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Many college students struggle to perform well on exams in the early morning.
Although students drink caffeinated beverages to feel more awake, it is unclear
whether these actually improve performance. After consuming coffee (caffeinated or
decaffeinated), college-age adults completed implicit and explicit memory tasks in
the early morning and late afternoon (Experiment 1). During the morning, participants
ingesting caffeine demonstrated a striking improvement in explicit memory, but not
implicit memory. Caffeine did not alter memory performance in the afternoon. In
Experiment 2, participants engaged in cardiovascular exercise in order to examine
whether increases in physiological arousal similarly improved memory. Despite clear
increases in physiological arousal, exercise did not improve memory performance
compared to a stretching control condition. These results suggest that caffeine has
a specific benefit for memory during students’ non-optimal time of day — early morning.
These findings have real-world implications for students taking morning exams.
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INTRODUCTION

As any college student will tell you, the worst time to take a class is first thing in the morning.
Unfortunately many classes and entrance exams are only offered during the time when most
students are at their physiological low point of the day, as measured by body temperature, skin
conductance, and heart rate (Horne and Ostberg, 1976; Bailey and Heitkemper, 2001). Importantly,
this circadian slump comes with a cognitive cost. The majority of college students perform worse in
the early morning compared to the afternoon on a variety of cognitive tasks that measure attention
(Knight and Mather, 2013), learning (Anderson et al., 1991; Hidalgo et al., 2004), memory (Petros
et al., 1990; May et al., 1993), and metamemory (Hourihan and Benjamin, 2013), skills that are
critical for academic success. Many students rely on coffee — caffeine — to get them through those
early morning exams. But does it actually help?

Caffeine is the most widely used stimulant, consumed daily by 80% of the world’s population
and 90% of the North American population (Heckman et al., 2010). Caffeine is an efficient drug,
crossing the blood-brain barrier quickly to block adenosine receptors that are distributed widely
throughout cortical regions. Even at low doses, caffeine results in significant increases in firing
rates in regions mediating sleep and mood, such as the dorsal and medial raphe nuclei and the locus
coeruleus (Nehlig and Boyet, 2000). This amplified cortical activity likely underlies the increase in
subjective reports of alertness (Smith, 2005; Michael et al., 2008) as well as increases in sustained
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attention and faster reaction times (Adan and Serra-Grabulosa,
2010; for review see: Eindther and Giesbrecht, 2012). These effects
are amplified when individuals are experiencing low states of
arousal as measured by subjective ratings of alertness (Brice and
Smith, 2001) and sleepiness (Adan et al., 2008).

Surprisingly few studies, however, have shown that caffeine
actually improves memory performance (Capek and Guenther,
2009; Borota et al., 2014; for review see: Nehlig, 2010), and
even fewer studies have considered how caffeine interacts with
time of day (Ryan et al., 2002; Walters and Lesk, 2015). In a
previous study, we considered whether caffeine could overcome
the well-documented decrease in memory performance among
older adults during the late afternoon, when most older adults
experience their circadian low point (for review see: May et al.,
1993; Intons-Peterson et al., 1998; Hasher et al., 2005). We found
that a single cup of coffee, ingested 30 min prior to memory
testing, completely reversed the memory decline experienced by
older adults in the afternoon (Ryan et al., 2002). We suggested
that caffeine might influence memory performance by boosting
general levels of arousal during non-optimal times of day.

Our previous study suggested two things. First, caffeine should
have the same memory-boosting effect for young adults in the
early morning, when most young adults are at their physiological
low point. Second, we hypothesized that the effect was not due
to caffeine specifically but should occur regardless of the method
used to increase physiological arousal, such as engaging in
physical exercise. In the present study, we tested these hypotheses
by comparing the effects of caffeinated and decaffeinated coffee
on college students’ memory performance at two times of day -
early morning and late afternoon. To determine the specificity
of the caffeine effect, we also compared two types of exercise
in the early morning - vigorous aerobic exercise versus gentle
stretching - on memory performance.

