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In a recent study, having participants make three retrieval attempts (i.e., retrieval practice) when learning
information strengthened memory against the detrimental effects of psychological stress. We aimed to
determine whether learning to criterion, in which only one successful retrieval attempt is made, would
similarly buffer memory against stress, or whether multiple retrieval attempts are necessary to achieve
that effect. In Experiment 1, participants learned to criterion and then engaged in additional restudying
(CLy) or retrieval practice (CLy). Twenty-four hours later, stress was induced and stress-related increases
in cortisol were observed. However, no differences in recall performance were observed between any of
the groups. Experiment 2 was similar but introduced a 1-week delay between encoding and retrieval.
Recall performance was impaired for both groups under stress, but recall for those in the CL group was
still better than either pre- or post-stress performance for those in the CLg group. Thus, criterial learning
may protect memory against stress in the short-term, but additional retrieval practice is more beneficial
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for achieving this effect in the long-term.
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Instances of acute psychological stress, such as having to give a
speech or take an exam, have been shown to impair memory
retrieval (Shields, Sazma, McCullough, & Yonelinas, 2017). This
robust finding has far-reaching implications; in high-pressure,
high-stakes scenarios, access to crucial memories may be blocked.
However, recent findings suggest that taking multiple practice
memory tests while studying, a technique referred to as retrieval
practice, can improve post-stress memory accessibility (Smith,
Floerke, & Thomas, 2016). The present research examined
whether successfully retrieving information once can create stress-
resistant memories, or whether additional retrieval practice is
necessary. In two experiments, we examined this relationship
across 24-hr (Experiment 1) and 1-week (Experiment 2) retention
intervals.
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Implicated in stress-related memory impairment is the human stress
response, during which catecholamines and cortisol are released to
prepare the body to take defensive action. While memory retrieval
may be enhanced (Hupbach & Fieman, 2012; Schonfeld, Ackermann,
& Schwabe, 2014) or unaffected (Schwabe & Wolf, 2014) by the
immediate surge of catecholamines, retrieval is generally impaired
once cortisol reaches peak post-stress levels in the blood 20-30 min
later (see Gagnon & Wagner, 2016; Schwabe, Joels, Roozendaal,
Wolf, & Oitzl, 2012; Shields et al., 2017). Via its occupation of
glucocorticoid receptors in the amygdala and hippocampus (Lovallo,
Robinson, Glahn, & Fox, 2010; Reul & de Kloet, 1985) and the
resulting suppression of activity in prefrontal regions (Girtner,
Rohde-Liebenau, Grimm, & Bajbouj, 2014; Qin, Hermans, van
Marle, Luo, & Fernandez, 2009), cortisol effectively prepares the
brain for the learning and consolidation of information at the cost of
suppressing processing in these retrieval-related areas (Schwabe et al.,
2012). Further, post-stress memory impairment has been shown to be
more pronounced for stimuli of negative or positive valence than for
neutral stimuli (see Shields et al., 2017), likely because of the influ-
ence of cortisol on the amygdala.

Though most studies examining the effects of stress on retrieval
have found detrimental effects, a few studies lend insight into the
conditions under which stress may not impair memory. In a stan-
dard stress-and-memory paradigm, participants study stimuli and
return 24 hr later for stress induction and subsequent memory
testing. Deviating from this norm, some researchers had partici-
pants take one or more memory tests immediately after studying
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stimuli on the first day of the experiment (e.g., Beckner, Tucker,
Delville, & Mohr, 2006; Buchanan & Tranel, 2008; Oei, Everaerd,
Elzinga, van Well, & Bermond, 2006; Schoofs & Wolf, 2009;
Wolf, Schommer, Hellhammer, Reischies, & Kirschbaum, 2002).
In general, retrieval practice of this nature yields better long-term
memory accessibility than conventional forms of studying such as
rote rehearsal (see Roediger & Butler, 2011; Roediger & Karpicke,
2006). Thus, the purpose of using retrieval practice in previous
stress studies was to ensure memory retrievability after a 24-hr
delay. Considering the efficacy of retrieval practice, it is unsur-
prising that two of these studies did not find stress-related retrieval
impairment (Schoofs & Wolf, 2009; Wolf et al., 2002). The use of
retrieval practice in those experiments may have bolstered memory
against stress, resulting in the observed null effects.

In a recent study, we directly tested this hypothesis (Smith et al.,
2016). After all participants initially studied stimuli, half of them
restudied the stimuli three times and half completed three recall
tests. Twenty-four hours later, participants underwent stress induc-
tion or a time-matched control task, and then completed a recall
test. Replicating the many previous studies, among individuals
who engaged in restudying, those who were stressed recalled fewer
items than those who were not stressed. However, for those who
engaged in retrieval practice, stressed and nonstressed participants
demonstrated similar recall and outperformed both restudy groups.
Thus, when retrieval practice was directly manipulated to promote
memory accessibility, the typical impairing effects of stress were
no longer observed.

