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a b s t r a c t
Shared storybook reading is a key aid to vocabulary acquisition
during childhood. However, word learning research has tended to
use unnaturalistic (explicit) training regimes. Using a storybook
paradigm, we examined whether children (particularly those with
weaker vocabularies) are more likely to retain new words if they
learn them closer to sleep. Parents read their children (5- to 7year-olds; N = 237) an alien adventure story that contained 12
novel words with illustrations at one of two training times: at bedtime or 3–5 h before bedtime. Using online tasks, parents tested
their children’s ability to recall the new words (production) and
associate them with pictures (comprehension) immediately after
hearing the story and again the following morning. As hypothesized, we replicated two findings. First, children showed overnight
improvements in their ability to produce and comprehend new
words when tested again the next day. Second, children with better
existing vocabulary knowledge showed larger overnight gains in
new word comprehension. Counter to expectations, overnight
gains in comprehension were larger if the story was read 3–5 h
before bedtime rather than at bedtime. These ecologically valid
findings are consistent with theories that characterize word learning as a prolonged process supported by mechanisms such as consolidation and retrieval practice, with existing vocabulary
knowledge acting as an important source of variability in retention.
The findings provide preliminary evidence that encountering new
words in stories later in the day (but not too close to sleep) may
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help to harness vocabulary growth and may be more beneficial
than leaving shared storybook reading just for bedtime.
Ó 2021 The Authors. Published by Elsevier Inc. This is an open
access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Introduction
It is well established that listening to and reading fiction is important for literacy and language
development (Nation, 2017), including the expansion of vocabulary knowledge (Mol, Bus, de Jong, &
Smeets, 2008; Montag, Jones, & Smith, 2015), perhaps owing to the rich source of linguistic input that
storybooks can provide. Yet, our mechanistic understanding of the word learning process is very much
dominated by research studies that use unnaturalistic training paradigms. Such studies have been
highly informative, for example, in revealing word learning to be a prolonged process that is bolstered
by sleep-based consolidation (see James, Gaskell, Weighall, & Henderson, 2017). However, the use of
naturalistic paradigms is vital to advancing theories of word learning and ultimately discovering how
we might optimize the process of word learning over the lifespan. Here, we examined how 5- to 7year-old children learn and retain new words as they listen to their parents reading a story in their
own homes and whether such storybook encounters are particularly beneficial if they occur closer
to bedtime.
Learning and retaining new words
Many studies now suggest that word learning is a drawn-out process, with the long-term retention
of a new word benefitting from repetition (e.g., Horst, 2013; McMurray, Horst, & Samuelson, 2012),
retrieval practice (e.g., Goossens, Camp, Verkoeijen, & Tabbers, 2014; Goossens, Camp, Verkoeijen,
Tabbers, & Zwaan, 2014; Karpicke & Roediger, 2007; Hulme & Rodd, 2021; van den Broek,
Takashima, Segers, Fernández, & Verhoeven, 2013; van den Broek, Takashima, Segers, & Verhoeven,
2018), and reactivation during sleep (see James et al., 2017, for a review). For example, according to
a complementary learning systems (CLS) account (McClelland, McNaughton, & O’Reilly, 1995) as
applied to word learning (Davis & Gaskell, 2009), encountering a new word rapidly leads to the formation of a short-term hippocampal memory trace. Over time (and particularly during sleep), a
longer-term neocortical representation is strengthened within the lexical network. Evidence for this
domain-general learning theory (see Chauvette, Seigneur, & Timofeev, 2012; Rasch & Born, 2013)
applies to word learning across the lifespan (James et al., 2017).
Studies examining the mechanisms of spoken and orthographic word learning often employ training paradigms in which novel words are encountered in explicit tasks. During this kind of explicit
training, participants are required to repeat words aloud and/or write them down and to make phonological, orthographic, or semantic decisions about them (e.g., Bowers, Davis, & Hanley, 2005; Gaskell &
Dumay, 2003; Henderson, Weighall, Brown, & Gaskell, 2013a; Wang et al., 2017). Consistent with the
CLS account, such studies of spoken word learning have shown that adults and children tend to show
improvements in their ability to recall and recognize novel nonsense words after periods of sleep relative to wake (Dumay & Gaskell, 2007; Henderson, Weighall, Brown, & Gaskell, 2012; James, Gaskell, &
Henderson, 2020; Smith et al., 2018). Sleep-associated consolidation benefits in performance are also
evident when children learn real words via explicit training regimes that incorporate semantic information (Fletcher et al., 2020; James et al., 2020).
There is evidence to suggest that the benefits of sleep outweigh the effect of ‘‘repeat testing” (or
‘‘retrieval practice”) in word learning (Karpicke & Roediger, 2007, 2008; Roediger & Butler, 2011;
Rowland, 2014). This refers to the finding that testing memory again after training can improve
long-term retention owing to the additional retrieval practice creating further opportunity for learning. Retrieval practice has also been claimed to facilitate the reactivation of new hippocampal memory
traces and strengthening of neocortical representations, acting as a ‘‘fast route to consolidation”
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(Antony, Ferreira, Norman, & Wimber, 2017). Nevertheless, studies of word learning that have adopted
12–12 (or AM–PM) designs, where children and/or adults receive multiple tests that span equivalent
periods of wake and sleep, show that improvements in performance are greater when sleep occurs
between tests (e.g., Dumay & Gaskell, 2007; Henderson et al., 2012; James et al., 2020). Henderson
et al. (2013b) also found that recall of new words was equivalent at a 24-h test regardless of whether
children were tested immediately after training or not.
In the current study, we adopted a 0- to 24-h repeat test regime to capture initial learning performance as well as overnight changes in retention. Therefore, we were not concerned with pinning
down the precise mechanisms that support any observed retention benefits. Our goal was to better
understand variability in the retention of new vocabulary following storybook encounters.
Learning and retaining new words from stories
Many studies have shown that exposure to stories fosters vocabulary development in children (e.g.,
Flack, Field, & Horst, 2018; Justice, Meier, & Walpole, 2005; Montag et al., 2015; Nagy, Anderson, &
Herman, 1987; Ricketts, Bishop, Pimperton, & Nation, 2011; Robbins & Ehri, 1994; Sénéchal &
Cornell, 1993; Wilkinson & Houston-Price, 2013), with some studies showing that listening to stories
(as opposed to reading them) or simultaneously reading and listening to stories is particularly beneficial for word learning in primary school-aged children (Valentini, Ricketts, Pye, & Houston-Price,
2018). Such findings are consistent with evidence that learning words in richer contexts might lead
to retention benefits. For example, 1 week after explicit training, Henderson, Weighall, and Gaskell
(2013b) observed better phonological recall of new (real) words that were trained with semantic
information (in the form of a definition and a picture) as opposed to experiencing the purely phonological and orthographic forms. Whether such benefits are underpinned by richer contexts facilitating
