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Abstract 

Sleep plays a well-established role in learning and memory consolidation in both adults 

and children. Importantly, sleep changes in substantial ways early in life. This dissertation 

explores the role sleep plays in learning and memory in early childhood and examines the impact 

of developmental changes in sleep. The first paper included here describes the changes in sleep 

that occur from infancy to early childhood. The paper provides an overview of sleep and how it 

can be measured, the relationship between sleep and memory early in life, and examines a 

critical point in the development of sleep-wakefulness patterns where children transition from 

taking regular naps to only sleeping at night. Next, the second contribution, an empirical study, 

explores the role of napping regularity on the relationship between word learning and sleep in 

childhood. Between ages 3 and 5 years, children begin to transition out of regular napping. Given 

the connection between sleep and memory consolidation, how this transition away from napping 

impacts learning is unclear. In this study, 3.5 to 4.5-year-old habitual and non-habitual nappers 

are exposed to novel words via a brief, single exposure, and are tested for their memory of the 

words after a 4-hour delay including either a nap or wakefulness. The third contribution, another 

empirical study, aims to compare retention profiles for novel words obtained by two different 

modes of learning—explicit encoding and fast mapping—in 2.5-year-olds. Children’s memory 

for novel words acquired in these distinct ways are tested after a 24-hour delay including either a 

nap soon after learning or a period of wakefulness following learning. In all, the goal of this 

dissertation is to explore sleep early in life and examine its role in memory for novel words. 
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Chapter 1: 

Introduction 

Overview 

The role that sleep plays in memory consolidation has been well established in adults 

(Born et al., 2006; Diekelmann & Born, 2010; Drosopoulos et al., 2007; Gais et al., 2006; 

Marshall & Born, 2007; Plihal & Born, 1997; Rasch & Born, 2013; Stickgold & Walker, 2005). 

This line of research has only fairly recently been applied to infants and children. Importantly, 

there are a number of factors that are relevant when considering the relationship between sleep 

and memory in younger populations including 1) hippocampal development and the questions it 

raises about sleep-dependent consolidation in the developing brain, 2) developmental changes in 

patterns of sleep and wakefulness across a 24-hour period and implications of these changes for 

the impact of sleep in early childhood and 3) using word learning as a method of assessing 

memory and sleep-dependent consolidation in children. 

1.1 Hippocampal Development and Sleep-Dependent Consolidation in the Developing 

Brain 

Sleep plays an important role in memory consolidation. One of the most prominent 

theories of sleep-dependent memory consolidation is the active system consolidation hypothesis. 

According to this hypothesis, memory representations encoded during wakefulness are 

reactivated during sleep, causing these traces to become strengthened and integrated into long-

term memory stores. The coordinated activity of slow oscillations, hippocampal sharp-wave 

ripples, and spindles are thought to underlie these reactivations (Diekelmann & Born, 2010; 

Rasch & Born, 2013). Evidence from rat studies show that cells that fired as rats completed a 

spatial task, fired in the same pattern in the following period of slow wave sleep (the deepest 
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stage of sleep)—demonstrating that information acquired during wakefulness is reactivated 

during sleep (Wilson & McNaughton, 1994). Similar results were found in humans using 

cerebral blood flow measurements, where areas of the brain that were active during a learning 

task were also reactivated during sleep (Maquet et al., 2000; Peigneux et al., 2004). In fact, 

Peigneux et al. (2004) showed that greater activity in the relevant regions during sleep was 

related to greater memory retrieval the next day. Experience-dependent increases in slow-wave 

activity (SWA; a type of slow oscillatory activity in the EEG) have also been found over areas 

that were known to be involved during learning (Huber et al., 2004; Landsness et al., 2009; 

Määttä  et al., 2010; Mascetti et al., 2013; Wilhelm et al., 2014). 

At the center of the active system consolidation hypothesis is the hippocampus (Born et 

al., 2006; Diekelmann & Born, 2010; Rasch & Born, 2013). The hippocampus is a structure that 

is critical to episodic memory abilities (Eichenbaum 2004). As described above, the 

hippocampus generates hippocampal sharp-wave ripples that are critical for neural replay. 

Relatedly, in addition to the role of the hippocampus in memory processing during sleep, there is 

evidence that sleep prepares the hippocampus for future learning (Mander et al., 2011; 

McDermott et al., 2003; Yoo et al., 2007). 

Critically, the hippocampus displays a protracted developmental time course such that 

some areas of the hippocampus (dentate gyrus and CA3 specifically) are not mature at birth 

(Lavenex & Banta Lavenex, 2013). Furthermore, episodic memory is supported by a network of 

brain structures. Thus, both the development of the hippocampus as well as its connectivity with 

other structures may have important implications for memory and sleep-dependent memory 

consolidation in children (DeMaster & Ghetti, 2013; Ghetti & Bunge, 2012; Gómez & Edgin, 

2015; Jabes & Nelson, 2015). 
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1.2 Developmental Changes in Sleep Patterns and Implications 

 Early in life, patterns of sleep and wakefulness change in duration as well as in 

distribution across 24 hours. Total sleep duration decreases from around 16-18 hours a day in 

newborns (Davis et al., 2004) to 13-14 hours a day by 6-8 months of age (Sheldon, 2005), and 

then to around 10-12 hours between ages 2 and 5 years (Davis et al., 2004; Sheldon, 2005). 

Additionally, early in life, sleep is more evenly distributed across 24 hours, but with 

maturation, sleep becomes consolidated to the nighttime. Newborns spend most of their days and 

nights asleep (Bathory & Tomopoulos, 2017), but by age 1 year, most infants have consolidated 

their sleep to the nighttime and supplement their nighttime sleep with 2 daytime naps (Bathory & 

Tomopoulos, 2017; Mindell et al., 1999). By 2-3 years of age, most children have dropped one 

of their daytime naps (Sheldon, 2005). Between ages 3-5 years, children begin to forgo their 

daytime naps (Davis et al., 2004; Iglowstein et al., 2003; Weissbluth, 1995). For most children, 

this is a gradual process, where they begin to drop naps a few days a week before transitioning 

out of regular napping entirely (Weissbluth, 1995). Given that daytime napping is a typical part 

of a young child’s day, how a nap versus a period of wakefulness interacts with learning cannot 

be ignored. Manipulating whether novel learning takes place before a nap or before a period of 

wakefulness allows for the examination of the importance of a child’s daily nap to learning and 

may help answer questions on the nature of sleep-dependent memory consolidation in children. 

Additionally, given that children transition out of regular napping between ages 3 and 5 years 

(Davis et al., 2004; Iglowstein et al., 2003; Weissbluth, 1995), considering how this transition 

may impact learning and memory is important. 

 

 



 12 

1.3 A Method for Studying Sleep-Dependent Consolidation in Children 

Learning new words is an experience that children are presented with every day. Novel 

words must be encoded, consolidated, and retrieved, suggesting that word learning tasks provide 

a good opportunity to investigate memory consolidation in children. For example, episodic 

memory involves binding separate elements into a flexible representation. This is similar to what 

children may do when learning new words under certain conditions—they must bind a novel 

label to a novel object, and retain it. Additionally, to date, most of the word learning literature 

focuses on the encoding phase—how children are able to associate the novel label with its 

referent during learning. Children are tested immediately, thus the factors that influence how 

children retain novel information remains largely unexplored (Vlach, 2019; Wojcik, 2013). In 

real-world scenarios, several hours, days, or more may pass between when a child is exposed to a 

novel word and when they retrieve it. Additionally, as mentioned above, young children take 

regular daily naps, thus, testing retention after delays including either a nap or a period of 

wakefulness in word learning paradigms will inform sleep’s role in memory consolidation and 

how it relates to word learning in real-life learning situations. 

1.4 Overview of Current Studies 

In my dissertation I aim to examine how sleep changes early in life and how these 

changes may impact predictions we have for memory performance across delays. First, I explore 

sleep in early infancy and childhood—how it is measured, how it changes across development, 

and factors influencing the transition out of napping (Appendix A). Next, I employ word learning 

tasks to explore different factors contributing to memory retention across delays including either 

sleep or wakefulness. In the first empirical study, I examine whether children’s typical napping 

patterns will impact the relation between sleep and memory in children after a delay including 
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either the child’s typical nap or a period of wakefulness. This study uses a word learning task 

where children briefly encounter novel objects and their labels and are tested on their memory 

for the object-label pairings four hours later. Here, I demonstrate a different retention pattern for 

habitual nappers and non-habitual nappers, such that children who have transitioned out of 

regular napping do not need a nap after learning in order to retain novel words. Children who 

regularly nap however, must nap after learning in order to retain the novel words—if children 

who regularly nap stay awake after learning, they perform at chance on the word learning task 

(Appendix B). In the second empirical study, I examine two different learning conditions that 

children may be presented with when learning novel words—explicit encoding and fast mapping. 

I ask whether retention profiles for these distinct modes of learning differ after a delay of 24 

hours and whether napping after learning will differentially impact retention for explicit 

encoding versus fast mapping. Here, I demonstrate that overall retention profiles of explicit 

encoding and fast mapping do not differ as a function of sleep or wakefulness, but that order of 

learning matters for 24-hour retention (Appendix C).  
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Chapter 2: 

Esterline & Gómez (2020) 

2.1 Summary 

 By age 2, children have spent more time awake than asleep (Dahl, 1996). Sleep in infants 

and children differs from sleep in adults in a number of ways and many aspects of sleep follow a 

developmental time course. A period of sleep is characterized by the alternation between two 

types of sleep: non-rapid eye movement sleep (NREM) and rapid eye movement sleep (REM). In 

general, NREM sleep is initiated through stage 1, progresses to stage 2, and then stage 3, which 

is also known as deep sleep. Stage 3 is typically followed by a brief period of stage 2 sleep and 

then the first cycle of REM sleep. In adults, the first cycle of REM sleep typically occurs about 

70-100 minutes after sleep onset and alternations between NREM and REM continue with a 

cycle of about 90 minutes (Zee & Turek, 1999).  

By 6 months of age, the general cyclical structure of sleep is similar to adults, but in 

infants, the sleep cycle is shorter (50-60 minutes) compared to adults (Davis et al., 2004) and 

remains around 60 minutes until several years later (Sheldon, 2005). Infants and children also 

exhibit a biphasic sleep pattern, such that they supplement nighttime sleep with daytime naps. In 

fact, newborns are just as likely to be asleep as awake during the day (Davis et al., 2004), but 

with the maturation of the circadian rhythm, infants begin to display more defined day-night 

behavior (Heraghty et al., 2008). By age 1 year, most infants obtain most of their sleep at night 

and take 2 naps during the day (Mindell et al., 1999).  

 One of the most notable developmental shifts in sleep is the transition out of regular 

daytime napping. As mentioned above, at 1 year of age, infants take 2 naps per day (typically a 

morning and afternoon nap), but by 2-3 years of age, children drop the morning nap (Sheldon, 
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2005). Gradually, children drop a few naps per week, and eventually transition out of daytime 

napping entirely (Weissbluth, 1995) between 3-5 years (Davis et al., 2004; Iglowstein et al., 

2003; Weissbluth, 1995). 

 Though research on the nap transition is somewhat scarce, there seem to be several 

factors that contribute to the cessation of daytime napping and consolidation of sleep to 

nighttime, including maturation of underlying sleep regulation processes. Sleep regulation is 

partially controlled by a homeostatic process—the propensity for sleep (or sleep pressure) 

accumulates across periods of wakefulness and dissipates across sleep (Borbely & Achermann, 

1999). The maturation of this homeostatic component of sleep regulation likely plays a role in 

the transition out of napping. Infants and young children may accumulate sleep pressure at a 

more rapid rate, thus may need to nap more frequently in response. Indeed, when 2.5-3 year old 

regularly napping children miss their nap, they show a faster sleep onset, more slow-wave 

activity (a type of slow oscillatory EEG activity that is considered a marker of sleep need, found 

in NREM stage 3 sleep), and a longer sleep duration during the night following the missed nap, 

demonstrating a homeostatic response to the missed nap (Lassonde et al., 2016). Another 

longitudinal study measured children’s naps across 3 different times during the day (thus, at 

different durations of prior wakefulness) at ages 2, 3, and 5 years and found that as children 

aged, they showed less slow-wave activity in their naps in response to prior wakefulness. Thus, 

they build pressure for sleep at a slower rate, allowing them to withstand longer periods of 

wakefulness (Jenni & Carskadon, 2012; Jenni & LeBourgeois, 2006; Kurth et al., 2016), which 

likely plays a large role in nap cessation. 

 Other extrinsic factors appear to impact nap cessation as well. Indeed, daytime sleep 

duration is heavily influenced by environmental factors compared to nighttime sleep, which is 
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mostly impacted by genetic factors (Touchette et al., 2013). Cross-cultural differences in napping 

patterns represent one extrinsic factor. Children from predominately Asian countries show a 

higher prevalence of napping during the preschool years (86.9% at age 3 years) compared to 

children from predominately Caucasian countries (44.3% at age 3 years) (Mindell et al., 2013). 

Importantly, the authors note that there were no differences in total sleep time across 24 hours, 

just that children from predominately Asian counties obtained more of their sleep during the day. 

Children in Iceland show even lower rates of napping at age 3 years (21.8%) (Thorleifsdottir et 

al., 2002). Cross-cultural differences in daytime napping patterns may exist because of cultural 

differences in perception of naps (Jenni & O’Connor, 2005). 