This study suggests that making multiple retrieval attempts
during learning may improve post-stress memory accessibility.
However, it remains to be determined whether multiple attempts
are necessary to achieve this or whether one retrieval attempt is
sufficient. In general, there is a curvilinear relationship between
the number of retrieval practice attempts that are made during
encoding and the number of items remembered on a later test (Pyc
& Rawson, 2009). That is, the first few retrieval attempts yield
large memory improvements, with diminishing returns thereafter.
An interesting find was that both self-report (Kornell & Bjork,
2007; Wissman, Rawson, & Pyc, 2012) and experimental (Kornell
& Bjork, 2008) evidence suggests that most students who use
self-testing (e.g., flashcards) will only test themselves until they
can accurately recall each desired item once. Students assume that
learning to a criterion of one (i.e., retrieving an item once) is
sufficient for remembering information on a future test. Thus,
determining whether one successful retrieval attempt while study-
ing can buffer memory against stress to the same degree as three
retrieval attempts would provide useful information for learners
who already default to a criterial learning strategy. Further, know-
ing whether criterial learning effectively creates stress-resistant
memories would help optimize the time that individuals spend
studying in preparation for a stressful event. Finally, by charac-
terizing the boundary between initial learning and subsequent
strengthening through practice, we can better understand the rela-
tionship between the underlying memory processes and the phys-
iological processes associated with an acute stress response.

The present research examined whether learning to a criterion of
one could bolster memory against stress, or whether additional
retrieval practice may be necessary to achieve that goal. In two
experiments, we had participants engage in a criterial learning task
followed by either additional restudying or retrieval practice. Thus,

participants successfully recalled information one time and subse-
quently engaged in additional studying or retrieval practice. After
a 24-hr (Experiment 1) or 1-week (Experiment 2) delay, partici-
pants returned to the lab for stress induction followed by cued
recall testing. The key difference between the two experiments was
the retention interval between encoding and post-stress retrieval,
which was manipulated because the advantages of retrieval prac-
tice over restudying have been shown to become increasingly
pronounced as a function of time (e.g., Thompson, Wenger, &
Bartling, 1978; Wheeler, Ewers, & Buonanno, 2003). In Experi-
ment 1, we tested whether the benefits of additional, postcriterial-
learning retrieval practice would emerge after the typical 24-hr
delay. In Experiment 2, we tested whether these benefits would be
further exaggerated after a longer delay of 1 week.

Experiment 1

In Experiment 1, participants engaged in a criterial learning task
followed by either additional restudying or retrieval practice. After
a 24-hr delay, they returned to the lab for stress induction or a
control task followed by cued recall testing. Recently, researchers
have opted to test memory during both the first phase of the
physiological stress response when catecholamines are released
and immediately after the onset of stress during the cortisol peak
(Schonfeld et al., 2014; Schwabe & Wolf, 2014; Smith et al.,
2016). As discussed earlier in the article, these studies have begun
to provide evidence for a positive or neutral influence of cat-
echolamines on retrieval and a negative influence of cortisol on
retrieval. In Experiment 1, we adopted this two-test paradigm to
provide further support for this growing body of literature. As has
been done in the previous two-test experiments, there was no
overlap in the content tested on each of the two tests.

We modeled our criterial learning task after Karpicke and Roe-
diger (2008), who found that participants who engaged in criterial
learning followed by additional studying (CLg) recalled 36% of
stimuli 1 week later, whereas those for whom criterial learning was
followed by additional retrieval practice (CLy) recalled 80% of
stimuli. Based on their findings we hypothesized that CLy partic-
ipants would outperform CLg participants. Based on the findings
of Smith et al. (2016), we further hypothesized that stressed and
nonstressed CLy participants would demonstrate similar memory
performance, but that stressed CLg participants would demonstrate
lower cued recall than those in the nonstressed CLg group.

Method

Design. The experiment used a 2 (learning strategy: CLg or
CLg) X 2 (TSST-G group: nonstressed or stressed) between-
subjects factorial design.

Participants. Assuming an effect size of mj = .04 derived
from Smith et al. (2016), a significance level of o = .05, and four
between-subjects groups, an a priori power analysis suggested a
sample size of 191 participants to achieve 80% power to detect
effects (G"Power 3.0; Faul, Erdfelder, Lang, & Buchner, 2007).
However, the experiment was terminated part-way through data
collection when preliminary analyses revealed null effects backed
by strong statistical support (see the Results section for more
detail). Thus, 133 Tufts University students participated in the
experiment. Twenty participants were excluded from data analysis
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for the following reasons: experimenter error (n = 4), prior knowl-
edge of Swahili (n = 1), failure to return for the second experi-
mental session (n = 3), or perfect memory performance (n = 12).
As such, all final analyses were conducted on 113 participants (75
women, M,,,. = 18.96, SD,,. = 1.41), all of whom reported that they
had not consumed caffeine or nicotine in the 6 hr before the experi-
ment. Some participants were recruited through introductory psychol-
ogy courses to fulfill a research participation requirement, and some
were recruited from across the Tufts campus and received $20 for
their participation. Participants were excluded if they had previously
participated in an experiment involving psychological stress induc-
tion. Twenty-eight participants were randomly assigned to the non-
stressed CLg group, 27 to the nonstressed CLy group, 28 to the
stressed CLg group, and 30 to the stressed CL group. All participants
provided informed consent.

