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A B S T R A C T   

Time is a critical feature of episodic memory—memory for events from a specific time and place (Tulving, 1972). 
Previous research indicates that temporal memory (memory for ‘when’) is slower to develop than memory for 
other details (e.g., ‘what’ and ‘where’), with improvements observed across middle and late childhood. The 
factors that drive these changes are not yet clear. We used an event-related potential (ERP) recognition memory 
paradigm to investigate the underlying processes of memory for temporal context in middle to late childhood 
(7− 9-year-olds; 10− 12-year-olds) and young adulthood. Behaviorally, we observed age-related improvements in 
the ability to place events in temporal context. ERP analyses showed old/new effects for children and adults. We 
also found brain-behavior relations for 1) episodic memory (ERP mean amplitude difference between source hits 
and correctly identified new trials was correlated to behavioral accuracy), and 2) temporal memory (ERP mean 
amplitude difference between source hits and source error trials was correlated to accuracy of temporal memory 
judgments). This work furthers our understanding of the cognitive processes and neural signatures supporting 
temporal memory development in middle to late childhood, and has implications for episodic memory devel-
opment more broadly.   

1. Introduction 

The events of our lives are organized by when they occurred 
(Friedman, 1993), and fall into certain lifetime periods (e.g., when I was 
in college; Conway and Pleydell-Pearce, 2000). Tulving’s (1972) defi-
nition of episodic memory—memory for events from a particular time 
and place—includes temporal organization as a critical feature. We can 
remember the temporal order of events (relating events to each other in 
time; e.g., X came before Y) and the broader temporal context (placing an 
event on a conventional or arbitrary time scale; e.g., event occurred in 
January; event occurred in List 1). Although temporal memory is an 
integral part of episodic memory, relatively little is known about tem-
poral memory development, especially memory for temporal context, 
and even less is known about the cognitive and neural processes sup-
porting temporal memory in childhood. 

Memory for temporal order emerges in infancy (Bauer, 2007), and 
shows continued development throughout childhood (Canada et al., 
2020; Friedman, 1991; Pathman et al., 2013a; Pathman et al., 2013b; 
Pathman and Ghetti, 2014; Picard et al., 2012). Memory for temporal 
context also shows age-related improvements, however fewer studies 

exist. From early to middle childhood, children’s ability to place events 
on arbitrary and conventional time scales (e.g., season) improves with 
age (Friedman, 1991; Friedman and Lyon, 2005; Pathman et al., 2013b), 
and studies with older children and adults show age-related improve-
ments into adolescence (Czernochowski et al., 2009; Pathman and 
Ghetti, 2014). For example, researchers found age-related improve-
ments in accuracy between 7- and 10-year-olds, and 10-year-olds and 
young adults, when participants judged the arbitrary temporal context 
of past events (participants selected the object that had appeared in the 
same study trial as a cue object, among distractors from other study 
trials; Pathman and Ghetti, 2014). Temporal memory, including mem-
ory for temporal context, shows a protracted development. To under-
stand the cause of age-related changes in memory for temporal context, 
researchers can examine underlying cognitive and neural processes. 

Two main processes are implicated in temporal memory: recon-
struction and distance-based processes (Friedman, 1993, 2014). 
Reconstruction processes are slow, effortful processes that involve 
remembering event details, combined with semantic time knowledge, to 
infer when past events occurred (e.g., “My trip to Montreal occurred in 
the winter, because I remember that it was snowing”). Distance-based 
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processes rely on impressions of memory strength to infer when events 
took place (i.e., more vivid memories occurred more recently). Chil-
dren’s ability to engage in reconstruction processes improves across 
childhood (Friedman, 1991; Friedman and Lyon, 2005; Pathman et al., 
2013b), however, less is known about children’s use of distance-based 
processes. Before age 12 children cannot describe the advantages of 
using distance-based processes, but it is possible that children use these 
processes without being aware of them (see Friedman, 2007, for dis-
cussion). Indeed, a study that manipulated elapsed time between events 
found that 8− 10-year-olds and adults rely on distance-based processes 
to judge temporal order of two past events (Pathman et al., 2013a). 
Further work is needed to understand children’s use of distance-based 
processes to judge temporal context. 

Event-related potentials (ERPs) are often used to study the neural 
substrates of episodic memory (see Voss and Paller, 2017, for review), 
due to the high temporal resolution, which allows isolation of neural 
responses to specific stimuli before overt behavioral responses occur 
(Friedman and Johnson, 2000). Temporal memory is a type of source 
memory—memory for perceptual and contextual information associated 
with an event (Johnson et al., 1993). In source memory ERP paradigms, 
participants study items associated with contextual information (e.g., 
colored background), and during retrieval participants identify ‘old’ 
items from encoding and their context (i.e., background color) and ‘new’ 
items that were not included in the encoding phase (Cycowicz et al., 
2003). Differences in ERP waveforms for correctly recognized ‘old’ and 
‘new’ stimuli are referred to as old/new or episodic memory (EM) effects 
(Cycowicz, 2019; Friedman and Johnson, 2000). 

