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Retrieval practice reduces relative forgetting over time
Anna T. Nickl and Karl-Heinz T. Bauml

Department of Experimental Psychology, Regensburg University, Regensburg, Germany

ABSTRACT

There is overwhelming evidence in the literature that retrieval practice of studied material can
lead to better final recall than restudy of the same material. Far less clear is whether this recall
benefit is accompanied by reduced subsequent forgetting over time. This study revisited the
issue in two experiments by comparing the effects of retrieval practice — with and without
feedback -, restudy, and a no-practice condition on recall across different delay intervals
ranging between three minutes and several days. We fitted power functions of time to the
recall rates of each practice condition and compared relative forgetting rates between
conditions. The comparisons showed that relative forgetting was reduced after retrieval
practice relative to restudy, the relative forgetting rate after retrieval practice was unaffected
by the presence of feedback, and forgetting after restudy did not differ from the no-practice
condition. Together with other findings in the literature, the results provide evidence that
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retrieval practice reduces relative forgetting over time.

As already noted by Ebbinghaus (1885) in his pioneering
work, forgetting over time follows a distinct course, with
a steep drop in memory performance shortly after study
that levels off as time between study and test increases.
Ever since then, memory research has been concerned
with the question of how to reduce such forgetting over
time (e.g., Abbott, 1909; Spitzer, 1939), with a large
number of the studies focusing on the effects of retrieval
practice. In these studies, retrieval practice, where pre-
viously studied information is retrieval practiced before a
final test, is often compared to restudy, where previously
studied information is reexposed for further study.
However, despite a long research history on the issue
(see Roediger & Karpicke, 2006a), a definitive answer on
the question of whether retrieval practice reduces forget-
ting over time is still missing. The goal of the present
study was to contribute to this research question and
help gain a more clearcut answer on the issue.

Studies on retrieval practice effects typically include an
initial study phase, during which, for instance, words,
paired associates, or some prose material are exposed to
participants, immediately followed by a practice phase,
during which the studied material is either retrieved or
restudied; in the retrieval-practice condition, feedback
may be provided. After a delay interval of few minutes
up to several days, often a final recall test is conducted,
in which participants are asked to recall the initially
studied material. In most studies, recall in the retrieval
practice condition - with and without feedback - has
been found to be higher than recall in the restudy

condition. Retrieval practice effects have been reported
for a wide range of materials, participant groups, and prac-
tice protocols (for reviews, see Karpicke, 2017; Roediger &
Butler, 2011).

Retrieval practice effects across longer delays

Most of the studies on retrieval practice effects compared
final recall of retrieval practiced and restudied material at
two delay intervals between practice and test: a short
delay of few minutes and a longer delay often between
30 min and several days. It was then of interest whether
the decrease in recall performance from the short to the
longer delay was similar for retrieval practiced and restu-
died material, or whether the decrease differed between
practice conditions. Typically, the question was addressed
by using analysis of variance (ANOVA) and examining the
presence of a significant interaction between delay
(short, long) and type of practice (retrieval practice,
restudy). A significant interaction was taken as evidence
that the two practice formats differed in amount of forget-
ting over time.

The studies comparing the effects of retrieval practice
without feedback and restudy across two delay intervals
reported mixed results. In some studies, significant inter-
actions between the two factors were found, with a
lower amount of forgetting in the retrieval practice than
the restudy condition (e.g., Abel et al., 2019, Experiment
1a; Mulligan & Picklesimer, 2016, Experiment 2; Thompson
etal.,, 1978, Experiment 2; Toppino & Cohen, 2009; Wheeler
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et al,, 2003), whereas in other studies no such interactions
arose (e.g., Abel et al,, 2019, Experiment 2b; Agarwal et al.,
2017; Thompson et al., 1978, Experiment 3). However,
overall more significant than non-significant interactions
have been reported. A similar picture arises for the
studies employing retrieval practice with feedback. Some
studies reported significant interactions between delay
and type of practice with reduced forgetting in the retrie-
val practice condition (e.g., Abel & Bauml, 2020; Abel &
Roediger, 2018; Mulligan & Peterson, 2015), whereas
other studies did not find any significant interactions
(e.g., Abel et al., 2019, Experiment 1a; Carrier & Pashler,
1992). Again, the majority of the studies has reported
interactions.

One of the few studies that examined retrieval practice
effects across more than two delay intervals is the study
by Roediger and Karpicke (2006b). In this study, partici-
pants were exposed to prose materials that they restu-
died or retrieval practiced without feedback shortly
after study. Five minutes, 2 days, or 1 week after practice,
participants were asked to recall as much content as
possible from the originally studied material. ANOVA
showed a significant interaction between delay and
type of practice, with a steeper decrease in recall per-
formance over time for the restudied material." Thus,
when using ANOVA to analyze recall performance, at
least in tendency, retrieval practice, both with and
without feedback, seems to attenuate forgetting relative
to restudy.

Using power function analysis to capture time-
dependent forgetting

Apart from using ANOVA to examine forgetting over time,
alternative methods have been employed to describe such
time-dependent forgetting and compare the forgetting
across different practice conditions. Time-dependent for-
getting usually follows a characteristic trajectory, with a
steep initial drop in memory performance followed by a
long, more shallow decline in performance, and numerous
researchers have fit mathematical functions to corre-
sponding data in order to capture the curvilinear nature
of forgetting (e.g., Ebbinghaus, 1885; Wickelgren, 1972,
1974). On the basis of this work, a power function of
time, r(t) = a(1 + ct)®, has since been widely accepted to
account for forgetting over time, where a is recall at time
t=0, cis a scaling unit, and b is the relative rate of forget-
ting over time.2 The power function with its focus on rela-
tive forgetting contrasts with the focus on absolute
forgetting in the ANOVA-based approach, which indicates
that the two approaches will not always lead to the same
conclusions when comparing time-dependent forgetting
across different experimental conditions (see Wixted,
2022). Indeed, equality of absolute forgetting (which
would result in a non-significant interaction between
delay and type of practice in an ANOVA) can differ dramati-
cally from equality of forgetting in relative terms. For
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instance, if retention drops from 60 percentage points to
40 percentage points in one condition, and from 30 per-
centage points to 10 percentage points in another con-
dition, the two conditions show the same amount of
absolute forgetting (—20 percentage points), but differ
vastly in relative forgetting (—33% versus —67%). Although
the power function can describe a wide range of forgetting
data well (e.g., Rubin & Wenzel, 1996; Wixted & Ebbesen,
1991, 1997), so far it has rarely been used to compare for-
getting after retrieval practice with forgetting after
restudy.

