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The ability to recall the past is fundamental yet until

relatively recently, infants were assumed to lack the

capacity. Contrary to this perspective, non-verbal tests

indicate that developments in recall arewell underway by

late in the first year of life; by the end of the second year,

long-term recall is reliable and robust. New research

combining electrophysiological and behavioral measures

is identifying the loci of age-related changes: they are

attributed to more effective and efficient encoding,

consolidation and storage processes associated with

developments in the temporal-cortical network that

subserves recall. The emerging framework, which applies

to episodic and autobiographical memory, highlights the

essential developmental continuties in memory from

infancyonwards andshedsnew light on thephenomenon

of childhood amnesia.
Introduction

How long is the tale of your past? For most adults, the first
chapter of the autobiography seems to have gone missing.
We have few (if any) memories from the first years of life.
Until the mid 1980s this ‘amnesia of childhood’ [1] was
widely attributed to late development of the ability to
recall. Children younger than 3 years were assumed to be
unable to create accessible memories, which provided a
ready explanation for the sparse representation of such
memories in adults’ corpora. Changing perspectives on the
nature of the infant mind [2] and brain [3], coupled with
methodological advances [4], challenged the prevailing
view. Twenty years of research using a non-verbal
analogue to verbal report has made clear that before
their first birthdays, infants recall the past. Nevertheless
there are pronounced changes in recall throughout
infancy and beyond [5,6].

To explain the changes, researchers have begun
focusing on the processes involved in memory trace
construction and retrieval, and on the developmental
course of the structures that subserve them. Parsing
memory into its constituent processes has proven very
powerful in the adult cognitive science and neuroscience
literatures. It has substantially increased the specificity of
our knowledge of relations between the various mnemonic
functions and the structures (and networks) that subserve
them [7]. In the developmental literature, the approach
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is new but is already bringing refinements of our
perspective on the source(s) of age-related change. As a
result, we have stepped closer to the brink of explanation
of the changes. Moreover, the new perspective not only
alters our view of the mnemonic life of infants, but also
informs us about the ‘fates’ of early memories and thus
why they are such rare commodities.
Age-related changes in long-term recall in infancy

How do you test recall in an organism that cannot speak?
One of the most prominent developmental scientists, Jean
Piaget [8], nominated imitation after a delay as a means.
The experimental version of Piaget’s candidate – ‘elicited
imitation’ – has proven to be a valid and productive test of
recall (see Box 1). Use of imitation with infants as young
as 6 months has revealed early mnemonic competence as
well as clear development [9,10]. Two changes are
especially salient [5].

First, there are changes in the reliability with which
recall is observed and in particular, in recall of the temporal
order of events (as opposed to the ‘items’ or actions that
constitute them). Even after seeing a multi-step sequence
demonstrated six times, only 25% of 6-month-olds recall the
sequence in order 24 h later [11]. About 50%of 9-month-olds
demonstrate ordered recall 1 month after seeing a sequence
of events [12,13]. By 20months, long-term recall is the rule:
100% of 20-month-olds recall the order of multi-step
sequences over a 1-month period [14]. The second major
change is in the temporal extent of memory. Six-month-olds
remember for 24 h [11]. Nine-month-olds remember for
1 month but not for 3 months, whereas 10-month-olds
remember over the longer delay [13]. A substantial
proportion of 20-month-olds recall the order of events even
after 1 year [14].
Sources of age-related change in recall

A full explanation of changes in long-term recall will
involve multiple levels of analysis, from proteins and
synapses, to neural systems, to cultural influences on
memory and its expression [15,16]. At present, much
progress is being made by adopting an intermediate level
of analysis – one connecting behavior with the processes
and neural systems that support it [17,18]. Perhaps
because of their salience, changes in prefrontal cortex
and associated changes in retrieval are frequent nominees
for ‘what develops’ in early memory. For example, Liston
and Kagan [19] invoked more effective retrieval to explain
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Box 1. Elicited imitation: a non-verbal test of recall

Elicited imitation involves using objects or props to produce an action

or a sequence of actions that the subject is invited to imitate either

immediately (elicited imitation), after a delay (deferred imitation), or

both. The example sequence shown in Figure Ia involves moving a

lever from the front of a door and then opening the door to reveal an

infant-friendly character. In an initial baseline or premodeling period,

the props are given to the infant for a period of observation of

spontaneous behavior. Then the action or sequence of actions is

demonstrated by a model (typically an adult experimenter). Either

immediately, after a delay, or both, the props are returned to the infant

whose behavior is observed. Two primary dependent measures are

derived: the number of actions produced and the number of ordered

pairs of actions. If postmodeling values on these variables are higher

than baseline values (and/or if performance on familiar sequences is

higher than on novel sequences), memory is inferred (Figure Ib).

