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Abstract

The Encoding Specificity Hypothesis, a cornerstone in memory research, posits that
the successful recollection of an event is cue dependent and relies on the degree of
match between cues present at retrieval and encoding conditions. Here, we challenge
this principle by proposing that, since neural memory traces and their psychological
experience change over time, the optimal cue should change accordingly, matching the
current state of the encoded memory. We examined this hypothesis using a
paired-associate paradigm, where participants encoded pairs of objects and recalled
one of them upon being presented with the other encoded object (i.e., identical cue), a
similar version of it or a different version of it. We tracked the current state of the
memory by means of a recognition task on the cues, which could follow (Experiment 1)
or precede (Experiment 2) the retrieval of the paired associate. In Experiment 1,
participants were faster retrieving a target memory when presented with cues
recognised as identical, followed by recognised as similar and then different. This effect
was stronger than the one of the actual similarity of the cues. Furthermore,
non-encoded cues recognised as identical led to faster response times (RTs) compared
to encoded identical cues, contrasting with the Encoding Specificity Hypothesis. No
significant difference was observed for the accuracy at retrieval and Experiment 2 failed
to replicate the effect on RT, likely due to the early recognition phase reactivating the
event memory. We discuss the results as preliminary evidence of a potentially
necessary perspective change: from encoding-retrieval match, to cue updating based
on memory evolution.

Keywords: Encoding Specificity Hypothesis, cue updating, memory evolution,
cue similarity, paired associate paradigm



The Best Cues Evolve with Memory: a New Challenge for the Encoding
Specificity Hypothesis

“We remember an event if it has left behind a trace and if something reminds us
of it” (Tulving, 1974, p. 74). Memory cues, often conceptualized as specific pieces of
information present in the individual’s cognitive environment and linked to the memory
of the event (Tulving, 1974), are necessary for successful retrieval (Semon, 1896).
Even in the absence of a clear external, physical cue (e.g., the color of the screen;
Dulsky, 1935), internal aspects (e.g., pharmacological state, mood; Eich et al., 1975;
Eich & Metcalfe, 1989) or contextual ones (Godden & Baddeley, 1975; Reddy &
Bellezza, 1983) might play a crucial role (Roediger et al., 2017). Indeed, upon being
provided with the right cue, people can retrieve the original event even when memories
seem to have faded (Tulving, 1974) or to be affected by clinical conditions (e.g., in
Alzheimer disease and Korsakoff disease; Kirk & Berntsen, 2018; Mcdowall, 1979).
These findings highlight a fundamental difference between memory availability and
memory accessibility (Tulving & Pearlstone, 1966), reinforcing the idea of the cue
dependency of memory retrieval (Frankland et al., 2019).

More in general, the successful retrieval of an encoded event highly depends
on the type of cue provided, with certain cues being better than others (Roediger et al.,
2017). One type of task that has been widely used to assess the efficiency of distinct
kinds of cues in eliciting the reinstatement of the memory is the “paired associate
learning task” (Calkins, 1896). In this task, one stimulus is presented with or in
temporal proximity to another stimulus; at test, only one of the elements of the pair is
shown and participants are asked to remember its associate. For instance, if an
association between pairs of words has been encoded, the presentation of one of them
at test (i.e., cue) would elicit the recall of the associated word (Tulving & Osler, 1968).
Thus, by varying the type of cue presented (e.g., presenting colors and words or
images and words; Roediger et al., 2017), it is possible to determine the degree to
which certain stimuli are more effective than others in triggering the episodic
recollection of the entire event (Thomson & Tulving, 1970). For instance, pictures and
objects are overall more effective than words as cues to allow the recall of a paired
associate (lodice et al., 2015; Kirk & Berntsen, 2018), while odor cues are generally
more related to a stronger emotionality of the memory reinstated (Herz, 1998).

Crucially, the paired associate task evolved into more complex versions in
which the cue provided at test was not necessarily one of the stimuli presented during
the study phase, but an item thought to have an effect on memory retrieval (Roediger
et al., 2017). For instance, Thomson and Tulving (1970) presented pairs of words that
were only weakly related at a semantic level; at test, either one of the two words or a
word that was strongly associated with the target word was provided as cue. What they
observed is that, even though the degree of semantic association between pairs of
words generally determines the extent to which participants will remember the paired
associate (Low & Roder, 1983), weakly related words can be more effective if they are
the only words paired with the to be remembered words at encoding (Thomson &
Tulving, 1970).