To the best of our knowledge, only two studies to date
have used the power function to compare forgetting after
retrieval practice with forgetting after restudy. In the one
study, Carpenter et al. (2008) asked subjects to study
obscure facts (Experiments 1 and 2) or vocabulary pairs
(Experiment 3). After study, subjects either retrieval prac-
ticed the materials with feedback or restudied the
materials, once (Experiment 1) or three times in succession
(Experiments 2 and 3). After each of six different delay
intervals between practice and test (5 min or 1, 2, 7, 14,
or 42 days), subjects were then asked to recall one of six
different subsets of the studied material. For each
subject and practice type, individual power functions
were fit to the final recall data. The researchers reported
a significantly reduced forgetting rate parameter b after
retrieval practice compared to restudy in Experiments 2
and 3, whereas Experiment 1 showed a numerical trend
in this direction only. At the same time, ANOVA yielded a
significant interaction between delay and type of practice
only in Experiment 1, illustrating that ANOVA and power
function analysis do not always coincide in their impli-
cations regarding possible differences in forgetting over
time.

In the other study, Siler and Benjamin (2020, Exper-
iment 2) asked their participants to study pictures of
different birds and their taxonomic families. Like Carpenter
et al. (2008), they employed a within-subject manipulation
of delay interval, restudy and retrieval practice with feed-
back as types of practice, and delay intervals of few
minutes, 1, 7, and 25 days. During practice, some taxo-
nomic bird families were restudied and some other
families retrieval practiced followed by feedback. Siler
and Benjamin were interested in a number of issues in
this experiment. However, of particular interest for the
present study was that they conducted an old/new-recog-
nition test for the studied items and fitted the three-para-
metric power function to the recognition data. Results
showed a numerical trend towards a reduced forgetting
rate parameter b after retrieval practice with feedback
compared to restudy, but the difference in parameter esti-
mates did not reach significance. Also, no significant inter-
action between delay and type of practice arose when
using ANOVA. The two studies by Carpenter et al. (2008)
and Siler and Benjamin (2020) thus yielded somewhat
mixed results, with a significant difference in forgetting
rates between restudy and retrieval practice with feedback
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in two of the four experiments, and a non-significant
numerical difference between conditions in the remaining
experiments.

The present study

In light of the mixed results reported by Carpenter et al.
(2008) and Siler and Benjamin (2020), this study aimed to
revisit the issue of whether, when using power function
analysis, restudy and retrieval practice with feedback
lead to different forgetting rate parameters. Going
beyond the two previous studies, it was also examined
whether a reduced forgetting rate parameter would
arise in response to retrieval practice without feedback,
which also allows a comparison of forgetting rates
between retrieval practice with and without feedback.
Somewhat surprisingly, no study has yet examined for-
getting rates when retrieval practice is without feedback.
Doing so thus will fill a critical empirical gap in the retrie-
val practice literature. Finally, we aimed to contrast the
restudy condition with a no-practice condition in order
to examine whether restudy in its own can also slow
forgetting.

The results of two experiments are reported designed
to address these research questions. Experiment 1 fol-
lowed up on the studies by Carpenter et al. (2008) and
Siler and Benjamin (2020) and included both a restudy
and a retrieval-practice-with-feedback condition. In
addition, the experiment contained a retrieval-practice-
without-feedback condition to allow both a comparison
in forgetting rates between restudy and retrieval practice
without feedback and a comparison in forgetting rates
between the two retrieval practice formats. Because
Experiment 1 is the first experiment in the literature
that examined relative forgetting when retrieval practice
is without feedback, Experiment 2 again included such a
condition and compared forgetting rate in a retrieval-
practice-without-feedback condition with forgetting
rate in a restudy condition. However, instead of the retrie-
val-practice-with-feedback condition, a no-practice con-
dition was included to examine whether restudy in its
own also reduces time-dependent forgetting. In both
experiments, a list of paired associates served as study
material. Four delay intervals were employed in each
experiment: delays of 3 min, 1, 3, and 7 days in Exper-
iment 1 and delays of 3 min, 1, 2, and 3 days in Exper-
iment 2. Delay was manipulated between participants
in order to prevent that forgetting rates after longer
delays were influenced by the prior recall at earlier
delay intervals (see also General Discussion). The results
of the two experiments will provide insights into
whether (i) retrieval practice - with and without feed-
back - reduces forgetting rates compared to restudy, (ii)
the two retrieval practice formats differ in forgetting
rates, and (iii) restudy reduces forgetting compared to a
no-practice condition.

Experiment 1
Method

Ethical considerations

All reported studies were carried out in accordance with
the provisions of the World Medical Association Declara-
tion of Helsinki.

Participants

144 participants took part in the experiment (M =22.32
years, SD=2.59, range = 18-30 years, 102 female). They
were recruited mainly from Regensburg University, as
well as by placing online advertisements in students’
groups in Germany. Participants were distributed
equally across the four between-subjects conditions,
yielding n =36 participants per delay condition. Sample
size was based on a power analysis conducted in
G*Power (version 3.1.9.7; Faul et al, 2007) - with a
=.05, =.20, and r|,23=0.06, as previous studies often
had reported small to medium effect sizes (nf,s of 0.05-
0.11) for the ANOVA interaction between delay and
type of practice (e.g., Abel & Bauml, 2020; Mulligan &
Peterson, 2015; Toppino & Cohen, 2009) - as well as
counterbalancing purposes. Doing so, our sample size
was also similar to studies from other research areas
that also compared relative forgetting across different
experimental conditions (e.g., Bauml & Trifl, 2022). All
subjects spoke German as their native language and
reported no neurological or psychiatric disease. In both
experiments, all subjects gave their spoken informed
consent and took part in the experiment in return for
either course credit or a compensatory amount of
money. There were no participants failing to show up
when testing was delayed.

