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Abstract

A time window is a limited period after an event initially occurs in which additional infor-
mation can be integrated with the memory of that event. It shuts when the memory is forgot-
ten. The time window hypothesis holds that the impact of a manipulation at different points
within the time window is nonuniform. In two operant conditioning experiments with 68 3-
month-old human infants, we tested the predictive validity of the nonuniformity principle
for reinstatement—a partial training trial that forestalls forgetting. After demonstrating that
3-month-olds forget the training task after 5 days (Experiment 1), we presented a reinstate-
ment early (immediately), midway (3 days), or late (5 days) in the time window (Experiment 2).
Retention increased exponentially with the reinstatement delay. The surprising magnitude of
this result, plus its generality across tasks and species, strongly suggests that the timing of rein-
statement differentially affects the outcomes of studies on learning and memory.
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Reinstatement is a reminder procedure in which a brief, partial training trial that
is administered during the retention interval maintains access to a memory that
would otherwise be forgotten (Campbell & Jaynes, 1966). Its effect does not summate
with the effect of original training, but subjects show no retention benefit from rein-
statement unless they had previously been trained. In their landmark demonstration
of reinstatement, Campbell and Jaynes (1966) classically conditioned fear in wean-
ling rats by administering 30 inescapable shocks on the black side of a shuttle-box
while intermittently exposing the pups to the white (no-shock) side. Every week for
the next 3 weeks, they gave pups in the reinstatement group a single shock on the
black side of the box. When tested 1 month after they were originally trained, pups
still exhibited conditioned fear, spending significantly more time on the white side of
the box than trained pups that received no interpolated reinstatements (the forgetting
control group) or untrained pups that received the same regimen of weekly shocks in
the black compartment (the reinstatement control group).

The retention benefit of reinstatement has been replicated many times and is now
a staple in studies of animal learning and memory (Campbell & Jaynes, 1969; Camp-
bell & Randall, 1976; Greenfield & Riccio, 1972; Riccio & Haroutunian, 1979; Spear
& Parsons, 1976). Recently, we have found that reinstatement forestalls forgetting by
human infants in much the same way that Campbell and Jaynes originally described
for animal infants (Adler, Wilk, & Rovee-Collier, 2000; Galluccio & Rovee-Collier,
1999; Hartshorn, 2003; Hartshorn & Rovee-Collier, 2003; Rovee-Collier, Hartshorn,
& DiRubbo, 1999). In these studies, 2- to 6-month-olds learned to move a mobile by
kicking or a toy train by lever-pressing, received one or more brief reinstatements in
which responding again moved the mobile or train, and then received a temporally
distant retention test. Infants who received a brief reinstatement during the retention
interval remembered longer than either trained infants who did not receive a rein-
statement before the long-term test (the forgetting control group) or untrained
infants who did receive a reinstatement before the test (the reinstatement control
group).

Several years ago, the time window construct was introduced to describe the cir-
cumstances in which information from two successive events would or would not be
integrated (Rovee-Collier, 1995). The biological counterpart of a time window is a
critical period—a concept originally used by embryologists to describe the limited
period of time when a particular organ is undergoing very rapid differentiation and is
particularly vulnerable to perturbations (e.g., Spalding, 1873). A perturbation that
occurs during a critical period has deleterious effects on the developing organ that are
not seen when the perturbation occurs either prior to or after that period. Psycholo-
gists borrowed the critical period concept and applied it to the development of socio-
emotional behavior. Scott (1958; Scott & Marston, 1950; Williams & Scott, 1953), for
example, documented a critical period early in canine development during which
exposure to another organism is necessary for normal socialization; before or after
this period, the same exposure has a small-to-negligible effect. Later, he extended the
concept to include critical periods for learning and early experience (Scott, 1962).

Like a critical period, a time window is a limited period within which new informa-
tion can be integrated with information that is already in memory. The integration will
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not occur if the same information is encountered either before or after this period;
instead, on its the second encounter, the information will be treated as unique—not
associated with the initial event. Also as with critical periods, the effect of a particular
manipulation within a time window is nonuniform: Information encountered at
the end of a time window is hypothesized to have a greater impact on retention
than information encountered when the time window first opens. Unlike a
critical period, however, a time window is not limited to a particular period of devel-
opment, and its width is not fixed but expands every time the prior memory is
retrieved.

