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Abstract

There is evidence that emotion induced during encoding impairs associative memory (e.g.,
Bisby, Horner, Bush, & Burgess, 2018), yet the effect of post-encoding emotion (particularly
positive emotion) on associative memory remains largely unclear. Two experiments were
conducted to examine the effect of post-encoding positive emotion on associative memory
for English vocabulary. In Experiment 1, high school students memorized Chinese defini-
tions of a list of English words, immediately recalled the Chinese definitions, watched a neu-
tral or comic video, and took a delayed memory test 25 minutes after encoding. The result
showed a significant impairing effect of post-encoding positive emotion on memory for Chi-
nese definitions. In Experiment 2, primary school students encoded English words with their
associative pictures, took an immediate test where, on each trial, they were asked to choose
the correct English word that matches a picture. Following the test, they watched a neutral
or comic video, and took a memory test 10 minutes after encoding. Consistent with Experi-
ment 1, Experiment 2 showed an impairing effect of positive emotion. Taken together, these
findings support the hypothesis that post-encoding positive emotion can impair associative
memory, providing important implications for acquisition of vocabulary of English as a for-
eign language.

Introduction

Episodic memory consists of two components: item memory and associative memory, with
the former referring to the form of memory that provides the basis for remembering that a
stimulus or event has been encountered, and the latter referring to the form of memory that
represents relationships among items [1]. Item memory can be tested by free recall or recogni-
tion [e.g., 2,3]. Associative memory can be tested by recalling a target item in a paired associ-
ate. For instance, during encoding participants are usually presented with a series of word-
pairs (e.g., bulb-pencil). For memory test they can be presented with the first word of previ-
ously learned word pairs (e.g., bulb) and asked to recall the word that completes the pair [e.g.,
4]. Prior studies have shown that emotion can enhance item memory, yet the effect of emotion
on associative memory remains poorly understood. Although a limited number of studies
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have shown that emotion induced during encoding impairs associative memory [e.g., 5], it is
unclear whether post-encoding emotion (particularly positive emotion) affects associative
memory, which motivates the present study.

Effects of emotion on item memory and associative memory

There has been increasing evidence showing that emotion has differential effects on item
memory and associative memory. In most studies, emotion has been found to enhance item
memory [e.g., 6-11] but impair associative memory [e.g., 5, 12-16]. For instance, in a study by
[16], participants learned visual objects embedded in the periphery of negative or neutral pic-
tures. The results showed better recognition memory for negative than for neutral pictures;
however, memory for the association between visual objects and pictures was worse when the
pictures were negative than when they were neutral, suggesting an impairment effect of nega-
tive emotion on associative memory. According to [16], such an impairment effect may be
explained by the mechanism via which emotional pictures capture attention that would other-
wise be allocated to the peripheral visual objects, thus lowering the performance in a memory
task that requires knowledge of the visual objects. The impairing effect was replicated in a
recent study by [13], who, in three experiments, found that negative emotion induced by a
negative visual stimulus or by an anticipatory threat of shock impaired associative memory.
Taken together, the above studies provide converging evidence that negative emotion can
impair associative memory.

Research gaps

Despite the above findings on the effect of emotion on episodic memory, some questions
remain to be answered. First, most previous empirical studies adopted a paradigm whereby
learning stimuli function as the source of emotion, and emotion is thus manipulated during
encoding [e.g.,17]. By contrast, little has been known about the effect of post-encoding emo-
tion on episodic memory. As empirically revealed in a recent study by [18], the effect of acute
stress on associative and item memory differ throughout the memory cycle (e.g., before encod-
ing, after encoding, or before retrieval). Thus, examining the effect of post-encoding emotion
contributes to a complete understanding of the effect of emotion throughout different time
scales of the memory cycle and to the establishment of a refined theory for the effect of emo-
tion on episodic memory.

Second, although post-encoding emotion has been shown to affect item memory [e.g., 2,7],
its effect on associative memory has been rarely examined. The theoretical account for the
results is that emotion leads to the release of a variety of substances including norepinephrine,
which, along with the activation of the amygdala, modulates hippocampus-dependent memory
[19]. However, support for this theoretical account has primarily come from studies using
item memory tasks, and it is thus necessary to test this theoretical account using associative
memory tasks. Furthermore, prior studies have suggested that post-encoding emotion may be
used as a strategy of enhancing memory in educational settings [2,20]. However, if it turns out
that post-encoding emotion impairs associative memory, it is necessary to be cautious when
employing emotion as an intervention strategy. Therefore, it is of practical significance to
understand the effect of post-encoding emotion on associative memory.

Third, in prior studies, negative stimuli were typically used to induce emotion [e.g., 21],
leaving unclear whether positive emotion has a similar effect. According to the circumplex
model proposed by [22], valence is an important dimension of emotion. In studies in which
positive emotion was indeed induced after encoding, however, the dependent variable was typ-
ically item memory (i.e., recall or recognition), leaving unknown the effect of post-encoding
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positive emotion on associative memory. Given the evidence suggesting the role of emotional
valence [e.g., 6,17], it is of critical importance to examine the effect of post-encoding positive

emotion on associative memory so as to have a comprehensive understanding of the effect of
emotion.

Fourth, in prior studies on the effect of post-encoding emotion, participants were under-
graduates. The findings based on undergraduates, though providing important implications,
may not be sufficient for theoretical building given that age is an important variable in emo-
tional memory. Indeed, children and adolescents may be differentially subject to the impact of
emotion, as evidenced by [23], who found higher memory accuracy for negative than positive
words in adolescents (12-14-year-olds). However, for children (7-8-year-olds), no influence of
word valence was found. Another study by [24] has also indicated that the effect of emotion
can vary depending on age of participants: Although older and younger participants did not
differ on recall of positive stories, older participants had lower recall of negative and neutral
stories. Taken together, these studies suggest the importance of examining the effect of emo-
tion on participants of different ages.

Overview of the current study

Given the above research gaps, the current study was aimed at examining the effect of post-
encoding positive emotion on associative memory. Although this question has not been
directly addressed, studies have examined the effect of post-encoding emotion on separate ele-
ments of memory. For instance, [25] examined the effect of post-encoding emotion on sepa-
rate aspects of stimulus representation. They found that negative emotion elicited after
encoding enhanced memory for the gist, rather than details of stimuli. Another study by [2]
showed that the effect of post-encoding emotion was dependent on the specific element of
memory (at least for female participants): Negative emotion enhanced item memory (i.e., rec-
ognition memory for words) but had little effect on source memory (i.e., memory for font col-
ors of words). Although it may be inappropriate to regard source memory and associative
memory as the same, these findings suggest that post-encoding emotion may not enhance
memory that involves retrieval of details. Another study by [26], in which participants experi-
enced stress due to skydiving after encoding, showed that stress enhanced familiarity-based
recognition rather than recollection for male participants. Together, results from the above
studies indicate that post-encoding emotion has little effect on memory that requires retrieval
of details. Associative memory, involving the retrieval of relations between items, may depend
on retrieval of details of items; therefore, it is possible that post-encoding emotion would not
enhance associative memory.

Particularly, there has been evidence that emotion induced during encoding can impair
associative memory [13,16]. If the effect of emotion induced after encoding is similar to the
effect of emotion induced during encoding, it can be hypothesized that post-encoding positive
emotion would not enhance associative memory. Two experiments were conducted to test the
above hypothesis. In Experiment 1, during the learning phase, high school students were pre-
sented with a number of pairs consisting of English words and their Chinese definitions. They
were asked to memorize the Chinese definition of each English word. Following the initial
learning, they took an immediate test, after which they watched a neutral or comic video clip,
performed some filler tasks and took a delayed memory test. The task was similar to that used
in a study by [27], where during the learning session participants learned the Japanese-English
paired associates and during the testing session they were asked to type the English counter-
parts for the previously seen Japanese words. Experiment 2 was similar to Experiment 1 except
that participants were primary school students, who were asked to memorize English words
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associated with their corresponding pictures, and took a memory test in which they were
asked to choose an English word that matched a specific picture.

Experiment 1
Method

Ethics statement. Verbal informed consent was obtained from all participants and their
teachers. Prior to participation, all participants were informed of the procedure, duration, and
reward of the research. They were also informed that the participation was voluntary and they
could withdraw at any time during the experiment. Data were collected and analyzed anony-
mously. The experiment was exempt from ethical review from the Institutional Review Board
of School of Sociology and Psychology at Central University of Finance and Economics.

Participants. A sample size estimation was calculated using G*Power Version 3.1.9.2 soft-
ware. Using moderate parameters (power = 0.8, effect size f = 0.25), the analysis provided an
estimate of a sample size of 34. A total of 63 high school students (33 male participants and 30
female participants; mean age = 16.48 years, SD = .74 year) from the Affiliated School of Bei-
jing Institute of Education took voluntary participation in the experiment. This sample size
yielded a power close to 0.97. All participants were native speakers of Chinese who had about
6-7 years of English learning experience.

Stimuli. A total of 22 English nouns were selected as learning stimuli, two of them used in
the practice phase, and the remaining twenty of them used in the formal learning phase, during
which two words were placed at the beginning and the end of the learning list respectively to
buffer primacy and recency effects. The remaining 16 words were presented in S1 Appendix.
The selection of words was primarily based on two criteria: 1) novelty (i.e., the words are new
to participants so as to allow for the examination of the effect of emotion); 2) single definition
(i.e., each word has a single definition rather than multiple definitions).

Two video clips were used respectively for the control and positive groups. The neutral
video for the control group was about how to repair a CD-ROM drive, and the video for the
positive group was a short play by three comedians. These videos have been validated in prior
studies [2,28].

