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Abstract
It is commonly assumed that the rate of forgetting depends on initial degree of learning. Hence, comparison of forgetting 
across groups is usually carried out equating initial performance. However, these matching procedures add confounding 
variables. In four experiments, following Slamecka and McElree (1983, Exp 3), we challenge this assumption through 
manipulating initial acquisition by varying the number of presentations of the material and studying the effect on rate of 
subsequent forgetting. A set of 36 sentences was presented either visually or auditorily. Different participants were exposed 
to the material two, four or six times. Forgetting was measured by means of a cued recall test at three time-intervals (30 s, 1 
day and 1 week in experiments 1 and 2; 30 s, 1 day, and 3 days in experiments 3 and 4). A different subset of 12 sentences 
was tested at each delay. The outcome of these experiments showed that the initial acquisition depends on number of learning 
trials. However, the rate of forgetting proved to be independent of initial acquisition. This pattern remains constant across 
modalities of presentation and of the number of learning trials. The conclusion is that forgetting does not depend on initial 
acquisition.
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We know that if we learn more, we will remember more 
(Bahrick et al., 1975; Carpenter et al., 2008; Slamecka & 
McElree, 1983). However, it is unclear whether the forget-
ting slopes following initial learning vary with the amount 
of initial learning. Yang et al. (2016) maintained that more 
exposures during learning phase would slow forgetting at 
shorter intervals. On the other hand, Meeter et al. (2005) 
found that participants with greater exposure to news did 
show a higher degree of learning, but not a different rate 
of forgetting. Kauffman and Carlsen (1989) concluded that 
prior knowledge of music affected the participants’ learning 
degree, but not their rate of forgetting. McBride and Dosher 
(1999) reported similar forgetting rates between conscious 
and automatic memory estimates using Jacoby’s (1991) dis-
sociation procedure. Moreover, some factors, such as age, 
seem to affect the initial degree of learning, but not the for-
getting curves for name-face pairs (e.g., Hulicka & Weiss, 

1965), words (e.g., Bäckman & Mäntylä, 1988), stories (e.g., 
Hultsch et al., 1984), and line drawings (e.g., Rybarczyk 
et al., 1987).

A simple way of manipulating initial degree of learning 
is to vary the number of exposures to the material between 
participants during encoding. Slamecka and McElree (1983) 
used this procedure in three experiments with lists of words, 
associated word pairs, and sentences. They varied the num-
ber of study trials, and tested participants at three time-inter-
vals: after a 30 s distraction task, after 1 day, and after 5 days 
from the study phase. All participants were tested individu-
ally and in person. Performance was measured using free 
recall, associative matching, cued recall, and semantic rec-
ognition. They found that a higher number of repetitions of 
the material increased the initial learning but did not affect 
the forgetting slopes.

Slamecka and McElree’s (1983) study was followed by a 
series of commentaries which challenged their conclusion. 
Loftus (1985) suggested that a monotonic scaling of the 
dependent variable (e.g., squared root of correct responses) 
in Slamecka and McElree’s study would lead to the conclu-
sion that higher degree of learning is associated with slower 
forgetting. His method consisted of comparing the amount 
of information lost after the compared groups had reached 
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the same number of correct items. Slamecka and McElree 
operationalised forgetting as the number of items forgotten 
between subsequent intervals, whilst Loftus defined forget-
ting as the amount of time required for memory performance 
to fall from any given level to some other level. Slamecka 
(1985) argued that Loftus’s method did not consider the con-
found of the age of the memories, that is the variation in time 
between initial encoding and subsequent retrieval. Suppose 
that the group with high degree of learning remembered 10 
items at the first recall, and the group with low degree of 
learning remembered 8. In the Loftus method, one would 
have to compare the number of items lost, starting from 
when both groups remember 8 items. This would imply a 
comparison between memories of different ages for both 
groups. Further support for the vertical comparison used 
by Slamecka and McElree can be found in Wixted (2004, 
2010). Wixted mentioned that the forgetting curves are char-
acterised by an ever decreasing proportional rate of decay, 
which is a property of forgetting that should be expected 
if memories consolidated with time. This property is also 
implied by Jost’s second law of forgetting (1897) and by 
Ribot's law of retrograde amnesia (1881). Jost’s second law 
of forgetting states that two memories of the same strength 
but different ages, the older will decay more slowly than the 
younger. Ribot’s law of retrograde amnesia states that the 
temporal gradient of retrograde amnesia implies that, as they 
age, memories become more resistant to the effects of brain 
damage. To avoid comparing memories of different ages and 
of possible different strengths, the present study will use the 
definition of forgetting given by Slamecka and McElree, and 
therefore, their vertical comparison of forgetting rates.

Many studies on group differences in forgetting assume 
that there is an interaction between forgetting rates and ini-
tial level of acquisition. In these studies, the forgetting rates 
are compared after equating initial degree of learning for dif-
ferent groups (e.g., Butler et al., 2007; Muhlert et al., 2010). 
The same level of initial acquisition has been achieved by 
exposing the groups to a different number of study trials, 
different number of items, or using intervals of different 
durations (Shuell & Keppel, 1970). However, matching at 
learning phase does not guarantee equal learning efficiency 
(Zerr et al., 2018). The consequences of these manipulations 
on forgetting are still under debate (Elliott et al., 2014). If 
the initial degree of learning does not influence the forget-
ting rates, studies on group differences in forgetting would 
not need to equate initial acquisition, or they could interpret 
their results with the assumption that different numbers of 
initial exposures to the material will not impact the forget-
ting rates across different groups.

Testing long-term forgetting rates requires repeated test-
ing of the same participant on multiple occasions (Badde-
ley et al., 2019). Using the same material at each assess-
ment could result in a testing effect (Pan & Rickard, 2017; 

Roediger III & Butler, 2011), which refers to the enhance-
ment of memory performance due to repeated tests. One 
way to avoid the testing effect, would be to assess a different 
subset of the studied material at each retention interval (Bad-
deley et al., 2021). Slamecka and McElree (1983) used this 
procedure in Experiment 3, by testing each participant with 
a different third of the original material at each time-interval.

Since Slamecka and McElree’s (1983) paper, to our 
knowledge, no attempts have been made to replicate their 
work despite the importance of their method for cross-group 
comparisons, such as those carried out in studies investi-
gating the group differences in forgetting rate (e.g., Isaac 
& Mayes, 1999). Some studies have investigated forgetting 
rates by splitting participants into groups depending on their 
previous knowledge (e.g., Meeter et al., 2005). This implies 
that the newly acquired information relies heavily on infor-
mation already stored in long term memory. It is important 
to investigate rates of forgetting by measuring memories of 
the same age, after the acquisition of new material not based 
on previous knowledge.

Slamecka and McElree (1983) argued that theories of for-
getting neglected the problem of normal forgetting, since 
no theory or model could predict the effect of degree of 
learning on the forgetting rates. In 1963, Underwood and 
Keppel stated that the interference theory predicted that 
the higher the degree of learning, the slower should be the 
forgetting rate. Although Slamecka and McElree’s findings 
contradicted this assumption, the authors did not consider 
it appropriate to try explaining their results in the light 
of interference theory, which was undergoing significant 
changes. In a later review, Wixted (2010) proposed that 
ordinary mental exertion and memory formation interfere 
with the process of consolidation of new memory traces. If 
memories consolidate, we should expect to see a negatively 
accelerated function of forgetting, as it has been consistently 
found since Ebbinghaus (1885/1964). However, no extant 
theory of forgetting can explain parallel forgetting slopes 
that are negatively accelerated starting from different initial 
degrees of learning. Before beginning to theorise, we need 
to gather empirical data to establish what the phenomena 
are. This study is an attempt to look at fresh data, to test if 
the forgetting pattern found by Slamecka and McElree’s is 
robust enough to be replicated and extended.

