Robinson, Glahn, & Fox, 2010; Reul & de Kloet,
1985). When combined with increased levels of catecholamines,
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cortisol’s occupation of these brain regions interferes with retrieval-
related neural processing (de Quervain, Aerni, & Roozendaal, 2007;
Roozendaal, Hahn, Nathan, de Quervain, & McGaugh, 2004). Theore-
tical models of memory have attempted to further specify the cognitive
processes that may be disrupted by stress. One current theory posits
that stress induces a “memory formation mode” in the brain, in which
cortisol and catecholamines cause upregulation of neural networks in-
volved in learning and consolidation, and downregulation of networks
involved in retrieval (Schwabe, Joels, Roozendaal, Wolf, & Oitzl, 2012).
Another explanation is that stress burdens the executive functions that
are necessary for individuals to engage in careful, effortful recollection,
thus resulting in post-stress memory impairment (Gagnon & Wagner,
2016). Finally, in their recent meta-analysis, Shields et al. (2017) sug-
gested another, potentially complementary, hypothesis: stress may in-
duce a mental context shift, causing a disruption to context-dependent
memory. In brief, context dependence refers to the robust finding that
retrieval of information is facilitated by reinstating the circumstances in
which that information was learned (for a review see Smith & Vela,
2001). These circumstances can be externally manipulated, such as by
changing the noise level in a room, or internally manipulated, such as
through inducing different moods at times of learning and testing. The
switch from a calm to a stressed mental state may help explain why
psychological stress impairs memory retrieval. Further, because cortisol
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interferes with hippocampal processing (Henckens et al., 2012) and the
hippocampus is necessary for episodic, context-dependent recollection
(Rugg et al., 2012), stress may result in a neural inability to reinstate
one’s learning context. Thus, stress-induced memory disruptions may
result from changes in mood and neural changes that render contextual
information inaccessible. The latter mechanism may explain why
pharmacological administration of corticosterone also results in sub-
standard memory retrieval (Het, Ramlow, & Wolf, 2005).

Studies examining the effects of pre-retrieval stress on memory have
provided evidence for a context-shift mechanism. In one experiment
(Schwabe & Wolf, 2009), participants underwent stress induction or a
control task, and then completed a memory test in either the same
context in which learning had occurred (a room scented with vanilla) or
an unfamiliar context (a different room with no vanilla scent). Non-
stressed participants performed similarly regardless of context changes.
Among those who were stressed, memory was impaired when they were
tested in an unfamiliar context but not when they were tested in the
learning context. Thus, stress in combination with the external context
shift yielded a context mismatch that was substantial enough to impair
memory. However, providing multiple sources of external contextual
support during retrieval alleviated this issue. These findings therefore
suggest that stress can create a context shift that can be overridden by
adequate contextual support. Additional support comes from a recent
study in which acute, pre-retrieval stress impaired memory for pre-
viously-learned words as well as the images that were learned in as-
sociation with each word (Goldfarb, Tompary, Davachi, & Phelps,
2018). These results suggest that stress may impair both memory for
items and memory for the context associated with items during initial
learning.

More support for the context-shift hypothesis comes from research
examining the effects of stress on the consolidation phase of memory. In
these studies, researchers induce stress immediately after initial
learning and typically report memory-enhancing effects (see Shields
et al.,, 2017). One possible explanation for this is that stress induced
after encoding creates a mental context shift that isolates the encoded
information from new information that is learned during the interval
between encoding and retrieval. Without this isolation of the encoded
information, individuals could experience retroactive interference, in
which their memories for the encoded information are blocked by
memories of information learned after encoding. Indeed, context dis-
ruptions have been shown to result in less retroactive interference than
maintaining the same context between encoding and retrieval (Strand,
1970). Further evidence from the consolidation literature comes from a
recent meta-analysis in which stress during consolidation was found to
benefit memory only when the stressor and consolidation phase oc-
curred in the original learning context (Shields et al., 2017). When a
context shift occurred after encoding (e.g., participants left the la-
boratory), stress at consolidation no longer had a noticeable impact on
performance. Thus, stress at consolidation appears to have a positive
impact on memory only in circumstances in which a post-encoding
context shift is not otherwise provided. When a post-encoding context
shift occurs via other means, any benefits of stress are no longer ob-
served. In summary, several studies and emerging trends in the stress-
and-memory literature have begun to build a case for a context-shift
mechanism as the underlying cause of the observed effects of stress on
consolidation and retrieval.