Ordered reproduction of sequences provides the strongest indication

that the task taps recall as opposed to recognition. Whereas the props

can be said to cue recall of the actions to be produced, once the model

is gone, there is no information about the temporal order of the

actions available in the perceptual array. To reproduce an ordered

sequence, temporal order information must be encoded at the time of

presentation and later retrieved from a representation of the event. In

this regard the task is analogous to verbal report. Moreover, the

technique has been validated as a measure of declarative or explicit

memory, on the bases that: (i) individuals who sustained medial

temporal lobe damage as either adults [56] or children [57] show

impaired performance on the task; (ii) once children acquire the verbal

skills necessary to do so, they provide verbal descriptions of

sequences experienced as preverbal infants in the context of elicited

imitation [58–61]. Verbal accessibility would not be possible if the

behavior acquired in imitation was encoded as a procedural memory.

(3) Performance on imitation tasks in infancy is correlated with later

performance on declarative memory tasks including sort-recall and

the ‘Children’s Memory Scale’ [62].
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Figure I. (a) Example of a sequence to be imitated. (b) The number of actions and ordered pairs of actions produced by 20-month-old infants in a baseline period, at

immediate recall after the sequence is demonstrated, and after a two-week delay. Data redrawn from [55].
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theobservation that infantsof17and24monthsofageat the
time of experience of events remembered them 4 months
later, whereas 9-month-old infants did not. However,
attribution of change to retrieval processes implies that
memory storage did not differ between the older and
younger infants. Equivalent storage in turn implies no
age-related differences in encoding. Consideration of the
processes of memory trace construction and maintenance
[20], and of the development of the structures and network
that support them [21], suggests that these are not ‘safe’
assumptions. New research is highlighting the peril
associated with them. After review of the relevant litera-
tures, an emerging alternative conceptualization that
places the locus of early age-related differences in long-
term recall not at the ‘rear end’ of retrieval, but at the ‘front
end’ of encoding and consolidation [22] is discussed. In this
framework, age differences associated with retrieval are
later to develop.
Memory traces ‘under construction’

Formation, maintenance and subsequent retrieval of
memories depends on a multi-component network invol-
ving medial temporal and cortical structures [23–25].
Primary, secondary and association cortices are involved
in initial registration of experiences. Cortical and medial
temporal structures consolidate the elements of experi-
ence into enduring memory traces. The storage sites for
www.sciencedirect.com
long-term memories are in the cortices that gave rise to
the original experiences. Prefrontal cortex in particular is
implicated in retrieval of traces from long-term stores.

In the mature organism, the integrity of these neural
structures affects mnemonic processes. Hippocampal
lesions are associated with impairments in the formation
of new declarative memories [20]. Lesions to prefrontal
cortex are associated with deficits in retrieval, especially
of episodic and autobiographical memories [26]. Logic
dictates that in the developing human, mnemonic
processes are affected by maturation of the structures
and network in which they participate [3,27]. Portions of
the medial temporal structures, including the cell fields of
the hippocampus, mature relatively early [28]. By
contrast, prefrontal cortex and the dentate gyrus of the
hippocampus are later to mature. It is not until 20 to 24
months that the numbers of synapses in these structures
reach a peak [29], heralding their functional maturity [30].
And it isnotuntil late in thepreschool yearsandadolescence
or early adulthood that adult numbers of synapses are
apparent in the dentate gyrus and prefrontal cortex,
respectively [29,31], indicating full maturity of these
structures [30]. The connections between the structures
also are slow to develop [32,33]. Late development of cortical
structures is important because they are implicated in all
phases of the life of a memory. Late development of the
dentategyrus is crucial because in thematureorganism, it is
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the major ‘route in’ to the hippocampus. Less effective and
efficient communication between cortical structures and the
hippocampus would present challenges to consolidation,
and therefore storage, of new information [34]. As these
structuresandconnectionsbetweenthemdevelopweshould
see age-related changes in long-term recall (as well as in
spatial memory tasks: [35]).