Materials.

Stimuli. The learning materials consisted of 40 Swabhili nouns of
mixed valence/arousal, each paired with their English translation (e.g.,
bustani— garden). The stimuli were chosen because they had been
used in a prior study on criterial learning and did not result in ceiling
memory performance (Karpicke & Roediger, 2008).

Anxiety questionnaire. We administered the State-Trait Inven-
tory for Cognitive and Somatic Anxiety (STICSA) to assess partici-
pants’ self-reported levels of pre- and post-stress anxiety (Gros,
Antony, Simms, & McCabe, 2007). STICSA scores range from 0—80
and higher scores are indicative of higher self-reported anxiety.

Procedure. Testing sessions occurred on two consecutive
days between 3:30 p.m. and 5:30 p.m. to control for variability in
diurnal cortisol secretion (Weitzman et al., 1971). Stressed partic-
ipants were tested four at a time according to stress induction
protocol, and nonstressed participants were tested in groups of
2-4.

On Day 1, participants first began the criterial learning task,
which was presented using E-Prime software (Version 2.1; Sch-
neider, Eschman, & Zuccolotto, 2001). Participants were in-
structed that they would learn a series of Swahili words by study-
ing the words multiple times and taking multiple memory tests for
the words. They then began the first of four study/test cycles,
which was the same for all participants. Participants viewed 40
Swabhili-English word pairs, presented individually and in random
order for 5 s each. A 30 s retention interval followed, in which
participants completed simple math problems (e.g., 12 X 9) that
they were told would not be graded. Afterward, participants were
presented with all 40 Swahili words and were asked to type each
English translation. The Swahili words were presented individu-
ally and in alphabetical order. Participants were given 8 s to enter
a response before the program advanced to the next Swahili cue
word. No feedback regarding correctness was given.

Participants next completed three similar study/test cycles,
which differed according to group. In the CLg group, each of the
three study phases consisted of restudying all 40 word pairs in
random order. During each of the three test phases, those in the
CLg group were prompted to recall the English translations for the
subset of Swahili words that they had not correctly recalled during
any previous retrieval attempt. In cases in which these participants
correctly recalled all 40 items before the fourth study/test cycle, no
subsequent retrieval attempts were made and thus they engaged in
back-to-back study periods. In the CLy group, each of the three
study phases consisted of restudying the subset of words that they

had not recalled on any previous cued-recall test. During the three
test phases, participants in the CL; group were prompted to recall
the English translation for each of the 40 items. When these
participants correctly recalled all 40 items before the fourth study/
test cycle, no subsequent restudying was required and, thus, they
engaged in back-to-back retrieval attempts. In both groups, the
program ended once all four study/test cycles had been completed.
Participants then filled out the first STICSA, were paid (when
applicable), and excused.

Twenty-four hours after learning, participants returned to the
original testing room where they completed the second STICSA
and provided a baseline saliva sample for cortisol analysis. Par-
ticipants then began the procedure associated with either the con-
trol or stress version of the Trier Social Stress Test for Groups
(TSST-G; von Dawans, Kirschbaum, & Heinrichs, 2011). Briefly,
those in the stress groups were given 2 min to prepare a speech and
then took turns giving their 2 min speeches extemporaneously
while being videotaped and judged. Participants in the time-
matched control groups read silently from a biology textbook.
After the speech or reading task, participants provided the second
saliva sample.

All participants were next given Test 1 to assess memory
performance during the immediate stress response. They were
presented with a list of 20 of the 40 Swahili cue words on a single
sheet of paper and were given 2.5 min to write the English
translations. Participants were not forced to answer each question,
and were permitted to change their responses and answer items in
any order. All participants completed the test within the allotted
time.

The TSST-G procedure then continued, as participants in the
stress groups were called on at random to orally subtract numbers
in the teens from four-digit numbers (e.g., 4,866—19). Each par-
ticipant was called on multiple times during the 6-min subtraction
phase. Participants in the control groups were given as much time
as needed to solve the same math problems using pen and paper.
After the TSST-G, participants completed the third STICSA.

Next, during a 10-min resting period leading up to the final
memory test, participants viewed part of an episode of the NBC
TV series The Office. They then provided the third saliva sample
to assess peak post-stress levels of cortisol. Participants were then
given 2.5 min to complete Test 2, which was identical to Test 1 but
assessed participants’ memory for the 20 Swahili words that were
not previously tested. Finally, participants were paid (when appli-
cable), debriefed, and excused. We refer readers to Figure 1 for a
graphic depiction of the Experiment 1 procedure.