 Parental attitudes regarding napping behavior also appear to impact napping patterns. In 

one study, nearly one third of parents negatively perceived napping and reported attempting to 

prevent their children from napping. Children whose parents prevented napping displayed shorter 

nap durations than children whose parents encouraged napping (Jones & Ball, 2013). Weissbluth 

(1995) also documented the influence of parental factors on napping—some parents reported 

preventing their children from napping (7.7% at age 3 years, 5.4% at age 4 years, and 11.3% at 

age 5 years). Parents’ reasons for preventing naps included their schedules not allowing for naps, 

naps interfering with children’s nighttime sleep, and stressful home events. 

 Importantly, socio-economic status (SES) may also play a role in napping patterns via 

sleep hygiene practices—or consistent routines and behaviors that promote healthy sleep. One 

study showed that children whose parents practiced sleep hygiene with them at bedtime 

displayed significantly longer nighttime sleep duration than children whose parents did not 

implement sleep hygiene (Jones & Ball, 2014). Children who were not exposed to sleep hygiene 

at bedtime compensated for their shorter nighttime sleep with daytime napping. Families from a 
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higher SES background were more likely to practice sleep hygiene with their children (Jones & 

Ball, 2014). Importantly, one study found that a brief educational intervention improves parents’ 

knowledge regarding healthy sleep behavior and increases their desire to implement healthy 

sleep practices with their children (Jones et al., 2013), revealing a potential avenue for improving 

sleep outcomes in children.  

 Naps have been linked to memory processing in both infants and children. Six and 

twelve-month-old infants who nap after learning three novel actions in a deferred imitation 

paradigm remember the target actions both 4 hours and 24 hours after learning compared to 

infants who stay awake after learning (Seehagen et al., 2015). In another study, 15-month-old 

infants were exposed to an artificial language where the first word of a word string predicted the 

third. In this paradigm, infants could either show retention for the same word dependences or 

they could abstract the underlying rule in the stimuli and apply it to novel stimuli. When infants 

remained awake after learning, they showed veridical memory for the word strings heard during 

learning. Infants who napped after learning, however, generalized the underlying rule to new 

stimuli 4 hours after learning, demonstrating more a flexible representation (Gómez et al., 2006). 

Importantly, when infants were tested 24 hours after learning, infants who remained awake after 

learning did not appear to retain anything about the language, but infants who napped after 

learning once again abstracted the underlying rule of the language (Hupbach et al., 2009). 

 Daytime naps also impact memory in young children. In one study, 2.5-year-olds learned 

the names of novel toys and after a 4-hour delay including either the child’s nap or a period of 

wakefulness, children were tested on their ability to generalize to novel exemplars. Children who 

remained awake after learning outperformed children who napped (Werchan & Gómez, 2014). 

However, a follow up study examined children’s generalization after 24 hours (instead of 4 
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hours), and found that only children who had napped after learning generalized to novel 

exemplars, suggesting that the nap may have helped stabilize the representations for further 

processing during nighttime sleep (Werchan et al., in press). Three-year-olds also show a similar 

pattern when a nap occurs after learning—children who nap after learning novel verbs generalize 

24 hours later, whereas children who remain awake do not (Sandoval et al., 2017). In another 

study, 3-year-olds learned novel words via storybook readings. Children who napped after 

learning recalled more of the novel words than children who remained awake (Williams & Horst, 

2014). Finally, a study with 3-5.5-year-olds showed that when children napped after learning, 

they remembered more on an object-location task, compared to when they remained awake after 

learning (Kurdziel et al., 2013).  

 Sleep is an important process that exhibits change across the lifespan, but many of the 

developmental changes in sleep are seen in the first few years of life. One of the key 

developmental shifts in sleep occurs between ages 3-5 years as children transition out of daytime 

napping and consolidate their sleep to the nighttime. Both intrinsic and extrinsic factors have 

been linked to this transition. A growing line of research demonstrates the importance of naps for 

memory processing and more research is needed on the consequences of dropping naps before a 

child may be ready. 

 

2.2 Contributions 

My contributions to this review chapter are substantial as I wrote the first draft of the 

manuscript. 
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Chapter 3: 

Esterline & Gómez (in preparation) 

3.1 Summary 

 Daytime sleep impacts memory in early childhood (Kurdziel et al., 2013; Sandoval et al., 

2017; Werchan et al. (in press); Williams & Horst, 2014). Yet, children transition out of regular 

napping between ages 3-5 years (Davis et al., 2004; Iglowstein et al., 2003; Weissbluth, 1995). 

How this transition impacts sleep and memory in early childhood has been studied, but with 

mixed results. Three-year-olds generalized novel verbs to new actors 24 hours after learning only 

if they had napped soon after learning, regardless of their regular napping behavior (Sandoval et 

al., 2017). Three and a half year-olds showed a similar pattern of results—when children who no 

longer regularly nap stayed awake after learning (as they typically would, since they had 

transitioned out of naps) their retention for novel words was worse than habitually napping 

children who napped after learning (Williams & Horst, 2014). Taken together, these studies 

suggest that non-habitual nappers still need to nap after learning in order to retain new learning. 

In contrast, a study with 3-5.5-year-olds showed that regular napping status does matter—

children who had transitioned out of regular napping maintained accuracy for object-location 

associations across a period of wakefulness compared to habitual nappers, who showed greater 

memory decay across wakefulness (Kurdziel et al., 2013). Thus, more research into the impact of 

typical napping behavior on sleep and memory is needed.  

In the current study, we compare the performance of habitual and non-habitual nappers 

on a word learning task after a delay including either a nap or a period of wakefulness. 

Importantly, children in this study were recruited within a targeted age range of 3.5-4.5 years. 

Children were given a single, brief exposure to novel words, which represents a more stringent 
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test of retention after a delay and replicates a learning scenario children encounter in the real 

world where they are exposed to new information just briefly. As previous studies have 

suggested that children who nap regularly may have less mature memory networks compared to 

non-habitual napping children (Kurdziel et al., 2013; Riggins & Spencer, 2020), we predicted 

that children who have transitioned (or are transitioning) out of naps would be better able to 

retain new information across periods of wakefulness, thus, would exhibit successful retention 

regardless of whether they nap or stay awake during the delay. We predicted that children who 

nap regularly, however, would need to nap soon after learning in order to retain the novel 

associations 4 hours later. 

In the current study, 58 children between ages 3.5-4.5 years learned two novel object-

label associations and were tested 4 hours later. We elected to keep the recruitment age range 

wide (1 year) as we wanted to sample equal numbers of children who nap habitually and no 

longer nap habitually across different ages. Children were first classified as either a habitual 

napper (naps 4-7 days per week) or a non-habitual napper (naps 0-3 days per week) based on 

their typical napping behavior as indicated by their parents. From these groups, children were 

then randomly assigned to either nap-after-learning (“Nap”) groups or remain-awake-after-

learning (“Wakefulness”) groups, resulting in four experimental groups: Habitual Nappers/Nap, 

Habitual Nappers/Wakefulness, Non-Habitual Nappers/Nap, Non-Habitual 

Nappers/Wakefulness (Figure 1a). For the Nap groups, the training session was scheduled 30 

minutes-1 hour before the child’s typical nap (for the Non-Habitual Nappers/Nap group, training 

was scheduled 30 minutes-1 hour before the child was most likely to nap). For the Wakefulness 

groups, training was scheduled at a period of time when the child was already expected to be 

awake for a period of at least 4 hours (thus children were not deprived of their typical nap).  
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A sample size of 20 children per group was estimated using G*Power calculations (Faul 

et al., 2007). Data collection was halted due to the coronavirus pandemic, thus the target n for all 

groups was not obtained, though 73% of the target sample was collected. The sample 

composition for each experimental group is depicted in Table 1. 

 

 

 

The training session took place in the children’s homes in a quiet area free from 

distractions. During the training session, children were given a single exposure to two novel toys 

and their labels (Figure 1b). During the 4-hour delay, children either took their typical nap, or 

remained awake. The testing session took place in the laboratory. During the testing session, 

children were given a two-alternative forced choice test between the two previously labeled 

objects (Figure 1b). After the memory test, children participated in the Peabody Picture 

Vocabulary Task (PPVT; Dunn & Dunn, 2007), which is a measure of receptive vocabulary. In 

order to verify adherence to the assigned sleep or wakefulness condition, a subset of children 

wore an Actiwatch (Actiwatch 2, Philips, Andover, MA, USA) during the delay (Habitual 

Nappers/Nap, n = 8; Habitual Nappers/Wakefulness, n = 6; Non-Habitual Nappers/Nap, n = 4; 

Table 1 
 
Sample Composition by Group 
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Non-Habitual Nappers/Wakefulness, n = 5). An Actiwatch is a device that measures motion and 

sleep-wakefulness activity. Of the children who wore the Actiwatch, all displayed activity 

consistent with their assigned experimental condition (Nap or Wakefulness in the 4-hour window 

after training). Additionally, Actiwatch data showed that all children in the Nap condition met 

the 30-minute minimum nap criterion during the post-training 4-hour window. 

 

 

 

 

 

 

Averaged memory performance for each group in our experimental design is shown in 

Figure 2.  

 

Figure 1 
 
Study Design and Training/Test Procedures 

Note. Children were first categorized based on their habitual napping behavior then randomly assigned to a “Nap” or 

“Wakefulness” group (a). During training, children received a single, brief exposure to 2 novel objects and labels. During 

testing, children were given a two-alternative forced choice test between the newly learned objects (b).  
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In order to determine whether typical napping behavior plays a role in the relationship 

between memory and sleep after a delay including a nap or wakefulness, we conducted a mixed 

effects regression predicting the log odds of correctly choosing the target object at test as a 

function of delay type (Nap or Wakefulness) and typical napping status (Habitual Napper or 

Non-Habitual Napper). We allowed delay type and nap status to interact in order to determine 

whether memory performance after a period of sleep or wakefulness would differ between 

habitual and non-habitual nappers. The outcome variable was the score (correct or incorrect) for 

each of 4 test trials. Table 2 displays the results of this regression. First, napping status was a 

significant predictor of memory performance after a delay such that habitual napping was 

associated with lower odds of correctly selecting the target object at test. The interaction between 

Figure 2 

Average Memory Performance by Napping Status and Delay Type 

 

Note. Memory performance score averaged across 4 test trials. Error bars reflect standard error. Chance 

performance is 50%. 
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delay type and typical napping behavior did not significantly predict memory performance after 

a delay, p = .057. 

Because previous studies have suggested developmental differences in memory networks 

between habitually napping children and non-habitually napping children (Kurdziel et al., 2013; 

Riggins & Spencer, 2020), we divided our sample based on typical napping status and analyzed 

each group separately to determine any differences in memory performance in response to a 

period of sleep or wakefulness after learning. Results of separate mixed effects regressions for 

habitually napping children (Table 3) and non-habitually napping children (Table 4) were 

conducted. Here, we found that delay type did predict memory performance after a 4-hour delay 

such that the odds of selecting the correct target object at test for habitually napping children 

who nap after learning are 59.5 times that of habitually napping children who remain awake after 

learning. For non-habitually napping children, delay type did not significantly predict the log 

odds of selecting the target object at test, suggesting a period of sleep or wakefulness after 

learning does not impact memory performance for non-habitually napping children. 

 

 

 

 

 

 

Table 2 
 
Fixed Effect Estimates for Mixed Effects Model of Memory Performance as a Function of 

Delay Type and Nap Status 
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Trial scores were averaged for each child and average score for each experimental group 

was compared to chance performance (50%). One-tailed Wilcoxon signed rank tests revealed 

that only habitually napping children who remained awake after learning failed to perform 

significantly better than chance p > .05. All other groups showed performance that was 

significantly better than chance: Habitual Nappers/Nap, p < .001, r = 0.88; Non-Habitual 

Nappers/Wakefulness, p < .001, r = 0.86; Non-Habitual Nappers/Nap, p = .009, r = 0.89.  

Importantly, there were no differences in average age between habitual nappers (M = 

47.0) and non-habitual nappers (M = 47.8), t(56) = -0.78, p > .05, and no differences between 

habitual nappers and non-habitual nappers on PPVT scores t(48) = 0.78, p > .05.  

Table 3 
 
Fixed Effect Estimates for Mixed Effects Model of Memory Performance as a Function of 

Delay Type in Habitual Nappers 

 

Table 4 
 
Fixed Effect Estimates for Mixed Effects Model of Memory Performance as a Function of 

Delay Type in Non-Habitual Nappers 
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Additionally, we examined potential relationships between nap duration and the interval 

of wakefulness between training and nap onset and performance in the Habitual Nappers/ 

Nap group. Overall, we did not find a correlation between nap duration and performance in this 

group r(14) = .22, p > .05. However, when this group is broken down by age (42-47 months and 

48-53 months), we do find a different pattern based on age: for the younger age group, nap 

duration is significantly correlated to performance r(5) = .78, p = .04, however nap duration and 

performance are not correlated in the older age group r(7) = .12, p > .05. Regarding the delay 

between training and the beginning of the nap, younger children showed a non-significant 

negative correlation between the delay after training and performance r(5) = -0.68, p = .09. Older 

children showed no correlation between delay after training and performance r(7) = -0.005, p > 

.05. 