To further explore whether initial degree of learning 
determines the rate of forgetting, in the current series of 
experiments we extended the work of Slamecka and McElree 
by using a larger range of number of repetitions, varying 
the length of the retention intervals, and using two differ-
ent modalities of presentation. We also increased the gen-
eralisability and robustness of the findings by testing par-
ticipants speaking two different languages, and by using 
two forms of remote testing. Advances in technology have 
made it possible to exert more control over the presentation 
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of the material compared to that available when Slamecka 
and McElree carried out their study. They asked their par-
ticipants to read the material on cards and switch manually 
through them. Instead, we used an automated presentation. 
In addition, recent advances in statistical methods have ena-
bled us to analyse the data with more precision, by applying 
Generalised Linear Mixed Effects Models (GLMM). This 
holds an advantage over ANOVAs, as it does not require the 
averaging of data, and allows for the multilevel structure of 
the data.

The Present Study

The present study is based on Experiment 3 by Slamecka 
and McElree (1983), with some modifications to extend the 
earlier study. Since we did not have access to their material, 
we created an original set of subject-verb-object sentences 
in the same fashion. After a pilot study, we decided to use 36 
sentences instead of 48 as in Slamecka and McElree’s study, 
as performance was already very low at the first testing inter-
val even with such reduced load. Slamecka and McElree 
used three and four repetitions of the material. However, we 
decided to explore a broader range of levels of initial degree 
of learning by using two, four, or six repetitions of the set of 
sentences. In four experiments, we varied the lengths of the 
intervals and the modality of presentation.

Testing the same individual with the same material on 
multiple occasions is likely to reduce forgetting due to the 
repeated testing effect (Pan & Rickard, 2017). To meas-
ure forgetting without the influence of the testing effect, 
we tested each participant on the material using a differ-
ent subset of 12 sentences at each interval. Sampled test-
ing, however, can also affect performance at subsequent 
tests either causing retrieval-induced forgetting (Anderson 
et al., 1994) or retrieval-induced facilitation (Baddeley et al., 
2019). Retrieval-induced forgetting emerges when memo-
ries associated to a common cue compete during retrieval 
(Anderson et al., 1994) and retrieval-induced facilitation can 
occur when the associations between items is strong, such 
as in prose material (Baddeley et al., 2019). The material 
in the present study has a very low degree of integration 
because each sentence is independent of the rest, so the asso-
ciations between the materials tested over subsequent delays 
are minimised. Using this kind material, neither facilitation 
nor inhibition has previously been found (Baddeley et al., 
2021). All participants provided written, informed consent 
before participation and were reimbursed for their time upon 
completion. All were native speakers of the tested language 
(English or Spanish), with normal or corrected-to-normal 
vision, and normal hearing. This study was approved by 
the School of Philosophy Psychology and Language Sci-
ences Research Ethics Committee, at the University of 

Edinburgh. In Experiment 3, Slamecka and McElree (1983) 
chose a sample of 18 participants per group. Based on this, 
we decided to round the sample up and use 20 subjects per 
group. Participants were paid for their participation between 
£4.00 and £6.00.

All participants were tested individually. The first recall 
was tested in person in all experiments. In Experiments 1 
and 2 the second and third recall was tested by email, and 
in Experiments 3 and 4 recall was tested by telephone. For 
all experiments, we used cued recall, with the subject of the 
sentence as cue.

Planned analyses

Slamecka and McElree (1983) conducted their analyses 
using ANOVA. However, Jaeger (2008) suggested that non-
normal data, such as those obtained both in this study and 
in Slamecka and McElree’s study, violate the assumptions 
of normality needed to perform ANOVA. Logistic regres-
sion is recommended to handle binomial outcomes assuming 
that the observations are independent (Bye & Riley, 1989). 
In the present study, all participants were tested at the three 
retention intervals violating the assumption of non-inde-
pendence. These nested data are non-independent such that 
the responses on the dependent variable from participants in 
the same group are more similar than would be expected by 
chance (Bliese, 2000). Mixed Effects models can account for 
this non-independence and thus account for the multi-level 
structure of the data in such a way that it would not need to 
be averaged as in ANOVA, avoiding the loss of information 
(Bliese et al., 2018). Instead, Mixed-effects models include 
random effects of participants and items, meaning that the 
model takes into account the variance in the data explained 
by the different memory capacity of the participants and the 
different difficulty of the items. This consequently allows 
for clearer insights into forgetting over time than traditional 
analyses such as ANOVAs as these tend to be confounded 
by individual differences in participant's memory capacity 
or differences in item difficulties.

For the analyses, the dependent variable was the binary 
outcome correct (1) or incorrect (0) response per sentence 
per participant. Correct responses were defined as recalling 
the verb or the noun that corresponded to the subject pre-
sented as cue in the cued recall task. We used a Bernoulli 
data distribution. To account for the multi-level structure in 
the data (i.e., individuals were measured repeatedly; items 
were used in all number of repetitions and at each retention 
interval), we modelled a random intercept (over both items 
and subjects), and random effect of the retention interval 
(over both items and subjects), and a random effect of the 
number of repetitions over items. The number of repeti-
tions was a between-subjects factor, so it was included only 
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as a fixed effect over subjects in the model. The data were 
analysed using Bayesian generalised linear mixed models, 
fitted employing the Stan modelling language (Carpenter 
et al., 2017) and the R package brms (Bürkner, 2017, 2018) 
using the default priors. Parameter uncertainty is described 
by the 95% credible interval (CI) of the posterior distribution 
in addition to the mean parameter value. Substantial in the 
context of Bayesian inference, means that 0 is not within the 
boundaries of the 95% CI.

Experiment 1

Method

Participants

Sixty students from the University of Edinburgh (Mage = 
22.25, SD = 2.77, range: 19-30, 13 men) participated in this 
experiment. Two participants did not respond to the invita-
tion to complete the second and third tests, so their data were 
discarded. Both participants were substituted.

Materials

The materials employed in this experiment were 36 sub-
ject-verb-object sentences written in English. Each subject, 
verb and object was used only once. The sentences were 
constructed using verbs that were not commonly associated 
with the subject to minimise guessing. For example, we 
did not use “the teacher taught the lesson”, rather we used 
“the teacher ate the bread”. The complete set of sentences is 
given in the Supplementary Material, Appendix A.

Memory was tested with cued recall in written form 
(see Baddeley et al., 2019), using three different response 
sheets. Considerable evidence has been accrued showing 
that repeated retrieval of encoded material enhances learn-
ing (review in Roediger III & Butler, 2011). To minimise 
these practice effects at each testing phase, only a subset of 
the sentences was tested at any given delay (Baddeley et al., 
2019; Stamate et al., 2020). Hence, each response sheet con-
tained one of three subsets of 12 sentences taken from the 
36 sentences presented in the study trials. The order of the 
items in each response sheet was fixed. In each response 
sheet, there was a list of the subjects of the sentences, each 
one followed by a line in which the participants were asked 
to write down the verb and direct object that correctly com-
pleted the sentence.

To minimise the effects of repeated retrieval in each suc-
cessive test, the 36 sentences were independent from one 
another (i.e., they do not form part of a narrative nor can 
be arranged in any coherent manner). The subjects of each 
sentence were used as cues for the cued recall test.

Procedure

The participants sat in front of the computer at a comfort-
able distance from the screen. They were told that they were 
about to read some sentences on the screen, and that they 
should memorise the sentences for further test. They were 
informed that the sentences were going to be presented more 
than once, so that they would have more than one oppor-
tunity to learn them, but they were not informed on how 
many times they would see each sentence. Every participant 
practiced the distractor task once, starting from 100. After 
this practice, the researcher clarified any questions from the 
participants and then the first study trial commenced. Each 
study trial consisted of the presentation of the 36 sentences 
on a computer screen, written with black letters on a white 
background. Between each study trial, the screen remained 
blank for 15 s. Within each study trial, the sentences were 
presented one by one. Each sentence was presented for 5 s, 
followed by a 2 s interval during which the screen was blank. 
The sentences were presented in a different order at each 
study trial. Two seconds after the last sentence of the last 
study trial was shown, the instructions for a distractor task 
were presented on screen, asking participants to perform 
subtractions by sevens from a three-digit number. After 30 
s, the screen showed the word “stop”, indicating the end of 
the presentation.