The retention benefit of spacing trials or sessions is well documented across spe-
cies and ages (Bryan, 1980; Leaton, 1976; Shaughnessy, 1977; Underwood, Kapelak,
& Malmi, 1976; Vander Linde, Morrongiello, & Rovee-Collier, 1985). Two early
studies of the spacing effect with 3-month-olds illustrate three tenets of the time win-
dow construct: (1) the second event must occur before the time window of the initial
event closes in order to be integrated with it; (2) each retrieval protracts the prior
memory (i.e., expands the time window) longer than the previous one; and (3) retriev-
ing the memory near the end of the time window protracts it longer than retrieving it
shortly after the time window first opened. In both studies, infants learned to move a
crib mobile by kicking and later were tested for retention during a nonreinforcement
phase. Responding significantly above the baseline rate during the long-term test
operationally defined retention.

In the first study, experimental groups received a second training session 1, 2, 3, or
4 days after the first, whereas a control group received only the initial training ses-
sion. All infants received a retention test 8 days after the first training session. During
the long-term test, the control group exhibited no retention 8 days later, but the
experimental groups exhibited significant retention if their second session followed
the first by 1, 2, or 3 but not 4 days. A final experimental group received a 4-day inter-
session interval and was tested on day 7. This group also exhibited no retention, con-
firming that long-term retention depended on the interval between sessions 1 and 2
and not between session 2 and the long-term test (Rovee-Collier, Evancio, & Earley,
1995). These data supported the first tenet: the time window for integrating succes-
sive training sessions closed after 3 days; when the second session fell outside that
period, infants treated the second session as if it were their first, and their long-term
retention was no different than if they had been trained for only one session in the
first place.

The second study grew out of the first. Infants received three training sessions and
a retention test 3 weeks after session 3. Successive sessions occurred on days 0-4-8
(always outside the time window) or on days 0-2-8 (always within the expanding
time window and near its end), but the mean intersession interval (4 days) was the
same. For a final group, successive training sessions occurred on days 0—1-2 (within
the time window and near its beginning). Group 0-2-8 exhibited significant retention
on day 29, but groups 0-4-8 and 0—1-2 exhibited none. Although group 0-1-2 exhib-
ited significant retention 7 days after session 3, group 0-4-8 exhibited none (Harts-
horn, Wilk, Muller, & Rovee-Collier, 1998). These data supported the second and
third tenets: each succeeding session within the time window protracted retention
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longer than the one before, and the retention benefit was greater when successive ses-
sions occurred at the end of the progressively expanding time window than at its
beginning.

The nonuniformity principle has major implications for the effectiveness of
reinstatement, which also occurs within the time window. Reinstatement requires
retrieval of the prior memory, but it is not a complete training session. Even as a
partial training session, however, its effect does not summate with the effects of
original training (Galluccio & Rovee-Collier, 1999), and its retention benefit is
substantially greater than if subjects were merely overtrained for an equivalent
period (Adler et al., 2000). The time window hypothesis predicts that the later a
reinstatement is administered within the retention interval, the longer it should
protract the prior memory. Although the results of session spacing studies
appear to be consistent with this prediction, it is not clear that they actually
apply to the reinstatement phenomenon. First, the time window for session spac-
ing closed after 3 days (Rovee-Collier et al., 1995), but 3-month-olds remember
the mobile task for approximately 5 days (Hayne, 1990; Galluccio, 2005), and a
reinstatement can be administered anytime during that period. Second, the effect
of a succeeding training session within the time window cumulated with (was
integrated with) the effects of the training session that came before, but the effect
of reinstatement does not summate with the effect of prior training (Galluccio &
Rovee-Collier, 1999).

The present study was designed to test the validity of the prediction that the later a
reinstatement is administered within the time window, the longer it should protract
the prior memory. To this end, we operantly trained independent groups of 3-month-
olds, presented a brief reinstatement after different delays that spanned their original
forgetting function (i.e., at the beginning, middle, or end of the time window), and
then assessed the duration of their subsequent retention.

Experiment 1: Confirmation of the Time Window for Memory Retrieval

In the reinstatement procedure, retrieval of the training memory during the
retention interval forestalls forgetting. We previously found that independent
groups of 3-month-old infants who were operantly trained in the mobile task for
15 min on each of 2 consecutive days exhibited significant retention 5 days but not 6
days later (Galluccio, 2005; Hayne, 1990; Hitchcock & Rovee-Collier, 1996). These
studies indicated that, for these parameters of training, the time window for mem-
ory retrieval shut after 5 days. Before proceeding to administer a reinstatement at
various points within the time window, however, we thought it prudent to confirm
within the context of the present study that the time window is still open 5 days after
training but is closed thereafter. Therefore, we trained two groups of 3-month-olds
and tested them either 5 days (group Ornl/5) or 6 days (group Orn/6) after the end of
training. In the group labels, “Orn” indicates that a group received no reinstatement
and the number after the slash indicates the day since the end of training that reten-
tion was tested.
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Participants