A secondary goal of the study was to consider the effect of
caffeine on two different forms of memory, the deliberate recall
of information (explicit memory) and the unintentional recall
of previously learned information (implicit memory). Previous
research suggests that while explicit memory scores are lower
in young adults in the morning compared to the afternoon,
priming scores actually increase during this period of low arousal,
suggesting that explicit and implicit memory may be moderated
differently by physiological arousal (May et al., 2005; Rowe et al.,
2006).

Taken together, based on previous work, we expected that
a) caffeine would boost explicit memory performance in young
adults during the early morning while impairing priming, b)
caffeine would have no effect on either explicit memory or
priming during the afternoon, and c) vigorous exercise, but
not gentle stretching, would have the same impact on memory
performance as caffeine during early morning hours.

GENERAL METHODS

Participants
Undergraduates from the University of Arizona (ages 18—21)
participated in the study. Participants were excluded with

a history of substance abuse or neurological or psychiatric
disorders that might interfere with normal cognitive function.
Prior to the study, participants were asked to estimate the
number of cups of coffee, tea, sodas, sports/energy drinks, and
chocolate bars they consumed weekly. Only those who consumed
at least a moderate amount of caffeine on a weekly basis were
enrolled in the study. Participants were also asked four key
questions from the Morningness—Eveningness Questionnaire
(MEQ; Horne and Ostberg, 1976) to exclude young adults who
preferred mornings. Only 10% of students were excluded because
they were morning-type individuals, consistent with prior studies
using the MEQ (Horne and Ostberg, 1976; Chelminski et al.,
1997). Participant characteristics for all three experiments are
presented in Table 1. All participants provided written informed
consent that was approved by the Institutional Review Board
at the University of Arizona. In each experiment, participants
were well matched on age, MEQ scores, and reported caffeine
use (all ps > 0.05). Not surprisingly, number of hours slept
the night prior to testing differed depending on the time of
day. In Experiment 1, participants in the morning condition
slept fewer hours compared to participants in the afternoon
condition. This was demonstrated by a 2 x 2 ANOVA
examining coffee type (caffeinated, decaffeinated) by testing
time (morning, afternoon), indicating a main effect of time of
testing, F(1,97) = 43.82, p < 0.01, but no effect of coffee type
[F(1,97) = 097, p = 0.33]. In Experiment 2, the number of
hours slept the night before testing between the exercise and
stretching conditions did not differ, or between participants in
Experiment 2 and the morning participants in Experiment 1
(Fs < 1).

Materials

Seventy-two unique three-letter word-stems and completions
(e.g., CAL____; CALCIUM) were chosen from a large normative
word-stem completion dataset (Ryan et al., 2001). Each stem
could be completed with a minimum of five words. Each
completion was 5—9 letters in length and was not the most
frequent completion for the stem. The lists were divided into
three lists of 24 words, so that average word length and
completion base rates were similar across the lists. Two lists were
used during the study and test phase. The third list served as fillers
during the tasks. The lists were counterbalanced across tasks and
experimental conditions.

Study Phase

Upon arrival, participants reported how awake they felt on
a scale from 1 to 5 (1- not awake, 5- wide awake). After
the experimental intervention (see specific experiments below),
participants were shown 48 words (two of the three study lists)
on a computer screen, one at a time. Two filler words were
added at the beginning and end of the list to control for primacy
and recency effects. Words were presented in random order for
3 s each. Participants were instructed to rate the pleasantness of
the words on a scale from 1 to 5 (1- very unpleasant, 5- very
pleasant) as the experimenter recorded their verbal responses.
Participants were not informed that a memory test would follow
later on.
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TABLE 1 | Participant characteristics for Experiments 1 and 2.

Experiment 1

Experiment 2

Caffeine at non-optimal

Participant Data time of day (morning)

Caffeine at optimal Exercise at non-optimal

time of day (afternoon) time of day (morning)

Condition Caffeinated Decaffeinated Caffeinated Decaffeinated Exercise Stretching
Participants 30 30 20 20 20 20
Age (years) 18.70 (0.92) 18.40 (0.77) 19.10 (1.25) 19.00 (1.38) 18.45(0.92) 18.45 (1.0
Sex (M/F) 10/20 15/15 8/12 7/13 3/17 5/15
MEQ scores 43 (6.65) 41(6.77) 44 (6.75) 44 (9.53) 43(4.76) 43 (7.12)
Hours of sleep night before 5.87 (1.48) 5.52 (1.24) 7.10 (1.36) 8.36 (1.80) 5.41 (1.22) 5.25 (1.40)
Daily caffeine intake (mg) 68.93 (48.62) 107.12 (119.10) 70.32 (56.12) 73.50 (42.79) - -

Age, MEQ score, hours of sleep, and daily caffeine intake are expressed as the mean (SD). MEQ refers to the Morningness—Eveningness Questionnaire (Horne and

Ostberg, 1976).