As reviewed by Riggins, Rollins, and Graham (2013), EM effects can 
include ERP differences between all old (i.e., source-correct, source- 
incorrect) and new trials and between source-correct and correct re-
jections. ERPs for source-correct/source-incorrect trials are often more 
positive compared to new trials (see Friedman and Johnson, 2000, and 
Voss and Paller, 2017, for reviews), but there is also evidence that ERPs 
for source-correct/source-incorrect trials can be more negative 
compared to new trials (Cycowicz et al., 2003; Czernochowski et al., 
2009). Additionally, old/new effects that are observed for children often 
differ in topography and timing compared to adult effects (Cycowicz 
et al., 2003; Czernochowski et al., 2005, 2009). 

The aims of the current study were to use a laboratory-based task to 
examine the development of memory for temporal context from middle 
to late childhood (i.e., 7- to 9-year-olds and 10- to 12-year-olds) and into 
adulthood, and to investigate behavioral accuracy and associated neural 
activity using ERP. The use of laboratory-based studies is ideal for 
studying mechanisms and processes involved in memory for temporal 
context because items are placed on arbitrary time scales, which does 
not allow for reliance on knowledge of conventional time or scripts and 
routines to make temporal judgments. We adapted a traditional recog-
nition memory paradigm to include a temporal component by sepa-
rating the presentation of two object lists (i.e., List 1, delay, List 2), 
similar to previous studies (Curran and Friedman, 2003, 2004; Trott 
et al., 1999). ERPs were recorded during retrieval, where participants 
identified objects from the previous lists and novel objects. The task 
design encouraged the use of distance-based processes, as opposed to 
reconstruction, because study context remained the same between lists 
and thus participants had to rely on memory strength to differentiate 
lists (Curran and Friedman, 2003, 2004). We predicted age-related im-
provements in behavioral accuracy, and differences in ERP waveforms 
between source hits (correctly identified list) and correct rejections 
(correctly identified new items). We expected to see differences in the 
timing and/or topography of the ERP effects for children compared to 
adults. We also expected to observe meaningful individual differences 
that underscore brain-behavior relations. 

2. Materials and methods 

2.1. Participants 

One hundred and three children and adults participated in this study. 
Child participants were recruited from a mid-sized city in the South 
Eastern United States, and adult participants were either university 
students or community volunteers. Fourteen participants were excluded 
from data analyses for reasons explained in Supplemental Methods. The 
final sample consisted of twenty-nine 7- to 9-year-olds (Mage=8.37, 
SD = 0.84; 17 females and 12 males), twenty-nine 10- to 12-year-olds 
(Mage=11.55, SD = 0.91; 14 females and 15 males), and 31 young 
adults (Mage=21.80, SD = 3.21; 16 females and 15 males). All partici-
pants provided informed consent, which included written parental 
consent, children’s verbal or written assent, and written consent for 
adults. Each participant took part in one session that was approximately 
2 h in length, including breaks. Families of child participants received 
monetary compensation ($10), and adults either received course credit 
or monetary compensation ($10). 

2.2. Stimuli 

Visual stimuli for the temporal memory task consisted of 150 pho-
tographs of everyday objects selected from the Bank of Standardized 
Stimuli Version 1.0 (BOSS; Brodeur et al., 2010). Each image was placed 
on a gray background, with dimensions of 1920 × 1080 pixels and a 
resolution of 72 dpi. The 150 images were randomly assigned to one of 
three lists (50 images per list); each list was counterbalanced across 
participants such that it served as List 1, List 2, or New (see below). 

2.3. Procedure 

After consenting procedures, participants began the temporal 
memory task, composed of an encoding and a retrieval phase. During 
encoding, participants saw two lists of 50 objects each on a computer 
screen (i.e., List 1, List 2) separated by a 10-minute break. For each list, a 
fixation (+) appeared on the screen for 500 ms prior to each image, and 
then each image was presented for 2 s. Participants indicated if they 
would see each object at school by pressing either the left button for 
“Yes,” or the right button for “No” on a response box. After encoding, 
participants were fitted for an electrode cap, and application of the cap 
took about the same amount of time for the children and adults (M 
younger children = 21.38 min, M older children = 19.13 min, M 
adults=23.95  min). During retrieval, participants saw old objects (i.e., 
objects from Lists 1 and 2) and new objects (not from encoding) for 2 s 
each. A fixation (+) preceded each object, and the timing varied from 
1,500− 2,500 ms. Participants identified each object as being from List 1, 
List 2, or New using the response box, similar to Curran and Friedman 
(2003, 2004). After the temporal memory task, participants completed 
the Vocabulary and Matrix Reasoning subtests of the Wechsler Abbre-
viated Scale of Intelligence: Second Edition (WASI-II; Wechsler, 2011). 
At the end of the session, participants completed additional tasks outside 
the scope of this paper. 