In the current study, we do not find a significant interaction between habitual napping 

behavior and delay type, but we do find a different pattern of results for habitual nappers 

compared to non-habitual nappers when analyzed separately. Children who have transitioned out 

of regular napping do equally well on a test of retention for novel words after a 4-hour delay 

regardless of whether they nap or remain awake after learning. In contrast, children who still nap 

regularly must nap soon after learning in order to retain the novel mappings. These findings may 

suggest that as children transition out of regular napping, they are better able to retain new 

information across periods of wakefulness. Our behavioral results here are consistent with other 

recent imaging and neurophysiological findings. For example, children who have transitioned 

out of regular napping have smaller hippocampal subfield volumes (Riggins & Spencer 2020)—a 

reduction in hippocampal subfield volume has previously been shown to coincide with 

maturation (Riggins et al., 2018). Additionally, results from a longitudinal study examining the 
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neurophysiology of children’s naps found that slow-wave activity (SWA)—a component of sleep 

physiology that accumulates with increasing wakefulness and dissipates across a period of 

sleep—decreases in children’s naps as they mature (Kurth et al., 2016). This finding suggests 

that as children age, they accumulate sleep propensity at a slower rate (as measured by SWA in 

their naps) allowing them to remain awake for longer periods of time, and eventually phase out 

napping.  

The contextual binding (CB) theory may also help inform these results. CB contends that 

sleep benefits memory not through active consolidation, but through a reduction in contextual 

interference (Yonelinas et al., 2019). The results of the current study may be interpreted within 

this framework as we see that regardless of typical napping behavior, children who sleep soon 

after learning retain the object-label associations. This model would also predict that children 

who remain awake after learning would be subject to contextual interference as representations 

for experiences they encounter soon after learning would share some similar context. 

Importantly, we only see this pattern in children who nap habitually—non-habitually napping 

children who remain awake after learning retain the object-label associations even after a period 

of wakefulness after learning. Considered within the framework of CB, perhaps children who 

have transitioned out of naps are less susceptible to contextual interference than typical nappers. 

If children who are still napping regularly have less mature memory networks, as suggested by 

Riggins and Spencer (2020), perhaps they have less distinct contextual representations that lead 

to greater contextual overlap between memories and greater interference.  

This study is an important contribution to the literature in that it demonstrates that 

children are able to retain robust representations after a single, brief learning experience after a 

delay. Furthermore, it adds to a growing literature that demonstrates that daytime sleep 
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contributes to memory in early childhood and extends these findings to show that children’s 

regular napping behavior may impact the relationship between sleep and memory in young 

children. 

 

3.2 Contributions 

My contributions to this study are substantial. I helped create the study design and 

stimuli. I tested the majority of the participants and trained and directly supervised undergraduate 

research assistants who helped collect the data and scheduled the participants. Finally, I analyzed 

the data and wrote the first draft of the manuscript. 
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Chapter 4: 

Esterline, Simon, & Gómez (in preparation) 

4.1 Summary 

Young children are exposed to new word learning across a variety of situations—some, 

where new objects are labeled directly and other more ambiguous situations, where objects are 

labeled indirectly and require the learner to infer that the novel label belongs to the novel object.  

These two forms of word learning are also referred to as explicit encoding (EE; in the case of 

direct labeling) and fast mapping (FM; in the case of indirect labeling).  

In the first study to examine fast mapping, 3.5-year-old children were asked by their 

teacher to select a “chromium” tray from an olive green and red tray. Children relied on their 

knowledge of “red” to infer that the novel label belonged to the olive green tray (Carey & 

Bartlett, 1978). Since then, other studies have examined fast mapping, but much of the literature 

to date focuses on the initial mapping, or disambiguation—children’s ability to select a novel 

object over a familiar one when hearing a novel label. Children’s ability to disambiguate 

develops gradually, and is reliable by 24 months of age (Bion et al., 2013). Importantly, 

however, less attention has been given to children’s ability to retain novel object-label 

associations. Most studies that have examined retention for fast-mapped words only test children 

after a delay of a few seconds or minutes (Bion et al., 2013; Horst & Samuelson, 2008; Spiegel 

& Halberda, 2011), though a few have examined retention after longer delays. In one study, 3-5-

year-olds showed retention for fast mapped words after 1 week (Sakhon et al., 2018). 

Furthermore, in the original study on fast mapping, Carey & Bartlett (1978) found that 3.5-year-

olds remembered some information about the novel word more than 1 week later. Another study 

showed that 3- and 4-year-old children could remember new words that had been acquired via 
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indirect learning up to one month later (Markson & Bloom, 1997). Importantly, a more recent 

study with 3-year-olds, using a similar paradigm as Markson & Bloom (1997), has shown that 

having a high number of memory supports during learning may boost retention—removing those 

memory supports reveals rapid forgetting over time (Vlach & Sandhofer, 2012).  

Another area that has not been explored in depth is how retention for novel words learned 

via fast mapping compares to retention for novel words learned via explicit encoding. One study 

with 3 to 5-year-old children showed successful and equal retention for novel words learned via 

explicit encoding and fast mapping after 1 week (Sakhon et al., 2018). Another study with 

slightly younger children examined these two modes of learning with common and proper 

names. In this study, 3-year-olds showed similar generalization performance immediately after 

learning. Interestingly, 2-year-olds were less likely to generalize common labels learned via 

direct labeling compared to indirect labeling (Jaswal & Markman 2001). In a follow up study, 3-

year-old children showed equally robust retention 2 days after direct and indirect learning 

(Jaswal & Markman, 2003), though children in this study received multiple memory supports 

(i.e. saliency, repetition, and generation), which, as described in Vlach & Sandhofer (2012) boost 

retention, and when removed reveal rapid forgetting.   

Explicit encoding and fast mapping have been tested in adults as well. Studies with adults 

suggest that these two tasks recruit different brain areas (Atir-Sharon et al., 2015; Merhav et al., 

2015; Sharon et al., 2011, though see Greve et al., 2014; Smith et al., 2014; Warren & Duff, 

2014). Explicit encoding tasks have been shown to recruit the medial temporal lobe (Atir-Sharon 

et al., 2015), and representations learned explicitly appear to undergo overnight consolidation 

(Merhav et al., 2015). In contrast, fast mapping tasks engage more distributed cortical networks 

(Atir-Sharon et al., 2015), and show little overnight change (Merhav et al., 2015). Given that 
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hippocampal representations benefit from sleep (Born et al., 2006; Diekelmann & Born, 2010; 

Marshall & Born, 2007; Rasch & Born, 2013), one could predict that sleep will impact 

representations acquired by explicit encoding but may leave representations acquired by fast 

mapping relatively untouched. Indeed, in one study, adult subjects who learned new object-label 

associations via explicit encoding and then slept soon after displayed less forgetting than those 

who stayed awake following explicit encoding learning. In contrast, retention for representations 

learned via fast mapping did not differ as a function of whether the subject slept or stayed awake 

after encoding (Himmer et al., 2017). Whether children also show a difference in retention for 

explicitly learned and fast mapped associations when sleep or wakefulness takes place after 

learning is currently unknown. This is an important question as children take daily naps until age 

3-5 years (Davis et al., 2004; Iglowstein et al., 2003). The impact of a nap after these different 

types of learning remains unknown. 

The goal of the current study is to examine retention profiles of words learned by explicit 

encoding and fast mapping in 2.5-year-old children following a 24-hour delay. All children in the 

current study learned words both by explicit encoding and fast mapping either before their 

typical nap or a period of wakefulness. Additionally, we were interested in whether learning 

order would impact retention, thus, half of the children received explicit encoding learning first 

and the other half received fast mapping learning first. 

In the current study, 39 children aged 2.5 years participated in a training session where 

they learned the names of four new toys; 2 of the toys were learned via explicit encoding (EE), 

and the other two were learned via fast mapping (FM). Twenty-four hours after learning, 

children were tested on their memory for the object-label associations. Children were randomly 

assigned to either a nap-after-learning (“Nap”) group or a remain-awake-after-learning 
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(“Wakefulness”) group. Children in the Nap group were scheduled for the training session about 

1 hour before their typical nap time. Children in the Wakefulness group were scheduled for the 

training session at a time when they were expected to be awake for at least 4 hours following the 

training session. The test session took place 24 hours after the training session.  

A sample size of 24 children per group was estimated using G*Power calculations (Faul 

et al., 2007). Data collection for this study was halted due to the coronavirus pandemic, thus the 

target n for each group was not obtained, but 81% of the target sample was collected. The sample 

composition for both Nap and Wakefulness groups is given in Table 5. 

 

 

 

The training session took place in the children’s homes in a quiet area free from 

distraction. During the training session (Figure 3), children first participated in a practice 

assessment to ensure that they knew how to indicate their choices in the task. Next, children 

either received EE learning or FM learning first. For both conditions, children first participated 

in a 40 second pre-exposure where they were able to interact with the novel objects (but the 

objects were not labeled) given previous results showing that children learn better via fast 

mapping when they are briefly familiarized with the objects before the label (Kucker & 

Samuelson, 2012). After pre-exposure, children moved on to the labeling phase where they were 

given two exposures per object. During explicit encoding learning, the experimenter held up the 

Table 5 
 
Sample Composition by Group 
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new object and labeled it directly (e.g. “Wow! A teece!”). During fast mapping learning, the 

novel object and a familiar object were placed side-by-side on a small tray. The experimenter 

held up the tray and labeled the object by way of asking the child to select the novel object (e.g. 

“Where’s the pab?”). The tray was then placed on a small table in front of the child in order for 

them to make their selection. The side the novel object was presented on was counterbalanced 

across training trials. Between training conditions there was a 5-minute break where the child 

and experimenter played quietly with toys unrelated to the learning task (Figure 3). Children then 

either took their typical nap (Nap group) or remained awake for at least 4 hours (Wakefulness 

group) after learning. Half of the children experienced FM learning before EE learning. The 

other half of children experienced EE learning before FM learning. 

The test session took place 24 hours after training in the laboratory. First, children 

participated once again in the practice assessment to ensure they understood the selection part of 

the task. Children were then tested on the associations learned via EE and FM in the same order 

in which they were trained. As in the training session, there was a 5-minute break between each 

testing session. For both EE and FM testing sessions, children received four trials of a two-

alternative forced choice test between the two newly learned objects. During each trial, the two 

objects were placed side by side on a small tray and the child was asked to select the target 

object (e.g. “Where’s the teece?”). Children were tested twice per object. 

In order to verify adherence to the assigned sleep or wakefulness condition, an Actiwatch 

(Minimitter, Respironics, Inc., Murrysville, PA, USA), a device that measures motion and sleep-

wakefulness activity, was placed on children after the training session. Only some of the children 

wore the Actiwatch during the interval after training (Nap condition, n = 11, Wakefulness, n = 

9). Of the children who wore the Actiwatch, all displayed activity consistent with their assigned 
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experimental condition (Nap or Wakefulness in the 4-hour window after training) and all met the 

30-minute minimum nap criterion during the post-training 4-hour window. 

 

 

 

 

 
 

 

 

Figure 3 

Study Design and Training/Test Procedures 
 

Note. Study design (a). Training and test procedure (b). During training, children learned 4 novel object-label 

associations (two via EE and two via FM). At test, children received a two-alternative, forced choice test for both EE 

and FM words requiring them to select between the target and nontarget. 
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Averaged memory performance is shown in Figure 4.  

 

 

 

 

 

 

 

We confirmed that children disambiguated during FM learning trials by comparing their 

rate of selecting the novel object to chance (50%). Children in both the Nap and Wakefulness 

groups selected the novel object at a greater rate than would be expected by chance (Nap group: 

M = 83%, t(39) =10.40 , p < .001, d = 1.64; Wakefulness group: M = 82%, t(37) = 7.96, p < .001, 

d = 1.29), demonstrating that children in both groups were successful at disambiguation in the 

fast mapping training session. Additionally, children in the Nap and Wakefulness groups were 

not significantly different from one another t(71) = 0.18, p > .05, on disambiguation during fast 

mapping learning. 

Figure 4 

Average Memory Performance by Learning Condition and Learning Order 

Note. Memory performance score averaged across 4 test trials for each learning condition. Error bars reflect 

standard error. Chance performance is 50%. 
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In order to test whether there was an effect of order or delay type on explicit encoding 

and fast mapping retention we conducted a mixed effects regression predicting the log odds of 

correctly choosing the target object at test as a function of delay type (Nap or Wakefulness), 

learning condition (Explicit Encoding and Fast Mapping), and learning order (Explicit Encoding 

first or Fast Mapping first). The outcome variable was the score (correct or incorrect) for each of 

8 test trials. Table 6 displays the results of this regression. Here, we found a significant two-way 

interaction between learning order and learning condition, p < .01, such that the effect of learning 

condition differed by learning order. Children who received FM learning first outperformed 

those that received EE learning first on their FM retention. EE retention was not significantly 

impacted by learning order. 

 

 

 

 

 

Averaged means for each group were compared to chance performance (50%) using one-

tailed t tests. These analyses revealed that children’s fast mapping retention in the FM first group 

Table 6 
 
Fixed Effect Estimates for Mixed Effects Model of Memory Performance as a Function of 

Delay Type, Learning Condition, and Learning Order 
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(M = 78%) was significantly above chance performance, t(17) = 3.57, p = .001, d = 0.84, as was 

explicit encoding retention in the FM first group (M = 67%), t(15) = 1.90, p = .04, d = 0.48. 