During a 5-min interval, participants completed the full
version of the MEQ and reported the time they went to bed
the night before the experiment and when they woke up in the
morning. They completed a second rating of how awake they felt
and were asked whether they ate or drank anything before the
experiment.

Test Phase

In the test phase, the implicit memory task always preceded the
explicit task. During the implicit word-stem completion task,
thirty-six stems were presented on the computer screen, one at
a time (e.g., BAS ). Twenty-four of the stems could be
completed with words previously presented during the study
phase, randomly intermixed with 12 word-stems from the non-
studied list. Participants were instructed to complete the stem
with the first word that came to mind. The explicit word-
stem cued recall task followed immediately, consisting of the
remaining 24 word-stems corresponding to words from the
study list. Participants were instructed to complete the word-
stems with words they saw earlier during the pleasantness-
rating task. Priming was calculated by subtracting normative
baseline completion rates collected by Ryan et al. (2001) from
the percentage of stems completed with the words from the
study phase. Cued recall was measured as the percentage of
study words correctly recalled. After completing both memory
tasks, participants provided a final rating of how awake they
felt.

EXPERIMENT 1 MORNING CONDITION:
THE IMPACT OF CAFFEINE AT
NON-OPTIMAL TIME OF DAY

Participants and Procedures

Eligible participants were instructed not to eat or drink anything
the morning of the experiment. They arrived at the laboratory
between 6 and 7 a.m. and were randomly assigned to one of two
conditions, caffeinated (n = 30) or decaffeinated (n = 30) coffee.
Prepackaged instant coffee (Starbucks Via Italian Bold caffeinated
and decaffeinated) was prepared using a standardized procedure

to ensure that each 8-ounce cup contained the same amount
of caffeine (approximately 180 mg in the caffeinated coffee, and
7—10 mg in the decaffeinated coffee; Starbucks Corporation).

Participants were given the cup of coffee to drink, and then
read a book for 30 min. To control for expectancy effects, all
participants were told that the coffee was caffeinated, and the
experimenter was blind to the type of coffee administered. After
30 min, the implicit and explicit tasks were administered as
described earlier. After completing the final wakefulness rating,
participants were asked whether they felt that the coffee had
affected them positively, negatively, or not at all.

Results

Two participants, one from each group, were excluded because of
extremely low explicit memory performance (only one and two
correct answers), suggesting that they either did not understand
the task or did not follow instructions. Another participant was
dropped due to missing MEQ questionnaire data. To create an
even number of participants in each condition, we randomly
removed one additional participant in the decaffeinated group.
The analyses were conducted on a final sample of 60 participants
(30 in each group).

Wakefulness Ratings

Participants who drank caffeinated coffee were significantly more
awake by the end of the experiment, while participants who
drank decaffeinated coffee did not experience the same increase
in perceived wakefulness, as depicted in Figure 1A (Morning).
This was demonstrated by a marginally significant interaction
in a mixed-factor ANOVA between repeated wakefulness ratings
(before coffee, intervening phase, and at the end of experiment)
and between-group coffee type (caffeinated, decaffeinated),
F(2,58) = 2.53, p = 0.08, ny = 0.04. Follow-up repeated
measure ANOVAs indicated that wakefulness significantly varied
across time in the caffeinated group [F(2,58) = 4.77, p = 0.01,
n, = 0.14], but not in the decaffeinated group (F < 1, ns,
= 0.01). Although baseline perceived wakefulness ratings
did not differ between the groups #(58) = —1.52, ns, Cohen’s
d = —0.39, CI [—-0.90,0.12], paired t-tests indicated that the
caffeinated group was significantly more awake at the end of
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FIGURE 1 | Change in perceived wakefulness across different points in Experiment 1 (A) and Experiment 2 (B). Perceived wakefulness ratings are
presented as z-scores to compare across experiments with 95% confidence bands. After the data were transformed to z-scores, each participant’s baseline
perceived wakefulness rating was subtracted from their rating at each time point to illustrate their change in wakefulness across the experiment.