This effect turned out to be very consistent across most of the paired associate
studies (Roediger et al., 2017), forming the basis of the “Encoding Specificity
Hypothesis” (Tulving & Thomson, 1973): “retrieval success is dictated by the extent to
which the context (or cues) at retrieval matches that which was present during



encoding” (Guskjolen & Cembrowski, 2023, p. 3212). After its initial proposal, this
hypothesis turned quickly into a more general principle due to the high number of
studies that replicated the effect across different experimental conditions, paradigms
and even internal processes: better recall if the mental operation performed at
encoding matches the one at retrieval (Morris et al., 1977), if the global environmental
context, or one of its relevant features, remains unchanged (Godden & Baddeley, 1975;
Geiselman & Glenny, 1977), if the mood is consistent across the experiment phases
(Eich & Metcalfe, 1989), or if the same body posture and physiological state are
repeated (Dijkstra et al., 2007; Miles & Hardman, 1998).

Nevertheless, several limitations of the Encoding Specificity Hypothesis have
also been reported (for a review, see Roediger et al., 2017). For instance, Postman
(1975) did not replicate the effect observed by Thomson and Tulving (1970), finding
that non-encoded but strongly semantically related words were more effective cues
than encoded but weakly related words. This result aligns with a previous finding by
Santa and Lamwers (1974), who demonstrated that the effect of non-encoded strongly
related cues depends on whether participants are instructed on how to use them to
recall the target words. Since Thomson and Tulving (1970) did not provide specific
instructions, Santa and Lamwers (1974) concluded that the Encoding Specificity
Principle could be more an experimental artifact than a real phenomenon. Furthermore,
the encoding specificity findings failed to replicate also when other types of “cues” were
investigated: mental operations (Dewhurst & Brandt, 2007; Dewhurst & Knott, 2010),
general context (Bjork & Richardson-Klavehn, 2014; Fernandez & Glenberg, 1985) and
mood dependency (Bower et al., 1978). Thus, even by taking a more moderate
perspective with respect to Santa and Lamwers (1974)’s, the Encoding Specificity
Principle cannot explain many of the findings present in the literature and evidence for
the effect with specific types of cues (e.g., mood dependency) is sparse and requires
additional research (Roediger et al., 2017).

Neural Bases of Cued Recall and Memory Trace Evolution

Further understating of the Encoding Specificity Principle and its possible
limitations comes from a significant body of research that has investigated the neural
bases of cued recall. This research builds on the idea that if we remember specific
events only when they left a trace and a cue can tap into it (Tulving, 1974), then
memory retrieval at the neural level can be understood as a cue-induced behavioral
expression of the engram (Frankland et al., 2019). The engram, or memory trace, is
defined as the physical change that happens in the nervous system whenever we learn
something (Guskjolen & Cembrowski, 2023; Josselyn et al., 2015). This change, that
occurs through plasticity, involves neurons from multiple and functionally connected
brain regions (i.e., “unified engram complex”; Roy et al., 2022), and it is associated with
single cells (Guskjolen & Cembrowski, 2023) as well as neural population modifications
(DeNardo et al., 2019).

Cues are deemed capable of reinstating the memory of the encoded event by
means of a hippocampal mechanism called “pattern completion” (McClelland &
Goddard, 1996; Rolls, 2013). After the presentation of a cue (which can be seen as a
partial information with respect to the originally encoded event), the hippocampus
would compare its neural representation with the stored representations of already
encoded events, reinstating the most similar stored representation to the current input
cue (thus, “completing” the partial representation of the cue; Knierim & Neuneubel,
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2016; Rolls, 2013). A subsequent old/new signal would track the degree of similarity of
the neural representation of the cue with the most similar stored representation (Bakker
et al., 2008; Chen et al., 2011). If the similarity is sufficiently high, the memory of the
associated stored event is quickly (~1500 ms after stimulus onset; Staresina & Wimber,
2019) reinstated (Chen et al., 2011; Knierim & Neuneubel, 2016). This process involves
the reactivation of cortical neurons whose synaptic connections with the hippocampus
were reinforced during encoding (a concept defined as “hippocampal index”; Teyler &
DiScenna, 1986) and it is not limited to the recollection of single instances, but
encompasses also the recollection of multi-element events (e.g., recall two objects
when a third one, which was associated with the other two, is presented; Horner &
Burgess, 2014; Horner et al., 2015).