Following the presentation of the last study trial and 
the completion of the distractor task, each participant was 
presented with the first response sheet. They were asked to 
try to retrieve the sentences for at least 5 minutes, with no 
upper limit, and to leave the response field blank if they 
could not remember the correct answer. Before they left, 
they were reminded that they would receive an email with 
the following response sheet the next day and a week later. 
We tested performance at the second and third time-intervals 
via email to remove the possibility that participants would 
fail to attend the three sessions. However, we tested nine 
participants in person as a control to ensure that testing via 
email did not decrease performance when compared to in-
person testing.

The 60 participants were divided into three groups of 20 
participants each, and each one of these groups was pre-
sented with two, four or six study trials. All participants 
were tested at three intervals – 30 s, 24 hr, and 1 week after 
the last study trial – using a different response sheet at each 
interval. These response sheets were counterbalanced across 
all conditions.

Results

The forgetting rate of participants tested always in person 
was not substantially different from that of the participants 
tested via email. Means and standard errors of number of 
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correct items recalled at each retention interval are reported 
in Fig. 1.

Effect of retention interval

There was clear evidence of the retention interval effect 
between 30 s and 24 hr (b = -1.68, SD = 0.34, CI = [-2.37, 
-1.03]), between 30 s and 1 week (b = -4.33, SD = 0.46, CI 
= [-5.27, -3.46]), and between 24 hr and 1 week (b = -2.65, 
SD = 0.43, CI = [-3.53, -1.84]).

Effect of number of repetitions

As can be seen from Fig. 1, the difference between six and 
four repetitions was not substantial (b = 0.28, SD = 0.76, CI 
= [-1.2, 1.77]). We found substantial evidence for an effect 
of number of repetitions between four and two (b = -1.73, 
SD = 0.73, CI = [-3.22, -0.36]) and between six and two (b 
= -1.45, SD = 0.72, CI = [-2.83, -0.14]).

Interaction effects

As can be seen from Fig. 1, the probability of correctly 
retrieving an item depends mostly on main effects, rather 
than on the combinations of number of repetitions and reten-
tion intervals. The combination of number of repetitions and 
delay resulted in nine interactions to compare. Only three 
of these interactions showed to be substantially different: 
the difference between six and two repetitions from 30 s to 
24 hr (b = -1.02, SD = 0.48, CI = [-1.96, -0.1]), the differ-
ence between four and two repetitions from 24 hr to 1 week 
(b = 1.36, SD = 0.6, CI = [0.23, 2.55]), and the difference 
between six and two repetitions from 24 hr to 1 week (b = 

1.66, SD = 0.6, CI = [0.5, 2.85])1. Floor effects after the 1 
week interval might have concealed possible evidence of 
faster forgetting in longer delays with a lower number of 
initial repetitions. Mean performance was at floor at the 1 
week delay for the group with two repetitions, with 9 out of 
20 participants scoring zero.

The rest of the possible interactions were not substantially 
different, namely the slopes from 30 s to 24 hr with six and 
four repetitions (b = -0.18, SD = 0.45, CI = [-1.11, 0.71]) 
and four and two repetitions (b = -0.84, SD = 0.5, CI = 
[-1.8, 0.13]); the slopes from 24 hr to 1 week with six and 
four repetitions (b = 0.31, SD = 0.56, CI = [-0.79, 1.42]), 
and the slopes between 30 s and 1 week with six and four 
repetitions (b = 0.13, SD = 0.61, CI = [-1.05, 1.33]), with 
four and two repetitions (b = 0.51, SD = 0.63, CI = [-0.68, 
1.8]), and with six and two repetitions (b = 0.64, SD = 0.62, 
CI = [-0.56, 1.85]).

Errors

The most common errors were omissions of verbs and nouns 
from the presented sentences; these errors increased in fre-
quency after delays, and were very similar between four and 
six repetitions, but increased with two repetitions. Some 
intrusions were also recorded; they also slightly increased 
with time (see Supplementary Material, Appendix B, Fig-
ures S1 and S2). At one week, there were slightly more omis-
sions for six and two repetitions than for four repetitions.

Stringent scoring

A more stringent scoring was also carried out by consid-
ering correct only those responses in which both verb and 
noun were correct. As in the more lenient scoring, we found 
substantial evidence of forgetting at all time-intervals; we 
found no difference between six and four repetitions at 30 
s, but the difference between two and four repetitions, and 
two and six repetitions was substantial. Three out of nine 
comparisons between forgetting slopes were substantial: 
the one between six and four, and six and two repetitions 
between 1 day and one week, and the one between six and 
two repetitions between 30 s and one week. The interactions 
that were substantially different were the same for the leni-
ent scoring, except for the difference between six and four 
repetitions between 30 s and 24 hr. This interaction was no 
longer substantial, but a new one emerged between the same 
repetition groups, this time between 30 s and one week. In 

Fig. 1   Mean and Standard Errors of Correct Responses at Each Com-
bination of Number of Repetitions and Retention Interval

1  We carried out a second analysis excluding the participants with 0 
correct at 1 week. No relevant interactions were found.
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other words, with the stringent scoring, all the substantially 
different slopes included the group with two repetitions at 
1 week. The results of the analysis are now reported in the 
Supplementary Material, Appendix C.

Partially correct responses (i.e., when only the verb or 
only the object were correct) were calculated as a percent-
age of the total number of responses at each group of num-
ber of repetitions. The frequency of these partially correct 
responses was low, with 5% as the highest percentage in this 
experiment.

Discussion

There was a substantial difference between the initial degree 
of learning across conditions with two repetitions and 
those with four or six repetitions. No difference in initial 
acquisition was found between four and six repetitions. We 
observed faster forgetting at shorter delays, and slower for-
getting at longer delays. The lack of interaction between the 
initial degree of learning and the retention intervals indicates 
that the rate of forgetting does not depend on initial level of 
acquisition.

This experiment differs from the original work of 
Slamecka and McElree (1983) by exploring a broader num-
ber of repetitions. We used six, four, and two repetitions, 
compared to their study which used three and four repeti-
tions. However, we found no difference in performance at 
30 s between four and six repetitions.

Out of nine possible comparisons between two slopes, 
only three were reliably different. These slopes were the 
ones between 24 hr and 1 week when comparing four and 
two, and six and two repetitions, and the ones between 30 
s and 24 hr with six versus two repetitions. As can be seen 
in Fig. 1, the data from the 1 week retention interval was at 
floor, which complicates the interpretation of these results. 
Two of the three relevant interactions resulted from compari-
sons that included the data with two repetitions at 1 week. 
These data points create a rather flat slop which is the result 
of very little room for forgetting, thus the supposed interac-
tion cannot be interpreted as a slower rate of forgetting due 
to a difference in the initial degree of acquisition.

These results are comparable with those obtained by 
Slamecka and McElree (1983) in that despite having two 
degrees of initial learning, the forgetting slopes did not vary. 
Participants with two repetitions correctly recalled two items 
on average after one day, which leaves very little space for 
forgetting. So, it is important to ensure that the lack of a 
difference in forgetting rates for different initial levels of 
learning is sufficiently robust to replicate. We addressed this 
using the same paradigm but with auditory presentation in 
Experiment 2. Testing forgetting curves after auditory pres-
entation would also increase the ecological validity of our 

findings, since verbal information in real life is presented not 
only visually but also auditorily.

Experiment 2

Method

Participants

Sixty students from the University of Edinburgh (Mage = 
22.35, SD = 3.5, range: 18 to 30, 14 men) participated in this 
experiment. None had taken part in Experiment 1.

Materials

The materials were the same 36 sentences in English used 
in Experiment 1. This time, the sentences were recorded by 
a professional broadcaster. The sentences were edited with 
Audacity (2020) version 2.3.3, a recording and editing soft-
ware package. As in Experiment 1, the order of the sentences 
was randomised across study trials.