Changes in encoding

Although encoding cannot be directly observed, we can test
for age differences in memory shortly after learning. Both
behavioral and electrophysiological measures indicate age-
related changes in the first 2 years of life. When they are
tested immediately after a single experience of an event,
16-month-olds remember feweractionsand less information
about temporal order than 20-month-olds [36]. Studies in
which children are brought to a criterion level of learning –
implying complete encoding – reveal that 12-month-olds
requiremore learning trials than15-month-oldswho in turn
require more trials than 18-month-olds [37].

Event-related potentials (ERPs) also suggest age-
related changes in encoding (see Box 2). In a longitudinal
study [38], infants were exposed to sequences and then
Box 2. Event-related potentials as measures of memory in

infancy

Event-related potentials (ERPs) are recorded from electrodes on the

surface of the scalp. The ERP components of interest in infancy

research are different from those in the adult literature [63]. In infant

research, two major components are analyzed. As illustrated in

Figure I, the first component occurs in a middle-latency window

roughly 400–800 ms after stimulus onset and is indicative of

attention modulated by memory. Over anterior scalp locations the

effect is observed at midline leads and is negative in deflection. Over

lateral-posterior scalp locations the component is positive. In tests

administered immediately after experience of sequences, recog-

nition is indicated by differential amplitude of response to familiar

relative to novel stimuli [38]. After a delay, recognition may be

inferred by longer latency to peak amplitude for familiar than for

novel stimuli [40]. The second component is observed 800 to 1200–

1500 ms after stimulus onset (long-latency window). This slow wave

does not feature clear components but rather, amplitude that either

returns to baseline (after the middle-latency deflection; associated

with familiar or well encoded stimuli) or that continues at greater

amplitude, indicative of continued processing.
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Figure I. ERP measurement in infancy. Two main components are analyzed, in

middle- and long-latency windows (see text for details).
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ERPs were recorded as they viewed photographs of the
props used to produce the sequences intersperced with
props from novel sequences. Differential responses to the
different classes of stimuli indicated recognition and thus,
encoding. Infants had more robust ERP responses to
sequences encoded at 10 months of age than of sequences
encoded at 9 months; responses to novel sequences did not
differ at the two ages (Figure 1a). Differential encoding
related to differential recall: infants had more robust
recall of sequences encoded at 10 months than of
sequences encoded at 9 months (Figure 1b) These studies
establish encoding processes as a source of developmental
differences in long-term recall in infancy.

Changes in consolidation and storage

Age-related differences in encoding account for a portion –
but not all – of the age-related variance in long-term
recall. With encoding processes controlled statistically
[14], by matching [39], or by criterion learning [37],
developmental differences are still apparent: Older
infants and children remember more, and for longer
periods of time, than their younger counterparts. This
indicates that we must look beyond encoding to the next
phases of memory trace consolidation and storage.

A clear indication that consolidation and storage
processes are a source of variance in long-term recall
comes from another study in which behavior and ERPs
were combined [40]. To minimize encoding as a source of
variability, 9-month-olds were exposed to sequences (A, B
and C) at each of three sessions. At the third session
encoding was tested via ERP (old Sequence A versus new
Sequence D). One week later consolidation and storage
was tested in another ERP test (Sequences B and E).
Recall of the sequences was tested 1 month later (along
with three new sequences as a within-subjects control). As
a group the infants showed evidence of encoding (see
Figure 2a) but there was differential long-term recall that
in turn related to differential consolidation and storage.
Infants who did not recall the sequences after 1month also
did not recognize them after 1 week (Figure 2b, left bars).
By contrast, infants who recalled the sequences showed
successful consolidation and storage (Figure 2b, right
bars) ([40]; see also [41]). The subgroups did not differ at
encoding nor was individual variability in encoding a
significant predictor of long-term recall. By contrast,
successful consolidation and storage over 1 week
accounted for 28% of the variance in recall after 1
month. As discussed below, differential savings in relearn-
ing suggests that the less successful group experienced
storage failure, as opposed to retrieval failure.