Design and procedure. A between-subjects design was employed, with emotion group
(control and positive) being the independent variable. The primary dependent variables were
memory scores in the immediate and delayed tests. Participants were randomly assigned to
two emotion groups. The steps and their duration were presented in Table 1.

After arriving at the laboratory, participants first took an initial knowledge test at which
English words were successively presented on the screen as learning stimuli. The purpose of
this test was to ascertain whether participants had already known the definitions of the English
words selected as the memoranda for the experiment. For each word, participants were
instructed to type its corresponding Chinese definition into a dialogue box. Then, for the prac-
tice block, two English words with their Chinese definitions were presented. Participants were
informed that there would be a subsequent memory test during which they would be required
to recall the Chinese definitions for their corresponding English words. On each trial, partici-
pants first saw a fixation cross at the center of a screen for one second. Then an English word
accompanied by its Chinese definition in white was presented for seven seconds, against a
black screen background, followed by a blank black screen lasting for one second. Afterwards,
participants took the test for the English-Chinese pairs presented in the practice block.

Following the practice test, they entered the formal learning phase, during which a total of
20 English words along with their Chinese definitions were presented, with two English words
at the beginning and two English words at the end of the list to buffer primacy and recency
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Table 1. The steps and their duration in Experiment 1.

Step
1

O (0[N | U W

— =
k=

12

Content Duration in seconds Duration in minutes
Initial knowledge test 96 1.60
Practice block (2 English-Chinese pairs) 32 0.53
Practice test 22 0.37
Formal learning block 320 5.33
Immediate test 176 2.93
Math task 300 5.00
Pre-video mood and arousal ratings 8 0.13
Video presentation 180 3.00
Post-video mood and arousal ratings 8 0.13
Filler tasks (math tasks and questionnaires) 1074 17.90
Pre-test mood and arousal ratings 8 0.13
Delayed test 176 2.93

The duration of the steps for tests (i.e., initial knowledge test, practice test, immediate test, and delayed test) was based on estimations because each trial did end until

participants made a response. We did, however, encouraged them to type down their answers within seven seconds in the immediate and delayed tests in order to

reduce temporal variations across participants.

https://doi.org/10.1371/journal.pone.0228614.t001

effects. The trial procedure was the same as that in the practice phase. Participants were told
that their memory for definitions of the English vocabulary would be tested. Additionally, to
avoid possible floor effects, participants were instructed to learn twice the list of English
words. There was no learning criterion used and they were simply instructed to undergo two
learning blocks (with words randomized in each block).

At the immediate test following the phase of formal learning, the 16 English words (exclud-
ing the four words used to buffer primacy and recency effects) that participants had memo-
rized were randomly presented at the center of a screen for four seconds. After a word
disappeared from the screen, participants were asked to type its corresponding Chinese defini-
tion. They were encouraged to finish the typing within seven seconds, and they were allowed
to press the “Enter” key to continue, when they were unable to recall a Chinese definition. For
an answer to be identified as correct, it must be exactly the same one that was studied.

After the immediate test, they performed some mathematical tasks until 8 minutes had
elapsed from the end of formal learning. Then they rated their current mood and arousal on
two scales ranging from 0 to 8 (with 0 representing extremely unhappy and calm, and 8 repre-
senting extremely happy and aroused). After the ratings, the control and positive groups
watched a 3-minute neutral and positive video clip, respectively. At the end of video presenta-
tion, they retrospectively rated their mood and arousal during video presentation.

Participants undertook some mathematical tasks and filled in some questionnaires includ-
ing arousal predisposition scale [29], emotion appraisal and emotion suppression scales [30],
as well as state and trait anxiety inventory [31] until the start of the delayed memory test,
which took place 25 minutes after the end of formal learning.

Before the phase of memory test, they first rated their current mood and arousal and then
typed down the Chinese definitions of the 16 English words that appeared in formal learning.
Each word was presented on the screen for four seconds and there was no time limit for their
responses. The next word did not appear until after they pressed the “Enter” key.

Statistical analyses. All analyses were carried out using SPSS 13.0. The significance value
was set at p < .05. Data of two participants were not successfully collected due to computer
malfunction. Degrees of freedom were adjusted where equality of variances was violated.
Memory performance was determined as percentage correct (i.e., correctly recalled Chinese
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definitions divided by the total number of encoded Chinese definitions). Outliers were
excluded using the following criteria. Mild outliers are scores outside 1.5*IQR from the rest
scores, with IQR representing “Interquartile range” (the middle 50% of the scores). Extreme
outliers are any scores outside 3*IQR from the rest scores. The above criteria led data of five
participants to be detected as outliers and excluded from analyses. The final analyses were con-
ducted on data of 56 participants (27 and 29 participants in the control and positive groups,
respectively).

For manipulation check on emotion elicitation, a 2 (time: before video presentation vs.
after video presentation) x 2 (emotion group: control vs. positive) repeated-measures ANOVA
was conducted on mood and arousal ratings, respectively. For evaluating the effect of emotion
on memory performance, a 2 (time: immediate vs. delayed) x 2 (emotion group: control vs.
positive) repeated-measures ANOVA was conducted on memory scores in the immediate and
delayed tests. This method of analyses is in accord with prior studies [e.g., 32,33] and with the
suggestion proposed by Dr. Lee A. Becker at University of Colorado (https://www.uccs.edu/
Ibecker). Using the repeated measures ANOVA has the advantage enabling the understanding
of how memory changes differentially over time in the two emotion groups.

Results. Participants’ characteristics. Table 2 presents participants’ characteristics as
reflected from the questionnaires. It can be seen that the two groups did not significantly differ
in the five characteristics. Therefore, memory differences between the control and positive
groups cannot be attributed to the differences in these characteristics.

Manipulation check on emotion elicitation. The ANOVA on mood ratings showed a signifi-
cant main effect of time, F (1, 54) = 6.32, p = .015, np2 = .11, and a significant main effect of
emotion group, F (1, 54) = 23.45, p < .001, np2 =.30. However, these main effects were quali-
fied by a significant interaction between time and emotion group (Fig 1A), F (1, 54) = 27.45,

p <.001,m,” = .34. Participants in the control group had significant decrease in mood ratings
over time, ¢t = 2.17, df = 26, p = .039, cohen’s d = .85. Participants in the positive condition
experienced significant increase in mood ratings over time, ¢ = 5.05, df = 28, p < .001, cohen’s
d=191.

The ANOVA on arousal ratings showed a significant main effect of time, F (1, 54) = 8.18,
p=.006,m,” =.13, and a non-significant main effect of emotion group, F (1, 54) = .02, p = .88,
nP2 < .001. Importantly, there was a significant interaction between time and emotion group
(Fig 1B), F (1, 54) = 7.20, p = .01, n,> = .12. Participants in the control group did not undergo
significant change in arousal ratings over time, t = .12, df = 26, p = .91, cohen’s d = .06, whereas
participants in the positive condition experienced significant increase in arousal ratings over
time, t = 4.05, df =28, p < .001, cohen’s d = 1.53.

Table 2. Participants’ characteristics in the control and positive groups in Experiment 1.

Measure Control (n =27) Positive (n = 29) P
M SD M SD

Arousal predisposition 3241 6.65 33.10 8.11 .73
Emotion regulation 27.48 5.32 27.17 4.92 .82
Emotion suppression 15.81 4.33 15.90 4.38 94
Trait anxiety 45.85 9.87 46.72 9.84 .74
State anxiety 44.78 7.28 47.28 7.86 22
Age 16.41 0.75 16.48 0.69 .70
M/F 13/14 15/14 .79

MUF represents the ratio of number of male participants to the number of female participants.

https://doi.org/10.1371/journal.pone.0228614.t002
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Fig 1. Mood and arousal ratings in the control and positive conditions in Experiment 1. (A) For participants in the control condition,
mood ratings before video presentation, after video presentation and before delayed test did not significantly differ. For participants in the
positive condition, mood ratings after video presentation was significantly higher than before video presentation; mood ratings before
delayed test was significantly lower than before video presentation. (B) For participants in the control condition, arousal ratings before
video presentation, after video presentation and before delayed test did not significantly differ. For participants in the positive condition,
arousal ratings after video presentation was significantly higher than before video presentation; arousal ratings before delayed test did not
significantly differ from that before video presentation.

https://doi.org/10.1371/journal.pone.0228614.9g001

Initial performance before encoding. The initial knowledge scores in the control group (M =
.002, SE = .007) and positive group (M = .013, SE = .007) did not significantly differ, F (1, 54) =
1.11, p = .30,m,” = .02. One sample ¢ tests were conducted to check whether participants had
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Memory Scores
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Emotion Group

Fig 2. Memory performance in the control and positive conditions in Experiment 1. For the control group,
memory scores in the delayed test did not significantly differ from those in the immediate test; for the positive group,
memory scores in the delayed test was significantly lower than those in the immediate test. Time 1 and time 2
represent immediate test and delayed test, respectively. Error bars represent standard errors.

https://doi.org/10.1371/journal.pone.0228614.9002

already known the definitions of the English vocabulary before the learning phase. The results
showed that, for participants both in the control and positive groups, the initial performance
did not significantly differ from zero, ¢ = 1.00, df = 26, p = .33, and ¢ = 1.36, df = 28, p = .18,
respectively. Furthermore, the ANOVA incorporating gender as a factor showed a non-signifi-
cant main effect of gender, F (1, 52) = 1.22, p = .27, n,” = .02. The interaction between gender
and emotion group was not significant, either, F (1, 52) = 2.53, p =.12,1,” = .05.

Effect on associative memory. The scores in the immediate test for the control and positive
groups were .27 (SE = .04) and .33 (SE = .03), respectively. The scores in the delayed test for
the control and positive groups were .25 (SE = .04) and .27 (SE = .04), respectively. An inde-
pendent £ test conducted on immediate memory scores indicated that the two emotion groups
did not significantly differ, t = 1.37, df = 54, p = .18, cohen’s d = .37.