the experiment compared to the beginning, #(29) = —2.52,
p < 0.05, Cohen’s d = 0.46, CI [0.08,0.83]. Participants in
the caffeinated group were also more likely than those in the
decaffeinated group to report that the caffeine affected them
positively (83% vs. 57%, respectively, X>(2) = 11.3, p < 0.01).
No participant reported that caffeine affected him or her
negatively.

Memory Performance

Participants in the caffeinated group performed significantly
better than the decaffeinated group on word-stem cued
recall, but the groups did not differ on priming. Results are
depicted in Figure 2A (Morning). A mixed-factor ANOVA
indicated a significant interaction between the repeated
measure test type (explicit, implicit) and between-group coffee
type (caffeinated, decaffeinated), F(1,58) = 4.53, p < 0.05,
nlzj = 0.07. Follow-up t-tests illustrated that participants
who ingested caffeinated coffee (M = 0.44, SD = 0.13)
performed better than those who drank decaffeinated
coffee (M = 0.34, SD = 0.13) on cued recall, t(58) = 2.90,
p < 0.01, Cohen’s d = 0.75, CI [0.22,1.27]. However, implicit
memory performance did not differ between the caffeine
group (M = 0.23, SD = 0.09) and the decaffeinated group
(M = 0.22, SD = 0.10), t(58) < 1, ns, Cohen’s d = 0.15, CI
[—0.36,0.66].

Since the majority of the caffeine group (83%) but only a little
over half of the decaffeinated group (57%) reported that caffeine
had a positive effect, it is possible that the difference in explicit
memory performance was driven by the participants’ perception
of a benefit of caffeine, rather than the caffeine itself. We
examined this possibility by comparing memory performance
within the decaffeinated group between those who did and did
not report a positive effect of coffee. Perception alone did not
influence explicit performance; there was no difference between

those who thought the caffeine affected them positively (n = 17,
M = 031, SD = 0.10) and those who did not (n = 13,
M = 0.39, SD = 0.15), t(28) = 1.58, ns, Cohen’s d = 0.58, CI
[—0.16,1.32].

EXPERIMENT 1 AFTERNOON
CONDITION: THE IMPACT OF CAFFEINE
AT OPTIMAL TIME OF DAY

Consuming caffeine increased explicit memory performance
for college-aged adults during early morning hours. Young
adults who drank caffeinated coffee showed a 30% benefit in
cued recall performance compared to the decaffeinated coffee
drinkers, and this effect was independent of the perceived
positive effect of the caffeine. The result is consistent with
our previous study (Ryan et al., 2002) showing that older
adults benefit from caffeine during their non-optimal time
of day, which, for older adults, is the afternoon rather than
early morning hours. However, caffeine had no effect on
word-stem completion priming. The latter finding suggests
that priming may not be influenced by manipulations of
arousal.

Next, we considered whether caffeine would result in the same
increase in explicit memory performance during the afternoon as
observed in the morning. We expected that caffeine would not
enhance explicit memory performance in the afternoon, since
young adults are already at their physiological peak, and that
caffeine would similarly have no effect on priming.

Participants and Procedures

Forty-three undergraduates were randomly assigned to the
caffeinated group or decaffeinated group. The procedures were
identical to the morning session, except participants were tested
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FIGURE 2 | Mean performance for cued recall and priming for Experiment 1 (A) and Experiment 2 (B). Cued recall was measured as the percentage of study
words correctly recalled. Priming scores were calculated by subtracting normative baseline completion rates (Ryan et al., 2001) from the percentage of stems
completed with the words from the study phase. Error bars show the 95% confidence intervals. *p < 0.05.

between 2 and 4 p.m. Participants were instructed not to drink
caffeinated beverages on the day of the experiment.