The final sample contained thirteen 3-month-olds (9 boys, 4 girls) who were
recruited from published birth announcements in local newspapers and by word of
mouth. Their mean age was 98.2 days (SD = 10.9) on the first day of training. Partici-
pants were African—American (n=1), Asian (n=2), Hispanic (n= 1), and Caucasian
(n=9). Parental educational attainment ranged from 14 to 16 years (M = 15.85 years,
SD=0.55). Ranks of parents’ socioeconomic status (Nakao & Treas, 1992)' ranged
from 61.85 to 92.30 (M =75.39, SD=9.87). Testing was discontinued on an addi-
tional infant in group Orn/6 who fell asleep during the test session.

Apparatus

Infants were trained with one of two mobiles, counterbalanced within groups. The
mobiles were composed of five, highly detailed, painted wooden figures suspended on
a white cord from the ends and middle of intersecting cross-bars (Nursery Plastics,
Models 801 and 809). During all sessions, the end and sides of the infant’s home crib
were draped with one of two sets of distinctive cloth liners, counterbalanced
within groups. Each set consisted of two 122- x 114-cm broadcloth side panels and a
66- x 122-cm end panel. One liner was constructed of Kelly-green felt squares
(5.08 cm? separated by 5.08cm) in a grid pattern on a bright yellow background; the
other liner was constructed of blue felt vertical stripes (2.54-cm wide separated by
3.18 cm) on a bright red background.

The mobile was suspended 25-30 cm above the infant’s abdomen from a hook at
the end of an L-shaped mobile stand that was clamped on one of the crib rails. A sec-
ond mobile stand was clamped opposite the first such that the ends of the two bars
protruded over the crib. One end of a white satin ribbon was secured to the infant’s
ankle, and the other end was connected to a hook at the end of one of the mobile
bars.

Procedure

All infants were tested in their homes at a time when they were likely to be awake/
alert, as designated by their mother. Although the time of a session varied across
infants, it remained relatively constant for a given infant.

Each infant received a 15-min training session on 2 consecutive days and a test
session either 5 or 6 days later. The first and last 3min of each training session were
nonreinforcement periods, when the ribbon was attached to the empty hook, and the
mobile was suspended from the other one. In this arrangement, the infant could see
the mobile, but kicks could not move it. The mean number of kicks during the initial

' All human studies funded by NIMH are required to report information pertaining to race, ethnicity,
and socioeconomic status. Educational attainment, occupational status, and annual income are the major
components of socioeconomic status. The socioeconomic index (SEI), published by Nakao and Treas
(1992), is the recommended source for occupational status. In the SEI, ranks of occupations range from 1
to 100, with higher-paying occupations (e.g., physician and lawyer) being assigned higher ranks.
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3-min nonreinforcement period of session 1 (baseline phase) provided a measure
of the infant’s pretraining operant level. The mean number of kicks during the final
3-min nonreinforcement period of session 2 (immediate retention test) provided a
measure of the infant’s final level of learning and retention after zero delay. Between
these two nonreinforcement periods was a 9-min reinforcement phase (acquisition),
when the ribbon was attached to the same hook as the mobile. In this arrangement,
the infant’s kicks activated the mobile in proportion to the rate and intensity of
responding (i.e., conjugate reinforcement).

The long-term retention test was also a 3-min nonreinforcement period. As a result,
test responding reflected only what knowledge the infant brought into the session
and not new learning or savings at the time of testing. The mean number of kicks
during this period provided the measure of retention. Following the long-term reten-
tion test, the contingency was reintroduced during a 9-min motivational control
phase. This phase was included to ensure that infants who had performed poorly dur-
ing the long-term test were not ill, fatigued, or unmotivated on that particular day.
None was. All infants responded appropriately to reintroduction of the contingency.

The experimenter, standing out of the infant’s direct line of sight, recorded the
number of kicks per minute of the foot with the attached ribbon. A kick was defined
as a movement of the foot that at least partially retraced its original path in a
smooth, continuous motion (Rovee & Rovee, 1969).> A second observer, blind with
respect to infants’ group assignments, independently recorded the kicks per minute
of seven infants during 10 randomly selected sessions in both experiments. A Pearson
product-moment correlation, computed over 147 pairs of their joint response counts/
min, yielded an interobserver reliability coefficient of 0.97.

Retention measures

Retention was assessed by means of two individual measures of relative retention,
the baseline ratio and the retention ratio, that we have used in all previous studies of
infant long-term memory (Rovee-Collier, 1996). The baseline ratio (LRT/BASE: kick
rate during the long-term retention test/kick rate during the baseline phase) expresses
the extent to which an infant’s response rate during the long-term retention test
(LRT) exceeds that same infant’s response rate during the baseline phase (BASE). If
the group’s mean baseline ratio is significantly greater than 1.00 (H: no retention),
then it has displayed significant retention.