The ANOVA on scores in the immediate and delayed tests showed a significant main effect
of time, F (1, 54) = 13.91, p < .001,n,” = .21, indicating that memory scores were lower in the
delayed test than in the immediate test. The main effect of emotion group was not significant,
F(1,54) = .67, p = 42,m,” = .0L. Importantly, there was a significant interaction between time
and emotion group (Fig 2), F (1, 54) = 5.98, p = .018, 1, = .10. Simple effect analyses further
revealed that, for the control group, memory scores in the delayed test did not significantly dif-
fer from those in the immediate test (p = .38); for the positive group, memory scores in the
delayed test was significantly lower than those in the immediate test (p < .001).

It is important to note that, prior to the final memory test, the control group (M = 2.37, SE =
.42) and the positive group (M = 2.59, SE = .40) did not significantly differ in mood ratings,
t=.37,df=54, p=.71, cohen’s d = .11. In addition, the control group (M = 3.74, SE = .49) and
the positive group (M = 3.10, SE = .47) did not significantly differ in arousal ratings, t = .93,
df = 54, p = .36, cohen’s d = .26. Therefore, any differences observed in memory decrease could
not be attributed to differences in mood and arousal before video presentation.

Considering that the immediate scores in the positive group were numerically higher than
those in the control group, we conducted an ANOVA on the delayed memory scores, with the
immediate memory performance being the covariate. The results showed that the effect of
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emotion group was significant, F (1, 53) = 4.97, p =.03,m,” = .09, with worse delayed memory
in the positive condition (M = .24, SE = .02) than in the control condition (M = .28, SE = .02).

One issue worth mentioning is that, after checking the data, we found that there were three
(out of 56 in the final analysis) participants whose initial test scores exceeded zero: Two female
participants in the positive condition whose initial test scores were 0.25 and 0.125, and one
male participant in the control condition whose initial test score was 0.0625. This means that,
in the positive condition, one female participant had already known the definitions of four
English words (i.e., frisbee, hedgehog, emerald, rhinoceros), and another female participant
had already known the definitions of only two English words (i.e., fennel, loquat); in the con-
trol condition, one male participant had already known the definition of only one English
word (i.e., loquat). For all other participants, initial test scores were zero. We conducted fur-
ther analyses using two approaches. With the first approach, we conducted a 2 (time: immedi-
ate vs. delayed) x 2 (emotion group: control vs. positive) repeated-measures ANOVA on the
data excluding the data of the three participants. The result still showed a significant interac-
tion between time and emotion group, F (1, 51) = 4.51, p = .039, np2 =.08. Simple effect analy-
ses revealed that, for the control group, immediate and delayed scores did not significantly
differ (p = .38); for the positive group, however, delayed scores were significantly lower than
immediate scores (p < .001).

With the second approach, we adjusted the scores of the above mentioned three partici-
pants by excluding their answers to the English words whose definitions they had already
known in the initial test. Then we conducted a 2 (time: immediate vs. delayed) x 2 (emotion
group: control vs. positive) repeated-measures ANOVA on all the data into which the above
adjusted data were incorporated. The result still showed a significant interaction between time
and emotion group, F (1, 54) = 5.83, p = .019, n,” = .098. Simple effect analyses indicated that,
for the control group, delayed scores did not significantly differ from immediate scores (p =
.38); for the positive group, however, delayed scores were significantly lower than immediate
scores (p < .001). Taken together, these findings suggest that the data of those three partici-
pants do not change the pattern of results.

The ANOVA incorporating gender as a factor showed no significant main effect of gender,
F(1,52)=1.80,p=.19, npz =.03. Furthermore, the interaction between time and gender, F (1,
52) = .15, p=.70,m,” = .003, between time, gender and emotion group, F (1, 52) < .001, p =
99, m,” < .001, and between gender and emotion group, F (1, 52) =.03, p = .87,n,” = .001,
were all non-significant.

It is worth noting that the stimuli contained words of a range of emotional valence (e.g.,
“tarantula” vs. “emerald”). Because of the potential for arousal manipulation to interact with
the emotional content of the memoranda, we conducted an analysis based on the data after
removing three emotional words (i.e., tarantula, encephalitis, emerald). The results still
showed a significant main effect of time, F (1, 54) = 5.55, p = .022, 1, = .093, indicating that
memory scores were lower in the delayed test than in the immediate test. The main effect of
emotion group was not significant, F (1, 54) = .42, p = .52, np2 =.008. Importantly, there was
still a significant interaction between time and emotion group, F (1, 54) = 4.52, p = .038, n,” =
.08. Simple effect analyses further revealed that, for the control group, memory scores at the
delayed test (M = .28, SE = .04) did not significantly differ from those in the immediate test (M
= .28, SE = .04) (p = .87); for the positive group, memory scores at the delayed test (M = .29, SE
= .04) was significantly lower than those in the immediate test (M = .34, SE =.04) (p = .002).
An ANOVA was also conducted on the delayed memory scores, with the immediate memory
performance being the covariate. The results showed that the effect of emotion group was mar-
ginally significant, F (1, 53) = 3.86, p = .055,1,” = .07, with worse delayed memory in the posi-
tive condition (M = .26, SE = .02) than in the control condition (M = .31, SE = .02).
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Experiment 2

Experiment 1 showed that post-encoding positive emotion impaired associative memory for
English words. In order to conceptually replicate the findings from Experiment 1, we con-
ducted Experiment 2 in which different study material and videos for emotion induction were
used. Furthermore, in Experiment 2 the participants were primary school students.

Ethics statement

Verbal informed consent was obtained from all the primary school students who participated
in the experiment; it was also obtained from the school principal and head teachers of all par-
ticipating classes. Furthermore, written informed consent was also obtained from participants’
parents or guardians. Prior to participation, they were informed of the procedure, duration,
and reward of the research. They were also informed that the participation was voluntary and
they could withdraw at any time during the experiment. Data were collected and analyzed
anonymously. The experiment was exempt from ethical review from the Institutional Review
Board of School of Sociology and Psychology at Central University of Finance and Economics.

Method

Participants. A sample size estimation was calculated using G*Power Version 3.1.9.2 soft-
ware. Using moderate parameters (power = 0.8, effect size f = 0.25), the analysis yielded an esti-
mate of a sample size of 34. A total of 56 students (28 men and 28 female participants; mean
age = 10.63 years, SD = .91 year) from a rural primary school participated in the experiment.
This sample size yields a power of 0.95. All participants were native Chinese speakers who had
learned English for about 2-2.5 years. 40 of them were left-behind children, living with rela-
tives other than their parents (their parents didn’t live with them because they worked in
urban China). The present experiment was conducted in conformity with the ethical standards
proposed by the [34]. Prior to students’ participation in the experiment, they received an
informed consent form whereby the procedure, duration, and reward of the research were
clarified. They were also informed that the participation was voluntary and they could with-
draw at any time during the experiment. In addition, all the data obtained could be used only
under anonymization condition and only for research purpose. Finally, we received written
consent from the school principal and head teachers of all participating class, and then from
56 parents or guardians of all the children participants.

Stimuli. Two pictures and their corresponding English words were used for the practice
phase. A total of 12 pictures for common items in daily life and their corresponding English
words were used for the formal learning and testing phases.

Two 2-minute video clips were used. The neutral one was a segment of the neutral video
used in Experiment 1. The positive one was a collection of comic scenarios in which some kids
displayed comic behaviors. For instance, in one scenario, a kid was trying to ride an animal
but ended up falling into a wooden bucket of water. In the pilot study, among the five students
(one male participant and four female participants) who watched the positive video, four stu-
dents (one male and three female participants) reported that they laughed during the video
presentation.

Design and procedure. Identical to Experiment 1, a between-subjects design was used,
with emotion group (control, positive) as the independent variable. Participants were ran-
domly assigned to the two emotion groups. Table 3 presents the experimental steps and their
corresponding duration.

After arriving at the laboratory, participants reported their basic demographic information
as well as their degree of interest in memorizing English words (on a five-point likert scale
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Table 3. The steps and their duration in Experiment 2.

Step Content Duration in seconds Duration in minutes
1 Initial knowledge test 36 0.60
2 Practice block (2 English-Chinese pairs) 12 0.20
3 Practice test 9 0.15
4 Formal learning block 144 2.40
5 Immediate test 48 0.80
7 Pre-video mood and arousal ratings 8 0.13
8 Video presentation 120 2.00
9 Post-video mood and arousal ratings 8 0.13
10 Filler tasks (math task) 371 6.18
11 Pre-test mood and arousal ratings 8 0.13
12 Delayed test 48 0.80

The duration of the steps for tests (i.e., initial knowledge test, practice test, immediate test, and delayed test) and

math task were based on estimations because each trial did end until participants made a response.

https://doi.org/10.1371/journal.pone.0228614.t003

ranging from “least interested” to “most interested”). This provided us with the opportunity to
assess whether the two groups differed in their interest, which may be a confounding variable.

Then participants took an initial knowledge test in which a total of 12 pictures along with
four English words were presented on a computer screen. Participants were asked to choose a
correct English word that matches the picture from the four choices. No feedback was given as
to whether their choices were correct or not. The positions at which correct choices occurred
were balanced such that 1/4 of the correct choices appeared respectively at the four positions
(see S2 Appendix). The purpose of the initial test was to ascertain whether participants had
already known the English words for these pictures.

Then participants went through a brief practice block so as to familiarize themselves with
the encoding task. Afterwards they were presented with a list of 12 pictures along with their
English words and were asked to memorize the English word for each picture. No mention
was given as to the subsequent memory tests. In each trial, a fixation cross was presented for
one second, followed by a picture along with its English word lasting for five seconds. To avoid
the potential floor effect, each picture and its associated English word was randomly presented
twice.