Procedure

The participants sat comfortably in a chair, with headphones 
on. The headphones were plugged in into the computer 
where the recordings were played. The participants were 
asked to turn off the sound and vibration of their mobile 
phones. The volume of the computer was adjusted until it 
was comfortable for the participant. The participants were 
informed that they would listen to the sentences more than 
once and that some silences would seem longer, but the 
learning phase was not going to be over until indicated by 
the experimenter who was looking at the soundwaves pro-
duced by the recordings on the screen of the computer. The 
participants practiced the distractor task, and then started 
the learning phase.

Each participant was presented with either two, four, or 
six study trials, followed by the instruction to perform the 
distractor task. The sentences were presented at a rate of 
approximately 2.5 s per sentence, with 2 s silence between 
sentences, and 15 s silence between study trials. Once the 
completed the distractor task, they were asked to complete 
the first response sheet. The response sheets used for this 
experiment were the same as in Experiment 1. As in the pre-
vious experiment, participants were asked to try to remem-
ber for at least five minutes if they have not completed all the 
sentences, and to leave the response field blank if they could 
not remember the answer. Performance was tested at 30 s, 
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24 hr, and 1 week. The order of the items on the response 
sheets was fixed for each participant.

At the end of the session, the participants were reminded 
that they would receive an email with the following response 
sheet the next day and a week later. As in Experiment 1, 
we tested performance in the longer intervals via email to 
remove the possibility that participants would fail to attend 
the remaining sessions, except for nine participants who 
were tested in person as a control to ensure that testing via 
email would not decrease the scores compared to in person 
testing.

Results

The forgetting rate of participants tested completely in per-
son was not substantially different from the participants 
tested via email. Means and standard errors of number of 
correct items recalled at each retention interval are depicted 
in Fig. 2.

Effect of retention interval

There was substantial evidence of the effect of time between 
30 s and 24 hr (b = -2.46, SD = 0.43, CI = [-3.33, -1.66]), 
between 30 s and 1 week (b = -4.45, SD = 0.49, CI = [-5.48, 
-3.53]), and between 24 hr and 1 week (b = -1.99, SD = 
0.38, CI = [-2.77, -1.27]).

Effect of number of repetitions

There was substantial evidence of the effect of number of 
repetitions between six and four ((b = -2.00, SD = 0.55, CI 
= [-3.13, -0.95]), between six and two (b = -3.00, SD = 0.56, 
CI = [-4.49, -2.24]), and between four and two (b = -1, SD 
= 0.48, CI = [-2.27, -0.39).

Interaction effects

There was no substantial evidence of an interaction between 
the number of repetitions and retention interval2 in the delays 
from 30 s to 24 hr with six and four repetitions (b = 0.23, SD 
= 0.51, CI = [-0.77, 1.26]), with four and two (b = -0.1, SD 
= 0.46, CI = [-1, 0.79]), or with six and two (b = 0.13, SD 
= 0.55, CI = [-0.93, 1.23]). The same was true for the delays 
between 24 hr and 1 week between six and four repetitions 
(b = 0.52, SD = 0.56, CI = [-0.58, 1.59]), between four and 
two (b = 0.62, SD = 0.63, CI = [-0.65, 1.86]), or between six 
and two (b = 1.14, SD = 0.62, CI = [-0.09, 2.35]), and for 
the delays from 30 s to 1 week with six and four (b = 0.76, 
SD = 0.64, CI = [-0.48, 1.99]), four and two (b = 0.51, SD 
= 0.63, CI = [-0.74, 1.75]), or six and two (b = 1.27, SD = 
0.67, CI = [-0.05, 2.61]).

Errors

The most common errors were omissions of verbs and nouns 
from the presented sentences; these errors were more fre-
quent with less repetitions and after delays (see Supplemen-
tary Material, Appendix B, Figures S3 and S4). Some intru-
sions were also recorded; they also slightly increased with 
the exception of nouns with two repetitions, in which intru-
sions of studied material decreased slightly after one week.

Stringent scoring

As in Experiment 1, we carried out an analysis with a strin-
gent scoring in which both verb and noun needed to be cor-
rect. We found substantial evidence of the retention interval 
at all time intervals, and substantial evidence of the differ-
ence between six and four, four and two, and six and four 
repetitions. No interactions were found to be substantially 
difference (see Supplementary Material, Appendix C, page 
11).

Partial responses were infrequent, with the highest per-
centage being 3.19%.

Discussion

We found reliable evidence of a decrement in performance 
with each subsequent retention interval. In Experiment 1, 
there was no difference in performance at 30 s between four 
and six repetitions. In Experiment 2 we found that the initial 
level of acquisition increased with the number of repetitions. 
Importantly, the degree of learning did not influence the rate 

Fig. 2   Mean and Standard Errors of Correct Responses at Each Com-
bination of Number of Repetitions and Retention Interval

2  We carried out a second analysis after excluding participants per-
forming at floor at 1 week and again, no interactions were found to be 
substantial.
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of forgetting. As in Experiment 1, we found faster forgetting 
in the shorter interval compared to the longer interval.

One issue remains, and that is the possible impact of floor 
effects after a delay of 1 week. These might have obscured 
possible evidence for faster forgetting over this longer inter-
val with fewer initial repetitions. Given that performance for 
two repetitions was above floor for delays of 24 hr, there is 
a possibility that performance will also be above floor for 
delays of less than 1 week, thereby allowing for possible evi-
dence of faster forgetting over delays longer than 24 hr but 
shorter than 1 week. Therefore, in Experiment 3, we carried 
out a replication of Experiment 2 with auditory presentation, 
reducing the 1 week interval to 3 days. Because we found 
a difference in performance at immediate test amongst the 
three number of repetitions with auditory presentation, these 
conditions remained the same in Experiment 3.

Experiment 3

Method

Participants

Sixty young Mexican adults (Mage = 21.77, SD = 3.28, 
range: 18-30, 14 men) were recruited by word of mouth. 
All participants had a minimum of 13 years of education.

Materials

To create the materials for this experiment, we translated 
the 36 sentences used in the previous two experiments into 
Spanish, which was the native language of the participants 
and of the experimenter. We slightly changed some of the 
sentences to make them culturally appropriate. The presenta-
tion of the materials was identical to that in Experiment 2. A 
complete list of the materials is given in the Supplementary 
Material, Appendix A.

Procedure

The auditory presentation of the sentences was identical to 
that of Experiment 2. Participants were presented with two, 
four, or six study trials of recorded audio versions of the 36 
sentences in Spanish used in Experiment 2, at a rate of 2.5 
s per sentence, with 2 s silence between sentences, and 15 s 
silence between study trials. The order of the sentences was 
randomised across study trials.

For the testing phase, as in the previous experiments, 
three blocks of responses were created using a different 
subset of 12 sentences for each block. In each block, the 
subject of the sentence was used as a cue. The order of the 
items in each block was fixed. All participants were tested 

on the whole material, and the order in which the blocks or 
responses were tested at the three delays was counterbal-
anced across all conditions.

Performance was tested in person using a response sheet 
for the first time-interval. The second and third recalls 
were assessed by telephone for the following reasons: first, 
remote testing prevents participants from not completing 
the experiment due to inability or unwillingness to attend 
the testing space three times. Second, it gives us the pos-
sibility of replicating this study in the future with clini-
cal populations, or with populations who cannot attend to 
the face-to-face testing more than once due to mobility 
problems. Third, the social distancing measures adopted 
during the COVID-19 pandemic rendered testing in per-
son impossible. Testing via telephone has been shown to 
be an appropriate method of assessing long-term forget-
ting (Allen et al., 2019) and has been used in studies with 
similar paradigms to the one in the present study (e.g., 
Stamate et al., 2020).

For the telephone testing, the experimenter called the 
participants at an agreed time. The experimenter read the 
subjects of the phrases one by one, giving time to the par-
ticipants to answer. Participants were asked to try to retrieve 
the sentences for at least 5 minutes, with no upper limit, and 
to verbally indicate if they could not remember a phrase, 
instead of guessing. After a first round of reading the sub-
jects of the phrases one by one, the experimenter repeated 
to the participant the subjects of the phrases to which the 
participant had not responded.