2.4. Electroencephalogram (EEG) recording and data processing 

We recorded EEG with Ag/AgCl active electrodes using the Brain 
Vision actiCHamp amplifier and PyCorder computer software. The 
electrophysiological data was processed using Brain Vision Analyzer 2.0 
software. Data were filtered at a low cutoff of 0.1 Hz and a high cutoff of 
40 Hz. We re-referenced the data to linked mastoids (Czernochowski, 
et al., 2005; Sprondel et al., 2011). Ocular correction was applied using 
the Analyzer ICA (Independent Component Analysis; Makeig et al., 
1996) method, and then manual inspection confirmed segments iden-
tified as blinks. All 150 trials were selected in a 2000 ms epoch that was 
representative of the 2000 ms presentation time during the retrieval 
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task, with a 200 ms baseline correction applied to all trials. The criteria 
for artifact rejection was +/- 150μV, and we employed the Brain Vision 
Analyzer 2.0 semiautomatic procedure, which screens for 
muscle-related artifacts. We then used manual inspection to confirm the 
removal of artifacts and specific electrodes if needed. 

ERPs were averaged for each of the following conditions based on 
behavioral responses: source hits (old items; correctly identified as 
either List 1 or 2), source errors (incorrectly identified list) and correct 
rejections (new items; correctly identified as new). The trial numbers for 
source hits per group were: 7- to 9-year-olds (M = 39.59, SD = 7.94, 
Range: 21–54), 10- to 12-year-olds (M = 49.38, SD = 8.58, Range: 
30–65), and adults (M = 59.23, SD = 7.32, Range: 42–72). The trial 
numbers for source errors were: 7- to 9-year-olds (M = 33.86, SD = 6.69, 
Range: 16–46), 10- to 12-year-olds (M = 31.90, SD = 6.93, Range: 
19–47), and Adults (M = 32.45, SD = 6.07, Range: 21–46). The trial 
numbers for correct rejections were: 7- to 9-year-olds (M = 41.14, 
SD = 5.41, Range: 26–49), 10- to 12-year-olds (M = 45.03, SD = 3.63, 
Range: 36–50), and adults (M = 47.32, SD = 2.81, Range: 39–50). For 
each age group and trial type, the number of trials was well above the a 
priori trial cutoff (15 trials). Trial numbers were similar to previous 
work on ERPs of source memory with similar age groups (Czerno-
chowski et al., 2009; Sprondel et al., 2011). Additionally, we used mean 
amplitude as the dependent measure which is not biased by condition 
differences in trial numbers (Luck, 2014). 

3. Results 

3.1. Behavioral data 

We will refer to 7- to 9-year-olds as ‘younger children’ and 10- to 12- 
year-olds as ‘older children.’ Table 1 shows all the different response 
categories. 

We examined age group and List (i.e., List 1 versus List 2) differences 
for the following response types: source hits (e.g., correctly identifying 
List 1 items as List 1, List 2 items as List 2), source errors (e.g., incor-
rectly identifying List 1 items as List 2, List 2 items as List 1), and false 
alarms (i.e., incorrectly identifying a new item as either List 1 or List 2). 
Source hits proportions reflect how many total source hits participants 
had out of a total of 100 old items (i.e., 50 items in List 1, 50 items in List 
2). Similarly, source errors proportions reflect how many total source 
errors participants had out of a total of 100 old items. We examined the 
responses by List to see if there were any differences in memory for more 
distant compared to more recent events. Additionally, we looked at the 
effect of age group on correct rejections. Source errors and false alarms 
analyses are presented in Supplemental Results. 

3.1.1. Source hits 
To investigate age differences in memory for temporal context, we 

first ran a 2 (List: List 1, List 2) x 3 (Age group: 7- to 9-year-olds, 10- to 
12-year-olds, adults) ANOVA on source hits. There was a main effect of 
age group, F(2, 86) =20.15, p < 0.001, ηp

2 = 0.319. Follow-up compari-
sons showed significant differences between all three groups: adults (M 
= 0.62, SD = 0.06) had more overall source hits than both younger 
children (M = 0.51, SD = 0.06; p < 0.001) and older children (M =0.58, 
SD = 0.08; p = 0.037), and older children had more overall source hits 
than younger children (p<0.001). The pattern here indicates that 

memory for temporal context improves from middle to late childhood. 
There was also a main effect of list, F(1, 86) = 5.55, p = 0.02, ηp

2 =0 .061, 
indicating that across age groups there were more List 2 hits (M = 0.61, 
SD = 0.16) than List 1 hits (M = 0.54, SD = 0.18). There was no list by 
age group interaction, F(2, 86) = 2.24, p = 0.11, ηp

2=0.050. 

3.1.2. Correct rejections 
There were no age differences in correct rejections, F(2, 86) = 1.24, 

p = 0.29, ηp
2 =0 .028. Across age correct rejections were very high: 

younger children (M = 0.96, SD =0 .04), older children (M = 0.97, 
SD =0 .03), and adults (M=0.97, SD =0 .04). 