The design of the present study was guided by the context-shift
hypothesis because this account relies on the same memory mechanism
(i.e., memory for context) as the leading theory on the efficacy of re-
trieval practice. The episodic-context account suggests that the value of
retrieval practice stems from each successive retrieval attempt being
made in a novel context (e.g., Brewer, Marsh, Meeks, Clark-Foos, &
Hicks, 2010; Karpicke & Zaromb, 2010; Whiffen & Karpicke, 2017). For
example, a given retrieval attempt may occur at a different time, in a
different physical location, and/or while an individual is in a different
mental state than earlier attempts. Thus, during retrieval practice, each
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retrieval attempt updates a given memory by both reinstating the ori-
ginal study context and associating with the memory new contextual
information from the present moment. On a final memory test, relative
to study practice, retrieval practice equips an individual with a more
recent memory of the original study context and additional contextual
cues for guiding his or her memory search. If a studied item is not
readily retrieved, these additional contextual cues may help the in-
dividual successfully remember the item.

The episodic-context account is supported by studies in which re-
trieval practice has been shown to improve memory for contextual in-
formation (for a review see Karpicke, Lehman, & Aue, 2014). For ex-
ample, Brewer et al. (2010) had participants study two lists of words
and then either engage in free recall after each list was presented or
perform a time-matched distractor task. On a final test, participants
were presented with the words and were asked to indicate the list (i.e.,
context) each item came from. Those who had engaged in retrieval
practice of the lists demonstrated better list discrimination than those
who had not, supporting the notion that retrieval practice updates a
given memory with cues from the context in which the memory was
initially acquired. Another test of the episodic-context account was
carried out by Whiffen and Karpicke (2017). In their experiment, par-
ticipants first studied two lists of words. They were then re-presented
with the words in one mixed list and were instructed either to restudy
the items or to indicate whether each item came from the first or second
list. Note that in the latter group, participants incidentally engaged in
retrieval practice for information regarding the context in which items
were learned. On a final test of free recall, participants who performed
list discrimination recalled more of the studied words than those who
restudied the lists. These findings support a major prediction of the
episodic-context account: retrieving contextual information about a
learning event enhances subsequent memory for that event.

To summarize, current theories regarding the influence of stress on
memory and the influence of retrieval practice on memory are based on
the relationship between context and memory retrieval. Stress is be-
lieved to shift mental context, thereby disrupting context-dependent
retrieval processes. Retrieval practice is believed to increase memory
accessibility by enhancing access to contextual details that help re-
instate context during retrieval. The context mechanism shared by these
theories leads us to a testable hypothesis: stress disrupts memory for
contextual information from the learning context, and that retrieval
practice improves post-stress memory by increasing access to these
contextual details.

To test this hypothesis, we used a list-discrimination task, as is
commonly used in studies on context-dependent memory (e.g., Brewer
et al., 2010; Chan & McDermott, 2007; Whiffen & Karpicke, 2017).
Participants learned two wordlists that were separated by a distinct, 30-
min interval. During learning, participants either studied the list mul-
tiple times or studied it once and then completed two free-recall tests. A
week later, participants completed pre- and post-stress tests that fea-
tured two components: a recognition test that assessed memory for each
item, and a list-discrimination task that assessed source memory and
source-memory confidence for each item. The list-discrimination task
assesses memory for episodic context: Can participants differentiate
between their memories of two events that occurred at distinctly dif-
ferent times?

We hypothesized that both recognition accuracy and list dis-
crimination accuracy would be most impaired for stressed individuals
in the study practice (SP) group, followed by non-stressed SP, stressed
retrieval practice (RP), and non-stressed RP, respectively. Qur hypoth-
esis regarding recognition accuracy was based on results from previous
studies (Smith et al., 2016, 2018), and our hypothesis regarding per-
formance on the list-discrimination task was based on the premise that
stress impairs access to contextual information and that retrieval
practice improves this access. Our examination of source confidence
was exploratory because, to our knowledge, no other researchers have
examined the influence of pre-retrieval stress on memory confidence.
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We hoped that this investigation would provide initial evidence about
the relationship between stress at retrieval and post-retrieval mon-
itoring processes. Given that episodic memory retrieval is generally
impaired by stress but enhanced by retrieval practice, we expected that
one’s confidence in their memory for source information would be re-
duced by stress but increased by retrieval practice.

2. Method
2.1. Design

We employed a 2 (learning strategy: SP or RP) X 2 (test timing: pre-
stress or post-stress) mixed factorial design. Learning strategy was
manipulated between subjects. Test timing was manipulated within
subjects, such that all participants were subjected to stress induction.
Non-stressed and stressed recognition performance was measured by
pre- and post-stress tests.