Performance was assessed at intervals of 30 s, 24 hr, and 
3 days to investigate possible differences in forgetting rates 
in intervals longer than 24 hr, but shorter than 1 week. To 
further ensure that the remote testing did not differ from the 
in-person testing, a group of 12 participants were tested in 
person across all intervals. This group received only four 
repetitions of the sentences.

Fig. 3   Mean and Standard Errors of Correct Responses at Each Com-
bination of Number of Repetitions and Retention Interval
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All participants were tested at intervals of 30 s, 24 hr, and 
3 days. We changed the 1 week interval of Experiment 2 to 
3 days to avoid the floor effects found in said experiment.

Results

Means and standard errors of number of correct items 
recalled at each retention interval can be seen in Fig. 3.

Effect of retention interval

We found substantial evidence of a retention interval effect 
between 30 s and 24 hr (b = -1.2, SD = 0.28, CI = [-1.73, 
-0.64]), between 30 s and 3 days (b = -2.04, SD = 0.35, CI 
= [-2.75, -1.38]), and between 24 hr and 3 days (b = -0.85, 
SD = 0.33, CI = [-1.55, -0.2]).

Effect of number of repetitions

There was substantial evidence of an effect of the number 
of repetitions between six and four repetitions (b = -1, SD = 
0.34, CI = [-1.81, -0.48]), between six and two repetitions 
(b = -2, SD = 0.34, CI = [-2.83, -1.48]), and between four 
and two repetitions (b = -1, SD = 0.34, CI = [-1.68, -0.36]).

Interaction effects

There was no substantial evidence of the interaction between 
number of repetitions and retention interval from 30 s to 24 
hr between six and four repetitions (b = 0.06, SD = 0.36, CI 
= [-0.66, 0.77]), between six and two repetitions (b = -0.5, 
SD = 0.39, CI = [-1.31, 0.24]), or between six and two rep-
etitions (b = -0.45, SD = 0.42, CI = [-1.31, 0.33]). We did 
not find substantial evidence either in the intervals from 24 
hr to 1 week between six and four repetitions (b = 0.2, SD = 
0.46, CI = [-0.71, 1.12]), between four and two repetitions (b 
= -0.08, SD = 0.53, CI = [-1.13, 0.95]), or between six and 
two repetitions (b = 0.12, SD = 0.53, CI = [-0.98, 1.16]); nor 
over the retention interval from 30 s to 1 week with six and 
four repetitions (b = 0.26, SD = 0.47, CI = [-0.65, 1.17]), 
between four and two repetitions (b = -0.59, SD = 0.51, CI 
= [-1.6, 0.4]), or between six and two repetitions (b = -0.33, 
SD = 0.5, CI = [-1.34, 0.65]).

Errors

The most frequent errors were omissions of verbs and nouns 
from the presented sentences; these errors were more fre-
quent with less repetitions and after delays, although the 
difference was minimal between one day and three days 
with two repetitions. There were some intrusions, which 
increased with each delay with six repetitions but remained 
the same or slightly decreased with four and two repetitions 

(see Supplementary Material, Appendix B, Figures S5 and 
S6).

Stringent scoring

When the data was scored in a more stringent manner, the 
same patters were found: substantial evidence of time inter-
val at all intervals, effect of number of repetitions, and no 
substantial evidence of interactions (see Supplementary 
Material, Appendix C, page 12). Partial responses were 
infrequent with a maximum of 3.19%.

Discussion

Performance was higher at 30 s with more repetitions and 
decreased at each subsequent retention interval. No interac-
tion between the number of repetitions and time-interval was 
found. Faster forgetting occurred in the short delay com-
pared to the long delay.

As in Experiment 2, Experiment 3 used auditory pres-
entation of the sentences. The results from both experi-
ments were similar except that for Experiment 3 the par-
ticipants performed slightly worse at 30 s. In Experiment 
2, participants performed at floor at the 1 week interval. In 
Experiment 3 the reduced interval to 3 days resulted in bet-
ter performance with four and six repetitions, and a small 
improvement with two repetitions.

In sum, our findings have now been shown to be robust 
across three experiments in two different languages, and 
with both visual and auditory presentation of the to-be-
remembered material. In Experiments 1 and 2, we found 
parallel forgetting lines regardless of the degree of initial 
learning. However, floor effects at the 1 week delay compli-
cated the interpretation of the lack of interaction between 
time-interval and initial degree of learning. In Experiment 
3, performance was off floor at the last delay using auditory 
presentation and showed clearly parallel forgetting rates for 
different degrees of initial learning. In Experiment 4, we 
used the same delay as in Experiment 3 but this time with 
visual presentation and dropping the six repetitions con-
dition, since Experiment 1 showed no difference in initial 
degree of learning between four and six repetitions.

Experiment 4

Method

Participants

Forty young Mexican adults (Mage = 23.85, SD = 3.25, 
range: 18 to 30, 18 men) were recruited by word of mouth. 
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All of them had a minimum of 13 years of education. None 
had taken part in Experiment 3.

Materials

We used the same 36 sentences as in Experiment 3.

Procedure

The encoding phase was the same as in Experiment 1, except 
that the six repetitions condition was dropped. The first 
recall was carried out as in Experiment 1. The second and 
third recalls were assessed by telephone following the same 
procedure as in Experiment 3. As in experiment 3, we tested 
a group of 12 participants to ensure that remote testing did 
not differ from the in-person testing.

Results

The forgetting rate of participants tested completely in per-
son was not substantially different from the participants 
tested via telephone. Means and standard errors of number 
of correct items recalled at each retention interval can be 
seen in Fig. 4.

Effect of retention interval

There was substantial evidence of the effect of time between 
30 s and 24 hr (b = -2.25, SD = 0.39, CI = [-3.03, -1.51]), 
between 30 s and 3 days (b = -3.27, SD = 0.41, CI = [-4.11, 
-2.51]), and between 24 hr and 3 days (b = -1.03, SD = 0.34, 
CI = [-1.69, -0.38]).

Effect of number of repetitions

There was substantial evidence of the effect of number of 
repetitions (b = -2, SD = 0.55, CI = [-3.3, -1.12]).

Interaction effects

There was no substantial evidence of an interaction between 
the number of repetitions and the time-interval from 30 s to 
24 hr (b = -0.15, SD = 0.51, CI = [-1.21, 0.81]), from 30 s 
to 3 days (b = -0.1, SD = 0.5, CI = [-0.95, 0.99]), or from 
24 hr and 3 days (b = 0.17, SD = 0.53, CI = [-0.84, 1.23]).

Errors

As in the previous three experiments, most errors were 
omissions of verbs and nouns, which were more frequent 
with less repetitions and more time. As before, some intru-
sions were present. The intrusions of not-studied material 
remained largely the same for verbs and nouns, whilst the 
intrusions of studied material increased after one day and 
decreased after three days for the group with four repetitions, 
and slightly decreased for the group with two repetitions (see 
Supplementary Material, Appendix B, Figures S7 and S8).

Stringent scoring

In a stringent analysis were responses were scored correct 
only when the verb and the noun are correct, the same pat-
tern was found: there was substantial evidence of an effect of 
time at all times, an effect of number of repetitions, and no 
effect of interactions (see Supplementary Material, Appen-
dix C, page 13). Partial responses were infrequent with a 
maximum of 3.47%).

Discussion

As in Experiment 1, four repetitions of the stimulus material 
resulted in better memory performance than two repetition 
at delays of 30 s, 24 hours and 3 days, and performance 
decreased at each retention interval. There was no difference 
in the rate of forgetting of both groups. As in the previous 
three experiments, forgetting was faster between 30 s and 24 
hours than between 24 hours and 3 days.

Initial performance was comparable to that of Experiment 
1 with two and four repetitions. The reduction of the length 
of the retention intervals kept performance of the four rep-
etitions group off floor but was no different from the scores 
obtained by the group with two repetitions in Experiment 1 
who were tested a week after learning.

Taken together, the results of the four experiments 
show that forgetting is independent for the initial degree of 
learning.