Cortisol measurement and data management. Saliva sam-
ples were stored at —20 °C until the completion of data collection,
after which they were shipped to Salimetrics, LLC (Salimetrics,
LLC, State College, PA; Salimetrics, LLC, 2017) for analysis.
Samples were assayed in duplicate, and the mean cortisol concen-
tration served as the dependent measure. We converted cortisol
concentrations from micrograms per deciliter to nanomoles per
liter for consistency with the majority of human stress literature.

Results

Self-reported stress. Because the act of taking tests may be
stressful for some participants, we first examined whether our Day
1 manipulation (CLg vs. CLy) affected participants’ subsequent
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Figure 1.

Graphic depiction of the Experiment 1 procedure. In Experiment 2, the Day 1 procedure is identical

to that used in Experiment 1, whereas the Day 2 tasks were slightly modified in Experiment 2 (see the
Experiment 2 Method section). CLg denotes participants who engaged in study practice after criterial learning,
and CLjy denotes those who engaged in retrieval practice after criterial learning.

self-reported levels of stress. An independent samples ¢ test on
average Day 1 STICSA scores revealed no difference for partici-
pants who had engaged in additional retrieval practice versus
additional study practice, #(111) = 1.071, p = .286.

To test whether the TSST-G tasks increased subjective anxiety on
Day 2, we ran paired-samples  tests comparing pre- and post-TSST-G
STICSA scores. As expected, stressed participants demonstrated
heightened post-stress STICSA scores relative to baseline, #54) =
5.670, p < .001, d = 0.83, whereas nonstressed participants did not,
#(54) = 0.841, p = .404. Average Day 2 STICSA scores are shown
in Figure 2.

Cortisol. We next examined cortisol reactivity to the TSST-G
tasks. A 3 (time: baseline, 10 min post-stress, 30 min post-
stress) X 2 (TSST-G group: stressed or nonstressed) mixed model
analysis of variance (ANOVA) revealed a significant interaction,
F(2, 214) = 4.219, p = .016, ng = .038. Pairwise comparisons
using a Bonferroni correction showed that, as expected, stressed
participants demonstrated increased cortisol from baseline to 30
min post-stress (mean difference = 2.852, SEM = .542, p < .001)
and from 10 min post-stress to 30 min post-stress (mean differ-
ence = 2.367, SEM = .800, p = .011), whereas nonstressed
participants demonstrated no differences in cortisol across the
three measurements (ps > .10). Thus, the TSST-G manipulation
successfully induced a physiological stress response for individu-
als in the stress groups. Average cortisol concentrations are shown
in Figure 3.

Day 1 criterial learning. As shown in Figure 4, there were no
differences in the learning curves for participants who engaged in

additional study practice or additional retrieval practice during the
criterial learning task on Day 1. This was confirmed by a 2
(learning strategy: CLg, CLy) X 4 (study/Test Trial: 1, 2, 3, 4)
mixed ANOVA with study/test trial as a within-subjects variable,
in which there was no main effect of learning strategy on how
many items participants correctly remembered on each cued-recall
test, F(1, 111) = 0.105, p = .746. By the end of the task,
participants had accurately recalled an average of 35 out of 40
items at least once, or approximately 88%.

Day 2 memory performance. Because gender differences
have been reported in the stress and memory literature (e.g.,
Buchanan & Tranel, 2008; Schwabe & Wolf, 2014; Smith et al.,
2016) and the broader memory literature more generally (e.g.,
Herlitz, Nilsson, & Béckman, 1997; Lewin, Wolgers, & Herlitz,
2001), we included gender as a covariate in all of the following
omnibus analyses.

Test 1. We conducted a two-way analysis of covariance
(ANCOVA) to determine the effects of learning strategy (CLg
vs. CLg) and TSST-G group (stressed vs. nonstressed) on Test 1
cued recall, controlling for gender. All main effects and the inter-
action were nonsignificant (all Fs < 1.4). We then repeated this
analysis after removing individuals who did not demonstrate a
cortisol response to stress (i.e., 11 nonresponders). Thus, we elim-
inated eight nonresponders (seven women) in the stressed CLg
group and three nonresponders (all women) in the stressed CLy
group. All effects were again nonsignificant (all Fs < 1.2). Aver-
age Test 1 cued recall performance is displayed in Table 1.
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Figure 2. Average pre- and post-TSST-G (Trier Social Stress Test for

Groups) STICSA (State-Trait Inventory for Cognitive and Somatic Anxi-
ety) scores for stressed and nonstressed participants on Day 2 in Experi-
ment 1. Error bars represent SEM. ™ p < .001.