links with existing knowledge (e.g., McClelland, 2013) or more simply by enhancing children’s motivation to learn and retain the new words (for discussion of this, see Krishnan, Sellars, Wood, Bishop, &
Watkins, 2018) remains unclear.
A smaller number of word learning studies have used story learning paradigms to test hypotheses
based on the CLS account (Williams & Horst, 2014; Henderson, Devine, Weighall, & Gaskell, 2015;
Tamura, Castles, & Nation, 2017). For example, Williams and Horst (2014) used a shared storybook
reading task to examine sleep-associated benefits of word learning. Three-year-olds (N = 48) listened
to the same story multiple times, or heard different stories, followed by either a nap or an equivalent
period of time awake. Consistent with the CLS account, children showed sleep-associated gains in
word knowledge. Importantly, although there was an initial benefit of hearing the same story multiple
times, the nap allowed children who heard different stories to catch up to children who heard the
same story repeatedly. Conversely, children who heard different stories and did not nap were not able
to catch up to their peers.
Similarly, Henderson et al. (2015) exposed 7- to 10-year-old children (N = 40) to novel nonsense
words (e.g., daffodat) that were embedded in a story about a trip to an alien zoo that was spoken
by a researcher. Children’s ability to recall the phonological forms of the novel words (when cued
by initial syllables) improved after 24 h, and evidence of lexical integration (captured by lexical competition effects for similar sounding familiar sounds, e.g., daffodil) was not demonstrated immediately
after exposure but did emerge 24 h later. Tamura et al. (2017) reported a similar time course of lexical
integration when children read unfamiliar written words in fictional texts. As noted above, the memory benefits seen at the 24-h tests in these studies may be a consequence of sleep-based memory reactivation in addition to other mechanisms such as repeat testing. Notably, Hulme and Rodd (2021)
recently examined how adults learn new words from reading stories, comparing this with intentional
explicit instruction and also examining the role of immediate testing on longer-term retention. They
found that story learning (when compared with intentional instruction) led to better performance on
cued meaning recall and word-to-meaning matching tasks 24 h after initial exposure. They also found
a strong testing benefit for both types of training, but particularly when adults learned words from
stories.
Collectively, these studies provide support for the value of storybook encounters for word learning
as well as for furthering our understanding of sources of variability in the longer-term retention of
3
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new words from stories. However, a major caveat of the developmental literature on storybook word
learning is that there is a reliance on researcher-administered stories and lab-style testing of new
word knowledge.
Does vocabulary influence longer-term retention?
Another gap in this literature is the examination of variables that predict the extent to which words
are retained in long-term memory. One key variable is children’s intrinsic vocabulary knowledge.
Indeed, Wilkinson and Houston-Price (2013) reported that performance on a standardized test of
receptive vocabulary knowledge accounted for more than 20% of variance in comprehension of new
words learned from stories both 24 h after exposure and 2 weeks later (see also Penno, Wilkinson,
& Moore, 2002). This is consistent with the existence of a Matthew effect in vocabulary learning, allowing the ‘‘rich to get richer” over time (e.g., Cain & Oakhill, 2011; Coyne, McCoach, Loftus, Zipoli, & Kapp,
2009; Penno et al., 2002). In a meta-analysis, James et al. (2017) reported that existing vocabulary
knowledge predicts overnight gains in children’s ability to integrate new words (captured by changes
in lexical competition effects for existing competitor words) that were learned via explicit training
regimes while controlling for initial levels of performance. Therefore, it appears that vocabulary
may play a role in the longer-term retention process (including lexical integration) as well as supporting the processes involved in initial acquisition (see also Henderson et al., 2015; Horváth, Myers,
Foster, & Plunkett, 2015).
Aligning with this, Henderson and James (2018) exposed children aged 10 and 11 years (N = 42) to
two sets of eight spoken novel words, with one set embedded in a single story that was presented
twice and the other set presented in two different stories. Children with better vocabulary knowledge
showed larger overnight gains in their ability to recall the new phonological and semantic word
knowledge when novel words were encountered across two stories. However, when novel words were
encountered in repetitive stories, vocabulary knowledge exerted no influence on the retention of new
word knowledge. This suggests that the extent to which vocabulary knowledge predicts the retention
of new words from stories may depend on the task demands. Indeed, James et al. (2021) did not see
strong evidence of an association between vocabulary knowledge and changes in memory for new
words acquired from stories over time; however, in this study levels of word learning were very
low, perhaps leaving little opportunity for vocabulary knowledge to exert an effect.
The mechanisms that underlie an influence of vocabulary on longer-term retention (beyond the
influence of vocabulary on the initial learning process) remain somewhat elusive. One proposal is that
new memory representations may be more easily integrated into cortical networks if they share similarities with existing representations (Kumaran, Hassabis, & McClelland, 2016; McClelland, 2013; Tse
et al., 2007). Based on such accounts, James et al. (2017) hypothesized that richer existing knowledge
might support swifter integration of new lexical representations. Broadly speaking, this account is
consistent with the above-reported correlations between children’s existing vocabulary knowledge
and their ability to retain new words. However, it also remains quite possible that children who show
bigger retention effects have better general learning abilities that are also reflected in their vocabulary
knowledge or that such children are more motivated to learn and retain new words.
Does the time between learning and sleep influence retention benefits?
Another variable recently shown to interact with vocabulary knowledge to predict the extent to
which new words are remembered after a delay is the time that elapses between learning and sleep.
It is well established that new memories can be subject to interference during wake (e.g., Diekelmann,
Wilhelm, & Born, 2009). Subsequently, sleeping sooner after learning has often been claimed to benefit
memory in adults (Gais, Lucas, & Born, 2006; McGregor et al., 2013; Payne et al., 2012; Talamini,
Nieuwenhuis, Takashima, & Jensen, 2018). However, there is actually little direct evidence to support
this, and there is also counterevidence. That is, more time awake after learning has also been shown to
be beneficial for long-term memory captured days after learning in adults (Alger, Lau, & Fishbein,
2010; Walker et al., 2019).
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However, two recent studies using explicit training regimes have shown that children can benefit
from learning new words closer to sleep, particularly if they have poor vocabulary knowledge (James
et al., 2020; Walker et al., 2020). In Walker et al. (2020), children aged 8–10 years were trained on
orthographic neighbor words (e.g., BANARA derived from BANANA) either in the morning
(8–10 a.m.) or in the afternoon (4–6p.m.), and they were tested immediately after training and 24 h