Results

Three participants were excluded because of extremely low
explicit memory performance (zero, one, and two correct
answers), suggesting that they either did not understand the task
or did not follow instructions. The analysis was conducted on a
final sample of 40 participants (20 in each group).

Wakefulness Ratings
The caffeinated and decaffeinated groups did not differ in
perceived wakefulness, indicated by a non-significant interaction
between wakefulness ratings (pre-coffee, 30 min after the coffee,
intervening phase, and at the end of the experiment) and coffee
type (caffeinated, decaffeinated), F < 1, ns, ng = 0.02, and
no main effect of coffee type, F(1,38) = 2.09, ns, nlzJ = 0.05.
Wakefulness ratings are depicted in Figure 1A (Afternoon).
Interestingly, participants who ingested caffeinated coffee
were no more likely to report that the caffeine affected them
positively (55%) than participants in the decaffeinated group
(60%), X%(2) = 0.99, ns. Unlike the morning testing session, 25%
of the caffeinated group reported that the coffee actually affected
them negatively, while no one in the decaffeinated group reported
a negative effect of coffee.

Memory Performance

In contrast to the morning testing session, caffeine did not
influence either type of memory performance in young adults in
the afternoon (Figure 2A) (Afternoon). Cued recall performance
did not differ between those who ingested caffeinated coffee
(M = 0.27, SD = 0.10) and decaffeinated coffee (M = 0.30,
SD = 0.10), indicated by the lack of a main effect of coffee type,
F < 1, ns, n2 = 0.0002. Implicit memory performance also did
not differ between the caffeinated (M = 0.14, SD = 0.12) and
decaffeinated groups (M = 0.12, SD = 0.12), and there was no
interaction between coffee type and memory test type (implicit,

explicit), F(1,38) = 1.23, ns, n%, = 0.03, suggesting that neither
priming nor explicit memory were influenced by caffeine.

Again, we considered whether the perceptions of individuals
regarding the positive effect of caffeine could have influenced
the results, particularly since 25% of participants in the caffeine
group reported a negative effect of caffeine. We compared
those individuals reporting a positive or non-positive (neutral
or negative) effect of caffeine separately for the caffeinated and
decaffeinated groups. The decaffeinated group did not differ
in explicit memory performance based on the perception of a
positive effect (n = 12, M = 0.31, SD = 0.09) or non-positive
effect (n = 8, M = 0.27, SD = 0.12) of caffeine, t(18) < 1, ns,
Cohen’s d = 0.40, CI [—0.51,1.30]. The caffeinated group also did
not differ in memory performance based their perceptions of the
effects of coffee (positive: n = 11, M = 0.26, SD = 0.09; non-
positive: n = 9, M = 0.28, SD = 0.12), t(18) < 1, ns, Cohen’s
d = 0.20, CI [—0.69,1.08].

EXPERIMENT 1: DIRECTLY COMPARING
MORNING AND AFTERNOON TESTING
SESSIONS

In order to better understand the impact of caffeine at different
times of day, we compared participants in the morning and
afternoon testing sessions on wakefulness measures and memory
measures.

Wakefulness Ratings

Ingesting caffeine in the morning differentially affected how
awake participants felt by the end of the experiment compared
to ingesting caffeine in the afternoon. A 2 x 2 ANOVA indicated
an interaction between time of testing session (morning,
afternoon) and coftee type (caffeinated, decaffeinated) on change
in perceived wakefulness from the beginning to the end of the
experiment, F(1,96) = 3.04, p = 0.08, 7112) =0.03. Follow up ¢-tests
suggested that while the morning (M = 0.67, SD = 1.45) and
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afternoon (M = 0.60, SD = 1.03) caffeinated groups did not differ
in how awake they felt by the end of the experiment, ¢ < 1, the
decaffeinated group felt significantly more awake in the afternoon
(M = 0.88, SD = 1.42) compared to the morning (M = 0.05,
SD = 1.26), t(48) = —2.37, p < 0.05, Cohen’s d = 0.66, CI
[0.10,1.26].