Following the encoding stage, participants took an immediate test for the 12 items previ-
ously encoded. In each trial, a blank screen appeared for one second, followed by a picture
along with four English words (see S2 Appendix). Participants were instructed to try their best
to retrieve and make a correct choice. The immediate test allowed us to evaluate whether par-
ticipants had indeed learned effectively and to ascertain whether participants assigned into the
two emotion groups had comparable baseline memory performance.

After the immediate test, participants rated their current mood and arousal respectively on
a 9-point scale before watching a 2-minute neutral or positive video depending on random
assignment. After video presentation, they rated again their current mood and arousal. Then
they executed some addition and subtraction math tasks, which lasted for about three minutes.
The purpose of the math tasks was to prevent them from rehearsing the previously encoded
pictures and words.

Prior to the delayed memory test, which took place 10 minutes after the end of encoding,
participants took a rest that lasted for about one minute and then rated their mood and
arousal. Unlike the previous experiment, the shorter retention interval was used in order to
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Table 4. Participants’ characteristics in the control and positive groups in Experiment 2.

Measure Control (n = 28) Positive (n = 28) P
M SD M SD
Age 11.75 1.14 11.50 0.58 31
Years of English learning 2.46 0.51 2.50 0.58 .81
Interest in memorizing English words 2.75 1.21 2.82 0.98 .81
M/F 14/14 14/14 >.99

M/F represents the ratio of number of male participants to the number of female participants.

https://doi.org/10.1371/journal.pone.0228614.t1004

reduce the possibility of a floor effect, especially given that participants’ baseline performance
was relatively low. Although it was likely that, with such a short retention interval, the emotion
induction would exert its effect on retrieval, the ratings of mood and arousal prior to the
delayed test made it possible to ascertain whether participants had returned to emotional “nor-
malcy” and whether participants in the two emotion groups were emotionally comparable.
The stimuli in Experiment 2 were the same as those in Experiment 1.

Statistical analyses. All analyses were carried out using SPSS 13.0. The significance value
was set at p < .05. Memory performance was determined as percentage correct (i.e., correctly
recognized English words divided by the total number of encoded English words). Degrees of
freedom were adjusted where equality of variances was violated.

Results. Participants’ characteristics. Table 4 presents characteristics of the control and
positive groups. It can be seen that participants in the two emotion groups did not significantly
differ in age, years of English learning, and interest in memorizing English words. Further-
more, the ratio of number of male participants to number of female participants in the control
group did not significantly differ from that in the positive group.

Interest in memorizing English words. A t-test showed that the control and positive group
did not significantly differ in their interest, t = .24, df = 54, p = .81, cohen’s d = .06. Therefore,
any difference observed in memory cannot be attributed to difference in the interest in memo-
rizing English words.

Manipulation check on emotion elicitation. Table 3 presents mood and arousal ratings in the
control and positive groups in Experiment 2. A 2 (time: before watching vs. after watching) x
2 (emotion group: control vs. positive) ANOVA on mood ratings showed a significant main
effect of time, F (1, 54) = 11.63, p = .001, ° = .18, which was quantified by a significant interac-
tion between time and emotion group (Fig 3A), F (1, 54) = 8.96, p = .004, n° = .14. Further
analyses showed that participants in the control group did not have significant change in
mood ratings over the time period, t = .28, df = 27, p = .79, cohen’s d = .11. Participants in the
positive condition, however, experienced significant increase in mood over the time period,
t=4.92,df=27, p < .001, with their mood ratings being significantly greater after video pre-
sentation than before video presentation. However, the ANOVA on arousal ratings showed
neither significant main effects nor significant interaction between time and emotion group
(Fig 3B) (all ps > .15).

Initial performance before encoding. The initial knowledge scores for the control and posi-
tive groups were .29 (SE = .02) and .30 (SE = .02), respectively. One sample two-tailed ¢ tests
showed a trend that the initial performance of the control group was above chance level (i.e.,
0.25), t = 1.86, df = 27, p = .07. The initial performance of the positive group was significantly
above chance level, t = 2.30, df = 27, p = .03. Nonetheless, there was no significant difference
between the two groups regarding the initial knowledge scores, t = .09, df = 54, p = .93, cohen’s
d=.03.
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Fig 3. Mood and arousal ratings in the control and positive conditions in Experiment 2. (A) For participants in the control condition,
mood ratings before video presentation, after video presentation and before delayed test did not significantly differ. For participants in the
positive condition, mood ratings after video presentation and before delayed test were significantly higher than before video presentation.
(B) Whether in the control condition or in the positive condition, arousal ratings before video presentation, after video presentation and
before delayed test did not significantly differ. Time 1: before video presentation; time 2: after video presentation; time 3: before delayed
test. Error bars represent standard errors.

https://doi.org/10.1371/journal.pone.0228614.9003
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Fig 4. Memory performance in the control and positive conditions in Experiment 2. For the control group,
memory scores in the delayed test did not significantly differ from those in the immediate test; for the positive group,
memory scores in the delayed test was significantly lower than those in the immediate test. Time 1 and time 2
represent immediate test and delayed test, respectively. Error bars represent standard errors.

https://doi.org/10.1371/journal.pone.0228614.9004

The ANOVA incorporating gender as a factor showed a non-significant main effect of gen-
der, F (1, 52) =.08, p = .78, nP2 =.001. The interaction between gender and emotion group was
not significant, either, F (1, 52) = .42, p =.52,1," = .008.

Effect on associative memory. The immediate scores for the control and positive groups
were .40 (SE = .03) and .45 (SE = .03), respectively. The delayed scores for the control and posi-
tive groups were .42 (SE = .03) and .32 (SE = .03), respectively. The two emotion groups did
not significantly differ in immediate memory scores, ¢ = 1.35, df = 47.81, p = .18, cohen’s d =
.35.

The ANOVA on scores in the immediate and delayed tests showed a significant main effect
of time, F (1, 54) = 7.42, p = .009, n,” = .12, indicating that memory scores were lower in the
delayed test than in the immediate test. The main effect of emotion group was not significant,
F(1,54) = 46, p = .50, npz =.008. Importantly, there was a significant interaction between
time and emotion group (Fig 4), F (1, 54) = 13.70, p = .001,1,” = .20. Simple effect analyses fur-
ther revealed that, for the control group, memory scores in the delayed test did not signifi-
cantly differ from those in the immediate test (p = .49); for the positive group, memory scores
in the delayed test was significantly lower than those in the immediate test (p < .001).

Considering that the immediate scores in the positive group were numerically higher than
those in the control group, we conducted an ANOVA on the delayed memory scores, with the
immediate memory performance being the covariate. The results showed that the effect of
emotion group was significant, F (1, 53) = 12.66, p =.001, 1, = .19, indicating worse delayed
memory in the positive condition (M = .31, SE = .02) than in the control condition (M = .43,
SE =.02). The above result corroborates those based on the repeated-measures ANOVA, sug-
gesting the robustness of the impairing effect of post-encoding positive emotion.
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The ANOVA incorporating gender as a factor showed that the main effect of gender was
non-significant, F (1, 52) = .89, p = .35, n,> = .02. In addition, the interaction between time
and gender, F (1, 52) = 1.08, p = .30, np2 = .02, between time, gender and emotion group, F (1,
52) =.04, p = .84, np2 =.001, and between gender and emotion group, F (1, 52) = .16, p = .69,
N, = .003, were all non-significant.

It is worth noting that, prior to the delayed test, the control group (M = 7.00, SE = .37) and
the positive group (M = 6.71, SE = .37) did not significantly differ in mood ratings, ¢ = .55,
df = 48.82, p = .58. cohen’s d = .16. Furthermore, the control group (M = 4.25, SE = .45) and
the positive group (M = 4.54, SE = .45) did not significantly differ in arousal ratings, t = .45,
df = 54, p = .66, cohen’s d = .13. Therefore, any differences observed in memory decrease could
not be attributed to differences on emotional states before the delayed test.

Discussion

The purpose of the current study was to investigate the effect of post-encoding positive emo-
tion on associative memory. The results from Experiment 1 showed that post-encoding posi-
tive emotion impaired associative memory for high school students. Importantly, this
impairing effect was replicated for children in Experiment 2, which differed from Experiment
1 in memory task, retention interval, video for induction of positive emotion, and the place for
data collection. Taken together, the current findings support the hypothesis that, at least within
a relatively short retention interval (i.e., up to 25 minutes), positive emotion induced after
encoding can impair associative memory.

Positive emotion impairs associative memory

Despite the general enhancement effect of positive emotion on learning of English as a foreign
language (e.g., Dewaele & Alfawzan, 2018 [35-38]), the current study suggests that positive
emotion is not universally beneficial. The impairing effect of positive emotion on memory for
English vocabulary resonates with the studies showing the impairment effect of positive emo-
tion [e.g., 39] and the studies showing that emotion, elicited during encoding by to-be-remem-
bered stimuli, impairs associative memory [e.g., 13,14,16]. In accord with prior studies [e.g.,
2,20,40], emotion in the current study was elicited by video clips that are independent of the
memoranda, suggesting that the impairing effect of positive emotion can emerge regardless of
temporal and semantic separation between source of elicitation and memorized stimuli.