later. They were tested using recall, recognition, and also a semantic categorization task that measured
lexical competition (i.e., the extent to which human-made/natural response times to BANANA slowed
down after having learned BANARA). Larger overnight gains in memory (for both recognition and lexical competition) were observed for children with weaker vocabulary if they learned in the afternoon
(i.e., closer to sleep).
James et al. (2020) used a more sensitive within-participants design to tease apart the effects of
time versus sleep, where children learned new words in the morning (~8:30–10:00 a.m.; mean
~9:00 a.m.) and in the evening (~6:00–9:30p.m.; mean ~7:45p.m.) before being tested immediately,
12 h, 24 h, and 1 month later. Children learned 12 words on each occasion, all of which were referents
for real but rare living things (e.g., hoopoe). The training was again explicit in nature, involving repeating the words aloud and making decisions toward their associations with pictures. At the immediate
test, the morning and evening encoding conditions were statistically similar; however, there was an
improvement in recall performance 1 month later if they learned in the evening (i.e., closer to sleep)
relative to when they learned in the morning. Furthermore, when children learned in the evening, they
showed bigger improvements over the 0- to 12-h period than when they learned in the morning.
Interestingly, an additional exploratory analysis suggested that these improvements were not dependent on vocabulary; when sleep occurred soon after learning, vocabulary did not help or hinder the
consolidation over sleep. However, when children learned in the morning, vocabulary knowledge predicted improvements in recall over sleep. This suggests that if a learning period is followed by a day of
wake prior to sleep, children with weaker vocabulary retain less word form knowledge overnight.
There is suggestion that these effects may be developmentally sensitive. Walker et al. (2019) used
stimuli and testing tasks similar to those used in Walker et al. (2020) and reported no benefits of
learning closer to sleep for adults; in fact, there was some tentative evidence that better recall and
recognition of the novel words 1 week after training was associated with more time awake between
training and sleep (see also Alger et al., 2010). Speculatively, for adults, a delay between learning and
sleep might work to enhance declarative memory retention by providing opportunities for additional
processing of the new stimuli prior to sleep. It is possible that younger children (and children with
weaker language abilities) may be less likely to engage in such wake-based processing and/or that
new memory traces are less likely to be tagged for sleep-based consolidation (see James et al.,
2020). An alternative (and not mutually exclusive) possibility is that children’s new hippocampal
memory traces (particularly for children with more impoverished vocabularies) are weaker and more
prone to the effects of wake-based interference. Indeed, the hippocampus has a prolonged developmental trajectory that continues until adolescence (Gómez & Edgin, 2016).
The current study
We carried out a real-world test of long-term memory benefits in word learning and the extent to
which children’s retention can be enhanced by learning closer to sleep when they hear new words in
stories read to them by their parents. We recruited slightly younger children (5–7 years) than in
Walker et al. (2020) and James et al. (2020), who recruited children aged 8 years and over. If the beneficial effects of learning closer to sleep are due to minimizing wake-based interference, arguably
these benefits should be more apparent in a younger population who are at an earlier stage of hippocampal maturity. Taking a novel approach, we asked a large sample of parents to read a story to
their 5- to 7-year-old children either 3–5 h before bedtime (i.e., late afternoon) or as a bedtime story.
Using online tasks facilitated by parents, we tested the children’s ability to recall and recognize the
new words both immediately after hearing the story (the ‘‘Day 1” test) and the next morning (the
‘‘Day 2” test). These tasks were selected to be in keeping with how word learning is often measured
in the shared storybook literature (see Flack et al., 2018), with a cued recall task tapping into word
production (i.e., children were provided with an initial syllable cue and prompted to recall the whole
5
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word) and the recognition task tapping into word comprehension (i.e., children were presented with a
spoken word and selected one of four pictures). Previous studies have demonstrated that these tasks
can capture sleep-associated improvements following explicit instruction (Henderson et al., 2012;
James et al., 2020) and can capture 0- to 24-h improvements after listening to new words in stories
(Henderson et al., 2015). We also asked parents to administer a separate online definitions task (on
a list of untrained words) to capture their children’s vocabulary knowledge (following Henderson
et al., 2015; Horváth et al., 2015). We addressed the following preregistered research questions and
hypotheses (https://osf.io/bnmza)1:
1. Do children aged 5–7 years show increases in their ability to recognize and recall novel nonsense
words learned from spoken stories (when tested again) after a period of sleep? We predicted that
children would show overnight gains in recognition and recall of novel words encountered in stories (i.e., better recognition and recall of novel words the morning after relative to immediately
after hearing the story).
2. Do children show greater levels of retention of novel nonsense words (i.e., overnight improvements
in their ability to recognize/recall the novel words) when they learn immediately prior to going to
sleep versus 4 h before bedtime? We expected that children would show a ‘‘bedtime story effect”—
superior overnight gains when they learn immediately prior to sleep relative to when there is a
delay between learning and sleep (i.e., as expressed by an interaction between the day and delay
conditions).
3. Is this bedtime story effect (i.e., the benefit of learning closer to sleep) influenced by vocabulary
knowledge? That is, do children with weaker vocabulary knowledge show more of a benefit of
learning closer to sleep? We hypothesized that vocabulary would interact with the bedtime story
effect; that is, children with weaker vocabulary knowledge would show a greater benefit of learning closer to sleep (i.e., greater overnight improvement following learning at bedtime relative to in
the afternoon) than children with better vocabulary knowledge.
Method
Participants
Families were recruited for this study through pre-established links with schools, social media,
and parent sites. Parents were invited to complete a brief online questionnaire to express interest
in the study and to check their children’s eligibility. A total of 294 eligible typically developing
monolingual English-speaking children took part, aged 5–7 years with no known visual, auditory,
language, psychiatric, or sleep disorders. However, given that this was an online parent-led study,
there was considerable data loss. Of the 294 children, 57 datasets were immediately excluded for
reasons such as missing data and noncompliance with the task instructions (e.g., not reading the
story or completing the tests at the appropriate times). This left a total sample of 2372 (n = 111
in the delay condition; n = 126 in the immediate condition). The two groups did not significantly differ
in age (delay condition mean = 5.83 years, SD = 0.8; immediate condition mean = 5.79 years, SD = 0.8;
p = .736). Each child received a £10 Amazon voucher as a ‘‘thank you” for taking part. Prior to recruitment and testing, ethical approval was obtained from the ethics committee, Department of Psychology,
University of York.

