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Summary V

Summary

The inhibition of memory consolidation has been proposed to explain a wide range of
interference-based forgetting phenomena (Wixted, 2004). According to the opportunis-
tic consolidation account (Mednick et al., 2011), reducing, delaying, or minimizing
retroactive interference provides ideal conditions for consolidation processes to un-
fold. At the same time, passive interference reduction accounts that dispense with
a consolidation mechanism have been largely neglected. According to the temporal
distinctiveness account (Brown et al., 2007), reducing, delaying, or minimizing retroac-
tive interference increases the isolation of memory representations on the temporal
dimension of a psychological memory space. Crucially, whereas the opportunistic
consolidation account attributes interference-based forgetting to storage processes, the
temporal distinctiveness account explains forgetting in terms of retrieval processes.

In this thesis, I adopt a storage-retrieval multinomial processing tree (MPT) mod-
eling approach to precisely disentangle storage and retrieval contributions to memory
performance following reduced, delayed, or minimized retroactive interference. In the
first manuscript (Quevedo Pütter & Erdfelder, 2022), we report an experiment that
investigated alcohol-induced retrograde facilitation. Reduced retroactive interference
in an alcohol compared to a placebo condition resulted in significantly higher retrieval
but not storage probabilities for the previously encoded word pairs. In the second
manuscript (Quevedo Pütter et al., 2024), we scrutinized the mechanisms underlying
the temporal gradient of retroactive interference. In three experiments, participants
engaged in interpolated learning either relatively early or relatively late during the
retention interval. Delaying retroactive interference again resulted in increased re-
trieval but not storage probabilities. Finally, in the third manuscript (Quevedo Pütter
& Erdfelder, 2024), we intended to e�ectively minimize retroactive interference by
means of post-encoding waking rest. In two experiments, participants wakefully rested,
used social media, or engaged in unrelated vocabulary learning after the original
learning phase. In contrast to the first and second manuscript, we found rest-induced
retrograde facilitation to be driven by storage processes.

Overall, this mixed result pattern indicates that interference-based forgetting can
largely be explained in terms of retrieval processes. Opportunistic consolidation seems
to be inhibited only under rather specific conditions. In light of these conclusions, I
propose an integrative account of interference-based forgetting that combines elements
of the temporal distinctiveness and the opportunistic consolidation account.
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Manuscripts

This cumulative thesis is based on three manuscripts, one of which has been published
and two of which have been submitted for publication. In addition, I refer to an
unpublished manuscript that I have contributed to as a co-author.

Manuscript I

Quevedo Pütter, J., & Erdfelder, E. (2022). Alcohol-induced retrograde facilitation?
Mixed evidence in a preregistered replication and encoding-maintenance-retrieval
analysis. Experimental Psychology, 69 (6), 335-350. https://doi.org/10.1027/1618-
3169/a000569

Manuscript II

Quevedo Pütter, J., Dahler, S., & Erdfelder, E. (2024). Opportunistic consolidation

or temporal distinctiveness? Retrieval, not storage, drives the temporal gradient of

retroactive interference in episodic memory. Manuscript submitted for publication.
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Quevedo Pütter, J., & Erdfelder, E. (2024). Waking rest during retention facilitates
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“Such a cruel thing, memory. We can’t remember what it is that we’ve forgotten.”

—Margaret Atwood, The Testaments
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1 Introduction

One of the few certainties about human episodic memory is its imperfection. Over
a century ago, Ebbinghaus (1885) pioneered experimental memory research by sys-
tematically evaluating the rate of forgetting across di�erent time intervals of up to 31
days after encoding. In accordance with subjective experience (Wixted, 2004) and
later replications (e.g., White, 2001; Wixted & Ebbesen, 1991, 1997) Ebbinghaus’
forgetting curve is characterized by a rapid decline in memory performance within the
first minutes and hours, and a gradual flattening thereafter.

Although forgetting is ascribed various adaptive functions (e.g., emotion regula-
tion, abstraction and automatization, context attunement), most people tend to be
frustrated by the experience of not being able to remember some previously learned
information (Nørby, 2015). Unsurprisingly, therefore, much psychological and neu-
roscientific research has followed up Ebbinghaus’ (1885) groundbreaking work by
investigating the reasons for why we forget what we once knew.

In a rather pessimistic interim conclusion, Wixted (2004) criticized that decades
of memory research had ultimately not resulted in a coherent theory of forgetting, but
had rather assembled an “atheoretical laundry list of factors that may or may not
play a role” (p. 236). As a consequence, he put forward the tenets of a comprehensive
interference-based account of forgetting that continues to inform memory research
to this day. Essentially, he advocated a dominant role for consolidation processes
to explain not only sleep-related memory benefits (see Berres & Erdfelder, 2021),
but indeed a wide range of interference-related memory phenomena even during
wakefulness.

Wixted’s (2004) seminal contribution has sparked fundamental debates as to the
exact role of consolidation in interference-based forgetting. Opposing theoretical
accounts have been developed that either include consolidation as a key factor (Dewar
et al., 2007; Mednick et al., 2011) or propose alternative mechanisms instead (Brown et
al., 2007; Ecker et al., 2015). In the following, I discuss these accounts of interference-
based forgetting and give an overview of the relevant empirical findings. As will
become clear, the available evidence is insu�cient for a well-founded decision between
the competing accounts. In the three manuscripts included in this thesis, I address
this important gap in the literature by replicating and re-evaluating key empirical
findings by means of appropriate storage-retrieval multinomial processing tree (MPT)
models (Küpper-Tetzel & Erdfelder, 2012; Riefer & Batchelder, 1995).
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1.1 Interference-Based Accounts of Forgetting

Episodic memory has been defined as a declarative memory system that allows human
beings to remember past experiences associated with their temporal and spatial
context (“mental time travel,” Tulving, 1972, 2002). Interference-based accounts of
forgetting assume successful recollection of such episodic information to be impaired
by additional information encoded before or after the to-be-remembered information.
Whereas proactive interference occurs when new learning is impaired by previous
learning, retroactive interference occurs when interpolated learning impairs the ability
to subsequently remember older pieces of information.

Although some authors have at times argued that most forgetting can be attributed
to proactive interference (Underwood, 1957), the notion of retroactive interference has
been especially powerful in explaining a wide range of episodic memory phenomena.
First and foremost, sleep-induced retrograde facilitation, that is, the positive e�ect
of post-encoding sleep on subsequent memory performance has been interpreted by
cognitive psychologists in terms of minimal retroactive interference during sleep (see
Berres & Erdfelder, 2021 for a review and meta-analysis). Jenkins and Dallenbach
(1924) were the first to empirically demonstrate the sleep benefit in episodic memory
by having their participants spend retention intervals of di�erent lengths either awake
or asleep. The authors observed substantially better recall in the sleep than in the
wake condition and attributed this e�ect to di�erences in retroactive interference
between conditions.

Memory research throughout the 20th century has established two allegedly fun-
damental principles of retroactive interference in episodic memory. First, the higher
the similarity between original and interpolated learning materials, the stronger the
interference e�ect is generally expected to be (but see Antony et al., 2022). For
example, McGeoch and McDonald (1931) observed free recall of previously learned
adjectives to be most impaired by the learning of interpolated synonyms, followed by
antonyms, unrelated adjectives, nonsense syllables, numbers, and unrelated reading.
Second, rather than eliminating the original information from memory, retroactive
interference is assumed to merely impair its retrieval from memory. In a classic study,
Tulving and Psotka (1971) had their participants learn word lists, with each list
containing six categories of four words. Unsurprisingly, increasing the number of
interpolated word lists impaired final free recall for the original list, both in terms of
the number of recalled words and the number of categories represented by at least
one recalled word. Crucially, however, the ratio of recalled words per category was
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not systematically a�ected by the number of interpolated lists. This suggests that
retroactive interference impaired the retrieval of categories, but did not reduce the
number of words available per category.

In light of these two principles, traditional accounts typically attribute interference-
based forgetting to some kind of response competition, that is, original and interpolated
pieces of information competing for retrieval from memory (Bower et al., 1994). This
idea has mostly been applied to cue-overload procedures such as the A-B, A-C paired
associates learning paradigm. In this paradigm, interpolated A-C item pairs are
presented that consist of cue words (A) already presented during the original learning
phase and new target words (C) that replace the originally presented target words (B).
By pairing a single cue word with multiple target words, it is assumed that the original
target (B) must compete for retrieval with the interpolated targets (see Antony et al.,
2022).

Based on a careful review of the literature, Wixted (2004) formulated an innovative
account of interference-based forgetting that dismisses much of the traditional retroac-
tive interference literature. More specifically, he argued that conventional experimental
procedures such as the A-B, A-C learning paradigm were ill-suited for obtaining a
better understanding of everyday forgetting outside the laboratory. Instead, he took
up some of the pioneering yet mostly forgotten work reported over a century earlier by
Müller and Pilzecker (1900). According to Wixted’s reading of the literature, real-life
forgetting is for the most part caused by nonspecific retroactive interference from
everyday mental exertion rather than specific retroactive interference from highly
similar interpolated learning. He assumed such nonspecific retroactive interference not
to interfere with the retrieval of previously encoded information, but rather with its
consolidation, that is, the initial stabilization and subsequent redistribution of newly
created memory traces (Dudai, 2004; McGaugh, 2000). Thus, forgetting is attributed
to the inhibition of vital consolidation processes and, as a direct consequence, the
degradation of the respective memory traces.

The general notion of consolidation being impaired by everyday nonspecific retroac-
tive interference was developed further by Mednick et al. (2011) as an explanation of
sleep-induced retrograde facilitation. According to their opportunistic consolidation
hypothesis, the encoding of new information and the consolidation of previously created
memory representations compete for limited hippocampal resources, that is, they are
to some degree mutually exclusive (see also Wamsley, 2019). Whereas new encoding
is prioritized over consolidation whenever the hippocampus is occupied by ongoing
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processing demands, the minimization of such nonspecific retroactive interference is
thought to free up hippocampal resources for consolidation. Thereby, opportunistic
consolidation does not only explain sleep-induced retrograde facilitation in terms
of uninterrupted consolidation due to the minimization of nonspecific retroactive
interference, but predicts that consolidation should be enhanced by any activity or
task that temporarily reduces encoding demands or abilities, such as, for example,
acute alcohol consumption, relatively simple distractor tasks, or unoccupied rest.

Crucially, in the Mednick et al. (2011) framework, the opportunistic consolidation
hypothesis is explicitly distinguished from two alternative accounts, that is, the unique-
to-sleep consolidation hypothesis and the passive interference reduction hypothesis.
Just as the opportunistic consolidation hypothesis, the unique-to-sleep consolidation
hypothesis attributes sleep-induced retrograde facilitation to enhanced consolidation
during sleep. However, these hypotheses di�er in that the unique-to-sleep hypothesis
assumes episodic memory consolidation to depend on specific neural mechanisms that
are unique to slow wave sleep (SWS). The active systems consolidation account can
be considered an elaborate specification of unique-to-sleep consolidation. According
to this widely accepted interpretation of sleep-induced retrograde facilitation, neural
replay (i.e., reactivation) of previously created memory traces in the hippocampus
during SWS initiates the redistribution of the respective memory representations
from the hippocampus to neocortical areas. Thereby, memory traces are not only
strengthened, but also integrated into pre-existing long-term memory networks (see
Rasch & Born, 2013). In contrast, the passive interference reduction hypothesis can be
regarded as a representation of more traditional retroactive interference accounts. From
this perspective, sleep-induced retrograde facilitation and other interference-based
forgetting phenomena are driven by retrieval processes and depend on some rather
specific (i.e., similarity-based) retroactive interference to occur during wakefulness.

Although the Mednick et al. (2011) terminology o�ers a useful framework for
categorizing di�erent accounts of interference-based forgetting, it su�ers from an
implicit “either-or” assumption, that is, opportunistic consolidation, unique-to-sleep
consolidation, and passive interference reduction are treated as mutually exclusive.
However, these hypotheses may instead be combined to predict and comprehensively
explain various interference-based forgetting phenomena (see Berres, 2023).

Such a more integrative approach is implemented in a theoretical model proposed
by Dewar et al. (2007). In line with a distinction of nonspecific and specific retroactive
interference, these authors di�erentiate two di�erent forms of retroactive interference,
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Figure 1

Comparison of Interference-Based Accounts of Forgetting

Temporal Distinctiveness Account
(Brown et al., 2007)

RetrievalConsolidation

Specific RINonspecific RI 

Diversion-Similarity Retroactive 
Interference Account (Dewar et al., 2007)

RetrievalConsolidation

Specific RINonspecific RI 

a b

Note. Nonspecific retroactive interference (RI) is induced by any kind of interpolated cognitive
processing and encoding demands, whereas specific RI is only induced by interpolated learning
material similar to the original learning material. Depending on the theoretical account, these two
types of RI are assumed to selectively a�ect the consolidation and/or retrieval of previsouly encoded
memories.

that is, diversion and similarity retroactive interference. Whereas diversion retroactive
interference is thought to be induced by any interpolated tasks and materials, and to
inhibit consolidation, similarity retroactive interference is assumed to only be induced
by similar interpolated tasks and materials, and to a�ect retrieval (see Figure 1a).
Thus, the key prediction to be derived from this diversion-similarity account is that
retroactive interference always a�ects consolidation, but only sometimes retrieval (i.e.,
whenever the similarity between original and interpolated materials is relatively high).
Using the terminology introduced by Mednick et al. (2011), the diversion-similarity
account integrates elements of opportunistic consolidation and passive interference
reduction.

Despite the field’s general focus on consolidation-based accounts of retroactive
interference since Wixted (2004), theoretical accounts more in line with the traditional
literature have been developed further as well. Most notably, Brown et al. (2007)
proposed a temporal distinctiveness account that dispenses with any consolidation
contributions to interference-based forgetting (see also Ecker et al., 2015). Specifically,
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this account assumes episodic memory representations to be distributed within a
multidimensional psychological space. This latent psychological space is defined by
at least a temporal dimension along which memory representations are positioned
according to their time of encoding. The basic assumption is that the retrieval
probability of a specific memory representation is a direct function of its distinctiveness,
that is, its temporal isolation with respect to other memory representations situated
in its vicinity. In other words, any forgetting is attributed to retrieval problems due to
low (temporal) distinctiveness from retroactive (or proactive) interference. Thus, the
key prediction of the temporal distinctiveness theory is that retroactive interference
never a�ects consolidation, but always retrieval (see Figure 1b). Thereby, it represents
a revision of the passive interference reduction hypothesis as outlined by Mednick et
al. (2011).

1.2 Empirical Findings on Interference-Based Forgetting

The opportunistic consolidation hypothesis has been motivated and justified by empiri-
cal work on the positive e�ects of various post-encoding activities and tasks that either
reduce, delay, or minimize retroactive interference (see Mednick et al., 2011; Wixted,
2004). Three specific memory phenomena are typically treated as central evidence
in favor of opportunistic consolidation: alcohol-induced retrograde facilitation, the
temporal gradient of retroactive interference, and rest-induced retrograde facilitation.

The positive e�ect of post-encoding alcohol consumption on subsequent memory
performance was first demonstrated by Parker et al. (1980, 1981). In their most
rigorous experiment (Parker et al., 1981), the authors used a within-participants
design that included one placebo and three alcohol conditions (low vs. medium
vs. high dose). Participants studied a list of pictures before being administered their
respective alcoholic or non-alcoholic beverage. After a 7-hr retention interval spent in
the laboratory, memory was tested in a delayed recognition test. The authors observed
a dose-dependent retrograde facilitation e�ect, that is, recognition performances in
the medium and high dose conditions were significantly better than in the placebo
condition. Later conceptual replications that employed di�erent methodological
approaches provided converging evidence for the robustness of the e�ect (e.g., Carlyle
et al., 2017; Knowles & Duka, 2004; Mann et al., 1984; Weafer et al., 2016a, 2016b).

Alcohol-induced retrograde facilitation is typically seen as key evidence in favor of
opportunistic consolidation because reduced encoding abilities during acute alcohol
intoxication should protect hippocampal resources against nonspecific and specific
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retroactive interference and thereby allow for consolidation processes to occur. Inter-
estingly, Parker et al. (1981) already favored an active consolidation account to explain
their result pattern but recognized the plausibility of a passive interference reduction
account as well. Their main argument against a passive interference explanation was
that participants did not engage in any intentional learning tasks during the retention
interval. However, later studies found the retrograde facilitation e�ect to be more
pronounced in more retrieval-dependent memory tests such as free recall as opposed
to more retrieval-independent tests such as recognition (Mueller et al., 1983; Tyson
& Schirmuly, 1994), a pattern that is more easily explained in terms of a passive
interference reduction account. Against this backdrop, Wixted (2004) concluded that
attempts to di�erentiate these accounts had “proven to be inconclusive” and that
“a choice between them will probably depend on the identification of the specific
physiological mechanism” (p. 255).

Instead of reducing retroactive interference by means of alcohol consumption,
interpolated learning may also be delayed to enhance subsequent memory performance.
More specifically, early work by Müller and Pilzecker (1900) already suggested that
retroactive interference follows a temporal gradient. In one of their experiments, a
single participant repeatedly studied and recalled lists of syllable pairs. Crucially, in
some trials, the time interval between the original and an interpolated list lasted 6
minutes, in others only 17 seconds. The authors observed higher cued recall rates
in those trials with longer time intervals. Although later research on the temporal
gradient of retroactive interference yielded rather mixed results (Wickelgren, 1977),
Wixted (2004) convincingly argued that most replication failures could likely be
attributed to methodological problems. Indeed, more recent experiments consistently
found a temporal gradient e�ect (Ecker et al., 2015; Mercer, 2015).

As for alcohol-induced retrograde facilitation, the identification of the precise
mechanisms underlying the temporal gradient of retroactive interference continue to
be contested. Indeed, Wixted (2004) based his initial proposal of consolidation-based
retroactive interference mainly on temporal gradient e�ects. One crucial assumption
of the opportunistic consolidation hypothesis is that early consolidation processes
render the respective memory trace less susceptible to retroactive interference. Thus,
the longer the time interval between original and interpolated learning, the higher
the probability that the memory trace will already be stable enough to endure the
damaging influence of retroactive interference.

Having said that, the temporal distinctiveness account provides a more parsimo-
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nious explanation of the temporal gradient of retroactive interference without the
need to invoke some consolidation mechanism. Instead, it attributes the e�ect to
higher versus lower temporal isolation of the original learning material with respect
to the interpolated material. In line with this reasoning, Ecker et al. (2015) found
that for their computational implementation of the temporal distinctiveness account,
model fit indices favored model versions without a consolidation mechanism. How-
ever, more direct evidence for and against both theoretical accounts has not been
reported. To illustrate, in line with Wixted’s (2004) assessment of alcohol-induced
retrograde facilitation, Mercer (2015) had to concede that his experiment “cannot
disentangle consolidation and distinctiveness-based accounts since both models predict
that postponing RI [retroactive interference] will reduce forgetting” and that future
attempts would require “an ingenious design to fully extricate the predictions of these
two accounts” (p. 134).

A third line of research has used short periods of post-encoding waking rest to
e�ectively minimize both specific and nonspecific retroactive interference instead of
merely reducing or delaying it. Indeed, a growing body of evidence suggests that a
few minutes of eyes-closed, unoccupied rest can facilitate subsequent declarative and
procedural memory performances (Wamsley, 2019; but see Martini & Sachse, 2020).
Notably, such e�ects have even been observed when using rather dissimilar distractor
tasks that seem unlikely to induce any specific retroactive interference. For example,
in a study reported by Dewar et al. (2012), participants listened to a short story
before either wakefully resting or engaging in a purely visual spot-the-di�erence game
for 10 minutes. Importantly, the short story and spot-the-di�erence game did not
share any semantic overlap, that is, specific retroactive interference was most likely
minimized in both conditions. Nevertheless, participants’ immediate and delayed story
recall was significantly better in the waking rest than in the distractor condition.

At first glance, such demonstrations of very unspecific retroactive interference could
be interpreted as evidence against a passive interference reduction account. In line with
this, Wamsley (2019) interpreted the available evidence in favor of an opportunistic
consolidation account while acknowledging that the reported studies “suggest (but
do not prove) that the e�ect of rest on memory is not due to a simple reduction in
sensory interference” (p. 172). However, the temporal distinctiveness account provides
a straightforward explanation for such observations based on the idea that even rather
dissimilar interpolated memory representations may decrease the temporal isolation of
the to-be-remembered information. In other words, from a distinctiveness perspective,
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similarity is not assumed to be a necessary prerequisite for retroactive interference to
occur, but rather one of many dimensions that all contribute to higher versus lower
overall distinctiveness and retrievability. Thus, although the waking rest e�ect is
typically treated as key behavioral evidence in favor of opportunistic consolidation, it
may also be explained through temporal distinctiveness.

Overall, there is much behavioral evidence that implies memory benefits resulting
from reduced, delayed, or minimized retroactive interference during wakefulness.
However, interpretations of such observations as evidence in favor of opportunistic
consolidation are premature as long as no direct evidence exists that would allow
for a clear-cut di�erentiation of opportunistic consolidation from passive interference
reduction such as suggested by the temporal distinctiveness account. The application
of storage-retrieval MPT models o�ers an opportunity for such a di�erentiation.
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2 Storage-Retrieval Analyses

Generally speaking, the successful recollection of some previously encountered piece
of information necessarily presupposes that this information is not only available in
memory, but also retrievable. Thus, a correct response in a recall test implies that
both storage and retrieval of the respective information must have been successful.
Conversely, however, an incorrect response can be attributed to either unsuccessful
storage (i.e., the information was not encoded in the first place or was not maintained
in memory across the retention interval) or unsuccessful retrieval (i.e., the information
was stored successfully but could not be retrieved). For memory tests that do not
impede successful guessing, the interplay of latent mechanisms underlying correct
and incorrect responses becomes even more complex: For example, in a typical old-
new recognition test, a correct response may be the result of successful storage and
retrieval, or correct guessing in a state of uncertainty. Conversely, an incorrect response
may imply either unsuccessful storage and incorrect guessing, or successful storage,
unsuccessful retrieval, and incorrect guessing. Therefore, surface measures of memory
such as the number of correct responses in recall tests or hit and false-alarm rates in
recognition tests entail a high degree of uncertainty with respect to the underlying
cognitive mechanisms.

Crucially, the opportunistic consolidation and the temporal distinctiveness account
of interference-based forgetting clearly di�er with respect to the mechanism supposedly
targeted by retroactive interference. On the one hand, the opportunistic consolidation
account assumes that memory traces are stabilized against disruptive influences during
periods of reduced retroactive interference. Thus, retroactive interference should
impede the enduring storage of the to-be-remembered information in memory. The
assumption that retrieval should not be a�ected directly by nonspecific retroactive
interference is expressed in the Dewar et al. (2007) diversion-similarity model. On
the other hand, the temporal distinctiveness account incorporates and emphasizes
the traditional view of retroactive interference as a retrieval phenomenon without
any contribution of consolidation (Brown et al., 2007; Tulving & Psotka, 1971).
Thus, a severe and fair test of the opportunistic consolidation and the temporal
distinctiveness account requires an e�ective approach to precisely disentangle storage
(i.e., consolidation) and retrieval contributions to interference-based forgetting.

So far, attempts to di�erentiate opportunistic consolidation from temporal dis-
tinctiveness have been scarce. One of the few exceptions is the observation that
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alcohol-induced retrograde facilitation seems to be more pronounced in more retrieval-
dependent memory tests such as free recall compared to more retrieval-independent
tests such as recognition (Mueller et al., 1983; Tyson & Schirmuly, 1994). For example,
Mueller et al. (1983) found a significant alcohol versus placebo e�ect on delayed
free recall performance for word lists but no significant e�ect on delayed recognition
performance. Such a result pattern suggests that the e�ect was retrieval-driven,
without a contribution of storage processes.

Comparisons of e�ects on di�erently retrieval-dependent memory tests between
experimental conditions can indeed provide some tentative insights into the underlying
mechanisms (see also Drachman & Leavitt, 1972; Hogan & Kintsch, 1971). More
specifically, if an experimental manipulation has an e�ect on the more retrieval-
dependent memory test (e.g., free recall) but not on the more retrieval-independent
test (e.g., recognition), retrieval processes can be assumed to play a major role. In
contrast, if the result pattern entails an e�ect on both memory tests, it remains unclear
whether the e�ect was driven by storage, or both storage and retrieval. Thus, despite
their appealing simplicity, such analyses of performance profiles seem insu�cient to
arrive at definite conclusions for all possible e�ect combinations (see Küpper-Tetzel &
Erdfelder, 2012).

2.1 Multinomial Processing Tree Modeling

More fine-grained conclusions can be derived by retaining the basic idea of comparing
e�ects on di�erently retrieval-dependent memory tests but adopting a more sophisti-
cated MPT analysis approach (see Erdfelder et al., 2009 for a review of applications;
see Schmidt et al., 2023 for a tutorial). MPT models form a class of stochastic
models that are tailored to the analysis of categorical data from specific experimental
paradigms. They allow researchers to disentangle and measure the latent contributions
of intertwined cognitive processes that underlie behavioral responses (Batchelder
& Riefer, 1999; Riefer & Batchelder, 1988). In the past, MPT models have been
successfully applied to a wide range of paradigms and substantive research questions
in many subdisciplines of psychology such as attention and perception, learning and
memory, judgment and decision making, and social cognition (Schmidt et al., 2023).

Storage-retrieval MPT models allow researchers to precisely disentangle latent
storage, retrieval, and (if applicable) guessing contributions to directly observable
performances on surface memory measures. Such models have been developed for
various experimental paradigms including free-then-cued-recall (Küpper-Tetzel &
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Erdfelder, 2012; Rouder & Batchelder, 1998) and recognition-then-cued-recall (Riefer
& Batchelder, 1995) testing procedures for word pairs as learning material. Crucially,
such previously validated and applied models may be adapted, for example, to allow
for a more fine-grained di�erentiation of encoding and maintenance instead of a single
storage parameter (see Manuscript I, see also Küpper-Tetzel & Erdfelder, 2012) or to
accommodate other types of learning materials or testing procedures (see Manuscripts
II and III).

To illustrate, consider the free-recall-then-recognition storage-retrieval MPT model
used in Experiments 2 and 3 of Manuscript II. This model is an adapted version of the
recognition-then-cued-recall model proposed by Riefer and Batchelder (1995). The
combination of responses on a free recall and a subsequent recognition test for single
words as learning material yields a 2 x 2 matrix of possible response combinations,
that is, in both tests a response may be correct or incorrect. To infer the respective
contributions of storage and retrieval processes, the probabilities of the four response
categories are reparameterized by means of a set of latent model parameters. These
include one storage parameter s, two retrieval parameters r1 (for free recall) and r2 (for
recognition), and a guessing parameter g to represent the probability of guessing “old”
in the recognition test in case of storage or retrieval failure. Category probabilities
are expressed as functions of these latent model parameters such that sequences
of processing steps or parameters (so-called “branches”) may result in identical or
di�erent observations (i.e., each branch terminates in exactly one category, but multiple
branches may terminate in the same category). Assuming that parameters within
branches represent probabilities that are conditional on previous parameters of that
branch, model equations are obtained by multiplying parameters within branches and
adding the products of parameter sequences terminating in the same category. For
example, reproducing a target word during free recall and correctly classifying it as
being “old” during recognition may be assumed to be the result of either successful
storage, successful free recall retrieval, and successful recognition retrieval (i.e., s·r1 ·r2),
or successful storage, successful free recall retrieval, unsuccessful recognition retrieval,
and correct guessing (i.e., s · r1 · (1≠ r2) · g). Thus, the probability of this response
category is equal to the sum of these two branches, that is, s · r1 · r2 + s · r1 · (1≠ r2) · g.
The target tree structure of this model is illustrated in Figure 2.

Model fit indices and parameter estimates can be obtained from a range of di�erent
estimation approaches (Singmann et al., 2024). Traditionally, MPT models have
been fitted by means of maximum likelihood (ML) estimation based on category
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Figure 2

Target Tree of the Storage-Retrieval MPT Model from Manuscript II
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Note. Multinomial processing tree (MPT) parameter s = probability of successfully storing a target
word in memory, r1 = probability of successfully retrieving a stored target word during free recall,
r2 = probability of successfully retrieving a stored target word during recognition, g = probability
of guessing "old" during recognition given no recognition retrieval or distractor detection. Rc+ =
successful target recall, Rc- = unsuccessful target recall, Rn+ = successful target recognition, Rn- =
unsuccessful target recognition. For the distractor tree structure, see Manuscript II.

frequencies aggregated across participants (Moshagen, 2010; Singmann & Kellen,
2013). Thereby, this complete pooling approach rests on the assumption of identically
and independently distributed (i.i.d.) observations. In other words, parameters
are expected not to vary between participants, an assumption that seems rather
questionable and may result in incorrect statistical inferences (Schmidt et al., 2023;
Smith & Batchelder, 2008). As an alternative, partial pooling estimation approaches
have been developed that account for inter-individual di�erences. For example,
the Bayesian hierarchical latent-trait approach (Klauer, 2010) assumes individual
parameters to follow a multivariate normal distribution at the group level. Thereby,
correlations between model parameters may also be estimated. In all three manuscripts
included in this thesis, both estimation approaches were used to ensure the robustness
of our model-based conclusions. Overall, our results largely proved not to be sensitive
to the di�erential distributional assumptions of both approaches, a finding that is in
line with a recent meta-analysis (Singmann et al., 2024; for an analysis of aggregation
invariance of MPT models, see Erdfelder et al., in press).
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2.2 Sleep-Induced Retrograde Facilitation

By adopting a storage-retrieval MPT approach, behavioral data from relevant memory
experiments can be used to e�ectively di�erentiate consolidation from distinctiveness
explanations of interference-based forgetting. To illustrate, in two experiments, Erd-
felder et al. (2022) employed an MPT modeling approach to disentangle storage and
retrieval contributions to memory performance following a 12-hr retention interval
spent either awake or mostly asleep. In both experiments, participants were presented
with a list of 40 weakly associated word pairs during the learning phase. This was
followed by an immediate cued recall test in which participants were presented with
the first (i.e., cue) word of each pair and asked to recall the corresponding second
(i.e., target) word. After a retention interval, memory was tested by means of a
final free-then-cued-recall procedure. In the free recall test, participants were given 8
minutes to freely recall as many of the previously studied word pairs as possible in
any order. They were instructed to write down single words as well if they could not
remember the entire word pair. The subsequent cued recall test was identical to the
immediate cued recall test.

Such a procedure involving two cued recall tests (immediate and final) and a free
recall test allows for a model-based analysis of the resulting recall data by means of
the encoding-maintenance-retrieval MPT model introduced by Küpper-Tetzel and
Erdfelder (2012). Thereby, encoding, maintenance, and retrieval contributions to
participants’ recall performances can be precisely disentangled. With respect to
sleep-induced retrograde facilitation, maintenance parameter m should be reflective
of unique-to-sleep or opportunistic consolidation contributions, whereas free recall
retrieval parameter rf should be reflective of temporal distinctiveness or other passive
interference reduction contributions.

In Experiment 1, we used a 2 x 2 between-participants design with the factors
“Study Time” (morning vs. evening) and “Retention Interval” (6 minutes vs. 12 hours).
The sample size was N = 40. Participants in the 12-hr retention interval condition
spent the time between sessions outside the laboratory, and, depending on the study
time, either pursuing everyday activities (wake condition) or spending the night asleep
(sleep condition). The model-based results revealed significantly higher maintenance
probabilities m and a descriptive trend towards higher free recall retrieval probabilities
rf in the sleep compared to the wake condition. Moreover, encoding probabilities
e remained una�ected by both experimental factors, suggesting that sleep-induced
retrograde facilitation cannot be attributed to circadian rhythms of encoding ability.
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We followed up on our observations from Experiment 1 in a second experiment that
involved a larger sample size (N = 60) and an experimental manipulation intended to
provide evidence for the di�erentiation of parameters m and rf. To this end, we again
used a 2 x 2 between-participants design in Experiment 2, this time with the factors
“Study Time” (morning vs. evening) and “Retrieval Cues” (absent vs. present). Our
expectation was that the presentation of category labels as retrieval cues during the
free recall test should have a selective influence on free recall retrieval probabilities rf
but not on maintenance probabilities m. In line with our hypotheses, we replicated the
positive e�ects of sleep on both parameters m and rf. Importantly, the presentation
of retrieval cues had no e�ect on parameter m but only on parameter rf. Thus, the
dual sleep benefit for both maintenance and retrieval cannot be explained in terms of
an imprecise di�erentiation of these processes in the MPT model.

Across both experiments, we found convincing evidence for both passive interference
reduction and active consolidation explanations of sleep-induced retrograde facilitation.
Crucially, however, the model-based results are necessarily inconclusive with respect
to the di�erentiation of unique-to-sleep and opportunistic consolidation since both
accounts predict a positive e�ect of sleep on storage or maintenance probabilities.
Instead, somewhat counterintuitively, memory experiments without any involvement
of sleep are needed for this purpose.

In fact, some applications of a storage-retrieval MPT model to the investigation of
specific retroactive interference during wakefulness have already been reported in the
literature (Bäuml, 1991a, 1991b, 1991c; Riefer & Batchelder, 1988). In all of these
studies, the Tulving and Psotka (1971) paradigm or variations thereof were adapted
to accommodate the application of a specific storage-retrieval model, that is, the
pair-clustering model by Batchelder and Riefer (1980). The general conclusion from
this research was that, in line with the initial proposal by Tulving and Psotka (1971),
the number of interpolated word lists primarily a�ects retrieval of the original list.
Under some rather specific conditions, however, storage may be impaired as well (see
Bäuml, 1991a, 1991b). Unfortunately, the results from this line of research are hardly
applicable to the di�erentiation of the opportunistic consolidation and the temporal
distinctiveness account.

In the research reported in the manuscripts included in this thesis, we replicate
relevant interference-based forgetting e�ects that occur during wakefulness, and re-
evaluate them in terms of underlying storage and retrieval processes by means of
appropriate storage-retrieval MPT models. Thus, the main goal of this thesis is to
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disentangle opportunistic consolidation and temporal distinctiveness contributions
to interference-based forgetting during wakefulness. At the same time, the results
reported in the three manuscripts may also be used for a unique-to-sleep versus
opportunistic consolidation interpretation of the storage e�ect we found to underlie
sleep-induced retrograde facilitation. Thereby, this thesis contributes to a compre-
hensive understanding of interference-based forgetting during both wakefulness and
sleep.
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3 Re-Evaluation of Behavioral Evidence

In each of the three manuscripts included in this thesis, we intended to replicate one
of the empirical findings typically treated as key evidence in favor of opportunistic
consolidation, that is, alcohol-induced retrograde facilitation (Manuscript I), the tem-
poral gradient of retroactive interference (Manuscript II), and rest-induced retrograde
facilitation (Manuscript III), and re-evaluate the resulting data by means of a suitable
storage-retrieval MPT model. In the following, I outline the most important aspects
of each manuscript with respect to the methodological approach and the main results.

3.1 Alcohol-Induced Retrograde Facilitation

Quevedo Pütter, J., & Erdfelder, E. (2022). Alcohol-induced retrograde facilitation?
Mixed evidence in a preregistered replication and encoding-maintenance-retrieval
analysis. Experimental Psychology, 69 (6), 335-350. https://doi.org/10.1027/1618-
3169/a000569

In Manuscript I, we report an experiment that was designed to replicate as closely as
possible the alcohol-induced retrograde facilitation e�ect found by Parker et al. (1981)
while at the same time allowing for an application of the Küpper-Tetzel and Erdfelder
(2012) free-then-cued-recall storage-retrieval MPT model used by Erdfelder et al.
(2022). Most importantly, just as Parker et al. (1981), we used a 7-hr retention interval,
whereas the authors of other replication studies had either employed considerably
shorter retention intervals (Knowles & Duka, 2004; Mann et al., 1984; Parker et al.,
1980, study 1; Tyson & Schirmuly, 1994) or had extended the retention interval up to
48 hours by having participants spend the time interval between post-encoding alcohol
versus placebo administration and final memory testing outside the laboratory (Bruce
& Pihl, 1997; Carlyle et al., 2017; Lamberty et al., 1990; Mueller et al., 1983; Parker
et al., 1980, study 2; Weafer et al., 2016a, 2016b). Such procedural adaptations entail
the risk of unintended confounding influences of ongoing alcohol intoxication during
memory testing or alcohol-induced changes to the sleep architecture. Thus, our study
was the first to put the retrograde facilitation e�ect found by Parker et al. (1981) to
a methodologically rigorous test.

For this purpose, a total of N = 93 participants took part in an extensive laboratory
experiment that included an initial cued recall and final free-then-cued-recall testing
procedure within a single experimental session, using the same learning material that
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we already used in both experiments on sleep-induced retrograde facilitation (Erdfelder
et al., 2022) described in the Storage-Retrieval Analyses section. Participants were
randomly assigned to an alcohol or a placebo condition and all participants received
their respective alcoholic or non-alcoholic beverage immediately following the initial
cued recall. The alcoholic beverage was expected to result in peak blood alcohol
concentrations of around 0.60‰. Breath alcohol concentrations were measured 30,
60, and 90 minutes after the end of the alcohol versus placebo administration, and
again immediately before the final free recall test. Participants were encouraged to
register in groups and spent the 7-hr retention interval in a seminar room where they
watched a standardized series of movies and were free to interact among each other.
During this time, participants were supervised to ensure that they did not fall asleep
or explicitly discuss any of the previously encoded learning material. The data was
collected and analyzed by means of a sequential testing procedure (i.e., the sequential
probability ratio t test, Schnuerch & Erdfelder, 2020) to maximize e�ciency.

We found no significant di�erences between conditions in either surface memory
measure, that is, we did not replicate the alcohol versus placebo e�ect on either cued
recall retention or free recall performance. However, our model-based results provide
evidence for a retrieval benefit in the alcohol condition. More specifically, free recall
retrieval parameter rf was estimated to be larger in the alcohol compared to the
placebo condition. This clear descriptive pattern was reliable for both estimation
approaches. In contrast, there was only a very small descriptive di�erence between
conditions for maintenance parameter m and this pattern was only reliable for the
aggregated but not the individual data. As expected, encoding parameter e did not
di�er reliably between conditions either and cued recall retrieval parameter rc was
estimated to be very close to 1 in both conditions. Estimates for these key parameters
are provided in Table 1.

This pattern of surface and model-based results suggests that alcohol-induced
retrograde facilitation is (a) less robust than suggested by previous studies that did
not use the original 7-hr retention interval and (b) driven by retrieval rather than
storage or maintenance processes. Thereby, Manuscript I provides direct evidence
in favor of a passive retroactive interference reduction and against an opportunistic
consolidation account of alcohol-induced retrograde facilitation. Importantly, in line
with the temporal distinctiveness account and the results on sleep-induced retrograde
facilitation by Erdfelder et al. (2022), our results from Manuscript I suggest that
nonspecific retroactive interference can be su�cient to impair subsequent retrieval.
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Table 1

Results of the Encoding-Maintenance-Retrieval MPT Analysis in Manuscript I

Parameter Alcohol Placebo

Aggregated dataa

e .58 [.55, .61] .60 [.57, .62]

m .92 [.90, .95] .89 [.86, .91]

rf .50 [.46, .54] .44 [.41, .47]

rc .98 [.97, .98] .98 [.97, .98]

Individual datab

e .59 [.53, .64] .60 [.55, .65]

m .93 [.90, .96] .90 [.86, .93]

rf .51 [.45, .56] .43 [.39, .48]

rc .98 [.97, .99] .98 [.97, .99]

Note. Multinomial processing tree (MPT) parameter e = probability of associative
encoding of a word pair, m = probability of associative maintenance of a word pair
across the retention interval, rf = probability of retrieving a word pair as an associa-
tion during free recall, rc = probability of retrieving a word pair as an association dur-
ing cued recall. For the remaining parameter estimates, please refer to Manuscript I.
a The model was fitted to the aggregated category frequencies using maximum like-
lihood (ML) estimation in the multiTree software (Moshagen, 2010). Parameter
estimates are presented alongside the corresponding 95% confidence intervals.
b The model was fitted to the individual category frequencies using Bayesian hierar-
chical estimation in the R package TreeBUGS (Heck et al., 2018). Posterior means
are presented alongside the corresponding 95% Bayesian credibility intervals.