The degree of retention is indexed by the retention ratio (LRT/IRT: kick rate dur-
ing the long-term retention test/kick rate during the immediate retention test), which
expresses the fraction of an infant’s mean response rate during the immediate reten-
tion test (IRT) that the infant continues to exhibit during the long-term retention
test. (LRT). A retention ratio of 1.00 indicates that an infant’s kick rate did not
decrease from the immediate to the long-term retention test (Hj: no forgetting).

2 Repeated attempts to automate this task have been unsuccessful. Infants often kick so hard that they
either propel themselves toward the head of the crib or rotate themselves in the crib, obviating the use of
microswitches or photocells.
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Lower retention ratios indicate greater proportional decrements in responding dur-
ing the long-term test. The retention ratio measure permits determination of an inter-
mediate degree of retention. Although a group may exhibit significant forgetting (i.e.,
its mean retention ratio is significantly less than 1.00), forgetting is not considered to
be complete unless its mean baseline ratio is not significantly above 1.00.

Prior to performing all analyses in both experiments, the baseline and retention
ratios of each group were tested for outliers (median outliers test: Tukey, 1977). An
outlier was defined as a ratio falling above the 90th percentile for a given group. If an
outlier was found, it was replaced with the next lowest ratio within that group, and
one degree of freedom was lost. Over both experiments, two baseline ratios and one
retention ratio were found to be outliers. The resulting corrections did not alter the
significance level of any statistical test.

Results and discussion

To determine whether either test group exhibited significant retention, directional
one-sample 7 tests were used to compare the mean baseline ratios and mean retention
ratios against the corresponding theoretical population ratios of 1.00 (no retention
and no forgetting, respectively). These analyses revealed that the 5-day test group
(group Orn/5) exhibited significant retention, but the 6-day test group (group Orn/6)
did not. The mean baseline ratio of group Orn/5 was significantly above 1.00
(M=197, SE= 42), 1(6)=2.31, p<.05, but its mean retention ratio was significantly
below 1.00 (M =0.59, SE=.11), t(6)=5.54, p<.05 indicative of some forgetting. In
contrast, the mean baseline ratio of group Orn/6 was not significantly above 1.00
(M=0.81, SE=.18), 1(4) <1, and its mean retention ratio was significantly below
1.00 (M =044, SE=.08), t(4)="17.28, p<.005. These results replicated the previous
findings that 3-month-olds who are trained in a distinctive context have forgotten the
mobile task 6 days after training (Galluccio, 2005; Hayne, 1990; Hitchcock & Rovee-
Collier, 1996).

Experiment 2: Reinstatement at Different Points within the Time Window

In Experiment 2, having confirmed that the time window shuts after 5 days, we
administered the reinstatement at points that spanned the width of the time window.
Specifically, we presented a reinstatement to independent groups of 3-month-olds at
the beginning (immediately after training), midpoint (day 3), or end (day 5) of the
time window and asked whether its timing would differentially protract retention.
Specifically, we predicted that the later in the time window the reinstatement
occurred, the longer it would protract infants’ subsequent retention.

A second aim of the present study was to compare the slope of the original forget-
ting function that had been obtained from 3-month-olds (Butler & Rovee-Collier,
1989) with the slopes of the forgetting functions of 3-month-olds whose reinstate-
ment occurred at different points within the time window. Specifically, we predicted
that the slope of the forgetting function obtained after a reinstatement on day 5
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would be significantly flatter (i.e., its decay rate would be slower) than the slopes of
forgetting functions obtained when the reinstatement occurred earlier in the time
window.

Method

Participants

Participants were fifty-five 3-month-old infants (26 boys, 29 girls), recruited as
before, and randomly assigned to one of nine groups (n=6)* as they became avail-
able for testing. Their mean age was 93.4 days (SD = 11.7) on the first day of training,
Participants were African—-American (n=1), Asian (n=2), and Caucasian (n=>52).
Parental educational attainment ranged from 12 to 16 years (M =15.74 years,
SD =0.88). Ranks of parents’ socioeconomic status (Nakao & Treas, 1992), reported
by 92% of the sample, ranged from 29.52 to 92.30 (M =67.98, SD=14.91). Testing
was discontinued on additional infants who cried excessively (n=23), became ill
(n=1), failed to remain supine (n=3), or failed to meet the learning criterion
(responding 1.5 times above the mean baseline rate for 2 of 3 consecutive min during
acquisition; n = 8). Based on the number of opportunities (sessions) for a given infant
to be lost from the sample, the rate of attrition was 5.7%.