Averaged retention for fast mapping and explicit encoding in the EE first group did not 

significantly differ from chance (M = 41% and M = 60%, respectively; both p > .05). Finally, we 

confirmed that there were no significant differences in time of training between Nap and 

Wakefulness groups, (Nap group: M = 11:43 AM; Wakefulness group: M = 11:45 AM), t(41) = 

-0.05, p > .05, thus eliminating the possibility of circadian differences. 

 In the current study, we show that learning order differentially impacted retention for EE 

and FM, such that when children received EE learning first during the training session, their FM 

retention suffered compared to children who had received FM learning first during training. EE 

retention was not significantly impacted by learning order. We did not find an effect based on 

whether children napped or remained awake soon after learning, contrary to previous work 

(Esterline & Gómez, in preparation; Kurdziel et al., 2013; Sandoval et al., 2017, Werchan et al., 

in press; Williams & Horst, 2014). Given our order effects, it is possible that children 

encountered interference during learning. The degree to which learning order matters in EE and 

FM designs has been discussed in the adult literature. Because fast mapping is considered an 

incidental task, it is possible that participating in an intentional learning task (i.e. EE learning) 

just before an incidental task (i.e. FM learning) may “contaminate” fast mapping learning (Greve 

et al., 2014). To account for this, some studies with adults (Sharon et al., 2011; Smith et al., 

2014) train all participants on FM tasks first—though in this case, EE learning is always subject 

to potential proactive interference (Greve et al., 2014). One study using a counterbalanced design 

(as we have in the current study) found no effect of order in older adults. It is possible that, 

compared to older adults, young children may be more susceptible to interference, thus the 5-
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minute break in our study may not have provided enough separation between the learning tasks 

to eliminate the potential for interference. Future research in our laboratory will administer 

separate EE and FM training and test sessions on different days in order to address possible 

interference caused by learning EE and FM representations close in time. 

 

4.2 Contributions 

My contributions to this study are substantial. I helped create the study design. I tested 

many of the participants and trained and directly supervised undergraduate research assistants 

who helped collect the data and scheduled the participants. Finally, I analyzed the data and wrote 

the first draft of the manuscript. 
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Chapter 5: 

Linkage of Included Papers 

The role of sleep in memory consolidation is well-documented in adults (Born et al., 

2006; Diekelmann & Born, 2010; Drosopoulos et al., 2007; Gais et al., 2006; Marshall & Born, 

2007; Plihal & Born, 1997; Rasch & Born, 2013; Stickgold & Walker, 2005). Sleep’s role in 

learning and memory consolidation in young children is an area that needs more research given 

the developmental changes seen in sleep early in life.  

As discussed in Chapter 2, a prominent feature of children’s sleep-wakefulness patterns is 

a daily nap. At age 2, most children take a daily nap (Sheldon, 2005), and gradually children 

begin to drop naps across the week (Weissbluth, 1995) until they have fully transitioned out of 

regular napping between ages 3-5 years (Davis et al., 2004; Iglowstein et al., 2003; Weissbluth, 

1995). Given that napping is a regular part of life for a young child, how a daily nap factors in to 

novel word learning is an important question. Further, how this relationship between daytime 

sleep and memory is impacted as children transition out of naps also requires more attention. The 

papers discussed here aim to examine these factors in an effort to better characterize the role of 

daytime sleep in word learning and memory across early childhood.  

In Chapter 3, I explored the role of a child’s regular napping behavior in the relationship 

between daytime sleep and learning. In the empirical study discussed in Chapter 3, though we do 

not find a significant interaction between children’s regular napping behavior and delay type 

after learning, we do find a different pattern of retention for habitual nappers and non-habitual 

nappers. We find that non-habitually napping children—those who had transitioned out of 

regular napping—performed equally well on a test of retention for the novel object-label 

associations regardless of whether they napped or remained awake after learning. Habitual 
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nappers, however, needed to nap after learning—those that remained awake performed at chance 

on the retention test. This finding helps demonstrate the importance of a nap for children who 

still regularly nap. Importantly, habitual and non-habitual nappers were recruited equally across 

the age range of 3.5-4.5 years. The fact that the average age in each condition was similar helps 

underscore the role of individual differences in the napping transition that cannot be predicted 

based on age alone. For example, in our study, even “older” habitual nappers needed to nap after 

learning in order to retain the novel associations. The findings of this study may have important 

implications for daycares and preschools in that stopping children from napping when they 

would otherwise nap may have negative consequences for their learning. 

 In Chapter 4, I examined the role that a nap or wakefulness might play in novel 

associations that are either learned directly (explicit encoding) or indirectly (fast mapping) in 

2.5-year-old children. Importantly, most children this age are still napping regularly, so how 

daytime sleep may differentially impact distinct modes of learning is an important question. 

Here, children learned novel object-label associations by both explicit encoding and fast 

mapping and were tested for their retention 24 hours later. Half of the children took their typical 

nap soon after learning and the other half remained awake for at least 4 hours after learning. 

Additionally, half of the children received fast mapping learning first, followed by explicit 

encoding learning, and the other half received explicit encoding learning first, followed by fast 

mapping learning. Here, we did not find an impact of sleep versus wakefulness after learning. 

We did see a difference between explicit encoding and fast mapping retention as a function of 

whether children received explicit encoding or fast mapping learning first during the training 

session. Explicit encoding retention was not impacted by learning order, but fast mapping 
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retention was, such that children who received fast mapping learning first outperformed children 

who received explicit encoding learning first.  

 Taken together, these studies represent an important step in linking daytime sleep to 

learning and memory in childhood. The study described in Chapter 3 fills a gap in the literature 

in that it addresses memory across delays of sleep or wakefulness during an age range where a 

key developmental shift in sleep behavior is taking place. In the study in Chapter 4, though we 

do not find a sleep effect, we do find an effect of learning order on 24-hour retention for different 

types of learning. This is a novel finding, and one that is at odds with a study in older adults 

showing no impact of learning order on explicit encoding and fast mapping retention (Greve et 

al., 2014). These results have informed the design of a related study in our laboratory that will 

ask a similar question but will separate explicit encoding and fast mapping learning across 

different days in order to obtain a clearer picture of sleep’s role in both types of learning.  

Additionally, these studies have provided insights into a memory task that young children 

are presented with often over the course of a day: word learning. In the study discussed in 

Chapter 3, children were taught novel object-label associations with only a single exposure. This 

learning task was designed to replicate a learning scenario children encounter in the real world 

where they might encounter new information only briefly. Importantly, the study described here 

shows that children are able to retain information that was encountered briefly 4 hours earlier. 

For the study described in Chapter 4, we found an impact of learning order on retention. As 

discussed in the chapter, interference between learning tasks may have contributed to this 

finding, as explicit encoding and fast mapping learning sessions took place only 5-minutes apart. 

Importantly though, these results may be an accurate representation of the dynamic nature of 

real-world word learning, where children may be exposed to different forms of learning across a 



 42 

short period of time. Future research can build on this finding to better understand the role of 

interference in learning tasks that children are presented with in short succession and the possible 

implications for long-term retention. 
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Abstract 

Daytime napping contributes to memory in children. Importantly, children transition out 

of regular napping between ages 3-5 years, and the impact of this transition on memory is 

unclear. Here we examined the performance of both non-habitually napping children (nap 0-3 

days per week) and habitually napping children (nap 4-7 days per week) on a word learning task 

after a delay including either sleep or wakefulness. Children ages 3.5-4.5 years old experienced a 

brief exposure to two novel labels and their referents during training, a scenario that replicates 

learning experiences children encounter every day. After a 4-hour delay, children were tested on 

the object-label associations. Habitual napping behavior did not significantly interact with delay 

type (sleep or wakefulness after learning). However, non-habitual nappers and habitual nappers 

did display a different pattern of retention such that non-habitually napping children did equally 

well on a test of retention regardless of whether they had napped or stayed awake during the 

delay. In contrast, habitually napping children needed a nap after learning in order to retain the 

novel object-label associations 4 hours later. When habitual nappers remained awake after 

learning, they performed no better than chance on the retention test. As children transition out of 

naps, they may be less susceptible to interference and are better able to retain newly learned 

information across a delay including wakefulness.  
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Introduction 

Previous work has demonstrated that daytime sleep contributes to memory consolidation 

in infants (Gómez et al., 2006; Hupbach et al., 2009; Seehagen et al., 2015) and children 

(Kurdziel et al., 2013; Sandoval et al., 2017; Werchan et al., in press; Williams & Horst, 2014). 

An important consideration in the relationship between daytime sleep and memory in children, 

however, is that daytime sleep patterns across a 24-hour period change substantially across early 

development and naps are eventually phased out. Early in childhood, children take 1 or 2 naps 

during the day (Mindell et al., 1999), but gradually the duration of daytime sleep decreases, and 

between ages 3-5 years, children begin to forgo naps entirely and sleep only at night (Davis et 

al., 2004; Weissbluth, 1995).  

Mixed Results on Napping Regularity and Learning 

How the transition out of napping impacts learning and memory has been addressed by a 

few studies, but with mixed results. In one study, 3-year-old children ages 35 to 42 months were 

classified as either a habitual napper (naps 4-7 days per week) or a non-habitual napper (naps 0-3 

days per week). From these groups, children were then randomly assigned to “Nap” or 

“Wakefulness” groups. In the nap groups, children napped soon after learning pairings of novel 

verb labels with novel actions. In the Wakefulness groups, children remained awake after the 

learning session. Children were then tested on their ability to generalize the novel verbs to new 

actors performing the action 24 hours later. Children who napped after learning generalized, 

whereas children who remained awake after learning did not, thus demonstrating that young 3-

year-olds benefit from naps regardless of their typical napping status (Sandoval et al., 2017).  

In another study, 3.5-year-old children were exposed to novel words via shared storybook 

readings. Children were either read the same storybook featuring the new words throughout the 
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learning phase, or they were exposed to the new words via different storybooks. Children who 

were non-habitual nappers stayed awake after learning, and children who were habitual nappers 

took their nap after learning. Children who napped after learning outperformed children who 

remained awake, and critically, children who remained awake after exposure to the novel words 

via different storybooks (a more cognitively demanding task (Horst, 2013)) never reached the 

performance of the other children at follow-up tests (Williams & Horst, 2014). Thus, these 

authors also demonstrate that non-habitually napping children who stay awake after learning do 

not perform as well as habitually napping children who nap after learning. Taken together, these 

results suggest that non-habitually napping children may be missing out on the memory benefit a 

nap provides.  

Another study shows a different pattern of results. Kurdziel et al. (2013) taught 

preschool-aged children (ages 3-5.5 years) the spatial locations of objects on a grid and after 

learning, children napped or stayed awake. Children’s memory for these object-location 

associations was tested soon after the nap or a period of wakefulness and 24-hours later. When 

children napped, they retained more than when they stayed awake. Though, when considering 

the child’s typical napping behavior, the authors showed that this effect was especially true in 

children who habitually napped 5 days or more per week, suggesting that the benefit of the nap is 

most pronounced in habitually napping children. Critically, children who had transitioned out of 

regular napping maintained accuracy for object-location associations across a period of 

wakefulness compared to habitual nappers, who showed greater memory decay across 

wakefulness (Kurdziel et al., 2013). 

What might account for these discrepant findings? Age may be a factor. Importantly, 

children tested by Sandoval et al. (2017) and Williams and Horst (2014) were slightly younger 
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(3-years-old and 3.5-years-old, respectively) than children tested by Kurdziel et al. (2013), who 

were on average, 4-years-old (M = 49.76, range 36 – 67 months). Perhaps children who have 

transitioned out of naps earlier than average may show different patterns in response to periods 

of wakefulness than children who transition out of naps within the more typical window. Thus, 

examining the performance of children who are transitioning out of naps within a more targeted 

age range of 3.5-4.5 years may show a more representative pattern of the interaction between 

naps, wakefulness, and learning. 

Assessing Memory via Single Exposure Word Learning 

One method of examining children’s memory in a naturalistic way is through word 

learning tasks. Though most of the word learning literature has focused on children’s 

performance at encoding (Vlach, 2019; Wojcik, 2013), examining children’s retention across 

delays provides insight into memory processes and factors that influence memory. Thus, the 

current study employs a word learning paradigm to examine memory for new words across a 

delay. Additionally, most word learning studies present children with multiple exposures to a 

given object-label pairing. However, neural circuitry is maturing and may be developed enough 

by about 24 months to support retention after brief exposures, suggesting that by preschool-age, 

children may be able to encode and retain novel words after minimal exposures (Gómez & 

Edgin, 2016). Furthermore, in many real-life learning situations, children may only be exposed 

to a novel word and its referent for a brief amount of time. Although a recent study examined 

word learning after a brief learning event, children in the study were given three exposures to the 

words and were tested 30 minutes after learning (Remon et al., 2020). Thus, the question of how 

children will learn after only a single exposure to novel words and how this representation will 

endure over longer delays remains unexplored.   
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The goal of the current study is to examine the performance of habitually napping and 

non-habitually napping children after a delay including either sleep or wakefulness. Children 

were given a brief exposure to two novel labels and their referents during training, a scenario that 

may be a more stringent test of retention after a delay, and replicates learning experiences 

children encounter every day where they might experience one brief instance of a novel object-

label pairing. After training, half of the children took their typical nap, and half of the children 

stayed awake. Four hours later, children were tested on their ability to select the target object 

between the two previously labeled objects in a two-alternative forced choice task. Previous 

studies have suggested that children who nap regularly may have less mature memory networks 

compared to children who no longer nap regularly (Kurdziel et al., 2013; Riggins & Spencer, 

2020). Therefore, we predict that children who have transitioned (or are transitioning) out of 

naps will be better able to retain new information across periods of wakefulness, thus will exhibit 

successful retention regardless of whether they nap or stay awake during the delay. We predict 

that children who nap regularly, however, will need to nap soon after learning in order to retain 

the novel associations 4 hours later. 