2.2. Participants

Assuming an effect size of n,* = 0.04 derived from Smith et al
(2016), a significance level of a = 0.05, two between-subjects groups,
two within-subjects measurements, and a conservative 0.70 correlation
between repeated measures (in Smith et al., 2018, the correlation be-
tween Test 1 and Test 2 performance for non-stressed participants was
0.90), an a priori power analysis revealed that a total sample size of 50
participants (n = 25 per group) would provide 99% power to detect
effects (G*Power 3.0; Faul, Erdfelder, Lang, & Buchner, 2007). In an-
ticipation of participant error or dropout, 71 Tufts University students
were recruited to participate in the experiment. Three participants were
excluded from data analysis because they did not return for the second
experimental session, and six participants were excluded because they
demonstrated higher false alarm rates than hit rates on one or both of
the recognition tests. Thus, all final analyses were conducted on 62
participants (45 women,' M_ge = 18.66, SD,g. = 0.85), all of whom
reported that they had not consumed caffeine or nicotine in the 6 hr
prior to the experiment. Though we did not screen for color blindness,
no participants reported being colorblind when presented with color-
relevant tasks. All participants were recruited through introductory
psychology courses to fulfill a research participation requirement.
Thirty participants were randomly assigned to the SP group and 32
participants were assigned to the RP group. All participants provided
informed consent.

2.3. Materials

2.3.1. Stimuli

The stimuli consisted of three 60-item wordlists. The items from two
of the wordlists served as stimuli (henceforth List 1 and List 2) and the
items from the third list served as foils on the recognition test. Words
were borrowed from the South Florida Free Association Norms (Nelson,
McEvoy, & Schreiber, 1998). Each word met the following criteria: (1)
non-proper noun, (2) not a homograph, (3) four to eight letters long,
and (4) concreteness rating of at least 4 on a scale from 1 to 7 (7 = most
concrete). Words were further compared to the valence and arousal
norms established by Warriner, Kuperman, and Brysbaert (2013).
Words were chosen only if they had valence ratings between 4.00 and
5.99 on a 1-9 scale (i.e., were of neutral valence) and were given
arousal ratings lower than 4.00 on a 1-9 scale (i.e., were not negatively

! Women sometimes demonstrate a blunted cortisol response to psychological
stress, particularly when in the follicular phase of their menstrual cycle or when
taking oral contraceptives (Kajantie & Phillips, 2006). We opted to not control
for these variables in order to gather a representative and generalizable pattern
of data.
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arousing). Word frequencies were determined from the Brysbaert and
New (2009) norms, and word frequency was equated across the three
wordlists.

2.3.2. Recognition tests

Two 90-item recognition tests were constructed (henceforth Test 1
and Test 2). Each test contained 30 items from List 1, 30 items from List
2, and 30 items from the foil list. Which 30 words from each list ap-
peared on Test 1 and Test 2 was counterbalanced. Words were pre-
sented individually, and the presentation order was randomized for
each participant. Upon presentation of each word, participants were
prompted to indicate whether they had or had not learned the word
during the first experimental session by pressing the L or A key, re-
spectively. After each word was presented, and before advancing to the
next word, participants were asked to indicate whether the item came
from the first list they learned by pressing the ‘1’ key, the second list
they learned by pressing ‘2’ or neither list by pressing ‘3’. Additionally,
each list-discrimination question was accompanied by a subsequent
confidence judgment. When participants indicated whether each re-
cognized item came from List 1 or List 2, they also indicated whether
their judgment was made with high or low confidence. To summarize, a
recognition trial consisted of a judgment of whether the item was
previously studied followed by a list-discrimination judgment and then
a confidence judgment. If participants indicated that they had not
previously studied an item, they advanced to the next trial.

2.3.3. State-Trait Inventory for Cognitive and Somatic Anxiety (STICSA)

The STICSA (Gros, Antony, Simms, & McCabe, 2007) was ad-
ministered to assess participants’ self-reported levels of pre- and post-
stress anxiety. STICSA scores range from O to 80 and higher scores are
indicative of higher self-reported anxiety.

2.4. Procedure

Testing sessions occurred on two days with a one-week delay be-
tween Day 1 and Day 2 testing. We chose a one-week retention interval
because we have found that participant retention rates are better with a
one-week delay than with other common delays (e.g., 24h).
Additionally, this interval was successfully implemented in one of the
studies that served as an impetus for the present experiment (Smith
et al., 2018). All sessions took place in the afternoon to control for
variability in diurnal cortisol secretion (e.g., Weitzman et al., 1971).
Participants were tested in groups of two. In two cases in which only
one participant showed up for the experiment, a research assistant
served as a confederate.