In accordance with what reported so far, the Encoding Specificity Principle
would predict that the maximal reactivation of the engram should be elicited by the cue
that mostly matches the overall encoding conditions (Frankland et al., 2019; Jung et al.,
2023). Crucially, this view necessarily assumes a complete staticity of the memory
trace, since the same exact cue presented at encoding is predicted to always be the
one capable of tapping into the memory trace of the encoded event. However, it is
known that memory traces change over time, moving from a hippocampal dependent
representation to a more distributed neocortical one (Sekeres et al., 2018), with a
corresponding change in its psychological value: memories lose their episodic details
to become more gist-like (Gilboa & Moscovitch, 2021), following a semanticization
trend (Lifanov et al., 2021; Krenz et al., 2023). Moreover, every time a memory is
retrieved, a re-encoding process happens (Moscovitch et al., 2016; Shohamy &
Wagner, 2008), causing the updating of the memory and its consequent modification
based on the contextual information at hand (Schacter et al., 2011) and
schemas/prototypes (Kerrén et al., 2024). These findings are reinforced by a growing
line of research that reported some encoding-retrieval dissimilarities in the memory
trace. For instance, genetic labeling studies with mice highlighted that retrieval memory
traces can involve different populations of neurons compared to encoding (DeNardo et
al., 2019). This aligns with recent functional magnetic resonance imaging (fMRI)
studies that have found differences between encoding and retrieval in the voxels and
brain areas involved in the representation of certain items, suggesting that “the
encoded represented [sic] might be transformed and reinstated across brain regions”
(Xiao et al., 2017, p. 2996). Similar results were obtained in studies using
representational similarity analysis (RSA) and time-resolved multivariate decoding of
electroencephalogram (EEG) data, confirming that the encoding representations of
specific items are not necessarily reinstated in the subsequent retrieval phase (Liu et
al., 2021) and they are accompanied by a reversal flow of the information
(Linde-Domingo et al., 2019). On the one hand, during encoding, above chance
decodability of low-level perceptual features precedes the one for more conceptual
features. On the other hand, this pattern reverses during retrieval, indicating faster
decodability of high level conceptual information compared to low level perceptual one
(Linde-Domingo et al., 2019).

Overall, these results suggest that the encoded representations keep
transforming, with substantial changes found even within the encoding phase and
between an initial short term memory phase and a long term memory one (Liu et al.,
2021). Accordingly, since memory retrieval is cue dependent (Tulving, 1974), one
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should expect not only an overall change of the representation of the original event (Liu
et al., 2021; Winocur & Moscovitch, 2011), but also of the most effective cue that can
tap into that (new) representation. In other words, if what is needed to reinstate a
memory is a (partial) match between the current input representation (i.e., cue) and the
stored representation of the event (Knierim & Neuneubel, 2016), then if the stored
representation changes, the cue that can tap into it must change accordingly.

Therefore, we propose a new perspective on the effectiveness of different types
of cues in triggering the episodic recollection of an event, predicting that originally
encoded cues are not necessarily the best cues (as suggested by the Encoding
Specificity Hypothesis; Tulving & Thomson, 1973) when confronted to versions of them
that are closer to the current state of the memory. Here, we refer to “best cues” as
those cues that elicit a higher performance in terms of accuracy (Thomson & Tulving,
1970) and speed (i.e., memory strength and ease of access to the memory; Madigan et
al., 2000; Ratcliff, 1978) in the retrieval of the paired associate. Conversely, the “current
memory state” is determined by means of a recognition task on the cues: we argue that
if participants recognised the cue as being the one encoded (i.e., the current state of
the memory corresponds to the image shown) this would have led to an overall
facilitation in the retrieval of the paired associate, regardless of whether that cue was
the actually encoded one.