Fig. 4   Mean and Standard Errors of Correct Responses at Each Com-
bination of Number of Repetitions and Retention Interval
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General Discussion

In a series of four experiments, we investigated the rela-
tionship between initial degree of learning and the rate of 
forgetting of a list of sentences. Initial degree of learning 
was manipulated by exposing participants to two, four, or 
six repetitions, except for Experiment 4 in which the six 
repetitions condition was dropped. Memory performance 
was tested using cued recall at three time-intervals. In 
experiments 1 and 2 the intervals were 30 s, 24 hr, and 1 
week. In experiments 3 and 4, the intervals were 30 s, 24 
hr, and 3 days.

The manipulation of the degree of learning was suc-
cessful in all experiments except for Experiment 1, in 
which the groups with four and six repetitions showed 
identical performance at 30 s. Our results shown a typi-
cal finding of long-term forgetting studies, which is also 
consistent with Ebbinghaus’s (1885/Ebbinghaus, 1964) 
forgetting curve: most of the forgetting occurred in the 
short intervals between 30 s and 24 hr, with slower forget-
ting in the intervals from 24 hr onwards.

More importantly, in all four experiments, the rate of 
forgetting was not modulated by the initial degree of learn-
ing, clearly replicating the findings of Experiment 3 of 
Slamecka and McElree (1983). Whenever we found evi-
dence for an interaction between time and initial degree 
of learning, performance was too low to measure any for-
getting, and so we cannot assume that such interaction 
reflects a real difference in forgetting related to the number 
of study trials. Lower performance in the two repetitions 
group in all experiments might be a cause for concern 
as there is not enough room for further forgetting. How-
ever, the consistency of the outcome in four experiments 
is reassuring. Especially since in Experiment 2 and 3 the 
forgetting rates are the same between the groups with 
four and six repetitions. These results contradict Loftus 
(1985), who suggested that the rate of forgetting is faster 
for groups who were exposed to fewer repetitions of the 
material during encoding. This difference may stem from 
a different operationalisation of forgetting and hence meth-
odological approach.

Our results present a theoretical problem. No current 
theory of forgetting can account for forgetting that starts 
from different levels yet results in parallel forgetting slopes 
that are negatively accelerated. One possible explanation 
could be that there are two underlying processes shap-
ing forgetting, one possibly based on interference and one 
based on the decay of the memory trace. The classic for-
getting function from Ebbinghaus (1885) onwards implies 
a negatively accelerated function over time with different 
initial levels resulting in non-parallel curves. Similarly, 
fitting a single function to forgetting data such as Loftus 

(1985) proposed, also implicitly assumes a unitary source 
of initial trace strength. This is inconsistent with Slamecka 
and McElree’s (1983) and our current data, which instead 
suggest the need to assume two or more contributions to 
the initial starting point and the subsequent course of the 
forgetting curves. Within this frame, one source of forget-
ting would represent a gradual erosion of traces over time 
and the other is based on the assumption that different 
material or different types of memory traces differ in their 
resistance to such erosion.

The independence of the forgetting rates from the initial 
degree of learning has important implications to studies 
which use cross-group comparisons (e.g., ageing stud-
ies). These studies encounter the methodological issue of 
equating initial degree of learning at the expense of adding 
confounding variables such as measuring memories of a 
different age. If learning does not influence forgetting, it 
might be possible to carry out these experiments without 
the need to match the initial degree of learning, or on the 
other hand, that initial degree of learning can be safely 
matched by increasing the number of repetitions.

In our study we reported low performance at longer 
intervals. It has been proposed that a second exposure after 
initial retrieval from long-term memory improves memory 
performance at subsequent tests when compared to no re-
exposure (Carpenter, 2012; Delaney et al., 2010; Roedi-
ger III & Butler, 2011; Roediger III & Karpicke, 2006). 
Research suggests that the influence that repeated testing 
has on recall, might depend on the integration of the mate-
rial (Anderson et al., 2000; Baddeley et al., 2019; Bäuml 
& Hartinger, 2002; Chan, 2009; Chan, 2010). Integrated 
material refers to structures composed of highly intercon-
nected items (e.g., narratives), while non-integrated mate-
rial refers to independent items (e.g., words). Integrated 
material occurs when individual items are associated with 
each other as in the gist of a prose passage unlike the 
material used in the current study, whereby sentences are 
independent from one another (see also Baddeley et al., 
2021). Moreover, the sentences we used in this study were 
constructed in a way that participants could not infer the 
verb and noun by reading the subject, used as a cue. As 
such, the material could be considered as non-integrated. 
Using non-integrated materials, testing can impair delayed 
recall of the non-tested items (Anderson, 2003; Storm & 
Levy, 2012; Tandoh & Naka, 2007) which could explain 
the lower performance at the longer intervals.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​3758/​s13421-​021-​01271-1.

Acknowledgements  KRL is supported by a Doctoral scholarship pro-
vided by the Mexican National Council for Science and Technology 
(CONACyT – Becas al Extranjero, CVU: 767799).

1716 Memory & Cognition  (2022) 50:1706–1718

1 3

https://doi.org/10.3758/s13421-021-01271-1


Funding  All authors certify that they have no affiliations with or 
involvement in any organization or entity with any financial interest 
or non-financial interest in the subject matter or materials discussed 
in this manuscript.

Data availability  The datasets generated and analysed during the cur-
rent study are available in the OSF repository at https://​osf.​io/​a3t4q.

Code availability  R code available in the OSF repository at https://​
osf.​io/​a3t4q.

Declarations 

Ethics approval  Approval was granted by the School of Philosophy 
Psychology and Language Sciences Research Ethics Committee, at the 
University of Edinburgh. Reference number 310-1718/3.

Consent to participate  Informed consent was obtained from all indi-
vidual participants included in the study.

Consent for publication  Not applicable.

Conflicts of interest  The authors have no conflicts of interest to de-
clare.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Allen, R. J., Kemp, S., Morson, S., & Wells, C. (2019). Does telephone 
testing of long-term memory retention and forgetting influence 
performance in young and older adults? An examination using 
the Crimes Test. The Neuropsychologist, 8, 1–18.

Anderson, M. C. (2003). Rethinking interference theory: Executive 
control and the mechanisms of forgetting. Journal of Memory 
and Language, 49(4), 415–445. https://​doi.​org/​10.​1016/j.​jml.​
2003.​08.​006

Anderson, M. C., Bjork, R. A., & Bjork, E. L. (1994). Remembering 
can cause forgetting: retrieval dynamics in long-term memory. 
Journal of Experimental Psychology: Learning, Memory, and 
Cognition, 20(5), 1063. https://​doi.​org/​10.​1037/​0278-​7393.​20.5.​
1063

Anderson, M. C., Bjork, E. L., & Bjork, R. A. (2000). Retrieval-
induced forgetting: Evidence for a recall-specific mechanism. 
Psychonomic Bulletin & Review, 7, 522–530. https://​doi.​org/​10.​
3758/​BF032​14366

Audacity Team (2020). Audacity(R): Free Audio Editor and Recorder 
[Computer application]. Version 2.4.1 retrieved Jun 20th, 2020, 
from https://​audac​ityte​am.​org

Bäckman, L., & Mäntylä, T. (1988). Effectiveness of self-generated 
cues in younger and older adults: The role of retention interval. The 
International Journal of Aging and Human Development, 26(4), 
241–248. https://​doi.​org/​10.​2190/​TQWD-​W1AQ-​1NV2-​P73G

Baddeley, A., Atkinson, A., Kemp, S., & Allen, R. (2019). The problem 
of detecting long-term forgetting: Evidence from the Crimes Test 
and the Four Doors Test. Cortex, 110(4), 69–79. https://​doi.​org/​
10.​1016/j.​cortex.​2018.​01.​017

Baddeley, A. D., Atkinson, A. L., Hitch, G. J., & Allen, R. J. (2021). 
Detecting accelerated long-term forgetting: A problem and some 
solutions. Cortex, 142, 237-251. https://​doi.​org/​10.​1016/j.​cortex.​
2021.​03.​038

Bahrick, H. P., Bahrick, P. O., & Wittlinger, R. P. (1975). Fifty years 
of memory for names and faces: A cross-sectional approach. 
Journal of Experimental Psychology: General, 104(1), 54–75. 
https://​doi.​org/​10.​1037/​0096-​3445.​104.1.​54

Bäuml, K.-H., & Hartinger, A. (2002). On the role of item similar-
ity in retrieval-induced forgetting. Memory, 10(3), 215–224. 
https://​doi.​org/​10.​1080/​09658​21014​30003​62

Bliese, P. D. (2000). Within-group agreement, non-independence, 
and reliability: Implications for data aggregation and analysis.