Method 

Participants. Fifty-eight children (29 females) aged 4 years (M = 47.34 months, range = 

41.56 – 53.95 months) participated in this study. We recruited children aged 3.5-4.5 years in 

order to sample equal numbers of children who nap habitually and no longer nap habitually, as 

children transition out of naps between ages 3 and 5 years (Davis et al., 2004; Iglowstein et al., 

2003; Weissbluth, 1995). We also elected to keep the recruitment range wide (1 year) as we 

wanted to obtain data from children transitioning out of naps at different ages throughout that 

window.  
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Children were first assigned to “Habitual Napper” or “Non-Habitual Napper” groups 

based on their napping patterns given by their parents. Children were considered habitual 

nappers if they napped 4-7 days per week and non-habitual nappers if they napped 0-3 days per 

week (Sandoval et al., 2017). Within these groups, children were then randomly assigned to nap-

after-learning (“Nap”) groups or remain-awake-after-learning (“Wakefulness”) groups, resulting 

in four experimental groups: Habitual Nappers/Nap (n = 16; M = 48.39 months; range =  42.36 – 

53.95 months), Habitual Nappers/Wakefulness (n = 14; M = 45.36 months; range =  42.03 – 

50.69 months), Non-Habitual Nappers/Nap (n = 8; M = 47.93 months; range =  42.46 - 53.2 

months), and Non-Habitual Nappers/Wakefulness (n = 20; M = 47.69 months; range =  41.56 – 

53.62 months) (Figure 1a). Importantly, for each group, we aimed to recruit half of the children 

from the younger side of the age range (42-47 months) and half from the older side (48-53 

months) in order to have an equal number of children from across the age range represented in 

each condition. See Table 1 for sample composition for each group. 

An additional 9 children were tested but their data was discarded due to inattentiveness 

during the training or test session (n = 2), not completing the second session of the study (n = 1), 

the test session occurring greater than 4 hours after training (n = 1), receiving more than one 

exposure to the novel label (parent repeated labels; n = 1), child’s nap taking place in the car on 

the way to the laboratory (n = 3), or child’s nap lasting less than 30 minutes (n = 1). Further, 11 

children were tested but their data was not included in the analyses because of condition 

deviations; 2 children in the Habitual Nappers/Nap group who did not nap after learning, 1 child 

in the Habitual Nappers/Wakefulness group who ended up napping after learning, 5 children in 

the Non-Habitual Nappers/Nap group who were not able to nap after learning, and 3 children in 

the Non-Habitual Nappers/Wakefulness group who ended up napping after learning. 
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A sample size of 20 children per group was estimated using G*Power calculations (Faul 

et al., 2007). Data collection for this study was halted due to the coronavirus pandemic, thus the 

target n for all groups was not obtained, though 73% of the target sample was collected. 

 

 

 

Design. All children received a training session where they were taught the names of 

novel toys and a test session where they were tested on the toys’ names. For all children, the test 

session took place 4 hours after the training session (Figure 1b). In the Nap conditions (Habitual 

Nappers/Nap and Non-Habitual Nappers/Nap), the training sessions were scheduled 

approximately 30 minutes to 1 hour before the child’s typical nap time. For children in this group 

who were transitioning out of naps, the sessions were scheduled on a day when the child 

typically napped. For children in this group who had transitioned out of naps entirely, parents 

were asked to estimate when their child was most likely to nap, and the training session was 

scheduled approximately 30 minutes to 1 hour before the child was likely to nap. In the 

Wakefulness conditions (Habitual Nappers/Wakefulness and Non-Habitual 

Nappers/Wakefulness), the training session was scheduled at a time when the child was expected 

to be awake until the testing session 4 hours later. Thus, children in the Wakefulness conditions 

Table 1 
 
Sample Composition by Group 
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were not deprived of their nap, they were simply scheduled at a time when they were expected to 

be awake for at least 4 hours. In order to verify adherence to the assigned sleep or wakefulness 

condition a subset of children wore an Actiwatch (Actiwatch 2, Philips, Andover, MA, USA) 

during the delay (Habitual Nappers/Nap, n = 8; Habitual Nappers/Wakefulness, n = 6; Non-

Habitual Nappers/Nap, n = 4; Non-Habitual Nappers/Wakefulness, n = 5). An Actiwatch is a 

device that measures motion and sleep-wakefulness activity. Of the children who wore the 

Actiwatch, all displayed activity consistent with their assigned experimental condition (Nap or 

Wakefulness in the 4-hour window after training). Additionally, Actiwatch data showed that all 

children in the Nap condition met the 30-minute minimum nap criterion during the post-training 

4-hour window. 

 

 

 

 

  

 

 

 

Figure 1 

Study Design 
 

Note. Children were first categorized as a “Habitual Napper” or a “Non-Habitual Napper” and were then randomly 

assigned to either “Nap” or “Wakefulness” groups (a). All children participated in a training session, where they learned 

the names of novel toys and a testing session 4 hours later (b). Children in the nap groups napped between training and 

test and children in the wakefulness groups remained awake during the delay. 
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Materials. For the word learning task, novel objects were created from craft supplies and 

differed in color and distinguishing features. Each object was given a novel label (bame, gart, 

baf, or fum). Additionally, the Peabody Picture Vocabulary Test (PPVT; Dunn & Dunn, 2007) 

was administered as a measure of the child’s receptive vocabulary and an estimate of intellectual 

ability. Parents filled out a questionnaire on their child’s sleep patterns. The sleep questionnaire 

included questions about their child’s typical bedtime and risetime, number of naps their child 

takes per day, number of nap days per week, and, if their child had transitioned or begun to 

transition out of napping, the reason for transition out of napping (e.g. preschool/daycare, child’s 

desire to transition out of napping, activities that interfere with naptime, or decision from 

caregivers). Parents also completed the Conners Early Childhood Questionnaire (Conners, 2009) 

to assess behavioral and developmental milestones. The Connors Early Child Questionnaire 

assesses children on 19 domains: Inattention/Hyperactivity, Defiant/Aggressive Behaviors, 

Defiance/Temper, Aggression, Social Functioning/Atypical Behaviors, Social Functioning, 

Atypical Behaviors, Anxiety, Mood and Affect, Physical Symptoms, Sleep Problems, Global 

Index: Restless-Impulsive, Global Index: Emotional Lability, Global Index: Total, Adaptive 

Skills, Communication, Motor Skills, Play, Pre-Academic/Cognitive. Children also wore an 

Actiwatch and parents filled out a sleep diary for a week prior to the day of the study. 

Procedure. All children participated in a training session and a test session 4 hours later. 

Children learned two novel object-label pairings during the training session and were tested on 

their memory for the pairings during the test session. Half of the children napped after learning 

and the other half remained awake. A nap was defined as at least 30 minutes of sleep activity 

during the 4 hour delay (Sandoval et al., 2017; Werchan et al., in press). 
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Training. The training session took place in participants’ homes in a quiet area away 

from distractions. Children were told that they were going to play a game where they would 

learn about new toys. Children sat on the floor across from the experimenter. Children received a 

single exposure to each of two novel object-label pairs. During presentation, the experimenter 

pulled the object from a toy box and placed in front of the child. She then labeled the object once 

(e.g. “Look! A bame!”) and placed it back in the toy box (Figure 2a). The same procedure 

followed for the second novel object. Importantly, children had only one exposure to each novel 

object.  

Test. The testing session took place in the laboratory 4 hours after training. During this 

delay, children either napped or stayed awake (during a time they would typically be awake). At 

this session, children were tested on their memory for the object-label associations. Similar to the 

training session, children sat on the floor across from the experimenter. Children first 

participated in a pointing assessment with two familiar objects to ensure that each child 

understood how to use pointing to indicate their choices in the task. All children passed this 

assessment. Children then received four trials of a two-alternative forced choice test between the 

two newly learned objects (Figure 2b). For each trial, the experimenter pulled the two objects 

from the toy box and placed them side-by-side in front of the child. The experimenter then asked 

the child to point to the target object (e.g. “Which one is the bame? Can you point to the 

bame?”). The side the target object appeared on was counterbalanced across trials. After the 

word learning testing session, children participated in the PPVT. 
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Results 

Averaged memory performance for each group in our experimental design is shown in 

Figure 3.  

 

 

 

Figure 3 

Average Memory Performance by Napping Status and Delay Type 

Note. Memory performance score averaged across 4 test trials. Error bars reflect standard error. Chance 

performance is 50%. 

Figure 2 

Training and Test Procedures 

Note. During training (a), children received a single, brief exposure to 2 novel objects and labels. A 

testing session occurred 4 hours later (b) where children were given a two-alternative forced choice test 

between the newly learned objects.  
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In order to determine whether typical napping behavior plays a role in the relationship 

between memory and sleep after a delay including a nap or wakefulness, we conducted a mixed 

effects regression predicting the log odds of correctly choosing the target object at test as a 

function of delay type (Nap or Wakefulness) and typical napping status (Habitual Napper or 

Non-Habitual Napper). We allowed delay type and nap status to interact in order to determine 

whether memory performance after a period of sleep or wakefulness would differ between 

habitual and non-habitual nappers. The outcome variable was the score (correct or incorrect) for 

each of 4 test trials. Table 2 displays the results of this regression. First, napping status was a 

significant predictor of memory performance after a delay such that habitual napping was 

associated with lower odds of correctly selecting the target object at test. The interaction between 

delay type and typical napping behavior did not significantly predict memory performance after 

a delay, p = .057. 

 

 

 

 

Because previous studies have suggested developmental differences in memory networks 

between habitually napping children and non-habitually napping children (Kurdziel et al., 2013; 

Riggins & Spencer, 2020), we divided our sample based on typical napping status and analyzed 

Table 2 
 
Fixed Effect Estimates for Mixed Effects Model of Memory Performance as a Function of 

Delay Type and Nap Status 
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each group separately to determine any differences in memory performance in response to a 

period of sleep or wakefulness after learning. We conducted a second mixed effects regression 

for habitually napping children and used delay type (Nap or Wakefulness) as a predictor. The 

results of this analysis are displayed in Table 3. Here, we found that delay type did predict 

memory performance after a 4-hour delay such that the odds of selecting the correct target object 

at test for habitually napping children who nap after learning are 59.5 times that of habitually 

napping children who remain awake after learning. Finally, we conducted a third mixed effects 

regression for non-habitually napping children and used delay type (Nap or Wakefulness) as a 

predictor. The results of this analysis are displayed in Table 4. Here, delay type did not 

significantly predict the log odds of selecting the target object at test, suggesting a period of 

sleep or wakefulness after learning does not impact memory performance for non-habitually 

napping children.  

 

 

 

 

 

 

 

 

 

Table 3 
 
Fixed Effect Estimates for Mixed Effects Model of Memory Performance as a Function of 

Delay Type in Habitual Nappers 
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In order to determine whether children remembered the novel objects significantly better 

than would be expected by chance, trial scores were averaged for each child and average score 

for each experimental group was compared to chance performance (50%), using one-tailed 

Wilcoxon signed rank tests. Only habitually napping children who remained awake after learning 

failed to perform significantly better than chance, p > .05. All other groups showed performance 

that was significantly better than chance: Habitual Nappers/Nap, p < .001, r = 0.88; Non-

Habitual Nappers/Wakefulness, p < .001, r = 0.86; Non-Habitual Nappers/Nap, p = .009, r = 

0.89.  

To explore the possibility that any memory differences between habitual nappers and 

non-habitual nappers may stem from differences in vocabulary, we conducted an independent 

sample t test on children’s standard PPVT scores. This revealed no differences between habitual 

nappers (M = 114.5) and non-habitual nappers (M = 111.8); t(48) = .78, p > .05, d = 0.22. 

Additionally, we compared habitual and non-habitual nappers on the 19 subscales of the Conners 

Early Childhood Questionnaire and found no differences between children based on habitual 

napping behavior (all ps > .05). Further, we confirmed there were no differences in age between 

habitual nappers (M = 47.0) and non-habitual nappers (M = 47.8), t(56) = -0.78, p > .05, d = -

0.20. 

Table 4 
 
Fixed Effect Estimates for Mixed Effects Model of Memory Performance as a Function of 

Delay Type in Non-Habitual Nappers 
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Data from the 1-week sleep diary were analyzed to confirm that the number of naps per 

week as reported in the sleep diary was consistent with the initial condition assignment. 

Complete sleep diary data was obtained from 36 children (Habitual Nappers/Nap: 10, Habitual 

Nappers/Wakefulness: 8, Non-Habitual Nappers/Nap: 7, Non-Habitual Nappers/Wakefulness: 

11). Though a few of the sleep diary reports were off by 2 or fewer days compared to the initial 

parent reported napping days, all were consistent with the condition assignment of Habitual 

Napper (4-7 days per week) and Non-Habitual Napper (0-3 days per week). 