Consolidation and storage processes continue to
account for variance in the second year. For infants 20
months of age, the amount of information retained 48 h
after exposure to events explains 25% of variance in recall
after 1 month [42]. Moreover, variability in initial
consolidation is observed in populations of infants with
suspected hippocampal damage associated with maternal
gestational diabetes (which in animal models impairs
hippocampal function [43]). At immediate testing, infants
born to mothers with gestational diabetes do not differ
from infants from non-diabetic pregnancies. By contrast,
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Figure 2. (a)Average ERP amplitude at electrode site Fz, providing evidence of differential response to familiar (‘Old’ sequence) and novel (‘New’ sequence) stimuli. This indicates

successful encoding of the sequences. (b) The 1-week delayed ERP responses (latency to peak amplitude) for infants who failed to show ordered recall after 1 month (left bars).

The lack of differentiation of responses to familiar and novel stimuli indicates failed consolidation and storage. The right bars reflect the 1-week delayed ERP responses for infants

who later showed evidence of ordered recall. Differential responses to old and new stimuli indicate successful consolidation and storage. Data redrawn from [40].
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Figure 3. Learning and forgetting for 16- and 20-month-old infants tested after 1, 3

and 6 month delay intervals. Positive values indicate the number of actions

produced immediately after learning by the two age groups in each of the three

delay conditions (between-subjects). Younger and older infants were matched for

levels of learning before imposition of the delays. Negative values indicate the

number of actions lost or forgotten by each age group in each delay condition. The

left set of bars indicates performance on the first retrieval trial, when the event-

related props served as the only retrieval cues. The right set of bars indicates

performance on the second retrieval trial, when retrieval was supported both by the

event-related props and by verbal reminders of the to-be-remembered sequences.

Although the age groups were matched for level of learning, the younger infants

lost more information over time, relative to the older infants. The age difference

was apparent on both retrieval trials and was pronounced at the longer delays (3

and 6 months). Data redrawn from [39].

Box 3. Questions for future research

Further progress in construction of a neuro-developmental account

of age-related changes in infant memory will require:

† More information about the time course of basic brain develop-

ment in the young human

† Systematic identification of the variance associated with encoding,

consolidation and storage, and retrieval processes across the first

two years of life and beyond

† Further development of conceptual links between observed age-

related changes in the basic processes of encoding, consolidation

and storage, and retrieval, and developments in the neural

substrates that presumably underlie them

† Establishment of converging tests of declarative or explicit

memory development and relations between neural structures

and behavior

† Determination of how different memory networks (those subser-

ving declarative and different types of non-declarative memory) ‘talk’

to one another
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after a 10-min delay, performance by affected infants is
significantly lower whether tested at 12 months [44] or
24 months [45]. Because differences were not observed
at immediate testing, consolidation and storage of
information, as opposed to initial encoding of it,
is implicated.

Changes in retrieval

Evidence that encoding and consolidation and storage
processes account for age-related and individual varia-
bility in long-term recall makes clear that we cannot
explain developmental changes only by examining end-
stage processes such as retrieval. In fact, the observation
that together, encoding and consolidation and storage
processes account for as much as 70% of the variance in
long-term recall [42] begs the question of whether
retrieval processes explain any age-related variance in
long-term recall in infancy. This question is surprisingly
difficult to address because in most studies there is no
experimental means of determining whether age effects
occur because younger infants experience retrieval failure
(memory traces remain intact but become inaccessible) or
storage failure (memory traces lose their integrity and
become unavailable).

One means of distinguishing storage from retrieval
failure is to provide multiple test trials without interven-
ing study trials [46]. The logic is that because each
retrieval attempt entails re-encoding [47], even though
the material is not presented again overtly, the associated
strengthening of the memory and route to retrieval of it
can render an intact trace more accessible on a subsequent
trial. Conversely, lack of improvement across trials
implies that the trace is not available. Relearning also
can distinguish between an inaccessible trace and one that
has disintegrated. Classically, when the number of trials
required to relearn a stimulus was smaller than the
number required for initial learning, savings in relearning
was said to have occurred [48]. Savings presumably
accrues because the products of relearning are integrated
with an existing (although not necessarily accessible)
trace. Conversely, the absence of savings is attributed
to storage failure: there is no residual trace upon which to
build. Age-related differences in relearning would suggest
that the residual traces available to children of different
ages are differentially intact.