1
It should be noted that there are slight changes in the wording of the preregistered hypotheses. These changes were made in
response to reviewers’ comments, where it was suggested that we make the repeat testing design clearer in our predictions.
2
We preregistered a desired sample size of 270 (i.e., 135 per group) following the recommendation by Brysbaert and Stevens
(2018) of 1600 data points per condition; although these are recommendations for response time (RT) data, they arguably apply
when estimating sample sizes for small effects (as anticipated in a parent-led online study). Thus, with 12 novel words to be
learned, 135 participants per delay condition was estimated to provide us with the predicted power to detect an effect. However,
recruitment to this study was close to completion at the start of the COVID-19 pandemic, at which point the return rate of booklets
came to a halt and our ability to print further booklets ceased. Thus, we stopped at a slightly lower than planned sample size for
each group.
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Materials and procedure
Novel words and story materials
All materials can be found in Appendix A (in article) and Appendix B (in online supplementary
material) (see also at https://osf.io/cq7t8/). Each eligible child recruited received a storybook (created
by the researchers) through the mail. The story contained 12 novel words taken (or slightly adapted)
from the Horst and Hout (2016) NOUN (Novel Object and Unusual Name) database (blinket, coodle,
fiffin, gazzer, jefa, koba, manu, pizer, regli, sibu, tannin, and virdex). All were bisyllabic and were
deemed to be straightforward for adult readers to pronounce. Each novel word appeared three times
in the story. The story was adapted from one used in Henderson et al. (2015), reduced in length and
simplified for use in a younger population. The theme of the story was based around a familiar context
(i.e., a trip to a zoo) and was designed to be gender neutral. The story took approximately 5 min to read
aloud. To facilitate engagement with the story, a number of colored illustrations were created by a
research assistant using PowerPoint (as described in James et al., 2021). Each of the novel words
was associated with a novel object, also produced in PowerPoint, which appeared in the illustrated
scenes each time the word was presented (i.e., three times). The novel object appeared only once
on a page, and attempts were made to distribute the novel words across the story as much as possible
to avoid them being clustered at the beginning, middle, or end. Storybooks were printed and posted to
families and were structured such that only one page of the story was available at a time (following
Flack & Horst, 2018).
Procedure and tasks
The procedure is shown in Fig. 1. The study was conducted using Qualtrics software (Qualtrics,
Provo, UT, USA) and printed storybooks. Training time was manipulated such that children were randomly allocated to a bedtime condition or a 3- to 5-h delay condition (i.e., alternating group assignment as families signed up), and parents were sent a storybook though the mail. Parents received
instructions via e-mail on how to complete the study. They were asked to read this story to their children on a day when their children were not too tired and when it was convenient to retest them 1 h