 

 

 

We also examined children’s restedness (i.e. the amount of time between last sleep and 

training) and found a significant difference between children in the Nap condition (M = 5.6 

hours) and children in the Wakefulness condition (M = 2.3 hours), t(54) = 8.79, p < .001, d = 

2.15. 

Table 5 
 
Means and Standard Deviations for Habitual Nappers and Non-Habitual Nappers 
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To examine factors that may impact performance in the habitual napping group based on 

delay type, correlations between nap duration and memory performance as well as time awake 

between training and nap onset were conducted. Overall, there was no correlation between nap 

duration and performance in this group r(14) = .22, p > .05. However, when this group is broken 

down into two six-month interval age ranges (42-47 months and 48-53 months), we do find a 

different pattern based on age: for the younger age group, nap duration is significantly correlated 

with performance r(5) = .78, p = .04, however nap duration and performance are not correlated 

in the older age group r(7) = .12, p > .05. These correlations are not significantly different from 

one another z = 1.43, p > .05. Regarding the delay between training and the beginning of the nap, 

younger children showed a non-significant negative correlation between the delay after training 

and performance r(5) = -0.68, p = .09. Older children showed no correlation between delay after 

training and performance r(7) = -0.005, p > .05. Again, these correlations are not significantly 

different from one another z = -1.29, p > .05. A paired sample t test revealed that the nap 

duration obtained during the delay on the day of the study was approximately 17.4 minutes 

shorter than children’s typical nap, as reported by parents t(15) = -2.15, p = .05, d = -0.66. 

For non-habitually napping children, parents were asked to indicate the reason their child 

transitioned out of naps. The vast majority of parents indicated that the reason for nap cessation 

was the child’s desire to stop napping (83%). In addition, 24% of parents reported that activities 

interfered with their child’s nap time, 14% of parents indicated that their child’s preschool or 

daycare had prompted the transition out of naps, and 17% of parents indicated that it was a 

decision by the caregivers. 
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Discussion 

Daytime sleep has previously been shown to impact memory in early childhood (Kurdziel 

et al., 2013; Sandoval et al., 2017; Williams & Horst, 2014), yet children transition out of regular 

napping, so the question of how this transition impacts sleep and memory in children remains 

unclear. Here we examine the impact of typical napping patterns on memory after a delay 

including either sleep or wakefulness. Children were given a single exposure to two novel words 

then either took their typical nap or stayed awake during the four hours after training. Children 

were then tested on the object-label pairings in a two-alternative forced choice task. Though we 

failed to find a significant interaction between habitual napping behavior and delay type, we do 

find a different pattern of retention for habitual nappers and non-habitual nappers. Non-

habitually napping children (those that have mostly or fully transitioned out of regular napping) 

remember the object-label pairings after a 4-hour delay regardless of whether they nap after 

learning or not. Children who still nap regularly must take a nap after learning in order to 

remember the object-label pairings 4 hours later. Importantly, this study also demonstrates that 

children are able to retain novel object-label pairings after only a brief exposure (one labeling).  

 These findings may suggest that as children transition out of naps, they are better able to 

retain novel information across longer periods of wakefulness. Interestingly, our behavioral 

findings map onto imaging results comparing regularly napping children with children who had 

transitioned out of naps. Children who rarely nap have smaller hippocampal subfield volumes 

(Riggins & Spencer 2019), consistent with findings that indicate a reduction in hippocampal 

subfield volume with maturation (Riggins et al., 2018). Children who rarely napped also showed 

better memory on an ordered recall task than children of the same age who were still napping 
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occasionally or regularly, leading the authors to propose that children who no longer nap 

regularly have more developed memory networks (Riggins & Spencer 2019).  

Our behavioral results discussed here also complement neurophysiological data showing 

documented changes in slow-wave activity across early childhood. Slow-wave activity (SWA), a 

type of slow oscillatory electroencephalography (EEG) activity, has long been considered a 

marker of sleep need: SWA increases across wakefulness and decreases across sleep. Kurth et al. 

(2016) measured children’s naps at three different ages using electroencephalography (EEG). At 

each age, children’s naps were measured at three times across the day—in the morning, 

afternoon, and evening. Among the developmental changes in nap physiology, a notable finding 

is a decrease in slow-wave activity (SWA) in children’s naps as they mature. SWA has long been 

considered a physiological marker of sleep pressure (Rasch & Born, 2013), so these findings 

suggest that as children age, they accumulate sleep pressure at a slower rate, allowing them to 

remain awake for longer periods of time, and eventually phase out napping.  

In the current study, a notable finding is that children in the Wakefulness groups showed 

a striking difference in memory performance across a 4-hour period of wakefulness based on 

their typical napping status. Though the same age on average, habitually napping children who 

stayed awake after learning performed much worse (no better than chance) on the memory task 

compared to non-habitually napping children who stayed awake after learning. Importantly, 

these children were not deprived of a nap—they were simply scheduled during a time they would 

already be awake. This finding may suggest that as children transition out of naps, they become 

less susceptible to interference across periods of wakefulness. Indeed, evidence from both human 

and animal studies show that memory representations are susceptible to interference during 

waking and are resistant to interference once sleep is initiated (Seibt & Frank, 2019). More 
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mature memory networks (Riggins & Spencer, 2020) may make non-habitual nappers more 

resistant to interference during wakefulness compared to habitual nappers.  

A recent theory on memory formation and retention, the contextual binding (CB) theory, 

proposes that sleep benefits memory not through active consolidation, but through a reduction in 

contextual interference (Yonelinas et al., 2019). In this theory, the hippocampus binds together 

contextual elements of an experience (for example, spatial, temporal, cognitive aspects, etc.) and 

according to CB, gradual changes in context result in memories that share similar context, which 

causes interference and forgetting. In this view, memories encoded soon before sleep are subject 

to less contextual interference as sleep reduces the possibility of encoding new information that 

would share a similar context as the learning experience. The results of the current study can be 

interpreted within this framework as we see that regardless of typical napping behavior, children 

who sleep soon after learning retain the object-label associations. This model would also predict 

that children who remain awake after learning would be subject to contextual interference as 

representations for experiences they encounter soon after learning would share some similar 

context. Importantly, we only see this pattern in children who nap habitually—non-habitually 

napping children who remain awake after learning retain the object-label associations even after 

a period of wakefulness after learning. Considered within the framework of CB, perhaps children 

who have transitioned out of naps are less susceptible to contextual interference than typical 

nappers. If children who are still napping regularly have less mature memory networks, as 

suggested by Riggins and Spencer (2020), perhaps they have less distinct contextual 

representations that lead to greater contextual overlap between memories and greater forgetting.  

One possibility is that non-habitual nappers may be more cognitively mature and 

therefore any differences in retention between non-habitual nappers and habitual nappers may be 
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attributed to cognitive differences between the two. However, unpublished work in our 

laboratory using this paradigm showed equal performance for habitual and non-habitual nappers 

on an immediate test (habitual nappers, M = 69%, non-habitual nappers, M = 73%, t(46) = -0.45, 

p > .05), suggesting equal encoding regardless of napping status. Additionally, in the current 

study, we found no evidence for vocabulary differences between habitual and non-habitual 

nappers. This finding is consistent with a previous study that found no difference in PPVT scores 

between non-habitually napping and habitually napping 3-year-olds (Sandoval et al., 2017). 

These findings are inconsistent with Lam et al. (2011) who show that smaller vocabularies were 

associated with more napping during the week. However, as discussed in Sandoval et al. (2017), 

differences in nighttime sleep duration may play help explain this difference. Children in the 

Lam et al. (2011) study obtained a lower amount of nighttime sleep than is recommended for that 

age group (Mindell & Owens, 2015). Therefore, if children are obtaining too little nighttime 

sleep, compensatory napping during the day may interfere with their nighttime sleep in either 

duration or quality, which may in turn impact cognitive functioning.  

We did find a significant difference in the wakefulness interval between when children 

last slept and training, such that children in the Nap group experienced a longer waking interval 

before training than did children in the Wakefulness group. This finding is not surprising given 

the design of the study and scheduling restrictions based on children’s typical sleep-wakefulness 

patterns. Importantly, though, we do not find that children in the Nap groups perform worse than 

children in the Wakefulness groups as a whole, thus time awake before training does not seem to 

impact the current results. 

Additionally, we found some evidence to suggest that nap duration may relate to 

performance in younger habitual nappers. For the young children in our Habitual Nappers/Nap 



 77 

group, there was evidence that the longer their nap was, the better their performance on the 

retention test. However, this pattern was not true for the older children in that group. This pattern 

of results may suggest a developmental shift within habitually napping children, where older 

habitual nappers may still need a nap, but the specifics of the nap (i.e. nap duration) may not be 

as critical for retention compared to younger children who nap regularly. 

The current study has a few limitations. First, most parents of non-habitual nappers in the 

current study indicated that their child transitioned out of regular napping of their own desire. 

This may indicate that children in the current study transitioned out of naps as they were ready, 

rather than due to external pressures. It is possible that the pattern we found here may reflect the 

relationship between sleep and memory across a natural nap transition, and children who 

transition out of naps due to external factors may show a different pattern of response to a period 

of wakefulness.  

Additionally, the current study cannot discern whether the pattern of results found could 

be attributed to active processes during sleep or the nap offering protection from interference. 

One previous study has shown that spindle activity in children’s naps correlates positively with 

their change in memory performance on an object-location memory task, suggesting sleep played 

an active role in consolidation (Kurdziel et al., 2013). However, we did not employ 

polysomnography in the current study. Future studies could measure nap physiology after novel 

word learning in children to address this. Furthermore, future studies should specifically measure 

the impact of interference during a period of wake in non-habitual nappers compared to habitual 

nappers. If non-habitual nappers are less impacted by an interference task after novel learning 

compared to habitual nappers, as would be predicted from the findings in our current study, it 
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would be evidence that as children transition out of naps, they become less susceptible to 

interference allowing them to retain novel information across longer periods of wakefulness. 

Finally, due to the coronavirus pandemic, data collection was halted, so complete 

samples could not be obtained. With a complete sample, we may have been able to better detect 

an interaction between habitual napping status and delay type. Furthermore, the sample size of 

our Non-Habitual Nappers/Nap group is relatively small (n = 8). We anticipated this problem, 

given that once children have transitioned out of regular napping, it may be difficult for them to 

nap during the day—a fact that is reflected in the number of children who were originally 

assigned to this group but were unable to nap during the delay (n = 5). However, a power 

analysis was conducted for this group showing that despite the low group size, sufficient power 

(78%) was achieved.  

Conclusion 

 Here, we show that children who have transitioned out of regular napping retain novel 

object-label associations after a 4-hour delay regardless of whether they napped after learning or 

not. However, children who still regularly nap must take a nap soon after learning in order to 

retain the novel object-label associations. When habitual nappers remained awake after learning, 

they performed no better than chance at test. Importantly, here we show that this effect is not 

purely age-related, as there were no differences in average age between habitual and non-

habitual nappers. More research is needed to better understand if daytime naps play an active 

versus protective role (or both) on memories in early childhood. The current study is consistent 

with the literature in showing that sleep is important for memory consolidation in children and 

adds new findings demonstrating that a child’s regular napping behavior may play a role in the 

relationship between sleep and memory. 
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Abstract 

Young children are exposed to new words across a variety of situations—some, where 

new objects are directly labeled (explicit encoding, EE) and some, where new objects are 

indirectly labeled (fast mapping, FM), requiring the learner to infer that the novel label belongs 

to the novel object. Previous research has separately examined learning via EE and FM in 

children, but few studies have compared EE and FM retention profiles within the same children. 

Further, research with adults has suggested different neural substrates for EE and FM and has 

shown that the representations created by EE and FM learning are differently affected by sleep. 

Given that young children take daily naps, how EE and FM retention may be differentially 

impacted by sleep or wakefulness after learning in children is an open question. Here 2.5-year-

old children learned the names of 4 new objects—2 via EE and 2 via FM. In the EE condition, 

children saw a novel object and it was directly labeled (“Look! A teece!”). In the FM condition, 

children saw a novel object beside a familiar object and were asked to select the novel object 

(“Where’s the pab?”), requiring children to reject the familiar object as the referent. Half of the 

children received EE training first and half received FM training first. Additionally, half of the 

children took their typical nap soon after learning and the others remained awake after learning. 

All children were tested on their retention for the novel object-label pairings 24 hours later. Here, 

we did not find an effect of sleep vs. wakefulness, but we did see an overall effect of learning 

order, such that children’s FM retention was impacted by which type of learning came first 

during the training session. EE retention was not impacted by learning order. Implications for 

real-world word learning, where children may be exposed to different forms of learning across a 

short period of time, are discussed. 
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Introduction 

Children are adept at word learning, and although much research has focused on 

children’s ability to learn words when they are directly labeled (e.g. “This is a ___”), children are 

also skilled at learning words when they are indirectly labeled. In the first study to examine this 

indirect form of word learning, preschool-aged children were asked to select a “chromium” tray 

from two trays side-by-side—one olive green and the other, red. Their teacher gestured at the 

trays and asked them to pick the “…chromium one. Not the red one, the chromium one.” 

Children were able to select the olive green tray by inferring that the new label belonged to the 

tray that was not red, a color commonly known by preschoolers (Carey & Bartlett, 1978). This 

ability was coined “fast mapping” by the authors.  