Memory Performance

Data were first analyzed with a mixed-factor 2 x 2 x 2 ANOVA
comparing test type (explicit, implicit), time of day (morning,
afternoon), and coffee type (caffeinated, decaffeinated).
Importantly, the 3-way interaction between test type, time
of day, and coffee type was significant, F(1,96) = 4.86, p = 0.03.
The omnibus test was followed up with separate ANOVAs on
explicit and implicit tests.

Comparing the results of the explicit memory test across
time of day, ingesting caffeine only improved explicit memory
performance during the morning testing session. A 2 x 2
ANOVA indicated a significant interaction between time of
testing session (morning, afternoon) and coffee type (caffeinated,
decaffeinated) on explicit memory performance, F(1,96) = 6.71,
p < 0.01, 1r]12J = 0.07. Although a main effect of testing time
suggested that participants performed better in the morning
overall [F(1,97) = 18.96, p < 0.01], this effect was driven
by enhanced performance in the morning participants who
ingested caffeinated coffee. Follow up t-tests showed that the
decaffeinated groups did not differ in explicit memory between
the morning and afternoon conditions, (48) = 1.3, p = 0.20.
These results further illustrate that the impact of caffeine on
memory performance depended on the time of the testing
session — explicit memory was only enhanced by caffeine during
the morning testing session.

In contrast, caffeine did not differentially affect implicit
memory across the morning and the afternoon testing sessions,
indicated by a non-significant interaction between time of testing
and coffee type, F < 1. Regardless of coffee type, participants had
higher implicit memory performance (priming) in the morning
compared to the afternoon. This was demonstrated by a main
effect of time of day, F(1,97) = 19.17, p < 0.01, nf, =0.17.

EXPERIMENT 2: EXERCISE AT
NON-OPTIMAL TIME OF DAY

As hypothesized, caffeine did not affect explicit memory during
young adults’ optimal time of day, the afternoon, consistent
with the notion that caffeine is only effective when physiological
arousal levels are low. Additionally, caffeine had no effect on
priming scores. In Experiment 2, we consider whether the
observed improvement in explicit memory performance was due
specifically to the ingestion of caffeine, or from the non-specific
effect that caffeine has on increasing physiological arousal.

To determine the specificity of the caffeine effect, participants
in Experiment 2 engaged in cardiovascular exercise during the
early morning, their non-optimal time of the day. Even short
sessions of exercise reliably elevate physiological arousal (Hung
et al., 2013). Acute exercise increases the concentration of

catecholamines in the brain including dopamine, epinephrine,
and norepinephrine in the locus coeruleus (Cooper, 1973;
McMorris et al., 2011). Just as caffeine acts on the locus coerulus
to increase wakefulness, exercise increases norepinephrine in
the locus coeruleus, which in turn induces arousal (Dietrich
and Audiffren, 2011). If caffeine benefits explicit memory by
increasing general physiological arousal, we would expect to see
the same boost in memory performance after morning exercise.
Since previous work suggested that implicit memory is optimal
during low arousal times of the day (May et al., 2005), we expect
exercise to increase arousal resulting in decreased priming.

Participants and Procedures

Forty undergraduates participated in a session conducted
between 6 and 8 a.m. Participants were randomly assigned to
an exercise condition (n = 20) or a gentle stretching condition
(n = 20). They were instructed not to eat or drink anything
but water on the morning of the experiment. Participants were
informed they could withdraw at any time if they were unable to
complete the required exercise.

Upon arrival, participants provided a wakefulness rating on
a scale from —5 (not awake) to 5 (wide awake). Then, they
were equipped with an activity watch (New Balance Duo Sport
Monitor, Durham, NC) that records heartbeats per minute.
Participants practiced measuring their heart rate with the watch.
A baseline heart rate measure was taken once the participant
could operate the device.

Participants completed approximately 15 min of
cardiovascular exercise (exercise group) or a gentle stretching
routine (stretching group). For the exercise group, cardiovascular
exercise was defined as 10 min of exercise with a 20 percent or
greater increase in heart rate from baseline. Participants achieved
this by performing interval laps of running up a set of stairs and
briskly walking down another set of stairs at the other end of
the hallway. An experimenter was stationed at the end of each
lap to record heart rate. In the stretching group, participants
completed 15 min of a simple stretching routine. Experimenters
demonstrated all the stretches and recorded heart rates at 1-min
intervals. After completing either the exercise or stretching
protocol, participants gave a second rating of wakefulness and
returned to the laboratory for memory testing.