Participants were first instructed that they would be presented with
a series of words that they should try to remember for a later test. The
words from either List 1 or List 2 (counterbalanced) were randomly
presented at a rate of 2s per word. Participants then either restudied
the list twice in the same manner (SP group) or completed two time-
matched (i.e., 2 min) free-recall tests for the list (RP group). During free
recall, participants typed their responses and the responses were re-
corded by the E-Prime program. Between each study or test event,
participants performed simple math problems for 30s. During a sub-
sequent 30-min break, participants viewed an episode of the BBC tel-
evision series Planet Earth. This delay between learning the two word-
lists has been shown to be necessary for avoiding chance-level
performance on the subsequent list-discrimination task (e.g., Zeeuws,
Deroost, & Soetens, 2010). Once 30min had passed, participants
learned the second wordlist in the same manner as the first list. That is,
those in the study-practice group studied the 60-item list three times
and those in the retrieval-practice group studied it once and then en-
gaged in free recall for the second list during two 2-min recall periods.
To promote participants’ ability to discriminate between the two lists,
the first list presented was referred to as the “Red” list and the second
list was referred to as the “Blue” list. The words from each of the lists
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Study
List 2

List 2

List 2

Fig. 1. Graphic representation of the experimental procedure.

were presented in those respective font colors. Last, prior to excusal on
Day 1, all participants completed a STICSA. Please see Fig. 1 for a
graphic depiction of the experimental procedure.

One week later, participants returned to the original testing room
where they completed a second STICSA and provided a baseline saliva
sample for cortisol analysis. All participants then completed Test 1.
They next performed all tasks associated with the Trier Social Stress
Test for Groups (TSST-G; von Dawans, Kirschbaum, & Heinrichs, 2011),
which consisted of 2min of speech preparation, 2 min each of speech
delivery (4 min total), and 6 min of oral math subtraction tasks. Parti-
cipants then completed the third STICSA and provided the second saliva
sample, which was taken approximately 12 min after the onset of the
TSST-G. During a subsequent 10-min retention interval, participants
viewed part of an episode of The Office. Afterward, they provided the
third saliva sample, which occurred approximately 25min after the
onset of the TSST-G. Last, participants completed Test 2 prior to being
debriefed and excused.

All encoding tasks, videos, and recognition tests were presented
using E-Prime software (Version 2.1; Schneider, Eschman, & Zuccolotto,
2001). The experimental procedure on each day lasted approximately
45 min.

2.5. Cortisol measurement and data management

Three saliva samples were collected using the passive drool method:
one at baseline and one each at 12min and 25 min after the onset of
stress. Samples were stored at —20°C until the completion of data
collection, after which they were shipped to Salimetrics, LLC
(Salimetrics, LLC, State College, PA) for analysis. Samples were assayed
in duplicate, and the mean cortisol concentration served as the de-
pendent measure. Cortisol concentrations were converted from pg/dL
to nmol/L for consistency with the majority of human stress literature.
Cortisol data for two participants (both in the SP group) were excluded
from analysis because values exceeded 140 nmol/L. These values were
deemed outliers given that the average cortisol concentration across all
participants and samples was 5.96 nmol/L (SD = 4.17).

2.6. Dependent measures and statistical analyses

As outlined below, we computed five dependent measures: hits,
false alarms, source memory scores, average confidence, and gamma
correlations. In addition to conducting mixed-model ANOVAs on each
of these measures, we conducted two-tailed, bivariate correlations

(Pearson’s r) to examine the relationship between participants’ cortisol
reactivity to stress (delta cortisol) and their memory performance. Delta
cortisol was calculated by subtracting each participant’s baseline cor-
tisol concentration from the cortisol concentration of the sample taken
25 min post-stress. Alpha was set at 0.05 for all analyses.

2.6.1. Item memory

To examine item memory for previously studied items from Lists 1
and 2, we calculated hit proportions and false alarm proportions. We
calculated false alarm proportions by dividing the number of non-pre-
sented foil words that each participant falsely recognized by the total
number of foils presented on the recognition test. Hit proportions were
calculated separately for the SP and RP groups. For those in the SP
group, we divided the number of correctly recognized studied items by
the total number of studied items that occurred on the recognition test
for each participant. For those in the RP group, we first restricted re-
cognition responses to items that they had accurately recalled at least
once during their retrieval practice attempts on Day 1, and then per-
formed the same calculation. This restriction on hits for the RP group
was informed by previous research (Maddox & Balota, 2015; Mulligan,
Susser, & Smith, 2016), and was conducted for the following reason.
The benefits of retrieval practice over study practice on a final criterial
test are contingent on successful retrieval during retrieval practice at-
tempts. For instance, an individual who recalls only 2 of 60 items
during the retrieval practice phase would not demonstrate exceptional
memory performance when tested at a later time, whereas an individual
who recalls 50 of the items likely would. Thus, for a more meaningful
examination of the benefits of retrieval practice, we calculated hit
proportions for individuals in the RP group after restricting recognition
responses to items that they accurately recalled on Day 1. On average,
this restriction resulted in eliminating 45 of the 60 previously studied
items on Test 1, and 45 of the 60 items on Test 2. Though our analyses
were conducted using this restriction, we present both restricted and
unrestricted means and standard errors in Table 1.