Materials

Materials consisted of 24 unrelated word pairs of concrete
nouns, which were drawn from Van Overschelde et al.
(2004) and already used in Bauml et al. (2014). Individual
nouns were chosen from different semantic categories,
each with 1-2 syllables. Within each pair, one word was
always used as the cue word while the other word served
as the target word. The list of 24 pairs was divided into
three sets of 8 pairs each (A, B, and C). Assignment of sets
to practice conditions and order of sets during the practice
phase were counterbalanced across participants within
each delay condition, resulting in 36 different combinations
of type of practice and set sequence. All materials as well
as the data from both experiments are available on the
Open Science Framework (https://osf.io/e8cg5/?view_only=
6865e077babf42fea39balcf713107f8).

Design

The experiment followed a 4 (DELAY: 3 min vs. 1 day vs. 3
days vs. 7 days) x 3 (TYPE OF PRACTICE: restudy vs. retrie-
val practice with feedback vs. retrieval practice without
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feedback) mixed design. Delay was manipulated between-
subjects, type of practice was manipulated within-subject.

Procedure

Data collection took place via individual zoom meetings.
Both participants and experimenters were required to
keep their cameras and microphones on during the meet-
ings. For participants in the long delay conditions (1 day, 3
days, or 7 days), the experiment consisted of two sessions
that were scheduled for the same time of day (+ 2 hrs).
Individual participants were tested at various times of
day during working hours, but time of day did not vary sig-
nificantly across delay conditions, x2(12) =10.06, p=.611.
The software OpenSesame (version 3.3; Mathét et al.,
2012) was used for stimulus presentation and balancing.
During sessions, experimenters shared their screen for
stimulus presentation and instructed participants orally.

The experiment started with a study phase consisting of
two study cycles. During each cycle, all 24 word pairs were
presented individually for 5 s. Subjects were asked to
remember the pairs for an upcoming test at the end of
the experiment. Between the two study cycles and after
the second study cycle, subjects sorted triples of two-
digit numbers in ascending or descending order for
1 min. After the study phase, the practice phase started.
For the restudy condition, subjects were informed that
they could now study some of the previously presented
word pairs again. Accordingly, 8 pairs (either set A, B, or
C) were reexposed for 7 s each. For the two retrieval prac-
tice conditions, participants were told that they should try
to remember some of the studied word pairs. In the retrie-
val-practice-without-feedback condition, subjects were
shown the cue word and the first two letters of 8 further
pairs for 7 s and were asked to type the target word into
an empty document that was made accessible on the
screen. We chose to use initial-letter cues for the target
words in order to increase recall rates. The retrieval-prac-
tice-with-feedback condition mirrored the retrieval-prac-
tice-without-feedback condition, with the only exception
that the retrieval cues were present for 5 s only, during
which subjects were asked to type in the pair's target
item followed by 2 s during which the complete pair was
provided as feedback. Order of practice conditions was
counterbalanced across participants.

After practice, participants in the long delay conditions
were instructed to count backwards in steps of 7 from a
three-digit number for 2 min as a recency control. They
were then dismissed and asked to return to their second
scheduled zoom meeting 1, 3, or 7 days later. The
second session began with a 3 min distractor task during
which subjects solved Raven’s Standard Progressive
Matrices (Raven et al., 2000). Subjects in the 3-min delay
condition proceeded to this task immediately after the
practice phase. In all delay conditions, subjects performed
the final test for all originally studied word pairs. Partici-
pants were presented with one cue word at a time for 7
s and were asked to type in the associated target word.
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The initial letter of each target word was provided as a
retrieval cue.

Fitting the power function to the recall rates

We used maximum likelihood methods to fit the three-
parametric power function of time, r(t)=a(l +c)7 to
the recall rates of the three practice conditions using
group average data. Time was measured in days since
the end of the practice phase. For each practice condition,
we generated a separate power function model and com-
pared it to a statistical baseline model that described the
recall rates of the four delay conditions as the product of
four independent binomial distributions. Parameters
were estimated by maximising the likelihood of the
power function model. This likelihood was then compared
to the likelihood of the baseline model using likelihood
ratio, which led to an approximate x>-test to examine
whether the power function described the recall rates
well (Bauml & Trill, 2022; TriBl & Bauml, 2022; see also
Riefer & Batchelder, 1988; Wickens, 1982).

Before running such analyses, however, we followed
the previous studies by Carpenter et al. (2008) and Siler
and Benjamin (2020) and estimated a common scaling par-
ameter ¢ for the three practice conditions. For this, we
compared a restricted power function model, in which par-
ameters a and b were allowed to vary freely between con-
ditions but parameter ¢ was restricted to be the same for
all three conditions, to a more general model, in which
all three parameters in all three conditions were allowed
to vary freely. We tested the fit of this restricted model
using maximum likelihood methods and a x’-test with
two degrees of freedom. As it turned out, the restricted
model described the data equally well as the more
general model, x%(2) =0.34, p =.844, with c=0.45 as the
best fitting scaling parameter. This parameter estimate
was then used for all further analyses. As a result, a XZ-
test with two degrees of freedom was used to evaluate
the fit of the power function (with its remaining two free
parameters a and b) to the (four) recall rates of a practice
condition.

In the next step, we examined whether parameters a
and b of the power function varied significantly between
two practice conditions, for instance, the retrieval-prac-
tice-with-feedback and the restudy condition. For this,
we combined the data sets of the two practice conditions
and compared the fit of a more general power function
model that allowed parameters a and b to vary freely
between conditions to that of a more restricted power
function model in which either parameter a or parameter
b were fixed to be the same for the two conditions. Again,
the comparison was based on maximum likelihood
methods, resulting in a yx’-test with one degree of
freedom (see also Bauml & Trif3l, 2022; TriBl & B&uml,
2022). All fitting procedures were written in R (R Core
Team, 2021) and implemented in R Studio (RStudio
Team, 2020), using optim() from the R package stats



1416 A.T. NICKL AND K.-H.T. BAUML

(version 4.1.1) with a Nelder-Mead method for

maximisation.

Results
Success rates during retrieval practice

Mean recall rates during retrieval practice were .75 (SD
=.23) in the condition with feedback and .76 (SD =.23) in
the condition without feedback. A 4 x2 mixed-factors
ANOVA with the between-subjects factor of DELAY
(3 min vs. 1 day vs. 3 days vs. 7 days) and the within-
subject factor of TYPE OF PRACTICE (retrieval practice
with feedback vs. retrieval practice without feedback) pro-
duced no main effect of DELAY, F(3, 140) = 0.48, MSE = .08,
p=.696, np2= 0.01, no main effect of TYPE OF PRACTICE, F
(1, 140) = 0.46, MSE =.02, p = .498, r]p2 <0.01, and no inter-
action between the two factors, F(3, 140) = 2.04, MSE =.02,
p=.111, r],,2=0.04, indicating that success rates did not
vary across practice condition and delay.