3.2. ERP data 

We included 9 electrodes (F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4) in 
the following analyses based on previous work examining old/new ef-
fects in children and adults with source memory tasks (Czernochowski 
et al., 2005; Haese and Czernochowski, 2016; Riggins and Rollins, 2015; 
Riggins et al., 2013; Rollins and Riggins, 2013; Sprondel et al., 2011) 
and previous temporal source studies with these 9 electrodes in adults 
(Trott et al., 1997, 1999; see also Curran and Friedman, 2004). We 
conducted ANOVAs with the factors Coronal plane (frontal, central, 
parietal), Sagittal plane (left, midline, right), and Age group (7- to 
9-year-olds, 10- to 12-year-olds, adults) for each of the following con-
dition comparisons: (a) source hits versus correct rejections, (b) source 
errors versus correct rejections, and (c) source hits versus source errors. 
Analysis (a) is presented in the main manuscript; (b) and (c) are in 
Supplemental Results. The dependent measure for all analyses was mean 
amplitude. Only significant effects with Condition will be reported and 
discussed. Greenhouse-Geisser corrected p-values and uncorrected de-
grees of freedom are reported for instances where sphericity was 
violated. Interactions with the Condition were followed up with addi-
tional ANOVAs and t-tests, as appropriate. All ERP results tables report 
direction of effects. We focus on Condition differences in either direction 
(e.g., source hits mean amplitude more positive or more negative than 
correct rejections mean amplitude), given that previous studies have 
found both types of differences (Cycowicz et al., 2003; Czernochowski 
et al., 2009). 

The ANOVA analyses reported in the main manuscript (source hits 
and correct rejections) is consistent with Curran and Friedman’s (2003, 
2004) investigation of ERPs and adults’ memory for temporal context 
because they only analyzed correct responses (e.g., correct list items, 
correctly identified new items). As a reminder, our retrieval task, like 
theirs, did not require participants to make an initial old/new judgment 
followed by a source judgment (e.g., List 1, List 2). Rather, participants 
identified items as being from either List 1, List 2, or New. Given that 
participants’ judgments of temporal context were combined with 
judging items as ‘old,’ the comparison between source hits and correct 
rejections is not just a comparison of correct responses to ‘old’ and ‘new’ 
stimuli. A source hit indicates that participants both recognized an item 
as old and correctly recalled its temporal context. 

ERP analyses focused on post-stimulus time windows beginning at 
300− 500 ms. This window was selected since it is the earliest window 
used by Curran and Friedman (2004). Given that we expected effects in 
later time windows in children compared to adults, and might expect 
effects in different time windows due to methodological differences 
between the present work and past studies, we report an objective, 
exploratory approach (not based on visual inspection of grand aver-
ages). We started with the 300− 500 ms time window and examined 
subsequent time windows in 200 ms duration intervals up to 1900 ms. 
Note that Curran and Friedman report results from early time windows 
(300− 500 & 500− 700 ms) and late time windows (800–1800ms) in 
separate papers (2003, 2004). Time windows also generally overlap 
with other studies examining temporal memory and ERPs with adults 
and children (Czernochowski, et al., 2009; Trott, et al., 1997; 1999). We 
do not correct for multiple comparisons in the omnibus ANOVAs since 

Table 1 
Temporal Memory Task Response Categories.   

Trial Types    
List 1 List 2 New 

Participant Responses    
List 1 Source Hit Source Error False Alarm 
List 2 Source Error Source Hit False Alarm 
New Miss Miss Correct Rejection  
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the analysis approach is exploratory, given the novelty of this work, not 
confirmatory. This follows statistics guidelines (Bender and Lange, 
2001). However, we provide all of the significance levels so that readers 
can focus on particular results at their own discretion. For example, they 
may choose to use Bonferroni correction and only focus on effects for 
which the p-value is less than 0.006 (0.05 divided by 8 time windows 
equals 0.00625; noted in tables as effects with 3 asterisks). However, we 
also note that previous papers have suggested that Bonferroni is too 
stringent (e.g., Perneger, 1998). See Fig. 1 for grand averages for each 
age group. 

3.2.1. Source hits versus correct rejections 
Results for the Condition x Age Group x Coronal x Sagittal ANOVA 

are reported in Table 2 for all time windows. In the earliest time window 
(300− 500 ms), mean amplitude for source hits was more positive than 
correct rejections for both older children and adults (consistent with 
effects for adults in Curran and Friedman, 2004). Both older children 
and adults showed these effects in sites that included frontal electrodes 
and Pz; additionally, older children showed effects in P3, whereas adults 
showed additional effects in midline and right hemisphere sites. For the 
500− 700 ms window, only older children showed differences between 
source hits and correct rejections. There were no differences between 
source hits and correct rejections for younger children in these two 
earliest windows that directly map to time windows used by Curran and 
Friedman (2004). 