Some limitations of this study should be acknowledged. First, the application of
the Küpper-Tetzel and Erdfelder (2012) encoding-maintenance-retrieval MPT model
required word pairs instead of single items as learning material. Thus, in contrast
to the original Parker et al. (1981) experiment, our replication study investigated
associative instead of item memory. Although the passive interference reduction and the
opportunistic consolidation account of interference-based forgetting do not explicitly
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predict that the susceptibility to retroactive interference should di�er according to
the associative or non-associative nature of the learning material, such a prediction
can be derived from the memory-system dependent forgetting hypothesis (Hardt
et al., 2013; Kuhlmann et al., 2021). According to this hypothesis, hippocampally
represented associative memories should be less susceptible to retroactive interference
than extra-hippocampally represented item memories. Thus, had we used single items
instead of word pairs as learning material, the retrieval benefit we observed for the
alcohol condition might have been even more pronounced, possibly resulting in a
significant surface-level free recall e�ect.

Second, we observed lower-than-expected mean peak breath alcohol concentrations
in the alcohol condition, that is, M = 0.43‰. Thus, it could be argued that encoding
abilities of participants in the alcohol condition were not impaired su�ciently to result
in a clear retroactive interference di�erence between conditions. Indeed, lower peak
alcohol concentrations also imply shorter latencies until participants were completely
sober again. Assuming an alcohol elimination rate of 0.15‰ per hour (Thierauf et al.,
2013), most participants in the alcohol condition must have been sober after about
3 hours. During the remaining 4 hours of the retention interval, equal degrees of
retroactive interference can therefore be expected in both conditions. Although the
mean peak breath alcohol concentration in our study was still higher than in the
medium-dose condition by Parker et al. (1981), such concerns appear quite reasonable
and should be considered in future studies.

Third, the very nature of the experimental manipulation implies a rather low
experimental control in both the alcohol and the placebo condition during the 7-hr
retention interval. Thereby, it remains unclear whether the alcohol versus placebo
administration caused behavioral and cognitive di�erences between conditions beyond
a mere reduction in encoding abilities in the alcohol condition. For example, acute
alcohol consumption has also been shown to increase mind-wandering (Sayette et
al., 2009), a spontaneous cognitive activity that has been argued to be su�cient to
interfere with consolidation (Humiston et al., 2019). Thus, alcohol-induced retrograde
facilitation might be the result of a potentially large number of both positive and
negative memory-relevant factors a�ected by acute alcohol consumption. Importantly,
such confounding variables should be even more relevant if participants leave the
supervised laboratory between experimental sessions. Nevertheless, a more controlled
procedural approach is needed to more precisely identify the unique contributions of
specific and nonspecific retroactive interference on subsequent memory performance.
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3.2 Temporal Gradient of Retroactive Interference

Quevedo Pütter, J., Dahler, S., & Erdfelder, E. (2024). Opportunistic consolidation

or temporal distinctiveness? Retrieval, not storage, drives the temporal gradient of

retroactive interference in episodic memory. Manuscript submitted for publication.

Instead of reducing nonspecific and specific retroactive interference through alcohol
consumption, retroactive interference may also be delayed to benefit subsequent
memory performance. In Manuscript II, we report a series of three experiments that
were designed to scrutinize the replicability of the temporal gradient of retroactive
interference (TGRI) and to disentangle its underlying mechanisms.

Our methodological approach in Manuscript II alleviates many of the limitations
associated with the experiment reported in Manuscript I. First, instead of adapting the
to-be-replicated original study to accommodate the application of a certain MPT model,
we adapted an existing storage-retrieval model proposed by Riefer and Batchelder
(1995) to allow for a very close replication of a study reported by Ecker et al. (2015).
Thereby, we could adopt the pool of single words used by these authors instead of word
pairs to increase the chances of observing significant e�ects on free recall performances
in line with the memory-system dependent forgetting hypothesis (Kuhlmann et al.,
2021). Moreover, the use of a simple distractor task during the retention interval
and intentional rather than implicit learning instructions for the interpolated learning
task ensured a high experimental control in all conditions. Indeed, by manipulating
the timing rather than the amount of interpolated learning, unintended influences of
confounding variables should become rather unlikely.

In Experiment 1, we conducted a very close replication of the first of two studies
reported by Ecker et al. (2015). To this end, N = 80 participants took part in an
online experiment. Across eight experimental trials, participants studied an original
list of 10 words (L1), an interpolated list of 10 additional words (L2), and were
tested on a free recall test for the L1 words (T), followed by another free recall for
the L2 words in 50% of all trials. We used a within-participants manipulation of
the timing of the interpolated L2 learning phase: In LS trials, the L1-L2 intervals
lasted 240 seconds and the L2-T interval lasted 60 seconds, whereas in SL trials, these
durations were reversed. During the L1-L2 and L2-T intervals, participants worked
on a simple color-detection distractor task. Blue target and grey distractor squares
were presented sequentially and randomly intermixed in the middle of the computer
screen. Participants were asked to press a key as quickly as possible whenever a target
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square was presented but not to react to distractor squares. This task was designed
to replicate as closely as possible the tone-detection task used by Ecker et al. (2015).
We included the original data in our analysis to perform a 2 x 2 mixed ANOVA with
the factors “Study” (original vs. replication) and “L2 Timing” (LS vs. SL), and the
number of correct responses in the free recall as our dependent variable. Thereby, a
successful replication would be indicated by a non-significant interaction e�ect (see
Anderson & Maxwell, 2016).

Descriptively, participants in our replication study performed better in the LS
than in the SL condition. In line with this descriptive di�erence, the within-between
interaction e�ect turned out to be non-significant. Thus, the direction and size of
the LS versus SL e�ect in our study was consistent with the e�ect observed by the
original authors.

Based on the replication success in Experiment 1, we aimed at disentangling storage
and retrieval contributions to the TGRI in Experiment 2. Therefore, it was necessary
to extend the original procedure to include an additional memory test that was less
retrieval-dependent than the free recall test, and to specify a storage-retrieval MPT
model specifically tailored to such a paradigm. Since no such model for single items
was readily available in the literature, we chose to adapt a model originally proposed
by Riefer and Batchelder (1995) and developed further by Nadarevic (2017). The
resulting model is tailored to a free-recall-then-recognition paradigm and allows to
disentangle storage (parameter s), free recall retrieval (parameter r1), recognition
retrieval (parameter r2), and guessing contributions (parameter g) to item memory.
Since the inclusion of an old-new recognition test immediately after the respective L1
free recall test is unlikely to cause any bias in the current or subsequent trials, the
results from Experiment 2 also served as an additional replication of the TGRI in
free recall. Experiment 2 entailed only four instead of eight trials to keep the total
study duration within a reasonable range. L1 recognition and L2 free recall tests were
included in all trials. The final sample size was N = 177.

We found significantly better L1 free recall performances in the LS than the SL
condition. In contrast, L1 recognition performances did not di�er significantly between
conditions. In line with this pattern, our model-based analyses revealed a clear free
recall retrieval benefit in the LS condition, that is, parameter r1 was estimated to
be higher in the LS than in the SL condition. This pattern was reliable for both
estimation approaches. In contrast, there was no evidence for a di�erence in storage
probabilities s between conditions.



3 Re-Evaluation of Behavioral Evidence 25

These results from Experiment 2 suggest that the temporal distinctiveness account
provides a better explanation of the TGRI in free recall than the opportunistic con-
solidation account. This interim conclusion converges with the observation of better
retrieval following post-encoding alcohol consumption in Manuscript I. That being said,
proponents of the opportunistic consolidation account might argue that the uncon-
trolled online setting of Experiment 2 in Manuscript II did not allow for consolidation
to occur during the L1-L2 and L2-T intervals since external distractions could not
be prevented. Thus, although the results imply a role for temporal distinctiveness in
the TGRI, the possibility of an additional contribution of opportunistic consolidation
under more controlled conditions cannot be excluded. Therefore, the first aim of
Experiment 3 was to replicate the results from Experiment 2 in a laboratory setting.

The interpretation of the results from Experiment 2 is based on the assumption
that the stabilization of labile memory traces through opportunistic consolidation
within the first minutes after encoding should primarily benefit memory storage.
However, according to the opportunistic consolidation account, the integration into
pre-existing memory networks should be initiated shortly after encoding as well. Such
a qualitative transformation of memory traces might be expected to not only benefit
memory storage but also retrieval thanks to the creation of new retrieval cues. From
such a perspective, a retrieval benefit in the LS compared to the SL condition might be
interpreted as evidence in favor of opportunistic consolidation. Importantly, such an
interpretation would only be justified in case of a simultaneous storage and retrieval
e�ect.

Against this backdrop, our second aim in Experiment 3 was to di�erentiate temporal
distinctiveness and opportunistic consolidation explanations for a potential free recall
retrieval benefit in the LS condition in case of a simultaneous storage e�ect. To this
end, we used a 2 x 2 design with the factor “L2 Timing” (LS vs. SL) and the additional
factor “L1-L2 Similarity” (high vs. low). We generated a pool of geometric figures as
L2 learning material for the low L1-L2 similarity condition. Importantly, the temporal
distinctiveness account acknowledges the existence of additional dimensions apart
from the temporal one, such as a semantic dimension (Brown et al., 2007). Thus, in
line with traditional retroactive interference accounts (see McGeoch & McDonald,
1931), such a generalized distinctiveness account would predict only a very small
or even nonexistent LS versus SL e�ect on free recall retrieval in case of minimal
L1-L2 similarity. Conversely, the opportunistic consolidation account predicts that
any encoding demands should inhibit consolidation regardless of L1-L2 similarity,
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Table 2

Results of the Storage-Retrieval MPT Analysis of Experiment 3 in Manuscript II

Parameter High similarity Low similarity

LS SL LS SL

Aggregated dataa

s .84 [.82, .85] .83 [.82, .85] .85 [.83, .86] .84 [.82, .85]

r1 .70 [.68, .72] .64 [.62, .66] .70 [.68, .72] .66 [.64, .68]

r2 .99 [.98, .99] .99 [.98, .99] .99 [.99, .99] .99 [.99, .99]

Individual datab

s .88 [.85, .90] .86 [.84, .89] .88 [.85, .90] .86 [.84, .89]

r1 .71 [.66, .75] .65 [.61, .70] .72 [.67, .76] .67 [.63, .71]

r2 .99 [.98, .99] .99 [.98, .99] .99 [.99, .99] .99 [.99, .99]

Note. Multinomial processing tree (MPT) parameter s = probability of storage
of an L1 word, r1 = probability of retrieving an L1 word during free recall, r2
= probability of retrieving an L1 word during recognition. For the estimates of
guessing parameter g, please refer to Manuscript II.
a The model was fitted to the aggregated category frequencies using maximum
likelihood (ML) estimation in the R package MPTinR (Singmann & Kellen, 2013).
Parameter estimates are presented alongside the corresponding 95% confidence
intervals.
b The model was fitted to the individual category frequencies using Bayesian
hierarchical estimation in the R package TreeBUGS (Heck et al., 2018). Poste-
rior means are presented alongside the corresponding 95% Bayesian credibility
intervals.

so this factor should have no e�ect on the size of an LS versus SL e�ect on free
recall retrieval. Put di�erently, the generalized distinctiveness account predicts an
interaction e�ect of L2 timing and L1-L2 similarity on free recall retrieval, whereas the
opportunistic consolidation account does not. To reiterate, this theoretical reasoning
would become necessary only if a simultaneous storage and retrieval e�ect of the LS
versus SL manipulation would be observed.
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Experiment 3 took place in a controlled laboratory setting and included eight
trials, that is, two trials per condition. For a closer replication of the original study
by Ecker et al. (2015), we switched from the color-detection task used in Experiments
1 and 2 to the original tone-detection task. To increase the potential LS versus SL
e�ect size, the interpolated L2 learning occurred even earlier in the SL condition than
in the previous two experiments, that is, after 20 instead of 60 seconds. The final
sample size was N = 140.

With respect to our surface memory measures, we found a significant main e�ect
of L2 timing on L1 free recall performance. All other main and interaction e�ects
on L1 free recall and recognition performances were non-significant. In line with this
pattern, our model-based analyses revealed a reliable L2 timing main e�ect on free
recall retrieval parameter r1, but no e�ect on storage parameter s. This result pattern
is in line with our observation from Experiment 2, that is, we again found a TGRI in
free recall that was purely retrieval-driven. Surprisingly, however, L1-L2 similarity
had no e�ect on any of our surface and model-based memory measures. Thus, our
results are in line with a purely temporal distinctiveness account but neither with the
opportunistic consolidation nor a generalized distinctiveness account. As expected,
recognition retrieval probabilities r2 were estimated to be very close to 1. All storage
and retrieval MPT parameter estimates are provided in Table 2.

Across all three experiments, our results from Manuscript II suggest (a) that the
TGRI in free recall is a robust e�ect and (b) that it constitutes a retrieval rather than
a storage phenomenon, regardless of the similarity or specificity of the interpolated
material. Together with the results from Manuscript I, these observations suggest
that both specific and nonspecific retroactive interference may result in retrieval
impairments. Thereby, these results are at odds with the opportunistic consolidation
account of interference-based forgetting.

From an opportunistic consolidation perspective, two characteristics of all four
experiments reported in Manuscripts I and II might have contributed to our consistent
null-findings with respect to storage processes. First, we used comparatively short
retention intervals of 7 hours (Manuscript I) and 5 minutes (Manuscript II) to conduct
all experiments within one single session. Although opportunistic consolidation has
been argued to set in immediately after encoding (Wamsley, 2019) and should therefore
influence memory performances even on rather short time scales, researchers have
highlighted the supposed long-term e�ects of opportunistic consolidation on longer
time scales of several days (e.g., Dewar et al., 2012; Martini et al., 2020).
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Second, although retroactive interference was either reduced (Manuscript I) or
delayed (Manuscript II), it has been argued that opportunistic consolidation requires
conditions of minimal retroactive interference (Dewar et al., 2007; Wixted, 2004).
From the perspective of such a strict interpretation of the opportunistic consolidation
account, acute alcohol intoxication or the attentional focus on a simple distractor task
is insu�cient to spare hippocampal resources for consolidation processes. Instead, it
may be necessary to allow participants to rest quietly without any external input.

3.3 Rest-Induced Retrograde Facilitation

Quevedo Pütter, J., & Erdfelder, E. (2024). Waking rest during retention facilitates

memory consolidation, but so does social media use: A storage-retrieval analysis.

Manuscript submitted for publication.

In Manuscript III, we report two laboratory experiments that were designed to compare
the e�ects of minimal retroactive interference through waking rest with conditions of
both specific and nonspecific retroactive interference. Thus, in comparison with all
experiments reported in Manuscripts I and II, these studies may be argued to provide
the best conditions for opportunistic consolidation to occur. Moreover, in Experiment
1, we additionally tested memory performances 24 hours after encoding to allow for
potential longer-term e�ects of opportunistic consolidation to emerge.

In both experiments, we aimed to replicate the rest-induced retrograde facilitation
e�ect found by Martini et al. (2020) in relation to post-encoding social media use and
to disentangle its underlying mechanisms. To this end, we used the original storage-
retrieval MPT model by Riefer and Batchelder (1995) that served as the basis for the
adapted model in Manuscript II. This model is tailored to a recognition-then-cued-
recall testing procedure for word pairs. Importantly, however, the storage-retrieval
analysis relates to the target words only, that is, in the old-new recognition test,
participants are asked to decide for a series of single words whether they do or do not
correspond to the target words previously encoded in association with their respective
cue words. Accordingly, storage parameter s, recognition retrieval parameter r1, and
cued recall retrieval parameter r2 are assumed to reflect the probabilities of target
word storage and retrieval (see Nadarevic, 2017).1

In Experiment 1, participants learned and immediately recalled a list of 20 Icelandic-
German vocabulary pairs before being randomly assigned to one of three experimental
conditions. In the waking rest condition, participants were asked to lay their heads
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on their arms, close their eyes, and rest quietly for 8 minutes. In the social media
condition, participants were asked to use the social media platform Instagram on their
own smartphone and from their own account. As a third condition that was not part
of the original Martini et al. (2020) study, we included a vocabulary condition in
which participants were asked to learn and recall an unrelated list of 20 Norwegian-
German vocabulary pairs. Importantly, no German target words from the original
learning phase were included in this interpolated learning phase. Next, participants’
memory for the Icelandic-German vocabulary was tested in a first delayed recognition-
then-cued-recall test sequence. A second delayed recognition-then-cued-recall test
sequence took place 24 hours later with a new set of distractor words in the recognition
test. Taken together, our experimental design allowed us to compare the e�ects of
nonspecific retroactive interference in the social media condition and specific retroactive
interference in the vocabulary condition in relation to conditions of minimal retroactive
interference (i.e., the waking rest condition). After the exclusion of outliers, data from
N1 = 154 participants was analyzed for the first experimental session and data from
N2 = 141 was analyzed for the second session 24 hours later.

With respect to our surface memory measures of cued recall retention and recogni-
tion performance immediately after the 8-min retention interval, we observed a memory
benefit for the waking rest condition only in comparison to the vocabulary condition
but not the social media condition. Thus, we did not replicate the rest-induced
retrograde facilitation e�ect found by Martini et al. (2020) in relation to social media
use. Likewise, our model-based analyses revealed no reliable di�erences in storage
or retrieval probabilities between the waking rest and the social media condition.
Moreover, these analyses revealed reliably higher storage probabilities (parameter s)
in both the waking rest and the social media condition compared to the vocabulary
condition. With respect to the cued recall retrieval probabilities (parameter r2), the
same pairwise comparisons revealed reliable di�erences only for the aggregated data,
but not the individual data. For the surface and model-based memory measures after
24 hours, we observed a very similar pattern with a tendency of only slightly decreased
descriptive di�erences.

1Note that the notation for retrieval parameters r1 and r2 in Manuscript III corresponds to the
original notation introduced by Riefer and Batchelder (1995). In Manuscript II, retrieval parameter
labels were chosen according to the order of memory tests in the free-recall-then-recognition sequence.
Thus, parameter r1 represents recognition retrieval in Manuscript III, whereas it represents free recall
retrieval in Manuscript II. Conversely, parameter r2 represents cued recall retrieval in Manuscript III,
whereas it represents free recall retrieval in Manuscript II.
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Table 3

Results of the Storage-Retrieval MPT Analysis of Experiment 2 in Manuscript III

Parameter Waking rest Social media Vocabulary

Aggregated dataa

s .92 [.90, .93] .92 [.90, .94] .89 [.87, .91]

r1 .99 [.99, .99] .99 [.99, .99] .99 [.99, .99]

r2 .63 [.60, .67] .66 [.63, .69] .63 [.60, .67]

Individual datab

s .92 [.90, .94] .93 [.91, .96] .89 [.87, .92]

r1 .99 [.99, .99] .99 [.99, .99] .99 [.98, .99]

r2 .64 [.59, .68] .66 [.63, .70] .64 [.59, .69]

Note. Multinomial processing tree (MPT) parameter s = probability of storage
of a target word, r1 = probability of retrieving a target word during recognition,
r2 = probability of retrieving a target word during cued recall. For the estimates
of guessing parameter g, please refer to Manuscript II.
a The model was fitted to the aggregated category frequencies using maximum
likelihood (ML) estimation in the R package MPTinR (Singmann & Kellen, 2013).
Parameter estimates are presented alongside the corresponding 95% confidence
intervals.
b The model was fitted to the individual category frequencies using Bayesian hierar-
chical estimation in the R package TreeBUGS (Heck et al., 2018). Posterior means
are presented alongside the corresponding 95% Bayesian credibility intervals.

Our results from Experiment 1 suggest (a) that the waking rest versus social media
e�ect found by Martini et al. (2020) might depend on details of the methodological
approach that di�ered between the original and our replication study and (b) that
the specific retroactive interference e�ect in the vocabulary condition was largely
driven by storage (i.e., consolidation) processes. Surprisingly, in contrast to our
observations in Manuscripts I and II, retrieval processes remained largely una�ected by
our manipulation. Moreover, we did not observe any substantial di�erences between
the first and the second delayed memory tests.
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In Experiment 2, we set out to confirm the surprising result pattern from Exper-
iment 1. Most importantly, we wanted to test whether our observations would be
robust against a reversal of the testing procedure. In Experiment 1, the presentation of
target words as part of the recognition test may have served as an undesired relearning
opportunity for the subsequent cued recall test. To circumvent this potential prob-
lem in Experiment 2, we chose to use a reversed cued-recall-then-recognition testing
procedure instead. The corresponding MPT model is mathematically equivalent to
the model from Experiment 1. Also, we omitted the second experimental session and
focused on short-term e�ects within a single session in Experiment 2. The final sample
size was N = 157.

The surface and model-based results confirmed our interim conclusion from Exper-
iment 1. The storage and retrieval MPT parameter estimates are provided in Table 3.
We replicated all patterns from Experiment 1 and found no reliable cued recall retrieval
(parameter r2) di�erences between any conditions for both the aggregated and the
individual data. Thus, we found robust evidence against a waking rest versus social
media e�ect across two replication studies and a purely storage-driven e�ect with
respect to the specific retroactive interference induced in the vocabulary condition.

Thereby, the results from both experiments reported in Manuscript III provide
the very first direct behavioral evidence in line with the opportunistic consolidation
account available in the literature. At the same time, they are at odds with our results
from Manuscripts I and II and a passive interference reduction account of forgetting.
Given the null-results with respect to di�erences between the waking rest and the social
media condition, minimal retroactive interference does not seem to be a necessary
precondition for opportunistic consolidation to unfold. Thus, these results are highly
informative for a comprehensive theoretical account of interference-based forgetting
that specifies the rather specific conditions under which opportunistic consolidation
may be inhibited.
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4 Discussion

In each of the three manuscripts included in this thesis, we found evidence for an
unambiguous conclusion in line with either the temporal distinctiveness account
(Manuscripts I and II) or the opportunistic consolidation account (Manuscript III).
Therefore, across the three manuscripts, the general pattern of results is quite complex.
In the following, I establish the commonalities and inconsistencies between the three
manuscripts before proposing a revised model of interference-based forgetting. After
discussing the strengths and limitations of the reported research, I conclude with
recommendations for future research.

4.1 Synthesis

Do activities and tasks that reduce, delay, or minimize retroactive interference play a
dominant role in everyday forgetting by a�ecting consolidation processes as suggested
by Wixted (2004)? An inspection of only the surface result patterns in all three
manuscripts included in this thesis casts doubt on this idea. We observed no significant
e�ects of post-encoding alcohol versus placebo administration on subsequent free or
cued recall performance in Manuscript I. In all three experiments of Manuscript II,
delaying interpolated learning consistently facilitated subsequent free recall but not
recognition. Finally, in both experiments of Manuscript III, post-encoding waking rest
facilitated subsequent cued recall and recognition. However, this was only true for the
comparison with unrelated vocabulary learning but not with social media use.

This rather mixed result pattern for directly observable recall and recognition
performances suggests that retroactive interference e�ects occur under rather specific
conditions, that is, only for specific manipulations and memory tests. Thus, a compre-
hensive role for consolidation-based retroactive interference is hard to reconcile with
our findings, since consolidation e�ects should have become apparent regardless of
specific manipulations (because mere cognitive exertion should be su�cient to inhibit
opportunistic consolidation) and memory test choices (because opportunistic consol-
idation should a�ect performance even in relatively retrieval-independent memory
tests).

The MPT storage-retrieval results from all three manuscripts allow for a more
profound interpretation. At first glance, these model-based results seem to diverge
between Manuscripts I and II on the one hand, and Manuscript III on the other.
The experiments reported in Manuscripts I and II seem to suggest that both alcohol-



34 4 Discussion

induced retrograde facilitation and the temporal gradient of retroactive interference
are purely retrieval-driven phenomena without a reliable involvement of storage or
consolidation processes. However, such a straightforward interpretation is seriously
challenged by our observations from Manuscript III. Here, we found the opposite
pattern in both experiments, that is, rest-induced retrograde facilitation in relation
to further vocabulary learning was largely based on storage processes, whereas the
evidence for a retrieval contribution was unreliable in Experiment 1 and virtually
nonexistent in Experiment 2. Overall, this pattern of results implies that both storage
and retrieval e�ects may depend on certain methodological characteristics that di�ered
between our experiments, such as the original and interpolated learning material, the
selection and order of memory tests, the duration of the retention interval, the nature
of the distractor task during the retention interval, and the applied MPT model.

The absence of reliable storage e�ects in Manuscripts I and II tentatively suggests
that consolidation is a�ected only if (a) the interpolated learning material is su�ciently
similar to the original learning material (as opposed to nonspecific retroactive interfer-
ence as induced in Manuscript I) and (b) the di�erence in uninterrupted retroactive
interference reduction or minimization between conditions is su�ciently large (as
opposed to comparatively small L1-L2 timing di�erences as induced in Manuscript II).
Other factors such as the associative nature of the MPT maintenance parameter in
Manuscript I as opposed to the non-associative interpretation of the storage parameters
in Manuscripts II and III might also have contributed to the observed divergences (see
Hardt et al., 2013; Kuhlmann et al., 2021).

With respect to the role of retrieval processes, the inclusion of multiple retrieval
parameters per MPT model allows for a more fine-grained inspection across experi-
ments. Each experiment involved a specific combination of two out of three memory
tests: free and cued recall in Manuscript I, free recall and recognition in both MPT
experiments in Manuscript II, and cued recall and recognition in both experiments in
Manuscript III. Crucially, the retrieval parameter estimates resulting from di�erent
models cannot be treated as perfectly equivalent but must be carefully interpreted in
the context of the corresponding testing procedure.

Table 4 provides an overview of the retrieval parameter estimates from all MPT
experiments in all three manuscripts. As was to be expected by the basic logic of any
storage-retrieval model, each model produced ceiling parameter estimates close to 1 for
the comparably less retrieval-dependent memory test (i.e., cued recall in Manuscript I,
recognition in Manuscripts II and III) and considerably lower parameter estimates for
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Table 4

Comparison of MPT Retrieval Parameter Estimates Across All Experiments

Memory test Manuscript I Manuscript II Manuscript III

High similarity Low similarity

A P LS SL LS SL WR SM V

Free recall .50 .44 .64 / .70 .60 / .64 .70 .66 – – –

Cued recall .98 .98 – – – – .73 / .63 .73 / .66 .68 / .63

Recognition – – .93 / .99 .92 / .99 .99 .99 .98 / .99 .98 / .99 .96 / .99

Note. MPT = multinomial processing tree, A = Alcohol condition, P = Placebo condition, LS = Long-Short L2
timing condition, SL = Short-Long L2 timing condition, WR = Waking rest condition, SM = Social media condition,
V = Vocabulary condition. For Experiment 1 in Manuscript III, only estimates from the first session are included. For
empty cells, the respective memory measure was not included in the paradigm. In case of two values per cell separated
by a slash, the first value refers to the estimate obtained in the respective first MPT experiment (i.e., Experiment 2
in Manuscript II, Experiment 1 in Manuscript III), whereas the second value refers to the estimate obtained in the
respective second MPT experiment (i.e., Experiment 3 in Manuscript II, Experiment 2 in Manuscript III). For reasons
of simplicity, only the parameter estimates obtained from maximum likelihood estimation for the aggregated data are
reported.
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the more retrieval-dependent memory test (i.e., free recall in Manuscripts I and II,
cued recall in Manuscript III). Interestingly, this pattern implies a severe inconsistency
between the cued recall retrieval parameter estimates from Manuscripts I and III:
Whereas the probability of cued recall retrieval given successful storage was estimated
to be very close to 1 in both the alcohol and the placebo condition in Manuscript I,
the same probability was estimated to be substantially lower in all three conditions in
Manuscript III.

This inconsistency may be explained by di�erences in the basic logic of the specific
MPT models used in these manuscripts. The free-then-cued-recall model used in
Manuscript I is tailored to word pairs as learning material so that its parameters
are assumed to be reflective of associative memory processing steps: Parameter e
denotes the probability of associative encoding of both words of a pair, parameter
m the probability of maintaining this association across the retention interval, and
parameters rf and rc the probabilities of retrieving a successfully stored association
during free and cued recall. Thus, it is to be expected that providing the first half of
an association (i.e., the first word of the pair), given that this association is available
in memory, will almost always lead to successful retrieval of the second half (i.e., the
corresponding target word, see Küpper-Tetzel & Erdfelder, 2012).

The recognition-then-cued-recall model as used in Manuscript III is also tailored to
word pairs as learning material and was originally intended by Riefer and Batchelder
(1995) to reflect associative memory processing steps in the so-called recognition-failure
paradigm. However, as pointed out by Nadarevic (2017), it is more reasonable to
assume that the model parameters are in fact reflective of non-associative processing
steps for the target word of each pair. Thus, parameter s denotes the probability of
storing (i.e., encoding and maintaining) the target word of a pair, and parameters r1
and r2 denote the probabilities of retrieving a successfully stored target word during
recognition and cued recall, respectively. The focus on item instead of associative
memory of this model is most clearly reflected in the recognition test, as it requires
participants to classify single words as “old” or “new” with respect to the previously
studied target words without any consideration of the corresponding cue words (see
Nadarevic, 2017).

That being said, the non-associative logic of the Riefer and Batchelder (1995) model
is not as clear for the cued recall test: Although parameter r2 is thought to reflect
cued recall retrieval for the corresponding target word only, it may actually confound
cued recall retrieval and associative storage contributions. Specifically, parameter r2
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reflects a retrieval probability that is conditional on target word storage only. However,
for a correct response in a cued recall test, the respective target word must also be
stored in association with its corresponding cue word. Put di�erently, if cued recall
fails for a successfully stored target word, it remains unclear whether retrieval was
unsuccessful, or whether the target word was simply not stored in association with its
corresponding cue word.

These conceptual considerations may explain the inconsistency with respect to cued
recall retrieval estimates between Manuscripts I and III. Conceivably, the lower-than-
expected cued recall retrieval estimates from Manuscript III represent an unknown
combination of associative storage and target retrieval contributions. Given that the
probability of target retrieval should be close to 1 given successful target storage,
the resulting estimates may be more reflective of associative storage, implying that
waking rest facilitated target storage but not associative storage compared to the
vocabulary condition. As for target and associative retrieval, this line of argument
would imply that the recognition-then-cued-recall paradigm was not ideal for a precise
di�erentiation of retrieval probabilities. Across all three manuscripts, it therefore
seems reasonable to suspect that any retroactive interference e�ects were always at
least partially retrieval-driven, provided that the testing procedure involved a free
recall test.

To empirically test this post-hoc hypothesis, an additional data set may be consid-
ered that I collected as part of an as yet unpublished research project. In an online
experiment, specific and nonspecific retroactive interference was manipulated as a
between-participants factor with three post-encoding conditions: “easy equations” (low
nonspecific and specific retroactive interference), “hard equations” (high nonspecific
retroactive interference), and “word pairs” (high specific retroactive interference). The
procedure included an immediate cued recall test after the original learning phase
followed by a free-then-cued-recall test sequence (after the respective post-encoding
activity) for word pairs. This paradigm allowed for an application of the encoding-
maintenance-retrieval model by Küpper-Tetzel and Erdfelder (2012). The experiment
was preregistered on the Open Science Framework (OSF) as part of a research project
involving a series of experiments (osf.io/ykj7b).

In the final sample, N = 178 participants (Mage = 26.64 years [SD = 8.81, range =
18-62], nfemale = 118, nmale = 53, ndiverse = 7) learned and immediately recalled a list of
40 German word pairs taken from Dimigen et al. (2012). Each word pair was presented
for 5 seconds with a 500-ms interstimulus interval. Next, during the 15-min retention
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interval, participants performed their randomly assigned post-encoding activity: In
the easy equations condition, participants were asked to assess the correctness of very
easy mathematical equations as quickly as possible. If they thought that an equation
was correct (e.g., 2+5 = 7), they were asked to press the “S” key on their keyboard. If
they thought that an equation was incorrect (e.g., 2 + 6 = 7), they were asked to press
the “L” key. In the hard equations condition, participants performed the same task
but with considerably more complex correct (e.g., [13 ·11]+ [19+43]≠ [83≠35] = 157)
and incorrect (e.g., [12 · 11] + [83≠ 26]≠ [28 + 58] = 102) mathematical equations. In
the word pairs condition, participants were asked to encode and immediately recall
two additional lists of 40 word pairs each. None of the additional word pairs had
been previously presented as part of the original learning phase. Finally, in the free
recall test, participants were given 8 minutes to freely recall as many of the originally
learned word pairs as possible, before performing the final cued recall test.

The design of this experiment closely resembles that of both experiments reported in
Manuscript III. Specifically, all three experiments included one experimental condition
involving very low or minimal specific and nonspecific retroactive interference (i.e.,
easy equations and waking rest), a second condition involving increased nonspecific
retroactive interference (i.e., hard equations and social media), and a third condition
involving high specific retroactive interference (i.e., word pairs and vocabulary). As
the additionally reported experiment included a final free recall, it allows for an
indirect test of the post-hoc explanation for our null-findings with respect to cued
recall retrieval in Manuscript III.

The most parsimonious version of the encoding-maintenance-retrieval model did
not fit the data well, neither for the individual data according to posterior-predictive
p-values (see Heck et al., 2018), p1 < .001, p2 = .108 in the easy equations condition,
p1 = .041, p2 = .388 in the hard equations condition, p1 = .193, p2 = .082 in the word
pairs condition, nor for the aggregated data, G2(15) = 80.87, p < .001.

Several less restrictive model versions were inspected to find a model version
with acceptable fit to the data. A generalized model version was specified with two
free recall retrieval parameters rf (rfs following successful immediate cued recall, rfu
following unsuccessful immediate cued recall), two cued recall retrieval parameters rc
(rcs for the final cued recall following successful free recall, rcu for the immediate cued
recall and for the final cued recall following unsuccessful free recall), and two single
word retrieval parameters u given unsuccessful encoding or maintenance (us following
successful cued recall, uu following unsuccessful cued recall).
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Table 5

Results of an Additional Encoding-Maintenance-Retrieval MPT Analysis

Parameter Easy equations Hard equations Word pairs

e .58 [.53, .63] .54 [.49, .59] .58 [.54, .61]

m .93 [.90, .96] .93 [.90, .96] .87 [.83, .92]

rfs .57 [.53, .61] .59 [.54, .63] .30 [.25, .36]

rfu .22 [.06, .38] .18 [.01, .52] .18 [.05, .34]

rcs .98 [.96, .99] .98 [.96, .99] .97 [.94, .99]

rcu .94 [.92, .96] .96 [.94, .98] .95 [.93, .97]

Note. Multinomial processing tree (MPT) parameter e = probability of associa-
tive encoding of a word pair, m = probability of associative maintenance of a word
pair across the retention interval, rfs = probability of retrieving a word pair as an
association during the final free recall following successful immediate cued recall,
rfu = probability of retrieving a word pair as an association during the final free re-
call following unsuccessful immediate cued recall, rcs = probability of retrieving a
word pair as an association during the final cued recall following successful free re-
call, rcu = probability of retrieving a word pair as an association during the imme-
diate cued recall and during the final cued recall following unsuccessful free recall.
The model was fitted to the individual category frequencies using Bayesian hierar-
chical estimation in the R package TreeBUGS (Heck et al., 2018). Posterior means
are presented alongside the corresponding 95% Bayesian credibility intervals.

This generalized model version fit the individual data well, p1 = .084, p2 = .377 in
the easy equations condition, p1 = .477, p2 = .439 in the hard equations condition,
p1 = .451, p2 = .414 in the word pairs condition. However, there was still considerable
misfit for the aggregated data, G2(6) = 28.38, p < .001. Since no conceivable model
version fit the aggregated data, further MPT analyses were only conducted based on
the individual data. Corresponding parameter estimates are provided in Table 5.

Overall, maintenance and free recall retrieval parameter estimates were not reliably
higher in the easy equations compared to the hard equations condition, that is, all
Bayesian p > .05. In contrast, we did observe reliably higher estimates in the easy
equations compared to the word pairs condition for maintenance parameterm, Bayesian
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p = .018, and for free recall retrieval parameter rfs, Bayesian p < .001. The same held
true for the comparison between the hard equations and the word pairs condition,
Bayesian p = .018 for parameter m, Bayesian p < .001 for parameter rfs. The data
and analysis scripts necessary to reproduce the reported results are publicly available
on the OSF (osf.io/h8w9z/?view_only=c6ac92e3563a48338a497cebd533964c).

These results provide tentative evidence in favor of the post-hoc explanation with
respect to our null-findings for cued recall retrieval in Manuscript III. Given the
similarity between the experimental conditions used in the additional experiment and
those reported in Manuscript III, it seems reasonable to suspect that we would have
observed a reliable retrieval e�ect in Manuscript III had we adapted the paradigm to
include a free recall test.

Accepting this explanation, the general conclusion across all three manuscripts
of this thesis may be summarized in one central statement: Retroactive interference
always a�ects retrieval, but only sometimes consolidation. This conclusion is at
odds with both the diversion-similarity retroactive interference account by Dewar
et al. (2007) and the temporal distinctiveness account by Brown et al. (2007), and
necessitates a revised model of interference-based forgetting.

4.2 A Revised Model of Interference-Based Forgetting

The observation that storage processes were only a�ected by the specific retroactive
interference induced in the vocabulary condition in Manuscript III suggests that a
rather high degree of similarity between original and interpolated learning is a necessary
precondition for opportunistic consolidation to be inhibited during wakefulness. It
seems highly unlikely that the sleep-induced maintenance benefit observed by Erdfelder
et al. (2022) was the result of participants in the wake condition engaging in su�ciently
similar learning activities during the 12-hr retention interval. Instead, this finding is
more easily explained in terms of unique-to-sleep consolidation. In other words, whereas
sleep-specific theories such as the active systems consolidation model (Rasch & Born,
2013) may account for forgetting processes during sleep, models of interference-based
forgetting during wakefulness need to be adjusted in light of the findings presented in
this thesis.

To this end, the distinction of opportunistic consolidation and passive interference
reduction proposed by Mednick et al. (2011) may serve as a starting point. In line with
passive interference reduction accounts such as the temporal distinctiveness account,
we observed consistent retrieval e�ects in Manuscripts I and II, and the absence of
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such e�ects in Manuscript III may well be explained in terms of the test procedure
(see Synthesis section). Crucially, retrieval was not only hampered by the similar
interpolated materials used in Experiment 2 and in the high similarity condition of
Experiment 3 in Manuscript II, but also by nonspecific activities such as watching
movies in the placebo condition in Manuscript I and by studying geometric figures in
the low similarity condition of Experiment 3 in Manuscript II. Thus, the distinction of
specific and nonspecific retroactive interference seems to be negligible with respect to
retrieval processes. Instead, any kind of task or material may interfere with subsequent
retrieval.

Interestingly, post-encoding social media use in Manuscript III did not interfere
with retrieval compared to an equally long period of waking rest. This finding may be
interpreted in di�erent ways. First, it may be the case that participants in the waking
rest condition engaged in mental activities such as mind-wandering or autobiographical
thinking that amounted to a degree of nonspecific retroactive interference comparable
to that induced by social media (see Varma et al., 2017). Second, it may be assumed
that some minimum degree of nonspecific or specific retroactive interference needs to
be induced either in terms of duration (7 hours of nonspecific retroactive interference
in Manuscript I versus only 8 minutes in the social media condition in Manuscript
III) or in terms of encoding strength (intentional learning in Manuscript II and in the
vocabulary condition in Manuscript III versus incidental learning in the social media
condition in Manuscript III) to a�ect retrieval.