Final recall: analysis of variance

Figure 1 shows the percentage of recalled target items for
all three practice conditions across the four delay intervals.
Using ANOVA, we compared recall rates in the restudy
condition with those in the retrieval-practice-with-feed-
back and the retrieval-practice-without-feedback con-
ditions, and finally compared recall rates between the
two retrieval practice conditions. Regarding the compari-
son between restudy and retrieval practice with feedback,
a 4 x2 mixed-factors ANOVA with the between-subjects
factor of DELAY (3 min vs. 1 day vs. 3 days vs. 7 days)
and the within-subject factor of TYPE OF PRACTICE
(restudy vs. retrieval practice with feedback) revealed a
main effect of DELAY, F(3, 140)=49.93, MSE=.10, p
<.001, r]p2=0.52, with lower recall after longer than
shorter delay, a main effect of TYPE OF PRACTICE, F(1,
140) = 14.34, MSE=.02, p<.001, n,”=0.09, with lower
recall in the restudy condition, as well as an interaction
between the two factors, F(3, 140)=3.06, MSE=.02, p
=.030, n§=0.06, reflecting the fact that the detrimental
effect of delay on recall was larger in the restudy than
the retrieval-practice-with-feedback condition.

The comparison between restudy and retrieval practice
without feedback showed a main effect of DELAY, F(3,
140) = 46.88, MSE=.10, p <.001, n§=0.50, no main effect
of TYPE OF PRACTICE, F(1, 140) =0.39, MSE=.02, p =.535,
n§< 0.01, and a marginally significant interaction
between the two factors, F(3, 140)=2.39, MSE=.02, p
=.071, r]f,z 0.05, indicating a trend towards a larger detri-
mental effect of delay in the restudy condition. Finally, the
comparison between the two retrieval practice conditions
revealed a main effect of DELAY, F(3, 140) =40.83, MSE
=.10, p<.001, n3=0.47, a main effect of TYPE OF PRAC-
TICE, F(1, 140)=8.21, MSE=.02, p=.005, n3=0.06, with
overall higher recall after retrieval practice with feedback,

but no interaction between the two factors, F(3, 140) =
0.38, MSE=.02, p=.765, n,zo< 0.01, pointing to a similarly
sized delay effect for the two retrieval practice formats.

Final recall: power function analysis

When fitting the power function to the recall rates of each
single practice condition, results showed that the function
described the recall rates of all three practice conditions
well (Figure 1), as is reflected in x2(2) values of <4.82,
p>.090, for the single practice conditions (Table 1).
Indeed, the power function explained most of the variance
in the data, as is represented in r? values of >.983 in the
three conditions. We compared parameters a and b of
the function in the restudy condition with those in the
two retrieval practice conditions, and finally compared
parameters between the two retrieval practice formats.
Regarding the comparison between restudy and retrieval
practice with feedback, estimates for parameter a were
found to not differ significantly between conditions,
x2(1) < 0.01, p =.920, suggesting similar initial recall levels
in the two conditions. In contrast, the two conditions
differed in parameter b, x2(1)= 10.15, p =.001, reflecting
a higher forgetting rate for restudy than retrieval practice
with feedback.

Regarding the comparison between restudy and retrie-
val practice without feedback, parameter a was found to
be significantly smaller for retrieval practice than restudy,
x2(1)=4.58, p =.032, indicating lower initial recall in the
retrieval practice condition. Parameter b was also smaller
in the retrieval practice condition, x2(1)=6.92, p =.008,
reflecting a higher forgetting rate for restudy than retrieval
practice without feedback. Finally, when comparing the
two retrieval practice conditions, parameter a was found
to be smaller in the retrieval-practice-without-feedback
condition, x2(1)=4.40, p=.036, indicating lower initial
recall in this condition, whereas forgetting rate parameter
b did not differ between the two retrieval practice formats,
x2(1)=0.17, p =.680.

Discussion

Time-dependent forgetting in all three practice conditions
was well described by the three-parametric power func-
tion of time, which is consistent with the previous
studies by Carpenter et al. (2008) and Siler and Benjamin
(2020). Regarding the comparison between restudy and
retrieval practice with feedback, our findings replicate
the findings from two of the three experiments reported
in Carpenter et al. (2008), in that a lower forgetting rate
parameter (b) was found in the retrieval-practice-with-
feedback than in the restudy condition. Going beyond
this previous study, the results also show that the
reduction in forgetting rate parameter generalizes from
retrieval practice with feedback to retrieval practice
without feedback. Moreover, forgetting rates were com-
parable in size between the two retrieval practice
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Figure 1. Results of Experiment 1. Recall rates for the three practice conditions are displayed along with the best-fitting power functions. The power func-
tion described the recall rates well, showing a larger forgetting rate parameter in the restudy condition than in the two retrieval practice conditions, which
did not differ in forgetting rates (see Table 1). Error bars represent + 1 standard error.

formats. Retrieval practice — with and without feedback -
thus seems to slow time-dependent forgetting.

As pointed out by both Carpenter et al. (2008) and
Wixted (2022), due to the difference in focus on absolute
versus relative forgetting, the conclusions drawn from
ANOVAs and power function analyses do not necessarily
coincide when it comes to comparing time-dependent for-
getting across experimental conditions. Nevertheless, we
found the results from the ANOVAs to largely mimic
those from the power function analysis. Consistently,
ANOVA revealed a larger amount of (absolute) time-
dependent forgetting for restudy compared to retrieval
practice with feedback, at least a trend towards a larger
amount of forgetting for restudy compared to retrieval
practice without feedback, and no difference in amount
of forgetting between the two retrieval practice formats.

The finding of a reduced (relative) forgetting rate after
retrieval practice without feedback relative to restudy is
the first of this kind in the literature on retrieval practice
effects, so we aimed to replicate the result in Experiment
2. Because free recall, rather than initial-letter cued recall
- as it has been employed in Experiment 1 -, is the
typical procedure for final recall of paired associates in
studies on retrieval practice effects (e.g., Roediger & Kar-
picke, 2006a; see also Carpenter et al., 2008), in Experiment
2 the target items’ initial letters were no longer provided as
retrieval cues at test and recall was rather conducted in the
absence of any item-specific cues. We also replaced the
retrieval-practice-with-feedback condition by a no-prac-
tice condition to examine whether restudy in itself also
has a retarding effect on time-dependent forgetting.
Finally, instead of the 7-days delay condition we included
a 2-days delay condition into the experimental setup. This

was done because forgetting curves tended to stabilize by
Day 3 and thus more information about the underlying for-
getting rate may be gained if a shorter delay interval was
included.