Procedure

The procedure was the same as before except that we presented a 3-min reinstate-
ment immediately (0 days), 3 days, or 5 days after training. The reinstatement was
procedurally identical to a reinforcement period during training; its duration was
timed from an infant’s first kick.

Because a control group in a prior study that had received a 3-min reinstatement
immediately after training had exhibited no retention 7 days later (Adler et al., 2000),
we began testing the immediate reinstatement group 6 days after training (group rn0/
6). Next, we successively tested independent groups that received a reinstatement on
either day 3 or day 5 until we determined their maximum duration of retention. Our
strategy was to begin testing each succeeding group after a delay longer than the
maximum delay at which the preceding reinstatement-timing group had exhibited
retention. Thereafter, we increased or decreased the test delay in steps of 2-3 days
depending on whether or not, respectively, a group remembered after the preceding
test delay. This strategy, known as the staircase-method in psychophysics, yielded
eight groups that were tested 7, 10, 11, 13, 16, 21, 25, or 28 days after training (group
rn3/7, group rn3/10, group rn3l11, group rn3l13, group rn5/16, group rn5/21, group rn5/
25, or group rn5/28, respectively). In the group labels, the number immediately before
the slash indicates the day since the end of training when the reinstatement (rn) was
administered, and the number immediately after the slash indicates the day since the
end of training when long-term retention was tested.

3 An extra infant was tested in group rn3/13 (n="17).
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Finally, the two test groups from Experiment 1 that received no reinstatement
(group Ornl5, group Ornl6) served as forgetting control groups in Experiment 2. Recall
that “Orn” indicates that a group received no reinstatement.

Results and discussion

Preliminary one-way analyses of variance (ANOVAs) were performed over the
mean kick rates of the nine reinstatement groups and two forgetting control groups
during the baseline phase and the immediate retention test. These analyses confirmed
that the groups did not differ either before training, F(10, 57)<1, MSe=14.26, or
immediately afterward, F (10, 57) <1, MSe=104.63, thereby ruling out the possibility
that differences in responding during the long-term retention test could be due to
group differences in either unlearned activity or the final level of learning, respec-
tively.

The main analyses confirmed that administering a reinstatement at the end of the
time window protracted retention longer than administering it either at the beginning
or in the middle of the time window (see Fig. 1). Infants whose reinstatement immedi-
ately followed training (i.e., at the beginning of the time window) and were tested 6
days later had a mean baseline ratio that was significantly above 1.00 (M =1.84,
SE=.32), t(5)=2.66, p<.05 and a mean retention ratio that was not
significantly less than 1.00 (M =0.72, SE =.14), t(5)=1.91, ns, indicative of retention.

3.00%

2.50 Day 3

N
2

Baseline Ratio
g

0.50+

L 1 1 L 1 1 1 1 L 1 1 1 1

1 3 5 6 7 0 1 13 16 18 21 25 28

Time Since Training (days)
Note. *indicates p < .05.

Fig. 1. Mean baseline ratios of the independent groups of 3-month-old infants whose retention was tested
after increasing delays since training (the simple forgetting function: circles, solid lines) and after receiving
a reinstatement on day 0 (circles/dashed lines), day 3 (triangleslsolid lines), and day 5 (squares/solid lines).
The first point on the day-0 function is the retention of group rn0/6 at the end of training, immediately
before the reinstatement was administered. An asterisk indicates that a group exhibited significant reten-
tion (M baseline ratio significantly >1.00).
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In the Adler et al. (2000) study, infants who received a 3-min reinstatement immedi-
ately after training had exhibited no retention 7 days later. Thus, presenting the rein-
statement immediately after training produced a small retention benefit, protracting
retention 1 day longer than that of infants given no reinstatement in Experiment 1.

In contrast, infants whose reinstatement was presented on day 3 exhibited signifi-
cant retention both 7 days and 10 days after training but not 11 or 13 days afterward.
The mean baseline ratios of infants tested after 7 days (M =2.72, SE=.60) and 10
days (M =190, SE =.28) were significantly greater than 1.00, #(5) =2.86, p <.05 and
t(5)=3.19, p <.05, respectively, but the mean baseline ratios of infants tested after 11
days (M =1.23, SE=.14) and 13 days (M =1.15, SE=.18) were not, ¢(5)=1.70, ns,
and 7(6) <1, respectively. Like group rn0/6 (the immediate reinstatement group),
which had been tested after the shortest delay, group rn3/7, which was tested after the
next shortest delay, exhibited no forgetting: Its mean retention ratio was not signifi-
cantly less than 1.00 (M =0.88, SE=.12), t(4)<1. The remaining mean retention
ratios of the preceding groups, however, were significantly less than 1.00 (rn3/10:
M=0.75 SE=.04,t(4)=5.79, p<.01; rn3/11: M=0.73, SE=.09, t(4)=2.83, p<.05;
rn3/13: M=0.57, SE=.08, t(4)=5.25, p<.05), indicating that significant forgetting
had taken place since the end of training (see Table 1).