There may be several explanations for the current findings. First, given prior studies show-
ing an enhancing effect of post-encoding emotion on item memory [41], the impairing effect
here might be due to the different mechanisms underlying item memory and associative mem-
ory, as proposed by the dual processing model of memory [e.g., 42]. For instance, [43] found
greater prefrontal, hippocampal, and parietal activation for associations but not for items dur-
ing encoding. Furthermore, they found differential neural mechanisms underlying memory
retrieval: For item trials, greater activation was observed in bilateral frontal regions, bilateral
anterior medial temporal areas, and the right temporo-parietal junction; for associative trials,
however, the activation was found in the left dorsolateral prefrontal cortex and superior parie-
tal lobules bilaterally. Consistent with [43], other researchers have found the important role of
the hippocampus in associative memory [e.g., 44-46]. Therefore, although post-encoding
emotion may enhance item memory through the amygdala-dependent processes, it may also
impair associative memory via disruption to processing in the hippocampus [13].

The second explanation is that the retention interval in the current study was too short.
This account receives support from the study by [47], who found that negative emotion
impaired associtive memory under a short retention interval but enhanced it under a long
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retention interval (i.e., one week). It is likely that an enhancement effect would occur with an
extended retention interval. Indeed, a recent study by [48] showed that post-encoding reward,
which presumably induced positive emotion, retroactively enhanced memory for conceptually
related information at a 24-h test but not at an immediate test. Importantly, the pattern of
results from the above study was replicated by [49], who found that the effect of post-encoding
reward emerged only at a memory test conducted 24 hours after encoding.

Third, the current result (particularly in Experiment 1) may be explained from a “priority”
perspective. According to [50], arousal leads to the activation of the locus coeruleus-norepi-
nephrine (LC-NE) system, which, in turn, enhances the processing of information of higher
priority, regardless of information valence. They also stressed the importance of high behav-
ioral activation (e.g., novelty-seeking), which may recruit the dopaminergic (DA) system to
enlarge the scope of information processing.

In the current study, although we instructed participants to endeavor to associate Chinese
definitions with English words, it is likely that this task were of high priority to participants.
Furthermore, during the encoding task, participants could not be in a state of behavioral acti-
vation, making it difficult for them to integrate multiple event aspects (i.e., English words and
their corresponding Chinese definitions) into memory.

Findings from the current study do not align with the evidence from past research showing
that the effect of positive emotion is not pronounced. For instance, [2] found that post-encod-
ing negative emotion, rather than positive emotion, affected item memory. In another study
by [17], after encoding a list of neutral, positive, and negative words, participants took memory
tests at one of eight delays (i.e., 0-min, 19-min, 63-min, 4.9-h, 8.75-h, 1-day, 6-day, and
14-day). They found enhanced free recall for negative but not positive words; furthermore,
whereas negative words impaired recognition, no effect of positive emotion was observed.
These effects of negative emotion dovetail with the NEVER (i.e., negative emotional valence
enhances recapitulation) model proposed by [51], according to which negative events relative
to positive events lead to enhanced encoding of sensory detail and create greater similarity
between the encoding and retrieval signatures. Although the NEVER model has received sup-
port from a number of studies [e.g., 52,53], it seems to be inadequate to explain the impairing
effect of positive emotion on associative memory.

In Experiment 1, participants filled out affective questionnaires following encoding rather
than engaging in quiet rest. These questions may have interacted with the valence of the videos
to influence memory. It must be noted, however, that using affective questionnaires as filler
tasks has not been uncommon in prior studies [e.g., 32,42,54]. Importantly, in the current
study, participants were randomly assigned to the control and positive groups and all partici-
pants performed exactly the same affective questionnaires during the waiting period. There-
fore, any effect on memory cannot be attributed to filling questionnaires. In the current study
we did not use quiet rest because we wanted to reduce the possibility that participants would
conduct memory rehearsal, which is likely to occur in quiet rest. In addition, there has been
evidence showing that quiet rest can contribute to memory consolidation [e.g., 55]. Conse-
quently, using quiet rest might render it difficult to know whether any effect on memory
comes from post-encoding emotion or from post-encoding rest.

Post-encoding versus pre-retrieval effect

In many prior studies that used the paradigm of post-encoding emotion induction, delayed
memory test was conducted 24 hours or 1 week after the end of encoding [e.g., 20,56,57]. Con-
sequently, those studies are able to reveal the effect of emotion on time-dependent memory
consolidation [e.g., 58]. In the current study, because the retention interval was rather short
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particularly in Experiment 2, it is unclear whether the impairing effect on associative memory
is due to actions on consolidation or retrieval processes. Even though the data showed that
subjective emotion ratings did not significantly differ immediately before memory retrieval,
due to the small temporal gap between emotion induction and delayed test, we are not in the
position to disambiguate between a post-encoding or pre-retrieval effect.

However, both rodent and human studies have shown that the effect of emotion/stress is
contingent upon the timing of induction (for a review, see Goldfarb et al., 2019 [59]). Specifi-
cally, although acute stress induced pre- and post-encoding has been found to enhance item
and associative memory, there has been mounting evidence that acute stress impairs memory
retrieval [e.g., 60,61]. Such adverse effects may be attributed to the influence of stress-induced
glucocorticoids on brain regions such as the hippocampus [60] and the prefrontal cortex [62].
Furthermore, stress may exert its negative effects on memory via suppressing processing of
information unrelated to the stressor. In the current study, the impairing effect of positive
arousal might have arisen from the disruption to memory retrieval as a result of the disruption
to the brain regions such as the hippocampus and prefrontal cortex, the latter of which has
been assumed to be involved in free recall and cued-recall tasks [61].

Contributions

The current study extends prior research in several aspects. First, although post-encoding
emotion has been shown to enhance item memory for pictures [25,63], words
[57,64,32,40,20,56,2] and college examination performance [65], the current study is the first
to provide the evidence that post-encoding positive emotion can decrease associative memory,
thus suggesting the effect of emotion on item memory does not necessarily extend to that on
associative memory.

Second, the current study extends prior studies by providing the first evidence that the
impairing effect of emotion can extend to kids around 10 years old. This suggests that, when it
comes to the effect of post-encoding positive emotion, the mechanism to which children are
subject may overlap that to which adults are subject. Although no neuroimaging data were col-
lected, children may have similar activation of the amygdala in response to positive emotion,
given the evidence showing that even children (8-16 years of age) can have amygdala activa-
tion to emotional stimuli [e.g., 66]. That said, prior studies have indicated memory of children
and adults can be differentially affected by emotional stimuli. For instance, [22] found higher
memory accuracy for the negative than positive words in adolescents (12-14-year-olds). How-
ever, for children (7-8-year-olds), there was no influence of word valence on memory accu-
racy. In their study, however, emotion was not induced independently of the memoranda.
These findings suggest that whether children and adults can be similarly affected may be con-
tingent on the memory stage during which emotion is manipulated.

Limitations

The current study has at least three limitations. First, the control and positive groups differed
in performance in the immediate memory test, although the difference did not reach signifi-
cance. Indeed, it is possible that participants in the positive group had greater decrease in
memory because their baseline performance was higher and as such had more to forget. How-
ever, the analyses in which the baseline performance was included as a covariate suggest that
reduction in associative memory for participants in the positive condition might not be attrib-
uted to their numerically higher baseline performance.

Second, there are some problems with the videos used to induce emotion. Specifically, in
Experiment 2, participants who watched the comic video did not undergo significant increase
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in arousal ratings, although they did have significant increase in mood ratings. This finding
may detract from the conclusion that positive emotion can impair associative memory. How-
ever, 22 out of the 28 participants assigned to the positive group reported bursting into laugh-
ters. Furthermore, the mean times of laughter for the 22 participants reached 4.9 times (SE =
.53). This indicates that most of them were actually highly aroused even though they did not
provide corresponding arousal ratings. Nonetheless, an ideal approach in future studies would
be to collect both subjective reports and physiological data such as heart rate and skin conduc-
tance so as to better evaluate the induction effectiveness in terms of arousal. Furthermore,
although the video clips were successful in the sense that the positive video, relative to the neu-
tral video, significantly enhanced both mood and arousal ratings in Experiment 1 and signifi-
cantly enhanced mood ratings in Experiment 2, other factors might have affected memory
because the two videos differ in a number of aspects, such as presence of humans, informa-
tional content and attentional engagement. Indeed, whereas no person was present in the neu-
tral video, three persons (i.e., comedians) were shown in the positive video. In addition, the
script for the positive video consists of 748 words, whereas the script for the neutral video con-
sists of 421 words. Additionally, participants who watched the positive video could have
greater attentional engagement during video presentation although we did instruct partici-
pants to watch carefully without looking away. Therefore, it is possible that the memory
impairment has occurred due to the positive video creating more retroactive interferences.
Caution, must be exercised in interpreting the current findings from a valence perspective.
That said, in prior studies that employed the same neutral and positive videos [e.g., 54], posi-
tive emotion was observed to enhance recognition memory performance, which suggests that
retroactive interferences per se may not be responsible. Furthermore, because the content of
to-be-remembered materials (i.e., definitions of English vocabulary) does not overlap that of
both the neutral and positive videos, retroactive interferences are less likely.

It should be noted that creating a positive video that matches a neutral video in a variety of
dimensions can be a difficult task and, indeed, few researchers have effectively addressed this
issue. For instance, in most prior studies [e.g., 54], participants in the neutral and positive
groups were respectively presented with a video on CD-ROM repairing and a comic video,
which differ in a variety of aspects. That said, in order to draw a solid conclusion on the role of
emotional valence, varying video clips should be used in future research. Furthermore, efforts
need to be made in future studies to minimize the possibility that videos used in the neutral
and positive conditions differ in dimensions other than valence.

Third, there has been evidence that stimuli of negative valence, rather than positive valence,
produce deficits in associative memory [e.g., 47]. In the current study we only induced positive
emotion, rendering it difficult to determine whether the observed effects are valence specific.
With that being said, it is important to note that to date few studies have examined the effect of
positive versus negative emotion induced after encoding. Indeed, in the majority of prior stud-
ies only negative emotion was elicited via a video clip on dental surgery [e.g., 56]. In the studies
that did induce both positive and negative emotions, the memory task did not tap associative
memory (e.g., 25,57). Future studies, therefore, are needed to elucidate whether the effect of
post-encoding emotion on associative memory is contingent on emotional valence.