The general observation of consistent retrieval e�ects is in line with a temporal
distinctiveness account and, more generally, any passive interference reduction account.
Whereas it might be argued that the assumptions of the temporal distinctiveness
account are overly specific with respect to alcohol- and rest-induced retrograde facili-
tation, the temporal gradient of retroactive interference cannot be explained without
the temporal specifications of this account. Thus, the temporal distinctiveness account
o�ers an appropriate explanation for retrieval e�ects in interference-based forgetting.
That being said, temporal distinctiveness cannot account for the storage e�ects ob-
served in Manuscript III. Instead, this aspect of the result pattern necessitates a more
integrative theoretical account.

To explain the storage e�ects observed in Manuscript III, the opportunistic con-
solidation account proposed by Mednick et al. (2011) needs to be revised. One
key assumption of the original model is that encoding and consolidation compete
for one shared pool of hippocampal resources and are therefore mutually exclusive.
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Figure 3

Proposal for a Revised Model of Interference-Based Forgetting

RetrievalConsolidation

Specific RINonspecific RI 

Note. Nonspecific retroactive interference (RI) is induced by any kind of interpolated cognitive
processing and encoding demands, whereas specific RI is only induced by interpolated learning
material similar to the original learning material.

However, the absence of storage e�ects in Manuscripts I and II suggests that these
resources may be more specific than originally assumed. Instead, the hippocampus
may be able to simultaneously encode new information and consolidate older memories,
provided that original and new pieces of information are su�ciently dissimilar and
therefore depend on non-overlapping networks within the hippocampus. It follows
that the interpolated presentation of Norwegian-German word pairs in Manuscript
III inhibited consolidation not because any encoding occurred but because the word
pairs were su�ciently similar to the original Icelandic-German word pairs to usurp
shared hippocampal resources. In contrast, the activities performed by participants
in the social media condition in Manuscript III and also in the placebo condition in
Manuscript I did not interfere with consolidation processes because they may have
involved di�erent hippocampal networks.

That being said, even such a revised version of the opportunistic consolidation
account is di�cult to reconcile with the observation of no storage e�ects in Manuscript
II. In both Experiment 2 and 3, the MPT storage parameter remained una�ected
by the supposedly specific retroactive interference induced by interpolated word
lists that were generated from the same item pool as the original word lists. As a
tentative auxiliary assumption, it may be argued that consolidation-based retroactive
interference does not follow a temporal gradient, at least during the first minutes
after encoding. Instead, in Manuscript II, consolidation of L1 items may simply have
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resumed after the end of the respective L2 learning phase, resulting in equal degrees
of consolidation regardless of the temporal position of interpolated L2 learning (see
Ecker et al., 2015). Thus, it may be necessary to manipulate the overall duration of
interpolated learning and not merely its temporal position to observe storage e�ects.

Taken together, based on the findings from this thesis, I tentatively propose
an integrative model of interference-based forgetting that combines the temporal
distinctiveness account by Brown et al. (2007) with elements of the opportunistic
consolidation account by Mednick et al. (2011). This model assumes that the
relationship between specific and nonspecific retroactive interference on the one hand
and consolidation and retrieval on the other is exactly reversed compared to the
diversion-similarity retroactive interference account by Dewar et al. (2007). Thus,
both nonspecific and specific retroactive interference a�ect retrieval, but only specific
retroactive interference may additionally interfere with consolidation (see Figure 3).
Such a model not only explains the general pattern observed in the research reported
in this thesis, but may also be used to derive new predictions for future research (see
Future Research section).

4.3 Strengths and Limitations

The research conducted as part of this thesis advances our understanding of interference-
based forgetting in important ways. At the same time, certain limitations should
be acknowledged. In the following, both strengths and limitations of the reported
research are reflected.

One major strength of this thesis lies in the introduction of storage-retrieval
MPT modeling into the investigation of opportunistic consolidation and temporal
distinctiveness. Thereby, the presumably selective e�ects of specific and nonspecific
retroactive interference on consolidation and retrieval processes become empirically
testable. The advantage of storage-retrieval MPT analyses compared to conventional
analyses of directly observable memory measures such as recall and recognition
may most clearly be illustrated with respect to the diversion-similarity retroactive
interference model by Dewar et al. (2007): Whereas conventional memory measures
at best allow for very indirect partial tests of this account (see, e.g., the experiment
reported by Dewar et al., 2007), an appropriate storage-retrieval MPT model allows to
precisely disentangle storage (i.e., consolidation) and retrieval contributions to memory
performance following specific versus nonspecific (i.e., similarity versus diversion)
retroactive interference.
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This thesis also demonstrates the flexibility of storage-retrieval MPT models:
Across the three manuscripts, well-established models were either used in their original
form (see Manuscripts I and III), or they were carefully adapted to a specific to-be-
replicated paradigm from the literature (see Manuscripts II and III). Thus, researchers
are not bound to specific models or paradigms but may instead adapt both to match
their research questions.

At the same time, such flexibility in the application of MPT models also means that
some of the models applied in this thesis have thus far not been subjected to rigorous
validation studies. Importantly, the construct validity of model parameters and the
corresponding latent processes of newly developed MPT models needs to be evaluated
(Schmidt et al., 2023). Ideally, the selective influence of experimental manipulations
on the model parameters should be assessed before using a new model to answer
substantive research questions. For example, for the encoding-maintenance-retrieval
model by Küpper-Tetzel and Erdfelder (2012) used in Manuscript I, it has been shown
that the encoding parameter e is not a�ected by the length of the retention interval,
that both the maintenance parameter m and the free recall retrieval parameter rf are
negatively a�ected by longer retention intervals, and that only rf (but neither e nor m)
is positively a�ected by the presentation of retrieval cues during free recall (Erdfelder
et al., 2022; Küpper-Tetzel & Erdfelder, 2012). Likewise, the storage-retrieval model
used in Experiment 1 in Manuscript III has been rigorously validated by Riefer
and Batchelder (1995) by assessing selective e�ects of a wide range of experimental
manipulations on storage parameter s, recognition retrieval parameter r1, and cued
recall retrieval parameter r2.

Although it might be argued that the validation results reported by Riefer and
Batchelder (1995) also apply to some degree to the adapted model versions used
in Experiments 2 and 3 in Manuscript II (tailored to a free-recall-then-recognition
procedure for single words) and in Experiment 2 in Manuscript III (applied to a
reversed cued-recall-then-recognition procedure), these model versions have thus far
not been explicitly validated. However, some evidence in favor of both models may be
derived from our results. First, across both Experiments 2 and 3 in Manuscript II, we
observed a selective influence of our L2 timing manipulation on free recall retrieval
parameter r1. Such a selective e�ect is predicted by the temporal distinctiveness
account and implies that the model allows for a clear-cut di�erentiation of storage and
retrieval contributions to free recall performance. At the same time, the recognition
parameter r2 was estimated to be close to 1 in both experiments. This finding is in
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line with the expectation of nearly perfect recognition when the corresponding word
was successfully stored in memory.

Second, the adapted model version used in Experiment 2 in Manuscript III is
actually mathematically equivalent to the original model. Given that parameter
estimates in Experiment 2 were quite similar to those obtained with the original
paradigm in Experiment 1, it seems reasonable to expect the validation results by
Riefer and Batchelder (1995) to generalize to a reversed memory test procedure.
Again, the recognition retrieval parameter r1 was estimated to be close to 1 in both
experiments. Also, we observed a selective influence of our experimental manipulation
on storage parameter s particularly in Experiment 2 but also based on the individual
data in Experiment 1. Again, such an observation implies that the model indeed
allows for a di�erentiation of storage and retrieval contributions.

Another limitation of the present research may be the possibility of intentional
rehearsal and other memory-relevant activities during the retention interval. Indeed,
this represents a challenge for any study on opportunistic consolidation since largely
uncontrolled retention intervals are typically regarded as a necessary and even desirable
feature of waking rest studies (see Wixted, 2004). Thus, it may be the case that
reduced, delayed, and minimized retroactive interference (i.e., alcohol condition in
Manuscript I, LS condition in Manuscript II, waking rest condition in Manuscript III)
is confounded with an increased possibility for intentional rehearsal of the previously
encoded material.

In the literature, the use of di�cult-to-rehearse materials (e.g., non-words, Dewar
et al., 2014) and the collection of self-reports (e.g., Martini et al., 2020) have been
proposed as possible remedies. Self-reported rehearsal during the retention interval
was assessed in all three manuscripts included in this thesis. To ensure the robustness
of our conclusions, we conducted sensitivity analyses without the data of participants
who reported to have engaged in intentional rehearsal. Given the ubiquity of rehearsal
in Experiment 3 in Manuscript II, we also included participants’ rehearsal ratings
in an ANCOVA to make sure that there was no significant interaction e�ect of
rehearsal and our experimental manipulation on free recall performance. Moreover,
our storage-retrieval MPT modeling approach allows for an additional check for any
unwanted influence of rehearsal: Di�erences in rehearsal between conditions should
arguably result in di�erences in both storage (or maintenance) and retrieval parameters.
However, with the exception of Experiment 1 in Manuscript III, we only observed
selective e�ects of our manipulations on either storage or retrieval processes. Thus, it
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seems unlikely that intentional rehearsal may have significantly contributed to our
result patterns.

Finally, the manuscripts included in this thesis stand out from most of the literature
on opportunistic consolidation and temporal distinctiveness due to the comprehensive
application of open science practices, particularly the registered report format of
Manuscript I and the detailed preregistration of all experiments reported in Manuscripts
II and III. Thereby, our hypothesis tests were made fully transparent and reproducible
(Lakens, 2019). In contrast to rather small sample sizes reported for at least some
studies in the waking rest literature (see Humiston et al., 2019), our sample size
rationale involved rigorous a priori power analyses for all experiments. We also
applied innovative analysis tools such as a sequential testing procedure (i.e., the
sequential probability ratio t test, see Schnuerch & Erdfelder, 2020) in Manuscript I
and an interaction criterion for replication success (see Anderson & Maxwell, 2016)
in Experiment 1 in Manuscript II. Moreover, we conducted internal replications in
Manuscripts II and III, and multiverse or sensitivity analyses in all manuscripts. Taken
together, these measures justify a particularly high confidence in the results reported
in this thesis.

4.4 Future Research

Future research may build on the conclusions from this thesis by further specifying
the exact conditions under which unique-to-sleep consolidation, opportunistic consoli-
dation, and passive interference reduction contribute to interference-based forgetting.
The revised model proposed above may serve as a theoretical basis for future research.
Key predictions to be derived from this model are the following:

1. When retroactive interference is observed in free recall, the e�ect should always
be driven by retrieval, never by consolidation alone.

2. Consolidation should additionally contribute to retroactive interference only if
the original and interpolated learning materials are relatively similar (i.e., if their
encoding and consolidation relies on the same pool of hippocampal resources)
and the di�erence in retroactive interference between conditions is su�ciently
large.

To empirically test these predictions, conventional memory measures are insu�cient.
Instead, researchers may adopt the storage-retrieval MPT modeling approach as
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demonstrated in this thesis. New models may be developed and validated to extend
the scope of possible applications to previously used paradigms.

Future research may focus on specifying the conditions under which opportunis-
tic consolidation contributes to retroactive interference e�ects. The revised model
tentatively suggests that consolidation during wakefulness is only a�ected by specific
retroactive interference. In other words, increased similarity between original and
interpolated learning should decrease the probability of successful consolidation. This
prediction may be rigorously tested by systematically manipulating the similarity of
original and interpolated learning materials. For example, the classic study by Mc-
Geoch and McDonald (1931, see Introduction section) may be conceptually replicated
and the resulting data analyzed by means of an appropriate storage-retrieval MPT
model. From the revised model, it follows that both storage and retrieval probabilities
should decrease with increased similarity.

Likewise, the strength of nonspecific retroactive interference may be manipulated
to scrutinize its presumably selective influence on retrieval probabilities. For this
purpose, minimal retroactive interference may be induced by means of a waking rest
condition. In contrast to the social media condition used in Manuscript III, further
experimental conditions may be devised that allow for more experimental control. For
example, the d2 test of attention (see, e.g., Marhenke et al., 2023) may be adapted to
induce di�erent degrees of cognitive demands (e.g., by manipulating time pressure
or the similarity of target and distractor items). From the revised model, it follows
that only retrieval but not storage (i.e., consolidation) should be a�ected by increased
cognitive demands.

The conditions under which opportunistic consolidation may or may not contribute
to the temporal gradient of retroactive interference seem to be most di�cult to derive
from the revised model. As it may be assumed that consolidation simply resumed
after the end of the respective L2 learning phase in Experiments 2 and 3 in Manuscript
II (see A Revised Model of Interference-Based Forgetting section), future research may
replicate this basic paradigm with longer and more cognitively demanding learning
phases that may more e�ectively disrupt the consolidation process.

As for sleep-induced retrograde facilitation, future research may more explicitly
consider the activities performed by participants in the wake condition during the
retention interval. The revised model suggests that increasing nonspecific retroactive
interference during wakefulness should increase retrieval contributions, whereas in-
creasing specific retroactive interference (e.g., by having participants study additional
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materials during the retention interval) should increase the contributions of both
retrieval and opportunistic consolidation processes.

On a more general note, future research may more explicitly consider intentional
rehearsal during the retention interval, for example by using incidental rather than
intentional learning instructions. Moreover, to account for the distinction between
unique-to-sleep and opportunistic consolidation, the influence of sleep during re-
tention intervals that last several days should be more explicitly considered. A
research program along these lines may ultimately result in a more precise model of
interference-based forgetting during sleep and wakefulness that integrates the temporal
distinctiveness account with a well-specified consolidation mechanism.

4.5 Conclusion

Memory research from the past decades has ascribed consolidation a comprehensive
role in interference-based forgetting. Indeed, the results from this thesis do not imply
that the inhibition versus facilitation of consolidation is irrelevant for forgetting.
Quite to the contrary, this thesis suggests that unique-to-sleep consolidation is a
major contributor to sleep-induced retrograde facilitation. However, opportunistic
consolidation seems to be far less relevant for interference-based forgetting than
previously assumed. Instead, retrieval benefits from passive interference reduction
seem to explain most phenomena of interference-based forgetting during wakefulness.
Whereas the exact conditions under which opportunistic consolidation might play an
additional role need to be further determined by future research, this thesis ascribes
temporal distinctiveness a central role in daytime forgetting. By advancing theoretical
accounts of interference-based forgetting, it e�ectively addresses the “laundry list”
critique by Wixted (2004).
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Registered Report

Alcohol-Induced
Retrograde Facilitation?
Mixed Evidence in a Preregistered Replication and Encoding-
Maintenance-Retrieval Analysis

J. Quevedo Pütter and E. Erdfelder

Department of Psychology, School of Social Sciences, University of Mannheim, Mannheim, Germany

Abstract: Somewhat counterintuitively, alcohol consumption following learning of new information has been shown to enhance performance on
a delayed subsequent memory test. This phenomenon has become known as the retrograde facilitation effect (Parker et al., 1981). Although
conceptually replicated repeatedly, serious methodological problems are associated with most previous demonstrations of retrograde fa-
cilitation. Moreover, two potential explanations have been proposed, the interference and the consolidation hypothesis. So far, empirical
evidence for and against both hypotheses is inconclusive (Wixted, 2004). To scrutinize the existence of the effect, we conducted a pre-
registered replication that avoided common methodological pitfalls. In addition, we used Küpper-Tetzel and Erdfelder’s (2012) multinomial
processing tree (MPT) model to disentangle encoding, maintenance, and retrieval contributions to memory performance. With a total sample
size of N = 93, we found no evidence for retrograde facilitation in overall cued or free recall of previously presented word pairs. In line with this,
MPT analyses also showed no reliable difference in maintenance probabilities. However, MPT analyses revealed a robust alcohol advantage in
retrieval. We conclude that alcohol-induced retrograde facilitation might exist and be driven by an underlying retrieval benefit. Future research
is needed to investigate potential moderators and mediators of the effect explicitly.

Keywords: retrograde facilitation, alcohol, interference hypothesis, consolidation hypothesis, conceptual replication, multinomial processing
tree (MPT) modeling

Alcohol is one of the most widely used and abused sub-
stances worldwide, with estimated prevalences of current
drinking and heavy episodic drinking as high as 47% and
20%, respectively (Manthey et al., 2019). To better un-
derstand the consequences of drinking alcohol on everyday
functioning, considerable effort has been devoted toward
investigating cognitive alterations following acute alcohol
intake (Mintzer, 2007). One particularly surprising obser-
vation originating from this research was that alcohol
consumption following learning of new information ap-
parently enhances performance on a delayed subsequent
memory test. Parker et al. (1980) were the first to empir-
ically demonstrate this so-called retrograde facilitation ef-
fect in a laboratory experiment using human subjects.While
the effect seems to replicate across a variety of experimental
paradigms, there are important methodological weaknesses
associated with most of the studies used so far. Moreover,
the question of which mechanisms underlie retrograde

facilitation has rarely been addressed empirically, and the
corresponding research has not resulted in conclusive re-
sults so far (Wixted, 2004). Both issues are intertwined and
of great importance for both theoretical and practical rea-
sons. Therefore, in this registered report, we proposed a
replication study that addresses them jointly. Specifically,
we suggested a study design that avoids common meth-
odological pitfalls by conceptually replicating the original
procedure described by Parker et al. (1981) and, in addition,
reanalyzing the replication data using a multinomial pro-
cessing tree (MPT) model proposed by Küpper-Tetzel and
Erdfelder (2012) to disentangle encoding,maintenance, and
retrieval contributions to memory performance (for a re-
view ofMPTmodels, see Erdfelder et al., 2009; for anMPT
tutorial, see Schmidt et al., 2023). Thus, we addressed two
main goals in the present study: (a) rigorous conceptual
replication of the retrograde facilitation effect to ensure that
it is not an artifact of confounding variables and (b) using an
established MPTmeasurement model to empirically assess
the hypotheses proposed to explain retrograde facilitation.
The preregistered study protocol is publicly available on the
Open Science Framework (OSF; https://doi.org/10.17605/
OSF.IO/DK8FJ; Quevedo Pütter et al., 2020).

Experimental Psychology (2022), 69(6), 335–350
https://doi.org/10.1027/1618-3169/a000569

© 2023 The Author(s). Distributed as a Hogrefe OpenMind article under the license
CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)
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Prior Research on Retrograde Facilitation

In 1981, Parker and colleagues demonstrated retrograde
facilitation in a highly rigorousmanner. In their experiment,
alcohol versus placebo administration after learning was
manipulated as a within-subjects factor. The retention in-
terval lasted 7 hrs in each case, during which participants
remained in a controlled laboratory environment, ab-
staining from any cognitively challenging tasks and further
alcohol consumption. Participants showed significantly
better performances in a recognition task after consuming
either 0.5 or 1.0ml alcohol per kg bodyweight (ml/kg) than
after consuming 0.25 ml/kg or no alcohol at all. To illus-
trate, assuming a bodyweight of 80 kg, an alcohol weight of
0.8 g/ml, and an alcohol content of 5% for beer, the dose of
0.25ml/kgwould correspond to 20ml (16 g) of pure alcohol
or 0.4 l of beer, the dose of 0.5ml/kg to 40ml (32 g) of pure
alcohol or 0.8 l of beer, and the dose of 1.0 ml/kg to 80 ml
(64 g) of pure alcohol or 1.6 l of beer. Note that these
quantities vary as a function of the body weights of indi-
vidual participants and are thus examples only. Also note
that beer is only used as a commonly known reference
standard here. Parker et al. (1981) actually used amixture of
pure alcohol and a masking solution in their experiment.

In terms of internal validity, the Parker et al. (1981) study
can be considered a convincing test of retrograde facili-
tation by alcohol. Most importantly, the retention interval
of 7 h within a single day is (a) long enough to ensure that
participants are completely sober when memory is tested
and (b) short enough so that the interval does not cover a
night of sleep. Unfortunately, other researchers have tried
to avoid long retention intervals in controlled environ-
ments by either employing considerably shorter retention
intervals (Knowles & Duka, 2004; R. E. Mann et al., 1984;
Parker et al., 1980, study 1; Tyson& Schirmuly, 1994) or by
dismissing participants after the learning phase and ex-
tending the retention interval up to 48 h (Bruce & Pihl,
1997; Carlyle et al., 2017; Lamberty et al., 1990; Mueller
et al., 1983; Parker et al., 1980, study 2; Weafer et al.,
2016a, 2016b). As detailed below, both approaches have
considerable drawbacks compared to the original proce-
dure used by Parker et al. (1981).

Short retention intervals involve the risk that partici-
pants are still intoxicated when memory is tested. To il-
lustrate, R. E. Mann et al. (1984) conducted two separate
studies with retention intervals of approximately 80 min
and 140 min. They reported that participants were in-
toxicated to a considerable degree when memory was
tested and rightfully concluded that memory tests con-
ducted in a sober state for both the placebo and alcohol
groups could have led to different results. One obvious
criticism is that memory performance in the alcohol
condition is hampered under such circumstances because

of state-dependent learning (Goodwin et al., 1969). Ac-
cordingly, memory performance of participants in the
alcohol condition probably suffered from discrepant in-
ternal states during learning (sober state) and testing
(intoxicated state). Nonetheless, statistically significant
retrograde facilitation effects emerged in both studies of R.
E. Mann et al. (1984). In principle, this finding is in line
with a strong and robust retrograde facilitation effect.
However, as participants in the alcohol condition were
sober during learning and intoxicated during testing, the
true size of the effect is probably underestimated, making
it difficult to infer anything about its practical relevance.
Even more importantly, as detailed below, one potential
explanation of retrograde facilitation by alcohol – the in-
terference hypothesis – can only be tested in a strict
manner if accessibility of information in memory is not
hampered by unrelated factors such as the state-
dependency of memory.

An alternative approach to avoid long retention intervals
in supervised controlled environments involves use of
retention intervals extending to the next day. Hence,
learning and memory testing take place on subsequent
days, and participants can be sent home after the first
session. This procedure has been employed by various
researchers, with retention intervals ranging between
16 hrs (Carlyle et al., 2017) and 48 hrs (Weafer et al.,
2016a, 2016b), always encompassing at least 1 night of
sleep. While this approach avoids the problem of ongoing
alcohol intoxication during recall, it comes with two other,
possibly even more severe methodological challenges.

First, sleep research has shown that a presleep dose of
alcohol typically increases slow-wave sleep (SWS) in the first
half of the night for both healthy adults (Ebrahim et al.,
2013) and adolescents (Chan et al., 2013). This poses serious
problems for retrograde facilitation research because sleep,
and especially SWS, has been argued to play a predominant
role in the consolidation of declarative memories (Rasch &
Born, 2013). Accordingly, it is possible that the apparent
effects of retrograde facilitation by alcohol in these studies
are actually due to memory consolidation during sleep.
Alternatively, it could also be argued that effects of alcohol
on sleep architecture may lead to a decline in memory
performance. For example, an increase in sleep disruption
following a presleep dose of alcohol (Ebrahim et al., 2013)
could deteriorate participants’ test performance on the
following day due to sleep deprivation and increased
daytime sleepiness during testing. However, this objection
was taken into account in two studies by Weafer et al.
(2016a, 2016b) who used a retention interval of 48 h to rule
out that participants perform memory tests in a sleep-
deprived or hungover state.

Second, acute alcohol intake has been shown to interact
with sleep deprivation to increase daytime sleepiness

Experimental Psychology (2022), 69(6), 335–350 © 2023 The Author(s). Distributed as a Hogrefe OpenMind article under the license
CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)
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(Roehrs & Roth, 2001). Such an effect may be linked to the
first problem, as daytime napping during the retention
interval has been found to increase declarative memory
performance (Tucker et al., 2006).

Mechanisms Proposed to Underlie
Retrograde Facilitation by Alcohol

Two explanations for retrograde facilitation by alcohol have
been proposed, the interference hypothesis and the con-
solidation hypothesis (Mueller et al., 1983; Tyson &
Schirmuly, 1994). According to the interference hypothe-
sis, retrograde facilitation is due to new incoming infor-
mation being encoded and stored inmemory less efficiently
during intoxication, resulting in anterograde amnesia or at
least mild forms thereof. As a consequence, memory rep-
resentations originating from the previous learning phase
are protected from retroactive interference. It has been
shown convincingly that deterioration of memory following
similarity-based retroactive interference is not due to dis-
tortion or loss ofmemory representations, but rather caused
by impaired accessibility of information available in
memory (e.g., Lohnas et al., 2015; Tulving & Psotka, 1971).
By implication, the interference hypothesis predicts that
retrograde facilitation results from enhanced accessibility of
learned information in the testing phase, not from improved
maintenance across the retention interval. In contrast,
proponents of the consolidation hypothesis argue that al-
cohol actively boosts postlearning processing, resulting in
more stable and durable memory representations (Parker
et al., 1981), for example, by acting on brain regions in-
volved in learning and memory such as the hippocampus
(White, 1996) or by providing ideal (i.e., interference-free)
conditions for undisruptedmemory consolidation (Mednick
et al., 2011; Wixted, 2004, 2010). Hence, retrograde fa-
cilitation emerges as a consequence of enhanced mainte-
nance across the retention interval. In sum, while the
interference hypothesis posits that alcohol-induced retro-
grade facilitation effects are due to better retrieval as a
consequence of reduced retroactive interference, the con-
solidation hypothesis identifies better maintenance in
memory as the main cause.
Both hypotheses have received some empirical support

so far. Specifically, the interference hypothesis is in line
with the findings by Mueller et al. (1983) and Tyson and
Schirmuly (1994), respectively, showing that (a) retrograde
facilitation is not time-dependent so that its strength does
not depend on whether alcohol administration directly
follows the learning phase or occurs later (although it has
been shown that retroactive interference is also time-
dependent to a certain degree; for a review, see Wixted,
2004) and (b) that retrograde facilitation is more

pronounced in memory tasks with few or no retrieval cues
(e.g., free recall tasks) compared to tasks providing strong
retrieval cues (e.g., recognition tasks), that is, effect sizes
between alcohol and placebo conditions are more pro-
nounced in free recall tasks than in recognition tasks. In
contrast, Parker et al. (1981) favor a consolidation expla-
nation because they observed a retrograde facilitation
effect although a relatively low dose of alcohol was used in
one condition (0.5 ml/kg) that is unlikely to decrease
retroactive interference significantly. Perhaps more im-
portantly, cognitive activity during the retention interval
was reduced to a minimum in their study, making pro-
tection against interfering information obsolete.

Measurement of Memory Maintenance and
Retrieval Contributions

Based on the evidence summarized in the previous sec-
tion, Wixted (2004) concluded that attempts to empiri-
cally discriminate between the interference and the
consolidation hypothesis have been inconclusive so far. He
supposed that identification of the mediating physiological
mechanisms might be a precondition for discriminating
between the two theoretical accounts successfully. Fol-
lowing a different rationale, we propose an appropriate
MPT model (see Erdfelder et al., 2009, for a review) to
disentangle maintenance and retrieval contributions to the
retrograde facilitation effect on a functional rather than a
physiological level.
One particularly promisingMPTmodel for our purposes is

the encoding-maintenance-retrieval (EMR) model (Küpper-
Tetzel & Erdfelder, 2012), an extension of the previously
proposed storage-retrieval model by Rouder and Batchelder
(1998). Küpper-Tetzel and Erdfelder’s EMRmodel measures
encoding, maintenance, and retrieval contributions to overall
memory performance. It requires a study design that involves
study of paired associates, immediately followed by a cued
recall task. After a retention interval, additional free and final
cued recall tests are administered (free-then-cued-recall
paradigm). As detailed below, these methodological re-
quirements are easily combined with the typical retrograde
facilitation research design, enabling us to decide empirically
whether retrograde facilitation by alcohol – if it exists – is
driven by (a) improved maintenance across the retention
interval, (b) improved retrieval in delayed subsequent free
recall, or (c) both. Crucially, as shown above, the interference
hypothesis and the consolidation hypothesis clearly differ
with respect to which of these processes are expected to
underlie retrograde facilitation. Also, because these hy-
potheses are not mutually exclusive, it is conceivable that
both are correct, as reflected in improvements of both
maintenance and retrieval after alcohol consumption.

Experimental Psychology (2022), 69(6), 335–350© 2023 The Author(s). Distributed as a Hogrefe OpenMind article under the license
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Because the EMR model relies on a study design en-
compassing one initial cued recall test (2 possible out-
comes per studied word pair: correct vs. incorrect), one
later free recall test (3 possible outcomes: 0, 1, or 2 words
of a pair recalled), and one final cued recall test (2 possible
outcomes: correct vs. incorrect), a total of 2 × 3 × 2 = 12
observable outcome patterns E1 to E12 can occur for each
word pair, depending on participants’ performance in the
three memory tests (cf. Table 1). The model comprises
seven latent parameters: the probability of successful
encoding of an association (e), the probabilities of main-
tenance of stored associations across the retention interval
given successful versus unsuccessful initial cued recall
(ms and mu, respectively), the probabilities of successful
retrieval in free (rf) and cued recall (rc), and finally, the
probabilities of single word retrieval in free recall given
successful versus unsuccessful associative encoding (s and
u, respectively). In total, the model includes 32 possible
sequences of successful versus unsuccessful encoding,
maintenance, and retrieval steps (so-called branches),
each terminating in one of the 12 event categories E1 to E12.
The probability of a branch is just the product of pa-
rameters along that branch, and the probability of a cat-
egory equals the sum of the branch probabilities
corresponding to this category. Based on these rules,
model equations are obtained that represent the proba-
bilities of the observable categories E1 to E12 as functions of
the seven model parameters. Given these equations and a
set of event frequencies, model parameters can be esti-
mated using either standard maximum likelihood tech-
niques (Batchelder & Riefer, 1999; Hu& Batchelder, 1994;
Moshagen, 2010) or Bayesian estimation techniques for
hierarchical model versions that account for individual
differences in model parameters (Heck et al., 2018).
Küpper-Tetzel and Erdfelder (2012) have previously tested
and validated the model successfully. Both an illustration
of the model and the 12 model equations are available in
the Electronic Supplemental Material (ESM) 1.

For our purposes, maintenance (m) and retrieval pa-
rameters (rf) are key parameters to test the consolidation
and the interference hypothesis, respectively. As detailed
above, the interference hypothesis predicts that retrograde

facilitation results from enhanced accessibility of learned
information in the testing phase. In the EMR model, this
process is represented by the retrieval parameter rf, the
probability of successful retrieval of stored associations in
free recall. In contrast, parameter rc represents the
probability of successful retrieval of the second word when
the first word of an association stored in memory is pro-
vided as a cue. Given that the word pair is stored in
memory, this cued recall probability should generally be
very close to 1 in all conditions, as was previously found by
Küpper-Tetzel and Erdfelder (2012). Parameter rc is thus
irrelevant for testing our hypotheses.

The consolidation hypothesis predicts that retrograde
facilitation emerges as a consequence of enhanced
maintenance across the retention interval. This process is
represented by the maintenance parameters ms and mu.
Küpper-Tetzel and Erdfelder (2012) observed that ms and
mu can be equated to a single maintenance parameter m.
Accordingly, the consolidation hypothesis predicts that m
is larger in the alcohol condition compared to the placebo
condition.

Parameter e should not be affected by alcohol admin-
istration after learning as it represents successful encoding
of an association, a process that takes place before the
experimental manipulation. Finally, parameters s and u
represent probabilities of successful single word mainte-
nance and retrieval for associations stored versus not
stored in memory, respectively. They are thus not infor-
mative with respect to the question whether alcohol
specifically enhances associative maintenance or retrieval.

It is important that the two parameters of prime interest,
m and rf, are not influenced by factors other than the
administration of alcohol versus a placebo. It thus needs to
be assured that (a) participants are completely sober when
memory is tested after the retention interval to avoid
contaminations of rf with state-dependent learning dec-
rements and (b) the retention interval does not include a
night of sleep or daytime naps to preclude contaminations
of successful maintenance (m) and retrieval (rf) with sleep-
related differences between conditions. For this purpose,
we largely followed the original study by Parker et al.
(1981) and employed a retention interval of 7 h that

Table 1. Twelve observable event categories E1 to E12 for a study design employing an initial cued recall immediately following the learning phase and
a free-then-cued-recall in the recall phase

Initial cued recall Final cued recall

Final free recall

Both words Exactly one word Neither word

Correct Correct E1 E2 E3

Incorrect E4 E5 E6

Incorrect Correct E7 E8 E9

Incorrect E10 E11 E12

Note. Twelve possible memory test outcomes in the 3-level free-then-cued-recall paradigm proposed by Küpper-Tetzel and Erdfelder (2012).

Experimental Psychology (2022), 69(6), 335–350 © 2023 The Author(s). Distributed as a Hogrefe OpenMind article under the license
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ensured a sober state at both study and test. Additionally,
the procedure was conducted in the controlled environ-
ment of a laboratory to preclude sleep, further con-
sumption of alcohol, and other confounding variables.
Note, however, that several methodological differences
between our study and the original Parker et al. (1981)
study remain. First, we did not restrict cognitive activity
during the retention interval in any way (apart from en-
forcing compliance with the instructions). According to the
interference hypothesis, the more cognitive activity during
retention, the more accessibility benefits should emerge in
the alcohol condition. Thus, a fair test of the interference
hypothesis requires considerable cognitive activity in both
conditions. Second, we used cued and free recall tasks for
paired associates rather than assessing recognition
memory for pictures. This adjustment is required by the
EMRmodel. The same holds for the initial cued recall test
immediately following learning, a procedure that deviates
from Parker et al. (1981) but is mandatory for the EMR
model-based analysis. Third, alcohol consumption was
manipulated as a between-subjects factor in our study. We
feel that this prevents alcohol-related expectancy effects
more effectively than a within-subjects manipulation be-
cause participants lack a direct reference standard for the
alcohol content. Fourth, we did not restrict our study to
male participants but investigated all genders. We took
into account the difference in alcohol tolerance between
genders by administrating different doses to women (0.51
g/kg) and men (0.59 g/kg).

Hypotheses

Because the retrograde facilitation effect emerged in all
prior studies we were aware of, even in those in which its
strength was probably hampered by state-dependent
learning influences, we assumed that the effect truly ex-
ists and thus hypothesized that forgetting in cued recall
across the retention interval (i.e., the difference in correct
responses between the initial and the final cued recall)
would be reduced for participants in the alcohol condition
compared to the placebo condition (Hypothesis 1) and, in
addition, that participants in the alcohol condition would
retrieve more word associations in final free recall (Hy-
pothesis 2).
Moreover, in line with the interference hypothesis, we

hypothesized that the EMRmodel probability of retrieving
word associations in free recall (parameter rf) would be
significantly higher for participants in the alcohol condi-
tion (Hypothesis 3). Based on the consolidation hypothesis,
we additionally hypothesized that maintenance of stored
word associations across the retention interval (parameter
m) would be significantly higher for participants in the

alcohol condition (Hypothesis 4). No specific predictions
applied to other model parameters.

Method

All methodological details of the present study were
planned and evaluated by the authors in accordance with
the ethical principles outlined in the Declaration of Hel-
sinki (2013). The research protocol was approved by the
ethics committee of the University of Mannheim. The
materials necessary to replicate this study are available on
the OSF (https://doi.org/10.17605/OSF.IO/8E9PW).

Design

The present study was conducted in a double-blind, ran-
domized, placebo-controlledmanner.Alcohol administration
wasabetween-subjects factor.Thus,onegroupofparticipants
consumed an individually determined dose of alcohol after
learning while another group of participants received a per-
ceptually indistinguishable placebo beverage. Participants
were randomly assigned to one of the two conditions.

Participants

Sample Size
Wedefinedamediumeffectsizeofd=0.50as theminimum
effect of interest in the present study.Withd=0.50,α= .05,
and a desired statistical power of 1!β = .80, a conventional
Neyman-Pearson power analysis using the software
G*Power (Faul et al., 2007) results in a required sample size
ofN = 102 for a one-tailed (i.e., directed) 2-groups t test (51
per experimental condition). To maximize efficiency, a
sequential t test (e.g., Schnuerch & Erdfelder, 2020) was
used to test the differences in cued and free recall memory
performance between conditions, an approach that has
beenshowntoreducetherequiredsamplesizetoabout60%
of the corresponding Neyman-Pearson sample size on av-
erage (see below). If both sequential tests would terminate
withn<30ineithercondition,additionalparticipantswould
be sampled subsequently until the threshold n = 30 would
have been reached in each condition to enable meaningful
MPT analyses of the data.

Recruitment
Potential participants were recruited via the online plat-
form for study participation of the University ofMannheim
and by advertisement within the university campus.
Participants received study credit. The top three
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performances in the immediate cued recall and the final
free-then-cued-recall were rewarded with 20 € each.
Study information advised subjects to participate in groups
because they would watch movies, eat pizza, and drink
alcohol as part of a study taking 8.5 hrs in total and al-
legedly investigating processing of movies under the in-
fluence of alcohol.

Eligibility
Interested individuals were required to report at least one
heavy drinking episode (five alcoholic beverages for men
and four alcoholic beverages for women at one occasion;
Wechsler et al., 1995) within the last month to ensure that
they had sufficient experience to tolerate the to-be-
consumed alcohol dose. Additional inclusion criteria in-
cluded age between 18 and 29 years, bodymass index (BMI)
between 18.5 and 29.9, no current or past diagnosis of a
substance use disorder or any other addictive disorder, no
current diagnosis of any other psychiatric disorder, no
physical disorder that precludes the consumption of alcohol,
no medical advice to avoid the consumption of alcohol, no
current intake of anymedication other than birth control, no
pregnancy or possibility of pregnancy, and no lactation. Age
and BMI restrictions were included to allow precise esti-
mation of blood alcohol concentrations (BACs) by the
Widmark formula (Thierauf et al., 2013). All criteria were
assessed by self-report. Social drinking and no substance
use disorder were further confirmed through the Alcohol
Use Disorders Identification Test (AUDIT; see below).

Materials

Alcohol and Placebo
For participants assigned to the alcohol condition, the
alcohol dose was 0.51 g/kg for women and 0.59 g/kg for
men.1 Based on the Widmark formula (Widmark, 1932, as
cited in Thierauf et al., 2013) and following the refined
procedure outlined by Thierauf et al. (2013), these doses
could be expected to result in BACs of around 0.60‰ (see
ESM 2), an intoxication level high enough to cause sig-
nificant cognitive impairment. Assuming an elimination
rate of around 0.15‰ per hour (Thierauf et al., 2013), it
could be expected that alcohol would be eliminated from
the body within the retention interval of 7 h. Moreover, the
doses lie within the range of dosages that have successfully

been employed in previous research on retrograde facili-
tation, ranging from 0.40 g/kg (Parker et al. 1981) to 0.80
g/kg (e.g., Weafer et al., 2016a). The difference between
the two doses for women and men accounts for the fact
that women typically exhibit higher BACs than men for a
given amount of consumed alcohol (Fillmore, 2001).

In the alcohol condition, amixture of vodka, tonic water,
and Tabasco sauce was served as described by Knowles
and Duka (2004). The beverage in the alcohol condition
was made up of one part vodka (40% alcohol content) and
three parts tonic water such that the total amount of al-
cohol reached the individually predetermined dose. For
administration, each individual beverage was split into 10
portions, meaning that every participant was asked to
consume their respective total beverage in 10 smaller
portions. To mask the taste and burn of vodka, two drops
of Tabasco sauce were added to each portion. In the
placebo condition, vodka was replaced with additional
tonic water. In both conditions, glass rims were swabbed
with vodka to further intensify the sensual impression of
alcohol in the placebo condition (Lamberty et al., 1990).
Hence, participants in the placebo condition actually did
consume some alcohol, but a very low and negligible dose.
Due to the inclusion criterion of a BMI between 18.5 and
29.9, the total amount of individual beverages in the al-
cohol condition could range between 252 ml (67 ml
vodka + 185 ml tonic water, split into 10 portions of 25.2 ml
each) in case of female gender and body weight of 42 kg,
and 832ml (221 ml vodka + 611 ml tonic water, split into 10
portions of 83.2 ml each) in case of male gender and body
weight of 120 kg. Note that these values are theoretical
extremes that were not encountered in our study. Actual
beverages varied between 266 ml (71 ml vodka + 195 ml
tonic water, split into 10 portions of 26.6 ml each) and
624 ml (166 ml vodka + 458 ml tonic water, split into 10
portions of 62.4 ml each).