Finally, infants whose reinstatement was presented 5 days after training exhibited
significant retention both 16 and 21 days after training but not 25 or 28 days after-
ward. The mean baseline ratios of infants tested after 16 days (M =1.62, SE=.27)
and 21 days (M =1.68, SE=.24) were significantly greater than 1.00, 7(5)=2.30,

Table 1

Mean baseline ratios (BR) and retention ratios (RR), standard errors (1 SE), ¢ values, and degrees of
freedom (df) of 3-month-olds in 2 no-reinstatement groups (Experiment 1) and 9 reinstatement groups
(Experiment 2)

Baseline ratios Retention ratios
M (SE) 1(df)"* M (SE) 1(df)°
Experiment 1
Ornls 1.97 (0.42) 2.31 (6)* 0.59 (0.11) 3.81 (6)*
0rnl6 0.81 (0.18) —1.054) 0.44 (0.08) 7.28 (4)**
Experiment 2
rn0/6 1.84(0.32) 2.66 (5)* 0.72 (0.14) 191 (5)
rn3l7 2.72 (0.60) 2.86 (5)* 0.88 (0.12) 0.90 (4)
m3/10 1.90 (0.28) 3.19 (3)* 0.75 (0.04) 5.79 (4)**
rn3/11 1.23 (0.14) 1.70 (5) 0.73 (0.09) 2.83 (5)*
rn3l13 1.15(0.18) 0.85(5) 0.57 (0.08) 5.25 (4)*
msl16 1.62 (0.27) 2.30 (3)* 0.62 (0.15) 261 (5)*
rn5121 1.68 (0.24) 2.88 (5)* 0.61 (0.12) 3.26 (5)*
rn5/25 0.74 (0.08) 0.18 (6) 0.32 (0.05) 14.66 (5)***
msi28 0.94 (0.08) —0.77 (5) 0.30 (0.07) 10.69 (5)"*

* Directional 7 test comparing the M BR with a theoretical population BR of 1.00 (i.e., no retention).
b Directional 7 test comparing the M RR with a theoretical population RR of 1.00 (i.e., no forgetting).
* p<.05.

* p<.0l.

= p <.0005.
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p<.05 and #(5)=2.89, p<.05, respectively, but the mean baseline ratios of infants
tested after 25 days (M =0.74, SE=.08) and 28 days (M =0.94, SE=.08) were not,
t(4)<1 and #(5)<1, respectively. Identical analyses of the corresponding retention
ratios indicated that all of these groups had mean retention ratios that were signifi-
cantly less than 1.00 (rn5/16: M =0.62, SE=.15, t(5)=2.61, p<.05; rn5/21: M =0.61,
SE=.12,t(5)=3.26, p<.05;rn5/25: M=0.32, SE= 05, t(5) = 14.66, p <.0005; rn5/28:
M=0.30, SE=.07, t(5)=10.69, p<.0005), indicating that all exhibited significant
forgetting by the time of testing (see Table 1).

Infants whose reinstatement was presented 3 days after training still exhibited
retention 10 days after training. Relative to the 1-day retention gain that was affor-
ded by presenting the reinstatement immediately after training, the additional gain
afforded by presenting the reinstatement in the middle of the time window was con-
siderable. Because 3-month-olds had remembered the mobile task for only 5 days
without an interpolated reinstatement in Experiment 1, the day-3 reinstatement in
Experiment 2 effectively doubled the duration of their retention. However, when the
reinstatement was presented on day 5, at the end of the time window, it more than
quadrupled the duration of infants’ retention, extending it to 21 days after training.
These findings confirm that the impact of reinstatement is not uniform within the
time window; rather, the later in the time window the reinstatement occurs, the
greater is its impact on retention.

In the subsequent analyses, we focused on differences in the characteristics of the
forgetting functions after differently timed reinstatements. Specifically, we asked if
the decay rates of the original forgetting function (no reinstatement), the forgetting
function after a day-3 reinstatement, and the forgetting function after a day-5 rein-
statement differed statistically. (The forgetting function of the immediate reinstate-
ment group was not included in these analyses because it was based on only two
points—performance on day 6 and performance on day 7.)