Successful fast mapping relies on a child’s ability to disambiguate—to select a novel 

object when hearing a novel word rather than a familiar object. Interestingly, children’s ability to 

disambiguate improves with age. Bion et al. (2013) examined the development of 

disambiguation abilities with 18-, 24-, and 30-month-olds. Eighteen-month-olds did not show 

reliable disambiguation, but by 24 months, children successfully disambiguated.  

Importantly, much of the research on fast mapping to date has only focused on children’s 

ability to disambiguate—less attention has been given to children’s ability to retain mappings 

after delays. Further, most studies have focused only on performance immediately or after short 

delays. For example, in the aforementioned study with 18-, 24-, and 30-month-olds, retention 

was tested seconds after learning—in this study, only 30-month-olds showed some evidence of 

retention (Bion et al., 2013). Another study showed that 2-year-olds retained fast-mapped words 

after a short delay (the longest delay tested was 3.5 minutes) (Spiegel & Halberda, 2011). 

However, another study showed that 2-year-olds did not retain new indirectly learned mappings 
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at a 5-minute delay, unless the indirect labeling was supplemented with direct labeling as well 

(Horst & Samuelson, 2008). Another study with 2-year-olds found that familiarizing children 

with the novel objects—but not the novel labels—before learning led to retention at a 5-minute 

delay (Kucker & Samuelson, 2012).  

A few others have looked at fast mapping retention after longer delays. In one study, 3-5-

year-olds showed retention for fast mapped words after 1 week (Sakhon et al., 2018). Further, 

Carey & Bartlett (1978) showed that children retained something about the novel words over one 

week after the initial exposure to the novel words. Another study showed that 3- and 4-year-old 

children could remember new words that had been acquired via indirect learning up to one 

month later (Markson & Bloom, 1997), though retention may be related to a high number of 

memory supports (i.e. saliency, repetition, and generation) during learning—without such 

supports during learning, 3-year-olds forget mappings across a month (Vlach & Sandhofer, 

2012). 

Children are able to learn new words via direct and indirect learning. How, then, do direct 

and indirect forms of learning compare? Few studies have systematically compared performance 

on direct and indirect learning. One study with 3-5-year-old children showed successful and 

equal retention for novel words learned via explicit encoding and fast mapping after 1 week 

(Sakhon et al., 2018). Another study with younger children examined indirect and direct learning 

of common and proper names in 2- and 3-year-olds, and found similar generalization 

performance immediately after learning for 3-year-olds. Interestingly, 2-year-olds were less 

likely to generalize common labels they learned via direct labeling compared to indirect labeling 

(Jaswal & Markman, 2001). These authors then examined whether 3-year-old children could 

retain these mappings after a delay of 2 days and found equally robust retention for indirect 
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learning and direct learning (Jaswal & Markman, 2003), though children in this study received 

multiple memory supports which, again, as described in Vlach & Sandhofer (2012) boost 

retention, and when removed, reveal rapid forgetting. 

Explicit Encoding and Fast Mapping in Adults 

More recent work has compared these distinct modes of learning in adults and has aimed 

to uncover the neural bases. In this literature, the direct form of labeling is usually referred to as 

explicit encoding (EE) and the indirect form of labeling is called fast mapping (FM). In typical 

EE paradigms with adults, subjects see a novel visual stimulus and hear the label explicitly (e.g. 

“Remember the Mangosteen.”) whereas in FM paradigms, subjects see a novel and familiar 

visual stimulus, and are asked a perceptual question containing the novel label (e.g. “Is the 

numbat’s tail pointed up?”) (Sharon et al., 2011). Interestingly, this work suggests that these two 

tasks recruit different brain areas (Atir-Sharon et al., 2015; Merhav et al., 2015; Sharon et al., 

2011, though see Greve et al., 2014; Smith et al., 2014; Warren & Duff, 2014). Further, some 

research suggests patients with hippocampal lesions are not able to learn new words via explicit 

encoding but do succeed at a fast mapping task (Sharon et al., 2011, though see Smith et al., 

2014, Warren & Duff, 2014). Explicit encoding engages the medial temporal lobe (Atir-Sharon 

et al., 2015) and representations learned via this method appear to undergo overnight 

reorganization consistent with active systems consolidation, showing an increase in 

hippocampal-vmPFC engagement after a night of sleep (Merhav et al., 2015). In contrast, fast 

mapping engages distributed cortical networks associated with the anterior temporal lobe during 

encoding (Atir-Sharon et al., 2015) and displays minimal overnight change in activity (Merhav et 

al., 2015). It has been proposed that during encoding, participants activate cortical 

representations for the familiar object (by way of rejecting it as the referent for the novel label), 
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allowing the novel label to be encoded directly into cortical stores, bypassing the hippocampus 

(Atir-Sharon et al., 2015; Coutanche & Thompson-Schill, 2014). 

Does sleep play a role? 

A large body of research has established that new hippocampal representations benefit 

from sleep (Born et al., 2006; Diekelmann & Born, 2010; Marshall & Born, 2007; Rasch & 

Born, 2013). Given that research with adults has demonstrated that explicit encoding tasks 

recruit hippocampus and fast mapping tasks do not, one might predict that sleep will impact 

representations acquired by explicit encoding but may leave representations acquired by fast 

mapping relatively untouched. To this point, in one study, adult subjects learned novel object-

label pairs either by explicit encoding or fast mapping. After learning, the subject then either 

stayed awake or slept. Subjects who learned via explicit encoding and slept during the delay 

displayed less forgetting than those subjects who stayed awake after explicit-encoding learning, 

demonstrating a protective effect of sleep on representations learned explicitly. Retention for 

representations learned via fast mapping did not differ as a function of whether the subject slept 

or stayed awake after encoding (Himmer et al., 2017).  

Sleep contributes to word learning in children, but no studies have examined retention 

profiles for words learned via explicit encoding and fast mapping in children when learning is 

followed by a period of sleep or wakefulness—a relevant concern given that young children nap 

during the day (Davis et al., 2004; Iglowstein et al., 2003). Thus, looking at retention profiles 

after a delay including either sleep or wakefulness will be an important glimpse into how these 

tasks may differentially contribute to word learning in young children and how they may be 

differently impacted by sleep.  



 90 

The aim of the following study is to compare retention profiles of words learned by 

explicit encoding and fast mapping in 2.5-year-old children after a 24-hour delay. Here, all 

children learned words both by explicit encoding and by fast mapping. Half of the children took 

a nap soon after learning, while the other children remained awake for at least 4 hours after 

learning. Retention of the new words was assessed 24 hours later. Since sleep has been shown to 

impact hippocampally processed memories, we expect to see the biggest impact of a nap on 

retention for explicitly encoded words. We expect that after a nap, children will retain more of 

the explicit encoded words compared to children who remain awake after learning. We predict 

that words learned via fast mapping will be relatively unaffected by delay type since work with 

adults suggests these representations are processed cortically, thus stand to benefit less from 

sleep. Additionally, although EE and FM learning order has not been shown to impact retention 

in older adults (Greve et al., 2014), whether it impacts retention in children is an open question. 

Methods 

Participants. Thirty-nine children (24 females) aged 2.5 years (M = 30.19 months, range 

= 28.72 – 33.16 months) were recruited for this study. This age was chosen based on previous 

findings showing that 30-month-olds show robust disambiguation of the target and the familiar 

object and encoding of the target at this age, but not before (Bion et al., 2013). Only children 

who nap on a habitual basis (4-7 days per week) were recruited. Most children this age still nap, 

thus children who do not nap at this age are atypical in the population (Davis et al., 2004; 

Iglowstein et al., 2003; Weissbluth, 1995). Children were randomly assigned to a Nap condition 

(n = 20, M = 30.20 months, range = 28.95 – 32.2 months) or a Wakefulness condition (n = 19, M 

= 30.17 months, range = 28.72 – 33.16 months). An additional 19 children participated, but their 
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data was discarded due to an object bias at test (n = 5) or a nap or wakefulness after training 

outside of the assigned conditions (n = 14). 

A sample size of 24 children per group was estimated using G*Power calculations (Faul 

et al., 2007). Data collection for this study was halted due to the coronavirus pandemic, thus the 

target n for each group was not obtained, but 81% of the target sample was collected. 

 

 

 

Design. All children received a training session, where they learned four novel object-

label pairings—two were learned via EE and two via FM. Half of the children received EE 

training first, and the other half received FM training first. Children received a testing session 24 

hours after the training session (the training order was held constant such that if children 

received EE first during training, they received EE first during test). In the Nap condition, the 

training session was scheduled approximately 1 hour before the child’s typical nap time. In the 

Wakefulness condition, the training session was scheduled at a time that the child was expected 

to be awake for at least 4 hours following training (Figure 1). In order to control for potential 

time-of-day effects, half of the children in the Wakefulness condition were trained (and tested 

the following day) at least 4 hours before their nap and the other half were trained (and tested the 

following day) at least 4 hours before their nighttime sleep. 

Table 1 
 
Sample Composition by Group 
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Materials. Pet toys that differ in color and distinguishing features were used as novel 

objects. Before the experiment began, parents saw images of the objects and were asked to 

confirm if their child had any previous exposure to the objects. All parents confirmed the objects 

were novel to their child. Each object was given a novel label (teece, zode, tep, or pab). Children 

also wore an actiwatch to confirm adherence to assigned conditions.  

Procedure. All children participated in a training session and a test session 24 hours 

later. Children learned four novel object-label pairings during the training session (two via 

explicit encoding and two via fast mapping) and were tested on their memory for the pairings 

during the test session. Half of the children napped after learning and half remained awake. A 

nap was defined as at least 30 minutes of sleep activity in the 4-hour window after training 

(Sandoval et al., 2017; Werchan et al., in press).  

Training. The training session took place in participants’ homes in a quiet area free from 

distractions. During the training session, children sat on the floor across from the experimenter. 

A small table was placed between the child and the experimenter and a toy box containing the 

novel toys was under the table. First, children participated in practice assessment with two 

familiar objects to ensure that they understood the selection task. The familiar objects were 

placed side by side on a small tray and held at the child’s eye level while the experimenter 

looked directly at the child and asked where the target familiar object was (e.g. “Where’s the 

car?”). After the experimenter asked the question, the tray was placed on the table in front of the 

child so the child could make their selection. The practice assessment continued until children 

selected the correct objects. 

Children then participated in either EE or FM learning. The order in which children 

participated in the learning was counterbalanced across participants, thus half of the children 
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received EE learning first and then FM learning and the other half received FM learning first and 

EE learning second. The EE and FM learning sessions consisted of a pre-exposure phase and a 

labeling phase (Figure 1). During the pre-exposure phase, the two novel objects were placed on 

the table in front of the child, and children were encouraged to interact with the toys. Previous 

research demonstrates that children this age are better able to learn via fast mapping when they 

have time to view the objects briefly before learning the label (Kucker & Samuelson, 2012). 

During the pre-exposure phase, the experimenter drew attention to both objects equally and gave 

verbal cues (e.g. “Look!”, “Wow!”), but did not label the objects. Children then received the 

labeling phase of the learning session. The two learning conditions were separated by a 5-minute 

break, where children played quietly with the experimenter. The toys used during the break were 

unrelated to the study and did not contain any language content. 

In order to verify adherence to the assigned sleep or wakefulness condition, an Actiwatch 

(Minimitter, Respironics, Inc., Murrysville, PA, USA) was placed on children after the training 

session. An Actiwatch is a device that measures motion and sleep-wakefulness activity. Only 

some of the children wore the Actiwatch during the interval after training (Nap condition, n = 11, 

Wakefulness, n = 9). Of the children who wore the Actiwatch, all displayed activity consistent 

with their assigned experimental condition (Nap or Wakefulness in the 4-hour window after 

training). Additionally, Actiwatch data showed that all children in the Nap condition met the 30-

minute minimum nap criterion during the post-training 4-hour window. 
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Explicit Encoding Learning (Figure 2a). All children learned two of the novel object-

label pairings via explicit encoding. For both EE objects, children were shown the novel object 

and the label was given explicitly (e.g. “Wow! A teece!”). Children were given 2 exposures per 

novel object. 

Fast Mapping Learning (Figure 2a). All children learned two of the novel object-label 

pairings via fast mapping. For both FM objects, the novel object and a familiar object were 

placed side-by side on a small tray. Children were exposed to the novel label by way of asking 

Figure 1 

Study Design 

Note. For both EE and FM learning, children received a pre-exposure phase and a labeling phase. During the pre-

exposure phase, children had the opportunity to interact with the novel objects. During the labeling phase, children 

heard the labels for the novel objects. Training/test order was counter-balanced across participants. A 5-minute 

break separated the two learning/test conditions. 
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them to select the novel object (e.g. “Where’s the pab?”). The tray with the objects was held at 

the child’s eye level above the table as the experimenter asked the question looking directly at 

the child. The experimenter then placed tray on the table in front of the child for them to make 

their selection. Children had 2 exposures per novel object. The side that the novel object 

appeared on was counterbalanced across training trials. 