Theoretical and practical implications

Findings from the current study have both theoretical and practical implications. For previous
studies showing the beneficial role of post-encoding positive emotion on memory [20,64], the
theoretical account posits that emotion leads to release of a variety of substances including
norepinephrine, which, along with the activation of the amygdala, modulates hippocampus-
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dependent memory [19]. The current findings suggest that this account does not explain the
impairment effect of post-encoding emotion on associative memory. The current study pro-
vides the caveat that positive emotion induced after encoding is not ubiquitously beneficial for
memory and highlights the need to research for the boundary conditions under which emo-
tion respectively impairs and enhances item vs. associative memory.

The findings on the impairing effect of post-encoding positive emotion (activated after
English vocabulary learning) on associative memory for English vocabulary also provide peda-
gogical implications for English (L2) vocabulary teaching and learning. Specifically, under the
context of globalization, having a good mastery of English has become increasingly critical,
which is particularly the case for the majority of students in China, where English is compul-
sory from primary to tertiary education level [67]. It is apparent that a good memory for
vocabulary is a prerequisite for mastery of English because “the heart of language comprehen-
sion and use is the lexicon” [68]. The current study shows that watching a laughter-provoking
video clip after English vocabulary learning reduced associative memory for English words,
suggesting that English teachers should be cautious in drawing on positive emotion interven-
tion as teaching strategy [e.g., humor in L2 teaching in the study of 69-71] in classroom prac-
tices. Specifically, after the learning of English vocabulary, it may behove a learner to be
emotionally neutral. However, according to the large body of studies in second/foreign lan-
guage acquisition/learning, positive emotions are central to second language learners’ learning
performance and achievement [e.g., 35-37, 72-76]. Thus, future studies need to further inves-
tigate the conditions under which positive emotion exerts impairing and enhancing effects,
respectively.

Supporting information

S1 Appendix. The English words and the corresponding Chinese definitions used in Exper-
iment 1.
(DOC)

$2 Appendix. The picture names and the four choices from which participants were
instructed to select a correct one. The bold words represent the correct ones.
(DOCX)

S1 Data.
(RAR)

Acknowledgments

We would like to thank the student participants for their support and contribution in the
project.

Author Contributions
Conceptualization: Bo Wang.

Data curation: Chengchen Li, Bo Wang.
Formal analysis: Bo Wang.

Funding acquisition: Bo Wang.

Investigation: Chengchen Li, Bo Wang.
Methodology: Chengchen Li, Lin Fan, Bo Wang.

PLOS ONE | https://doi.org/10.1371/journal.pone.0228614  April 6, 2020 19/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228614.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228614.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228614.s003
https://doi.org/10.1371/journal.pone.0228614

PLOS ONE

Post-encoding positive emotion impairs associative memory

Project administration: Chengchen Li, Bo Wang.

Resources: Chengchen Li, Bo Wang.

Software: Bo Wang.

Supervision: Bo Wang.

Validation: Bo Wang.

Visualization: Chengchen Li, Bo Wang.

Writing - original draft: Chengchen Li, Bo Wang.

Writing - review & editing: Chengchen Li, Lin Fan, Bo Wang.

References

1.

10.

11.

12

13.

14.

15.

16.

GiovanelloK. S., Keane M. M., & Verfaellie M. (2006). The contribution of familiarity to associative
memory in amnesia. Neuropsychologia, 44, 1859—1865. https://doi.org/10.1016/j.neuropsychologia.
2006.03.004 PMID: 16643967

Wang B., & Fu X. (2010). Gender differences in the effects of post-encoding emotion on consolidation
of item memory and source memory. Neurobiology of Learning and Memory, 93, 572-580. https://doi.
org/10.1016/j.nIm.2010.02.005 PMID: 20197099

Sharot T., & Yonelinas A. P. (2008). Differential time-dependent effects of emotion on recollective expe-
rience and memory for contextual information. Cognition, 106, 538-547. https://doi.org/10.1016/j.
cognition.2007.03.002 PMID: 17451666

Tucker M.A., Hirota Y., Wamsley E.J., Lau H., Chaklader A., & Fishbein W. (2006). A daytime sleep
containing solely non-REM sleep enhances declarative but not procedural memory. Neurobiology of
Learning and Memory, 86, 241-247. https://doi.org/10.1016/j.nIm.2006.03.005 PMID: 16647282

Bisby J. A., Horner A. J., Bush D., & Burgess N. (2018). Negative emotional content disrupts the coher-
ence of episodic memories. Journal of Experimental Psychology. General, 147, 243.

Meng X., Zhang L., & Liu W. (2017). The impact of emotion intensity on recognition memory: Valence
polarity matters. International Journal of Psychophysiology, 116, 16—25. https://doi.org/10.1016/.
ijpsycho.2017.01.014 PMID: 28188815

Wang B. (2015). Positive arousal enhances the consolidation of item memory. Swiss Journal of Psy-
chology, 74,91-104.

Adelman J. S., & Zachary Z. (2013). Emotion and memory: A recognition advantage for positive and
negative words independent of arousal. Cognition, 129, 530-535. https://doi.org/10.1016/j.cognition.
2013.08.014 PMID: 24041838

Bradley M. M., Greenwald M. K., Petry M. C., & Lang P. J. (1992). Remembering pictures: pleasure and
arousal in memory. Journal of Experimental Psychology. Learning, Memory and Cognition, 18, 379—
390.

Grider R. C., & Malmberg K. J. (2008). Discriminating between changes in bias and changes in accu-
racy for recognition memory. Memory & Cognition, 36, 933-946.

Mather M., & Sutherland M. (2009). Disentangling the effects of arousal and valence on memory for
intrinsic details. Emotion Review, 1, 118-119. https://doi.org/10.1177/1754073908100435 PMID:
30271458

Madan C. R., Fujiwara E., Caplan J. B., & Sommer T. (2017). Emotional arousal impairs association-
memory: Roles of amygdala and hippocampus. Neurolmage, 156, 14-28. https://doi.org/10.1016/].
neuroimage.2017.04.065 PMID: 28483720

Bisby J. A., & Burgess N. (2014). Negative affect impairs associative memory but not item memory.
Learning & Memory, 21,21-27.

Madan C. R., Caplan J. B., Lau C. S. M., & Fujiwara E. (2012). Emotion does not enhance association-
memory. Journal of Memory and Language, 66, 695—716.

Murray B. D., & Kensinger E. A. (2012). The effects of emotion and encoding strategy on associative
memory. Memory & Cognition, 40, 1056—1069.

Touryan S. R., Marian D. E., & Shimamura A. P. (2007). Effect of negative emotional pictures on asso-
ciative memory for peripheral information. Memory, 15, 154—166. https://doi.org/10.1080/
09658210601151310 PMID: 17534109

PLOS ONE | https://doi.org/10.1371/journal.pone.0228614  April 6, 2020 20/23


https://doi.org/10.1016/j.neuropsychologia.2006.03.004
https://doi.org/10.1016/j.neuropsychologia.2006.03.004
http://www.ncbi.nlm.nih.gov/pubmed/16643967
https://doi.org/10.1016/j.nlm.2010.02.005
https://doi.org/10.1016/j.nlm.2010.02.005
http://www.ncbi.nlm.nih.gov/pubmed/20197099
https://doi.org/10.1016/j.cognition.2007.03.002
https://doi.org/10.1016/j.cognition.2007.03.002
http://www.ncbi.nlm.nih.gov/pubmed/17451666
https://doi.org/10.1016/j.nlm.2006.03.005
http://www.ncbi.nlm.nih.gov/pubmed/16647282
https://doi.org/10.1016/j.ijpsycho.2017.01.014
https://doi.org/10.1016/j.ijpsycho.2017.01.014
http://www.ncbi.nlm.nih.gov/pubmed/28188815
https://doi.org/10.1016/j.cognition.2013.08.014
https://doi.org/10.1016/j.cognition.2013.08.014
http://www.ncbi.nlm.nih.gov/pubmed/24041838
https://doi.org/10.1177/1754073908100435
http://www.ncbi.nlm.nih.gov/pubmed/30271458
https://doi.org/10.1016/j.neuroimage.2017.04.065
https://doi.org/10.1016/j.neuroimage.2017.04.065
http://www.ncbi.nlm.nih.gov/pubmed/28483720
https://doi.org/10.1080/09658210601151310
https://doi.org/10.1080/09658210601151310
http://www.ncbi.nlm.nih.gov/pubmed/17534109
https://doi.org/10.1371/journal.pone.0228614

PLOS ONE

Post-encoding positive emotion impairs associative memory

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Wang B., & Fu X. (2011). Time course of effects of emotion on item memory and source memory for
Chinese words. Neurobiology of Learning and Memory, 95, 415—-424. https://doi.org/10.1016/j.nIm.
2011.02.001 PMID: 21315166

Goldfarb E. V., Tompary A., Davachi L., & Phelps E. A. (2019). Acute stress throughout the memory
cycle: Diverging effects on associative and item memory. Journal of Experimental Psychology. General,
148, 13-29.

McGaugh J. L. (2000). Memory-a century of consolidation. Science, 287, 248-251. https://doi.org/10.
1126/science.287.5451.248 PMID: 10634773

Nielson K. A., & Powless M. (2007). Positive and negative sources of emotion enhance long-term word-
list retention when induced as long as thirty minutes after learning. Neurobiology of Learning and Mem-
ory, 88, 40-47. https://doi.org/10.1016/j.nIm.2007.03.005 PMID: 17467310

Madan C. R., Scott S. M. E., & Kensinger E. A. (2018). Positive emotion enhances association-memory.
Emotion, 19, 733-740. https://doi.org/10.1037/emo0000465 PMID: 30124317

Russell J. A. (1980). A circumplex model of affect. Journal of Personality and Social Psychology, 39,
1161-1178.