Test 2. We next conducted identical analyses on Test 2 cued
recall. Again, all main effects and interactions were nonsignificant
for the analysis on all participants and the analysis excluding
nonresponders (all Fs < 1.2). Test 2 recall performance is also
displayed in Table 1.

The null effect found for Test 2 performance stands in contrast
to the Experiment 1 results, which featured a significant interaction
between learning strategy and TSST-G group on the second mem-
ory test. To further support the null finding reported here, the Test
2 data were examined by estimating Bayes factors for both main
effects and the interaction. Bayes factors have emerged as a way to
support the conclusion that null results are sound evidence in favor
of the null hypothesis and are not the result of data insensitivity
(Dienes, 2014). Unlike frequentist approaches, such as power
estimates that are based on preexisting values and assumptions
(e.g., a values and estimated effect sizes), Bayes factors rely only
on the observed data to determine whether evidence favors the null
or alternative hypothesis. Bayes factors range from 0 to oo, with
values close to O being strong evidence in favor of the null
hypothesis, values much greater than 1 being strong evidence in
favor of the alternative hypothesis, and values around 1 suggesting
that the data are insensitive (Dienes, 2014). Bayes factors were
analyzed using the statistical software program JASP (2017), as-
suming the default recommended fixed effect and random effect
prior values. The estimated Bayes factors (BF,,) for the effects of
learning strategy, TSST-G group, and the interaction were 0.20,
0.20, and 0.31, respectively. All three values are considered strong
evidence that the data are more likely to occur under the null than
the alternative hypothesis (Jeffreys, 1939/1961), further supporting
the null findings of the previous ANCOVA.

To summarize, in Experiment 1, our stress manipulation suc-
cessfully induced subjective and physiological stress. Despite this,
we found no differences in performance on either an immediate or
delayed test of memory when comparing our four experimental
groups: nonstressed CLg, nonstressed CLy, stressed CLg, and
stressed CLg. These findings occurred in the context of a 24-hr
delay that separated encoding and retrieval.

Experiment 2

In Experiment 1, all individuals performed similarly on the final
cued-recall test, regardless of the learning strategy they used on
Day 1 and whether stress was induced before retrieval on Day 2.
Cued recall performance was generally high in Experiment 1, as
evidenced by the number of participants whose data were excluded
because of ceiling cued recall performance. As such, the question
remains whether the benefits of additional retrieval practice after
learning to criterion would emerge after a longer delay when more
forgetting has occurred. In fact, in several studies, the benefits of
retrieval practice over restudying did not emerge until 48 hr or
even 1 week after initial learning (for a review see Roediger &
Karpicke, 2006). In the context of criterial learning, in which all
participants engage in retrieval practice at least once, the benefits
of additional retrieval attempts may be particularly difficult to
detect in the few days after initial learning. Thus, in Experiment 2,
we examined whether learning to criterion would continue to
protect memory against stress after a 1-week delay, or whether
additional postcriterial-learning retrieval practice would provide a
benefit over additional restudying.

: t
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Figure 3. Average cortisol concentrations for stressed and nonstressed par-
ticipants on Day 2 in Experiment 1. Cortisol samples were taken immediately
before the TSST-G (baseline), 10 min after the onset of the TSST-G (Trier
Social Stress Test for Groups), and 30 min after the onset of the TSST-G. Error
bars represent SEM. * p < .05. ™" p < .001.
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Experiment 1

Number of Items Not Recalled

Experiment 2

Study/Test Trial

Study/Test Trial

Figure 4. Average number of English word targets that had not been correctly recalled on any previous
study/test trial during the Day 1 criterial learning task in Experiments 1 and 2. CLg denotes participants who
engaged in study practice after criterial learning, and CLy denotes those who engaged in retrieval practice after

criterial learning.

In addition to changing the retention interval, we also chose to
manipulate stress induction within-subjects in Experiment 2. Be-
cause assessing memory during the first phase of the stress re-
sponse was not a primary goal of this experiment, we opted to
administer the two memory tests used in Experiment 1 in a
different way in Experiment 2: pre- and post-stress. This allowed
us to manipulate stress within-subjects; thus, decreasing error
variance and improving the likelihood of detecting effects.

In Experiment 2, participants engaged in a criterial learning task
followed by either additional restudying or retrieval practice. After
a 1-week delay, they returned to the lab for stress induction with
pre- and post-stress cued recall testing. In the context of the
1-week delay and the reduction of error because of our within-
subjects manipulation of stress, we expected that additional re-
trieval practice would result in better performance on a final
cued-recall test as compared with study practice, even in the
presence of a delayed stress response.