Beginning at the 700− 900 ms window, there were differences in 
mean amplitude for source hits compared to correct rejections for all age 
groups, but the topography of the effects differed based on age group. 
Differences were found in right hemisphere sites (i.e., F4, C4, P4) for 
younger children, and in two frontal sites (F4, F3) and one central site 
for older children. For adults, differential neural processing for source 

hits compared to correct rejections was observed across all 9 electrode 
sites. From 900− 1100 ms, source hits differed from correct rejections 
across age groups, with differences in both child groups found in frontal 
sites and those for adults found in central and parietal sites. To sum-
marize, differences between source hits and correct rejections were 
present for all age groups from 700− 900 ms and 900− 1100 ms. These 
are the first condition differences observed for younger children, which 
is consistent with previous studies showing that ERP effects occur later 
for children compared to adults (Cycowicz, et al., 2003; Czernochowski 
et al., 2009). Further, effects seemed to be more topographically wide-
spread for adults. Effects for remaining time windows can be seen in 
Table 2; we see continued differential processing of source hits 
compared to correct rejections, including in the last two time windows 
(1500–1700ms and 1700–1900ms) in which effects were found in pa-
rietal electrodes across age groups. 

3.3. Relations between brain and behavior 

To examine relations between neural activity and behavioral per-
formance, we ran correlation analyses between the magnitude of ERP 
effects (indices reflecting neural processes associated with episodic 
memory and temporal memory; see below) in early time windows and 
behavioral accuracy (proportions of source hits and source errors). 
Using an approach used by Riggins et al. (2013), we averaged across 
electrode sites to produce values for planned ERP regions of interest 
(Frontal: F3, Fz, F4; Parietal: P3, Pz, P4), which decreased the number of 
correlation analyses needed. Thus, for each participant, we calculated an 
average amplitude for the conditions listed below, for each region. Then 
using a procedure similar to Riggins et al., we created differences scores 
to account for individual differences in amplitude. We focused on our 
two earliest time windows (300− 500 and 500− 700 ms; windows used 

Fig. 1. Grand averages for (a) younger children, (b) older children, and (c) adults.  
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by Curran and Friedman, 2004). The difference scores were: (a) EM ERP 
magnitude [mean amplitude for Source Hits – mean amplitude for 
Correct Rejections] and (b) temporal ERP magnitude [mean amplitude 
for Source Hits – mean amplitude for Source Errors]. These difference 
scores were a proxy for individual differences in the neural correlates of 
episodic (i.e., EM ERP magnitude) and temporal memory (i.e., temporal 
ERP magnitude). We ran partial correlations, controlling for age (in 
months) and WASI performance, between ERP magnitudes and behavior 
(proportion of source hits, source errors). This correlational analysis 
parallels the group-level (ANOVA) analyses already reported (e.g., 
source hits vs. correct rejections; source hits vs. source errors). We report 
additional regressions, which complement the findings below, in Sup-
plemental Results. 

In the 300− 500 ms time window, EM ERP magnitude in the parietal 
region was positively related to source hits, r = 0.224, p = 0.038, and 
negatively related to source errors, r=-0.289, p = 0.007. Temporal ERP 
magnitude in the parietal region was also positively related to source 
hits, r = .296, p = 0.006, and negatively related to source errors, r=- 
0.274, p =0.011. In the 500− 700ms time window, EM ERP magnitude in 
the parietal region was positively related to source hits, r = .216, 
p = 0.046, and negatively related to source errors, r=-0.232, p = 0.032. 
In the 500− 700ms the relation between Temporal ERP magnitude in the 
parietal region was not related to source hits (p = 0.12) or errors 
(p = 0.18). There were no significant correlations in the frontal region. 
Thus, individual differences in the magnitude of early EM and temporal 
ERP effects in parietal regions were related to behavioral temporal 
context memory accuracy. 

To check that the partial correlations were unique to participants’ 
memory for temporal context (and not solely old/new recognition), we 
ran the same analyses with participants’ item memory (source 
hits + source errors) as the behavioral measure. These partial 

correlations were not significant (ps>0.20), strengthening the evidence 
for a relation between individual differences in participants’ neural 
activity and memory for temporal context. 

4. Discussion 

The goal of the present study was to examine the behavioral and 
neural correlates of memory for temporal context in 7- to 9-year-olds, 
10- to 12-year-olds, and young adults. Participants encoded individual 
objects, presented in one of two lists separated by a break. During 
retrieval, while we recorded ERPs, participants judged the temporal 
context (i.e., list) of each object. To our knowledge, this is the first study 
to use ERPs to investigate temporal context memory with two groups of 
children (middle and late childhood) and adults. We found that accuracy 
of temporal context memory improved with age, and we observed ERP 
EM effects that began in early time windows for older children and 
adults (i.e., amplitude differences between source hits and correct re-
jections) and later time windows for younger children. Adults showed 
robust and widespread differences between source hits and correct re-
jections; differences between source errors and correct rejections were 
only apparent in later time windows. Older children showed neural 
activity differences between source errors and correct rejections even in 
early time windows. Importantly, we also observed brain-behavior re-
lations between the magnitude of early ERP effects in parietal regions 
and behavioral performance. 