2.6.2. Source memory

To examine source memory, we divided the total number of hits
attributed to the correct source by the total number of hits for each
participant. As with the calculation of hit proportions, source memory
scores for the RP group were calculated after restricting their hits to
items that they accurately recalled on Day 1. Restricting responses for
those in the RP group in this manner provides a clear answer to the
question of whether retrieval practice, which involves successful
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Table 1
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Pre-stress and post-stress performance on all item and source memory measures for the study practice (SP) and retrieval practice (RP) groups. For the RP group,
metrics for both the restricted and unrestricted groups are provided. Standard errors of the mean are given in parentheses.

Item Memory

Source Memory

Hits False Alarms Source Accuracy Gamma Correlation Confidence
Pre-stress
SP 0.66 (0.02) 0.34 (0.03) 0.57 (0.02) 0.20 (0.10) 0.36 (0.21)
RP 0.91 (0.02) 0.34 (0.03) 0.52 (0.03) 0.05 (0.07) 0.64 (0.22)
RPUNRESTRICTED 0.59 (0.02) 0.34 (0.03) 0.54 (0.02) 0.04 (0.07) 0.37 (0.18)
Post-stress
Sp 0.66 (0.03) 0.37 (0.04) 0.56 (0.02) 0.10 (0.09) 0.34 (0.23)
RP 0.91 (0.01) 0.30 (0.03) 0.55 (0.03) 0.26 (0.09) 0.63 (0.22)
RPuNRESTRICTED 0.56 (0.03) 0.30 (0.03) 0.55 (0.02) 0.26 (0.09) 0.35 (0.20)
recollection of information as a means of learning that information, 94 -
improves memory access to contextual information. [ | Study Practice
_— Retrieval Practice
2.6.3. Confidence ::j —l_
The high- and low-confidence judgments were coded as binary, with =
1 and O representing high and low confidence, respectively. We ex- é 7
amined average confidence by calculating the proportion of high con- = )
fidence judgments for each participant, and metacognitive accuracy by _%
calculating Goodman-Kruskal gamma correlations. Gamma correlations g 6 _|_ 'Y
are an analysis of the relationship between metacognitive judgments O n _|_
and objective memory performance (Nelson, 1984), and higher gamma 65)0 " J_
values are indicative of better metacognitive accuracy. We calculated = 54
participants’ gamma correlations by correlating accuracy on each list- g —_—
discrimination question with each subsequent confidence rating. Be- <
cause gamma correlations cannot be computed for participants who 4y
provide the same confidence rating for every response, two participants Ir
were excluded from the analysis on Test 1 and three participants were 0 T T T
excluded on Test 2. Baseline 12 min 25 min

3. Results
3.1. Self-reported stress

We first examined whether the Day 1 manipulation (SP or RP) af-
fected participants’ self-reported levels of stress. An independent sam-
ples t test on average Day 1 STICSA scores revealed no difference for
participants who had engaged in study practice versus retrieval prac-
tice, (60) = 1.59, p = .118.

To test whether the TSST-G tasks increased subjective anxiety on
Day 2, we conducted a 2 (learning strategy: SP or RP) X 2 (timing: pre-
stress or post-stress) ANOVA on average STICSA scores. As expected, we
found a main effect of timing as participants demonstrated heightened
post-stress STICSA scores relative to baseline, F(1, 60) = 25.93,
p < .001, npz = 0.30. The average pre-stress STICSA score was 29.00
(SEM = 0.86) and the average post-stress score was 32.24
(SEM = 1.03). No other effects were significant.

3.2. Cortisol

We next conducted a 2 (learning strategy: SP or RP) X 3 (timing:
baseline, 12min post-stress, 25min post-stress) ANOVA on average
cortisol concentrations. As shown in Fig. 2, we found a main effect of
timing, F(2, 116) = 3.75, p = .026, npz = 0.06. Pairwise comparisons
using a Bonferroni correction revealed a marginally significant cortisol
increase from 12min post-stress to 25 min post-stress (mean differ-
ence = -0.10, SEM = 0.45, p = .010), but all other pairwise compar-
isons were non-significant. Since the TSST-G stress-induction procedure
has been highly effective in previous studies (Smith et al., 2016, 2018),
the muted cortisol response is more likely due to unanticipated varia-
bility in the sample than to ineffective stress induction. For instance,

post-stress  post-stress

Fig. 2. Average cortisol concentrations on Day 2. Cortisol samples were taken
immediately prior to the TSST-G (baseline), 12 min after the onset of the TSST-
G, and 25 min after the onset of the TSST-G. Error bars represent SEM.

women who are in the follicular phase of their menstrual cycle or who
take oral contraceptives generally demonstrate a blunted cortisol re-
sponse to psychological stress (Kajantie & Phillips, 2006). It is possible
that, in the present study, a greater proportion of female participants
met either of those criteria than in previous experiments.

3.3. Day 1 memory performance

Table 2 displays correct recall averages for the participants who
were given the RP manipulation on Day 1. Because Day 1 memory
performance was not relevant to the questions posed by the present
study, it was not further examined.