Method

Design. The experiment used a 2 (learning strategy: CLg or
CLy) X 2 (test timing: prestress or post-stress) mixed factorial

Table 1
Average Cued Recall Performance on Test 1 and Test 2 in
Experiment 1

Group Test 1 Test 2
Nonstressed

CLg 16.0 (.77) 15.4 (.65)

CLy 15.3(.92) 15.1 (.95)
Stressed

CLg 15.3(.92) 14.9 (.92)

CLy 16.5 (.62) 15.3 (.71)

Note. SEs of the mean are in parentheses. CLg denotes participants who
engaged in study practice after criterial learning, and CLy denotes those
who engaged in retrieval practice after criterial learning.

design. Learning strategy was manipulated between subjects. Test
condition was manipulated within subjects, such that all partici-
pants underwent stress induction. Nonstressed and stressed cued
recall performance was measured by pre- and post-TSST-G tests.

Participants. Assuming an effect size of m7 = .04 (Smith et
al., 2016), a significance level of a = .05, two between-subjects
groups, two within-subjects measurements, and a conservative .70
correlation between repeated measures (in Experiment 1, the cor-
relation between Test 1 and Test 2 performance was .90), an a
priori power analysis recommended a total sample size of 50
participants to achieve 99% power to detect effects (G*Power 3.0;
Faul et al., 2007). Sixty-five Tufts University students were ini-
tially recruited to participate in the experiment. However, seven
participants were excluded from data analysis because they did not
return for the second experimental session and two participants
were excluded because they did not recall any items on one or both
of the cued-recall tests on Day 2. Thus, all final analyses were
conducted on 56 participants (35 women, M. = 19.54, SD . =
1.38). Participant recruitment and compensation was identical to
Experiment 1. Twenty-seven participants were randomly assigned
to the CLg group and 29 were assigned to the CLy group. All
participants provided informed consent.

Materials and procedure. Testing sessions occurred on 2
days between 3:30 p.m. and 5:30 p.m. with a 1-week delay
between Day 1 and Day 2 testing. All participants were tested two
at a time. In a few cases in which only one participant showed up
for the experiment, a research assistant served as a confederate in
the experiment.

The Day 1 procedure (i.e., criterial learning and subsequent
studying or retrieval practice) was identical to that of Experiment
1. One week later, participants returned to the original testing room
where they completed a second STICSA and provided a baseline
saliva sample. All participants were then given 2.5 min to com-
plete Test 1, which was the same Test 1 used in Experiment 1.
They then performed all tasks associated with TSST-G stress
induction, which consisted of 2 min of speech preparation, 2 min
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each of speech delivery (4 min total), and 6 min of oral math
subtraction. Participants then completed the third STICSA and
provided the second saliva sample. They next viewed part of an
episode of The Office during a 10-min break. Afterward, they
provided the third saliva sample and were given 2.5 min to
complete Test 2, which was the same Test 2 used in Experiment 1.
Participants were then paid (when applicable), debriefed, and
excused.

Cortisol measurement and data management. Saliva sam-
ples were stored and analyzed according to the procedures outlined
in Experiment 1.

Results

Self-reported stress. As in Experiment 1, we first examined
whether our Day 1 manipulation (CLg or CLy) affected partici-
pants’ subsequent self-reported levels of stress. An independent
samples ¢ test on average Day 1 STICSA scores revealed no
difference for participants who had engaged in additional retrieval
practice versus additional study practice, #(54) = 0.515, p = .609.

To test whether the TSST-G tasks increased subjective anxiety
on Day 2, we collapsed across learning group (CLg or CLy) and
conducted a paired-samples ¢ test comparing pre- and post-stress
STICSA scores. As expected, participants demonstrated height-
ened post-stress scores relative to baseline, #(55) = 2.665, p =
.005, d = 0.37. The average prestress STICSA score was 30.79
(SEM = 1.20) and the average post-stress score was 33.18 (SEM =
1.42).

Cortisol. To examine cortisol reactivity to the TSST-G, we
collapsed across learning group (CLg or CLy) and conducted a
one-way repeated measures ANOVA comparing the baseline cor-
tisol measurement to that taken 12 and 30 min post-stress. As
shown in Figure 5, we found a main effect of timing, F(2, 106) =
12467, p < .001, m3 = .190. Pairwise comparisons using a
Bonferroni correction revealed significant cortisol increases from
baseline to 12 min post-stress (mean difference = 0.752, SEM =
212, p = .002), from baseline to 30 min post-stress (mean differ-
ence = 1.712, SEM = .456, p = .001), and from 12 min post-stress
to 30 min post-stress (mean difference = 0.960, SEM = .319, p =
.012).

Day 1 criterial learning. As shown in Figure 4, there were no
differences in the learning curves for participants who engaged in
additional study practice or additional retrieval practice during the
criterial learning task on Day 1. This was confirmed by a 2
(learning strategy: CLg, CLg) X 4 (study/Test Trial: 1, 2, 3, 4)
mixed ANOVA with study/test trial as a within-subjects variable,
in which there was no main effect of learning strategy on how
many items participants correctly remembered on each cued-recall
test, F(1, 54) = 0.111, p = .740. By the end of the task, partici-
pants had accurately recalled an average of 36.3 out of 40 items at
least once, or approximately 91%.