Experiment 2
Method

Participants

144 new participants were recruited for the experiment (M
=22.43 years, SD =2.91, range = 18-30 years, 86 female),
mainly from Regensburg University but also by placing
online advertisements in students’ groups in Germany.
Participants were distributed equally across the four
between-subjects conditions, yielding n=36 participants
per delay condition. Sample size followed Experiment
1. Like in Experiment 1, there were no participants failing
to show up when testing was delayed.

Materials

24 new unrelated word pairs of concrete nouns from
different semantic categories (1-2 syllables) were used,
drawn from Van Overschelde et al.'s (2004) norms. Pairs
were partially sampled from Bauml et al. (2014). Like in
Experiment 1, the pairs were divided into three sets of 8
pairs each (A, B, and C). Assignment of sets to practice con-
ditions and order of sets during the practice phase were
again counterbalanced across participants within each
delay condition. Experiment 2 had only 12 different combi-
nations of type of practice and set sequence, as only two
(instead of all three) sets were reexposed during practice.
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Table 1. Best power function fits and explained variance for Experiment 1.

Condition a b x2(2) p r?

Restudy 0.863 0965 482 .090 .983
Retrieval Practice with Feedback 0.860 0.714 0.08 .961 .999
Retrieval Practice without Feedback 0.799 0.746 0.88 .644 995

Design

Again, we used a 4 (DELAY: 3 min vs. 1 day vs. 2 days vs. 3
days) x 3 (TYPE OF PRACTICE: restudy vs. retrieval practice
without feedback vs. no practice) mixed design. Delay was
manipulated between-subjects, type of practice was
manipulated within-subject.

Procedure

Experiment 2 closely followed Experiment 1 with the fol-
lowing exceptions: (a) between the two study cycles and
after the second cycle, we used a different 1 min distractor
task, during which subjects first added up the digits for
each of two two-digit numbers and then either added or
subtracted the two interim results; (b) instead of the-retrie-
val-practice-with-feedback condition, we introduced a no-
practice condition; the set of items assigned to this con-
dition (A, B, or C) was not presented again after the two
initial study cycles; (c) during the final test, subjects were
asked to recall the targets in the absence of any item-
specific retrieval cues.

Fitting the power function to the recall rates

The fitting procedure was identical to the one employed in
Experiment 1. Again, before running more detailed ana-
lyses, we estimated a common scaling parameter ¢ for
the three practice conditions using the same procedure
as in Experiment 1. Like in Experiment 1, the restricted
power function model with a common scaling parameter
¢ for the three practice conditions described the recall
rates equally well as the more general power function
model in which the parameter varied freely across con-
ditions, ¥*(2)=1.70, p=.427, with c=27.78 as the best
fitting parameter. Like in Experiment 1, this parameter esti-
mate was used for all further analyses.

Results
Success rates during retrieval practice

Mean recall rate during retrieval practice was .83 (SD =.20).
Recall performance did not vary across delay conditions, F
(3, 140) = 0.37, MSE= .04, p =778, n3 < 0.01.

Final recall: analysis of variance

Figure 2 shows the percentage of recalled target items for
all three practice conditions across the four delay intervals.
Using ANOVA, we compared recall rates in the restudy
condition with those in the retrieval-practice-without-
feedback condition as well as with those in the no-practice

condition. For the comparison between restudy and retrie-
val practice without feedback, a 4x2 mixed-factors
ANOVA with the between-subjects factor DELAY (3 min
vs. 1 day vs. 2 days vs. 3 days) and the within-subject
factor TYPE OF PRACTICE (restudy vs. retrieval practice
without feedback) revealed a main effect of DELAY, F(3,
140)=10.61, MSE=.13, p<.001, n3=0.19, with lower
recall after longer delay, no main effect of TYPE OF PRAC-
TICE, F(1, 140) = 2.37, MSE=.02, p=.126, n3=0.02, and a
significant interaction between the two factors, F(3, 140)
=3.06, MSE=.02, p=.030, np=0.06, indicating that the
detrimental effect of delay on recall rates was larger in
the restudy condition. Comparing restudy and no-practice
conditions, we found a main effect of DELAY, F(3, 140) =
14.61, MSE=.11, p <.001, n3=0.24, a main effect of TYPE
OF PRACTICE, F(1, 140)=101.31, MSE=.03, p <.001, n3=
0.42, with higher recall in the restudy condition, but no sig-
nificant interaction between the two factors, F(3, 140)
=.94, MSE =.03, p=.422, n3=0.02.

Final recall: power function analysis

Again, the power function described the recall rates in the
three practice conditions well (Figure 2), as is reflected in
x2(2) values of <2.52, p >.284, for the single conditions
(Table 2). Consistent with this finding, in all three con-
ditions the power function also explained most of the var-
iance in the data, as is reflected in r? values >.975 in the
three conditions. Comparing parameters a and b
between restudy and the retrieval-practice-without-feed-
back condition, we found parameter a to not differ
between the two conditions, x2(1) =270, p=.100,
suggesting similar initial recall, whereas forgetting rate
parameter b was found to be higher in the restudy than
the retrieval-practice-without-feedback condition, X2(1) =
7.96, p=.005. Comparing parameters a and b between
restudy and the no-practice condition, we found par-
ameter a to be smaller in the no-practice condition, X2(1)
=35.15, p <.001, suggesting lower initial recall in this con-
dition, whereas no difference was found in parameter b,
x*(1)=2.83, p=.093, pointing to similar forgetting rates
in the two conditions.?