Word Pairs
Forty German word pairs were taken from Hager and
Hasselhorn (1994), the same as used by Küpper-Tetzel
and Erdfelder (2012). These word pairs have the important
characteristic of being only weakly associated to another.
Hence, the probability of successful generation of the
target word bymere guessing when presented with the cue
word in cued recall tasks is minimized. A complete
overview of the learning material is provided in ESM 3.

1 Due to an initial error in calculating alcohol doses, the doses administered in this study were slightly lower than preregistered for the first n1 = 28
participants (Ntotal = 93), i.e., approximately 0.44 g/kg for women and 0.51 g/kg for men. For the remaining n2 = 65 participants, the preregistered
doses were administered. Crucially, this difference in doses did not result in a relevant difference in peak BAC measurements in the alcohol
condition,M1 = 0.42‰ (SD = 0.08),M2 = 0.44‰ (SD = 0.08), t(44) = 0.60, p = .275, Cohen’s d = 0.19. Moreover, the lower-than-preregistered doses
still lie above the medium dose of 0.40 g/kg in Parker et al. (1981), which was sufficient to yield a substantial retrograde facilitation effect.
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AUDIT
A German translation of the Alcohol Use Disorders
Identification Test (AUDIT; Saunders et al., 1993) was
used to check the exclusion criterion of hazardous drinking
habits and the inclusion criterion of social drinking. This
scale is recommended in German clinical guidelines for
the screening of alcohol use disorders (K. Mann et al.,
2017). It consists of 10 items asking for the amount and
frequency of drinking occasions and the occurrence of
several negative consequences following drinking. Items
include three to five alternatives that are rated with a score
between 0 and 4. Thus, the maximum total score is 40.
Total scores of 8 or more are treated as indicators of
harmful alcohol use (Babor et al., 2001). Therefore, in-
terested persons scoring above 7 were not allowed to
participate. The inclusion criterion of social drinking was
ensured by allowing participation only if individuals
reached a total score of at least 2 on the first two items (i.e.,
one drinking occasion per month with at least three to four
alcoholic drinks or two to four drinking occasions per
month with at least one or two alcoholic drinks) and a
score of at least 1 on the third item (i.e., heavy drinking
episodes in the past).

Procedure

Individuals interested in participating in this study first
accessed an online survey that provided them with a
description of the study procedure. To prevent demand
effects, participants were told that (a) all participants in
this study would consume alcohol in a more or less high
dose and that (b) the focus of this study lay on the per-
ception and processing of movies under the influence of
alcohol. Inclusion criteria were also checked at this oc-
casion. Eligible participants were asked not to drink al-
cohol within 48 hrs prior to their participation in the
experiment and to have lunch before participation began.
The experiment took place in a classroom-like laboratory
within the premises of the Department of Psychology at
the University of Mannheim.
Participants were asked to arrive at 1:30 p.m. at the

laboratory. With the exception of general information and
instructions regarding the procedure, the first phase of the
experiment was administered individually. First, partici-
pants were asked for inclusion criteria again and provided
written consent. Additionally, breath alcohol concentra-
tion was measured to ensure soberness of all participants.
Then, participants were instructed for the learning phase.
Forty word pairs were presented in randomized order for
5 s each on a computer screen, with participants being
informed that memory for the materials would be tested
afterward in a cued recall task. The announced immediate

cued recall was conducted following a short distractor task
where participants were asked to sequentially assess the
correctness of 15 equations as quickly as possible. In the
immediate cued recall, participants were required to
complete each cue word with the respective target word.
Cue words were presented in randomized order on a
computer screen with participants responding by filling in
the respective target words at their own pace. After
completion, participants were asked to drink 10 portions of
a beverage (either the alcohol or the placebo beverage,
depending on the condition they were assigned to) within
30min (i.e., 3 min per portion). Both the experimenter and
the participant were blind with respect to the experimental
condition. Following the first portion, participants were
asked to estimate the alcohol content of the beverage on a
scale from “less than 1%” to “equal to or more than 20%”

(note that the true value was about 10% for all participants
in the alcohol condition) to check whether the placebo
beverage successfully blinded participants for their ex-
perimental condition (Keane et al., 1980). After consuming
the final portion, participants of both conditions were
asked to rinse their mouth with water. Participants were
instructed individually not to communicate with other
participants about their experiences during learning and
alcohol administration. This completed the first phase of
this study that lasted approximately 1 h.
The retention interval of 7 h was spent by participants in

a seminar room under permanent supervision. Because
participants were encouraged to register in groups, they
could freely interact and socialize with their colleagues
during this time. As part of the cover story, movies were
presented. As participation in the study covered the
evening hours, pizza was provided for dinner. Additionally,
nonalcoholic drinks were available all the time. Breath
alcohol concentrations of all participants were checked 30,
60, and 90 min after the administration of alcohol or a
placebo (to assess peak BACs) and immediately before
memory testing began (to ensure soberness of all partic-
ipants). Participants were told to abstain from drinking
alcohol and sleeping over the whole course of the retention
interval. Compliance with the instruction not to commu-
nicate about the learning phase and the alcohol admin-
istration was monitored by the experimenter.
After the retention interval, participants performed a

surprise free-then-cued-recall for the learned word asso-
ciations. In the free recall task, participants were asked to
recall as many of the word pairs as possible within 8 min.
Importantly, participants were instructed to write down
single words in cases when they did not remember both
words of an association. Next, a final cued recall identical
to the immediate cued recall task after the study phase was
employed. Additionally, participants were asked to declare
whether they followed the instruction not to communicate
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about their experiences from the first phase of the experi-
ment and whether they thought about or actively rehearsed
any word pairs in a postexperimental questionnaire. Finally,
participants were informed about the true theoretical back-
ground and design of the study and the exact dose of alcohol
they consumed. Additionally, research assistants were
present to answer further questions and concerns. The study
ended by 10.00 p.m.

Data Analysis

All statistical tests were conducted with α = .05. As a
manipulation check, peak BACs in the alcohol condition
were expected to be significantly larger than zero and
significantly larger than BACs observed in the placebo
condition. BACs in the placebo condition were expected
never to rise to a level larger than zero. Blinding of par-
ticipants for their condition would be regarded as suc-
cessful if participants in the placebo condition estimated
the alcohol content of their beverage as 1% or more, in-
dicated by all responses other than “less than 1%”. Ana-
lyses were conducted with and without those participants
in the placebo condition who estimated the alcohol content
as less than 1% to test whether results were affected by
BAC awareness. Similarly, analyses were conducted with
and without those participants who communicated about
Phase 1 of the experiment with other participants.

To maximize efficiency of data collection, the sampling
process was conducted using a one-tailed group-sequential
probability ratio (SPRT) t test. Thus, after each group of
participants investigated as described above, the resulting
data were analyzed to decide whether a decision for or
against Hypothesis 1 could be made or further data were
required. This sequential procedure has been shown to
result in a considerable reduction of required sample sizes
when compared to conventional Neyman-Pearson t tests.
At the same time, error probabilities are controlled
(Schnuerch & Erdfelder, 2020). In our application, stan-
dard parameters for the Type-1 and Type-2 error proba-
bilities were used (i.e., α = .05 and β = .20, respectively,
assuming a medium effect size d = .50, cf. Cohen, 1988).
Difference scores were calculated for every participant,
subtracting the number of correct responses in the final
cued recall from the number of correct responses in the
immediate cued recall. Then, the difference between the
two mean difference scores of experimental conditions
were tested for statistical significance using the SPRT t test
as specified above until a decision was made.

To test Hypothesis 2, the number of complete word pairs
recalled was calculated for every participant to obtain
mean performances for both experimental conditions. The
difference of these two means was tested for statistical

significance with the same group-sequential one-tailed
two-sample SPRT t test as in case of Hypothesis 1.

Hypotheses 3 and 4 referred to parameters rf andm in the
EMRmodel. Participants underperforming (<30%correct) or
overperforming severely (>80% correct) in the immediate
cued recall needed to be excluded from MPT analyses to
ensure sufficient data points for event categories E1 to E6 and
E7 to E12, respectively. A minimum sample size of n = 30 per
condition was ensured to enable trustworthy parameter es-
timates for the EMR model in either of the conditions. Next,
the frequencies of the 12 event categories E1 to E12 were
calculated individually for all remaining participants and
aggregated within conditions. The resulting data could then
be used to fit the EMR model (see above). All MPT analyses
were conducted twice using TreeBUGS (Heck et al., 2018) for
individual data and multiTree (Moshagen, 2010) for ag-
gregated data. Following Küpper-Tetzel and Erdfelder
(2012), we would (a) try to equatems and mu so that a single
parameter m represents the probability of successful main-
tenance and (b) equate rc across experimental conditions. For
the aggregated data, this leads to 2 (= number of
conditions) × 5 (= unrestricted model parameters) + 1
(= number of parameters equated for both conditions) = 11
model parameters to be estimated given 2 (= number of
conditions) × 11 (= number of free categories per condi-
tion) = 22 independent category frequencies. Accordingly, the
number of degrees of freedom of the G2 goodness-of-fit tests
test is 22 ! 11 = 11. We would accept the model fit if G2(11)
would result in a p value greater than .05. If this criterion
would not be met, the model would need to be replaced by a
more general model version, for example, by allowing m, s,
and/or u to differ between successful and unsuccessful
immediate cued recall.

To test Hypothesis 3, an equality constraint would be
imposed on the rf parameters of both experimental con-
ditions. If the resulting decrease in model fit ∆G2(1) would
become significant at α = .05 (one-tailed) and parameter
estimates would be in the direction predicted by the in-
terference hypothesis, the latter hypothesis would be
confirmed. For the test of Hypothesis 4, analogous pro-
cedures would be used: An equality constraint would be
imposed on the m parameters of both experimental con-
ditions, and the hypothesis would be confirmed if the
resulting decrease in model fit ∆G2(1) would become
significant at α = .05 (one-tailed) and parameter estimates
would be in the predicted direction.

Results

The full data set used for the analyses and the corre-
sponding codebook are provided on the OSF (https://doi.
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org/10.17605/OSF.IO/2K4J7). Additionally, the R code to
obtain the results reported below is provided in ESM 4.

Sample

A total of N = 93 participants (divided into 20 sequential
groups, 2–10 participants per group, 46 participants in the
alcohol condition) took part in the experiment. Although a
decision for both SPRT t tests was already reached earlier
(see below), it was not before this point of the data col-
lection process that the preregistered minimum of n = 30
participants per condition was achieved for our encoding-
maintenance-retrieval MPT analyses. In the full sample,
62 participants were female, and 31 participants were
male. The mean age was 20.67 years (SD = 2.18). A ma-
jority of 91 participants reported to be university students,
of which 72 participants were enrolled in a psychology
program. The mean AUDIT score was 5.39 (SD = 1.23).

Control Variables and Manipulation Checks

BAC measurements at the beginning of the experiment
confirmed that all participants arrived at the laboratory
completely sober. Six participants reported to have consumed
alcoholwithin48hbefore the experiment.Most participants in
the alcohol condition (41 of 46 participants) reached their
measured peak BAC 30 min after the end of the alcohol
administration, four participants reached it after 60 min, and
one participant after 90 min. The mean peak BAC in the
alcohol conditionwas0.43‰ (SD=0.08, Range =0.22–0.62).
At all three measurement occasions after the alcohol ad-
ministration, mean BACs in the alcohol condition were sig-
nificantly larger than zero: After 30 min, MBAC = 0.43‰
(SD = 0.08, Range = 0.22–0.62), t(45) = 34.74, p < .001; after
60 min, MBAC = 0.37‰ (SD = 0.08, Range = 0.18–0.57),
t(45) = 31.40, p < .001; and after 90 min, MBAC = 0.30‰
(SD = 0.08, Range = 0.12–0.46), t(42) = 24.91, p < .001.2 Eight
of 47 participants in the placebo condition estimated the al-
cohol content of their beverage to be below 1%. Actual BACs
in the placebo condition never rose to a level larger than zero,
except for one participant who had a BACmeasure of 0.08‰
90 min after the end of the placebo administration. All par-
ticipants in both conditionswere completely sober again at the
last BAC measurement immediately before the final recall
tests.
In the postexperimental questionnaire, 23 participants

(13 from the alcohol condition, 10 from the placebo

condition) reported to have communicated about their
beverages, and two participants (one from the alcohol
condition, one from the placebo condition) reported to
have communicated about both the beverages and the
word pairs during the retention interval. Thirty-three
participants (14 from the alcohol condition, 19 from the
placebo condition) reported to have thought about the
word pairs during the retention interval. Of these, three
participants (two from the alcohol condition, one from the
placebo condition) reported to have engaged in active
rehearsal of the word pairs.

Design-Based Results

Hypotheses 1 and 2 referred to the difference in correct
responses between immediate and final cued recall and
the number of complete word pairs reproduced during free
recall, respectively. Both hypotheses were tested using the
SPRT t test (Schnuerch & Erdfelder, 2020) implemented
in the sprtt R package (v0.1.0; Steinhilber et al., 2021). For
both Hypotheses 1 and 2, the decision to accept the null
hypothesis of no significant alcohol benefit was reached
rather quickly after N = 18 subjects (divided into five se-
quential groups, nAlcohol = nPlacebo = 9) had participated.
The means and standard deviations from this subsample
and the full sample (N = 93) for the immediate cued recall,
the final cued recall, the cued recall difference (Hypothesis
1), the number of complete word pairs reproduced during
free recall (Hypothesis 2), and the number of single words
reproduced during free recall are reported in Table 2.
For Hypothesis 1, the likelihood ratio (LR) of the SPRT

t test at N = 18 was LR18 = 0.18, thereby undercutting the
lower SPRT threshold implied by our preregistered SPRT
parameters, that is, β/(1 ! α) = 0.20/0.95 = 0.21. The
observed LR indicates that the data at N = 18 were about
1/0.18 = 5.6 times more likely under H0 than under H1,
thus enforcing acceptance of H0. The sample estimate of
Cohen’s d was !0.53, that is, there was a medium-sized
effect in the direction opposite to Hypothesis 1. For
Hypothesis 2, we observed LR18 = 0.11. Thus, atN = 18, the
data were about 1/0.11 = 9.1 times more likely under H0

than under H1, also enforcing acceptance of H0. In this
case, there was a strong effect in the direction opposite to
Hypothesis 2, Cohen’s d = !0.82. In sum, no significant
retrograde facilitation effect could be observed for either
of our two dependent variables. Plots of the developments
of the log-likelihood ratios for both SPRT t tests are
provided in ESM 5.

2 Due to technical problems during the experiment, BACmeasurements aremissing for three participants in the alcohol condition 90min after the
end of the alcohol administration and immediately before the final recall tests.
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Although irrelevant for the SPRT t test decisions in favor
of H0, we additionally inspected the likelihood ratios of the
full-sample SPRT t tests, LR93, for explorative reasons.
Moreover, because LR93 assumes a fixed effect size of
d = 0.50 under H1 – a debatable assumption – we addi-
tionally computed corresponding Bayes factors (BF10)
using the default Cauchy prior as implemented in the
BayesFactor R package (v0.9.12-4.2; Morey & Rouder,
2018). As summarized in Table 2, the descriptive pat-
tern regarding our two dependent variables of interest was
reversed in the full sample of N = 93 as compared to the
subsample of N = 18 required until termination of the
SPRT. However, likelihood ratios in the full sample indi-
cate no clear evidence in favor of H1 in both cases;
LR93 = 3.84, Cohen’s d = 0.37 for Hypothesis 1 and
LR93 = 1.81, Cohen’s d = 0.30 for Hypothesis 2. In line with
this, Bayesian t tests revealed BF10 = 1.63 for Hypothesis 1
and BF10 = 1.00 for Hypothesis 2. Thus, although Hy-
potheses 1 and 2 are descriptively in line with the data of
the full sample, the evidence in favor of H1 is negligible in
both cases (Kass & Raftery, 1995).

To further scrutinize the robustness of our conclusions
regarding Hypotheses 1 and 2, we excluded participants
from both the subsample and the full sample who either (a)
were assigned to the placebo condition and estimated the
alcohol content of their beverage to be less than 1% or (b)
reported to have communicated about Phase 1 of the ex-
periment with other participants. The means and standard
deviations for the two dependent variables of interest are
reported in Table 3.

After the application of both exclusion criteria, N = 12
participants remained in the subsample, whereas N = 62
participants remained in the full sample. The descriptive
patterns mirror those obtained without consideration of
these exclusion criteria. Similarly, corresponding likeli-
hood ratios and Bayes factors support the conclusion of no
clear evidence in favor of H1: For Hypothesis 1,
LR12 = 0.39, LR62 = 2.54, BF10 = 1.15; for Hypothesis 2,
LR12 = 0.26, LR62 = 1.53, BF10 = 0.81.

Model-Based Results

Hypotheses 3 and 4 referred to the retrieval parameter rf
and the maintenance parameter m of the EMR model,
respectively. For the aggregated data, we conducted all
analyses in multiTree (Moshagen, 2010). The corre-
sponding preregistered analyses are provided in ESM 6.
The baseline EMRmodel as described in the Data Analysis
section did not meet our model fit criterion with α = .05,
G2(11) = 22.00, p = .024, AIC = 9,758.71, BIC = 9,824.18.
Therefore, we defined a generalized model version with
parameters m, u, and s allowed to vary within both con-
ditions between successful and unsuccessful immediate
cued recall (ms and mu, us and uu, and ss and su, respec-
tively). This generalized model fit the data well,
G2(5) = 5.97, p = .309, AIC = 9,754.68, BIC = 9,855.85.
A close inspection of this model revealed a significant
difference between parameters us and uu only within the
placebo condition, ∆G2(1) = 12.55, p < .001, but not within
the alcohol condition, ∆G2(1) = 1.06, p = .303. Thus,
participants in the placebo condition had a significantly
higher probability of single word retrieval in the free
recall for unsuccessfully stored associations after
successful immediate cued recall (us = .21) than after
unsuccessful immediate cued recall (uu = .10), in con-
trast to participants in the alcohol condition (us = .16,
uu = .12).

Accordingly, we defined a new baseline model with the
following restrictions: In line with Küpper-Tetzel and
Erdfelder (2012), parametersms andmu as well as ss and su
were equated within both experimental conditions, and
parameter rc was equated across conditions. In contrast,
parameter u was allowed to vary freely within both con-
ditions between successful (us) and unsuccessful (uu)
immediate cued recall. This redefined model yielded a
good fit to the data, G2(9) = 7.43, p = .592, AIC = 9,748.14,
BIC = 9,825.51. As this model version is more parsimo-
nious than the generalized model version, we decided to
use it as our baseline model for the hypothesis tests.

Table 2. Means and standard deviations (SD) of all dependent variables in the alcohol and placebo condition

Dependent variable

SPRT subsample (N = 18) Full sample (N = 93)

Alcohol Placebo Alcohol Placebo

Immediate cued recall 19.33 (7.94) 26.56 (4.64) 23.57 (8.89) 23.83 (7.50)

Final cued recall 16.78 (8.80) 24.89 (4.83) 21.85 (9.59) 21.34 (7.65)

Cued recall difference 2.56 (1.81) 1.67 (1.50) 1.72 (1.73) 2.49 (2.41)

Free recall: complete pairs 9.22 (4.60) 13.22 (5.09) 11.57 (5.44) 10.04 (4.66)

Free recall: single words 23.67 (8.89) 31.56 (9.89) 28.11 (10.68) 26.21 (9.29)

Note. Decisions in favor of H0 for Hypotheses 1 (cued recall difference) and 2 (free recall: complete pairs) were reached by the sequential probability ratio t
tests (SPRT t tests) after data fromN = 18 participants had been collected. Due to the second stopping criterion of n = 30 in both conditions for themultinomial
processing tree (MPT) analysis (after excluding participants over- or underperforming in the immediate cued recall), a total of N = 93 subjects participated in
this study. SDs in parentheses.
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This baseline model was additionally fitted to the in-
dividual data in the form of a Bayesian hierarchical model.
For this purpose, the model was estimated for both con-
ditions separately, using the latent trait framework of
Klauer (2010) as implemented in TreeBUGS (Heck et al.,
2018). In this Bayesian framework, convergence of pa-
rameter estimates can be evaluated by means of the po-
tential scale reduction factor R (Gelman & Rubin, 1992).
Good convergence was obtained for all parameters in the
alcohol condition, bR ≤ 1.007, and also in the placebo
condition, bR ≤ 1.003. The model fit was evaluated using
the goodness-of-fit statistics T1 and T2 (Klauer, 2010).
Good model fit was obtained for either condition, as in-
dicated by posterior predictive p values of p1 = .288
(p2 = .300) in the alcohol condition and p1 = .565 (p2 = .420)
in the placebo condition. In Bayesian hierarchical MPT
modeling, statistical reliability of parameter differences is
typically assessed by checking (a) whether the 95%
Bayesian credibility interval (BCI) of the posterior distri-
bution of the difference estimate does not include zero
(two-tailed) or (b) whether the Bayesian p value, that is, the
proportion of the posterior distribution of the difference
estimate below zero is smaller than the chosen significance
level of α = .05 (one-tailed).
After excluding all participants who underperformed

(<30% correct) or overperformed severely (>80% correct)
in the immediate cued recall, a subsample of N = 71
participants remained for the preregistered model-based
analysis (31 in the alcohol condition, 40 in the placebo
condition). The parameter estimates for both the aggre-
gated and the individual data are presented in Table 4.
As expected, the probability of associative encoding

(parameter e) did not differ significantly between condi-
tions, neither for the aggregated data, ∆G2(1) = 0.55,
p = .460, nor for the individual data, 95% BCI = [!.09,
.06]. Additionally, as expected, parameter rc was esti-
mated to be very close to 1 in both modeling approaches.
Based on the interference hypothesis, we predicted a

significantly higher probability of associative retrieval in free
recall (parameter rf) for participants in the alcohol condition
(Hypothesis 3). Parameter estimates of both modeling ap-
proacheswere in linewith this prediction, and this descriptive
effect did reach statistical significance (one-tailed) both for

the aggregated data, z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∆G2ð1Þ

p
¼ 2:35; p ¼ :009, and

for the individual data, Bayesian p = .023.
Based on the consolidation hypothesis, we hypothesized

the probability of associative maintenance (parameter m)
to be significantly higher for participants in the alcohol
condition (Hypothesis 4). Again, parameter estimates of
both modeling approaches were descriptively in line with
our prediction. However, this descriptive effect was sta-
tistically significant (one-tailed) only for the aggregated
data, z ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∆G2ð1Þ

p
¼ 2:33; p ¼ :010; but not for the in-

dividual data, Bayesian p = .104.
Overall, the results of our preregistered MPT analysis

were in line with Hypothesis 3, but did not yield clear
evidence in favor of Hypothesis 4. Additionally, the de-
scriptive effect for parameter m was rather small, irre-
spective of the modeling approach. To further clarify the
robustness of this conclusion, we conducted an explor-
atoryMPTmultiverse analysis. In this analysis, we not only
included our preregistered exclusion criteria of immediate
cued recall performance, alcohol content estimation in the
placebo condition, and communication during the reten-
tion interval (see the “Data Analysis” section), but addi-
tionally considered the influence of failure not to drink
alcohol within 48 h prior to the experiment and active
word pair rehearsal during the retention interval. Thus, our
multiverse analysis had a 2 (modeling approach: aggre-
gated vs. individual data) × 2 (model-related exclusion
criterion present vs. absent: under- or overperforming in
the immediate cued recall) × 2 (at least one procedure-
related exclusion criterion present vs. absent: drinking
alcohol within 48 h prior to the experiment, estimating the
alcohol content to be below 1% in the placebo condition,
communicating about the alcohol vs. placebo adminis-
tration and/or the learning phase, actively rehearsing
word pairs during the retention interval) design.
The first two cells of this multiverse design contained

our preregistered analyses reported above, where both
modeling approaches were applied to the data of all
participants who did not meet the model-related exclusion
criterion, whereas procedure-related exclusion criteria
were not considered. The results of the remaining cells are
reported in ESM 7. For both the aggregated and the in-
dividual data, the model fit the data well in all remaining

Table 3.Means and standard deviations (SD) of both dependent variables of interest in the alcohol and placebo conditions after exclusion criteria
were applied

Dependent variable

SPRT subsample (N = 12) Full sample (N = 62)

Alcohol Placebo Alcohol Placebo

Cued recall difference 2.67 (2.07) 2.00 (1.26) 1.91 (1.86) 2.73 (2.57)

Free recall: complete pairs 9.67 (4.84) 13.33 (5.75) 11.47 (5.97) 9.80 (4.92)

Note. Participants from the crucial sequential probability ratio test (SPRT) subsample and the full sample were excluded if they estimated the alcohol content
of their beverage to be less than 1% in the placebo condition and if they reported to have communicated about Phase 1 of the experiment with other
participants. SDs in parentheses.
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cells, thereby allowing for an interpretation of the re-
spective parameter estimates. Overall, our conclusions for
both Hypotheses 3 and 4 were confirmed: Parameter rf
differed reliably between conditions in all cells for the
aggregated data (all p ≤ .034) and in all cells except one
(Bayesian p = .051) for the individual data (both other
Bayesian p ≤ .016). In contrast, parameter m differed
reliably in only one additional cell (p = .010) for the ag-
gregated data (both other p ≥ .090) and in no cell for the
individual data (all Bayesian p ≥ .132).

Discussion

In the present study, we attempted to replicate the
counterintuitive phenomenon of alcohol-induced retro-
grade facilitation. Using a retention interval of 7 hrs, we
followed the basic procedure introduced by Parker et al.
(1981) in their original study. Thus, we avoided possible
confounds of interpolated sleep and other memory-
relevant activities and thereby put the original observa-
tion of the effect of interest to a critical test. Moreover, we
used a sequential testing procedure (i.e., the SPRT t test) to
increase the efficiency of data collection and applied the
encoding-maintenance-retrieval MPT model to allow for
an assessment of the underlying mechanisms. Finally, we
decided to conduct and report our study in a registered
report format to make the severity of our hypothesis tests
transparent (Lakens, 2019).

Contrary to our predictions, we found that drinking
alcohol immediately after learning did not significantly
increase performance on a delayed subsequent memory
test. In line with this finding, there was no clear evidence
for a latent maintenance benefit in the alcohol condition,
neither in our preregistered MPT analysis nor in an

exploratory MPT multiverse analysis. Importantly, how-
ever, these MPT analyses revealed a reliable and robust
retrieval benefit in the alcohol condition. Thus, although
we failed to replicate the original finding by Parker et al.
(1981) using conventional measures of memory perfor-
mance (i.e., cued and free recall), we did find clear-cut
evidence in favor of an underlying retrieval benefit (i.e., an
effect on EMR parameter rf).

When evaluating our failure to successfully replicate the
results by Parker et al. (1981) on the manifest memory
measures of cued and free recall, several methodological
differences between the original study and our replication
study need to be considered. Most importantly, the results
from our MPT analyses suggest that observing a strong
and significant retrograde facilitation effect in behavioral
measures might require a study design that maximizes the
latent contributions of retrieval processes to final memory
performance, while minimizing encoding and mainte-
nance contributions. In this respect, it is important to note
that Parker et al. (1981) presented their participants with
pictures, while we used word pairs as learning material.
Crucially, the memory-system dependent forgetting hy-
pothesis (Hardt et al., 2013; Kuhlmann et al., 2021) sug-
gests that hippocampus-dependent memory traces should
be less susceptible to retroactive interference than extra-
hippocampally represented memories. Thus, the contri-
bution of increased retrievability as a result of reduced
retroactive interference might be less pronounced when
using paired associates such as word pairs as learning
material. Indeed, most other studies reported in the lit-
erature used lists of single items instead of paired asso-
ciates as learning material to demonstrate retrograde
facilitation by alcohol (e.g., novel words, Carlyle et al.,
2017). On the other hand, Parker et al. (1981) found a
significant retrograde facilitation effect on recognition
performance, although recognition performance should

Table 4. Parameter estimates from the main multinomial processing tree (MPT) analysis

Parameter

Alcohol condition Placebo condition

Aggregated data Individual data Aggregated data Individual data

MLE 95% CI M 95% BCI MLE 95% CI M 95% BCI

e .58 [.55, .61] .59 [.53, .64] .60 [.57, .62] .60 [.55, .65]

m .92 [.90, .95] .93 [.90, .96] .89 [.86, .91] .90 [.86, .93]

rc .98 [.97, .98] .98 [.97, .99] .98 [.97, .98] .98 [.97, .99]

rf .50 [.46, .54] .51 [.45, .56] .44 [.41, .47] .43 [.39, .48]

s .05 [.03, .07] .05 [.03, .07] .11 [.09, .13] .11 [.09, .14]

us .16 [.08, .24] .18 [.07, .34] .22 [.15, .28] .20 [.12, .28]

uu .12 [.10, .14] .11 [.08, .15] .10 [.09, .12] .11 [.09, .13]

Note. For the aggregated data, the encoding-maintenance-retrieval (EMR) model was fitted using the multiTree software (Moshagen, 2010). Maximum
likelihood parameter estimates (MLE) are presented alongside the corresponding 95% confidence interval (CI). Parameter rc was equated across conditions.
For the individual data, the model was fitted for both conditions separately using the R package TreeBUGS (Heck et al., 2018). Posterior means (M) are
presented alongside the corresponding 95% Bayesian credibility intervals (BCI).
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not or only minimally rely on the retrievability of infor-
mation from memory.
In contrast to our replication study and the original

Parker et al. (1981) study, most studies in the literature
used a retention interval between alcohol versus placebo
administration and final memory test that was consider-
ably longer than 7 h, ranging between 16 and 48 h (Bruce &
Pihl, 1997; Carlyle et al., 2017; Lamberty et al., 1990;
Mueller et al., 1983; Parker et al., 1980, study 2; Weafer
et al., 2016a, 2016b). As a consequence, these studies
could not control for memory-relevant behaviors during
the retention interval and necessarily included at least one
night of sleep. Against the backdrop of our replication
failure, the possibility that the strength of the retrograde
facilitation effect was overestimated in these studies due
to an effect of acute alcohol intoxication on the sleep
architecture – and, thereby, on sleep-induced memory
consolidation, potentially benefitting both maintenance
and retrieval processes – cannot be dismissed.
Certain limitations of our current study should also be

recognized. First, in line with common conventions (cf.
Cohen, 1988), we realized a (preregistered) statistical power
of 1! β = .80 and aminimum effect of interest of d = .50 for
our SPRT t tests of Hypotheses 1 and 2. Thus, compared to
false-positive findings (probability α = .05), the probability of
false-negative findings (β = .20) was relatively high in our
study, especially if the true d happened to be less than .50.
However, a higher statistical power (e.g., 1 ! β = .95) for
smaller effect sizes (e.g., d = .20) would have increased the
expected sample size considerably. Thus, we believe to have
found a reasonable compromise between sufficient statis-
tical power on the one hand and feasibility of a very
resource-intensive study procedure on the other hand.
Second, both SPRT t tests terminated rather quickly

such that a decision for both Hypotheses 1 and 2 could be
made after only N = 18 subjects had participated in the
study. This outcome nicely highlights the superiority of
sequential probability ratio tests in terms of efficiency (cf.
Erdfelder & Schnuerch, 2021; Schnuerch & Erdfelder,
2020; Schnuerch et al., 2022). However, in our specific
case, the second stopping criterion required for the MPT
analyses (n ≥ 30 in both conditions after exclusion of
participants under- or overperforming in the immediate
cued recall) enforced continuation of data collection until a
total of N = 93 subjects had participated. Thus, our sta-
tistical decisions regarding Hypotheses 1 and 2 were based
on a fraction of only 19% of the full sample. Although this
procedure is statistically valid (i.e., it satisfies the pre-
registered statistical error probabilities α and β) and em-
pirically in line with Bayesian t test outcomes, we un-
derstand that basing hypothesis tests on such a small
percentage of the full sample might seem unsatisfactory. A
conceivable alternative to our preregistered strategy would

have been to start the SPRT t tests only when the MPT
stopping criterion had already been met. However, al-
though avoiding the aforementioned problem, the effi-
ciency of the data collection process would have suffered
from such an approach. In our view, this shows that best
practice recommendations of how to optimally combine
sequential testing procedures such as the SPRT t test with
additional stopping rules are needed.
Third, measured peak BACs in the alcohol condition

were somewhat lower than anticipated. While the alcohol
doses of 0.51 g/kg for women and 0.59 g/kg for men were
expected to result in peak BACs of about 0.60‰, the
observed mean peak BAC was M = 0.43‰. Two factors
might be considered to explain this discrepancy. First,
peak BACs were most likely reached before or after our
measurements for almost all participants, such that our
measures underestimate the true peak BACs. Second,
alcohol administration was based on the self-reported
body weights of participants. It seems reasonable to as-
sume that participants either underestimated and/or
knowingly understated their true body weight due to
reasons of social desirability. Crucially, the mean peak
BAC measured in our study was still higher than in the
medium (0.5 ml/kg) alcohol condition of Parker et al.
(1981; 0.34‰) for which these authors reported a sig-
nificant retrograde facilitation effect.
Despite these limitations, our results clearly cast doubt on

the reliability, strength, and generalizability of the retrograde
facilitation effect in behavioral memory measures. Impor-
tantly, the effect is viewed by some authors as a central piece
of evidence for the theoretical claim that memory consoli-
dation processes are not limited to periods of sleep, but
rather occur whenever retroactive interference is reduced,
such as during acute alcohol intoxication (Mednick et al.,
2011; Wixted, 2004, 2010). Our lack of evidence for alcohol
effects on the probability of maintaining paired associates in
memory suggests that such a theoretical model of episodic
memory should be treated with caution. Instead, we found
that postencoding alcohol administration had a beneficial
effect on the probability of retrieving word pairs from
memory during free recall. This result is in line with the
interference hypothesis, which suggests that retrograde fa-
cilitation emerges as a direct consequence of reduced ret-
roactive interference. As such, our finding is more in line
with theoretical models that attribute episodic memory
improvements (e.g., sleep-induced retrograde facilitation;
Rasch & Born, 2013) to retrieval benefits resulting from
increased temporal distinctiveness ofmemory traces (Brown
et al., 2007; Ecker et al., 2015).
In sum, our mixed pattern of results best resonates with

the idea that alcohol-induced retrograde facilitation really
exists but is limited to a retrieval benefit caused by ret-
roactive interference reduction. This idea nicely accounts
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not only for our confirmation of Hypothesis 3 but also for our
failures to confirm Hypotheses 1 and 4 (as both hypotheses
refer to memory measures more sensitive to storage than to
retrieval from memory). From this theoretical perspective,
the only inconsistent outcome is our rejection ofHypothesis 2
concerning free recall. A possible explanation is that overall
free recall performance is a less pure measure of retrieval
capacity than EMR parameter rf, which specifically captures
retrieval of stored word pairs in free recall.

In terms of future research, more replication studies
are needed to specify the exact conditions under which
alcohol-induced retrograde facilitation can or cannot be
observed. These studies should explicitly consider the
role of the learning material (item vs. associative mem-
ory) and of sleep and other memory-relevant activities
during the retention interval. This implies that more
studies are needed that adopt the basic procedure used by
Parker et al. (1981) to effectively control behaviors of
participants during the retention interval. To make such
resource-intensive studies feasible, they should be de-
signed to amplify underlying retrieval differences be-
tween conditions (see above), and methodological and
statistical innovations such as sequential testing proce-
dures should be embraced. Additionally, as shown by the
results of our study, the adoption of MPT modeling for
hypothesis generation and testing can be expected to
extend possible insights beyond the scope of more con-
ventional analysis strategies. An a priori power analysis
using multiTree (Moshagen, 2010) based on the pa-
rameter estimates from our pre-registered MPT analysis
suggests a minimum total sample size of N = 66 across
conditions (with 40 word pairs per participant) for future
EMR studies that test alcohol versus placebo differences
in maintenance and/or retrieval probabilities (condition
difference in m or rf under H1 = .10, α = .05, 1 ! β = .95).

Alcohol-induced retrograde facilitation is a fascinating
psychological phenomenon with potentially far-reaching
theoretical and practical implications. However, our re-
sults show that more research is clearly needed to provide
a solid empirical basis for further discussions of such
implications. We hope that future research will build on
the methodological and statistical innovations applied in
this study to arrive at a deeper understanding of the
moderators and mediators of retrograde facilitation by
alcohol.