Quas J. A., RushE.B., &Yim . S. (2016). Stress and emotional valence effects on children’s versus
adolescents’ true and false memory. Memory, 24,696-707. https://doi.org/10.1080/09658211.2015.
1045909 PMID: 26308492

Tournier ., Jordan O., & Ferring D. (2016). Motivation and memory impact of emotional content and
age relevance on recall. Geropsych-the Journal of Gerontopsychology and Geriatric Psychiatry, 29,
147-154.

LiuD. L. J., Graham S., & Zorawski M. (2008). Enhanced selective memory consolidation following
post-encoding pleasant and aversive arousal. Neurobiology of Learning and Memory, 89, 36—46.
https://doi.org/10.1016/j.nim.2007.09.001 PMID: 17951081

Yonelinas A. P., Parks C. M, Koen J. D., Jorgenson J., & Mendoza S. P. (2011). The effects of post-
encoding stress on recognition memory: Examining the impact of skydiving in young men and female
participants. Stress, 14, 136—144. hittps://doi.org/10.3109/10253890.2010.520376 PMID: 21034295

Pavlik P. I., & Anderson J. R. (2005). Practice and forgetting effects on vocabulary memory: An activa-
tion-based model of the spacing effect. Cognitive Science, 29(4), 559-586. https://doi.org/10.1207/
515516709c0g0000_14 PMID: 21702785

Wang B. (2013). Effect of positive emotion on consolidation of memory for faces: The modulation of
facial valence and facial gender. Memory, 21, 707-721. https://doi.org/10.1080/09658211.2012.
753461 PMID: 23240904

Coren S. (1988). Prediction of insomnia from arousability predisposition scores: Scale development
and cross-validation. Behaviour Research and Therapy, 26, 415-420. https://doi.org/10.1016/0005-
7967(88)90076-9 PMID: 3190651

Gross J. J., & John O. P. (2003). Individual differences in two emotional regulations processes: Implica-
tions for affect, relationships and well-being. Journal of Personality and Social Psychology, 85, 348—
362. https://doi.org/10.1037/0022-3514.85.2.348 PMID: 12916575

Spielberger C. D., Gorsuch R. L., Lushene P. R., Vagg P. R., & Jacobs A. G. (1983). Manual for the
State-Trait Anxiety Inventory (Form Y). Consulting Psychologists Press, Inc.: Palo Alto.

Nielson K. A., & Lorber W. (2009). Enhanced post-encoding memory consolidation is influenced by
arousal predisposition and emotion regulation but not by stimulus valence or arousal. Neurobiology of
Learning and Memory, 92, 70-79. https://doi.org/10.1016/j.nIm.2009.03.002 PMID: 19285563

Singh V., Rana R. K., & Singhal R. (2013). Analysis of repeated measurement data in the clinical trials.
Journal of Ayurveda and Integrative Medicine, 4, 77-81. https://doi.org/10.4103/0975-9476.113872
PMID: 23930038

American Psychological Association. (2010). Publication manual of the American Psychological Associ-
ation, 6th Ed. Washington, DC: American Psychological Association.

Dewaele J.-M., & Li C. (2018). Editorial: Special issue ‘Emotions in SLA’. Studies in Second Language
Learning and Teaching, 8, 15-20.

Li, C. (2018). A positive psychology perspective on Chinese students’ emotional intelligence, classroom
emotions, and EFL learning achievement. PhD dissertation. Xiamen University, China.

Li C. (2019). A positive psychology perspective on chinese EFL students’ trait emotional intelligence,
foreign language enjoyment and EFL learning achievement. Journal of Multilingual and Multicultural
Development. https://www.tandfonline.com/doi/abs/10.1080/01434632.2019.1614187. Online first

Li C., Dewaele J.-M., & Jiang G. (2019). The complex relationship between classroom emotions and
EFL achievement in China. Applied Linguistics Review. hitps://doi.org/10.1515/applirev-2018-0043
Online first

PLOS ONE | https://doi.org/10.1371/journal.pone.0228614  April 6, 2020 21/23


https://doi.org/10.1016/j.nlm.2011.02.001
https://doi.org/10.1016/j.nlm.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21315166
https://doi.org/10.1126/science.287.5451.248
https://doi.org/10.1126/science.287.5451.248
http://www.ncbi.nlm.nih.gov/pubmed/10634773
https://doi.org/10.1016/j.nlm.2007.03.005
http://www.ncbi.nlm.nih.gov/pubmed/17467310
https://doi.org/10.1037/emo0000465
http://www.ncbi.nlm.nih.gov/pubmed/30124317
https://doi.org/10.1080/09658211.2015.1045909
https://doi.org/10.1080/09658211.2015.1045909
http://www.ncbi.nlm.nih.gov/pubmed/26308492
https://doi.org/10.1016/j.nlm.2007.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17951081
https://doi.org/10.3109/10253890.2010.520376
http://www.ncbi.nlm.nih.gov/pubmed/21034295
https://doi.org/10.1207/s15516709cog0000_14
https://doi.org/10.1207/s15516709cog0000_14
http://www.ncbi.nlm.nih.gov/pubmed/21702785
https://doi.org/10.1080/09658211.2012.753461
https://doi.org/10.1080/09658211.2012.753461
http://www.ncbi.nlm.nih.gov/pubmed/23240904
https://doi.org/10.1016/0005-7967(88)90076-9
https://doi.org/10.1016/0005-7967(88)90076-9
http://www.ncbi.nlm.nih.gov/pubmed/3190651
https://doi.org/10.1037/0022-3514.85.2.348
http://www.ncbi.nlm.nih.gov/pubmed/12916575
https://doi.org/10.1016/j.nlm.2009.03.002
http://www.ncbi.nlm.nih.gov/pubmed/19285563
https://doi.org/10.4103/0975-9476.113872
http://www.ncbi.nlm.nih.gov/pubmed/23930038
https://www.tandfonline.com/doi/abs/10.1080/01434632.2019.1614187
https://doi.org/10.1515/applirev-2018-0043
https://doi.org/10.1371/journal.pone.0228614

PLOS ONE

Post-encoding positive emotion impairs associative memory

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Storbeck J., & Clore G. L. (2005). With Sadness Comes Accuracy; With Happiness, False Memory:
Mood and the False Memory Effect. Psychological Science, 16, 785-791. https://doi.org/10.1111/j.
1467-9280.2005.01615.x PMID: 16181441

Nielson K. A., & Meltzer M. A. (2009). Modulation of long-term memory by arousal in alexithymia: The
role of interpretation. Consciousness and Cognition, 18, 786—793. https://doi.org/10.1016/j.concog.
2009.06.001 PMID: 19576792

Wang B., & Sun B. (2017). Post-encoding emotional arousal enhances consolidation of item memory,
but not reality-monitoring source memory. The Quarterly Journal of Experimental Psychology, 70, 461—
472. https://doi.org/10.1080/17470218.2015.1134604 PMID: 26982620

Eichenbaum H., Yonelinas A. P., & Ranganath C. (2007). The medial temporal lobe and recognition
memory. Annu. Rev. Neurosci., 30, 123—-152. https://doi.org/10.1146/annurev.neuro.30.051606.
094328 PMID: 17417939

Achim A. M., & Lepage M. (2005). Neural correlates of memory for items and for associations: An
event-related functional magnetic resonance imaging study. Journal of Cognitive Neuroscience, 17,
652-667. https://doi.org/10.1162/0898929053467578 PMID: 15829085

Chua E. F., Schacter D. L., Rand-Giovannetti E., & Sperling R. A. (2007). Evidence for a specific role of
the anterior hippocampal region in successful associative encoding. Hippocampus, 17, 1071-1080.
https://doi.org/10.1002/hipo.20340 PMID: 17604351

Tsukiura T., Suzuki C., Shigemune Y., Mochizuki-Kawai H. (2008). Differential contributions of the ante-
rior temporal and medial temporal lobe to the retrieval of memory for person identity information.
Human Brain Mapping, 29, 1343—1354. https://doi.org/10.1002/hbm.20469 PMID: 17948885

Kirwan C. B., & Stark C. E. L. (2004). Medial temporal lobe activation during encoding and retrieval of
novel face—name pairs. Hippocampus, 14, 919-930. https://doi.org/10.1002/hipo.20014 PMID:
15382260

Pierce B. H., & Kensinger E. A. (2011). Effects of emotion on associative recognition: valence and
retention interval matter. Emotion, 11, 139-144. https://doi.org/10.1037/a0021287 PMID: 21401233

Patil A., Murty V. P., Dunsmoore J. E., Phelps E. A., & Davachi L. (2016).Reward retroactively
enhances memory consolidation for related items. Learning and Memory, 24, 65-69. https://doi.org/10.
1101/Im.042978.116 PMID: 27980078

Braun E.K., Wimmer G. E., & Shohamy D. (2018). Retroactive and graded prioritization of memory by
reward. Nature Communications, 9, 4886. https://doi.org/10.1038/s41467-018-07280-0 PMID:
30459310

Clewett D., & Murty V. P. (2019). Echoes of emotions past: How neuromodulators determine what we
recollect. eNeuro, 6, 1-19.

Bowen H. J., Kark S. M., & Kensinger E.A. (2018). NEVER forget: negative emotional valence
enhances recapitulation. Psychonomic Bulletin & Review, 25, 870-891.

Dewhurst S. A., & Parry L. A. (2000). Emotionality, distinctiveness, and recollective experience. Euro-
pean Journal of Cognitive Psychology 12, 541-551.