The behavioral findings show significant age-related improvements 
between 7− 9-year-olds and 10− 12-year-olds, and between children and 
young adults. The observed age-related improvements parallel findings 
from previous studies examining memory for temporal context of per-
sonal and lab-based events (Friedman, 1991; Friedman and Lyon, 2005; 
Pathman et al., 2013b), including studies showing that children in late 

Fig. 1. (continued). 
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childhood are less accurate than young adults (Jack et al., 2016; Path-
man and Ghetti, 2014) and shows that this type of memory is slow to 
develop. Patterns of behavioral performance suggest that all age groups 
were relying on memory strength to make their judgements. Across age 
groups, there was an effect of List, where there were more source hits for 
List 2 compared to List 1 items. Given that List 2 items were seen more 
recently, it is possible that participants had more vivid or clear memory 
for those items compared to those from List 1. Indeed, Friedman (1993) 
discussed how better accuracy for more recent compared to more distant 
events serves as evidence for the use of distance-based processes. 
Further, when errors occurred, all age groups were more likely to 
incorrectly attribute the old item to the more recent list. Since both lists 
were relatively recent and thus would feel relatively vivid, compared to 
events that occurred days or weeks ago, reliance on distance-based 
processes would lead to more errors in which List 1 items are judged 
as coming from List 2 than vice versa, which is the pattern found across 
age groups. Overall, behavioral accuracy is in line with our participants 
(including children as young as 7− 9-years-old) using distance-based 
processes, and is consistent with other work showing that 8- 
to-10-year-olds and adults use distance-based processes in similar ways 
(Pathman et al., 2013a). 

The use of ERP in the present study, a methodology used to examine 
the neural correlates of source memory in children and adults (Cycowicz 
et al., 2003; Czernochowski et al., 2005), provides novel insights into the 
development of memory for temporal context. The presence of early and 
late ERP old/new effects for adults and older children, as well as the 
later effects for younger children, are consistent with effects observed in 
studies of source memory and ERPs with similar age groups (Cycowicz 
et al., 2003; Czernochowski et al., 2005; Sprondel et al., 2011). 

In adults, we found that mean amplitude for source hits was more 
positive than correct rejections during the earliest time window 

(300− 500 ms), which is consistent with findings from Curran and 
Friedman (2004; ‘day test’) in which adults saw two lists (i.e., List 1, List 
2) in the same room, separated by a day and then participated in a 
3-choice discrimination task (i.e., List 1, List 2, New). They found that 
correct List 1/List 2 trials were associated with more positive amplitudes 
than for correct new trials. Ratings of strategies used was in line with the 
use of distance-based processes to perform this task. Curran and Fried-
man (2003) examined ERP differences between correct responses 
(correctly identified list items vs. correctly identified new items) in 
frontal sites during the 300− 500 ms window and they examined ERP 
differences in parietal regions in the 500− 700 ms window, and found 
expected differences. We found effects in midline and the right hemi-
sphere for adults (which included frontal and parietal electrodes) in the 
300− 500 time window, however, we might expect topographical dif-
ferences given methodological differences between studies. We did not 
observe differences in adult ERPs for source hits and correct rejections 
from 500− 700 ms, in contrast to findings from Curran and Friedman 
(2004). However, we did find evidence of widespread differences be-
tween the conditions before this window and after this particular win-
dow in our study. For later time windows, we are cautious to draw direct 
comparisons between our results and Curran and Friedman (2003) since 
the aims of that study were different and they did not examine late 
(800− 1800 ms) ERP effects using List 1 trials. However, they found EM 
effects in frontal electrode clusters (they did not examine central or 
parietal electrodes). We also found EM effects in late time windows 
associated with correct source compared to new items, especially in 
parietal electrodes. 

Researchers have linked ERP EM effects to familiarity and recollec-
tion processes (see Friedman and Johnson, 2000; Rugg and Curran, 
2007, for reviews), which come from the dual-process model of recog-
nition memory (see Yonelians, 2002, for review). Familiarity processes 