Each of the forgetting functions was modeled separately using a linear regression
analysis in which the natural log of the baseline ratio for each reinstatement condi-
tion (none, day 3, day 5) was the dependent variable, and the test day (time since
training) was the independent variable. Prior to all analyses, we transformed infants’
baseline ratios, which had a theoretical mean of 1.00, into natural logs with a corre-
sponding mean of zero.* This transformation did not change the shape of the forget-
ting functions, but values below baseline became negative, and values above baseline
became positive. These analyses indicated that a linear model provided a significant
fit for each of the three forgetting functions: original forgetting function, F(1,
23)=12.38, p<.01; day-3 function, F(1, 23)=11.39, p<.01; day-5 function, F(1,
22)="17.32, p<.05 (see Fig. 2).

Next, we compared the slopes of each linear function with one another (original
forgetting vs. day 3, day 3 vs. day 5, original forgetting vs. day 5) by means of Student

4 This transformation was necessitated by the fact that it is conceptually inaccurate to think of a forget-
ting function as decreasing indefinitely, as a line does. A line would predict that a group’s mean baseline
ratio would eventually drop below zero.
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Fig. 2. Best-fit linear regressions of the log of the baseline ratios of infants in the simple forgetting condi-
tion and the day-3 and day-5 reinstatement groups as a function of the test delay. Dotted lines indicate the
confidence interval of each linear function, p =.05.

t tests to determine if their decay rates differed significantly. These analyses con-
firmed what was evident from Fig. 2 and from the retention benefit produced by the
various reinstatement conditions. As predicted, the slope of the day-5 function was
significantly flatter than the slope of the day-3 function, #(47)=7.59, p <.0001, and
the slopes of the day-5 and day-3 functions were each significantly flatter than the
slope of the original forgetting function (no reinstatement): day-5 function,
1(48)=4.86, p<.0001; day-3 function, t(47)=123, p<.0001. These analyses reveal
that presenting a reinstatement within the time window not only forestalled forget-
ting, as Campbell and Jaynes (1966) had observed, but also when the reinstatement
occurred later within the time window, the slope of the subsequent forgetting func-
tion (its rate of decay) was significantly shallower.

General discussion

Because very young infants’ memories are so short-lived relative to memories of
older individuals, the consequences of the timing of a reinstatement within the time
window are particularly dramatic. Three-month-olds who learn to move a mobile by
kicking, for example, remember that task for only 5 days, but a reinstatement within
that 5-day period (the time window) protracts their retention of the task. Most
important, however, is the finding that the timing of the reinstatement within the
5-day time window markedly affects the extent of the retention benefit. Administer-
ing the reinstatement at the beginning of the time window, immediately after training
(day 0), affords only a small retention benefit—1 additional day. Administering the
reinstatement in the middle of the time window, on day 3, yields a retention benefit of
5 additional days, or twice the duration of original retention. And administering the
reinstatement at the end of the time window, on day 5, yields a retention benefit of 16
additional days, or a duration of retention more than four times longer than infants
otherwise remember. This exponential increase in the retention benefit as a result of
the timing of the reinstatement within the time window is particularly remarkable
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considering that the reinstatement lasted only 3 min, it was the same for all reinstate-
ment groups, and the timing difference between adjacent reinstatement groups was
only 2 days or, at most, 3 days.

The differential retention benefit of presenting a reinstatement later in the time
window is not unique to either the operant mobile task or 3-month-olds. We have
recently obtained a similar effect using a deferred imitation task with 6-month-olds.
At 6 months, infants can defer imitation of a sequence of actions that were modeled
for 60s for 1day (but not for 2 days) if they had first imitated the actions immedi-
ately after the demonstration, when the time window opened (Barr, Vieira, & Rovee-
Collier, 2001). However. when infants first imitated the actions 1 day later, at the end
of the time window, they deferred imitation for 10 days after the demonstration
(Barr, Rovee-Collier, & Campanella, 2005). Actively imitating the actions was not
why infants’ retention increased tenfold; infants who merely witnessed an adult
model the actions again for 30s 1 day later also successfully deferred imitation for 10
days. Because 6-month-olds who observe the demonstration for only 30s cannot
defer imitation even 1 day later (Barr, Dowden, & Hayne, 1996), merely retrieving the
memory at the end of the time window must have been the critical factor in protract-
ing retention. This finding is consistent with Wagner’s (1981) suggestion that the
retrieval of a memory representation to an active state in nonverbal organisms is
analogous to verbal rehearsal.