Fig. 1. Experiment procedure.
7
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after they woke up the following morning. In the bedtime condition, parents read the story to their
children once they were in bed. In the delay condition, parents read the story to their children 3–
5 h before bedtime, with the following instruction given: ‘‘It is extremely important that you and your
child read this story no earlier than 5 hours before they go to bed and no later than 3 hours before they
go to bed. For example, if your child’s bedtime is 7p.m., we would estimate that you would read the
story together anytime between 2p.m. and 4p.m.” In keeping with these instructions, the parentreported mean start time for the Day 1 test was 15:53 (SD = .03, range = 14:03–17:45) for the Delay
group and 19:23 (SD = .03, range = 18:10–21:27) for the Bedtime group. The times when the sessions
ended were also available via Qualtrics, verifying that the Delay group ended its Day 1 test at 16:11 on
average (SD = .04, range = 13:29–18:07), whereas the Bedtime group ended its Day 1 test at 19:40 on
average (SD = .03, range = 18:22–21:47). Importantly, there was no significant difference between the
Bedtime group’s reported ‘‘lights out” bedtime (mean = 19:35, SD = .03) and the Delay group’s reported
bedtime (mean = 19:43, SD = .03), p > .05. Before reading the story, parents were told the following: ‘‘It
is important that whilst reading to your child, they can see the story too. Please do not read back over
any pages, do not repeat any parts of the story, and avoid stopping and answering questions.”
Immediately after reading the story (once), parents were instructed to ask their children three
comprehension questions to check whether they were attending to the story and then to complete
a cued recall task and a recognition task with their children online via Qualtrics using a tablet computer or a phone (see below for details of these tasks). Before beginning these tasks and receiving
task-specific instructions, parents were reminded, ‘‘For the purposes of the study, please do not read
back over any of the storybook pages, repeat any parts of the story to your child, or hint any answers to
your child. It is also important that you do not give your child any feedback on their responses.” Parents were instructed to administer the cued recall and recognition tasks again the next day (the Day 2
test) roughly 1 h after their children woke up the following morning (Delay group Qualtrics recorded
mean end time = 08:19, SD = .04, range = 06:40–10:55; Bedtime group Qualtrics recorded mean end
time = 08:17, SD = .04, range = 05:43–11:23). Parents were also asked to rate their children’s sleepiness during each session using a customized 10-point scale. At the end of the final testing session, parents were asked to complete the customized measure of expressive vocabulary test with their
children.
Comprehension questions
Children were asked three multiple-choice questions as a check to ensure that they were listening
to and engaging with the story (see Appendix A). Data for this task were used for exclusion purposes
(i.e., to exclude children who scored 0, as described in ‘‘Design and analysis” section below). The
majority of children answered all questions correctly in each group (Delay group mean = 2.86 out
of 3, SD = 0.35; Bedtime group mean = 2.71 out of 3, SD = 0.50, p > .05).
Cued recall task
This task captured the number of novel words that children could recall when provided with an
initial syllable cue. The instructions given to parents for this task are provided in Appendix A. For each
word, the parents/guardians were asked to read aloud to their children a first-syllable cue, which
prompted the children to recall the whole word (e.g., blink for blinket, cood for coodle, fiff for fiffin,
gazz for gazzer). Parents were asked to write down their children’s response. A response was classed
as correct if they wrote down the whole word (e.g., blinket), if they wrote down just the part of the
word that was missing (e.g., et), or if what they wrote down was phonologically correct (even if orthographically it was misspelled; e.g., blinkit). If they wrote the whole word and the cue was wrong (e.g.,
blimet), their response was marked as incorrect. All responses were double scored, and any disagreement was resolved between scorers.
Recognition task (word comprehension)
Children were asked to complete a four-alternative forced-choice (4AFC) recognition task. They
were asked to decide, out of a choice of four illustrations of novel items from the storybook, which
one represented each novel word they had learned. All novel illustrations appeared as targets once
and as distractors three times. Responses were scored for accuracy (0 or 1).
8
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Vocabulary task
A customized vocabulary definitions task was completed by each child to capture expressive
vocabulary knowledge. The structure of the task and the types of words that were selected (e.g., word
classes, categories of words) were based on standardized tests of vocabulary knowledge (e.g., the British Ability Scales–Third Edition [BAS-3] and Wechsler Abbreviated Scale of Intelligence [WASI] Definitions tasks). Children were asked to define the following 10 words in this set order (of increasing
difficulty): trousers, tiny, aeroplane, pet, shiver, disappear, enthusiastic, spanner, improvise, and victorious. Caregivers read each word aloud and asked their children to describe the word, typing their
children’s verbal response. Caregivers were first given a practice round to complete with their children. Two researchers scored the items using a 3-point scoring system developed by the research team
(see Appendix A). The maximum possible score on this task therefore was 30. Any disagreements were
discussed, checked and resolved.
Design and analysis
A mixed design was used with delay condition (bedtime or delay) as a between-participants variable and day (Day 1 or Day 2) as a within-participants factor. Vocabulary was a continuous predictor.
The data were analyzed using R, with models fitted using the package lme4 (Bates, Maechler,
Bolker, & Walker, 2014) and figures created using ggplot2 (Wickham, 2016). Mixed-effects logistic
regression models were used to model all outcomes. For each dependent variable (i.e., recall accuracy
and recognition accuracy), we fit a model with fixed effects of delay condition (bedtime or 3- to 5-h
delay; +.5, .5), day (Day 1 or Day 2; .5, +.5), vocabulary, and interactions Day*Delay Condition,
Vocabulary*Delay Condition, Vocabulary*Day, and Day*Delay Condition*Vocabulary. Vocabulary
scores were centered and scaled prior to model fit. To determine the best fitting fixed-effects structure, a model with a maximal fixed-effects structure and random intercepts only was used. Using a
backward selection procedure, each interaction within the fixed-effects structure was removed one
at a time, with highest-order interactions explored first. At each stage, the model was compared with
each previous model using likelihood ratio tests (LRTs) to determine any model change with a liberal
criterion of p < .20. Where the removal of a fixed effect did not affect the model (i.e., p > .20), the
removal of this fixed effect was deemed justifiable. In addition, where the removal of a fixed effect
was not justified, all lower-order interactions were retained. This procedure was repeated until all
fixed effects were analyzed and the final fixed-effects structure was determined.
Random intercepts and slopes for participant and item effects were also justified using a liberal criterion for model improvement of p < .20 via LRTs and added until no further model improvement
could be established (i.e., p < .20) (Barr, 2013). The intercept (participant or item) that contributed
most when compared with the final fixed-effects model was explored first when establishing random
slopes, and a forward model selection process was used. Only those main and interaction effects present in the fixed-effects structure were explored. Each main and interaction random slope was added
to the intercept one at a time (again using a criterion of p < .20). Random slopes for main effects were
established first. The model with the lowest p value was selected and used as a comparative benchmark when establishing interaction slopes. This was repeated until no further improvement
(p < .20) could be achieved.
The reported significance tests for each predictor were provided by lmerTest (Kuznetsova,
Brockhoff, & Christensen, 2017). Any significant interactions of fixed effects were further tested using
pairwise contrasts via the emmeans package in R (Lenth, Singmann, Love, Buerkner, & Herve, 2018).
Data exclusion
Participants were excluded (and replaced during data collection) if they scored 0 on the vocabulary
test (no participants) and/or if they scored 0 on the comprehension questions (n = 1). Participants were
also excluded if they read the story less than 3 h or more than 6 h before bedtime in the delay condition or prior to getting into bed (based on parent report) in the immediate condition (n = 56). Dfbetas
were calculated to identify any strongly influential cases using the influence.ME package
(Nieuwenhuis, Pelzer, & te Grotenhuis, 2012). The dfbetas were standardized, and any participants
with z scores greater than ± 3.29 were removed from that dataset (n = 8 from the recognition task
9
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and n = 10 from the cued recall task). We adopted a 3.29 threshold for the removal of influential cases
to take a conservative approach and avoid the risk of unnecessary data loss.
Results
As shown in Table 1, recognition performance was good (and well above chance) at both time
points, demonstrating that word learning had taken place. Recognition performance was also substantially better than cued recall performance, in keeping with previous studies. It is also important to note
that the two groups did not differ on their mean scores on the vocabulary task (delay condition
mean = 10.26 out of 30, SD = 3.46; bedtime condition mean = 9.90 out of 30, SD = 3.19), p = .402.
The final linear mixed-effects models are presented in Tables 2 and 3.
Hypothesis 1. Do children aged 5–7 years show increases in their ability to recognize and recall novel
nonsense words learned from spoken stories when tested again after a period of sleep?
As predicted, collapsing across delay conditions, we observed significant recall and recognition
gains the morning after in comparison with immediately after hearing the story (recognition:
b = .36, SD = .08, p < .001; cued recall: b = .70, SD = .07, p < .001). Despite a numerical difference in
cued recall performance between groups on Day 1 (see Table 1), this difference was not statistically
significant, t(236) = 1.07, p = .288.
Hypothesis 2. Do children show greater consolidation of novel nonsense words when they learn
immediately prior to going to sleep versus 4 h before bedtime?
For cued recall, there was no significant main effect of delay condition (b = .12, SE = .17, p = .50), and
counter to Hypothesis 2, there was no significant Delay Condition  Day interaction (b = .19, SE = .14,
p = .18) (see Fig. 2). However, for recognition, despite no main effect of delay (b = .21, SE = .14, p = .14),
Table 1
Performance for the recognition and cued recall tasks.
Condition