Discussion

Like in Experiment 1, the power function of time described
time-dependent forgetting in all three practice conditions
well. In particular, we replicated the finding of Experiment
1 of a smaller forgetting rate parameter after retrieval prac-
tice without feedback relative to restudy. The finding sup-
ports the view that not only retrieval practice with
feedback but also retrieval practice without feedback
may reduce time-dependent forgetting, which indicates
that successful retrieval during practice potentiates later
recall at test (Glover, 1989; Halamish & Bjork, 2011;
Pashler et al., 2005). Additionally, we found that restudy
on its own did not significantly reduce the forgetting
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Figure 2. Results of Experiment 2. Recall rates for the three practice conditions are displayed along with the best-fitting power functions. The power func-
tion described the recall rates well, showing a larger forgetting rate parameter in the restudy than the retrieval practice without feedback condition. For-
getting rates did not differ between the restudy and the no-practice conditions (see Table 2). Error bars represent + 1 standard error.

rate parameter compared to a no-practice condition, even
though the parameter value was at least numerically
reduced after restudy. The ANOVA results turned out to
be analogous to those of the power function analyses.
Consistently, a significant interaction between delay and
type of practice emerged for the comparison between
restudy and retrieval practice without feedback, indicating
less (absolute) forgetting after retrieval practice than
restudy. Regarding the comparison between restudy and
the no-practice condition, no significant interaction was
found, suggesting similar amounts of (absolute) forgetting
in the two conditions.

Additional analyses

Arithmetical versus Geometrical Averaging. Using arithmeti-
cal averaging to analyze group data can produce aver-
aging artifacts, for example, a group function with
mathematical properties that differ from those of the indi-
vidual subject data (Estes, 1956; Sidman, 1952). To evaluate
a possible contribution of averaging artifacts to the
pattern of results presented above, we re-ran all analyses
using geometrically averaged data (see Anderson &
Tweney, 1997; Wixted & Ebbesen, 1997). For both exper-
iments, the pattern of results remained largely the same

Table 2. Best power function fits and explained variance for Experiment 2.

Condition a b ¥Q »p r
Restudy 0.766 0.147 252 .284 975
Retrieval Practice without Feedback 0.705 0.094 1.06 .589 .975

No Practice 0.526 0.189 020 .905 .998

when using geometrical rather than arithmetical aver-
aging of individual recall rates.*

Like with the arithmetically averaged data, the power
function described the recall rates for all three conditions
of each experiment well (see Table 3). In Experiment 1, esti-
mates for parameter a did not differ for restudy and retrie-
val practice with feedback, X2(1) =0.02, p=.887, whereas
estimates for forgetting rate parameter b did, x*(1) =
11.20, p <.001. Comparing restudy and retrieval practice
without feedback, both parameter a and parameter b
were found to be higher after restudy than retrieval prac-
tice (a: x%(1)=5.58, p=.018, b: x*(1)=8.24, p=.004).
Finally, regarding the two retrieval practice conditions,
parameter a was found to be higher after feedback,
x2(1) =5.19, p=.023, whereas forgetting rates did not
differ between conditions, )(2(1) =0.10, p=.752. In Exper-
iment 2, parameter a did not differ between restudy and
retrieval practice without feedback, )(2(1) =2.88, p=.090,
but forgetting rate parameter b was larger after restudy,
x>(1) = 8.66, p =.003. Comparing restudy and the no-prac-
tice condition, parameter a was found to be higher in the

Table 3. Best power function fits and explained variance for geometrically
averaged data.

Condition a b ¥Q »p r?
Experiment 1

Restudy 0.854 0.993 5.62 .060 .982
Retrieval Practice with Feedback 0.851 0727 0.07 .966 .999
Retrieval Practice without Feedback 0.782 0.751 0.77 .681 .996
Experiment 2

Restudy 0.743 0.155 249 .288 .976
Retrieval Practice without Feedback 0.677 0.097 0.70 .705 .983
No Practice 0492 0.191 0.26 .878 .997
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restudy condition, x2(1) =36.84, p <.001, whereas forget-
ting rates did not differ, x2(1)= 1.87, p=.171. In light of
these results, it seems unlikely that the pattern reported
above has been caused by averaging artifacts (Anderson
& Tweney, 1997; Wixted & Ebbesen, 1997).

Forgetting Rates for Successfully and Unsuccessfully Prac-
ticed Items. Studies on retrieval practice effects in the
absence of feedback have shown that mostly the success-
fully practiced items are recalled at test (Glover, 1989;
Halamish & Bjork, 2011; Pashler et al., 2005). A similar
pattern can arise when feedback is provided, although pre-
viously unsuccessfully practiced items may benefit more
from feedback than successfully practiced items (Butler
et al., 2008; Butler & Roediger, 2008; Pashler et al., 2005).
On the basis of these findings, one may expect differences
in forgetting rates between successfully and unsuccess-
fully practiced items, with successfully practiced items
showing reduced forgetting relative to unsuccessfully
practiced items.

Table 4 reports the percentage of items recalled on the
final test across the four delay intervals separately for suc-
cessfully and unsuccessfully practiced items. As expected,
successfully practiced items showed higher recall levels
than unsuccessfully practiced items, and both item types
showed typical forgetting over time. When fitting the
power function to the recall rates of the two item types,
results showed a numerically reduced forgetting parameter
b for the successfully practiced items relative to the unsuc-
cessfully practiced items, both when retrieval practice was
with and when it was without feedback (see again Table
4), which again is consistent with a priori expectations.

In the present experiments, success rates during retrie-
val practice were rather high - .75 (with feedback) and .76
(without feedback) in Experiment 1, and .83 in Experiment
2 (without feedback) —, so that only relatively few items
were not successfully practiced. From these unsuccessfully
practiced items, even in the short 3-min delay condition,
less than a quarter of the items were recalled at test
when feedback was absent, and only about half of these
items were recalled when feedback was provided,
meaning that, on average, less than one unsuccessfully
practiced item was recalled at test per participant.
Because numbers even decreased with increasing delay,
we did not run any statistical analysis on these recall
rates and thus did also waive comparing forgetting rates
statistically between successfully and unsuccessfully prac-
ticed items. Future work may revisit the issue using exper-
imental setups that result in lower success rates during
practice (see also below).

General discussion

Consistent with the results of many previous studies in the
literature (e.g., Rubin & Wenzel, 1996; Wixted & Ebbesen,
1991, 1997), the results from the present experiments
show that time-dependent forgetting can be well
described by a power function of time. Besides, the

comparison of the function’s forgetting rate parameter
across the two experiments’ different practice conditions
revealed a couple of interesting findings. First, the forget-
ting rate was reduced after retrieval practice with feedback
relative to the restudy condition (Experiment 1). Second,
the forgetting rate was also reduced after retrieval practice
without feedback relative to restudy (Experiments 1 and 2).
Third, forgetting rates after retrieval practice were
unaffected by whether feedback was provided during
practice or not (Experiment 1). And fourth, the forgetting
rate after restudy did not differ significantly from the for-
getting rate when practice was absent (Experiment 2).