Table 2
Descriptive statistics for Day 1 recall for participants in the RP group (partici-
pants in the SP group did not engage in recall on Day 1).

List 1 List 2

First Recall Second Recall  First Recall Second Recall

Attempt Attempt Attempt Attempt
Mean 14.00 12.58 15.66 14.94
Standard 1.18 0.98 1.20 1.35
Error
Range 7-34 6-28 7-38 4-42
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3.4. Day 2 memory performance

Table 1 displays means and standard errors for all following de-
pendent measures.

3.4.1. Item memory

A 2 (learning strategy: SP or RP) x 2 (test timing: pre-stress or post-
stress) ANOVA on average hit proportions found a main effect of
learning strategy, F(1, 60) = 80.34, p < .001, npz = 0.57. For items
that they accurately recalled during the Day 1 learning session, in-
dividuals in the RP group demonstrated an average hit rate of 0.91,
compared to an average hit rate of 0.66 in the SP group. Though this
ANOVA did not reveal a specific benefit of RP over SP in the context of
stress (i.e., post-stress), bivariate correlations between delta cortisol
and post-stress hit proportions elucidated such a benefit. Individuals in
the RP group demonstrated a positive relationship between hit rates
and pre-post change in cortisol, r(31) = 0.41, p = .023, whereas those
in the SP group did not, r(27) = —0.17, p = .384. These correlations
suggest that a stronger stress response may improve memory for pre-
viously studied items, but only for individuals who engaged in suc-
cessful retrieval practice during learning.”

A 2 (learning strategy: SP or RP) X 2 (test timing: pre-stress or post-
stress) ANOVA on average false-alarm proportions found a significant
learning strategy by test timing interaction, F(1, 60) = 4.10, p = .047,
r[pz = 0.06. As depicted in Fig. 3, participants in the SP and RP groups
demonstrated similar performance on the pre-stress test. However,
those in the RP group demonstrated lower false alarms on the post-
stress test compared to their pre-stress performance whereas those in
the SP group demonstrated a post-stress increase in false alarms. Bi-
variate correlations between delta cortisol and post-stress false alarms
did not reveal any associations for the RP or SP groups.

3.4.2. Source memory

We first examined whether source memory scores were significantly
different from chance levels of performance (50%) to determine whe-
ther participants’ source judgments were influenced by episodic
memory or by simply guessing. Participants in the SP group demon-
strated above chance levels of discrimination on Test 1, t(29) = 3.14,
p = .004, and Test 2, t(29) = 2.78, p = .009. However, those in the RP
group demonstrated chance levels of performance on both Test 1, t
(31) = 0.76, p = .452, and Test 2, t(31) = 1.50, p = .144. Note that
these chance levels of performance occurred for items that these par-
ticipants had accurately recalled at least once during Day 1 retrieval
practice.

We next conducted a 2 (learning strategy: SP or RP) X 2 (test
timing: pre-stress or post-stress) mixed model ANOVA on source
memory scores to determine whether learning strategy and test timing
interacted to influence participants’ list-discrimination abilities. This
analysis did not find main effects or an interaction (all p’s > 0.10).
Additionally, bivariate correlations between delta cortisol and post-
stress source memory scores did not reveal any associations for the RP
or SP groups.

2 The analyses on hit proportions were supported by analyses on &, a measure
of participants’ ability to discriminate between previously studied items and
foils on the recognition test. A 2 (learning strategy: SP or RP) x 2 (test timing:
pre-stress or post-stress) ANOVA on average d’ scores found a main effect of
learning strategy, F(1, 60) = 57.48,p < .001, nPZ = 0.49. Individuals in the RP
group demonstrated higher d’ scores than those in the SP group (2.34 vs. 0.94).
As with the analysis on hit proportions, bivariate correlations between delta
cortisol and post-stress d’ scores showed that individuals in the RP group de-
monstrated a positive relationship between d’ and change in cortisol, r
(31) = 0.48, p = .007, whereas those in the SP group did not, r(27) = 0.07,
p =.715.
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Fig. 3. Average pre-stress and post-stress false alarm proportions for partici-
pants in the SP and RP groups. Error bars represent SEM.

3.4.3. Confidence

We first examined changes in average confidence as a function of
learning strategy and test timing in a 2 (learning strategy: SP or RP) x 2
(test timing: pre-stress or post-stress) mixed model ANOVA. We found a
main effect of learning strategy, as individuals in the RP group de-
monstrated higher average confidence in their source memory judg-
ments than those in the SP group, F(1, 60) = 28.35, p < .001,
np° = 0.32. This pattern is not surprising, given that answers for the
retrieval practice group were restricted to items that they had accu-
rately recalled at least once during retrieval practice on Day 1. No other
effects were significant.