Day 2 memory performance. For reasons discussed in Ex-
periment 1, we included gender as a covariate in all of the follow-
ing omnibus analyses. We conducted a 2 (learning strategy: CLg or
CLy) X 2 (test timing: prestress or post-stress) ANCOVA, con-
trolling for gender, to determine whether cued recall performance
differed according to learning strategy or conditions of stress. We
found a main effect of test timing, as participants recalled fewer
words on the post-stress test (M = 9.4) than on the prestress test

8- *
* % ' '
a *%
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Average Cortisol (nmol/L)
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C 1 1 1
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Figure 5. Average cortisol concentrations on Day 2 in Experiment 2.
Cortisol samples were taken immediately before the TSST-G (Trier Social
Stress Test for Groups; baseline), 12 min after the onset of the TSST-G,
and 30 min after the onset of the TSST-G. Error bars represent SEM. ™ p <
.05. " p < .01.

(M =1.9), F(1,53) = 9.272, p = .004, v} = .149. Replicating the
robust testing effect, we also found a main effect of learning
strategy, as those in the CLy group recalled more words when
averaged across the two tests (M = 10.2) than those in the CLg
group (M = 7.1), F(1, 53) = 5.878, p = .019, m7 = .100. The
interaction between learning strategy and test timing as well as the
main effect of gender were nonsignificant (Fs < 1). Average cued
recall performance in Experiment 2 is displayed in Figure 6.

In summary, in Experiment 2, our stress manipulation again
successfully induced subjective and physiological stress. In the
context of a 1-week delay between encoding and retrieval, we
found that additional retrieval practice after learning to criterion
resulted in higher rates of recall than additional restudying. Fur-
ther, regardless of the learning strategy used, participants demon-
strated lower recall after stress than before stress.

General Discussion

The results of previous studies suggest that making multiple
retrieval attempts when learning information can eliminate the
detrimental impact that psychological stress typically has on mem-
ory retrieval (Schoofs & Wolf, 2009; Smith et al., 2016; Wolf et
al., 2002). The primary goal of the present experiments was to
determine whether many retrieval attempts are needed to buffer
memory against stress, or whether one successful attempt is suf-
ficient. When a 24-hr interval separated encoding and retrieval in
Experiment 1, reaching a criterion of one correct recall attempt
was equally as effective at supporting post-stress memory acces-
sibility as three recall attempts. When that interval was expanded
to a full week in Experiment 2, three recall attempts at encoding
resulted in better post-stress performance than a single successful
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Figure 6. Average cued recall performance on Test 1 and Test 2 in Exper-
iment 2. CLg denotes participants who engaged in study practice after criterial
learning, and CL; denotes those who engaged in retrieval practice after
criterial learning. Error bars represent SEM. * p < .05. ™" p < .0l.

retrieval attempt. Thus, these results suggest that the number of
retrieval attempts that are necessary to improve memory accessi-
bility under stress is dependent on the amount of time that sepa-
rates the retrieval attempts and the post-stress memory task.

The results of the present studies help further specify the rela-
tionship between retrieval practice as a learning strategy and
memory retrieval in the context of stress. In Experiment 1, regard-
less of whether participants engaged in additional studying or
retrieval practice after criterial learning on Day 1 or whether they
were subjected to stress induction or a nonstressful task on Day 2,
they demonstrated similar final cued recall performance. These
findings stand in contrast to the majority of studies examining the
effects of stress on memory, as stressed individuals did not dem-
onstrate poorer memory performance than those who were not
stressed. Our analysis of cortisol suggests that these discrepant
findings are not because of an ineffective stress induction proce-
dure; the majority of stressed participants demonstrated post-stress
increases in cortisol and stressed participants as a group showed a
strong post-stress increase in cortisol. Instead, these results suggest
that, in the short-term, a single successful retrieval attempt during
learning may be sufficient for creating stress-resistant memories.
These results further refine the findings of Smith et al. (2016), who
used a similar experimental paradigm but did not have participants
learn to criterion before engaging in study practice or retrieval
practice. Smith et al. (2016) found that three retrieval attempts
during learning resulted in stress-resistant memories after a 24-hr
delay, but simply restudying material during learning yielded the
typical stress-related memory impairment. Our Experiment 1 find-
ings suggest that, in the context of a 24-hr delay, learning to a
criterion of one may provide the same memorial benefit as three
retrieval attempts.