Day

Recognition N

Recognition % correct
[M (SD)]

Cued recall N

Cued recall % correct
[M (SD)]

Bedtime

1
2

122
122

68.6 (19.8)
69.7 (21.7)

121
121

23.9 (20.9)
35.7 (25.1)

Delay

1
2

107
107

69.7 (19.1)
76.3 (20.9)

106
106

27.2 (19.1)
37.3 (23.5)

Table 2
Predictors of recognition accuracy performance.
Fixed effects

b

SE

z

p

Intercept
Delay condition
Day
Vocabulary
Delay Condition  Day
Day  Vocabulary

1.20
.21
.36
.42
.35
.24

.21
.14
.08
.08
.14
.08

5.62
1.48
4.67
5.46
2.47
3.06

<.001
.14
<.001
<.001
.01
.002

Random effects

Variance

SD

Participant: (Intercept)
Participant: Day (slope)
Item: (Intercept)

.90
.13
.48

.95
.36
.70

Note. The final model was based on 5496 observations from 229 participants and 12 items. A further 8 participants were
excluded as influential cases. The three-way Delay Condition  Day  Vocabulary interaction was pruned from the model with
no significant reduction in model fit, v2 = 0.02, p = .89, as was the two-way Delay Condition  Vocabulary interaction, v2 = 0.01,
p = .92.
Bold text signifies statistically significant main effects or interactions.
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Table 3
Predictors of cued recall accuracy performance.
Fixed effects

b

SE

z

p

Intercept
Delay condition
Day
Vocabulary
Delay Condition  Day
Delay Condition  Vocabulary
Day  Vocabulary
Delay Condition  Day  Vocabulary

1.13
.12
.70
.54
.19
.14
.04
.17

.25
.17
.07
.12
.14
.18
.08
.15

4.58
0.68
10.09
4.52
1.34
0.76
0.50
1.15

<.001
.50
<.001
<.001
.18
.45
.62
.25

Random effects

Variance

SD

Participant: (Intercept)
Item: (Intercept)
Item: Vocabulary (slope)

1.36
.64
.07

1.17
.80
.26

Note. The final model was based on 5448 observations from 227 participants and 12 items. A further 10 participants were
excluded as influential cases.
Bold text signifies statistically significant main effects or interactions.

Fig. 2. The Day (1 or 2)  Condition (immediate or delayed) interaction for cued recall (A) and recognition (B). Error bars are
95% confidence intervals. The dashed line marks chance-level performance.

there was a significant Delay Condition  Day interaction (b = .35, SE = .14, p = .01), which was
explored further using the R package emmeans (Lenth et al., 2018). For the 3- to 5-h delay condition
there was a significant overnight improvement in performance from the Day 1 test to the Day 2 test
(b = .54, SE = .11, p < .001), whereas for the bedtime condition only a trend for an improvement was
found (b = .18, SE = .10, p = .064) (see Fig. 2).
Hypothesis 3. Do children with weaker vocabulary knowledge show more of a benefit of learning
closer to sleep?
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Fig. 3. The Day (1 or 2)  Vocabulary interaction for recognition. Gray bands represent 95% confidence intervals.