In our analysis on gamma correlations, we first conducted one-
sample t tests comparing mean gamma values to a value of 0. A gamma
value of 0 demonstrates no correlation between a participant’s accuracy
and confidence, indicating chance-level metacognitive accuracy. The
average post-stress gamma value for the RP group significantly differed
from 0, t(31) = 3.03, p = .005, d = 0.54. However, this was not true for
the post-stress gamma value for the SP group, t(26) = 1.08,p = .292, or
any of the pre-stress gamma values (SP: t(27) = 2.01, p = .055; RP: t
(31) = 0.68, p = .499). Thus, only the combination of stress with suc-
cessful retrieval practice resulted in above-chance metacognitive ac-
curacy.

As shown in Fig. 4, a 2 (learning strategy: SP or RP) X 2 (test
timing: pre-stress or post-stress) ANOVA on gamma correlations found a
significant interaction between learning strategy and test timing, F(1,
57) = 4.98, p = .030, T]pz = (0.08. Individuals in the SP group did not
demonstrate different pre-stress and post-stress gamma values, whereas
those in the RP group demonstrated lower pre-stress than post-stress
gamma values. Exploratory bivariate correlations between delta cor-
tisol and post-stress gamma values did not reveal any associations for
the RP or SP groups.

4. Discussion

In the present experiment, participants learned two time- and color-
segregated wordlists by either engaging in retrieval practice or rest-
udying. A week later, they completed pre- and post-stress recognition
tests with accompanying list-discrimination and confidence judgments.
This paradigm allowed us to examine whether stress impairs memory
for context (i.e., source memory), and whether successful retrieval
practice, relative to study practice, improves memory for contextual
information that is associated with the learned items. The results sug-
gested a positive influence of successful retrieval practice on item
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Fig. 4. Average pre-stress and post-stress gamma correlations for participants in
the SP and RP groups. Correlations represent the relationship between list-
discrimination accuracy and confidence in each list-discrimination judgment.
Error bars represent SEM.

memory, but not source memory, in the presence of stress. These
findings add to a growing body of evidence suggesting that retrieval
practice improves post-stress memory accessibility relative to conven-
tional learning strategies (Smith et al., 2016, 2018).

The benefit of successful retrieval practice over study practice in the
context of stress was evident in our analyses on item memory as well as
our exploratory metacognitive analysis. The retrieval practice group,
but not the study practice group, demonstrated a positive correlation
between delta cortisol and hit proportions. Thus, greater physiological
reactivity to stress was associated with better item memory for in-
dividuals who engaged in successful retrieval practice during learning.
Individuals in the retrieval practice group also experienced lower false
alarm rates after stress induction, whereas the opposite pattern
emerged for those in the study practice group. Thus, retrieval practice
enhanced the detection of foil items after stress had been induced.
Further, although participants’ metacognitive accuracy generally was at
chance levels on the source-discrimination test, the post-stress gamma
value for the retrieval-practice group emerged as the only value to
exceed the threshold for chance-level performance. In other words, only
successful retrieval practice in combination with stress resulted in an
awareness of which items were attributed to the correct source, and
which were attributed to the incorrect source. The results from the list-
discrimination task were less encouraging, as neither learning strategy
nor test timing influenced source memory on the list-discrimination
task.

The benefit of successful retrieval practice on item memory but not
source memory in the presence of stress may be explained by the in-
fluence of stress on different neural networks. Hermans and colleagues
(Hermans, Henckens, Joéls, & Fernidndez, 2014) mapped the brain re-
gions that are upregulated and downregulated during the stress re-
sponse, categorizing them as the salience network and executive control
network, respectively. Effortful recollection that requires retrieval of
contextual information relies on brain regions within the executive
control network, explaining why stress typically impairs episodic re-
trieval. However, automatic and context-independent retrieval, such as
semantic memory retrieval, recruits neocortical (Graham, Patterson, &
Hodges, 1999; Davey et al., 2015) and striatal (Scimeca & Badre, 2012)
regions that fall within the salience network. It is possible that the act of
repeatedly retrieving an item from memory results in memory traces
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that are, like semantic memories, stored within the salience network.
Evidence for this hypothesis comes from a study showing that, during
final memory testing, individuals who had learned items via retrieval
practice demonstrated increased activity in the ACC (part of the sal-
ience network) and decreased activity in the PFC and parietal lobes
(part of the executive control network) relative to those who learned
via study practice (Eriksson, Kalpouzos, & Nyberg, 2011). Thus, re-
trieval practice may effectively create memories that are stored within
the salience network, and thus become more accessible under stress.
Like semantic memories, these memories may exist independently of
contextual information, explaining why stress improved item memory
but not source memory in the present study. This mechanism also ex-
plains why the combination of successful retrieval practice and stress
resulted in superior metacognitive awareness. If the combination of
stress and retrieval practice increases the fluency of memory retrieval,
it is likely that individuals are highly confident in these easily-retrieved
memories, resulting in higher gamma values. Future researchers should
consider further examining the brain regions that are recruited during
the retrieval of practiced memories, and whether stress has upregu-
lating effects on these regions.