In Experiment 2, the retention interval between encoding and
retrieval was increased from 24 hr to 1 week to determine whether
criterial learning would continue to sufficiently support longer-
term memory accessibility in the presence of stress. After imple-
menting this 1-week delay, some of the hypotheses regarding the
effects of the stress and criterial learning manipulations on epi-
sodic retrieval were borne out. Consistent with Karpicke and
Roediger (2008), participants who engaged in additional retrieval
practice after learning to criterion recalled more items than those
who engaged in additional restudying. Further, replicating numer-
ous studies (for reviews see Gagnon & Wagner, 2016; Shields et
al., 2017), participants demonstrated lower recall after stress than
before stress. However, in contrast to Smith et al. (2016), there was
no interaction between learning strategy and test timing. Though
retrieval practice improved memory relative to study practice,
performance was negatively affected by stress in both groups.
Thus, retrieval practice again emerged as the superior learning
strategy for battling the negative effects of stress, but it did not
completely buffer memory against the deleterious effects of stress
as was observed by Smith et al. (2016).

The lack of an interaction between learning strategy and test
timing may be explained by methodological differences between
Experiment 1 and the study conducted by Smith et al. (2016). The
first pertains to the stimuli used, as the participants in Smith et al.
(2016) learned simple English nouns and images whereas those in
our Experiment 1 learned Swahili-English word pairs. Foreign
language learning requires the binding of cues with targets, a task
for which we have less prior knowledge and fewer prior associa-
tions available than for memorizing words in our native language.
Retrieval practice may serve to increase the ease with which
information is recalled when stimuli are relatively easy to learn
(i.e., Smith et al., 2016), but may not do so to the same degree
when the stimuli require new associative infrastructure (i.e., Ex-
periment 1). Researchers have debated the effectiveness of re-
trieval practice with increasingly complex stimuli (Karpicke &
Aue, 2015; van Gog & Sweller, 2015), and we refer readers to van
Gog and Sweller (2015) for a comprehensive review on the topic.
Presently, under standard laboratory conditions, retrieval practice
does appear to be efficacious with stimuli of varying complexities
(e.g., Eglington & Kang, 2016; Martin, Nguyen, & McDaniel,
2016; Tempel, Loran, & Frings, 2015). The present results and
those of Smith et al. (2016) may lend further insight into this
debate. Specifically, stress may serve to expose memorial weak-
nesses that are not evident under nonstressful laboratory condi-
tions. It is possible that retrieval practice creates better memory
infrastructure for stimuli of low complexity (e.g., English nouns)
than those of higher complexities (e.g., foreign language learning),
but that this limitation is only evident when memories are sub-
jected to stress. This hypothesis would benefit from a direct
manipulation of stimulus complexity in the context of a paradigm
such as that used in the present experiments.

An alternative but not mutually exclusive explanation for the
lack of an interaction in Experiment 2 relates to the cognitive
demand of the cued-recall test. Retrieving foreign vocabulary
words is simply a more cognitively demanding task than retrieving
individual words in one’s native tongue. Further, post-stress mem-
ory performance has been shown to differ according to the level of
cognitive demand that a test places on the test-taker. For example,
tests of free recall tend to expose detrimental effects of stress more
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often than less cognitively demanding recognition tests (e.g., Bu-
chanan & Tranel, 2008). Thus, the post-stress memory impairment
observed in both learning groups in Experiment 2 may be attrib-
utable to our use of a memory test that was more demanding than
that used by Smith et al. (2016). This explanation is well-supported
by a wealth of studies demonstrating the impairing effects of stress
on executive functions such as working memory and attention (for
a review see Gagnon & Wagner, 2016). Because executive func-
tions provide crucial support for retrieval processes (see Gagnon &
Wagner, 2016; Levy & Anderson, 2002), more effortful retrieval
tasks may be more vulnerable to stress. Because recalling Swahili-
English word pairs may be more difficult than recalling English
nouns, this retrieval task may be more vulnerable to stress regard-
less of how information was learned. To further test this hypoth-
esis, future researchers may consider manipulating cognitive load
during retrieval in a stress-and-memory paradigm.

Finally, our within-subjects manipulation of stress in Experi-
ment 2 may have also contributed to our null interaction between
test timing and learning strategy. Relative to between-subjects
designs, like that used by Smith et al. (2016), within-subjects
manipulations reduce error variance and better control for individ-
ual differences in performance. Thus, if stress does indeed impair
memory retrieval for individuals who engaged in retrieval practice
at encoding such an effect may be better detected using a within-
subjects experimental design such as that used in Experiment 2.

In addition to the theoretical contributions of the present exper-
iments, our results begin to shed light on the practical implications
of using retrieval practice to support post-stress memory. As
mentioned, college students who use self-testing to study for
exams often stop studying once they have learned to a criterion of
one (Kornell & Bjork, 2007, 2008; Wissman et al., 2012). The
results of Experiment 1 suggest that this approach may provide
sufficient memory support for students cramming for a stressful
next-day exam. However, for those studying for exams that are
several days or weeks away, such as high-stakes standardized tests,
the results of Experiment 2 suggest that additional retrieval prac-
tice may yield the best memory access. This advice is consistent
with the broader retrieval practice literature, in which learning to
a criterion of three (i.e., three successful retrieval attempts) is
recommended for optimizing long-term memory and time spent
studying (Rawson & Dunlosky, 2011).
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