Counter to Hypothesis 3, there was no significant Delay Condition  Day  Vocabulary interactions
for cued recall (b = .17, SE = .15, p = .25). Removal of the Delay Condition  Day  Vocabulary fixed
effect did not significantly affect model fit (p > .20) for the recognition task. Thus, recognition accuracy
(akin to recall accuracy) was not influenced by a Delay Condition  Day  Vocabulary interaction.
However, in relation to the effect of vocabulary on learning and retention more generally, collapsing across days, higher accuracy on both recall and recognition measures was positively associated
with vocabulary (recognition: b = .42, SE = .08, p < .001; cued recall: b = .54, SE = .12, p < .001), and
we did observe a significant Day  Vocabulary interaction for recognition (b = .24, SE = .08,
p = .002). As Fig. 3 shows, vocabulary scores were more strongly associated with recognition on
Day 2 than on Day 1, with children with better vocabulary showing better recognition on Day 2. This
was corroborated using the emtrends function within the emmeans package, which indicated that
there was a larger simple slope found on Day 2 (trend = .54, SE = .10, confidence interval (CI) = [.35,
.72]) in comparison with Day 1 (trend = .30, SE = .07, CI = [.15, .45]).

Discussion
This study took a naturalistic approach to examining the learning and retention of new words from
shared storybook reading in a large sample of 239 children aged 5–7 years. Caregivers read their children a story containing novel nonsense words and tested their ability to recall and recognize the novel
words straight after listening to the story (the Day 1 test) and again the following morning (the Day 2
test). Central to this study was examining whether the delay between listening to the story and going
to sleep had an impact on retention of the new words, with recent studies (e.g., James et al., 2020;
Walker et al., 2020) suggesting that a bedtime story may elicit retention benefits particularly for children with weaker vocabulary knowledge. Ultimately, this study aimed to advance our theoretical
understanding of the vocabulary acquisition process and also uncover practical implications for
how home literacy encounters might be optimized to foster vocabulary growth.
We first tested the hypothesis that children would show overnight gains in recognition and recall
of novel words encountered in stories, based on findings from previous studies of word learning from
12
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stories (e.g., Henderson et al., 2015; Henderson & James, 2018) and studies of spoken word learning
using explicit instruction (e.g., Henderson et al., 2013a, 2013b; James, Gaskell, & Henderson, 2019).
This hypothesis was supported. Children showed significantly better recognition and recall of the
novel words the morning after listening to the story relative to the previous day. These data are consistent with the CLS account of word learning using an ecologically valid training regime (i.e., that a
long-term representation is strengthened over time, particularly sleep, leading to improved memory
performance). Although it is very likely that repeat testing (i.e., re-exposure to the items and retrieval
practice) partly accounts for these overnight improvements, previous studies have confirmed that
such overnight gains in performance are not purely a consequence of repeat testing (e.g., Henderson
et al., 2012, 2013b; James et al., 2020). Furthermore, sleep parameters measured on the night between
training and a Day 2 test (e.g., power within the sleep spindle frequency range and slow oscillation
activity) have previously been associated with overnight improvements in new word knowledge
(e.g., Fletcher et al., 2020; Smith et al., 2018), suggesting that sleep may be actively supporting these
overnight gains.
Also consistent with previous studies of story-based word learning (e.g., Henderson et al., 2015;
Henderson & James, 2018), vocabulary predicted word learning ability (collapsing across days) as
indexed by both cued recall and recognition tasks. Vocabulary was also a stronger predictor of Day
2 recognition (word comprehension) performance than of Day 1 performance (supported by a
Day  Vocabulary interaction). Thus, children at the higher end of the vocabulary spectrum showed
larger overnight improvements in their ability to match the novel words to their picture referents. This
finding lends support to the idea that extant vocabulary knowledge is associated with initial vocabulary learning as well as with longer-term retention (see James et al., 2017). On interpreting this finding, however, it is important to note that associations between vocabulary and overnight
consolidation of new words have not been consistently observed (see James, 2019), and here we
observed this association only for overnight changes in recognition performance and not for changes
in cued recall performance. Similar to the current study, James et al. (2021) found this association only
for a word learning measure that required mapping new words to referents (similar to our recognition
task) and not for recall or recognition of the word forms in isolation. Therefore, existing vocabulary
knowledge might play more of a role in the retention of form–meaning mappings and/or when training takes place in richer semantic contexts (i.e., in Henderson et al., 2015, and Henderson & James,
2018). Nevertheless, because the association between vocabulary knowledge and overnight retention
benefits in word–meaning mappings did not hold for two further adult experiments in James et al.
(2021), further studies are needed to systematically address this hypothesis across development.
Alternative mechanistic accounts of this association also need to be examined, including the role of
motivation as a possible third variable that could account for the association between vocabulary
and the longer-term retention of new words.
There was no support for the hypothesis that children would show a ‘‘bedtime story effect” (i.e.,
superior overnight consolidation when they learned immediately prior to sleep relative to when there
was a delay between learning and sleep), nor was there any support for the hypothesis that a bedtime
story advantage would be particularly apparent for children with weaker vocabulary (based on James
et al., 2020; Walker et al., 2020). In fact, there was more evidence for the reverse pattern for the recognition task. Specifically, larger overnight gains in performance were observed for the group that heard
the story 3–5 h before bedtime than for the ‘‘bedtime story” group. Importantly, recognition (and
recall) performance was statistically equivalent for the two groups at the Day 1 test (which was
administered immediately after the story), warding off the potential for group differences in fatigue
and/or time of day at the pretest driving this interaction. Nevertheless, future studies adopting a
nap paradigm to control time of day effects and match the timing of Day 1 and Day 2 tests would
be important to rule this out completely.
The retention advantage in recognition for the Delayed group is, at first glance, seemingly discordant with James et al. (2020) and Walker et al. (2020), who reported that learning closer to sleep led to
larger long-term memory benefits for children with lower vocabulary knowledge. However, here children in the bedtime condition heard the story when they were in bed, which contrasts with James
et al.’s and Walker et al.’s PM conditions that were typically delivered at least 1 h before bedtime (between 6 and 9:30p.m. on average) in James et al. (2020) and between 4 and 6p.m. in Walker et al.