Results

Heart Rate

Heart rate was calculated as the average across 15 min of activity
and compared to baseline heart rate. Participants in the exercise
group experienced a substantial increase in heart rate from
baseline compared to the stretching group, demonstrated by a
significant group (exercise, stretching) by heart rate (baseline,
activity) interaction, F(1,38) = 137.5, p < 0.0001, n}z’ = 0.78.
While baseline heart rate did not differ between the exercise
(M = 80.55, SD = 14.09) and stretching groups (M = 80.65,
SD = 13.20), t(38) < 1, Cohen’s d = 0.007, CI [—0.61,0.63],
during activity the exercise group experienced significantly
higher heart rates (M = 139.28, SD = 16.54) relative to the
stretching group (M = 90.70, SD = 10.90), #(38) = 10.96,
p < 0.00001, Cohen’s d = 3.47, CI [2.46,4.45].
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Wakefulness Ratings

Participants who completed the exercise protocol reported feeling
significantly more awake immediately following the activity
compared to the stretching condition, depicted in Figure 1B.
The perceived wakefulness (pre activity, post activity, intervening
phase, and at the end of experiment) by group (exercise,
stretching) interaction was significant F(1,38) = 2.73, p < 0.05,
nf) = 0.07, demonstrating that the perceived wakefulness of the
participant depended on whether they completed 15 min of
stretching or exercise. Although baseline perceived wakefulness
ratings did not differ between the groups #(38) = 1.09, ns,
Cohen’s d = 0.34, CI [—0.28,0.97], follow-up paired t-test
indicated that the exercise group reported a significant increase
in wakefulness immediately following exercise compared to their
baseline wakefulness rating, t(19) = —4.25, p < 0.0001, Cohen’s
d=0.95,CI [0.41,1.47].

Memory Performance

Exercise did not have an impact on either explicit or implicit
memory during the early morning, despite participants feeling
more awake after exercise (Figure 2B). No interaction between
group (exercise, stretching) and memory type (implicit, explicit)
was observed, F < 1, ns, 12 = 0.002. Explicit memory
performance did not differ between those who completed the
exercise (M = 0.36, SD = 0.18) and stretching protocols
(M = 038, SD = 0.11), t < 1, ns, Cohen’s d = 0.13, CI
[—0.49,0.75]. Similar results were seen for implicit memory
across the exercise (M = 0.18, SD = 0.13) and stretching
protocols (M = 0.18, SD = 0.14), t < 1, ns, Cohen’s d = 0.01,
CI [—0.61,0.63].

GENERAL DISCUSSION

Consuming caffeinated coffee results in significantly higher
memory performance on an explicit cued-recall task in the
early morning, but not in the late afternoon. These results are
consistent with the hypothesis that caffeine benefits cognition
during suboptimal conditions (Ryan et al., 2002; Nehlig, 2010)
— in this case, during the low point in young adults” circadian
rhythm. Importantly, the benefits of caffeine for explicit memory
performance do not appear to be related to an acute increase in
physiological arousal (Experiment 2), to the perception of being
more awake and energized after ingesting coffee (Experiment 1),
or general expectancy effects since participants in Experiment 1
were all told they were consuming caffeinated coffee.

We were somewhat surprised by the finding that elevating
arousal through exercise during the morning did not improve
explicit memory performance, particularly since participants
consistently reported feeling more awake and energized after
exercise. Our finding is consistent, however, with research
suggesting that the cognitive benefits of exercise build gradually,
rather than acutely. For example, Bugg et al. (2006) found that
older adults who engage in an active lifestyle do not experience
a decline in working memory performance across time-of-day
compared to sedentary older adults. These authors argue that
habitual exercise leads to increased calcium levels, which are

necessary for the metabolism of dopamine and norepinephrine.
This increase in calcium occurs gradually and is maintained
through consistent exercise. In contrast, caffeine results in a
fast blockade of adenosine receptors, preventing the blockade
of norepinephrine (McGaugh, 2000), which may influence the
consolidation of new memories. The difference in the timeline of
the effects of caffeine and exercise may explain why a single cup
of coffee benefits memory and acute exercise does not.