Carpenter et al. (2008) and Siler and Benjamin (2020) had
already employed power function analysis to examine
whether retrieval practice with feedback reduces time-
dependent forgetting relative to restudy. Whereas Carpen-
ter et al. found a corresponding reduction in forgetting
rate in two of the three experiments they reported (Exper-
iments 2 and 3), Siler and Benjamin did not find a difference
in their experiment. The results of the present experiments
thus are consistent with those from Carpenter et al.'s Exper-
iments 2 and 3, indicating that retrieval practice with feed-
back may indeed reduce forgetting rates relative to restudy.
At least numerically, the present results are also consistent
with the results from the two experiments that did not
find a significant reduction in forgetting rate in response
to retrieval practice with feedback — Experiment 1 in Car-
penter et al's study and Experiment 2 reported in Siler
and Benjamin -, both of which showed a numerical differ-
ence in the same direction.

The present experiments are the first ones in the litera-
ture reporting power function analysis of time-dependent
forgetting in response to retrieval practice without feed-
back. The results mirrored those for retrieval practice
with feedback and indicate that also in the absence of
feedback retrieval practice can reduce forgetting rates.
Retrieval practice with feedback typically induces higher
recall rates on a later memory test than retrieval practice
without feedback, and this pattern also emerged in the
present experiments. This difference in recall level,
however, was not accompanied by a difference in forget-
ting rate. Rather, retrieval practice induced quite similar
forgetting rates regardless of whether feedback was pro-
vided during practice or not, indicating that successful
retrieval during practice potentiated successful recall on
the final test.

Recall rates in the present study were not only analyzed
using power function analysis but also ANOVA. Because
the two types of analysis are based on very different
views of forgetting — relative forgetting in the case of
power function analysis and absolute forgetting in the
case of ANOVA (see above and Wixted, 2022) - results
on comparisons of forgetting in different experimental
conditions can well differ between methods (Carpenter
et al, 2008; see also Wixted, 2022). Still, in the present
study, the conclusions arising from ANOVA largely
coincided with those from power function analysis. Thus,
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Table 4. Mean final recall and best fitting parameter estimates for successfully and unsuccessfully practiced items.

Experiment 1 3 min 1 day 3 days 7 days a b
Retrieval Practice with Feedback

Successfully Practiced 94 77 .56 .38 0.942 0.614
Unsuccessfully Practiced .59 .36 .18 .10 0.585 1.308
Retrieval Practice without Feedback

Successfully Practiced 94 73 .58 35 0.939 0.646
Unsuccessfully Practiced 22 .07 .09 .01 0.203 1.505
Experiment 2 3 min 1 day 2 days 3 days a b
Retrieval Practice without Feedback

Successfully Practiced .84 .62 .53 .56 0.846 0.101
Unsuccessfully Practiced 14 .02 .09 .04 0.139 0.256

also when employing ANOVA, retrieval practice reduced
the forgetting relative to restudy and did so similarly in
the presence and absence of feedback. The present
ANOVA findings thus parallel findings from many previous
studies, which also found reduced (absolute) forgetting in
response to retrieval practice with feedback (e.g., Abel &
Roediger, 2018; Mulligan & Peterson, 2015) and reduced
(absolute) forgetting in response to retrieval practice
without feedback (e.g., Roediger & Karpicke, 2006b;
Wheeler et al., 2003). In consequence, they disagree with
the other studies that did not report significant inter-
actions between delay and type of practice (e.g., Agarwal
et al., 2017; Carrier & Pashler, 1992).

The observation that retrieval practice can slow forget-
ting over time ties in with related findings from the litera-
ture suggesting that retrieval practice can reduce
retroactive interference (e.g., Halamish & Bjork, 2011),
interitem interference (e.g., Kliegl & Bauml, 2016), and
even (list-method) directed forgetting (Abel & Bauml,
2016). Several accounts of retrieval practice effects have
been proposed to explain some of these findings. For
instance, the elaborative retrieval account, according to
which retrieval practice can activate elaborative infor-
mation related to the target items (e.g., Carpenter, 2009),
has been suggested to explain the reduction in forgetting
over time. The episodic context account, according to
which retrieval practice can create an enriched set of con-
textual cues (Karpicke et al., 2014), has been suggested to
explain the reductions in time-dependent forgetting,
intralist interference, and directed forgetting. Based on a
very different set of assumptions, the bifurcation model
of retrieval practice has been argued to explain both the
reduction in forgetting over time and the reduction in ret-
roactive interference (Halamish & Bjork, 2011; Kornell et al.,
2011). Last not least, retrieval practice might also be
assumed to induce memory consolidation in itself (e.g.,
Antony et al.,, 2017) or be interpreted as an indicator of
subjective relevance (following Wixted, 2022), with both
views suggesting an attenuation of time-dependent for-
getting after retrieval practice. The present study was
not designed to improve our understanding of which
mechanism(s) underlie(s) retrieval practice effects. The
results, however, strengthen the point that any candidate
mechanism should explain why time-dependent

forgetting is reduced in response to retrieval practice
and, at least under certain circumstances, the reduction
in forgetting can be similar in the presence versus
absence of feedback during practice.

Previous studies have shown that feedback predomi-
nantly impacts items that were not successfully retrieved
during practice (Butler et al., 2008; Pashler et al., 2005;
see also Soderstrom et al., 2016) and that the effects vary
for example depending on type (Pashler et al., 2005) and
timing of feedback (Butler et al., 2007; Butler & Roediger,
2008). Feedback during retrieval practice has also been
found to reverse initial retrieval practice benefits over
restudy into restudy benefits, at least when success rates
during retrieval practice are relatively low (Pastotter &
Bauml, 2016; Storm et al., 2014; Racsmany et al.,, 2020),
indicating that success rate during retrieval practice
together with feedback can have moderating effects on
long-term retention. In the present experiments, success
rates during retrieval practice were relatively high,
leaving not much room for positive effects of feedback
on overall recall performance. Consistently, only few
unsuccessfully practiced items were recalled on the final
test, suggesting that the positive effects of retrieval prac-
tice mostly pertained to successfully practiced items (see
Additional Analysis above). Future studies may examine
the influence of feedback on forgetting rates in more
detail, for instance, when lower success rates during retrie-
val practice are implemented and there is thus more room
for feedback to influence recall performance. In such case,
the forgetting rate might increase relative to when feed-
back during retrieval practice is absent, at least if the
effect of feedback on unsuccessfully practiced items
mimicked effects of restudy on studied items.