Fig. 1. (continued). 
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are described as rapid and semiautomatic, which rely on a feeling of 
knowing or judgment of memory strength (Yonelinas, 2002). Whereas 
recollection processes involve the controlled retrieval of contextual 
details associated with an item or stimulus. Curran and Friedman (2003) 
suggested that distance-based processes and reconstruction processes 
that underly temporal memory are similar to familiarity and recollection 
processes discussed in the recognition memory literature. Reminiscent 
of distance-based processes, familiarity processes involve assessing 
whether an item is old or new based on quantitative memory strength 
(Yonelinas, 1994; Yonelinas et al., 2010), not requiring the retrieval of 
associated contextual details. Like reconstruction processes, recollection 
processes are controlled and involve retrieval of details associated with 
an event. Curran and Friedman discussed differences found in ERPs for 
source hits and correct rejections from 300− 500 ms as evidence of an 
early, frontal old/new effect. In terms of temporal memory processes, 
however, Curran and Friedman state although they predicted to find 
ERP differences between certain conditions that would show evidence of 
distance-based processing, “no such differences were unambiguously 
observed” (p. 117). The present study was not designed to assess the 
distinction between familiarity and recollection, although previous 
behavioral research indicates that familiarity develops more quickly 
than recollection (Ghetti and Angelini, 2008), and more research is 
needed to explain how distance-based and reconstruction processes 
might parallel familiarity and recollection processes. Future work could 
examine if distance-based and reconstruction processes are affected in 
the same ways as familiarity and recollection. For example, research 
shows that familiarity processes are unaffected by divided attention, 
while recollection processes are affected (Espinosa-García et al., 2017). 
Thus, future work in which temporal memory is assessed with a para-
digm that incorporates a divided attention manipulation could help to 
illuminate the relation between temporal memory processes (e.g., 
distance-based processes) with familiarity and recollection. 

Early in the recording epoch we observed differential neural pro-
cessing for source hits compared to correct rejections, for older children 
and adults, but not younger children, which provides neural evidence 
that could account for developmental differences we see in behavioral 
temporal memory accuracy. This robust evidence of early differentiation 
of source hits compared to correct rejections in adults is in contrast to 
the analysis of source errors compared to correct rejections, in which we 
found fewer time windows overall, and no time windows early in the 
recording epoch, in which adults showed differential neural processing. 
Although source errors are technically ‘old’ trials, in our study the task 
was always to retrieve temporal source (and source errors are failures to 
do so). This is different from previous temporal memory studies that 
involved an old/new recognition decision first, followed by other de-
cisions that included a judgment of whether the old item was presented 
in List 1 or 2 (Trott et al., 1997). Curran and Friedman (2004) did not 
report analyses with incorrect source trials and so we cannot directly 
link our source errors analyses to this previous work. However, we 
suggest that the robust ERP effects for source hits compared to correct 
rejections in early time windows for adults (in combination with less 
robust ERP effects for source errors compared to correct rejections) 
reflect early neural processing related to successful temporal context 
decisions. Our analysis of individual differences in early neural 

Table 2 
ERP Results for Condition (Source Hits, CR) x Age Group x Coronal x Sagittal 
ANOVA.  

Time 
Window 

Omnibus 
ANOVA 
Condition 
Effects 

Appropriate Follow-up Tests (Where condition 
differences found)   

Younger 
Children 

Older Children Adults 

300− 500 4-way: F 
(8,340) = 2.33, 
ηp

2  = .05** 
C x G x Co * 
C x Co ** 

ns Across Frontal: 
F 
(1,28) = 4.91, 
ηp

2 = .15* 
P3: 
t(28) = 2.71, 
d = .50** 
Pz: 
t(28) = 4.18, 
d = .78*** 

Midline (Fz, 
Cz,Pz): 
t(29) = 3.01, 
d = .55*** 
Right (F4,C4, 
P4): 
t(30) = 2.33, 
d = .42** 

500− 700 C x G x Co: F 
(4,340) = 4.94, 
ηp

2 = .10*** 
C x S x Co ** 
C x Co *** 
C x S * 

ns Frontal: 
t(28) = -3.06, 
d = .57*** 
Parietal: 
t(28) = 3.50, 
d = .65*** 

ns 

700− 900 4-way: F(8, 
340) = 2.00, 
ηp

2 = .05* 
C x G x S ** 
C x S x Co ** 
C x S *** 
C *** 

Right (F4, 
C4, P4) 
t(28) =
-2.76, 
d = .51** 

Fz: 
t(28) = -2.81, 
d = .52** 
F4: 
t(28) = -2.25, 
d = .42* 
C4: 
t(28) = -2.35, 
d = .44** 

Across all 
electrodes: F 
(1, 
29) = 17.16, 
ηp

2 = .37*** 
(C x S x Co 
ANOVA 
revealed main 
effect of C) 

900− 1100 4-way: F(8, 
340) = 2.08, 
ηp

2 = .05* 
C x S x Co *** 
C x S *** 
C** 

Fz: 
t(28)=- 
3.11, 
d = .58*** 
F4: 
t(28) =
-2.39, 
d = .44** 

Fz: 
t(28) = -2.12, 
d = .39* 

Across 
Central: 
F(1, 
29) = 6.02, ηp

2 

= .17** 
P3: 
t(30) = -2.12, 
d = .38* 
Pz: 
t(30) = -3.44, 
d = .62*** 

1100− 1300 4-way: F(8, 
340) = 3.15, 
ηp

2 = .07*** 
C x S x Co *** 
C x S *** 
C x Co * 
C * 

Cz: 
t(28) =
-2.14, 
d = .40* 
P3: 
t(28) =
-2.51, 
d = .47** 
Pz: 
t(28) =
-3.04, 
d = .56*** 

ns Central: 
F(1, 
29) = 7.67, ηp

2 

= .21** 
P3: 
t(30) = -3.14, 
d = .56*** 
Pz: 
t(30) = -4.84, 
d = .87*** 

1300− 1500 4-way: F(8, 
340) = 2.89, 
ηp

2 = .06*** 
C x S x Co ** 
C x S ** 
C x Co *** 

P3: 
t(28) =
-2.26, 
d = .42* 
Pz: 
t(28) =
-2.38, 
d = .44** 

Parietal: 
t(28) = -2.10, 
d = .39* 

Central: 
F(1, 
29) = 4.70, ηp

2 

= .14* 
P3: 
t(30) = -3.73, 
d = .67*** 
Pz: 
t(30) = -5.80, 
d = 1.04*** 
P4: 
t(30) = -2.46, 
d = .44** 