Test (Figure 2b). The testing session took place in the laboratory 24 hours after the 

training session. During the testing session, children were tested on their memory for the object-

label associations they learned during training. First, children participated once again in the 

practice assessment to ensure they understood the selection task. Children were then tested in the 

same order in which they were trained (i.e. if they received EE learning first during training, they 

received the EE test first during testing). As in the training session, there was a 5-minute break 

between each test where children played quietly with the experimenter. The toys used during the 

break were unrelated to the study and did not contain any language content. For both EE and FM 

testing sessions, children received four trials of a two-alternative forced choice test between the 

two newly learned objects. During each trial, the two objects were placed side by side on a small 

tray and the child was asked to point to the target object (e.g. “Where’s the teece?”). The tray 

with the objects was held at the child’s eye level above the table while the experimenter looked 

directly at the child. Once the experimenter had finished the question, it was placed on the table 

in front of the child for them to make their selection. Children were tested twice per object. The 

trials were split into two blocks and the side that the target object was presented on was 

counterbalanced across blocks. 
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Results 

Averaged memory performance is shown in Figure 3.  

 

 

 

 

 

 

 

 

 

 

“Wow!	A	teece!”	 “Where’s	the	pab?”	

(a)	Training	

Explicit	Encoding	 Fast	Mapping	

(b)	Test	

Explicit	Encoding	and	Fast	Mapping	

“Where’s	the	teece?”	

Figure 2 

Training and Test Procedures 

Note. During training, children learned 4 novel object-label associations (two via EE and two via FM) (a). During explicit 

encoding training, children saw the novel object while it was explicitly labeled. During fast mapping training, children saw a 

novel object next to a familiar object and were asked to select the novel object. At test (b), children received a two-

alternative, forced choice test for both EE and FM words requiring them to select between the target and nontarget. 
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In order to verify that children were able to disambiguate during fast mapping learning, 

we compared their rate of selecting the novel object to chance (50%) using one-tailed t tests. 

Children in both the Nap and Wakefulness conditions selected the novel object at a greater rate 

than would be expected by chance (Nap group: M = 83%, t(39) =10.40, p < .001, d = 1.64; 

Wakefulness group: M = 82%, t(37) = 7.96, p < .001, d = 1.29), demonstrating that children in 

both groups were successful at disambiguation in the fast mapping training session. Additionally, 

children in the Nap and Wakefulness groups were not significantly different from one another 

t(71) = 0.18, p > .05, on disambiguation during fast mapping learning, nor were there significant 

differences in disambiguation based on order (EE first, M = 77%; FM first, M = 86%; t(62) =  

-1.93, p > .05. 

Note. Memory performance score averaged across 4 test trials for each learning condition. Error bars reflect 

standard error. Chance performance is 50%. 

Figure 3 

Average Memory Performance by Learning Condition and Learning Order 
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 Table 2 shows the means and standard deviations for all of the variables contributing to 

children’s retention after the delay. In order to test whether there was an effect of order or delay 

type on explicit encoding and fast mapping retention we conducted a mixed effects regression 

predicting the log odds of correctly choosing the target object at test as a function of delay type 

(Nap or Wakefulness), learning condition (Explicit Encoding and Fast Mapping), and learning 

order (Explicit Encoding first or Fast Mapping first). The outcome variable was the score 

(correct or incorrect) for each of 8 test trials. Table 3 displays the results of this regression.  

 

 

 

 

 

 

 

 

 

 

 

Table 2 
 
Means and Standard Deviations for Retention Scores 
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Here, we found a significant two-way interaction between learning order and learning 

condition, p < .01, such that the effect of learning condition differed by learning order. Children 

who received FM learning first outperformed those that received EE learning first on their FM 

retention. However, EE retention was not impacted by learning order. Additionally, averaged 

means for each group were compared to chance performance (50%) using one-tailed t tests. 

These analyses revealed that children’s fast mapping retention in the FM first group (M = 78%) 

was significantly above chance performance, t(17) = 3.57, p = .001, d = 0.84, as was explicit 

encoding retention in the FM first group (M = 67%), t(15) = 1.90, p = .04, d = 0.48. Averaged 

retention for fast mapping and explicit encoding in the EE first group did not significantly differ 

from chance (M = 41% and M = 60%, respectively; both p > .05). 

  There were no significant differences in time of training between Nap and Wakefulness 

groups, eliminating the possible influence of circadian differences (Nap group: M = 11:43 AM; 

Wakefulness group: M = 11:45 AM), t(41) = -0.05, p > .05. 

Table 3 
 
Fixed Effect Estimates for Mixed Effects Model of Memory Performance as a Function of 

Delay Type, Learning Condition, and Learning Order 
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Nap duration did not correlate significantly with EE retention, r(15) = .32, p > .05, or FM 

retention r(18) = .27, p > .05. Time awake after learning was also not significantly correlated 

with either EE retention r(15) = .01, p > .05, or FM retention r(18) = .29, p > .05. We also 

examined children’s restedness (i.e. the amount of time between last sleep and training) and 

found that there was a significant difference between children in the Nap condition (M = 4.94 

hours) and children in the Wakefulness condition (M = 2.07 hours), t(66) =7.65, p < .001, d = 

1.74. 

Discussion 

Young children are skilled word learners and can learn new labels for objects in 

situations where the objects are explicitly labeled as well as more ambiguous situations, where 

new objects are indirectly labeled. Currently, there are gaps in our understanding of how 

retention for object-label mappings learned via explicit encoding compares to retention for 

mappings learned via fast mapping in children. Additionally, little is known regarding the role 

sleep might play in these distinct learning processes. In the current study, we sought to compare 

retention for explicitly encoded and fast mapped novel object-label associations after delays 

including a period of sleep or wakefulness directly after learning. Children learned the names of 

4 novel toys (2 via explicit encoding and 2 via fast mapping), and half of the children took their 

typical nap soon after learning, while the other half remained awake for at least 4 hours after 

learning. All children were tested 24 hours later. Here we found that a nap or wakefulness after 

learning did not differentially impact retention for associations acquired by EE or FM. However, 

we did find that learning order differently impacted retention for EE and FM, such that when 

children received EE learning first during the training session, their FM retention suffered 

compared to children who had received FM learning first during training. EE retention scores 
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were not impacted by learning order. Thus, children did not simply demonstrate better retention 

for the learning type that they were first exposed to. 

The question of whether learning order matters with respect to EE and FM learning has 

been discussed to some degree in the adult literature. Since fast mapping is considered an 

incidental task, it is possible that participating in a task that requires intentional learning (i.e. 

explicit encoding) just before participating in a fast mapping task may “contaminate” fast 

mapping learning (Greve et al., 2014). Because of this possibility, other within-subject studies 

examining EE and FM have elected to give all participants FM training before EE training 

instead of counterbalancing training order (Sharon et al., 2011; Smith et al., 2014). However, in 

that type of design, EE learning is always subject to potential proactive interference. One study 

with older adults did counterbalance learning order and found no impact of learning order on 

retention (Greve et al., 2014). The current study also used a counterbalanced design, however we 

did see an effect of learning order on retention. This may be because, compared to older adults, 

young children may be more susceptible to interference, thus the 5-minute break between EE and 

FM sessions in our study may not have provided enough separation between the learning tasks to 

eliminate the potential for interference. Given that our results showed that EE retention did not 

differ on the basis of learning order, but FM did, it is possible that receiving EE training first 

contaminated later FM learning. Indeed, children who received FM training first numerically 

outperformed children who received EE training first on FM disambiguation during learning. 

This may be evidence to support interference at encoding.  

Relating our findings to models laid out in the adult literature, it is additionally possible 

that the timescales on which EE and FM learning operate may have caused interference as well. 

Representations acquired via explicit encoding have been shown to engage the hippocampus in 
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adults (Merhav et al., 2015; Sharon et al., 2011). Though hippocampal representations can be 

acquired rapidly, they are subject to stabilization and consolidation processes that may extend 

past several minutes (Rasch & Born, 2013). However, the adult literature has shown that fast 

mapping does not recruit hippocampal networks (Merhav et al., 2015; Sharon et al., 2011). 

Instead, representations acquired via fast mapping are rapidly integrated into cortical stores 

(Coutanche & Thompson-Schill, 2014). Might these findings help explain the results of the 

current study? Perhaps a 5-minute break after EE learning is not enough time for the 

representations to stabilize for further consolidation, which may help explain the overall low 

performance of children who received EE learning first and may help explain our lack of 

findings related to sleep or wakefulness. If fast-mapped representations are indeed rapidly 

integrated into cortical stores, they should suffer less (or not at all) from an EE learning 

experience soon after FM learning. Other studies have addressed this issue by training subjects 

on EE and FM mappings 24 hours apart (Merhav et al., 2015). Our laboratory is now examining 

this issue by training children on EE and FM mappings in separate learning sessions on different 

days. This design should mitigate any effects of interference between the two types of learning.  

Interestingly, the current study did not show an effect of sleep after learning on retention. 

These findings are in contrast to other studies in the literature that do find that a nap after 

learning is associated with better retention (Esterline & Gómez, in preparation; Kurdziel et al., 

2013; Williams & Horst, 2014) and generalization (Sandoval et al., 2017, Werchan et al., in 

press). It is unclear why the current study did not find an effect of sleep. One possibility could be 

related to the children’s ages, given that children in the aforementioned studies were older than 

36 months (aside from Werchan et al., in press), though even at 30 months (which was the 

average age in the current study) children should exhibit a sleep-dependent effect on precise 
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retention (Gómez & Edgin, 2015). Children in the Werchan et al. (in press) study were the same 

age on average (M = 31.44 months) and the sleep-wakefulness design was similar to the design 

used in the current study. Children in Werchan et al. (in press) however, did show an effect of 

sleep, such that children who napped soon after learning outperformed children who remained 

awake for at least 4 hours after learning on a generalization test 24 hours later. Importantly 

children in Werchan et al. (in press) received more exposures to novel labels (6 exposures) than 

children in the current study (2 exposures). Though piloting of the current study revealed equal 

and above chance retention after a 5-minute delay of EE and FM learning with 2 exposures, it is 

possible that 2 exposures was not enough to induce stabilization or consolidation processes 

during the nap. 

Another possibility could be related to learning order. As discussed above, other studies 

with adults (Greve et al., 2014; Sharon et al., 2011; Smith et al., 2014) trained all subjects on FM 

associations first due to possible “contamination” of an explicit, or intentional task taking place 

before incidental learning (Greve et al., 2014). Thus, it is also possible that for children who 

received EE training first in the current study, the explicit nature of the EE learning task rendered 

the following FM learning less incidental. If that were the case, we may not have captured a clear 

measure of fast mapping in those children. In contrast, children who received FM training first 

would not have been first exposed to a more intentional task, possibly resulting in a truer 

measure of fast-mapping, unaffected by proactive interference. Interestingly, when looking only 

at children who received FM training first, we see a pattern of results consistent with our 

predictions and with findings from a similar study in adults (Himmer et al., 2017). In the FM first 

group, EE scores for children who napped soon after learning were numerically higher than 

children who remained awake after learning (82% versus 56%, respectively). In contrast, FM 
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scores were numerically similar regardless of whether children napped or stayed awake after 

learning (76% versus 81%, respectively), though a two-way mixed ANOVA did not reveal a 

significant interaction F(1,13) = 0.22, p > .05. Larger sample sizes and separation of EE and FM 

learning may help address this issue and better identify the nature of EE and FM tasks and how 

they are impacted by sleep. 

Another factor could be time awake before the learning session. In the current study, 

children in the Nap condition experienced more wakefulness before learning than children in the 

Wakefulness condition. Previous research has shown that longer periods of wakefulness prior to 

learning is related to worse episodic encoding ability (Feld & Diekelmann, 2015; Mander et al., 

2011). It is possible that this may also help account for why we did not see a difference based on 

delay type here, though if that were true, we would have likely seen better performance in the 

Wakefulness group, which we did not see here. 

Of course, it is possible that a combination of these factors may have contributed to the 

lack of a sleep-dependent effect in the current study, though importantly, children are likely 

exposed to multiple forms of learning in quick succession across a day. Thus, how the 

developing brain is able to resolve issues related to the dynamic nature of real-world learning 

and the role of sleep therein remains open.  

Additionally, although the neural underpinnings of EE and FM tasks have been 

investigated in adults (Sharon et al., 2011) they have not yet been examined in children (likely 

due to the practical difficulties associated with neuroimaging in young children). Thus, 

predictions from the adult literature may not necessarily hold in children this age. 

A possible limitation of this study is that the FM learning condition lacked enough 

semantic content for a strong FM effect. Some have suggested that fast mapping occurs because 
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novel objects are presented alongside familiar objects—the familiar object activates a schema, 

which allows the novel word to be integrated in to cortical stores (Coutanche & Thompson-

Schill, 2014; Merhav et al., 2015; Sharon et al., 2011). The stimuli used in this study were novel 

pet toys and the familiar objects were everyday toys that children had experience with (car, dog, 

duck, ball). Though children were told they were going to play a game with toys, it is possible 

that a “toy” schema may not be specific or strong enough to elicit integration via schema 

activation.  

Conclusion 

 Explicit encoding and fast mapping are two forms of learning that children rely on to 

learn novel words. This study examined retention profiles for representations learned via EE and 

FM after sleep and wakefulness delays and tested the impact of learning order on retention in 

2.5-year-old children. Here we show that learning order does impact FM retention 24 hours after 

learning, such that children who receive FM learning first outperform children who receive EE 

learning first on FM retention. We do not show an impact of sleep versus wakefulness in this 

study. Future research in our laboratory will address the potential impact of interference in this 

design by administering EE and FM learning and testing on separate days. 
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