Electronic Supplementary Material

The electronic supplementary material is available with
the online version of the article at https://doi.org/10.
1027/1618-3169/a000569

ESM 1. This text file provides an illustration of the EMR
model and the corresponding model equations.
ESM 2. This text file details the calculation of alcohol
doses as a function of gender and body weight.
ESM 3. This text file provides a complete overview of the
learning material.
ESM4. This R script contains all analysis steps to obtain the
reported results (except MPT results for aggregated data).
ESM 5. This text file depicts the developments of the log-
likelihood ratios of both SPRT t test.
ESM 6. This multiTree file contains all analysis steps to
obtain the reported MPT results for aggregated data.
ESM 7. This text file contains the results of the MPT
multiverse analysis.
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Abstract34

Retroactive interference in episodic memory is assumed to follow a temporal gradient.35

Specifically, delaying an interpolated learning phase has been shown to benefit subsequent36

memory performance with respect to an original learning phase. Much of the previous37

research on the temporal gradient of retroactive interference (TGRI) has been a�ected by38

methodological weaknesses which may explain its rather low replication rate (Wixted, 2004).39

Moreover, the TGRI has been interpreted as key evidence in favor of opportunistic40

consolidation theory (Mednick et al., 2011). This interpretation is challenged by an41

alternative theoretical account, namely, temporal distinctiveness theory (Brown et al., 2007).42

In the current research, we aimed at (a) establishing the replicability of the TGRI, and (b)43

deciding between both theoretical accounts by means of a storage-retrieval multinomial44

processing tree (MPT) model. In three preregistered experiments (total N = 397),45

participants were asked to learn and retrieve word lists across multiple trials. Crucially, an46

interpolated item list was presented either rather early or rather late during the 5-min47

retention interval. We found a robust TGRI in recall but not in recognition across48

experiments. Our MPT results consistently show that the TGRI is purely retrieval-driven,49

without any storage contribution. This is in line with temporal distinctiveness theory but in50

conflict with the opportunistic consolidation account. Surprisingly, the similarity of original51

and interpolated learning materials had no e�ect on any memory measure. Thus, theories of52

retroactive interference might dispense with a consolidation mechanism and should53

reconsider the importance of similarity.54

Public Significance Statement: This research shows that increasing the time interval55

between two unrelated learning units benefits subsequent memory for the material from the56

first learning unit. A longer time interval between units does not a�ect the storage of the57

material in memory but rather benefits the ease of retrieving it from memory. This benefit is58

independent of the similarity of the materials presented during the two learning units.59
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Opportunistic Consolidation or Temporal Distinctiveness? Retrieval, Not63

Storage, Drives the Temporal Gradient of Retroactive Interference in Episodic64

Memory65

Retroactive interference is considered to be a major source of everyday forgetting in66

human episodic memory: Whenever encoding of a new piece of information is followed by67

encoding of some unrelated information, later recall of the original information can be68

expected to be impaired. Indeed, human beings engage in intentional or incidental learning69

activities almost continuously; they “never stop making memories” (Wixted, 2010, p. 290).70

Thus, virtually all newly encoded memories will have to endure some more or less severe71

influence of retroactive interference.72

Consequently, extensive research e�orts have been devoted towards investigating73

memory benefits resulting from at least temporarily minimizing retroactive interference.74

Whereas the facilitating e�ect of sleep after learning is a well-established phenomenon (for a75

review and meta-analysis, see Berres & Erdfelder, 2021), the exact conditions under which76

retroactive interference minimization results in a memory benefit during wakefulness remain77

controversial. Many studies have found that a short period of post-encoding waking rest can78

benefit subsequent memory performance compared to a cognitively demanding distractor79

task even if original and interpolated materials are dissimilar (see Wamsley, 2019). Indeed,80

waking rest has been shown to facilitate not only declarative (e.g., Martini et al., 2020) and81

procedural memory (e.g., Humiston & Wamsley, 2018), but even insight into complex82

problem solving (Craig et al., 2018). Whereas these findings ascribe waking rest a role in83

post-encoding processing similar to sleep, other studies have failed to replicate such e�ects84

(see Martini & Sachse, 2020). For example, Varma et al. (2017) compared the e�ect of85

waking rest against di�erent variants of a cognitively demanding n-back task on recall and86

recognition across six experiments (total N = 176). In none of their experiments were they87

able to detect a di�erence between conditions. Thus, it remains to be determined under88
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exactly which conditions minimizing retroactive interference during wakefulness results in89

improved memory.90

Instead of attempting to minimize retroactive interference across the entire retention91

interval, an alternative approach in the field has been to merely delay the onset of92

interpolated learning or a distractor task. It might be argued that such an approach93

increases external validity by more explicitly acknowledging the ubiquity of encoding94

demands in everyday life. Beginning with the pioneering work of Müller and Pilzecker95

(1900), researchers have employed a study design that involves learning of some original96

material (L1), followed by some interpolated learning (L2), and a final memory test for the97

original material (T). Crucially, the temporal position of the L2 learning phase within the98

L1-T retention interval is manipulated: In “Long-Short” (LS) conditions, the L1-L2 interval99

is relatively long, whereas the L2-T interval is relatively short. In contrast, in “Short-Long”100

(SL) conditions, the L1-L2 interval is relatively short, whereas the L2-T interval is relatively101

long. This study design is illustrated in Figure 1.102

Past research using such a study design or extensions thereof suggests that retroactive103

interference might follow a temporal gradient, that is, final L1 memory performance benefits104

from delaying L2 learning. In other words, memory performances can generally be expected105

to be better in LS compared to SL conditions. Crucially, empirical demonstrations of the106

temporal gradient of retroactive interference (TGRI) have been similarly ambiguous as for107

the waking rest e�ect (for a review and critical discussion, see Wixted, 2004). Thus, the108

robustness of the e�ect remains to be determined. One of our main goals in the current109

research was to establish the replicability of the TGRI within a paradigm proposed by Ecker,110

Brown, et al. (2015) across di�erent experimental settings (online, laboratory), and memory111

tests (recall, recognition).112

Notwithstanding its ambiguous empirical foundation, along with the waking rest113

e�ect, the TGRI is seen by many researchers as a central piece of evidence in favor of an114
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Figure 1

Study Design Required to Demonstrate the Temporal Gradient of Retroactive Interference

LS

SL

L1 L2 T

L1 L2 T

Time

Note. LS = "Long-Short", SL = "Short-Long" condition. L1 = first learning phase, L2 =

second learning phase, T = memory test for L1 items. In the LS condition, the L1-L2 interval

is relatively long, whereas the L2-T interval is relatively short; in the SL condition, the L1-L2

interval is relatively short, whereas the L2-T interval is relatively long. Illustration adapted

from Ecker, Brown, et al. (2015).
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opportunistic theory of episodic memory consolidation (see Dewar et al., 2007; Mednick et115

al., 2011; Wixted, 2004). According to this theory, the encoding of new information and the116

consolidation of previously encoded information are mutually exclusive. More specifically,117

hippocampal resources are assumed to be limited and to be used for either encoding or118

consolidation. Thus, whenever encoding demands are temporarily reduced, hippocampal119

resources are opportunistically reallocated to critical consolidation processes. When120

comparing LS and SL conditions, it is assumed that L1 memories benefit from delaying L2121

learning because there is more time for L1 consolidation before L2 learning interrupts the122

consolidation process. Since successful consolidation is thought to determine the long-term123

fate of memories, it has been claimed that this daytime consolidation mechanism is a major124

contributor to everyday memory (Wixted, 2004, 2010).125

Such an optimistic interpretation is challenged not only by the rather low reliability126

of the TGRI, but also by the existence of at least one alternative theoretical account:127

Temporal distinctiveness theory (Brown et al., 2007; Ecker, Brown, et al., 2015) provides a128

parsimonious explanation of the TGRI that does not rely on a consolidation mechanism.129

Instead, the basic assumption underlying distinctiveness theory is that retrieval of an item130

from memory is determined by that item’s discriminability from other memory131

representations within a latent psychological space. This space may be defined by various132

relevant dimensions: According to the temporal distinctiveness theory, one such dimension is133

a temporal one, whereby the discriminability – and, as a consequence, retrievability – of a134

memory is thought to be determined by its temporal isolation from other memories encoded135

before or afterwards. Thus, a memory representation that is more isolated on this temporal136

dimension should be more easily retrievable than a memory representation that lies in close137

temporal proximity to other memories. It follows that delaying L2 learning will increase the138

temporal distinctiveness of L1 memories, leading to overall better final L1 memory139

performance. Importantly, extending such a purely temporal distinctiveness theory to a140

generalized distinctiveness theory suggests that any number of L1 and L2 characteristics –141
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such as, for example, their semantic overlap – may also contribute to the overall142

discriminability and retrievability of L1 items.143

Unfortunately, at first glance, the explanations of opportunistic consolidation and144

temporal distinctiveness theory with respect to the TGRI seem inextricable since both145

predict that delaying L2 learning will facilitate final L1 memory performance. For example,146

Mercer (2015) demonstrated the TGRI in a convincing manner but had to conclude that his147

experiment “cannot disentangle consolidation and distinctiveness-based accounts.” Future148

studies would thus need “an ingenious design to fully extricate the predictions of these two149

accounts” (p. 134). Rather than relying on an “ingenious” study design, we believe one150

solution to finally disentangle both proposed mechanisms lies in using an appropriate151

cognitive measurement model that disentangles the relevant underlying processes. Our152

second main goal in the current research was to precisely di�erentiate between opportunistic153

consolidation and temporal distinctiveness contributions to the TGRI. To achieve both goals,154

we adapted an established storage-retrieval multinomial processing tree (MPT) model to the155

TGRI paradigm.156

The issues of replicability and di�erentiation of explanatory accounts are highly157

critical to the investigation of the TGRI in episodic memory. In the following, we outline in158

more detail how we aimed to address both issues simultaneously in our current research.159

Resolving Replicability Issues160

Müller and Pilzecker (1900) were the first to predict and empirically determine the161

existence of the TGRI in episodic memory. In their experiment, a single participant was162

repeatedly asked to study lists of syllable pairs. In the LS condition, the L1-L2 interval was163

6 minutes long, whereas in the SL condition, it only lasted about 17 seconds (i.e., the time164

necessary to switch the apparatus from L1 to L2 presentation). The L1-T retention interval165

had a total duration of about 90 minutes in all trials. The authors observed that L1 cued166



TEMPORAL GRADIENT OF RETROACTIVE INTERFERENCE 11

recall rates were higher and response times shorter in the LS than in the SL condition.167

However, subsequent research on the TGRI throughout the 20th century has led to a168

rather mixed body of evidence. Whereas some studies found an e�ect (e.g., Landauer, 1974;169

Skaggs, 1925), others failed to replicate it (e.g., McGeoch, 1933; Robinson, 1920; Wickelgren,170

1974). Based on these conflicting results, Wickelgren (1977) concluded that the hypothesis of171

a TGRI in episodic memory must be rejected.172

In contrast, in a more nuanced review and reanalysis of the available data, Wixted173

(2004) convincingly argued for a reinterpretation of the existing evidence. According to his174

reasoning, past replication failures could mainly be attributed to two methodological issues.175

First, in line with an opportunistic consolidation explanation of the e�ect, he suggested that176

for the TGRI to emerge, cognitive demands between learning and test phases (i.e., during177

the L1-L2 and the L2-T intervals) must be minimal. Otherwise, consolidation processes178

might be inhibited throughout the entire retention interval. Thus, instead of letting179

participants read newspaper articles during L1-L2 and L2-T intervals (see Robinson, 1920)180

or even applying a continuous recognition paradigm associated with high encoding demands181

during L1-L2 and L2-T intervals (see Wickelgren, 1974), experimenters should minimize182

cognitive demands, as in case of waking rest. Notably, however, Landauer (1974) found a183

TGRI by inducing reduced instead of minimized encoding demands during the L1-L2 and184

L2-T intervals. More specifically, in all of his experiments, L1-L2 and L2-T intervals involved185

learning of relatively less attention-demanding materials. His results imply that a reduction186

of cognitive demands during L1-L2 and L2-T intervals relative to L2 learning might already187

su�ce to allow the TGRI to emerge.188

Second, Wixted (2004) emphasized the importance of a delay between interpolated189

L2 learning and the final L1 test. If the L2-T interval becomes too short, retrieval of L1190

items will temporarily be inhibited. Crucially, L1 retrieval inhibition counteracts the TGRI,191

since memory performance will be more negatively biased in the LS than in the SL condition.192
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Indeed, retrieval inhibition might even reverse the result pattern: In research reported by193

McGeoch (1933), L2 learning occurred either immediately after L1 learning (SL) or194

immediately before the final L1 memory test (LS). As a result, memory performance was195

better in the SL than in the LS condition. Thus, researchers should not undercut some196

minimum L2-T interval to exclude the possibility of retrieval inhibition.197

More recent investigations of the TGRI can be evaluated with respect to these198

methodological recommendations and their observed outcomes. For example, Ecker, Brown,199

et al. (2015) conducted two experiments (total N = 48) that involved word lists as L1 and200

L2 material. During the L1-L2 and L2-T phases, participants worked on a highly controlled201

yet simple tone-detection (Experiment 1) or number reading task (Experiment 2). The study202

design involved not only an LS and an SL condition, but additionally an LL and an SS203

condition. Depending on the condition, the L2-T interval had a duration of either 60 seconds204

(LS and SS) or 240 seconds (SL and LL). Thus, there was a clear di�erence in encoding205

demands between L2 learning and the distractor tasks, and retrieval inhibition was206

prevented. Interestingly, despite both experiments di�ering only in the respective distractor207

task, a reanalysis of the two critical conditions LS and SL reveals a pronounced TGRI in208

Experiment 1, MLS = 0.48 (SD = 0.12), MSL = 0.38 (SD = 0.14), t(22) = 3.43, p = .001,209

Hedges’ ĝ = 0.70, but not in Experiment 2, MLS = 0.35 (SD = 0.17), MSL = 0.33 (SD =210

0.12), t(24) = 0.97, p = .172, Hedges’ ĝ = 0.16. Since Ecker, Brown, et al. (2015) adhered to211

both methodological recommendations by Wixted (2004), the problem might rather be a lack212

of statistical power of our reanalysis due to its focus on only two out of four conditions.213

Given that descriptive tendencies in line with the TGRI emerged in both experiments,214

we chose to adapt the paradigm used by Ecker, Brown, et al. (2015) in our current research215

using sample sizes that guarantee su�ciently high power for detecting potential LS versus SL216

di�erences.217
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Disentangling Mechanisms Proposed to Underlie the TGRI218

So far, attempts to di�erentiate between opportunistic consolidation and temporal219

distinctiveness theory on a behavioral level have been scarce. Nevertheless, the TGRI has220

often been cited as evidence in favor of opportunistic consolidation theory (e.g., Dewar et al.,221

2007; Wixted, 2004).222

Some indirect evidence for and against both accounts can be derived from previous223

research on the TGRI. For example, Mercer (2015) used Icelandic-English word pairs as L1224

material and manipulated L2 timing such that the interpolated L2 learning phase occurred225

immediately following the L1 learning phase (SL) or after an 8-min delay of waking rest (LS).226

Additionally, he manipulated the similarity of L1 and L2 materials, such that L2 learning227

involved either Norwegian-English word pairs (high L1-L2 similarity) or face pairs (low228

L1-L2 similarity). A significant TGRI for cued recall performances emerged regardless of229

L1-L2 similarity. From an opportunistic consolidation perspective, the absence of an230

interaction e�ect of L2 timing and L1-L2 similarity comes as no surprise, since any231

cognitively demanding learning phase, regardless of its similarity to the original learning232

phase, should inhibit consolidation. In contrast, from the perspective of a generalized233

distinctiveness theory, the temporal dimension is just one of many latent dimensions that234

together make up the memory space (see Ecker, Brown, et al., 2015). Thus, low L1-L2235

similarity might have been expected to reduce the overall strength of any retroactive236

interference e�ect, possibly resulting in a TGRI only for high, but not for low L1-L2237

similarity. Therefore, the absence of any L1-L2 similarity e�ect in the experiment by Mercer238

(2015) is more easily explained by opportunistic consolidation theory.239

Additional research by Ecker, Tay, et al. (2015) supports the opposite conclusion.240

Whereas both opportunistic consolidation and temporal distinctiveness theory predict a241

positive e�ect of post-encoding retroactive interference minimization, a positive pre-encoding242

minimization e�ect is only implied by temporal distinctiveness theory. In two experiments,243
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Ecker, Tay, et al. (2015) had their participants learn three word lists per trial, with final free244

recall tests always targeting the second list of the respective trial. In a 2 x 2 design, the245

durations of both pre- and post-encoding intervals were manipulated to be either “long” (120246

seconds in Experiment 1, 60 seconds in Experiment 2) or “short” (15 seconds in both247

experiments). They found that a longer pre-encoding interval and, to a lesser extent, a248

longer post-encoding interval both facilitated final recall. This pattern of results is easily249

explained by temporal distinctiveness theory but cannot be reconciled with opportunistic250

consolidation theory without speculative post-hoc assumptions (see Ecker, Tay, et al., 2015).251

Some of the most direct evidence against an opportunistic consolidation explanation252

of the TGRI comes from research reported by Ecker, Brown, et al. (2015, see above). In a253

model-based approach, the authors applied a specific implementation of the temporal254

distinctiveness theory to the serial position curve data from both their experiments, the255

SIMPLE (Scale-Invariant Memory, Perception, and Learning) model (Brown et al., 2007).256

Their idea was to compare model fits between many di�erent model versions, with some of257

them implementing a consolidation mechanism. Overall, model fit indices clearly favored258

consolidation-free model versions for both experiments, that is, the increase in model259

complexity from adding additional consolidation parameters was too large to justify260

relatively small improvements in model fit.261

Critically, the underspecification of the consolidation process in the literature forced262

Ecker, Brown, et al. (2015) to consider a large number of conceivable model263

implementations. Indeed, the exact rate, functional form, and time-scale of episodic memory264

consolidation remain to be determined (Ecker & Lewandowsky, 2012). Therefore, the265

authors explored di�erent assumptions about the exact starting point, end point, and shape266

of the consolidation mechanism in their model implementations. This lack of more precise267

predictions from opportunistic consolidation theory not only complicated the elaborate268

computational modeling approach by Ecker, Brown, et al. (2015), but might also be the269
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reason why more comprehensive evidence that would allow for a definitive decision between270

opportunistic consolidation and temporal distinctiveness is still pending.271

Intriguingly, both theoretical accounts make identical predictions only on a surface272

level, that is, they both predict a longer L1-L2 interval to facilitate subsequent L1 memory273

performance. However, conventional memory measures such as recognition and recall274

accuracy are driven by underlying storage and retrieval contributions. More specifically,275

whenever a correct response is observed on some memory test that cannot be attributed to276

lucky guessing, the respective memory representation must necessarily exist (i.e., it was277

successfully stored in memory) and also be retrievable at the precise moment of the278

recognition or recall prompt. In case of an incorrect response, however, it remains unclear279

whether the respective memory representation does not exist (i.e., storage was unsuccessful)280

or whether merely retrieval of an existing memory representation failed.281

Temporal distinctiveness theory explicitly predicts that any forgetting is purely282

retrieval-based, that is, manipulating the temporal isolation of memory representations will283

influence their retrievability whereas storage should remain una�ected (Brown et al., 2007;284

Ecker, Brown, et al., 2015). Fortunately, despite its overall underspecification, equally285

precise predictions can be derived from opportunistic consolidation theory. Typically, two286

phases of consolidation processes are distinguished, namely, synaptic (or cellular)287

consolidation and systems consolidation (Dudai, 2004; Mednick et al., 2011). Whereas288

systems consolidation describes the gradual integration of new information with pre-existing289

memories and is thought to occur over a rather long time-course of several months or even290

years (McClelland et al., 1995; Mednick et al., 2011), synaptic consolidation should be more291

relevant for retention intervals of a few minutes. Here, immediately following initial encoding,292

new memory traces are stabilized by strengthening synaptic connections through long-term293

potentiation (Dudai, 2004; McGaugh, 2000). Thus, rather than a�ecting retrieval, synaptic294

consolidation that occurs within the first minutes after encoding should primarily benefit295
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successful storage of new information. Indeed, a negligible role of retrieval processes has been296

explicitly proposed in theoretical models of opportunistic consolidation before (see Dewar et297

al., 2007).298

Disentangling storage and retrieval contributions to memory performance thus o�ers299

an exciting new possibility to finally subject both the opportunistic consolidation and the300

temporal distinctiveness theory to a rigorous test. Whereas the opportunistic consolidation301

theory predicts the TGRI to be driven by storage, the temporal distinctiveness theory views302

the TGRI as a retrieval phenomenon. Importantly, both storage and retrieval might be303

involved in producing the TGRI, that is, opportunistic consolidation and temporal304

distinctiveness are in fact not mutually exclusive but could both contribute to the TGRI.305

A Storage-Retrieval MPT Approach306

Multinomial processing tree (MPT) models allow researchers to precisely disentangle307

latent cognitive processes underlying observable response data (for a review of MPT model308

applications, see Erdfelder et al., 2009; for a tutorial on MPT modeling, see Schmidt et al.,309

2023). So-called storage-retrieval MPT models (Nadarevic, 2017; Riefer & Batchelder, 1995)310

are tailored to experimental paradigms that involve the learning and subsequent recognition311

or recall of previously learned items. To illustrate, a failure to recall an item in a free recall312

test might be the result of either failed item storage or failed retrieval, and a correct313

response in a recognition test might be the result of successful storage and retrieval or lucky314

guessing. Thus, responses in memory tests reflect the interplay of di�erent cognitive315

processes that remain unobservable if not subjected to an appropriate MPT analysis.316

For our purposes, we adapted an established storage-retrieval MPT model for the317

recognition-then-cued-recall paradigm (Riefer & Batchelder, 1995) to a318

free-recall-then-recognition paradigm. While maintaining the basic logic of the underlying319

processing steps, this adapted model allows for a close replication of the paradigm proposed320
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by Ecker, Brown, et al. (2015) since it only requires an additional old-new recognition test at321

the end of each trial. By switching the test order, we intended to avoid a situation where322

participants have a chance to restudy target items during the recognition test for subsequent323

free recall. We also incorporated important model adaptations proposed by Nadarevic (2017).324

Such a procedure yields a 2 (recall: success vs. failure) x 2 (recognition: success325

vs. failure) matrix of observable responses for items presented during the original L1 learning326

phase. Our storage-retrieval MPT analyses thus aimed at explaining the probabilities of the327

resulting four response categories: successful recall and successful recognition (“Rc+ Rn+”),328

successful recall but unsuccessful recognition (“Rc+ Rn-”), unsuccessful recall but successful329

recognition (“Rc- Rn+”), and unsuccessful recall and unsuccessful recognition (“Rc- Rn-”).330

To explain the probabilities of these response categories, our storage-retrieval MPT331

model employs four model parameters s, r1, r2, and g, reflecting successful storage,332

successful retrieval in the free recall and recognition tests, and guessing “old” in the333

recognition test, respectively. Specifically, an L1 item is successfully stored with probability334

s, whereas storage is unsuccessful with probability 1≠ s. In the free recall test, a stored item335

is successfully retrieved with probability r1, whereas free recall retrieval of a stored item fails336

with probability 1≠ r1. In the recognition test, a stored item is successfully retrieved with337

probability r2, whereas recognition retrieval of a stored item fails with probability 1≠ r2. In338

case of recognition retrieval failure, a participant might still provide a correct answer339

through guessing. This is implemented in the model by assuming that a participant will340

correctly guess “old” with probability g, whereas they will incorrectly guess “new” with341

probability 1≠ g.342

Following Nadarevic (2017), we introduced a second tree into our model that343

represents the processing of distractor items in the recognition test. Only two response344

categories must be considered, namely correct (“D+”) versus incorrect classification of a345

distractor item (“D-”). A given distractor item might be successfully detected with346
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Figure 2

Illustration of the Adapted Riefer and Batchelder (1995) Storage-Retrieval MPT Model
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Note. MPT = multinomial processing tree, s = probability of successfully storing a target

word in memory, r1 = probability of successfully retrieving a stored target word in free recall,

r2 = probability of successfully retrieving a stored target word in recognition, g = probability

of guessing "old" during recognition given no recognition retrieval or distractor detection, d =

probability of detecting a distractor during recognition. Rc+ = successful target recall, Rc-

= unsuccessful target recall, Rn+ = successful target recognition, Rn- = unsuccessful target

recognition, D+ = correct distractor classification, D- = incorrect distractor classification.
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probability d, whereas distractor detection might fail with probability 1≠ d. Given failed347

distractor detection, a participant might incorrectly guess “old” with probability g, whereas348

they will correctly guess “new” with probability 1≠ g. Following again Nadarevic (2017) by349

linking d to other model parameters, one degree of freedom is gained from including a350

distractor tree without introducing additional parameters. Figure 2 illustrates the complete351

storage-retrieval MPT model involving both the target and the distractor tree.352

By extending the original Ecker, Brown, et al. (2015) procedure to include a353

recognition test at the end of each trial, we were able to apply the adapted Riefer and354

Batchelder (1995) storage-retrieval MPT model to these data and disentangle storage and355

retrieval contributions to observed memory performances.356

Overview of the Current Experiments357

In the current research, we conducted three experiments to (a) establish the358

replicability of the TGRI within the paradigm proposed by Ecker, Brown, et al. (2015,359

Experiment 1), and (b) precisely di�erentiate between opportunistic consolidation and360

temporal distinctiveness contributions to the TGRI by means of the storage-retrieval MPT361

model. Whereas Experiments 1 and 2 were conducted in an online setting, Experiment 3362

took place in a more controlled lab environment.363

Transparency and Openness364

For each experiment, we report in detail our sample size rationale, the evaluation and365

application of preregistered exclusion criteria, our experimental manipulations, our measures,366

and our model specifications. A reproducible version of this manuscript including the367

analysis code, as well as the preregistrations, data, and materials from all three experiments368

have been made publicly available at the Open Science Framework (OSF) and can be369

accessed at osf.io/fsb76/?view_only=8921383d9c054233a13b0642c5aa92c9.370
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Experiment 1371

Experiment 1 tested the replicability of the TGRI as found by Ecker, Brown, et al.372

(2015, Experiment 1). Switching to an online setting required some minor changes to the373

original material and procedure. We only included the critical LS and SL conditions from374

the original study design.375

To evaluate replication success, we tested the null hypothesis that the TGRI is376

equally large in the original study by Ecker, Brown, et al. (2015) and in our replication377

study. Hence, instead of analyzing our replication data in isolation, we obtained the original378

data from Ecker, Brown, et al. (2015) and included them in a 2 x 2 mixed ANOVA model379

with factors “study” (original vs. replication, between-participants) and “L2 timing” (LS380

vs. SL, within-participants).1 A successful replication would be indicated by a non-significant381

between-within interaction e�ect of study and L2 timing on free recall accuracy, provided382

that this ANOVA interaction test is su�ciently powered to detect replication failures with383

high probability (see Participants section). In other words, our replication goal was not384

merely to test for a TGRI e�ect of any size, but to more rigorously assess whether our385

replication results are consistent with the original results (see Anderson & Maxwell, 2016).386

Prior to data collection, a detailed study protocol including our hypotheses and the387

analysis plan was uploaded to the OSF (osf.io/fxpbe).388

Method389

Participants390

We used the software program G*Power (Faul et al., 2009) to conduct an a priori391

power analysis for our critical ANOVA between-within interaction F test given � = .05.392

More precisely, we aimed at a high power of 1≠ � = .95 to detect a di�erence in e�ect sizes393

1 We are very grateful to Ullrich Ecker for providing the well-documented raw data of Ecker, Brown, et al.

(2015).
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of the original and the replication study that corresponds to a complete replication failure,394

that is, a true TGRI population e�ect size of Cohen’s dr = 0 in our replication. If do denotes395

the true population e�ect size in the original study and dr = 0 the e�ect size representing396

replication failure, then this implies a critical interaction e�ect of size f = (do ≠ dr)/4 = do/4397

(Cohen, 1988). We made use of Hedges’ bias-corrected e�ect size measure ĝo to estimate do398

(see, e.g., Lakens, 2013). Based on the LS versus SL condition data observed in the original399

study, we obtained Hedges’ ĝo = 0.698, resulting in a to-be-detected interaction e�ect size of400

Cohen’s f = 0.698/4 = 0.174. Since we were only interested in detecting a replication e�ect401

size that is significantly smaller (not larger) than the original e�ect size (i.e., H1 : dr < do),402

we preregistered a one-tailed interaction test with � = .05 that corresponds to a standard403

two-tailed F test with � = .10, provided that the observed TGRI e�ect size is in the404

predicted direction (i.e., ĝr < 0.698). Moreover, since the observed correlation between the405

LS and SL conditions in the original study was r = .52, we set the expected correlation406

between repeated measurements to � = .50 in our power analysis.407

This setup results in a required sample size of 92 participants for the complete 2 x 2408

design. From this number, the sample size of the original study (n = 23) can be subtracted,409

since these data are already available and can be included in the ANOVA model. Hence, the410

required sample size for our replication study was only 92≠ 23 = 69 participants. We chose411

to oversample slightly to account for the possibility that some participants need to be412

excluded from the analysis, so the target sample size for our replication study was413

preregistered as N = 80. All participants were recruited via the online platform Prolific414

(prolific.com). Only native English speakers with a minimum approval rate of 95% and a415

maximum number of 30 previous submissions on the Prolific platform were allowed to416

participate. Additionally, they were required to be currently studying according to Prolific’s417

prescreening. Participants were paid 8.13£ for a study duration of about 65 minutes.418

Our preregistered exclusion criteria included (a) obtaining a mean free recall accuracy419
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of 0 across both conditions, or (b) answering “no” to a seriousness check at the end of the420

study (“Please tell us whether you have taken part seriously, so that we can use your answers421

for our scientific analysis”).422

N = 80 individuals participated in the experiment. According to our exclusion423

criteria, no participants had to be excluded from the final sample. Mean age was 22.28 years424

(SD = 4.16, range = 18-42). 62 participants (77.50%) indicated to be female, 18 participants425

(22.50%) indicated to be male. 15 participants (18.75%) were enrolled in a426

psychology-related study program at the time of participation.427

Design428

We used a simple study design with two L2 timing conditions: LS (240-sec L1-L2429

interval, 60-sec L2-T interval) and SL (60-sec L1-L2 interval, 240-sec L2-LT interval). L2430

timing was manipulated within-participants with four trials per condition, that is, eight431

trials in total.432

Material433

For creating the word pool used to generate L1 and L2 learning lists, we exactly434

followed the approach by Ecker, Brown, et al. (2015). 320 words were taken from the435

Medical Research Council (MRC) Psycholinguistic Database (Wilson, 1988). All of them436

satisfy the following criteria: They (a) are one-syllable English nouns, (b) are between 3 and437

6 letters long, (c) have a Kucera-Francis frequency of greater than 28, and (d) have438

familiarity and concreteness ratings of at least 400. From this word pool, 16 lists containing439

10 words each were generated randomly for each participant, with the restriction that for440

both lists of the same trial, no adjacent words from the alphabetically ordered word pool441

were chosen. In addition, two word lists were created for a practice trial. These words had442

the same characteristics as those for the experimental trials, except for a lower443

Kucera-Francis frequency of 25-28.444
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Procedure445

In contrast to the original study by Ecker, Brown, et al. (2015), our replication study446

was conducted within one single session. Each participant completed eight trials, that is,447

four trials per condition. The order of LS and SL trials was randomly determined for each448

participant. Each trial consisted of an original learning phase (L1), an interpolated learning449

phase (L2), and a test phase (T). In both L1 and L2 phases, 10 words were presented450

centrally on the computer screen for 2000 ms each, separated by an inter-stimulus interval451

(ISI) of 400 ms. Given the lower experimental control that comes with an online setting, we452

chose to use a longer presentation time than the 1000 ms in the original study to avoid floor453

e�ects in recall accuracies (see the pilot study described in the preregistration). In the test454

phase, participants were given a maximum of 40 seconds to type in all L1 words they could455

remember. In the original study, recall was conducted verbally through a microphone, an456

approach we deemed impractical for an online setting. However, to adhere as closely as457

possible to the original procedure, participants were required to type in and confirm each458

word individually such that previous entries were never visible on the screen. After 20459

seconds had passed, a button appeared on the screen that allowed participants to end this460

part of the test phase early in case they could not remember any more L1 words. In half of461

all trials, L1 free recall was followed by an L2 free recall test. These trials were randomly462

selected for each participant with the restriction that no more than two successive trials463

could omit the L2 test. Again, participants had 40 seconds and could end the test early after464

20 seconds.465

During the L1-L2 and L2-T intervals, participants engaged in a color-detection task466

that was designed to mimic the tone-detection task used by Ecker, Brown, et al. (2015). We467

opted against the original distractor task to avoid technical issues relating to audio settings468

of participants’ browsers. Colored squares were presented centrally on the computer screen,469

each for a duration of 150 ms and with an ISI of 600 ms. Squares could be either grey (about470
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80% probability) or blue (about 20% probability). Participants were asked to press the “H”471

key on their keyboard as quickly as possible whenever a blue square appeared on the screen.472

Whenever participants failed to react to a target square, the text “MISS” appeared in red473

letters on the screen for 150 ms. Whenever participants erroneously pressed the “H” key474

when presented with a distractor square, the text “FALSE ALARM” appeared on the screen,475

also in red letters and for 150 ms. In “long” intervals, the distractor task lasted about 240476

seconds, whereas in “short” intervals, it only lasted 60 seconds.477

Before the first experimental trial, participants provided demographic information478

and were asked to answer simple questions of understanding concerning the instructions for479

both the learning and the color-detection task. Afterwards, they completed a short practice480

trial that contained all elements of the experimental trials. After the last trial, participants481

were asked in a post-experimental questionnaire whether they worked on the study seriously,482

whether they experienced any distractions or technical di�culties, and whether they used483

any external aids (e.g., taking notes or pictures).484

During the study, participants were immediately excluded if they (a) changed their485

browser window more than twice, (b) stayed inactive for a considerable amount of time486

(between 60 and 120 seconds, depending on the current part of the study, or failing to react487

to five target squares in a row in the color-detection task), or (c) failed to answer easy488

questions of understanding regarding the instructions twice.489

The experiment was built in lab.js (Henninger et al., 2022) and hosted through490

JATOS (Lange et al., 2015).491

Results492

For each participant, separate LS and SL recall accuracy scores were calculated by493

averaging the share of correct answers in the L1 free recall test across all four trials of the494

respective condition. Descriptively, participants in our replication study performed better in495
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Figure 3

L1 Recall Accuracies in Ecker, Brown, et al. (2015, Experiment 1) and Current Experiment
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Note. Original data from Ecker, Brown, et al. (2015, Experiment 1) on the left, current

replication data on the right. Original data was provided by Ullrich Ecker via personal

correspondence. L2 timing was manipulated such that "long" intervals had a duration of 240

seconds, whereas "short" intervals had a duration of 60 seconds. Small points and squares

represent participant-specific recall accuracies across all trials of the respective condition,

large points and squares represent means, error bars represent standard errors of the mean.
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the LS than in the SL condition, MLS = 0.43 (SD = 0.18), MSL = 0.39 (SD = 0.17), with a496

small e�ect size of Hedges’ ĝ = 0.22.497

To determine whether this descriptive result is consistent with the Ecker, Brown, et498

al. (2015) data, we subjected our replication data to a joint analysis with the data from the499

original study. Figure 3 illustrates L1 free recall accuracies in the joint data set. We ran a 2500

x 2 mixed ANOVA with the two factors “study” (original vs. replication) and “L2 timing”501

(LS vs. SL) to test the null hypothesis of no interaction between these factors. This analysis502

yielded no significant between-within interaction at � = .10, F(1, 101) = 2.69, p = .104.503

Thus, the null hypothesis that the TGRI we found in our replication study is equal in size to504

the e�ect found in the original study could not be rejected. Note that, although irrelevant to505

our preregistered criterion of replication success, a paired t-test for a di�erence between506

conditions within our replication data turned out to be significant, t(79) = 2.28, p = .013.507

To scrutinize the robustness of this finding, we ran a sensitivity analysis with respect508

to distractions, technical di�culties, and the use of external aids. In the post-experimental509

questionnaire, 22 participants (27.50%) indicated to have been distracted during the study, 3510

participants (3.75%) indicated to have experienced technical problems, and 2 participants511

(2.50%) indicated to have used external aids. This sensitivity analysis revealed that the512

result pattern is not a�ected from removing these participants’ data from the analysis, MLS513

= 0.42 (SD = 0.18), MSL = 0.38 (SD = 0.18), Hedges’ ĝ = 0.25, F(1, 77) = 1.66, p = .202.514

For exploratory reasons, we also analyzed L2 free recall accuracies by calculating LS515

and SL accuracy scores for each participant. Participants performed significantly better in516

the LS than in the SL condition, MLS = 0.44 (SD = 0.18), MSL = 0.36 (SD = 0.20), Hedges’517

ĝ = 0.44, t(78) = 4.40, p < .001.518
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Discussion519

Using an online setting, we successfully replicated the e�ect of L2 timing on L1 free520

recall accuracy found by Ecker, Brown, et al. (2015). This result suggests that the paradigm521

proposed by these authors represents a suitable basis for further investigations of the TGRI.522

Moreover, the successful switch from the lab to an online setting, including necessary523

changes to the material and procedure, implies a rather high robustness of the e�ect within524

this paradigm, given su�ciently high statistical power. The result from our sensitivity525

analysis corroborates this conclusion.526

These results nicely align with those by Landauer (1974) in the sense that waking rest527

during L1-L2 and L2-T intervals does not seem to be a necessary precondition for the TGRI528

to emerge. Instead, a relative di�erence in encoding demands between L1 and L2 learning on529

the one hand and the distractor task on the other hand seems to be su�cient. Indeed, it has530

been argued that the repeated encoding of the same distractor stimuli (i.e., grey and blue531

squares in our color-detection task) is unlikely to cause forgetting (Ecker, Tay, et al., 2015).532

Although the results from this first experiment cannot be used to di�erentiate533

between opportunistic consolidation and temporal distinctiveness explanations of the TGRI,534

our exploratory analysis might at least be interpreted as tentative evidence in favor of535

temporal distinctiveness theory. More specifically, the observation of better L2 recall536

performance in the LS compared to the SL condition (i.e., for pre-study L1-L2 interval537

durations of 240 seconds compared to 60 seconds) is in line with the finding by Ecker, Tay, et538

al. (2015) of a pre-study rest benefit due to increased temporal isolation. In contrast, from539

an opportunistic consolidation perspective, the L1-L2 interval duration should have no e�ect540

on later L2 recall. However, L1-L2 interval duration is confounded with L2-T interval541

duration in our study design, so any findings relating to L2 free recall accuracy should be542

treated with caution.543
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Experiment 2544

After successfully replicating the TGRI in Experiment 1, we aimed at disentangling545

storage and retrieval contributions to L1 free recall accuracy in Experiment 2. For this546

purpose, we adapted the Riefer and Batchelder (1995) storage-retrieval MPT model. This547

approach required some careful deviations from the procedure used in Experiment 1. Most548

importantly, we included an L1 recognition test at the end of each trial to generate a data549

structure that would allow for an application of our MPT model. Thus, the results of this550

second experiment would also be informative with respect to the robustness of the TGRI551

across di�erent types of memory tests.552

Based on our results from Experiment 1, we hypothesized to observe significantly553

better L1 free recall (Hypothesis 1) and recognition accuracies (Hypothesis 2) in the LS554

compared to the SL condition. Moreover, based on opportunistic consolidation theory, we555

expected the MPT storage probability (parameter s) to be significantly higher in the LS556

than the SL condition (Hypothesis 3). In contrast, based on temporal distinctiveness theory,557

we expected the MPT recall retrieval probability (parameter r1) to be significantly higher in558

the LS than the SL condition (Hypothesis 4). Thus, the model-based results of this559

experiment would allow us to precisely di�erentiate between both theoretical accounts.560

We again uploaded a detailed study protocol including all hypotheses and our561

analysis plan to the OSF prior to data collection (osf.io/yb7sx).562

Method563

Participants564

We used G*Power (Faul et al., 2009) to conduct an a priori power analysis. As565

detailed in the preregistration and in line with the relatively small TGRI e�ect size observed566

in Experiment 1, we aimed at detecting an e�ect of d = 0.2 for L1 free recall (Hypothesis 1)567

and recognition (Hypothesis 2) accuracy di�erences between the LS and SL conditions in a568
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one-tailed repeated-measures t-test with a power of 1≠ � = 80% and � = 5%. This setup569

led to a required sample size of 156 participants. To account for the possibility that some570

participants need to be excluded from the analysis, our preregistered target sample size was571

N = 180 participants.572

All participants were recruited via Prolific (prolific.com). Only native English573

speakers with a minimum approval rate of 95% on the Prolific platform were allowed to574

participate. Additionally, they were required to be currently enrolled in a study program.575

Participants were paid 6.00£ for a study duration of about 45 minutes.576

Our preregistered exclusion criteria were the same as in Experiment 1, that is, they577

included (a) obtaining a mean free recall accuracy of 0 across both conditions, or (b)578

answering “no” to a seriousness check at the end of the study.579

A total of 180 individuals participated in Experiment 2. Of these, 3 participants were580

excluded from the analysis because they either did not provide any correct responses in any581

of the free recall tests or indicated not to have taken part seriously. Thus, the final sample582

size was N = 177. Mean age was 28.64 years (SD = 8.19, range = 18-70). 90 participants583

(50.85%) indicated to be female, 86 participants (48.59%) indicated to be male. One584

participant did not wish to provide their gender. 13 participants (7.34%) were enrolled in a585

psychology-related study program at the time of participation.586

Design587

The experimental design was the same as in Experiment 1, that is, there was an LS588

(240-sec L1-L2 interval, 60-sec L2-T interval) and an SL condition (60-sec L1-L2 interval,589

240-sec L2-T interval).590

Experiment 2 entailed only four instead of eight trials, that is, two instead of four591

trials per condition. We believe the loss in reliability to be justified by the necessity to keep592
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the total study duration within a realistic range despite some necessary procedural changes593

(see Procedure section).594

Material595

The word pool used to generate L1 and L2 learning lists was the same as in596

Experiment 1. For each trial, an L1 list, an L2 list, and a distractor list for the recognition597

test (see Procedure section) was generated, each comprising 10 words.598

Procedure599

The procedure was very similar to the one used in Experiment 1, with one major600

exception. Most importantly, an old-new recognition test was included at the end of each601

trial to allow for an application of the storage-retrieval MPT model. Thus, after finishing the602

free recall test, participants were presented with all L1 words of the respective trial, randomly603

intermixed with the same number of new words that were not presented in any other trial.604

For each word, participants were asked to press the “S” key on their keyboard when they605

thought the word was “old” and the “L” key when they thought the word was “new”. In case606

participants did not know whether a word was old or new, they were asked to guess.607

In addition, an L2 free recall test was included in each trial (instead of only 50% of608

trials) to increase the perceived relevance of L2 learning for participants. Thus, the test609

phase in each trial included L1 free recall, L1 recognition, and L2 free recall.610

During the study, participants were immediately excluded if they (a) stayed inactive611

for a considerable amount of time (failing to react to five target squares in a row in the612

color-detection task), or (b) failed to answer easy questions of understanding regarding the613

instructions twice.614

The experiment was again built in lab.js (Henninger et al., 2022) and hosted through615

JATOS (Lange et al., 2015).616
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Results617

Memory Performance Measures618

We hypothesized that participants would show significantly better L1 free recall619

(Hypothesis 1) and recognition accuracies (Hypothesis 2) in the LS compared to the SL620

condition. In line with Hypothesis 1, mean L1 free recall accuracy was higher in the LS than621

in the SL condition, MLS = 0.39 (SD = 0.19), MSL = 0.37 (SD = 0.20), t(176) = 2.10, p =622

.018, Hedges’ ĝ = 0.13. Recall accuracies are illustrated in Figure 4.623

We calculated response-bias-corrected L1 recognition accuracy scores by subtracting624

false alarm from hit rates for each participant (see Nadarevic, 2017). Mean recognition625

accuracies did not di�er significantly between the LS and the SL condition, MLS = 0.59 (SD626

= 0.24), MSL = 0.59 (SD = 0.27), t(176) = -0.16, p = .562, Hedges’ ĝ = -0.01. Thus,627

Hypothesis 2 was not supported by the data.628

In line with our exploratory analysis of Experiment 1, we scrutinized L2 free recall629

accuracy in both conditions. Participants performed significantly better in the LS than in630

the SL condition, MLS = 0.39 (SD = 0.22), MSL = 0.33 (SD = 0.25), Hedges’ ĝ = 0.29,631

t(176) = 4.40, p < .001.632

Model-Based Results633

Based on opportunistic consolidation theory, we expected MPT storage probabilities634

(i.e., parameter s) to be significantly higher in the LS compared to the SL condition635

(Hypothesis 3). Likewise, based on temporal distinctiveness theory, we expected MPT recall636

retrieval probabilities (i.e., parameter r1) to be significantly higher in the LS compared to637

the SL condition (Hypothesis 4).638

We fitted the MPT model using both aggregated and individual category frequencies639

to confirm the robustness of our model-based results. For the aggregated data, we used a640
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Figure 4

L1 Recall Accuracies in Experiment 2
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Note. Participants were presented with 10 words per trial. Timing of the interpolated learning

phase (L2) was manipulated such that "long" intervals had a duration of 240 seconds, whereas

"short" intervals had a duration of 60 seconds. Small points represent participant-specific

recall accuracies across all trials of the respective condition, large points represent means,

error bars represent standard errors of the mean.
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maximum likelihood approach as implemented in the R package MPTinR (Singmann &641

Kellen, 2013), whereas for the individual data, we used a Bayesian hierarchical latent-trait642

approach (Klauer, 2010) as implemented in the R package TreeBUGS (Heck et al., 2018).643

Whereas the first estimation approach assumes observations to be identically and644

independently distributed (i.i.d.), the latter accounts for the potential heterogeneity of645

participants and explicitly includes parameter correlations (Heck et al., 2018).646

For both estimation approaches, we restricted the guessing parameter g to be equal647

between conditions (i.e., gLS = gSL) and set the distractor detection parameter d = s � r2648

(see Nadarevic, 2017) to obtain an identifiable model version. This preregistered model649

specification yielded a good fit to the aggregated data, G2(1) = 1.47, p = .225. To further650

simplify the model, we also tried to fit an even more parsimonious model version with d = s.651

Since this model fit the aggregated data just as well, G2(1) = 0.94, p = .331, we used it as652

our baseline model for further analyses. For the individual data, convergence of the MCMC653

sampler was satisfactory as indicated by R̂ < 1.05 for all parameters (see Gelman & Rubin,654

1992), and the model fit the data well according to posterior predictive p values, p1 = .490,655

p2 = .165. Parameter estimates as well as inferences concerning parameter di�erences656

between conditions nicely converged between estimation approaches. Estimates from both657

estimation approaches are provided in Table 1. Corresponding estimates from the658

preregistered model version with d = s � r2 are provided in Table A1 in Appendix A.659

For the aggregated data, equality constraints were imposed on parameters of interest660

to infer the statistical significance of di�erences between conditions according to the test661

statistic �G2 (see Schmidt et al., 2023). For one-sided tests with df = 1, z =
�

�G2(1) is662

reported. For the individual data, the reliability of parameter di�erences corresponding to663

one-sided hypotheses was evaluated based on the so-called Bayesian p value, that is, the664

proportion of the posterior distribution of the respective di�erence estimate below zero.665

Storage probabilities s were not significantly higher in the LS condition,666
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Table 1

Results of the Storage-Retrieval MPT Analysis of Experiment 2

Parameter LS SL

Aggregated dataa

s .61 [.59, .63] .62 [.60, .64]

r1 .64 [.61, .67] .60 [.57, .62]

r2 .93 [.91, .95] .92 [.90, .94]

g .41 [.40, .43] .41 [.40, .43]

Individual datab

s .63 [.59, .67] .65 [.61, .69]

r1 .66 [.62, .71] .60 [.56, .65]

r2 .97 [.95, .99] .95 [.92, .98]

g .36 [.32, .40] .36 [.32, .40]

Note. LS = "Long-Short" (i.e., long L1-L2 interval, short L2-T interval), SL = "Short-Long"

(i.e., short L1-L2 interval, long L2-T interval). Parameter s = probability of storing an L1

word, r1 = probability of retrieving an L1 word during recall, r2 = probability of retrieving

an L1 word during recognition, g = probability of guessing "old" during recognition.