The relatively high success rates during retrieval prac-
tice in the present study reflect the fact that a relatively
easy test format during retrieval practice was employed,
in which participants were provided the cue item of each
paired associate together with the target item’s first two
initial letters serving as retrieval cues. The literature on
retrieval practice effects suggests that the effects are gen-
erally more pronounced if retrieval practice is more
demanding (Carpenter & Delosh, 2006; Glover, 1989; see
also Bjork, 1994). More demanding retrieval practice
tasks, however, may not only influence the size of the
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retrieval practice effect but may also influence forgetting
rates, which may be further reduced relative to restudy if
impoverished retrieval cues were provided during practice.
Future work may address this issue and directly compare
forgetting rates after more difficult versus more easy retrie-
val practice tasks.

Experiment 2 of the present study compared forgetting
rates between a restudy condition and a condition in
which practice was absent. Results showed no significant
difference in forgetting rates but a numerically reduced
forgetting rate after restudy. Wixted (2022) recently reana-
lyzed data from several previous studies, all of which had
examined the role of item strength - operationalised
through differences in items’ study time or differences in
number of item presentations during study — for the
amount of time-dependent forgetting. Using power func-
tion analysis, he found in all cases that stronger items
showed a numerically reduced forgetting rate relative to
weaker items.” On the basis of these findings, the numeri-
cal difference in forgetting rates between restudy and the
no-practice condition observed in the present study might
indicate that, like other forms of increasing items’ memory
strength, restudy - conducted in a separate experimental
phase after study — also reduces forgetting rates. Further
studies, preferably with increased statistical power,
should revisit the issue and provide a more definitive
answer on whether restudy in its own can reduce forget-
ting over time.

Both Carpenter et al. (2008) and Siler and Benjamin
(2020) employed a within-subject design, in which each
subject was tested on a different subset of the studied
items across the different delay conditions. In contrast, in
the present study, a between-subjects design was used,
in which each subject was tested on all studied items in
only one of the delay conditions. Both designs come
with a mixture of advantages and disadvantages. The
within-subject design employed by Carpenter et al. and
Siler and Benjamin has the advantage of getting individual
estimates of forgetting rates, so that no averaging of recall
rates across subjects is required before fitting the function
to recall data, and thus no averaging artifacts can arise.
This advantage, however, comes with the potential
problem that individual function fits can be poor (see Car-
penter et al., 2008) and thus bias the results. Also, recall of
some items at early delay intervals can improve recall of
other items at later delay intervals (see Bauml & Trif3l,
2022), thus possibly leading to an underestimation of for-
getting rates. In the between-subjects design employed in
the present study, the problems of poor fits of individual
recall rates and potential influences of recall at early
delays on recall at later delays cannot arise. However, aver-
aging artifacts could emerge, which can distort the results
(e.g., Estes, 1956). We addressed this problem in the
present study through reanalysis of recall rates using geo-
metric averaging, which, if results are similar to those with
arithmetical averaging, effectively rules out the problem.
Ideally, results would just not vary much with employed

design, and the findings reported by Carpenter et al.
(2008) using the within-subject design together with
those reported in the present study using the between-
subjects design may roughly point into such direction.
Still, future work should address the issue more directly
by examining time-dependent forgetting after retrieval
practice when using both a within-subject and a
between-subjects design.

To conclude, employing power function analysis, the
findings of the present study indicate that retrieval prac-
tice can reduce forgetting over time relative to restudy.
This finding arose both when retrieval practice was
accompanied by feedback and when feedback was
absent. Moreover, the two retrieval practice formats led
to very similar forgetting rates, indicating that, at least
under certain circumstances, the presence of feedback
does not influence rates of forgetting over time. The
findings impose important restrictions on accounts of
retrieval practice effects and thus may help to uncover
the mechanisms mediating this powerful beneficial effect
on memory performance.

Notes

1. Afew other studies measured retention after retrieval practice
without feedback across more than two delays, but did not
include a restudy condition. Instead, they compared recall in
the retrieval practice condition to recall in a no-practice con-
dition, which introduces a confound with total exposure to
material (Chan, 2010; Runquist, 1983; Slamecka & Katsaiti,
1988; Spitzer, 1939).

2. A two-parametric version of the power function of the form, r
() =at®, has also seen wide-spread use in the forgetting lit-
erature (e.g., Rubin & Wenzel, 1996; Wixted & Ebbesen, 1991,
1997). Under most conditions, the two-parametric and three-
parametric versions behave very similarly and lead to largely
the same conclusions (see Wixted, 2004).

3. The parameter estimates for b were considerably higher in
values in Experiment 1 than Experiment 2. This is related to
the fact that the two experiments also differed considerably
in best fitting scaling parameter c. Indeed, Experiment 1
showed a relatively low parameter ¢ with relatively high par-
ameters b, whereas Experiment 2 showed a relatively high par-
ameter ¢ with relatively low parameters b. When fitting the
two-parametric power function model, rt)=at™® in which
no scaling parameter is included, to the recall rates of the
two experiments, the values of parameter b were found to
be much more similar between experiments. In Experiment
1, estimates of b were 0.113 for restudy, 0.084 for retrieval
practice with feedback, and 0.089 for retrieval practice
without feedback; in Experiment 2, estimates of b were 0.085
for restudy, 0.054 for retrieval practice without feedback, and
0.110 for the no-practice condition.

4. Like for the arithmetically averaged data, we estimated a
common ¢ parameter also for each experiment’s geometrically
averaged data that we then used for all further analyses. Again,
the two identified parameters differed clearly between exper-
iments (0.48 for Experiment 1 and 28.13 for Experiment 2), but
were numerically quite similar to the ones estimated for the
arithmetically averaged data (0.45 for Experiment 1 and
27.78 for Experiment 2).

5. Wixted (2022) did not report any statistical analysis on whether
forgetting parameters differed between stronger and weaker



items. The conclusions therefore rest on the found numerical
differences in forgetting rates between stronger and weaker
items.
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