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(2020). Hence, the PM conditions in these previous studies were actually closer to our delay condition
in terms of timing before bedtime. Thus, it could be that there is an optimal window to maximize longterm retention in young children that is intermediate: close to sleep, but not too close. In line with
this, adult studies have shown some benefits of wake prior to sleep for promoting consolidation
and attributed such benefits to homeostatic increases in the need for sleep following learning episodes
(e.g., Alger et al., 2010). Of course, we cannot assume from the current data alone that the delayed condition here would be beneficial relative to learning earlier in the day. Particularly owing to the
caregiver-led training regime, children (and their caregivers) may also have been more likely to discuss the story and the novel words leading to further opportunities for learning (despite explicit
instruction to discourage this); such additional learning opportunities were perhaps less likely in
Walker et al. (2020) and James et al. (2020), both of which adopted researcher-led training. Nevertheless, the current data at least suggest that storybook encounters at the end of the school day or after
school could help to harness vocabulary growth and may be more beneficial than leaving shared storybook reading only for bedtime.
One question is why the retention advantage seen for the delayed condition was present for recognition performance (i.e., word comprehension) but not for recall (i.e., word production). It is well
established that word comprehension precedes word production in the learning process (e.g.,
Bornstein & Hendricks, 2012; Hamilton, Plunkett, & Schafer, 2000; Huttenlocher, 1974). Indeed, on
Day 2 of this study, the children were able to comprehend roughly 73% of the new words encountered
in the story on average (comparable to Biemiller & Boote, 2006, and Flack et al., 2018), whereas word
production was much lower (~36%). Previous studies examining sleep-dependent consolidation have
suggested that task performance is more likely to improve over sleep when initial performance is not
too low but also not at ceiling (e.g., Wilhelm, Metzkow-Mészàros, Knapp, & Born, 2012); thus, speculatively, it could be that recognition performance was around this ‘‘sweet spot” and thus more sensitive to the benefits of memory reactivation during sleep. Alternatively, and again speculatively,
performance on the recognition task may have been less influenced by repeat testing effects, at least
relative to the recall task, perhaps leaving more room for variability to be associated with sleepdependent consolidation mechanisms. This is because the recall task was always administered first
in the testing procedure, and therefore Day 2 recall performance benefitted from the repeat exposure
to novel words presented in the recognition task on Day 1. In contrast, there was no additional direct
exposure to the word–picture pairs during testing (because words were presented with four picture
options and no corrective feedback was provided).
Although the use of the novel parent-led approach is a strength of the current study, allowing word
learning to be measured under more naturalistic conditions, less control was then exerted over how
the story was read (a variable shown to be important for word learning from stories; see Flack et al.,
2018) and how the testing tasks were administered. The latter is particularly likely for the cued recall
task, where parents were required to read out the initial syllable cues and type their children’s
responses, meaning that there was room for bias (conscious or not) for parents to support performance, and indeed this might be another reason for why the these data were less sensitive to interactions with condition and vocabulary. Having said that, performance on this task was low and we
also checked for influential cases when analyzing the data. This means that atypical responses (e.g.,
parents who answered for their children or supported their responses) should have been excluded
from analysis. We also recruited a large sample size to counteract additional noise in the data. If anything, these caveats make it all the more notable that the basic expected effects were observed, suggesting that this approach has utility for further examinations of word learning in children.
One important extension in future work will be to ascertain whether the effects observed here hold
across a diverse array of parent demographics (e.g., varying home literacy environments across socioeconomic spectra) that were not measured here. Previous research into the impact of the home literacy
environment on language and literacy development, and how such encounters could be best tailored
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to maximize language and literacy growth, has relied largely on questionnaires and video-recorded
observations (see Hamilton, 2013; Sénéchal & LeFevre, 2002; Sénéchal, LeFevre, Thomas, & Daley,
1998). Similarly, the literature on shared story-based word learning has mostly recruited teachers
or researchers, rather than parents, as the readers (Flack et al., 2018). The current study suggests that
large-scale parent-led studies using online testing regimes could contribute to understanding how the
home literacy environment works to support vocabulary development. This future research direction
has potential for societal impact given that high-quality home literacy experiences have been argued
to mitigate the risk posed by low socioeconomic status for children’s vocabulary development (Payne,
Whitehurst, & Angell, 1994). Because children’s ability to garner new words from listening to stories is
highly variable (Biemiller & Boote, 2006; Mol et al., 2008), further research to explain this variability
will be valuable for providing parents and guardians with evidence-based advice on how best to tailor
storytime (see also Flack et al., 2018). For example, it will be important to examine whether the influence of vocabulary knowledge on long-term retention holds when children are given more than one
opportunity to hear the story (e.g., Henderson & James, 2018) and/or when children are more motivated to learn new words from the story.
In conclusion, this study found that children aged 5–7 years show retention benefits in novel word
learning from stories and also that existing vocabulary knowledge is associated with these benefits.
These data are consistent with accounts of word learning that specify the importance of mechanisms
such as offline consolidation and retrieval practice, using a training and testing regime with higher
ecological validity. Counter to our hypotheses, we did not find that learning immediately before sleep
is beneficial for retention; rather, we observed that learning roughly 3–5 h before bedtime led to superior recognition of word–picture referents on the day after learning. Nonetheless, these findings are
consistent with previous studies showing that learning close (but not too close) to sleep may be beneficial for long-term vocabulary learning. Further studies using naturalistic paradigms will be important for advancing our understanding of how best to ‘‘close the vocabulary gap” (see Quigley, 2018)
and also for clarifying the impact that a change in reading regime could actually make on children’s
vocabulary growth. Both of these are crucial issues given that vocabulary is such a strong predictor
of educational success as well as employment and mental health outcomes (Armstrong et al., 2017;
Snow, Griffin, & Burns, 2005).
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