Because the strategy of examining the constituent
processes of memory is new to the infancy literature,
means of differentiating storage and retrieval failure have
rarely been invoked. When they are, they suggest storage,
rather than retrieval, as the major source of age-related
change. In Bauer [39], 13- to 20-month-olds were matched
for levels of encoding before imposition of 1- to 6-month
delays (seeFigure3 for data from16- and20-month-olds). In
spite of thematching,age-relateddifferences inmemory loss
were apparent. At the longer delays in particular, younger
infants showed more forgetting than older infants; the
differences were apparent on two test trials, the second of
which also featured additional retrieval cues (thus further
reducing retrieval demands). Storage processes also were
implicated by age-related differences in relearning. In each
case, older children showed greater preservation ofmemory
www.sciencedirect.com
traces in storage, relative to younger children. Similarly,
groupdifferences inrelearningwereapparent inBauer etal.
[40]: infants with apparently more successful consolidation
and storage as indexedbyanERP test 1weekafter exposure
to events also had higher levels of relearning.

Does the relative paucity of evidence of variance
explained by retrieval processes early in life imply that
the dramatic postnatal changes in prefrontal cortex have
no implications for developments in long-term recall?
Certainly not. For one thing, the variance associated with
retrieval processes has yet to be systematically identified.
Much additional research is needed to map age-related
changes associated with each phase of memory trace
construction, storage and subsequent retrieval (see Box 3).
Second, prefrontal cortex plays many roles in memory,
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only one of which is retrieval. Cortical and medial
temporal structures interact during encoding and con-
solidation. As a consequence, developments in both
regions are likely to contribute to age-related changes.
Third, the ultimate storage sites for long-term memories
are the association cortices [49]. Prefrontal cortex plays an
especially significant role in storage of thewhere andwhen
of events and experiences [7], the very features that locate
memories in specific place and time. Thus, even if not
through retrieval processes, changes in prefrontal cortex
will no doubt be found to make substantial contributions
to developments in long-term recall [5].
Shift in the locus of forgetting and its implications

for childhood amnesia

Although the approach of parsing memory into its
constituent processes is new in the literature on early
development of recall memory, it has already permitted
refinements of our perspective on the source(s) of age-
related change and thus the mechanisms of change.
Together, the data suggest that over development, asmedial
temporal structures reach maturity, the locus of forgetting
shifts from the initial phases ofmemory trace contruction to
the later phases of trace retrieval [50]. Consistent with this
suggestion, storage failure rates decline over childhood [46].
Additional research is necessary to determine the time
course and rate of changes in the variance accounted for by
encoding, consolidation and storage and retrieval processes
over development.

As described in Bauer [50], the shift in locus of
forgetting has implications for autobiographical memory
and the phenomenon of childhood amnesia. As more and
more memories survive the initial periods of vulnerability
associated with encoding and consolidation, more mem-
ories are successfully stored. Moreover, more effective and
efficient consolidation implies that the traces that are
stored include more features that make memories
distinctive from one another and relevant to one’s self
(elements such as the who, what, where, when, why and
how of events). Thus, not only are more traces stored, they
are of higher quality, and higher quality traces are more
available for retrieval. In these ways, changes in the basic
processes of encoding, consolidation and storage, and
retrieval, contribute to an increase in the number of
memories that feature personal or autobiographical
elements (see [16] for additional contributing factors). It
is probably no coincidence that the adult-like distribution
of autobiographical memories that signals the offset of
childhood amnesia becomes apparent in the early school
years [51], as medial temporal structures responsible for
consolidation mature. As more newly-formed memories
survive into maturity, they are then subjected to the
‘normal forgetting’ that characterizes adults’ autobiogra-
phies [52,53]. This perspective on the changing distri-
bution of autobiographical memories lacks some of the
glamour and mystery of mechanisms such as repression
[54]. It compensates by making more apparent the
developmental continuity of personal memory that might
otherwise be obscured.
www.sciencedirect.com
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