Bliese, P. D., Maltarich, M. A., & Hendricks, J. L. (2018). Back 
to basics with mixed-effects models: Nine take-away points. 
Journal of Business and Psychology, 33(1), 1-23. https://​doi.​
org/​10.​1007/​s10869-​017-​9491-z

Bürkner, P. C. (2017). brms: An R package for Bayesian multilevel 
models using Stan. Journal of Statistical Software, 80(1), 1–28. 
https://​doi.​org/​10.​18637/​jss.​v080.​i01

Bürkner, P. C. (2018). Advanced Bayesian multilevel modeling with 
the R package brms. The R Journal, 10(1), 395–411. https://​doi.​
org/​10.​32614/​RJ-​2018-​017

Butler, C. R., Graham, K. S., Hodges, J. R., Kapur, N., Wardlaw, J. 
M., & Zeman, A. Z. (2007). The syndrome of transient epileptic 
amnesia. Annals of Neurology, 61(6), 587–598. https://​doi.​org/​
10.​1002/​ana.​21111

Bye, B. V., & Riley, G. F. (1989). Model estimation when obser-
vations are not independent: application of Liang and Zeger’s 
methodology to linear and logistic regression analysis. Socio-
logical Methods & Research, 17(4), 353–375. https://​doi.​org/​
10.​1177/​00491​24189​01700​4003

Carpenter, S. K. (2012). Testing enhances the transfer of learning. 
Current Directions in Psychological Science, 21(5), 279–283. 
https://​doi.​org/​10.​1177/​09637​21412​452728

Carpenter, S. K., Pashler, H., Wixted, J. T., & Vul, E. (2008). The 
effects of tests on learning and forgetting. Memory & Cognition, 
36(2), 438–448. https://​doi.​org/​10.​3758/​MC.​36.2.​438

Carpenter, B., Gelman, A., Hoffman, M. D., Lee, D., Goodrich, B., 
Betancourt, M., Brubaker, M., Guo, J., Li, P., & Riddell, A. 
(2017). Stan: A Probabilistic Programming Language. Journal 
of Statistical Software, 76(1), 1–32. https://​doi.​org/​10.​18637/​
jss.​v076.​i01

Chan, J. C. K. (2009). When does retrieval induce forgetting and 
when does it induce facilitation? Implications for retrieval inhi-
bition, testing effect, and text processing. Journal of Memory 
and Language, 61(2), 153–170. https://​doi.​org/​10.​1016/j.​jml.​
2009.​04.​004

Chan, J. C. K. (2010). Long-term effects of testing on the recall of 
nontested materials. Memory, 18(1), 49–57. https://​doi.​org/​10.​
1080/​09658​21090​34057​37

Delaney, P. F., Verkoeijen, P. P. J. L., & Spirgel, A. (2010). Spacing and 
Testing Effects: A deeply critical, lengthy, and at times discursive 
review of the literature. In B. H. Ross (Ed.), Psychology of Learn-
ing and Motivation (pp. 63–147). Academic Press. https://​doi.​org/​
10.​1016/​S0079-​7421(10)​53003-2

Ebbinghaus, H. (1964). Memory: a contribution to experimental psy-
chology. Dover. (Original work published 1885).

1717Memory & Cognition  (2022) 50:1706–1718

1 3

https://osf.io/a3t4q
https://osf.io/a3t4q
https://osf.io/a3t4q
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jml.2003.08.006
https://doi.org/10.1016/j.jml.2003.08.006
https://doi.org/10.1037/0278-7393.20.5.1063
https://doi.org/10.1037/0278-7393.20.5.1063
https://doi.org/10.3758/BF03214366
https://doi.org/10.3758/BF03214366
https://audacityteam.org
https://doi.org/10.2190/TQWD-W1AQ-1NV2-P73G
https://doi.org/10.1016/j.cortex.2018.01.017
https://doi.org/10.1016/j.cortex.2018.01.017
https://doi.org/10.1016/j.cortex.2021.03.038
https://doi.org/10.1016/j.cortex.2021.03.038
https://doi.org/10.1037/0096-3445.104.1.54
https://doi.org/10.1080/09658210143000362
https://doi.org/10.1007/s10869-017-9491-z
https://doi.org/10.1007/s10869-017-9491-z
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.32614/RJ-2018-017
https://doi.org/10.32614/RJ-2018-017
https://doi.org/10.1002/ana.21111
https://doi.org/10.1002/ana.21111
https://doi.org/10.1177/0049124189017004003
https://doi.org/10.1177/0049124189017004003
https://doi.org/10.1177/0963721412452728
https://doi.org/10.3758/MC.36.2.438
https://doi.org/10.18637/jss.v076.i01
https://doi.org/10.18637/jss.v076.i01
https://doi.org/10.1016/j.jml.2009.04.004
https://doi.org/10.1016/j.jml.2009.04.004
https://doi.org/10.1080/09658210903405737
https://doi.org/10.1080/09658210903405737
https://doi.org/10.1016/S0079-7421(10)53003-2
https://doi.org/10.1016/S0079-7421(10)53003-2


Elliott, G., Isaac, C. L., & Muhlert, N. (2014). Measuring forgetting: A 
critical review of accelerated long-term forgetting studies. Cortex, 
54, 16–32. https://​doi.​org/​10.​1016/j.​cortex.​2014.​02.​001

Hulicka, I. M., & Weiss, R. L. (1965). Age differences in retention as 
a function of learning. Journal of Consulting Psychology, 29(2), 
125–129. https://​doi.​org/​10.​1037/​h0021​793

Hultsch, D. F., Hertzog, C., & Dixon, R. A. (1984). Text recall in 
adulthood: The role of intellectual abilities. Developmental Psy-
chology, 20(6), 1193–1209. https://​doi.​org/​10.​1037/​0012-​1649.​
20.6.​1193

Isaac, C. L. & Mayes, A. R. (1999). Rate of forgetting in amnesia: I. 
Recall and recognition of prose. Journal of Experimental Psychol-
ogy: Learning, Memory, and Cognition, 25(4), 942. https://​doi.​
org/​10.​1037/​0278-​7393.​25.4.​942

Jacoby, L. L. (1991). A process dissociation framework: Separating 
automatic from intentional uses of memory. Developmental Psy-
chology, 30(5), 513–541. https://​doi.​org/​10.​1016/​0749-​596X(91)​
90025-F

Jaeger, T. F. (2008). Categorical data analysis: Away from ANOVAs 
(transformation or not) and towards logit mixed models. Journal 
of Memory and Language, 59(4), 434–446. https://​doi.​org/​10.​
1016/j.​jml.​2007.​11.​007

Jost, A. (1897). Die Assoziationsfestigkeit in ihrer Abhängigkeit von 
der Verteilung der Wiederholungen. L. Voss.