Given that participants were not morning-type individuals, it
is not surprising that they tended to go to bed late even though
they were scheduled for the early morning testing condition.
Accordingly, the young adults tested during their non-optimal
time of day (the morning) reported fewer hours of sleep than
those who were tested during their optimal time of day in the
afternoon. The difference in sleep time between the morning
and afternoon testing conditions likely reflects the real-world
situation for college students. This decrease in sleep adds to,
or may even account for, the impact of circadian rhythms on
cognitive functioning in young adults. Importantly, however,
morning participants did not differ in the number of hours slept
between the caffeinated and decaffeinated conditions, and these
individuals did not differ from participants in the exercise and
stretching conditions. The only difference between all morning
testing groups that had an impact on memory performance was
the administration of caffeine.

The mechanisms by which caffeine enhances explicit memory
remain unclear. Recently, Borota et al. (2014) suggested that
caffeine has a specific effect on memory consolidation. They
found that caffeine ingested immediately after studying a series
of object pictures resulted in better discrimination between old
objects and visually similar lures, but not better recognition
performance per se, suggesting a specific effect of caffeine on
pattern separation. Consistent with our findings, the authors
conclude that the benefit of caffeine is not merely due to general
increases in arousal and attention. Memory enhancement may
be mediated by increases in levels of norepinephrine that have
been shown to benefit pattern separation (Segal et al., 2012) or
by enhancing long-term potentiation in the hippocampus due to
the high concentration of adenosine receptors in the CA2 region
(Simons et al.,, 2012). This explanation, focusing on caffeine’s
potential enhancement of hippocampally mediated memory, is
consistent with our finding that caffeine benefits explicit, but not
implicit, memory. Multiple forms of implicit learning, including
repetition priming, are thought to rely on cortical adaptations
that are independent of the hippocampus (for review, see Reber,
2013).

This cannot be the whole story, however. The striking
differential effect of caffeine in the early morning versus late
afternoon suggests that caffeine’s efficacy interacts with other
factors. It could be that participants in afternoon caffeine
experiment did not follow our instructions to refrain from
consuming caffeinated beverages on the day of the experiment,
and thus an additional 200 mg of caffeine made no difference to
memory performance. Alternatively, other physiological factors
that vary naturally with circadian rhythms may result in a system
that is already “optimized”, so that caffeine either has no benefit,
or may even result in decreased performance when taken in
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sufficiently large doses (Borota et al., 2014). A third possibility,
discussed earlier, is that caffeine was effective because morning
participants had fewer hours of sleep the night before testing,
compared to afternoon participants. Adan et al. (2008) found that
a low dose of caffeine decreased self-reported sleepiness in the
morning, and sleepiness improved even more among evening-
type participants, which would match the participants included
in the present study. However, Adan et al. (2008) did not assess
cognitive functioning, so whether sleepiness, independent of
circadian rhythms, was sufficient to impact cognitive functioning
is not known.

It is important to note, however, that unlike our previous
work examining memory and time of day in older adults
(Ryan et al, 2002), we did not find the expected time of
day effect, which should have resulted in better cued recall
performance in the afternoon compared to the morning.
Instead, explicit memory performance did not differ between
the decaffeinated groups in the morning and afternoon. Notably,
we chose not to use a within-subjects design as we did in
our previous study with older adults because the implicit
memory task could only be performed once without the
participants’ conscious awareness (Delpouve et al., 2014). It is
unclear whether testing the same individuals in the morning
and the afternoon would have shown the expected time of
day effect in explicit memory, although we note that other
researchers have reported the effect using between-subjects
designs (e.g., May et al, 1993). In line with previous work,
we demonstrated that implicit memory was higher during
participants’ non-optimal time of day (May et al., 2005; Rowe
et al, 2006; Delpouve et al, 2014), although priming was
not influenced by caffeine either during the morning or the
afternoon.

In summary, our results suggest that caffeine results in explicit
memory enhancement for young adults during their non-optimal
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