Experiment 1

In order to test this prediction at a behavioral level, we created a new paired
associate task in which participants had to encode pairs of pictures of objects and
recall one of them upon being presented with an identical picture of the other object of
the pair, a similar version of it or a different version of it. This type of manipulation is not
a novelty in the memory field, as some studies reported that the higher the degree of
similarity of the cues with respect to the encoded ones, the higher the performance of
the participants at retrieval, with identical cues being always the most effective ones, as
predicted by the Encoding Specificity Hypothesis (Smith et al., 2013; Yum, 1931).
However, these studies did not control for the subjective recognition of the cues. Thus,
it is not possible to ascertain whether the performance benefit was driven by the actual
similarity of the cues or by the subjective experience of those cues as identical, similar
or different with respect to the encoded ones. In Experiment 1, we aimed at
determining this by directly comparing the effects of the actual similarity of the cues and
their subjective recognition. By considering the trials in which the subjective recognition
of the cue does not correspond to its actual similarity with the encoded one (i.e.,
non-matching trials), we will be able to determine whether the encoding specificity
results depend on the characteristics of the cue itself or on the subjective experience of
the participants. In particular, we aimed at testing three main hypotheses:

- H1: We hypothesized that the subjective recognition of the cues will have an
effect on the response time (RT) for correct retrieval responses and accuracy in
the retrieval task. In particular, we predicted increasingly higher RT and lower
accuracy moving from cues recognised as identical to cues recognized as
different, regardless of the actual similarity of the cues.

- H2: We hypothesized that the effect of the subjective recognition of the cues will
be stronger than the one of their actual similarity. In particular, in non-matching
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trials, the subjective recognition of the cues, but not their actual similarity, will
determine RT (for correct retrieval responses) and accuracy scores.

- H3: We hypothesized that, in non-matching trials, cues recognised as identical
will lead to faster RTs (for correct retrieval responses) and overall higher
accuracy compared to actual identical cues.

Methods

This study was pre-registered and the pre-registration document can be found
at the following link:
https://docs.google.com/document/d/1N97XTDCQO3znINrtF-MdMD7126qiP-IkAZEAcB
YvOoU/edit?usp=sharing
Participants

Forty-eight young adults were recruited through the SONA platform
(https://ugr-cimcyc.sona-systems.com/) of the “Centro de Investigacion Mente, Cerebro
y Comportamiento” (CIMCYC) of the University of Granada, and were offered course
credits as compensation for participating in the study. Following the pre-registered plan,
three participants had to be removed from the dataset since their accuracy in either the
recognition or the retrieval task was above 1.5 times the interquartile range (IQR) with
respect to the 3rd quartile or below 1.5 IQR with respect to the 2nd quartile. Thus, the
final sample was composed of 45 participants (35 females), of age between 18 and 37
(M= 22.6, SD= 3.48). Ethics approval was obtained before data collection. In order to
estimate the sample size needed to reach a power above 0.80 in the main analysis
planned on RT (i.e., comparison of the slopes of the two factors; see Pre-registered
Analyses Plan), we performed Monte Carlo sampling iteratively with a different number
of participants (up to 200 possible participants) on an ideal dataset created modeling
the distribution of the data observed in a pilot study. For each sample size, we
estimated the power as the proportion of simulations where the Bayes Factor for the
Bayesian t-test comparing the two conditions under investigation was above 3 or below
V3. A sample size of at least 40 was deemed necessary.
Apparatus

Participants were tested on an Intel Core i7-3770 3.40 GHz computer running
PsychoPy software (version 2023.2.3; Peirce et al., 2019) and responded to stimuli
presented on a 19-inch BenQ LCD monitor (1920 x 1080 pixels) at a viewing distance
of about 57 cm.
Stimuli

Throughout the experiment, the screen background was white, while the fixation
cross and the displayed texts were black. Experimental material consisted of coloured
object images taken from the Object Memorability Image Normed Database Software
(O-MINDS; Duncan Lab, 2022) and from the Objects and Similar Lures Database of
the Mnemonic Similarity Task (MST, Stark Lab; Kirwan & Stark, 2007). Each image was
128 pixels wide by 128 pixels tall. The stimuli set was composed of a total of 288 object
images, equally divisible in four main everyday-life categories: food, clothes, tools and
electronic devices (Figure 1). Memory targets and their paired associates (i.e., cues;
Figure 2a) were taken from two fixed and distinct sets of 72 images (18 images per
object category). However, each of the 72 paired objects had a similar and a different
counterpart, defined with respect to their degree of perceptual similarity with the
originally presented information. In both cases, the same object (i.e., same identity)
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was represented, but similar cues presented some small perceptual differences (i.e.,
the original cue was rotated or was slightly modified in terms of colors or features;
Figure 2b), while different cues presented larger ones (e.g., totally different color with
respect to the one of the original cue; Figure 2c).