Parameter g was restricted to be equal between conditions.
a The model was fitted to the aggregated category frequencies using maximum likelihood

(ML) estimation in the R package MPTinR (Singmann & Kellen, 2013). 95% confidence

intervals are indicated in brackets.
b The model was fitted to the individual category frequencies using Bayesian hierarchical

estimation in the R package TreeBUGS (Heck et al., 2018). 95% Bayesian credibility

intervals are indicated in brackets.
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z =
�

�G2(1) = 0.47, p = .683, Bayesian p = .800. Thus, Hypothesis 3 was not supported667

by the data. In contrast, recall retrieval probability r1 was significantly higher in the LS668

condition compared to the SL condition, z =
�

�G2(1) = 2.25, p = .012, Bayesian p = .012,669

confirming Hypothesis 4. Recognition retrieval probabilities r2 did not di�er significantly,670

z =
�

�G2(1) = 0.87, p = .191, Bayesian p = .130.671

Sensitivity Analysis672

We ran a sensitivity analysis to test the robustness of our findings. In this analysis,673

data from participants who changed the browser window more than twice (n = 4, 2.26%)674

was excluded. Data from participants who reported in the post-experimental questionnaire675

to have been distracted during the study (n = 12, 6.78%) or to have experienced technical676

problems (n = 6, 3.39%) was excluded as well. No participant stayed inactive for a677

considerable amount of time at least once during the recognition test, so this preregistered678

sensitivity criterion did not need to be considered. The same held true for the use of external679

aids.680

The sensitivity analysis revealed that the result pattern was not a�ected by removing681

these participants’ data from either the design-based or the model-based analysis. More682

specifically, whereas L1 free recall accuracy was significantly higher in the LS compared to683

the SL condition, MLS = 0.39 (SD = 0.20), MSL = 0.37 (SD = 0.20), t(161) = 1.96, p =684

.026, Hedges’ ĝ = 0.12, no significant di�erence emerged for L1 recognition accuracy, MLS =685

0.59 (SD = 0.25), MSL = 0.59 (SD = 0.27), t(161) = -0.30, p = .618, Hedges’ ĝ = -0.02.686

Moreover, whereas storage probabilities s did not di�er significantly between conditions, the687

benefit for recall retrieval probabilities r1 in the LS condition was robust. This held true for688

the aggregated data as well as for the individual data. More specifically, for the aggregated689

data, estimates for parameter s were .61 (95% CI [.59, .63]) in the LS and .63 (95% CI [.61,690

.65]) in the SL condition, z =
�

�G2(1) = 0.94, p = .827. Estimates for parameter r1 were691

.64 (95% CI [.61, .67]) in the LS and .59 (95% CI [.56, .62]) in the SL condition,692
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z =
�

�G2(1) = 2.55, p = .005. Likewise, for the individual data, estimates for parameter s693

were .63 (95% BCI [.59, .68]) in the LS and .66 (95% BCI [.61, .71]) in the SL condition,694

Bayesian p = .898. Estimates for parameter r1 were .66 (95% BCI [.61, .72]) in the LS and695

.60 (95% BCI [.55, .64]) in the SL condition, Bayesian p = .007.696

Discussion697

In Experiment 2, we again successfully replicated the TGRI in free recall, that is, L1698

free recall accuracies were significantly higher in the LS compared to the SL condition. In699

contrast, recognition accuracy was not at all a�ected by L2 timing. Thus, the type of700

memory test applied seems to be a relevant moderator of the TGRI.701

An inspection of our MPT results provides clear evidence for a recall retrieval702

(parameter r1) advantage in the LS compared to the SL condition, whereas storage703

probabilities (parameter s) did not di�er between conditions. Thus, the TGRI we observed704

on a surface level in recall accuracies was the product of underlying retrieval processes,705

without any storage contribution. This unambiguous result pattern proved to be robust in706

our sensitivity analysis. Thus, our results from Experiment 2 provided clear-cut evidence in707

favor of temporal distinctiveness theory. This interpretation was again complemented by708

better L2 recall accuracies in the LS than in the SL condition.709

The model-based results help explain the diverging pattern with respect to L1 free710

recall and recognition accuracy di�erences between LS and SL conditions. Successful711

recognition of a previously studied item can be assumed to rely almost exclusively on this712

item being stored in memory, whereas retrieval should only play a negligible role (Schonfield713

& Robertson, 1966). Indeed, this assumption is confirmed by recognition retrieval714

probabilities (parameter r2) close to 1 in both conditions of our experiment. From this715

perspective, the absence of an L2 timing e�ect on recognition accuracy is a necessary716

consequence of storage probabilities not di�ering between experimental conditions. In717
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contrast, free recall tests as applied in our experiment provide ideal conditions for underlying718

recall retrieval e�ects to emerge.719

Whereas the results from Experiment 2 are fully in line with a temporal720

distinctiveness account of the TGRI, they are hard to reconcile with opportunistic721

consolidation theory. Indeed, any di�erence in consolidation between conditions should have722

become apparent in our MPT storage parameter s. That being said, proponents of723

opportunistic consolidation theory might in principle argue that the online setting of our724

experiment was not appropriate to investigate consolidation e�ects in the first place. Indeed,725

any environment outside the lab might impose higher-then-intended encoding demands on726

participants. Although data quality in online settings has been shown to be generally727

comparable or even superior to that achieved in laboratory settings (see Hartshorne et al.,728

2019), consolidation processes might be especially susceptible to even relatively minor729

distractions. Note, however, that reports of distractions in the post-experimental730

questionnaire were scarce (n = 12, 6.78% of the total sample). Nevertheless, we cannot fully731

rule out the possibility that consolidation was inhibited during L1-L2 and L2-T intervals of732

our online experiment. Thus, while the results from Experiment 2 provide clear evidence in733

favor of temporal distinctiveness theory, they do not necessarily exclude the possibility of an734

additional opportunistic consolidation e�ect.735

Experiment 3736

Our primary aim in Experiment 3 was to replicate our findings from Experiment 2 in737

a more controlled lab environment, thereby avoiding any unintended inhibition of738

consolidation processes during the L1-L2 and L2-T intervals. Thus, we were interested to see739

whether a switch from an online to a lab setting would result in di�erences in MPT storage740

probabilities (parameter s) between conditions.741

One hypothetical data pattern to be expected in Experiment 3 might have been an742
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L2 timing e�ect on storage and recall retrieval probabilities. In line with our theoretical743

reasoning, such a pattern could be easily explained by assuming simultaneous contributions744

of opportunistic consolidation and temporal distinctiveness to memory performance.745

However, we wanted our results from Experiment 3 to be informative with respect to an746

alternative explanation of such a hypothetical result pattern as well: Whereas synaptic747

consolidation should primarily be reflected in storage parameter s, the integration of new748

memories into pre-existing memory networks through systems consolidation might749

additionally influence recall retrieval parameter r1. Although we deem the relevance of750

systems consolidation to be negligible on a time scale of a few minutes, others have argued751

that synaptic and systems consolidation might be coupled processes that both benefit from752

post-encoding interference minimization (see Mednick et al., 2011). From such a perspective,753

opportunistic synaptic and systems consolidation would be su�cient to explain a754

simultaneous L2 timing e�ect on storage and recall retrieval probabilities, without a need for755

an additional distinctiveness mechanism.756

To avoid an ambiguous result pattern, we adapted our experimental design from757

Experiments 1 and 2 to include “L1-L2 similarity” as a second factor besides “L2 timing”.758

Thus, we manipulated L2 items to be either similar or dissimilar to L1 items (words as L1759

and L2 items vs. words as L1 items and geometric figures as L2 items). The resulting 2 x 2760

design mirrors the design used by Mercer (2015). Thereby, the results from our761

storage-retrieval MPT analyses would help explain his findings. Crucially, for our purposes,762

the L1-L2 similarity factor allowed for a di�erentiation of generalized distinctiveness and763

opportunistic systems consolidation e�ects on recall retrieval probabilities (parameter r1) in764

case of an L2 timing e�ect on both storage and recall retrieval probabilities. On the one765

hand, L1-L2 similarity should be irrelevant from an opportunistic consolidation perspective,766

since any interpolated encoding demands are assumed to inhibit consolidation processes767

regardless of similarity (see Dewar et al., 2007). On the other hand, from a generalized768

distinctiveness perspective (see Ecker, Brown, et al., 2015) that assumes the temporal and769
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similarity dimensions to be equally important, very low L1-L2 similarity might be expected770

to preclude retroactive interference e�ects, thereby attenuating di�erences between LS and771

SL conditions.772

Against this backdrop, the following hypotheses may be derived from opportunistic773

consolidation and distinctiveness theory: Both theoretical accounts imply significantly higher774

L1 free recall accuracies in the LS than in the SL conditions (Hypothesis 1). From an775

opportunistic consolidation perspective, the TGRI should generalize to L1 recognition776

accuracies (i.e., significantly higher L1 recognition accuracies in the LS compared to the SL777

conditions; Hypothesis 2), and both e�ects should be driven by significantly higher MPT778

storage probabilities (parameter s) in the LS compared to the SL conditions (Hypothesis 3).779

In contrast, the predictions to be derived from a generalized distinctiveness theory780

depend on the relative importance of the temporal versus similarity dimensions of the781

hypothesized latent memory space. If both dimensions contribute more or less equally to782

retroactive interference e�ects, an interaction e�ect of L2 timing and L1-L2 similarity on783

MPT recall retrieval probabilities (parameter r1) may be observed. Specifically, the784

di�erence in parameter r1 between the LS and SL conditions should be less pronounced in785

the low than in the high L1-L2 similarity conditions (Hypothesis 4).786

If, however, the importance of the similarity dimension would turn out to be787

unexpectedly low (reflected, in the most extreme case, by a non-significant main e�ect of788

L1-L2 similarity on L1 free recall), a mere main e�ect of L2 timing on parameter r1 would be789

expected (Hypothesis 5). In the absence of a significant L2 timing e�ect on parameter s (see790

Hypothesis 3), such an observation would be best explained by a purely temporal791

distinctiveness theory.792
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The corresponding preregistration including a study protocol, all hypotheses2, and793

the analysis plan is available on the OSF (osf.io/za8yt).794

Method795

Participants796

We conducted an a priori power analysis in multiTree (Moshagen, 2010). We aimed797

at a high power of 1≠ � = 95% to detect an interaction e�ect of L2 timing and L1-L2798

similarity on MPT parameter r1 (see Hypothesis 4). To implement such a test, shrinkage799

parameters �LS and �SL were used to reparameterize parameter r1 in both “high L1-L2800

similarity” conditions (see Kuhlmann et al., 2019 for details on MPT interaction tests).801

Specifically, in the LS condition, we set r11 (i.e., r1 in the high similarity LS condition) equal802

to r13 (i.e., r1 in the low similarity LS condition) multiplied with �LS, that is, r11 = r13 ��LS.803

Likewise, in the SL condition, we set r12 (i.e., r1 in the high similarity SL condition) equal to804

r14 (i.e., r1 in the low similarity SL condition) multiplied with �SL, that is, r12 = r14 � �SL.805

Thereby, the interaction test boiled down to a one-sided test of the equality constraint806

�LS = �SL. In our power analysis, we set �LS = .85 and �SL = .75. Thus, the critical807

di�erence in shrinkage parameters to be detected by the corresponding significance test was808

.10. For a one-sided test with � = .05 (corresponding to a standard two-tailed test with � =809

.10), this setup led to a required sample size of 130 participants given that each participant810

responded to 160 items. Our target sample size was N = 150 participants to account for the811

possibility that some participants need to be excluded from the analysis. A detailed overview812

of our power analysis setup is provided in Table B1 in Appendix B.813

2 Note that, in the preregistration, we derived all hypotheses from either opportunistic consolidation theory

or a generalized distinctiveness theory that assumes the temporal and similarity dimensions to be equally

important. The hypotheses presented here more comprehensively reflect the entire range of theoretically

meaningful outcomes by acknowledging the possibility that the similarity dimension may be less relevant

than expected.
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Participants were recruited via the study participation platform of the University of814

Mannheim and through personal communication. Participants were required to be fluent in815

German and between 18 and 30 years old. They could choose between study credit and a816

financial compensation of 15� for a study duration of about 90 minutes.817

Our preregistered exclusion criteria included (a) obtaining a mean L1 free recall818

accuracy of 0 across both conditions, (b) obtaining L1 free recall or recognition accuracies819

more than 3 times the median absolute distance (MAD) below or above the respective820

median (see Leys et al., 2013), or (c) answering “no” to a seriousness check at the end of the821

study (unless the explanatory text input was deemed irrelevant).822

A total of 150 individuals participated in Experiment 3. Of these, 10 participants823

were excluded from the analysis because they satisfied one of our exclusion criteria,824

completed parts of the experiment twice due to a technical error, or took notes during L1825

and L2 learning phases. Thus, the final sample size was N = 140. Mean age was 22.38 years826

(SD = 2.95, range = 18-30). 101 participants (72.14%) identified as female, 37 participants827

(26.43%) identified as male, 1 participant identified their gender as non-binary, and 1828

participant refrained from providing their gender. 127 participants (90.71%) were currently829

enrolled in a study program, and 75 participants (53.57%) were enrolled in a psychology830

program at the time of participation.831

Design832

We used a 2 x 2 design with the two factors “L2 timing” and “L1-L2 similarity”.833

Whereas the LS conditions were the same as in Experiments 1 and 2 (240-sec L1-L2 interval,834

60-sec L2-T interval), the L1-L2 interval was shortened from 60 to 20 seconds in the SL835

conditions (i.e., 20-sec L1-L2 interval, 280-sec L2-T interval) in an attempt to increase the836

e�ect size of L2 timing on L1 free recall accuracy. L1-L2 similarity was manipulated such837

that words were presented for L1 and L2 learning (high similarity), or words were presented838
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for L1 learning and geometric figures for L2 learning (low similarity). Both factors were839

manipulated within-participants with two trials per condition, that is, each participant840

completed eight trials in total.841

Material842

The word pool used to generate L1 and L2 learning and recognition distractor lists843

consisted of 200 concrete German nouns taken from Hager and Hasselhorn (1994). All words844

were 1-2 syllables and 3-6 letters long and had concreteness ratings � 0.8 on a scale from -20845

(very abstract) to 20 (very concrete). Words for the practice trial were selected from the846

same source and had concreteness ratings between -2.43 and 0.8. For each trial, an L1 list847

and a distractor list was generated. L2 word lists were only generated for half of the trials,848

that is, for the high L1-L2 similarity trials. Each list consisted of 10 words.849

For L2 lists in the low L1-L2 similarity conditions and the practice trial, we generated850

a pool of 50 geometric figures. Our aim was to create items that would be hard to verbalize851

for participants to minimize their potential similarity to L1 words. All figures consisted of852

some combination of circles, squares, triangles, pentagons, straight or curved lines, and853

straight or curved arrows of di�erent sizes and orientations. Figures were organized into five854

groups according to their main element (circle, square, equilateral triangle, right-angled855

triangle, pentagon). Each L2 list consisted of 10 geometric figures and contained two856

randomly selected figures from each group. Some example stimuli are presented in Figure 5.857

Procedure858

The basic procedure largely followed that from Experiment 2, with some minor859

exceptions. First, participants listened to ambient music for just under three minutes at the860

very beginning of their participation. This introduction was intended to put participants in a861

relaxed and focused state. The practice trial included geometric figures for L2 learning.862

L1 items had the same presentation time as in Experiments 1 and 2, that is, 2000 ms863
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Figure 5

Examples of Geometric Figures Used as L2 Items in Low L1-L2 Similarity Conditions in

Experiment 3

Note. Each L2 list consisted of 10 geometric figures.
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each. In contrast, during L2 learning, items were presented for 4000 ms each to ensure that864

geometric figures in the low L1-L2 similarity conditions could be encoded su�ciently well865

(see the pilot studies described in the preregistration). Geometric figures were presented on a866

white background.867

We used an adapted version of the original tone-detection task by Ecker, Brown, et al.868

(2015) as a distractor task during the L1-L2 and L2-T intervals. A randomly ordered869

sequence of low (440 Hz, i.e., note A4) and high tones (523 Hz, i.e., note C5) was presented870

to participants via headphones, each for 150 ms and with an ISI of 1000 ms. Low tones were871

presented with a probability of about 80%, high tones with a probability of about 20%.872

Participants were asked to press the “H” key on their keyboard as quickly as possible873

whenever a high tone was presented. Whenever participants failed to react to a target tone874

or erroneously pressed the “H” key when presented with a distractor tone, a very low error875

tone (330 Hz, i.e., note E4) was played for 150 ms. We aimed at minimizing mental e�ort876

and encoding demands while keeping active rehearsal of L1 and L2 items minimal. To this877

end, we not only used a lower presentation frequency than Ecker, Brown, et al. (2015, i.e.,878

1000 ms instead of 600 ms ISI), but also asked participants to close their eyes during the879

task. The end of each block of the tone-detection task was indicated verbally via headphones880

(“Please open your eyes now”).881

Participants were given 60 seconds per L1 and L2 free recall test. For L2 free recall in882

the low L1-L2 similarity conditions, participants used a booklet that was placed right next to883

the computer screen. On each page of the booklet, ten empty boxes were provided.884

Participants were asked to draw as many of the previously presented geometric figures as885

possible, one per box. After 60 seconds had passed, participants were told to stop drawing886

and to turn the page of the booklet. Booklets contained six pages for one practice trial and887

four experimental trials, that is, there was one extra page. Thereby, participants were unable888

to predict the L1-L2 similarity condition of the last trial based on whether or not an empty889
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page remained in the booklet.890

Each participant completed eight experimental trials, that is, four trials per factor891

level and two trials per condition. The order of the four conditions across trials was892

randomly determined with the only restriction that no factor level was repeated more than893

twice in a row.894

In a post-experimental questionnaire, participants were asked to indicate whether895

they had taken part seriously, whether they had understood all instructions, and whether896

they had engaged in active rehearsal of L1 and/or L2 items during the tone-detection task.897

If they indicated to have engaged in active rehearsal, they were asked to rate the rehearsal898

frequency on a 7-point Likert scale from “not at all” to “very often”. They were also asked to899

indicate whether they had any guess about the background of the study.900

The experiment was built in OpenSesame (Mathôt et al., 2012).901

Results902

Memory Performance Measures903

We predicted that L1 free recall accuracies would be higher in the LS compared to904

the SL conditions (Hypothesis 1). Descriptively, this was the case both in the high L1-L2905

similarity conditions, MLS = 0.58 (SD = 0.24), MSL = 0.53 (SD = 0.22), as well as in the906

low L1-L2 similarity conditions, MLS = 0.59 (SD = 0.24), MSL = 0.55 (SD = 0.22). In line907

with this, a 2 x 2 repeated-measures ANOVA yielded a significant main e�ect of L2 timing,908

F(1, 139) = 12.92, p < .001, �2
p = 0.09. In other words, Hypothesis 1 was confirmed by the909

data. In contrast, there was neither a significant main e�ect of L1-L2 similarity, F(1, 139) =910

1.38, p = .242, �2
p = 0.01, nor a significant interaction e�ect of both factors, F(1, 139) =911

0.12, p = .727, �2
p = 0.00. L1 free recall accuracies are illustrated in Figure 6.912

With respect to L1 recognition accuracy, opportunistic consolidation theory predicts913
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Figure 6

L1 Recall Accuracies in Experiment 3
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Note. Participants were presented with 10 words per trial. Similarity between original (L1)

and interpolated (L2) learning material was manipulated as "high" (i.e., words as L1 and L2

materials) versus "low" (i.e., words as L1 material, geometric forms as L2 material). L2 timing

was manipulated such that in the "Long-Short" (LS) condition, the L1-L2 interval lasted 240

seconds, whereas the L2-T interval lasted 60 seconds. In contrast, in the "Short-Long" (SL)

condition, the L1-L2 interval lasted 20 seconds, whereas the L2-T interval lasted 280 seconds.

Small points and squares represent participant-specific recall accuracies across all trials of the

respective condition, large points and squares represent means, error bars represent standard

errors of the mean.
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higher accuracies in the LS compared to the SL conditions (Hypothesis 2). Descriptively,914

recognition accuracies were very similar both in the high L1-L2 similarity conditions, MLS =915

0.83 (SD = 0.16), MSL = 0.83 (SD = 0.15), as well as in the low L1-L2 similarity conditions,916

MLS = 0.84 (SD = 0.14), MSL = 0.83 (SD = 0.14). Indeed, a 2 x 2 repeated-measures917

ANOVA yielded neither a significant main e�ect of L2 timing, F(1, 139) = 1.01, p = .317, �2
p918

= 0.01, nor of L1-L2 similarity, F(1, 139) = 1.08, p = .299, �2
p = 0.01. Thus, Hypothesis 2919

was rejected. Note that there was no significant interaction e�ect either, F(1, 139) = 0.37, p920

= .544, �2
p = 0.00.921

We analyzed the e�ects of L2 timing and L1-L2 similarity on L2 free recall accuracy.922

Descriptively, participants performed better in the LS than in the SL conditions, both for923

words (i.e., high L1-L2 similarity conditions), MLS = 0.63 (SD = 0.26), MSL = 0.53 (SD =924

0.26), as well as for geometric figures (i.e., low L1-L2 similarity conditions), MLS = 0.38 (SD925

= 0.18), MSL = 0.35 (SD = 0.16). A 2 x 2 repeated-measures ANOVA revealed significant926

main e�ects of L2 timing, F(1, 139) = 38.49, p < .001, �2
p = 0.22, and L1-L2 similarity, F(1,927

139) = 139.76, p < .001, �2
p = 0.50, as well as a significant interaction e�ect, F(1, 139) =928

8.68, p = .004, �2
p = 0.06.929

Model-Based Results930

As in Experiment 2, we fitted the MPT model using both aggregated category931

frequencies in MPTinR (Singmann & Kellen, 2013) and individual category frequencies in932

TreeBUGS (Heck et al., 2018). Again, guessing parameter g was set equal between all933

conditions. In line with our approach in Experiment 2, we equated the distractor detection934

parameter d with parameter s (i.e., d = s). In Experiment 3, this model specification yielded935

a good fit to the aggregated data, G2(3) = 1.31, p = .726. For the individual data,936

convergence and model fit indices were satisfactory as well, all R̂ < 1.05, p1 = .571, p2 =937

.619. Estimates for all parameters from both estimation approaches are provided in Table 2.938
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Table 2

Results of the Storage-Retrieval MPT Analysis of Experiment 3

Parameter High similarity Low similarity

LS SL LS SL

Aggregated dataa

s .84 [.82, .85] .83 [.82, .85] .85 [.83, .86] .84 [.82, .85]

r1 .70 [.68, .72] .64 [.62, .66] .70 [.68, .72] .66 [.64, .68]

r2 .99 [.98, .99] .99 [.98, .99] .99 [.99, .99] .99 [.99, .99]

g .37 [.35, .39] .37 [.35, .39] .37 [.35, .39] .37 [.35, .39]

Individual datab

s .88 [.85, .90] .86 [.84, .89] .88 [.85, .90] .86 [.84, .89]

r1 .71 [.66, .75] .65 [.61, .70] .72 [.67, .76] .67 [.63, .71]

r2 .99 [.98, .99] .99 [.98, .99] .99 [.99, .99] .99 [.99, .99]

g .33 [.28, .38] .33 [.28, .38] .33 [.28, .38] .33 [.28, .38]

Note. LS = "Long-Short" (i.e., long L1-L2 interval, short L2-T interval), SL = "Short-Long"

(i.e., short L1-L2 interval, long L2-T interval). Parameter s = probability of storing an L1

word, r1 = probability of retrieving an L1 word during recall, r2 = probability of retrieving

an L1 word during recognition, g = probability of guessing ’old’ during recognition.

Parameter g was restricted to be equal between conditions.
a The model was fitted to the aggregated category frequencies using maximum likelihood

(ML) estimation in the R package MPTinR (Singmann & Kellen, 2013). 95% confidence

intervals are indicated in brackets.
b The model was fitted to the individual category frequencies using Bayesian hierarchical

estimation in the R package TreeBUGS (Heck et al., 2018). 95% Bayesian credibility

intervals are indicated in brackets.
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According to opportunistic consolidation theory, storage probabilities s should be939

significantly higher in the LS than in the SL conditions (Hypothesis 3). Based on di�erent940

variants of distinctiveness theory, either an interaction e�ect (Hypothesis 4) or an L2 timing941

main e�ect on recall retrieval probabilities r1 should emerge (Hypothesis 5). Parameter942

estimates and inferences concerning parameter di�erences again converged between943

estimation approaches. Overall, for the aggregated data, storage probabilities s did not di�er944

significantly between conditions, �G2(3) = 2.70, p = .440. Thus, Hypothesis 3 was not945

supported by the data. In contrast, recall retrieval probabilities r1 di�ered significantly946

between conditions, �G2(3) = 19.82, p < .001. A closer inspection revealed a significant947

main e�ect of L2 timing on parameter r1, z =
�

�G2(1) = 4.21, p < .001, Bayesian p = .014,948

but no main e�ect of L1-L2 similarity, z =
�

�G2(1) = 1.02, p = .155, Bayesian p = .333.949

To test a potential interaction e�ect of L2 timing and L1-L2 similarity on parameter r1, we950

specified an equivalent model version including shrinkage parameters �LS and �SL (see951

Participants section). There was no significant interaction e�ect, that is, no significant952

di�erence in shrinkage parameters �LS and �SL, z =
�

�G2(1) = 1.09, p = .139, Bayesian p953

= .563. In other words, whereas Hypothesis 4 had to be rejected, Hypothesis 5 was954

confirmed by the data. Recognition retrieval probabilities r2 did not di�er significantly955

between conditions, �G2(3) = 3.08, p = .380.956

Sensitivity Analysis957

We conducted a sensitivity analysis to scrutinize the robustness of our results. In the958

post-experimental questionnaire, n = 8 participants (5.71%) indicated not to have959

understood all instructions, n = 4 participants (2.86%) had correct assumptions about the960

background of the study, and n = 119 participants (85%) indicated to have engaged in active961

rehearsal of L1 or L2 items during the tone-detection task. Given the higher-than-expected962

occurrence of active rehearsal, we decided against our preregistered plan of excluding all963

respective participants from the sensitivity analysis. Instead, to have a su�ciently large964
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sample that would still allow for meaningful interpretations, we only excluded those965

participants who selected one of the two highest categories on a 7-point Likert scale of966

rehearsal frequency. This more liberal criterion applied to n = 43 participants (30.71%).967

For L1 free recall and recognition accuracy, this sensitivity analysis revealed a result968

pattern in line with the main analysis. More specifically, L1 free recall accuracies were higher969

in the LS than in the SL conditions both in the high L1-L2 similarity conditions, MLS = 0.54970

(SD = 0.26), MSL = 0.50 (SD = 0.22), and in the low L1-L2 similarity conditions, MLS =971

0.54 (SD = 0.23), MSL = 0.53 (SD = 0.23). In line with the main analysis, the main e�ect of972

L2 timing was significant in a 2 x 2 repeated-measures ANOVA, F(1, 101) = 4.97, p = .028,973

�2
p = 0.05. In contrast, neither the main e�ect of L1-L2 similarity, F(1, 101) = 1.26, p = .265,974

�2
p = 0.01, nor the interaction e�ect, F(1, 101) = 1.41, p = .237, �2

p = 0.01, were statistically975

significant. L1 recognition accuracies were very similar both in the high L1-L2 similarity976

conditions, MLS = 0.77 (SD = 0.28), MSL = 0.78 (SD = 0.26), as well as in the low L1-L2977

similarity conditions, MLS = 0.79 (SD = 0.27), MSL = 0.78 (SD = 0.26). As in the main978

analysis, a 2 x 2 repeated-measures ANOVA yielded neither a significant main e�ect of L2979

timing, F(1, 101) = 0.39, p = .534, �2
p = 0.00, nor of L1-L2 similarity, F(1, 101) = 1.50, p =980

.223, �2
p = 0.01, nor a significant interaction e�ect, F(1, 101) = 0.29, p = .593, �2

p = 0.00.981

With respect to the MPT analyses, results again converged for the aggregated and982

individual data. Parameter estimates are provided in Table C1 in Appendix C. Storage983

probabilities s did not di�er significantly between conditions, �G2(3) = 1.60, p = .658. In984

contrast, recall retrieval probabilities r1 did di�er, �G2(3) = 10.71, p = .013. Whereas there985

was a main e�ect of L2 timing, z =
�

�G2(1) = 2.31, p = .010, Bayesian p = .018, the main986

e�ect of L1-L2 similarity was not significant, z =
�

�G2(1) = 0.18, p = .430, Bayesian p =987

.779. The interaction e�ect of both factors did reach statistical significance for the988

aggregated data, z =
�

�G2(1) = 2.31, p = .010, but not for the individual data, Bayesian p989

= .158. Recognition retrieval probabilities r2 did not di�er significantly between conditions,990
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�G2(3) = 6.17, p = .104.991

Given the unexpected ubiquity of active rehearsal, we conducted an exploratory992

analysis of its influence on L1 free recall accuracy. To this end, we included participants’993

self-reported rehearsal rating in an ANCOVA model including L2 timing and L1-L2994

similarity as categorical factors. Those participants that had indicated not to have engaged995

in any rehearsal were given a frequency rating of zero, all other participants had rated their996

frequency on a 7-point Likert from 0 = “not at all” to 6 = “very often”. Note that none of997

those participants that indicated to have engaged in any rehearsal subsequently selected the998

“not at all” category. This analysis yielded a significant main e�ect of rehearsal on L1 free999

recall accuracy, F(1, 138) = 5.94, p = .016, �2
p = 0.04. Most importantly, however, the main1000

e�ect of L2 timing continued to be significant even when controlling for rehearsal, F(1, 138)1001

= 13.10, p < .001, �2
p = 0.09. Also, there was no significant interaction e�ect of L2 timing1002

and rehearsal, F(1, 138) = 2.97, p = .087, �2
p = 0.02.1003

Discussion1004

Our results from Experiment 3 mirror those obtained in Experiment 2: We again1005

found a main e�ect of L2 timing on L1 free recall accuracies and MPT recall retrieval1006

probabilities (parameter r1), but not on L1 recognition accuracies or MPT storage1007

probabilities (parameter s). In other words, the TGRI in free recall was once again purely1008

retrieval-driven, without any storage contribution. This was the case despite our switch to a1009

more controlled laboratory setting and a tone-detection task with a lower presentation1010

frequency than in our previous color-detection task. Thus, Experiment 3 again supports1011

temporal distinctiveness theory and provides convincing evidence against a role for1012

opportunistic consolidation in the TGRI.1013

Interestingly, the absence of any L1-L2 similarity e�ects on either L1 free recall, L11014

recognition, or any MPT parameters is also hard to reconcile with a generalized1015
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distinctiveness perspective on which several of our preregistered hypotheses were based. If1016

the latent memory space proposed by Brown et al. (2007) is made up of more than just a1017

temporal dimension, a similarity dimension seems to be a natural candidate, given the1018

widely accepted role of L1-L2 similarity for retroactive interference (see Dewar et al., 20071019

for a critical discussion). Yet, while our results are perfectly in line with temporal1020

distinctiveness theory, they do not provide any evidence for a role of L1-L2 similarity in the1021

TGRI. Notably, our results nicely align with those by Mercer (2015) who used the same1022

experimental design combined with paired associates instead of singletons as learning1023

material, waking rest instead of a color-detection task during L1-L2 and L2-T intervals, and1024

other methodological deviations from our approach. Together, his and our results suggest1025

that the timing of an interpolated learning phase might be more predictive of retroactive1026

interference e�ects than its similarity to the original learning phase, and that the exact1027

conditions under which L1-L2 similarity might influence the TGRI should be investigated1028

more explicitly in future research. The overall result pattern from our confirmatory main1029

analysis was robust in our sensitivity analysis.1030

Our exploratory analysis of L2 free recall accuracies revealed that high L1-L21031

similarity items (i.e., words) were remembered better than low L1-L2 similarity items (i.e.,1032

geometric figures). This main e�ect of L1-L2 similarity on L2 free recall makes the absence1033

of such an e�ect on L1 free recall even more surprising, since worse encoding of interpolated1034

materials should generally be expected to result in reduced retroactive interference e�ects1035

(Delprato, 2005). At the same time, geometric figures were apparently encoded su�ciently1036

well to induce a TGRI.1037

Finally, to our surprise, self-reported active rehearsal of L1 and L2 items during1038

L1-L2 and L2-T intervals was rather frequent among our participants. Thus, our version of1039

the tone-detection task from Ecker, Brown, et al. (2015) was not cognitively demanding1040

enough to prevent participants from engaging in task-unrelated activities. In principle, the1041
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ubiquity of rehearsal might cast doubt on the interpretability of the TGRI we found in1042

Experiment 3. However, such concerns are most likely unwarranted for the following two1043

reasons: First, if active L1 rehearsal had been driving the L2 timing e�ect on L1 free recall,1044

we would have expected to find a significant interaction e�ect of rehearsal and L2 timing on1045

L1 free recall accuracy in our ANCOVA model, which was not the case. Second, more L11046

rehearsal in LS compared to SL conditions should have resulted in higher MPT storage1047

probabilities (parameter s), which we did not find either. Thus, the TGRI we found in1048

Experiment 3 was robust against L1-L2 similarity, purely retrieval-driven, and most likely1049

not influenced by active rehearsal during L1-L2 and L2-T intervals.1050

General Discussion1051

In the current research, we aimed at scrutinizing the replicability of the TGRI in1052

episodic memory and subjecting its proposed theoretical explanations to a severe test. To1053

this end, we adapted Riefer and Batchelder’s (1995) storage-retrieval MPT model to the1054

TGRI paradigm proposed by Ecker, Brown, et al. (2015). Across three experiments,1055

participants learned and retrieved word lists, with some interpolated learning either rather1056

early or rather late during the 5-min retention interval. Whereas Experiments 1 and 2 were1057

conducted in an online setting, Experiment 3 took place in a more controlled lab environment.1058

Thereby, our series of experiments demonstrates the value of a close replication of a previous1059

research finding (Experiment 1) as a starting point for methodological modifications1060

(Experiments 2 and 3) that allow for a sophisticated cognitive modeling approach such as1061

MPT modeling. All our experiments were publicly preregistered on the OSF.1062

Finding 1: The TGRI is robust if methodological precautions are considered1063

To evaluate the replicability of the TGRI, we used the basic paradigm introduced by1064

Ecker, Brown, et al. (2015). Across all three experiments, we found that participants freely1065

recalled significantly more L1 words in the LS compared to the SL condition. Corresponding1066

standardized e�ect sizes were small but consistent across experiments (i.e., Hedges’ ĝ = 0.221067
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in Experiment 1, 0.13 in Experiment 2, and 0.21 in Experiment 3). Thus, the TGRI in free1068

recall was robust against various modifications of the paradigm (e.g., online vs. lab setting,1069