1500− 1700 C x S x Co: F(4, 
340) = 3.72, 
ηp

2 = .04** 
C x Co *** 
C x S ** 

Across ages effect: 
Parietal: 
t(88) = -2.89, d = .31*** 

1700− 1900 C x S x Co: F(4, 
340) = 3.81, 
ηp

2 = .04** 
C x Co *** 

Across ages effect: 
Parietal: 
t(88) = -2.89, d = .31*** 

Note. *p < .05, **p < .03, ***p < .006. C=Condition; G=Age Group; S=Sagittal; 
Co=Coronal; 4-way=4-way interaction. For the Omnibus ANOVA column, we 
present full statistics (e.g., df, test statistic, effect size) for the largest interaction 
effect that was significant; for remaining Condition effects we only report sig-
nificance level for brevity. For the last 3 columns, we report only the final follow- 
up test findings for brevity; lower level tests were only pursued if higher level 
main effects or interactions were significant. If there is an interaction effect but 
the lower level tests are not significant, we report the abbreviation ns. Direction 
of effects are reported with positive or negative statistic (i.e., if t-statistic is 
positive source hits > correct rejections; if t-statistic is negative source 
hits < correct rejections). 
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processing further extends this claim. 
Notably, we found that individual differences in the magnitude of 

ERP effects in parietal sites in the earliest time window were related to 
behavioral accuracy. Riggins et al. (2013) observed similar brain- 
behavior relations in early childhood when looking at source memory, 
but this is the first evidence of such brain-behavior relations between 
ERPs and memory for temporal context, to our knowledge. Specifically, 
we found brain-behavior relations based on individual differences in 
neural correlates of overall episodic memory but also individual differ-
ences in neural correlates of more specific temporal context memory. 
Further, our regression analyses (in Supplemental Results) revealed that 
individual differences in the magnitude of our temporal ERP effect early 
in the recording epoch contributed unique variance to behavioral tem-
poral accuracy (correctly attributing an item to the correct temporal 
context, i.e., list), but this temporal ERP effect did not predict behavioral 
recognition accuracy (judging an old item as old). Thus, it is possible 
that similar early retrieval processes were used by adults and children 
who performed better on the temporal memory task. In an eye-tracking 
study of temporal memory, Pathman and Ghetti (2014) observed re-
lations (controlling for age) between the magnitude of eye-movement 
effects (i.e., longer looking time at correct stimuli compared to incor-
rect stimuli in early time windows; eye movement effects that may be 
dependent on the hippocampus: Hannula and Ranganath, 2009) and 
behavioral temporal memory accuracy. Pathman and Ghetti’s study is 
relevant to the present work because they found eye tracking effects for 
adults, but not for the 7-year-old group (at least at the group level); 
10-year-olds showed effects but at later time windows, which is remi-
niscent of the present findings in which we found delayed old/new ERP 
effects for our youngest age group. Further, Pathman and Ghetti showed 
that even in the absence of group level effects (e.g., presence of eye 
movement effect), individual differences in those effects predicted overt 
temporal memory accuracy. This parallels our findings in which we did 
not find that ERPs differed for source hits compared to source errors at 
the group level, but individual differences in early temporal ERP 
magnitude (mean amplitude for source hits minus source errors) pre-
dicted overt accuracy. Pathman and Ghetti (2014) attributed the 
different patterns of eye movement effects based on age to the continued 
development of the hippocampus during middle and late childhood. 
Future work in which temporal memory is examined with neuroimaging 
is required to test how structural or functional changes in the hippo-
campus and prefrontal cortex contribute to improvements in temporal 
memory across childhood and into adulthood. Future work in which eye 
movements and ERP are combined to examine temporal memory in 
childhood could also be fruitful. 

4.1. Conclusions 

We examined the development of memory for temporal context in 
middle and late childhood and adulthood using a lab-based recognition 
memory paradigm and recording of ERPs during retrieval. This is the 
first study that allows examination of distance-based memory processes, 
and neural signatures of temporal memory in different groups of chil-
dren and young adults. We found both behavioral and ERP effects, 
which indicate the continued improvement of temporal memory beyond 
childhood and differences in memory processes across age. Our findings 
add to the relatively small literature on temporal memory development, 
and can lead to multiple new directions of future research. 
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