Kauffman, W., & Carlsen, J. (1989). Memory for intact music works: 
The importance of music expertise and retention interval. Psy-
chomusicology: A Journal of Research In Music Cognition, 8(1), 
3–20. https://​doi.​org/​10.​1037/​h0094​235

Loftus, G. R. (1985). Evaluating forgetting curves. Journal of Experi-
mental Psychology: Learning, Memory, and Cognition, 11(2), 
397–406. https://​doi.​org/​10.​1037/​0278-​7393.​11.2.​397

McBride, D. M., & Dosher, B. A. (1999). Forgetting rates are compa-
rable in conscious and automatic memory: A process-dissociation 
study. Journal of Experimental Psychology: Learning, Memory, 
and Cognition, 25(3), 58. https://​doi.​org/​10.​1037/​0278-​7393.​25.3.​
583

Meeter, M., Murre, J. M., & Janssen, S. M. (2005). Remembering the 
news: Modeling retention data from a study with 14,000 partici-
pants. Memory & Cognition, 33(5), 793–810. https://​doi.​org/​10.​
3758/​BF031​93075

Muhlert, N., Milton, F., Butler, C. R., Kapur, N., & Zeman, A. Z. 
(2010). Accelerated forgetting of real-life events in Transient Epi-
leptic Amnesia. Neuropsychologia, 48(11), 3235–3244. https://​
doi.​org/​10.​1016/j.​neuro​psych​ologia.​2010.​07.​001

Pan, S. C., & Rickard, T. C. (2017). Does retrieval practice enhance 
learning and transfer relative to restudy for term-definition facts? 
Journal of Experimental Psychology: Applied, 23(3), 278–292. 
https://​doi.​org/​10.​1037/​xap00​00124

Ribot, T. (1881). Les Maladies de la Memoire [Diseases of memory]
(Appleton–Century–Crofts, New York).

Roediger, H. L., III, & Butler, A. C. (2011). The critical role of retrieval 
practice in long-term retention. Trends in Cognitive Sciences, 
15(1), 20–27. https://​doi.​org/​10.​1016/j.​tics.​2010.​09.​003

Roediger, H. L., III, & Karpicke, J. D. (2006). The power of testing 
memory: Basic research and implications for educational practice. 
Perspectives on Psychological Science, 1(3), 181–210. https://​doi.​
org/​10.​1111/j.​1745-​6916.​2006.​00012.x

Rybarczyk, B. D., Hart, R. P., & Harkins, S. W. (1987). Age and for-
getting rate with pictorial stimuli. Psychology and Aging, 2(4), 
404–406. https://​doi.​org/​10.​1037/​0882-​7974.2.​4.​404

Shuell, T. J., & Keppel, G. (1970). Learning ability and retention. Jour-
nal of Educational Psychology, 61(1), 59–65. https://​doi.​org/​10.​
1037/​h0028​756

Slamecka, N. J. (1985). On Comparing Rates of Forgetting. Comment 
on Loftus (1985). Journal of Experimental Psychology: Learning, 
Memory, and Cognition, 11(4), 812–816. https://​doi.​org/​10.​1037/​
0278-​7393.​11.1-​4.​812

Slamecka, N. J., & McElree, B. (1983). Normal forgetting of verbal 
lists as a function of their degree of learning. Journal of Experi-
mental Psychology: Learning, Memory, and Cognition, 9(3), 
384–397. https://​doi.​org/​10.​1037/​0278-​7393.9.​3.​384

Stamate, A., Logie, R. H., Baddeley, A. D., & Della Sala, S. (2020). 
Forgetting in Alzheimer’s disease: is it fast? Is it affected by 
repeated retrieval? Neuropsychologia, 138, 107351. https://​doi.​
org/​10.​1016/j.​neuro​psych​ologia.​2020.​107351

Storm, B. C., & Levy, B. J. (2012). A progress report on the inhibitory 
account of retrieval-induced forgetting. Memory & Cognition, 40, 
827–843. https://​doi.​org/​10.​3758/​s13421-​012-​0211-7

Tandoh, K., & Naka, M. (2007). Durability of retrieval-induced forget-
ting. Japanese Journal of Psychology, 78(3), 310–315. https://​doi.​
org/​10.​4992/​jjpsy.​78.​310

Underwood, B. J., & Keppel, G. (1963). Retention as a function of 
degree of learning and letter-sequence interference. Psychologi-
cal Monographs: General and Applied, 77(4), 1. https://​doi.​org/​
10.​1037/​h0093​842

Wixted, J. T. (2004). The psychology and neuroscience of forgetting. 
Annu. Rev. Psychol., 55, 235-269. https://​doi.​org/​10.​1146/​annur​
ev.​psych.​55.​090902.​141555

Wixted, J. T. (2010). The role of retroactive interference and consolida-
tion in everyday forgetting In S. Della Sala (Ed.), Forgetting (pp. 
285-312). New York: Psychology Press.

Yang, J., Zhan, L., Wang, Y., Du, X., Zhou, W., Ning, X., Sun, Q., & 
Moscovitch, M. (2016). Effects of learning experience on forget-
ting rates of item and associative memories. Learning & Memory, 
23(7), 365-378. https://​doi.​org/​10.​1101/​lm.​041210.​115

Zerr, C. L., Berg, J. J., Nelson, S. M., Fishell, A. K., Savalia, N. K., & 
McDermott, K. B. (2018). Learning efficiency: Identifying indi-
vidual differences in learning rate and retention in healthy adults. 
Psychological Science, 29(9), 1436-1450.

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

1718 Memory & Cognition  (2022) 50:1706–1718

1 3

https://doi.org/10.1016/j.cortex.2014.02.001
https://doi.org/10.1037/h0021793
https://doi.org/10.1037/0012-1649.20.6.1193
https://doi.org/10.1037/0012-1649.20.6.1193
https://doi.org/10.1037/0278-7393.25.4.942
https://doi.org/10.1037/0278-7393.25.4.942
https://doi.org/10.1016/0749-596X(91)90025-F
https://doi.org/10.1016/0749-596X(91)90025-F
https://doi.org/10.1016/j.jml.2007.11.007
https://doi.org/10.1016/j.jml.2007.11.007
https://doi.org/10.1037/h0094235
https://doi.org/10.1037/0278-7393.11.2.397
https://doi.org/10.1037/0278-7393.25.3.583
https://doi.org/10.1037/0278-7393.25.3.583
https://doi.org/10.3758/BF03193075
https://doi.org/10.3758/BF03193075
https://doi.org/10.1016/j.neuropsychologia.2010.07.001
https://doi.org/10.1016/j.neuropsychologia.2010.07.001
https://doi.org/10.1037/xap0000124
https://doi.org/10.1016/j.tics.2010.09.003
https://doi.org/10.1111/j.1745-6916.2006.00012.x
https://doi.org/10.1111/j.1745-6916.2006.00012.x
https://doi.org/10.1037/0882-7974.2.4.404
https://doi.org/10.1037/h0028756
https://doi.org/10.1037/h0028756
https://doi.org/10.1037/0278-7393.11.1-4.812
https://doi.org/10.1037/0278-7393.11.1-4.812
https://doi.org/10.1037/0278-7393.9.3.384
https://doi.org/10.1016/j.neuropsychologia.2020.107351
https://doi.org/10.1016/j.neuropsychologia.2020.107351
https://doi.org/10.3758/s13421-012-0211-7
https://doi.org/10.4992/jjpsy.78.310
https://doi.org/10.4992/jjpsy.78.310
https://doi.org/10.1037/h0093842
https://doi.org/10.1037/h0093842
https://doi.org/10.1146/annurev.psych.55.090902.141555
https://doi.org/10.1146/annurev.psych.55.090902.141555
https://doi.org/10.1101/lm.041210.115

	Rate of forgetting is independent of initial degree of learning
	Abstract
	The Present Study
	Planned analyses
	Experiment 1
	Method
	Participants
	Materials
	Procedure

	Results
	Effect of retention interval
	Effect of number of repetitions
	Interaction effects
	Errors
	Stringent scoring

	Discussion

	Experiment 2
	Method
	Participants
	Materials
	Procedure

	Results
	Effect of retention interval
	Effect of number of repetitions
	Interaction effects
	Errors
	Stringent scoring

	Discussion

	Experiment 3
	Method
	Participants
	Materials
	Procedure

	Results
	Effect of retention interval
	Effect of number of repetitions
	Interaction effects
	Errors
	Stringent scoring

	Discussion

	Experiment 4
	Method
	Participants
	Materials
	Procedure

	Results
	Effect of retention interval
	Effect of number of repetitions
	Interaction effects
	Errors

	Stringent scoring
	Discussion

	General Discussion
	Acknowledgements 
	References