English vs. German word lists, 60-sec vs. 20-sec L1-L2 interval, color-detection1070

vs. tone-detection distractor task). Our positive results from Experiments 1 and 2 suggest1071

that online studies represent a viable alternative to lab studies for future TGRI research,1072

such as has recently been reported for the waking rest e�ect (King & Nicosia, 2022; but also1073

see Leetham et al., 2024).1074

Given our replication success in the current research, the absence of a significant LS1075

versus SL e�ect in Experiment 2 by Ecker, Brown, et al. (2015) discussed in the Introduction1076

section can most likely be explained by insu�cient statistical power of our reanalysis. Thus,1077

the methodological recommendations proposed by Wixted (2004) have proven to be suitable1078

guidelines for investigations of the TGRI: Using a procedure with reduced cognitive demands1079

during L1-L2 and L2-T intervals and some minimal L2-T interval yields a reliable TGRI in1080

free recall.1081

In Experiments 2 and 3, we analyzed L1 recognition accuracy as an additional1082

dependent variable that was not part of the original paradigm by Ecker, Brown, et al. (2015).1083

In both experiments, recognition remained totally una�ected by our experimental1084

manipulations. This suggests that the TGRI is moderated by the type of memory test1085

applied, such that more retrieval-dependent memory tests (i.e., free recall) yield a TGRI, but1086

more retrieval-independent tests (i.e., recognition) do not. Therefore, future research on the1087

TGRI should not only adhere to the methodological recommendations by Wixted (2004), but1088

also stick to more retrieval-dependent recall tests.1089

Finding 2: The TGRI is purely retrieval-driven1090

Given our success in replicating the TGRI in free recall, we adapted the procedure of1091

Experiments 2 and 3 to accommodate a modification of the Riefer and Batchelder (1995)1092



TEMPORAL GRADIENT OF RETROACTIVE INTERFERENCE 55

storage-retrieval MPT model. Our model-based results from both experiments suggest that1093

the TGRI is purely retrieval-driven, that is, MPT recall retrieval probabilities were1094

significantly higher in the LS compared to the SL condition. In contrast, MPT storage1095

probabilities were una�ected by our L2 timing manipulation. This is in line with our1096

observation of significant LS versus SL e�ects on free recall but not recognition in1097

Experiments 2 and 3. Thus, our results provide clear-cut evidence in favor of a temporal1098

distinctiveness explanation of the TGRI, since higher temporal isolation of L1 items should1099

result in higher retrievability of those items. In contrast, the opportunistic consolidation1100

theory cannot be easily reconciled with our data, because an increase in synaptic1101

consolidation of L1 items should have strengthened the respective memory traces, resulting1102

in higher storage probabilities and recognition accuracies.1103

This interpretation nicely complements and extends the results by Ecker, Brown, et1104

al. (2015) who found that incorporating a consolidation mechanism into their computational1105

model did not improve model fit. Thereby, a role for consolidation in the TGRI has now1106

been rejected through two independent modeling approaches. This makes it rather unlikely1107

that either finding could just be an artifact of specific modeling choices.1108

Proponents of an opportunistic consolidation account might argue that the specific1109

paradigm used by Ecker, Brown, et al. (2015) and ourselves was ill-suited for a fair test of1110

the opportunistic consolidation theory. First, whereas most waking rest studies use retention1111

intervals of at least 8 minutes of unoccupied rest (see Wamsley, 2019 for a review), L1-L21112

intervals in our experiments never exceeded 4 minutes and included simple distractor tasks.1113

Given the underspecification of the consolidation process (Ecker & Lewandowsky, 2012), we1114

cannot rule out the possibility that more time is needed for post-encoding synaptic1115

consolidation to become apparent at a functional level, or that that the cognitive demands1116

induced by our distractor tasks were already su�cient to inhibit consolidation throughout1117

the entire retention interval in both LS and SL conditions. That being said, recent EEG1118
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research suggests that the brain rapidly cycles between “online” and “o�ine” states during1119

simple attention tasks, and that even ultra-short (i.e., seconds-long) bouts of o�ine time1120

might already support the consolidation of previously encoded memories (Wamsley et al.,1121

2023). More specifically, Wamsley et al. (2023) used a distractor task where participants1122

were presented with a series of the digits 1 to 9, and were required to press a key as quickly1123

as possible for each digit except one target digit. This task very much resembles our own1124

distractor tasks from the current research; the former might even be considered more1125

attentionally demanding because of the higher number of distractor items compared to our1126

tasks (8 vs. 1). From this perspective, several minutes of our relatively easy distractor tasks1127

should have been su�cient to allow for consolidation to occur. Future research should aim at1128

further specifying the consolidation process by determining a critical post-encoding interval1129

of reduced or minimized cognitive demands (see Mercer, 2015).1130

Second, the e�ects of post-encoding consolidation might be more pronounced in1131

delayed memory tests on time scales of hours or days. In our current research, memory was1132

tested immediately after the 5-min retention interval. Some waking rest research suggests1133

that consolidation e�ects might be especially pronounced after longer time intervals of one or1134

more days (e.g., Martini et al., 2020), possibly because more consolidated memory traces are1135

protected from non-specific retroactive interference that might build up during everyday1136

activities outside the lab. To test such a mechanism with respect to the TGRI, future1137

research might adapt the procedure from our current research to include additional memory1138

tests delayed by several hours.1139

Third, the facilitating e�ect of post-encoding consolidation might be more1140

pronounced for learning materials such as paired associates that are more dependent on1141

hippocampal resources than singletons as used in our current research. Indeed, the1142

opportunistic consolidation theory explicitly refers to hippocampus-dependent memories1143

(Mednick et al., 2011), and item memory (as opposed to associative memory) has been1144
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suggested to be more dependent on extrahippocampal medial temporal lobe structures (see1145

Kuhlmann et al., 2019). Thus, it might be the case that in our current research, di�erential1146

consolidation in LS and SL conditions was attenuated by our choice of learning materials.1147

Future research might adapt our methodological approach for word pairs as learning1148

material, for which suitable storage-retrieval MPT models are readily available (e.g., Riefer1149

& Batchelder, 1995; Rouder & Batchelder, 1998).1150

Further research is needed to more explicitly consider various methodological details1151

that could be critical for consolidation e�ects to occur, such as longer retention intervals,1152

delayed memory tests, and associative learning materials. Notwithstanding these open1153

questions, future research might only add consolidation as an additional factor relevant to1154

the TGRI under rather specific conditions, whereas a more comprehensive role for temporal1155

distinctiveness seems very likely given our own findings and those by Ecker, Brown, et al.1156

(2015).1157

Finding 3: The TGRI is not moderated by L1-L2 similarity1158

In Experiment 3, we extended our experimental design to include L1-L2 similarity as1159

a second factor. We found that manipulating L2 items as words versus geometric figures did1160

not a�ect any of our L1 memory measures. Although this result is in line with previous1161

findings by Mercer (2015), it was very surprising because similarity is widely assumed to play1162

a crucial role for retroactive interference. Indeed, early research found that higher L1-L21163

similarity leads to stronger retroactive interference e�ects in item memory (e.g., Johnson,1164

1933; McGeoch & McDonald, 1931). For example, in their classic research, McGeoch and1165

McDonald (1931) found that retroactive interference for previously learned adjectives was1166

strongest with interpolated synonyms of the original items, and that it decreased steadily1167

with antonyms, unrelated adjectives, nonsense syllables, and three-digit numbers. Later1168

research, however, o�ered a more complex picture. More specifically, Dey (1969) found that1169

on a continuum from low to high L1-L2 synonymy, a medium degree of synonymy resulted in1170
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the strongest retroactive interference, whereas e�ects were less pronounced for more or less1171

synonymous items. Such a pattern is in line with the Skaggs-Robinson hypothesis of an1172

inverted U-shaped relationship of L1-L2 similarity and retroactive interference (Robinson,1173

1927; Skaggs, 1925). From such a perspective, it might have been the case that our1174

operationalization of L1-L2 similarity resulted in two conditions that lie on opposite sides of1175

a hypothetical Skaggs-Robinson function but have identical distances to its peak. Future1176

research might scrutinize such a hypothesis by including more than just two L1-L2 similarity1177

conditions.1178

An alternative explanation for the absence of an L1-L2 similarity e�ect was o�ered by1179

Mercer (2015). He observed that in his experiment, L2 recognition accuracies were1180

significantly better for similar than for dissimilar L2 item pairs. Indeed, in our experiment,1181

we observed the same pattern with respect to final L2 free recall accuracies. Mercer (2015)1182

argued that higher cognitive demands might have been induced by the more di�cult-to-learn1183

item pairs in the low L1-L2 similarity condition, resulting in stronger L1 consolidation1184

inhibition than in the high L1-L2 similarity condition. Thereby, the negative e�ect of higher1185

L1-L2 similarity might have been equalized. While such an interpretation seems reasonable1186

on the basis of surface memory measures, our MPT results provide evidence against it, since1187

storage parameter s would have been expected to be higher in the high compared to the low1188

L1-L2 similarity condition, which was not the case.1189

Our null findings with respect to L1-L2 similarity are not in line with a generalized1190

distinctiveness theory of retroactive interference (Brown et al., 2007; Ecker, Brown, et al.,1191

2015). Thus, future research might instead consider alternative factors to test the1192

assumption of a multidimensional memory space. One such factor might be the context1193

within which L1 and L2 materials are presented. More specifically, previous research suggests1194

that when L1 items are learned and retrieved in some context A, learning L2 items in a1195

di�erent context B (i.e., ABA) attenuates retroactive interference compared to a condition1196
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where all learning occurs within the same context A (i.e., AAA, see Shapiro & Levy-Gigi,1197

2016). It would thus be interesting to see if L2 timing and L2 context show an interaction1198

e�ect on L1 free recall accuracy and MPT recall retrieval as we predicted for L1-L21199

similarity in Experiment 3. For the time being, a purely temporal distinctiveness theory of1200

the TGRI seems to capture the results from our current research best.1201

Limitations1202

Some limitations of the current research should be acknowledged. First, we used a1203

modified version of the well-established storage-retrieval MPT model by Riefer and1204

Batchelder (1995) to gain insights into the latent processes underlying the TGRI. While this1205

model-based approach turned out to be very successful in our present application and can be1206

viewed as a particular strength of the current research, future research should confirm the1207

substantive interpretation of the model parameters by means of selective influence studies1208

(see Schmidt et al., 2023). In our case, the model fit the data well across both Experiments 21209

and 3 regardless of specific equality constraints (d = s � r2, d = s) and estimation approaches1210

(maximum likelihood estimation for aggregated category frequencies, Bayesian hierarchical1211

estimation for individual category frequencies, see also Erdfelder et al., in press; Singmann et1212

al., 2024). Importantly, estimates for parameters s and r1 were mirrored by our surface1213

measures of free recall and recognition: Significant L2 timing e�ects on free recall along with1214

unambiguous null e�ects on recognition already hint at a purely retrieval-driven e�ect (see1215

Küpper-Tetzel & Erdfelder, 2012 for the same argument regarding free and cued recall). In1216

this sense, our experiments can be seen as initial evidence for the validity of the model.1217

Second, in line with Ecker, Brown, et al. (2015), we opted for a within-participants1218

manipulation of L2 timing. This might have incentivized participants to develop certain1219

strategies at encoding and to engage in active rehearsal during the retention interval. While1220

our exploratory analysis of self-reported rehearsal in Experiment 3 confirmed that rehearsal1221

was not a cause for the observed L2 timing e�ect, we only assessed rehearsal once in a1222
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post-experimental questionnaire. In principle, a trial-wise assessment of rehearsal would have1223

allowed for a more fine-grained evaluation of rehearsal e�ects on our memory measures.1224

However, repeatedly asking participants about their rehearsal engagement might have1225

increased actual rehearsal above the already high levels we observed. Future research might1226

either adopt a between-participants manipulation (including only one trial per participant)1227

or opt for a subtle trial-wise rehearsal assessment.1228

Constraints on Generality1229

Our results provide strong evidence in favor of a retrieval-driven TGRI in adult1230

participants. To approximate the sample characteristics reported by Ecker, Brown, et al.1231

(2015), our two online samples from Experiments 1 and 2 were prescreened to only include1232

native English speakers who were currently studying, whereas participants in Experiment 31233

were recruited within the premises of the University of Mannheim. As a result, our samples1234

largely consisted of educated younger adults. Research on the e�ect of post-encoding waking1235

rest suggests that, if anything, this e�ect might be even more pronounced in children and1236

older adults (Martini et al., 2020), so we assume our findings to hold for healthy individuals1237

of any age.1238

The absence of any storage or consolidation contribution to the TGRI might in1239

principle depend on the nature of the learning materials and the procedure. As detailed in1240

the General Discussion section, longer L1-L2 and L2-T time intervals as well as associative1241

learning material might provide more favorable conditions for a consolidation benefit to1242

occur in LS compared to SL conditions.1243

We have no reason to believe that the results depend on other characteristics of the1244

participants, materials, or context.1245
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Conclusion1246

Overall, our current research provides convincing evidence in line with a temporal1247

distinctiveness account of the TGRI in free recall. Over a century after Müller and Pilzecker1248

(1900) empirically demonstrated the TGRI for the first time, our results contribute to a1249

better understanding of long-standing and so far unresolved issues in the literature on1250

retroactive interference and consolidation in episodic memory. More research is needed to1251

more explicitly identify the specific conditions under which consolidation processes might1252

potentially add to an otherwise purely retrieval-driven memory phenomenon. We hope that1253

our MPT analysis approach contributes to a more comprehensive inclusion of such cognitive1254

modeling tools in the field.1255
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Appendix A

Results of the Preregistered Storage-Retrieval MPT Analysis of Experiment 2

Table A1

Results of the Preregistered Storage-Retrieval MPT Analysis of Experiment 2 with Restriction

d = s � r2

Parameter LS SL

Aggregated dataa

s .63 [.61, .65] .64 [.62, .66]

r1 .62 [.59, .65] .58 [.55, .61]

r2 .93 [.92, .95] .93 [.91, .94]

g .38 [.37, .40] .38 [.37, .40]

Individual datab

s .66 [.61, .70] .68 [.63, .72]

r1 .63 [.59, .68] .57 [.53, .62]

r2 .97 [.95, .99] .96 [.94, .98]

g .32 [.29, .36] .32 [.29, .36]

Note. LS = Long-Short (i.e., long L1-L2 interval, short L2-T interval), SL = Short-Long (i.e.,

short L1-L2 interval, long L2-T interval). Parameter s = probability of storing an L1 word,

r1 = probability of retrieving an L1 word during recall, r2 = probability of retrieving an L1

word during recognition, g = probability of guessing ’old’ during recognition. Parameter g

was restricted to be equal between conditions. The model fit the data well, both for the

aggregated data, G2(1) = 1.47, p = .225, and for the individual data, p1 = .461, p2 = .306.

95% confidence intervals (for the aggregated data) or Bayesian credibility intervals (for the

individual data) are indicated in brackets.
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Appendix B

A Priori MPT Power Analysis for Experiment 3

To compute an a priori multinomial processing tree (MPT) power analysis in multiTree,1430

“true” population values of the parameters under the H1 model, and a to-be-tested H0 model1431

need to be specified (see Moshagen, 2010). We specified expected population values based on1432

the corresponding parameter estimates from Experiment 2, considering that our switch from1433

an online to a lab setting might generally increase memory performance. The exact values1434

are provided in Table B1. We chose an H1 model with perfect fit to the expected data (i.e.,1435

g2 = g1, g4 = g3
3), and an H0 model with additional constraints defining the hypothesis of a1436

null interaction e�ect of L2 timing and L1-L2 similarity on recall retrieval parameter r1 (i.e.,1437

�LS = �SL). This specification lead to a required number of observations of 20,777. As each1438

participant in Experiment 3 would be presented with a total of 160 relevant items (10 target1439

and 10 distractor words per trial, 8 trials per participant), this number translated to a1440

required sample size of N = 20, 777/160 � 130.1441

3 Subscript 1 corresponds to "LS-high L1-L2 similarity" condition, subscript 2 to "SL-high L1-L2 similarity"

condition, subscript 3 to "LS-low L1-L2 similarity" condition, and subscript 4 to "SL-low L1-L2 similarity"

condition.
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Table B1

Power Analysis Population Specifications for Experiment 3

Parameter High similarity Low similarity

LS SL LS SL

s .70 .70 .70 .70

r1 .68a .60a .80 .80

r2 .98 .98 .98 .98

g .40 .40 .40 .40

Note. LS = Long-Short (i.e., long L1-L2 interval, short L2-T interval), SL = Short-Long (i.e.,

short L1-L2 interval, long L2-T interval). Parameter s = probability of storing an L1 word,

r1 = probability of retrieving an L1 word during recall, r2 = probability of retrieving an L1

word during recognition, g = probability of guessing ’old’ during recognition.
a Parameter r1 values in both high L1-L2 similarity conditions are implied by shrinkage

parameters �LS = .85 and �SL = .75, that is, r11 = r13 � �LS, r12 = r14 � �SL
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Appendix C

Results of the Storage-Retrieval MPT Sensitivity Analysis of Experiment 3

Table C1

Results of the Storage-Retrieval MPT Sensitivity Analysis of Experiment 3

Parameter High similarity Low similarity

LS SL LS SL

Aggregated data

s .84 [.82, .86] .84 [.82, .86] .85 [.84, .87] .84 [.82, .85]

r1 .68 [.66, .71] .62 [.59, .65] .65 [.62, .67] .65 [.62, .67]

r2 .98 [.98, .99] .99 [.98, .99] .99 [.99, .99] .99 [.99, .99]

g .36 [.33, .39] .36 [.33, .39] .36 [.33, .39] .36 [.33, .39]

Individual data

s .88 [.85, .91] .87 [.84, .89] .88 [.85, .90] .86 [.83, .89]

r1 .68 [.63, .74] .63 [.58, .67] .66 [.60, .72] .65 [.60, .70]

r2 .99 [.98, .99] .99 [.98, .99] .99 [.99, .99] .99 [.99, .99]

g .32 [.26, .39] .32 [.26, .39] .32 [.26, .39] .32 [.26, .39]

Note. LS = Long-Short (i.e., long L1-L2 interval, short L2-T interval), SL = Short-Long (i.e.,

short L1-L2 interval, long L2-T interval). Parameter s = probability of storing an L1 word,

r1 = probability of retrieving an L1 word during recall, r2 = probability of retrieving an L1

word during recognition, g = probability of guessing ’old’ during recognition. Parameter g

was restricted to be equal between conditions. 95% confidence intervals (for the aggregated

data) or Bayesian credibility intervals (for the individual data) are indicated in brackets.
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ABSTRACT

A short period of post-encoding waking rest has been shown to benefit subsequent memory performance. For example,

past research suggests that waking rest after learning Icelandic-German word pairs boosts subsequent recall relative to an

equally long period of social media use. Such findings are typically interpreted as evidence in favor of diversion retroactive
interference. According to this account, non-specific cognitive processing inhibits consolidation and thus impairs storage of

information encoded previously. However, the effect might alternatively be explained by similarity retroactive interference
according to which retrieval is hampered by information processed during retention. Here, we report two experiments that

shed light on the mechanisms underlying the waking rest effect. In both experiments, participants either wakefully rested,

used social media, or engaged in additional Norwegian-German vocabulary learning after the original learning phase. We

performed multinomial processing tree (MPT) analyses to disentangle latent storage and retrieval contributions to cued recall

and recognition performance. We did not find any memory differences between the waking rest and social media conditions in

either experiment. Moreover, storage, but not retrieval, was reliably impaired in the vocabulary condition. Thereby, the present

research provides direct behavioral evidence for a dominant role of consolidation in the waking rest effect.

Introduction

Waking rest has been defined as a period of quiet, reflective thought void of distracting stimuli1. Superficially, such resting
periods might appear rather unproductive or even a waste of time. However, quite to the contrary, waking rest has not only
been linked to mental health and sleep benefits1, but is also argued to facilitate memory consolidation2. Indeed, a growing
body of evidence suggests that wakefully resting after new learning can enhance subsequent memory performance compared to
engaging in a cognitively demanding distractor task2–4.

In a recent study by Martini et al.5, social media use after learning new vocabulary has been shown to be detrimental to
subsequent memory performance relative to a waking rest condition. More specifically, participants in this study learned and
immediately recalled Icelandic-German word pairs, before being randomly assigned to either a waking rest or a social media
condition. In the waking rest condition, participants rested for 8 minutes, whereas in the social media condition, participants
used Facebook or Instagram for the same amount of time. In two delayed recall tests immediately after the 8-min retention
interval and again after 24 hours, participants in the waking rest condition showed significantly less forgetting relative to the
immediate recall than participants in the social media condition.

Given its simplicity, waking rest might be a promising behavioral intervention for improving memory in many applied
settings6–8. However, such an optimistic perspective is challenged by a considerable number of studies that have failed to
find significant effects of waking rest9. Thus, our first aim in the present research was to conduct a close replication of the
social media study reported by Martini et al.5. In our opinion, this study represents a particularly important replication target10

because of the combination of high practical relevance and rather low experimental control (i.e., largely unrestricted social
media use) compared to other tasks that have been used before (e.g., spot-the-difference task11, further word pair learning12).

On a theoretical level, waking rest has been ascribed a central role in memory consolidation during wakefulness. According
to the opportunistic theory of memory consolidation13, waking rest facilitates the consolidation of recently acquired memories
by protecting limited hippocampal resources from retroactive interference. Conversely, any kind of distractor task that
induces some minimal degree of cognitive processing or encoding demands should reduce the resources available for memory
consolidation. Critically, this reasoning ignores possible contributions from similarity-based retroactive interference that might
arise from similarities between the original learning material and the distractor task14. Indeed, Dewar et al.3 proposed an
elegant theoretical model that differentiates two different types of retroactive interference: diversion retroactive interference
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Figure 1. Illustration of the Dewar et al. theoretical model of retroactive interference3. Two types of retroactive interference
are differentiated: diversion and similarity retroactive interference. First, any interpolated material or task will induce diversion
retroactive interference and thereby interfere with memory consolidation. Second, only interpolated similar material and tasks
will additionally induce similarity retroactive interference and thereby impair memory retrieval.

and similarity retroactive interference (see Figure 1). Whereas diversion retroactive interference is assumed to be induced by
any interpolated task or material and to inhibit consolidation, similarity retroactive interference is only induced by similar tasks
or material and impairs retrieval of the target information due to reduced discriminability from the interfering information.

It follows that positive effects of post-encoding waking rest might represent an unknown combination of both diversion and
similarity retroactive interference. In other words, differences between waking rest and distractor conditions that have been
interpreted as evidence in favor of opportunistic consolidation might in many cases just as well be explained solely by retrieval
differences or some unknown combination of both consolidation and retrieval processes. For example, in the study by Martini
et al.5, participants in the social media condition might have engaged in posts that were semantically related to the previously
studied word pairs. Thus, strictly speaking, there is currently no direct behavioral evidence for a role of consolidation in the
waking rest effect.

Our second aim in the present research was to close this critical gap in the literature by using multinomial processing tree
(MPT) modeling to precisely disentangle consolidation and retrieval contributions to memory performance15, 16. Over the
past decades, MPT models have been successfully applied in many different areas of psychology16. Storage-retrieval models
represent a subset of MPT models that allow for disentangling storage and retrieval contributions to performances in some
memory testing procedures.

A storage-retrieval MPT model that is ideally suited for the paradigm used by Martini et al.5 was developed by Riefer and
Batchelder17. It is tailored to a recognition-then-cued-recall paradigm for word pairs, that is, it allows for Icelandic-German
vocabulary as learning material and only requires the inclusion of an additional old-new recognition test for the German target
words (presented without their Icelandic cue words). Thereby, a given target word might fall into one of four possible response
categories: successful recognition and cued recall (Rn+ Rc+), successful recognition and unsuccessful cued recall (Rn+ Rc-),
unsuccessful recognition and successful cued recall (Rn- Rc+), or unsuccessful recognition and cued recall (Rn- Rc-). The
probabilities of these response categories (which can be estimated from their observed frequencies) are reparameterized by
means of a set of latent model parameters. Each parameter represents the probability of some cognitive processing step: First,
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Figure 2. Illustration of the recognition-then-cued-recall storage-retrieval multinomial processing tree (MPT) model by Riefer
and Batchelder17, 18. Each branch of the processing tree represents one possible sequence of cognitive processes, reflected in
the following parameters: s = probability of successful target storage, r1 = probability of successful target retrieval during
recognition, g = probability of guessing ’old’ during recognition, r2 = probability of successful target retrieval during recall, d =
probability of successful distractor detection during recognition. For a given target word, responses in the recognition and cued
recall tests can be categorized as follows: Rn+ Rc+ = successful recognition and recall, Rn+ Rc- = successful recognition and
unsuccessful recall, Rn- Rc+ = unsuccessful recognition and successful recall, Rn- Rc- = unsuccessful recognition and recall.
For a given distractor word during recognition, D+ = correct rejection, D- = false alarm. Parameter d can be set equal to s⇤ r1

18.

a given target word will be successfully stored with probability s, whereas storage will fail with probability 1� s. Next, a
successfully stored target word will be retrieved versus not be retrieved during recognition with probabilities r1 versus 1� r1,
respectively. When retrieval during recognition fails, or a target word was not successfully stored in the first place, a participant
will correctly guess ‘old’ versus incorrectly guess ‘new’ with probabilities g versus 1�g, respectively. Finally, a successfully
stored target word will be retrieved versus not be retrieved during cued recall with probabilities r2 versus 1� r2, respectively.
The full tree structure of this model is illustrated in Figure 2.

Parameters s and r2 of this MPT model can be related to diversion and similarity retroactive interference in a straightforward
manner. First, parameter s represents the probability of a target word being stored in memory across the retention interval.
Thereby, it represents a combination of successful encoding and consolidation contributions. Because the experimental
manipulation in waking rest studies takes place only after the learning phase, it cannot affect encoding. Thus, differences in
parameter s between conditions mirror differences in storage due to diversion retroactive interference. Second, parameter r2
represents the probability of a stored target word being retrievable during cued recall. Accordingly, it should reflect effects of
similarity retroactive interference. Note that the recognition retrieval parameter r1 is not of substantive interest here. In fact, the
probability of retrieving a stored target in an old-new recognition test should always be close to 1.

The model version originally proposed by Riefer and Batchelder17 can be adapted for our current purpose. First, memory
performance for distractor items in the recognition test can be included into the model18. A distractor word always falls in
one of two possible response categories: correct rejection (D+) or false alarm (D-). Parameter d represents the probability
of successfully detecting a distractor word during recognition. By assuming this probability to be equal to the probability of
successfully retrieving a target word during recognition (i.e., d = s⇤ r1, as proposed by Nadarevic18), inclusion of distractor
words into the model yields a saturated model version (i.e., df = 0) with equal numbers of four non-redundant category
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frequencies (4�1 = 3 for the target words plus 2�1 = 1 for the distractor words) and four to-be-estimated parameters (s, r1, g,
r2). By introducing further equality constraints between experimental conditions, testable model versions with df > 0 can be
defined that allow for model fit evaluations within a maximum likelihood (ML) framework19.

Second, the original recognition-then-cued-recall procedure can be replaced by a reversed cued-recall-then-recognition test
sequence. The corresponding cued-recall-then-recognition storage-retrieval MPT model is mathematically equivalent to the
original model but remedies the potential problem of the original procedure that cued recall performance might be positively
biased by target presentation in the preceding old-new recognition test.

In the present research, we conducted two lab experiments to evaluate the replicability of the waking rest versus social
media effect found by Martini and collaborators5, and to disentangle the contributions of diversion and similarity retroactive
interference mediated by storage and retrieval effects, respectively. Both studies mainly differed in the order of memory tests,
that is, Experiment 1 involved the original recognition-then-cued-recall testing procedure, whereas Experiment 2 involved a
reversed cued-recall-then-recognition procedure.

In both studies, we extended the original study design by including a vocabulary condition in which participants engaged
in an intentional learning task12. Thereby, our design included not only a low similarity (i.e., social media), but also a high
similarity (i.e., vocabulary) distractor condition. Thus, based on the Dewar et al. theoretical model3, we expected similarity
retroactive interference to be lowest in the waking rest and highest in the vocabulary condition. In addition, we expected
diversion retroactive interference to be lowest in the waking rest condition, but not to differ necessarily between the social
media and the vocabulary condition. Our hypotheses, study protocols, and analysis plans for both studies were preregistered on
the Open Science Framework (OSF)20, 21.

Experiment 1
Methods
Participants
We conducted an a priori power analysis in G*Power22 with the aim to obtain a statistical power of 1�b = 80% to detect
a medium effect size of Cohen’s f = 0.25 with a = 5% in a one-factorial between-participants ANOVA model with three
experimental conditions. This setup yielded a required sample size of N = 159 participants (i.e., n = 53 per condition).

Participants were recruited at the University of Mannheim. Interested individuals were eligible for participation only if (a)
their first language was German or they were fluent in German, (b) they were between 18 and 32 years old (this corresponds to
the age range in the sample from the original Martini et al.5 study), (c) they did not know any Icelandic or Norwegian, and
(d) they had a smartphone with the Instagram app installed. Participants were randomly assigned to one of the experimental
conditions using block randomization to ensure equal group sizes. All participants received course credit for an estimated net
study duration of 45 minutes. In line with the original report by Martini et al., no further exclusion criteria were preregistered.

We collected data from 159 participants. Mean age in the full sample was 22.74 years (SD = 2.50, range = 18-31). 109
participants (68.55%) indicated to be female, 49 participants (30.82%) indicated to be male, and one participant identified their
gender as non-binary. 154 participants (96.86%) indicated German to be their first language, and all participants confirmed to
be fluent in German. 143 participants (89.94%) were studying at the time of participation, with 99 participants (62.26%) being
enrolled in a psychology program.

The study was conducted in accordance with the Declaration of Helsinki (2013). As the study did not involve deception or
other ethically relevant elements, formal approval from the ethics committee was not necessary according to the regulations of
the ethics committee of the University of Mannheim. Informed consent was obtained from all participants.

Design
We used a between-participants manipulation of post-encoding activity with three levels: waking rest (minimal diversion and
similarity retroactive interference), social media (high diversion and low similarity retroactive interference), and vocabulary
(high diversion and similarity retroactive interference).

Material
To generate Icelandic-German word pairs for the original learning phase, Norwegian-German word pairs for the interpolated
learning phase in the vocabulary condition, and German distractor words for the first and second delayed recognition tests,
84 German 5-letter nouns were selected from a word pool provided by Dimigen et al.23. For the 24 Icelandic-German word
pairs, German words were chosen such that their Icelandic translations did not resemble their German or English translations.
For the 20 Norwegian-German word pairs, the same rule was applied. We opted against using the original Martini et al.5
Icelandic-German word pairs due to the necessity to generate an additional pool of 20 distractor words per recognition test that
shared the characteristics of the target words.
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Procedure
The procedure of our study included two experimental sessions separated by about 24 hours. Both sessions took place in the
same laboratory room equipped with movable walls between work stations. Participants were told that our research aim was to
investigate leisure activities of university students.

Session 1 First, participants provided informed consent and were checked for inclusion criteria. To comply as closely as
possible with the original procedure, participants were then asked to report their current arousal and valence levels on a 7-point
Likert scale. Next, during the learning phase, participants were presented with 24 Icelandic-German word pairs. They were told
to memorize the material for a vocabulary test that would follow immediately. Each word pair was presented for 12 seconds and
with a 3-sec inter-stimulus interval (ISI) in white font on a black background. Whereas the first 20 word pairs were presented in
randomized order, the last 4 word pairs served as buffer items, that is, they were always presented in the same order and were
not included in any memory tests. For the immediate cued recall, all 20 Icelandic cue words were presented simultaneously
on the computer screen. Participants were given 3 minutes to type in as many of the previously learned German target words
as possible. In contrast to the original procedure, we applied a learning criterion of 35% (i.e., at least 7 correct responses) to
ensure sufficiently high frequencies in all response categories of the storage-retrieval MPT model. If a participant failed to
reach this learning criterion during the first study-test cycle, they repeated this part of the procedure up to two additional times.
Participants who did not reach the learning criterion in any repetition were excluded from further participation.

Next, an 8-min retention interval followed, during which participants engaged in their respective post-encoding activity.
Participants in the waking rest and social media conditions were provided with headphones to minimize acoustic distractions.
In the waking rest condition, they were instructed to relax as much as possible, but not to fall asleep. They were asked to lay
their heads on their arms and to close their eyes. In the social media condition, participants were asked to engage in as many
Instagram posts as possible on their own smartphones, but not to submit any own posts and not to follow any external links.
They were also asked to use Instagram without tone to not distract other participants. During the entire experimental procedure,
the shutters were closed and the lights turned off for all conditions. After 8 minutes had passed, participants in the waking rest
and social media conditions received an acoustic signal over the headphones. In the vocabulary condition, participants learned
and immediately recalled 20 Norwegian-German word pairs for 8 minutes. None of the German target words were previously
included in the original learning phase. The procedure was the same as in the original learning phase, but there were no buffer
items and no learning criterion was used.

After their respective post-encoding activity, all participants were again asked for their current arousal and valence levels.
Afterwards, participants engaged in a first surprise delayed recognition-then-cued-recall test procedure. In the recognition test,
participants were presented with a randomized sequence of 40 German words (i.e., 20 ‘old’ target and 20 ‘new’ distractor words).
They were asked to indicate for each word whether it was ‘old’ (i.e., previously presented as part of an Icelandic-German word
pair) by pressing the ‘S’ key on their keyboard or ‘new’ (i.e., not previously presented) by pressing the ‘L’ key. No time limit
was imposed during recognition. The first delayed cued recall test was identical to the immediate cued recall test.

To conclude Session 1, participants were instructed to answer questions concerning thoughts about and conscious rehearsal
of the Icelandic-German word pairs during the 8-min retention interval. In the social media condition, participants were
additionally asked to estimate the total number of Instagram posts and the number of Instagram posts in Icelandic language
they had engaged in.

Session 2 The procedure of Session 2 encompassed a second surprise delayed recognition-then-cued-recall test procedure
that was identical to the first delayed test procedure from Session 1, except for a new set of 20 distractor words in the recognition
test. Finally, participants were asked for information concerning the 24-hr interval between sessions, including sleep times,
alcohol consumption, and the same questions concerning thoughts about and active rehearsal of the Icelandic vocabulary as in
Session 1. After providing demographic information, participants were thanked and debriefed.

Data analysis
All analyses were conducted in R24. A significance level of a = 5% was used for all analyses.

We computed cued recall retention and recognition performance scores as dependent variables. For the cued recall retention
scores, the number of correct responses in the respective delayed cued recall test was divided by the number of correct
responses in the immediate cued recall test in which the learning criterion was reached for each participant. For the recognition
performance score, false-alarm rates were subtracted from hit rates to obtain a response-bias-corrected recognition measure per
participant18.

Cued recall and recognition differences between conditions were analyzed by means of one-factorial between-participants
ANOVA. These were followed up by multiple planned contrasts to infer the significance of the pairwise differences between the
respective conditions of interest25.

We obtained MPT parameter estimates from two different estimation approaches to ensure the robustness of our model-
based conclusions. First, using response category frequencies aggregated within experimental conditions, we applied an ML
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Measure Waking rest Social media Vocabulary
Immediate recall: Repetitions 1.39 (0.53) 1.48 (0.50) 1.38 (0.60)
Immediate recall: Correct responses 11.59 (2.66) 11.94 (3.56) 10.96 (2.69)
Delayed recall: Correct responses 13.39 (3.11) 13.46 (3.98) 11.81 (3.37)
Recall retention 1.16 (0.15) 1.14 (0.18) 1.08 (0.17)
Hit rate 0.95 (0.08) 0.94 (0.07) 0.88 (0.11)
False-alarm rate 0.05 (0.06) 0.04 (0.05) 0.04 (0.06)
Recognition performance 0.90 (0.10) 0.91 (0.09) 0.83 (0.13)

Table 1. Mean (SD) cued recall and recognition performances in Session 1 of Experiment 1. A total of 20 word pairs was
presented to participants during the original learning phase. The learning phase and the immediate cued recall were presented
between one and three times to participants. Recall retention = correct responses in the delayed cued recall / correct responses
in the immediate cued recall. Recognition performance = hit rate � false-alarm rate.

estimation approach as implemented in the R package MPTinR26. Second, for the individual response category frequencies, we
applied the Bayesian hierarchical latent-trait estimation approach27 as implemented in the R package TreeBUGS28. Whereas
the first approach rests on the assumption of identically and independently distributed (i.i.d.) observations, the latter takes into
account the potential heterogeneity of participants and includes parameter correlations28.

For the aggregated data, the model was estimated simultaneously for all three experimental conditions. By applying
equality constraints between conditions, a model version with df > 0 was obtained that allowed for testing the model via
the G

2 goodness-of-fit statistic. For the individual data, the model was estimated separately for each experimental condition.
Convergence of the MCMC sampler was confirmed according to the potential scale reduction factor R̂ < 1.0529. Model fit was
evaluated with respect to the posterior-predictive p-values obtained from comparing the fit statistics T1 and T2 for the observed
and posterior-predicted data27. pT1 and pT2 values > 0.05 are considered to reflect satisfactory model fit28.

For the aggregated data, equality constraints were imposed on the respective parameters of interest, and the significance
of parameter differences between experimental conditions was inferred from the reduction in model fit, that is, DG

2 in the
case of two-sided research questions, and z =

p
DG2(1) the case of one-sided hypotheses. For the individual data, posterior

distributions of parameter differences were used to infer the reliability of parameter differences between conditions16. More
specifically, for our preregistered one-tailed hypotheses, so-called Bayesian p-values were calculated, that is, the relative amount
of the posterior distribution below zero. For two-tailed research questions, 95% Bayesian credibility intervals (BCI) were used
as a reliability criterion. Given that aggregated and individual MPT results converged in most cases (as has previously been
observed for a range of different MPT models30 and is also expected for models of the type relevant here31), Bayesian p-values
and 95% BCI are only reported when inferences differed from those obtained for the aggregated data. The remaining values are
provided in the Supplementary Material.

Results
Manipulation check
The mean number of Instagram posts that participants in the social media condition reported to have engaged in was M = 23.28
(SD = 13.15, range = 6-70). Only one participant reported to have engaged in any Icelandic posts. The mean number of correct
responses in the interpolated cued recall in the vocabulary condition was M = 12.43 (SD = 4.70).

Cued recall and recognition
An inspection of cued recall and recognition measures in the full sample revealed some rather severe outliers in both Sessions
1 and 2. To avoid biased results while not overly compromising the statistical power of our hypothesis tests, we decided to
deviate from our preregistered analysis plan by applying a conservative outlier criterion and excluding extreme values from
both sessions separately. We excluded participants whose cued recall retention or recognition performance score was more
than three times the median absolute distance (MAD) away from the respective grand median32. This approach resulted in
sample sizes of N1 = 154 for Session 1 (n = 51 in the waking rest condition, n = 50 in the social media condition, n = 53 in
the vocabulary condition) and N2 = 141 for Session 2 (n = 49 in the waking rest and social media conditions, n = 43 in the
vocabulary condition). The resulting descriptive statistics for the cued recall and recognition measures in Session 1 are provided
in Table 1.

The number of repetitions of the immediate cued recall necessary to reach the learning criterion did not differ significantly
between conditions, F(2, 151) = 0.52, p = 0.593, h2 = 0.01. The same was true for the number of correct responses in the
immediate cued recall in which the learning criterion was reached, F(2, 151) = 1.42, p = 0.245, h2 = 0.02.