Kensinger E. A., & Choi E. S. (2009). When side matters: Hemispheric processing and the visual speci-
ficity of emotional memories. Journal of Experimental Psychology: Learning, Memory, and Cognition,
35, 247-258. https://doi.org/10.1037/20013414 PMID: 19210094

Wang B., & Sun B. (2015). Time-limited effects of emotional arousal on item and source memory. The
Quatrterly Journal of Experimental Psychology, 68, 2274—-2290. https://doi.org/10.1080/17470218.
2015.1013043 PMID: 25633016

Dewar M., Alber J., Butler C., Cowan N., & Della Sala S. (2012). Brief wakeful resting boosts new mem-
ories over the long term. Psychological Science, 23, 955-960. https://doi.org/10.1177/
0956797612441220 PMID: 22829465

Nielson K. A., Yee D., & Erickson K. I. (2005). Memory enhancement by a semantically unrelated emo-
tion source induced after learning. Neurobiology of Learning and Memory, 84, 49-56. https://doi.org/
10.1016/j.nIm.2005.04.001 PMID: 15890540

Judde S., & Rickard N. (2010). The effect of post-encoding presentation of music on long-term word-list
retention. Neurobiology of Learning and Memory, 94, 13-20. https://doi.org/10.1016/j.nim.2010.03.002
PMID: 20307678

McGaugh J. (2002). Memory consolidation and the amygdala: a systems perspective. Trends in Neuro-
sciences, 25, 456—-461. https://doi.org/10.1016/s0166-2236(02)02211-7 PMID: 12183206

Goldfarb E. V. (2019). Enhancing memory with stress: progress, challenges, and opportunities. Brain
and Cognition 133, 94—105. https://doi.org/10.1016/j.bandc.2018.11.009 PMID: 30553573

de Quervain D.J., Roozendaal B., & McGaugh J.L. (1998). Stress and glucocorticoids impair retrieval of
long-term spatial memory. Nature, 394, 787-790. https://doi.org/10.1038/29542 PMID: 9723618

PLOS ONE | https://doi.org/10.1371/journal.pone.0228614  April 6, 2020 22/23


https://doi.org/10.1111/j.1467-9280.2005.01615.x
https://doi.org/10.1111/j.1467-9280.2005.01615.x
http://www.ncbi.nlm.nih.gov/pubmed/16181441
https://doi.org/10.1016/j.concog.2009.06.001
https://doi.org/10.1016/j.concog.2009.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19576792
https://doi.org/10.1080/17470218.2015.1134604
http://www.ncbi.nlm.nih.gov/pubmed/26982620
https://doi.org/10.1146/annurev.neuro.30.051606.094328
https://doi.org/10.1146/annurev.neuro.30.051606.094328
http://www.ncbi.nlm.nih.gov/pubmed/17417939
https://doi.org/10.1162/0898929053467578
http://www.ncbi.nlm.nih.gov/pubmed/15829085
https://doi.org/10.1002/hipo.20340
http://www.ncbi.nlm.nih.gov/pubmed/17604351
https://doi.org/10.1002/hbm.20469
http://www.ncbi.nlm.nih.gov/pubmed/17948885
https://doi.org/10.1002/hipo.20014
http://www.ncbi.nlm.nih.gov/pubmed/15382260
https://doi.org/10.1037/a0021287
http://www.ncbi.nlm.nih.gov/pubmed/21401233
https://doi.org/10.1101/lm.042978.116
https://doi.org/10.1101/lm.042978.116
http://www.ncbi.nlm.nih.gov/pubmed/27980078
https://doi.org/10.1038/s41467-018-07280-0
http://www.ncbi.nlm.nih.gov/pubmed/30459310
https://doi.org/10.1037/a0013414
http://www.ncbi.nlm.nih.gov/pubmed/19210094
https://doi.org/10.1080/17470218.2015.1013043
https://doi.org/10.1080/17470218.2015.1013043
http://www.ncbi.nlm.nih.gov/pubmed/25633016
https://doi.org/10.1177/0956797612441220
https://doi.org/10.1177/0956797612441220
http://www.ncbi.nlm.nih.gov/pubmed/22829465
https://doi.org/10.1016/j.nlm.2005.04.001
https://doi.org/10.1016/j.nlm.2005.04.001
http://www.ncbi.nlm.nih.gov/pubmed/15890540
https://doi.org/10.1016/j.nlm.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20307678
https://doi.org/10.1016/s0166-2236(02)02211-7
http://www.ncbi.nlm.nih.gov/pubmed/12183206
https://doi.org/10.1016/j.bandc.2018.11.009
http://www.ncbi.nlm.nih.gov/pubmed/30553573
https://doi.org/10.1038/29542
http://www.ncbi.nlm.nih.gov/pubmed/9723618
https://doi.org/10.1371/journal.pone.0228614

PLOS ONE

Post-encoding positive emotion impairs associative memory

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

Gagnon S. A., & Wagner A. D. (2016). Acute stress and episodic memory retrieval: Neurobiological
mechanisms and behavioral consequences. Annals of the New York Academy of Sciences, 1369, 55—
75. https://doi.org/10.1111/nyas.12996 PMID: 26799371

Qin S., Hermans E. J., van Marle H. J., Luo J., & Fernandez G. (2009). Acute psychological stress
reduces working memory-related activity in the dorsolateral prefrontal cortex. Biological Psychiatry, 66,
25-32. https://doi.org/10.1016/j.biopsych.2009.03.006 PMID: 19403118

PreuB3 D., & Wolf D. T. (2009). Post-encoding psychosocial stress enhances consolidation of neutral sti-
muli. Neurobiology of Learning and Memory, 92, 318-326. https://doi.org/10.1016/j.nim.2009.03.009
PMID: 19362598

Nielson K. A. & Bryant T. (2005). The effects of non-contingent extrinsic and intrinsic rewards on mem-
ory consolidation. Neurobiology of Learning and Memory, 84, 42—48. https://doi.org/10.1016/j.nIm.
2005.03.004 PMID: 15936682

Nielson K. A., & Arentsen T. J. (2012). Memory modulation in the classroom: Selective enhancement of
college examination performance by arousal induced after lecture. Neurobiology of Learning and Mem-
ory, 98, 12—16. https://doi.org/10.1016/j.nIm.2012.04.002 PMID: 22521412

Thomas K. M., Drevets W. C., Dahl R. E., Ryan N. D., Birmaher B., Eccard C. H. et al. (2001). Amygdala
response to fearful faces in anxious and depressed children. Archives of General Psychiatry, 58, 1057—
1063. https://doi.org/10.1001/archpsyc.58.11.1057 PMID: 11695953

Du H. (2001). The globalization of the English language: Reflections on the teaching of English in
China. International Education Journal, 2, 126—133.

Hunt A., & Beglar D. (2005). A framework for developing EFL reading vocabulary. Reading in a Foreign
Language, 17,23-59.

Berwald J. (1992). Teaching French language and culture by means of humor. The French Review, 66,
189-200.

Deneire M. (1995). Humor and foreign language teaching. Humor, 8, 285-298.

Li C., & Xu J. (2019). Trait emotional intelligence and classroom emotions: A positive psychology inves-
tigation and intervention among Chinese EFL learners. Frontiers in Psychology, 10, https://doi.org/10.
3389/fpsyg.2019.02453 PMID: 31736840

Mercer S., Maclntyre P., Gregersen T., & Talbot K. (2018). Positive Language Education: Combining
Positive Education and Language Education. Theory and Practice of Second Language Acquisition, 4,
11-31.

Dewaele J.-M., & Maclintyre P. D. (2016). Foreign language enjoyment and foreign language classroom
anxiety. The right and left feet of FL learning? In Maclintyre P., Gregersen T. & Mercer S. (eds.). Positive
Psychology in SLA (pp. 215-236). Bristol, UK: Multilingual Matters.

Dewaele J. M., & Dewaele L. (2017). The dynamic interactions in foreign language classroom anxiety
and foreign language enjoyment of pupils aged 12 to 18. A pseudo-longitudinal investigation. Journal of
the European Second Language Association, 1, 12-22.

Khajavy G. H., Macintyre P. D., & Barabadi E. (2018). Role of the emotions and classroom environment
in willingness to communicate: Applying doubly latent multilevel analysis in second language acquisition
research. Studies in Second Language Acquisition, 40(3), 605—624.

Li C., Jiang G., & Dewaele J.-M. (2018). Understanding Chinese high school students’ Foreign Lan-
guage Enjoyment: Validation of the Chinese version of the Foreign Language Enjoyment Scale. Sys-
tem, 76, 183-196.

PLOS ONE | https://doi.org/10.1371/journal.pone.0228614  April 6, 2020 23/23


https://doi.org/10.1111/nyas.12996
http://www.ncbi.nlm.nih.gov/pubmed/26799371
https://doi.org/10.1016/j.biopsych.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19403118
https://doi.org/10.1016/j.nlm.2009.03.009
http://www.ncbi.nlm.nih.gov/pubmed/19362598
https://doi.org/10.1016/j.nlm.2005.03.004
https://doi.org/10.1016/j.nlm.2005.03.004
http://www.ncbi.nlm.nih.gov/pubmed/15936682
https://doi.org/10.1016/j.nlm.2012.04.002
http://www.ncbi.nlm.nih.gov/pubmed/22521412
https://doi.org/10.1001/archpsyc.58.11.1057
http://www.ncbi.nlm.nih.gov/pubmed/11695953
https://doi.org/10.3389/fpsyg.2019.02453
https://doi.org/10.3389/fpsyg.2019.02453
http://www.ncbi.nlm.nih.gov/pubmed/31736840
https://doi.org/10.1371/journal.pone.0228614