Of theoretical significance is the finding that the retrieval practice
group showed chance-level source discrimination performance despite
having accurately recalled the items during their retrieval attempts on
Day 1. This stands in contrast to our predictions that were based on the
episodic-context account of retrieval practice effects (Karpicke et al.,
2014). We expected that successful retrieval practice during encoding
would help participants associate the episodic context (i.e., the tem-
porally separated lists) with each to-be-remembered item, resulting in
better list-discrimination performance for the retrieval practice group
than the study practice group. Though previous researchers using a
similar list-discrimination paradigm found this to be true (Brewer et al.,
2010), a key difference in methodology could explain our discrepancy:
we used a one-week retention interval, whereas Brewer et al. (2010)
administered the list-discrimination test immediately after encoding.
After a one-week delay, item memory (i.e., hits) may still benefit from
individuals having engaged in successful retrieval practice, but source
memory may no longer be above chance levels. Supporting this hy-
pothesis is research showing that memory for items is better than
memory for source, and that item and source memory decline at similar
rates over a one-week retention interval (Bornstein & LeCompte, 1995;
Yang et al., 2016). Given that item memory declines substantially over
one week (e.g., Roediger & Karpicke, 2006), it is plausible that source
memory, which is less robust than item memory to begin with, declines
to chance levels after the same amount of time has passed.

This hypothesis provides a new challenge to the episodic-context
account. Relative to study practice, retrieval practice has yielded better
memory accessibility after retention intervals of up to several weeks in
length (for a meta-analysis see Adesope, Trevisan, & Sundararajan,
2017). The episodic-context account posits that this improvement re-
sults from increased access to contextual details that are associated with
each memory and help guide memory retrieval (Karpicke et al., 2014).
However, our results present the possibility that memories may indeed
persist over long retention intervals, but their associated contextual
details may not.

The presence or absence of stress similarly did not influence per-
formance on the list-discrimination task, standing in contrast to our
predictions that were based on the context-shift account (Shields et al.,
2017). We expected that stress would induce a mental context shift, as
evidenced by a reduced ability to remember the episodic context in
which the items were learned (i.e., the temporally-segregated lists).
However, it remains possible that stress disrupts memory for other
types of contextual details that aid memory retrieval, and that the
present paradigm was not well suited for detecting such a disruption.

The lack of support that the present study provided for both the
context-shift hypothesis of stress effects (Shields et al., 2017) and the
episodic-context account of retrieval practice effects (Karpicke et al.,
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2014) calls for further research examining how stress and retrieval
practice influence memory for context. Though both of these theories
are relatively new, evidence has accumulated in support of each. Our
findings raise the question of whether the list-discrimination task em-
ployed in the present experiment was an inadequate assessment of
context, or whether the two theories need further refinement. Future
researchers should consider examining the influence of stress and
learning strategies on memory for other types of contextual informa-
tion, such as the valence, color, or modality of the learned stimuli.
Additionally, the results of our list-discrimination task suggested that
retrieval practice may promote memory for contextual details for only a
brief period after encoding. This hypothesis would benefit from addi-
tional tests of the episodic-context account—particularly research in-
vestigating whether retrieval practice promotes memory for contextual
information following retention intervals of varying lengths.

This study is not without limitations and the present results should
be interpreted with caution. Because we could not counterbalance the
order of stress induction in our within-subjects design, our use of re-
peated measures to assess recognition memory performance raises the
possibility of confounding variables. For example, the post-stress effects
we observed could also be explained by participant fatigue or loss of
motivation. However, our conclusions about the influence of stress on
memory performance are supported by the post-stress increase in cor-
tisol that we observed, and by the wealth of literature preceding this
study demonstrating deleterious effects of stress on retrieval. This study
is also limited by a small sample size. We conducted our power analysis
with the assumption that we would be examining interactions between
learning strategy (SP or RP) and measurement timing (pre-stress or
post-stress). Qur sample size was sufficient for achieving optimal power
but could not support analyses with additional exploratory variables
such as gender or stress reactivity (cortisol responders vs. non-re-
sponders). Finally, the present study did not fully replicate our prior
work (Smith et al.,, 2016, 2018). Specifically, we did not observe a
decrease in hit rates from pre- to post-stress in the study practice group.
We did, however, find that stress increased false alarm rates in the
study practice group, indicating a detrimental effect of stress on item
memory that parallels the free recall results from Smith et al. (2016).
Stress generally impairs recognition memory performance to a lesser
extent than recall performance (Gagnon & Wagner, 2016), which could
explain why we did not provide a complete replication. However, the
mechanisms underlying this finding are not yet understood, and future
research is necessary to determine the cause of differential effects of
stress on tests of recognition and recall.
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