We hypothesized that cued recall retention within Session 1 would be higher in the waking rest condition than in the social
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Parameter Waking rest Social media Vocabulary
Aggregated data

s 0.91 [0.90, 0.93] 0.92 [0.91, 0.94] 0.87 [0.84, 0.89]
r1 0.98 [0.97, 0.99] 0.98 [0.97, 0.99] 0.96 [0.94, 0.98]
g 0.46 [0.36, 0.55] 0.38 [0.28, 0.48] 0.27 [0.20, 0.33]
r2 0.73 [0.70, 0.76] 0.73 [0.70, 0.76] 0.68 [0.65, 0.71]

Individual data
s 0.94 [0.91, 0.97] 0.94 [0.91, 0.97] 0.89 [0.85, 0.93]
r1 0.99 [0.97, 1.00] 0.98 [0.97, 1.00] 0.99 [0.97, 1.00]
g 0.57 [0.37, 0.80] 0.36 [0.20, 0.52] 0.21 [0.10, 0.32]
r2 0.74 [0.69, 0.78] 0.75 [0.68, 0.81] 0.69 [0.63, 0.74]

Table 2. Storage-retrieval multinomial processing tree (MPT) parameter estimates [95% CI] in Session 1 of Experiment 1. s =
probability of successful target storage, r1 = probability of successful target retrieval during recognition, g = probability of
guessing ’old’ during recognition, r2 = probability of successful target retrieval during recall. For the aggregated data, the
model was fitted using ML estimation in the R package MPTinR26 (95% confidence intervals in brackets), and parameter r1
was set equal between the waking rest and the social media condition to allow for a model fit evaluation. For the individual
data, the model was fitted using Bayesian hierarchical estimation in the R package TreeBUGS28 (95% Bayesian credibility
intervals in brackets).

media and vocabulary conditions, respectively. Overall, there was a significant effect of our manipulation on the number of
correct responses in the first delayed cued recall, F(2, 151) = 3.71, p = 0.027, h2 = 0.05. More importantly, in line with our
hypotheses, cued recall retention did differ significantly between conditions as well, F(2, 151) = 3.48, p = 0.033, h2 = 0.04. We
performed planned contrasts to further evaluate our hypotheses. As expected, cued recall retention was significantly higher in
the waking rest than in the vocabulary condition, t(151) = 2.55, p = 0.006, Cohen’s d = 0.50. However, this was not the case
when the waking rest condition was compared against the social media condition, t(151) = 0.71, p = 0.238, Cohen’s d = 0.14.

We also hypothesized that recognition performance after the 8-min retention interval in Session 1 would be higher in the
waking rest condition than in the social media and the vocabulary conditions, respectively. There again was an overall effect of
our manipulation, F(2, 151) = 7.41, p = 0.001, h2 = 0.09. Mirroring our findings for cued recall retention, planned contrasts
revealed that recognition performances were significantly lower in the vocabulary than in the waking rest condition, t(151) =
3.15, p = 0.001, Cohen’s d = 0.62, whereas recognition performances in the social media condition did not differ significantly
from those in the waking rest condition, t(151) = -0.33, p = 0.627, Cohen’s d = -0.06.

Descriptive statistics for Session 2 are provided in Supplementary Table S1. Overall, no significant effects emerged between
the waking rest and the social media condition, and the differences between the waking rest and the vocabulary condition were
substantially reduced. Indeed, only the effect on cued recall retention remained significant, t(138) = 1.88, p = 0.031, Cohen’s d

= 0.39.
We confirmed the robustness of our main conclusions concerning cued recall and recognition measures in a sensitivity

analysis (see Supplementary Tables S3 and S5).

Storage-retrieval MPT model probabilities
Our preregistered MPT model specification included an equality constraint on guessing parameter g across conditions for the
aggregated data. However, this model version did not fit the data, neither for Session 1, G

2(2) = 11.34, p = 0.003, nor for
Session 2, G

2(2) = 12.11, p = 0.002. Instead, an inspection of parameter estimates resulting from a saturated model version
indicated that recognition retrieval parameters r1 might be similar enough between conditions to allow for an equality constraint,
especially between the waking rest and social media conditions. Indeed, such a model version fit the data well both for Session
1, G

2(1) = 0.42, p = 0.515, and for Session 2, G
2(1) = 0.15, p = 0.703. Thus, we used this model version for further MPT

analyses. For the individual data, good convergence was observed for all parameters in all three conditions, all R̂ < 1.05, and
the model fit the data well in both sessions.

MPT parameter estimates for Session 1 are provided in Table 2. Estimates largely aligned between both estimation
approaches for the aggregated and individual data. Based on the assumption of diversion retroactive interference, we expected
MPT storage probabilities s in Session 1 to be higher in the waking rest than in the social media and vocabulary conditions,
respectively. We also hypothesized that storage probabilities would not differ significantly between the social media and the
vocabulary conditions. Contrary to our hypothesis, there even was a slight descriptive tendency of higher storage probabilities
in the social media than in the waking rest condition, z = 0.73, p = 0.767. In contrast, storage probabilities were significantly
higher in the waking rest compared to the vocabulary condition, z = 2.99, p = 0.001. Against our expectations, there was also
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a significant difference in storage probabilities between the social media and the vocabulary condition, DG
2(1) = 13.40, p <

0.001.
Based on the assumption of similarity retroactive interference, we hypothesized that cued recall retrieval probabilities r2 in

Session 1 would be higher in the waking rest than in the social media and the vocabulary conditions, respectively, and also in
the social media compared to the vocabulary condition. Against our expectations, cued recall retrieval probabilities in Session
1 did not differ significantly between the waking rest and the social media condition, z = 0.20, p = 0.421. For the remaining
pairwise comparisons, the results were rather mixed: For the individual data, cued recall retrieval probabilities were not reliably
higher in the waking rest than in the vocabulary condition, Bayesian p = 0.096, or in the social media than in the vocabulary
condition, Bayesian p = 0.082. In contrast, for the aggregated data, these comparisons yielded significantly higher cued recall
retrieval probabilities in the waking rest than in the vocabulary condition, z = 2.21, p = 0.014, and in the social media than in
the vocabulary condition, z = 2.03, p = 0.021.

With respect to the remaining parameters, recognition retrieval probabilities r1 were estimated to be very close to 1 in all
three conditions. For guessing probabilities g, we observed a descriptive reduction of the probability to guess ‘old’ from the
waking rest to the vocabulary condition. Indeed, guessing probabilities did differ significantly between the waking rest and the
vocabulary condition, DG

2(1) = 10.65, p = 0.001. However, this was not the case for the comparisons between the waking rest
and social media conditions, DG

2(1) = 1.16, p = 0.282, or the social media and vocabulary conditions, DG
2(1) = 3.80, p =

0.051.
MPT parameter estimates for Session 2 are provided in Supplementary Table S2. Whereas storage probabilities s did not

differ significantly between conditions anymore, the patterns for parameters r1, r2 and g were very similar to those from Session
1.

We confirmed the robustness of our MPT results in a sensitivity analysis (see Supplementary Tables S4 and S6).

Experiment 2
Methods
Our methodological approach in Experiment 2 largely followed that of Experiment 1, except for a reversal of the recognition-
then-cued-recall test procedure and some other deviations and extensions that are detailed below.

Participants
Our sample size rationale was the same as in Experiment 1, that is, we aimed at a statistical power of 1�b = 80% to detect a
medium effect size of Cohen’s f = 0.25 with a = 5%. However, after observing some rather severe outliers with respect to
cued recall retention and recognition performance scores in Experiment 1, we oversampled by 10% to account for the necessity
to exclude outliers. Thus, the required sample size was N = 177 participants (i.e., n = 59 per condition). We preregistered
the same exclusion criterion we already used in Experiment 1, that is, participants whose cued recall retention or recognition
performance score was more than three times the MAD away from the respective grand median were excluded32.

Participants were again recruited at the University of Mannheim. The same eligibility requirements applied as in Experiment
1, and the same 35% learning criterion was used in the immediate cued recall. Participants could choose between course credit
and a financial compensation of 10C for an estimated net study duration of 45 minutes within one single session.

We collected data from 177 participants. After excluding participants who failed to reach the 35% learning criterion in the
immediate cued recall or were identified as outliers according to their recall retention or recognition performance score, the
final sample size was N = 157 (n = 53 in the waking rest condition, n = 52 in the social media and vocabulary conditions). Mean
age was 22.17 years (SD = 2.98, range = 18-31). 117 participants (74.52%) indicated to be female, 37 participants (23.57%)
indicated to be male, one participant identified their gender as non-binary, and one participant as diverse. One participant
refrained from providing their gender identity. 144 participants (91.72%) indicated German to be their first language. As
in Experiment 1, all participants confirmed to be fluent in German. 149 participants (94.90%) were studying at the time of
participation, and 79 participants (50.32%) were enrolled in a psychology program.

The study was again conducted in accordance with the Declaration of Helsinki (2013). As the study did not involve
deception or other ethically relevant elements, formal approval from the ethics committee was not necessary according the
regulations of the ethics committee of the University of Mannheim. Informed consent was obtained from all participants.

Procedure
In contrast to Experiment 1, we decided to focus on short-term effects of post-encoding waking rest within a single session.
Thus, our procedure in Experiment 2 was the same as in Session 1 of Experiment 1. The delayed testing procedure was
reversed, that is, instead of a recognition-then-cued-recall procedure as in Experiment 1, we used a cued-recall-then-recognition
procedure. To further increase the sensory input during the 8-min retention interval in the social media condition, participants
were asked to bring headphones with them so that they could use Instagram with tone.
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Measure Waking rest Social media Vocabulary
Immediate recall: Repetitions 1.49 (0.58) 1.52 (0.58) 1.40 (0.63)
Immediate recall: Correct responses 11.42 (2.95) 12.00 (2.90) 11.62 (2.92)
Delayed recall: Correct responses 11.62 (3.03) 12.17 (2.85) 11.25 (3.39)
Recall retention 1.02 (0.10) 1.02 (0.13) 0.96 (0.11)
Hit rate 0.95 (0.05) 0.94 (0.07) 0.91 (0.08)
False-alarm rate 0.03 (0.06) 0.02 (0.04) 0.03 (0.04)
Recognition performance 0.92 (0.07) 0.92 (0.09) 0.88 (0.09)

Table 3. Mean (SD) cued recall and recognition performances in Experiment 2. A total of 20 word pairs was presented to
participants during the original learning phase. The learning phase and the immediate cued recall were presented between one
and three times to participants. Recall retention = correct responses in the delayed cued recall / correct responses in the
immediate cued recall. Recognition performance = hit rate � false-alarm rate.

We used the German translation of the High Sensitive Person Scale (HSPS-G)33, 34 and the negative emotionality subscale
of the German version of the Big Five Inventory 2 (BFI-2)35 as part of a post-experimental questionnaire to assess sensory
processing sensitivity and neuroticism as potential moderators of the waking rest effect36. However, these covariates were not
of interest in our present research and will be used in separate analyses not reported here.

Results
Manipulation check
The mean number of Instagram posts that participants in the social media condition reported to have engaged in was M = 24.13
(SD = 21.39, range = 6-150). Two participants reported to have engaged in any Icelandic posts. The mean number of correct
responses in the interpolated cued recall in the vocabulary condition was M = 13.58 (SD = 4.14).

Cued recall and recognition
Descriptive statistics for cued recall and recognition measures are provided in Table 3. The number of repetitions of the
immediate cued recall did not differ significantly between conditions, F(2, 154) = 0.53, p = 0.591, h2 = 0.01. The same was
true for the number of correct responses in the respective last immediate cued recall, F(2, 154) = 0.54, p = 0.584, h2 = 0.01,
and in the delayed cued recall, F(2, 154) = 1.17, p = 0.313, h2 = 0.01.

We hypothesized that cued recall retention would be higher in the waking rest condition than in the social media and the
vocabulary conditions, respectively. In line with this, an ANOVA revealed a significant overall effect of our manipulation, F(2,
154) = 4.98, p = 0.008, h2 = 0.06. Planned contrasts showed that cued recall retention was significantly higher in the waking
rest condition compared to the vocabulary condition, t(154) = 2.70, p = 0.004, Cohen’s d = 0.53, but not compared to the social
media condition, t(154) = -0.09, p = 0.534, Cohen’s d = -0.02.

We also hypothesized that recognition performance would be higher in the waking rest condition than in the social media
and the vocabulary conditions, respectively. Again, an ANOVA revealed a significant effect of our manipulation, F(2, 154) =
3.61, p = 0.029, h2 = 0.04. In line with the pattern for cued recall retention, this overall effect could be attributed to significantly
lower recognition performances in the vocabulary than in the waking rest condition, t(154) = 2.23, p = 0.014, Cohen’s d =
0.43, whereas recognition performances in the social media condition did not differ significantly from those in the waking rest
condition, t(154) = -0.20, p = 0.579, Cohen’s d = -0.04.

As in Experiment 1, we confirmed the robustness of our main conclusions concerning cued recall and recognition measures
in a sensitivity analysis (see Supplementary Table S7).

Storage-retrieval MPT model probabilities
MPT parameter estimates are provided in Table 4. Again, estimates largely aligned between both estimation approaches. For
the aggregated data, the same baseline model that we already used in Experiment 1 fit the data well, G

2(1) = 1.65, p = 0.199.
For the individual data, good convergence was observed for all parameters in all three conditions, all R̂ < 1.05, and the model
fit the data well.

We hypothesized that MPT storage probabilities s would be higher in the waking rest than in the social media and vocabulary
conditions, respectively. As in Experiment 1, there instead was a descriptive tendency of higher storage probabilities in the
social media compared to the waking rest condition, z = 0.17, p = 0.568. In contrast, storage probabilities in the vocabulary
condition were significantly smaller than in the waking rest condition, z = 2.25, p = 0.012. In line with these two findings,
storage probabilities in the vocabulary condition were also significantly smaller than in the social media condition, DG

2(1) =
5.83, p = 0.016.
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Parameter Waking rest Social media Vocabulary
Aggregated data

s 0.92 [0.90, 0.93] 0.92 [0.90, 0.94] 0.89 [0.87, 0.91]
r1 1.00 [1.00, 1.00] 1.00 [1.00, 1.00] 0.99 [0.99, 1.00]
g 0.41 [0.31, 0.51] 0.27 [0.18, 0.36] 0.27 [0.20, 0.35]
r2 0.63 [0.60, 0.67] 0.66 [0.63, 0.69] 0.63 [0.60, 0.67]

Individual data
s 0.92 [0.90, 0.94] 0.93 [0.91, 0.96] 0.89 [0.87, 0.92]
r1 1.00 [0.99, 1.00] 1.00 [0.99, 1.00] 0.99 [0.98, 1.00]
g 0.30 [0.12, 0.49] 0.29 [0.13, 0.47] 0.27 [0.14, 0.40]
r2 0.64 [0.59, 0.68] 0.66 [0.63, 0.70] 0.64 [0.59, 0.69]

Table 4. Storage-Retrieval multinomial processing tree (MPT) parameter estimates [95% CI] in Experiment 2. Parameter s =
probability of successfully storing a target word in memory, r1 = probability of successfully retrieving a target word during
recognition, g = probability of guessing ’old’ during recognition, r2 = probability of successfully retrieving a target word
during cued recall. For the aggregated data, the model was fitted using ML estimation in the R package MPTinR26 (95%
confidence intervals in brackets), and parameter r1 was set equal between the waking rest and the social media condition to
allow for a model fit evaluation. For the individual data, the model was fitted using Bayesian hierarchical estimation in the R
package TreeBUGS28 (95% Bayesian credibility intervals in brackets).

We expected MPT cued recall retrieval probabilities r2 to be higher in the waking rest than in the social media and the
vocabulary conditions, respectively, and also in the social media compared to the vocabulary condition. As we had observed for
parameter s, we found a descriptive tendency of higher cued recall retrieval probabilities in the social media compared to the
waking rest condition, z = 1.25, p = 0.895. Surprisingly, cued recall retrieval probabilities in the vocabulary condition were not
significantly smaller than in the waking rest condition either, z = 0.05, p = 0.518. The same held true for the comparison of the
social media and the vocabulary condition, z = 1.19, p = 0.117.

As for the remaining parameters, recognition retrieval probabilities r1 were estimated to be very close to 1. With respect to
guessing probabilities g, the pattern was more complex: For the individual data, no reliable differences were observed between
any of the three conditions, that is, all pairwise 95% BCI overlapped zero. In contrast, for the aggregated data, guessing
probabilities were estimated to be significantly higher in the waking rest compared to the social media condition, DG

2(1) =
4.02, p = 0.045, and also compared to the vocabulary condition, DG

2(1) = 4.77, p = 0.029. Estimates did not differ significantly
between the social media and the vocabulary condition, DG

2(1) = 0.00, p = 0.981.
As in Experiment 1, we confirmed the robustness of our MPT results in a sensitivity analysis (see Supplementary Table S8).

Discussion
In the present research, we set out to find direct evidence for a role of consolidation processes in the waking rest effect by
replicating and extending the social media study reported by Martini et al.5.

Across both experiments, we failed to find any memory differences between the waking rest and social media conditions.
Thereby, our results add to a growing body of evidence suggesting that certain distractor tasks might be equally beneficial for
consolidation as waking rest9. Indeed, it has been argued that waking rest might not always minimize cognitive processing,
but instead trigger highly active processes such as mentalizing, mind-wandering, and autobiographical thinking37. In contrast,
past research has identified relaxation as an important motivational aspect of social media engagement38. Thus, the waking
rest versus social media effect might be susceptible to how much participants engage in effortful cognitive processing during
waking rest and social media use.

That said, the striking discrepancy between the original finding of a medium to large waking rest versus social media effect
and our own null findings across two experiments might also be explained through procedural differences. Word pairs in our
study were presented for 12 instead of just 5 seconds during the learning phase, and we applied a 35% learning criterion that
was not used in the original study. Thereby, mean numbers of correct responses in the immediate cued recall were substantially
increased in our experiments (M = 10.96� 12.00) compared to what was found by Martini et al. (M = 7.64 in the waking
rest condition, M = 7.21 in the social media condition). Interestingly, encoding strength has been suggested to moderate the
waking rest effect9 such that the effect might be reduced or even eliminated for relatively long presentation times39. Such an
explanation might in principle apply to our results. For the time being, replication failures such as ours call into question the
use of waking rest interventions in relevant applied settings.

We did find reliable differences in cued recall retention and recognition performance scores between the waking rest and
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vocabulary conditions across both experiments. Disregarding our model-based results, such a finding could be easily explained
by more traditional accounts of similarity-based retroactive interference14. However, our storage-retrieval MPT analyses
revealed that these differences were driven solely by storage processes. Thereby, we found first direct behavioral evidence for a
role of consolidation in the waking rest effect.

Our result pattern with respect to MPT storage probabilities s suggests that some diversion threshold needs to be reached
before consolidation processes are inhibited. Apparently, only the very high degree of intentional encoding demands induced in
the vocabulary condition was sufficient to interfere with consolidation. This observation contradicts the original key assumption
by Dewar et al.3 according to which any interpolated material or task that induces cognitive processing and encoding demands
beyond mere waking rest will interfere with consolidation. However, more research is needed to determine whether or not such
storage effects can also be observed for low similarity distractor tasks. An ideal candidate to use in such an investigation might
be the d2 test of attention40, that is, a highly controlled attention and concentration performance test for which negative effects
compared to waking rest have recently been demonstrated for some participants36, 41. Such a non-verbal task can be assumed to
share virtually no similarities with the original learning task while inducing considerable cognitive processing demands.

Our mixed findings in Experiment 1 and clear null-findings in Experiment 2 for cued recall retrieval probabilities r2
lead to a rather complex conclusion with respect to similarity retroactive interference. Apparently, the similarities between
Icelandic-German and unrelated Norwegian-German word pairs were insufficient to result in significant retrieval competition42

or indistinctiveness43, 44 during the delayed memory tests. One reason for this might be that our testing procedure did not
involve free recall tests, that is, participants were always presented with some retrieval cue: either the cue word of the respective
word pair (cued recall) or even the target word itself (recognition). It seems likely that retrieval differences would have been
more pronounced had we used a testing procedure involving free recall. Future research might use alternative storage-retrieval
MPT models that involve such free recall tests45, 46.

To our surprise, we found mixed evidence for an effect of our manipulation on guessing probabilities g during recognition.
Descriptively, the probability of guessing ‘old’ was highest in the waking rest and lowest in the vocabulary condition across
both experiments. Although this pattern was only reliable in Experiment 1, our results at least tentatively suggest that positive
effects of post-encoding waking rest on recognition performances might be partially explained by a more balanced guessing
style (i.e., g closer to 0.5 in the case of equal numbers of targets and distractors) in the waking rest condition compared to an
overly conservative guessing style (i.e., g closer to 0.0) in distractor conditions.

Overall, the MPT result patterns largely aligned between both experiments, suggesting that parameter estimates resulting
from this model are rather robust against changes to the test order. However, mean cued recall retention scores above 1 in
all three conditions in Experiment 1 suggest that participants benefited from being presented with all target words during the
preceding recognition test. In contrast, in Experiment 2, the reversal of the memory testing procedure led to a reduction in cued
recall retention scores. Thus, the overall performance level in Experiment 2 might be more trustworthy.

Using storage-retrieval MPT modeling allowed us to directly measure consolidation contributions to memory performance
on a behavioral level. We hope that future research on the positive effects of post-encoding waking rest will adopt such a
model-based approach. We are optimistic that the field will thereby reach an even more comprehensive and nuanced view of
the respective roles of diversion and similarity retroactive interference in the waking rest effect.

Data availability
The datasets generated during the current studies and R scripts necessary to reproduce all reported results are available on the
OSF at osf.io/k2gs8/?view_only=f06d32611f1c4808be3ad66fd7d3b973.
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Supplementary Information 
 

accompanying the manuscript 
 

Waking rest during retention facilitates memory consolidation, but so does social media use: 
A model-based storage-retrieval analysis 

 
 
Main cued recall and recognition analysis of Session 2 in Experiment 1 

Our expectations with respect to cued recall and recognition measures in Session 2 of 

Experiment 1 were the same as for Session 1. We observed no significant overall effect of our 

manipulation on the number of correct responses in the second delayed cued recall, F(2, 138) 

= 1.96, p = 0.145, η2 = 0.03, or on the cued recall retention across the 24-hr interval between 

sessions, F(2, 138) = 1.79, p = 0.171, η2 = 0.03. In line with this, planned contrasts revealed 

no significant difference between the waking rest and the social media condition, t(138) = 

0.78, p = 0.220, Cohen’s d = 0.16. Importantly, however, cued recall retention in the 

vocabulary condition was significantly lower than in the waking rest condition, t(138) = 1.88, 

p = 0.031, Cohen’s d = 0.39.  

Recognition performances in Session 2 were overall not significantly affected by our 

manipulation, F(2, 138) = 1.88, p = 0.157, η2 = 0.03. Accordingly, planned contrasts revealed 

no significant differences between the waking rest and the social media condition, t(138) =     

-0.46, p = 0.676, Cohen’s d = -0.09, or between the waking rest and the vocabulary condition, 

t(138) = 1.43, p = 0.078, Cohen’s d = 0.30. 

Measure Waking rest Social media Vocabulary 

Delayed recall: Correct responses 13.29 (3.11) 13.35 (4.08) 12.02 (3.45) 

Recall retention 1.15 (0.21) 1.12 (0.24) 1.07 (0.19) 

Hit rate 0.94 (0.07) 0.93 (0.08) 0.90 (0.09) 

False-alarm rate 0.04 (0.05) 0.02 (0.04) 0.03 (0.05) 

Recognition performance 0.89 (0.09) 0.90 (0.08) 0.87 (0.10) 

 
Supplementary Table S1. Mean (SD) cued recall and recognition performances in the main analysis of 
Session 2 in Experiment 1. Recall retention = correct responses in the delayed cued recall / correct 
responses in the immediate cued recall. Recognition performance = hit rate − false-alarm rate. 
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Main Bayesian hierarchical MPT analysis of Session 1 in Experiment 1 

The model fit the individual data from Session 1 well (pT1 = 0.502, pT2 = 0.549 in the waking 

rest condition, pT1 = 0.509, pT2 = 0.491 in the social media condition, pT1 = 0.502, pT2 = 0.521 

in the vocabulary condition). 

Storage probabilities s in Session 1 were not reliably higher in the waking rest than in the 

social media condition, Bayesian p = 0.530. In contrast, storage probabilities were reliably 

higher in  the waking rest than in the vocabulary condition, Bayesian p = 0.029. There was 

also a reliable difference in storage probabilities between the social media and the vocabulary 

condition, 95% BCI = [0.00, 0.10]. 

Cued recall retrieval probabilities r2 in Session 1 were not reliably higher in the waking rest 

than in the social media condition, Bayesian p = 0.631. 

Guessing probabilities g in Session 1 differed reliably between the waking rest and the 

vocabulary condition, 95% BCI = [0.14, 0.62], but not between the waking rest and the social 

media condition, 95% BCI = [-0.05, 0.49], or the social media and the vocabulary condition, 

95% BCI = [-0.04, 0.34].  
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Main MPT analysis of Session 2 in Experiment 1 

In Session 2 of Experiment 1, storage probabilities s did not differ reliably between any 

conditions, z = 0.51, p = 0.695, Bayesian p = 0.450 (waking rest versus social media), z = 

1.15, p = 0.125, Bayesian p = 0.190 (waking rest versus vocabulary), ∆G2(1) = 2.68, p = 

0.101, 95% BCI = [-0.03, 0.06] (social media versus vocabulary). In contrast, the pattern for 

cued recall retrieval probabilities r2 was the same as in Session 1, z = 0.09, p = 0.465, 

Bayesian p = 0.624 (waking rest versus social media), z = 2.30, p = 0.011, Bayesian p = 0.081 

(waking rest versus vocabulary), z = 2.26, p = 0.012, Bayesian p = 0.072 (social media versus 

vocabulary). Again, recognition retrieval parameters r1 were estimated to be very close to 1. 

The pattern for guessing probabilities g was also very similar to that in Session 1, ∆G2(1) = 

5.67, p = 0.017, 95% BCI = [-0.05, 0.40] (waking rest versus social media), ∆G2(1) = 11.34, p 

= 0.001, 95% BCI = [0.07, 0.42] (waking rest versus vocabulary), ∆G2(1) = 0.74, p = 0.391, 

95% BCI = [-0.14, 0.29] (social media versus vocabulary). 

 

Parameter Waking rest Social media Vocabulary 

Aggregated data 

s  0.91 [0.89, 0.93] 0.91 [0.89, 0.93] 0.89 [0.86, 0.91] 

r1 0.99 [0.98, 1.00] 0.99 [0.98, 1.00] 0.98 [0.96, 0.99] 

g 0.41 [0.32, 0.50] 0.25 [0.17, 0.34] 0.20 [0.13, 0.28] 

r2 0.73 [0.70, 0.77] 0.73 [0.70, 0.76] 0.68 [0.64, 0.71] 

Individual data 

s 0.93 [0.89, 0.96] 0.92 [0.90, 0.95] 0.91 [0.87, 0.94] 

r1 0.99 [0.97, 1.00] 0.99 [0.98, 1.00] 0.98 [0.96, 0.99] 

g 0.39 [0.26, 0.52] 0.21 [0.05, 0.41] 0.14 [0.04, 0.28] 

r2 0.74 [0.70, 0.79] 0.76 [0.69, 0.82] 0.69 [0.63, 0.75] 

 
Supplementary Table S2. Storage-retrieval multinomial processing tree (MPT) parameter estimates 
(95% CI) in the main analysis of Session 2 in Experiment 1. s = probability of successful target storage, 
r1 = probability of successful target retrieval during recognition, g = probability of guessing 'old' during 
recognition, r2 = probability of successful target retrieval during recall. For the aggregated data, the 
model was fitted using ML estimation (95% confidence intervals in brackets), and parameter r1 was set 
equal between the waking rest and the social media condition to allow for a model fit evaluation. For 
the individual data, the model was fitted using Bayesian hierarchical estimation (95% Bayesian 
credibility intervals in brackets).  
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Sensitivity analysis of Sessions 1 and 2 in Experiment 1 

We conducted a sensitivity analysis to check the robustness of our main conclusions from 

Experiment 1. For Session 1, the respective analyses were conducted without the data from 

those participants who reported in the post-experimental questionnaire to have consciously 

rehearsed any of the Icelandic-German vocabulary during the 8-min retention interval (n = 

55). For Session 2, they were conducted without the data from those participants who reported 

(a) 4 hours of sleep or less during the night between sessions (n = 2), (b) alcohol consumption 

between sessions (n = 31), (c) conscious rehearsal of the Icelandic-German vocabulary during 

the 24-hr interval between sessions (n = 55), (d) correct assumptions about our hypotheses (n 

= 1), or (e) a lack of understanding of the study instructions (n = 0). Overall, data from N1 = 

99 participants was included in the sensitivity analysis for Session 1 (n = 30 in the waking rest 

condition, n = 38 in the social media condition, n = 31 in the vocabulary condition), and data 

from N2 = 65 participants in the sensitivity analysis for Session 2 (n = 29 in the waking rest 

condition, n = 23 in the social media condition, n = 13 in the vocabulary condition). 

Descriptive statistics for cued recall and recognition performances are provided in Table S3 

for Session 1 and in Table S5 for Session 2, MPT parameter estimates from both estimation 

approaches are provided in Table S4 for Session 1 and in Table S6 for Session 2. With respect 

to our dependent variables of main interest (i.e., cued recall retention, recognition 

performance, storage probability s, cued recall retrieval probability r2), the overall data 

patterns largely aligned with those obtained from the main analyses. This tentatively indicates 

that our main conclusions are robust against conscious rehearsal, sleep deprivation, alcohol 

consumption, and participants’ awareness of our hypotheses. However, given the considerably 

smaller sample sizes in the sensitivity compared to the main analyses, we deemed further 

significance testing uncalled-for. Thus, any data patterns observed in the sensitivity analysis 

should be treated with caution. 
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Measure Waking rest Social media Vocabulary 

Immediate recall: Repetitions  1.40 (0.56) 1.39 (0.50) 1.32 (0.54) 

Immediate recall: Correct responses 11.83 (2.67) 11.42 (3.39) 10.84 (2.45) 

Delayed recall: Correct responses 13.70 (3.10) 12.82 (3.89) 11.71 (3.49) 

Recall retention 1.17 (0.13) 1.13 (0.18) 1.07 (0.17) 

Hit rate 0.95 (0.07) 0.94 (0.06) 0.86 (0.12) 

False-alarm rate 0.05 (0.07) 0.03 (0.05) 0.03 (0.05) 

Recognition performance 0.90 (0.11) 0.91 (0.08) 0.83 (0.13) 

 
Supplementary Table S3. Mean (SD) cued recall and recognition performances in the sensitivity 
analysis of Session 1 in Experiment 1. Recall retention = correct responses in the delayed cued recall / 
correct responses in the immediate cued recall. Recognition performance = hit rate − false-alarm rate. 
 
 
 

Parameter Waking rest Social media Vocabulary 

Aggregated data 

s  0.91 [0.89, 0.94] 0.93 [0.90, 0.95] 0.88 [0.85, 0.91] 

r1 0.98 [0.97, 0.99] 0.98 [0.97, 0.99] 0.94 [0.92, 0.97] 

g 0.48 [0.35, 0.60] 0.37 [0.26, 0.49] 0.17 [0.10, 0.24] 

r2 0.75 [0.71, 0.79] 0.69 [0.66, 0.73] 0.67 [0.62, 0.71] 

Individual data 

s 0.95 [0.90, 0.98] 0.93 [0.91, 0.96] 0.91 [0.86, 0.96] 

r1 0.99 [0.96, 1.00] 0.99 [0.97, 1.00] 0.98 [0.94, 1.00] 

g 0.49 [0.25, 0.74] 0.31 [0.13, 0.50] 0.12 [0.03, 0.24] 

r2 0.75 [0.70, 0.81] 0.71 [0.64, 0.78] 0.67 [0.59, 0.75] 

 
Supplementary Table S4. Storage-retrieval multinomial processing tree (MPT) parameter estimates 
[95% CI] in the sensitivity analysis of Session 1 in Experiment 1. s = probability of successful target 
storage, r1 = probability of successful target retrieval during recognition, g = probability of guessing 
'old' during recognition, r2 = probability of successful target retrieval during recall. For the aggregated 
data, the model was fitted using ML estimation (95% confidence intervals in brackets), and parameter 
r1 was set equal between the waking rest and the social media condition to allow for a model fit 
evaluation. For the individual data, the model was fitted using Bayesian hierarchical estimation (95% 
Bayesian credibility intervals in brackets). 
  



Supplementary Information 

 6 

Measure Waking rest Social media Vocabulary 

Delayed recall: Correct responses 13.48 (2.89) 11.78 (3.59) 12.38 (3.50) 

Recall retention 1.17 (0.22) 1.11 (0.28) 1.09 (0.17) 

Hit rate 0.94 (0.06) 0.91 (0.09) 0.87 (0.10) 

False-alarm rate 0.04 (0.05) 0.03 (0.04) 0.02 (0.03) 

Recognition performance 0.90 (0.08) 0.88 (0.08) 0.85 (0.10) 

 
Supplementary Table S5. Mean (SD) cued recall and recognition performances in the sensitivity 
analysis of Session 2 in Experiment 1. Recall retention = correct responses in the delayed cued recall / 
correct responses in the immediate cued recall. Recognition performance = hit rate − false-alarm rate. 
 
 
 
Parameter Waking rest Social media Vocabulary 

Aggregated data 

s  0.92 [0.89, 0.94] 0.89 [0.86, 0.92] 0.87 [0.82, 0.91] 

r1 0.99 [0.98, 1.00] 0.99 [0.98, 1.00] 0.99 [0.97, 1.01] 

g 0.37 [0.25, 0.49] 0.24 [0.13, 0.35] 0.11 [0.01, 0.20] 

r2 0.74 [0.70, 0.78] 0.66 [0.61, 0.71] 0.72 [0.65, 0.78] 

Individual data 

s 0.93 [ 0.89, 0.97] 0.90 [0.85, 0.93] 0.88 [0.79, 0.95] 

r1 0.98 [0.96, 1.00] 0.99 [0.97, 1.00] 0.98 [0.95, 1.00] 

g 0.36 [0.20, 0.53] 0.22 [0.03, 0.54] 0.12 [0.01, 0.37] 

r2 0.74 [0.68, 0.80] 0.67 [0.58, 0.75] 0.73 [0.59, 0.85] 

 
Supplementary Table S6. Storage-retrieval multinomial processing tree (MPT) parameter estimates 
[95% CI] in the sensitivity analysis of Session 2 in Experiment 1. s = probability of successful target 
storage, r1 = probability of successful target retrieval during recognition, g = probability of guessing 
'old' during recognition, r2 = probability of successful target retrieval during recall. For the aggregated 
data, the model was fitted using ML estimation (95% confidence intervals in brackets), and parameter 
r1 was set equal between the waking rest and the social media condition to allow for a model fit 
evaluation. For the individual data, the model was fitted using Bayesian hierarchical estimation (95% 
Bayesian credibility intervals in brackets). 
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Main Bayesian hierarchical MPT analysis of Experiment 2 

The model fit the individual data well (pT1 = 0.501, pT2 = 0.501 in the waking rest condition, 

pT1 = 0.461, pT2 = 0.533 in the social media condition, pT1 = 0.496, pT2 = 0.464 in the 

vocabulary condition). 

Storage probabilities s were not reliably higher in the waking rest than in the social media 

condition, Bayesian p = 0.751. In contrast, storage probabilities were reliably higher in the 

waking rest than in the vocabulary condition, Bayesian p = 0.045. There was also a reliable 

difference in storage probabilities between the social media and the vocabulary condition, 

95% BCI = [0.00, 0.08]. 

Cued recall retrieval probabilities r2 in Session 1 were not reliably higher in the waking rest 

than in the social media condition, Bayesian p = 0.809. The same held true for the 

comparisons between the waking rest and the vocabulary condition, Bayesian p = 0.536, as 

well as between the social media and the vocabulary condition, Bayesian p = 0.235. 

Guessing probabilities g did not differ reliably between the waking rest and the social media 

condition, 95% BCI = [-0.23, 0.26], the waking rest and the vocabulary condition, 95% BCI = 

[-0.19, 0.26], or the social media and the vocabulary condition, 95% BCI = [-0.18, 0.23].  
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Sensitivity analysis of Experiment 2 

As in Experiment 1, we conducted a sensitivity analysis to check the robustness of our main 

conclusions. The respective analyses were conducted without the data from those participants 

who reported in the post-experimental questionnaire (a) to have consciously rehearsed any of 

the Icelandic-German vocabulary during the 8-min retention interval (n = 73), (b) correct 

assumptions about our hypotheses (n = 5), or (c) a lack of understanding of the study 

instructions (n = 0). Overall, data from N = 83 participants was included in the sensitivity 

analysis (n = 21 in the waking rest condition, n = 30 in the social media condition, n = 32 in 

the vocabulary condition).  

Descriptive statistics for cued recall and recognition performances are provided in Table S7, 

MPT parameter estimates from both estimation approaches in Table S8. With respect to our 

dependent variables of main interest (i.e., cued recall retention, recognition performance, 

storage probability s, cued recall retrieval probability r2), the overall data patterns largely 

aligned with those obtained from the main analyses. This indicates that our main conclusions 

are robust against conscious rehearsal and participants’ awareness of our hypotheses. Again, 

sample sizes were considerably smaller than in the main analysis, so any data patterns 

observed in the sensitivity analysis should be treated with caution. 
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Measure Waking rest Social media Vocabulary 

Immediate recall: Repetitions  1.33 (0.58) 1.37 (0.61) 1.34 (0.65) 

Immediate recall: Correct responses 10.43 (2.91) 11.40 (2.92) 10.91 (2.79) 

Delayed recall: Correct responses 10.57 (2.89) 11.70 (2.96) 10.41 (3.19) 

Recall retention 1.02 (0.08) 1.03 (0.11) 0.95 (0.12) 

Hit rate 0.95 (0.05) 0.93 (0.08) 0.90 (0.08) 

False-alarm rate 0.05 (0.07) 0.01 (0.03) 0.03 (0.05) 

Recognition performance 0.90 (0.09) 0.92 (0.09) 0.87 (0.08) 

 
Supplementary Table S7. Mean (SD) cued recall and recognition performances in the sensitivity 
analysis of Experiment 2. Recall retention = correct responses in the delayed cued recall / correct 
responses in the immediate cued recall. Recognition performance = hit rate − false-alarm rate. 
 
 
 
Parameter Waking rest Social media Vocabulary 

Aggregated data 

s  0.90 [0.87, 0.93] 0.92 [0.89, 0.94] 0.88 [0.85, 0.90] 

r1 1.00 [1.00, 1.00] 1.00 [1.00, 1.00]  0.99 [0.98, 1.00] 

g 0.46 [0.31, 0.61] 0.16 [0.06, 0.26] 0.26 [0.17, 0.35] 

r2 0.59 [0.53, 0.64] 0.64 [0.60, 0.68] 0.59 [0.55, 0.64] 

Individual data 

s 0.92 [0.87, 0.96] 0.93 [0.90, 0.96] 0.88 [0.85, 0.91] 

r1 0.99 [0.98, 1.00] 1.00 [0.99, 1.00] 0.99 [0.97, 1.00] 

g 0.40 [0.12, 0.69] 0.13 [0.02, 0.30] 0.23 [0.09, 0.39] 

r2 0.58 [0.50, 0.66] 0.64 [0.58, 0.70] 0.60 [0.53, 0.66] 

 
Supplementary Table S8. Storage-retrieval multinomial processing tree (MPT) parameter estimates 
(95% CI) in the sensitivity analysis of Experiment 2. s = probability of successful target storage, r1 = 
probability of successful target retrieval during recognition, g = probability of guessing 'old' during 
recognition, r2 = probability of successful target retrieval during cued recall. For the aggregated data, 
the model was fitted using ML estimation (95% confidence intervals in brackets), and parameter r2 was 
set equal between the waking rest and the social media condition to allow for a model fit evaluation. A 
small positive constant of 0.10 was added to all category frequencies to avoid convergence issues due 
to categories with zero frequencies. For the individual data, the model was fitted using Bayesian 
hierarchical estimation (95% Bayesian credibility intervals in brackets). 
 