The present findings also have parallels in classical conditioning studies with ani-
mals. Rescorla (1974), for example, reported that when animals were exposed to a
more severe shock 1 day after fear conditioning with a moderately intense shock (the
US), their conditioned fear increased significantly (an “inflation effect”). Because the
more traumatic postconditioning stimulus was never paired with the original condi-
tioned stimulus (CS), he concluded that the animals’ memory of the original US had
been retrieved and altered by the more intense shock. Subsequently, Hendersen
(1985) demonstrated that the inflation effect was greater when the delay between con-
ditioning and animals’ subsequent exposure to the more severe shock was longer—
on the order of several months—than when the delay was only 1 day. Hendersen also
demonstrated that when a fear conditioning procedure was followed by a shock that
was weaker than the US, the animals’ memory of the US was deflated, and the mag-
nitude of their fear was lessened. Again, as with the inflation effect, the “deflation
effect” was greater when the delay between original fear conditioning and the post-
training exposure to the weaker shock was longer. These results, then, support the
generality of the nonuniformity principle: The same manipulation had a different
impact on retention depending on when it occurred during the retention interval, and
the later it occurred, the greater was its impact.

It seems paradoxical that the greatest benefit to retention in the present study
occurred when the reinstatement was presented at the end of the time window—a
point when the training memory was presumably the weakest and just before it was
forgotten altogether. Typically, greater temporal contiguity, not less, facilitates learn-
ing. The blocking phenomenon (Kamin, 1969), in which close temporal contiguity
between a second CS and an expected US does not lead to the formation of an asso-
ciation between them, is a notable exception. Kamin concluded that the “mental
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effort” stimulated by a surprising or unexpected US is prerequisite for new learning
and that in the blocking paradigm, the US is not surprising. Presently, however, the
focus was not on the contiguity between successive events (e.g., a CS and US) within
a single trial or even across trials within a single session (Balsam, Drew, & Yang,
2002; Gallistel & Gibbon, 2000; Wagner, 1976, 1981; Whitlow, 1976) but on the tem-
poral relationship between the processing of an event that had already been encoded,
stored, and retrieved and the event that retrieved it.

Bjork (Bjork, 1975; Landauer & Bjork, 1978) argued that greater retrieval diffi-
culty, defined as the time since the last retrieval, enhances retention more. He origi-
nally drew evidence for this argument from studies of the spacing effect with college
students; however, the current study differs from those studies in several ways. First,
infants presently learned the operant task before the repetition. In typical experi-
ments on the spacing effect, repetitions are an integral part of the study phase, and
retention is not measured until adults are exposed to the repetitions (Bentin & Mos-
covitch, 1988; Toppino, 1991, 1993; Toppino, Kasserman, & Mracek, 1991; Wilson,
1976).

Second, the repetition in the present study was an abbreviated version of the orig-
inal event rather than a complete replica of it. In fact, a reinstatement by itself gener-
ates neither new learning nor retention on the part of subjects who were not
previously trained (Campbell & Jaynes, 1966; Galluccio, 2005; Galluccio & Rovee-
Collier, 1999; Hartshorn, 2003; Spear & Parsons, 1976). Third, the interval between
training and reinstatement was presently measured in days, whereas the interval that
has generated the most robust data in studies of the spacing effect with adults is mea-
sured in seconds (i.e., approximately 15s; for review, see Hintzman, 1974).

Finally, the abbreviated repetition in the present study spanned infants’ entire for-
getting function, but a comparable manipulation is impractical to use with adults,
either human or animal, because they initially remember events for so long (Crowder,
1976; Gleitman, 1971). Because the width of the time window for a given event tracks
its forgetting function (Rovee-Collier, 1995), a reinstatement treatment would be
expected to extend retention after a very long delay in studies with adults, but the
nonuniform benefit of administering reinstatement at different points within the time
window, if it could even be specified, might be less dramatic for subjects who remem-
ber for so long in the first place.

In learning and memory research with animals, reinstatement has been used both
as a reminder procedure to prolong retention (Campbell & Jaynes, 1966; Greenfield
& Riccio, 1972; Riccio & Haroutunian, 1979) and as a tool for examining, for exam-
ple, the integrity of the original CS-US association after extinction (Bouton, 1984,
1993, 1994; Bouton & Nelson, 1998; Rescorla & Heth, 1975). The present study docu-
ments the relevance of the time window construct-and particularly, the nonunifor-
mity principle—for studies in which a reinstatement is presented during the retention
interval. The surprising magnitude of the present effects, along with their docu-
mented generality across age, species, and task, strongly suggests that the timing of
reinstatement in the retention interval, and probably the timing of other manipula-
tions that entail memory retrieval as well, differentially affects the outcomes of stud-
ies on learning and memory.
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