Figure 1
Examples of Stimuli From Each Category

Note. Examples of stimuli from each of the four categories used in the study: a) Food, b)
Clothes, c) Tools and d) Electronic Devices. The distinction between tools and electronic
devices was based on electricity usage.

Figure 2
Types of Cue

a) 1Y

)

Note. Example of the distinct kinds of cue categories for the same object: a) original cue: a
replica of the object presented during the encoding phase; b) similar cue: a slightly modified
version of the original cue; c) different cue: a significantly altered version of the original cue.

Procedure

After providing voluntary informed consent, participants were invited to carefully
read the instructions on the screen, notifying the experimenter once they had finished
reading them. This step allowed the experimenter to ask participants to repeat the
instructions, clarifying any doubts before the actual experiment started and ensuring
that participants thoroughly understood the various tasks of the experiment. The
instructions explained in detail the three main phases of each block, providing
examples of what the participants should have done in each of the tasks. Each block
was composed by an encoding and a retrieval phase, interleaved by a distractor task
(Figure 3). A total of 6 blocks were presented and the three phases were repeated in
each block (in succession), but with different stimuli.

Encoding phase. Participants were shown 12 pairs of objects and asked to
memorize each couple and the specific perceptual details of each image, for
subsequent testing (Figure 3a). In particular, in order to elicit a deeper processing of
the visual stimuli (Craik & Lockhart, 1972), participants were instructed to memorize the
pair by imaging an interaction between the two objects: for instance, a camera and a
hammer could have been memorized by imaging hammering the camera. Each
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encoding trial started with a central fixation cross that lasted for 0.5 seconds. At this
time point, two object images were presented, one on the right and one on the left side
of the screen. Participants could press the spacebar to move to the next pair but, if they
did not do that before 8 seconds, the program would have automatically progressed to
the next trial. A total of 72 pairs was presented across blocks and each of them was
composed of a “target” object and an “original cue” object. Both the 72 target objects
(18 instances per category) and the 72 cue objects (18 instances per category) were
randomly distributed across blocks, without any repetition. Thus, the object pairs
presented differed across participants, since the specific associations between the 72
targets and the 72 original cues were randomized. Also the position (left or right part of
the screen) of both cues and targets was randomized across trials, so that no
predictable pattern could influence the participants' responses and learning process.
Crucially, participants did not know which of the object presented would have been
used as target and which one as cue in the subsequent recall phase, an uncertainty
designed to prevent any bias in attention allocation during encoding, ensuring that
participants memorized both objects in a similar way (Craik & Lockhart, 1972).

Distractor Phase. In this second phase of the block, participants were asked to
determine whether a single-digit number was odd or even (Figure 3b). In particular, in
each trial, a random single digit between 1 and 9 appeared on the screen for 1.5
seconds. Participants were asked to respond within this time-frame by pressing the
right arrow key for even and the left one for odd numbers. In all the 36 trials (~90
seconds, in total), responses were accompanied by a visual feedback: the screen
background would have turned red in case of wrong responses and green in case of
correct ones. The aim of this phase of the study was to prevent rehearsal by distracting
participants with another task and also to introduce a controlled time interval between
the encoding and the retrieval phase.

Retrieval and Recognition Phase.This last phase of the block was composed
of two different tasks and each of the 12 trials included both of them, in succession
(Figure 3c): right after completing the retrieval task for a given pair, participants
performed the recognition task for the same cue shown during retrieval.

Retrieval Task. After a fixation interval of 0.5 seconds, a text appeared at the
bottom of the screen, indicating which arrow key corresponded to which object
category (this correspondence remained the same throughout the experiment and
across participants). Starting from 2 seconds post fixation onset, participants were
shown, for a maximum of 9 seconds, one of the objects presented at encoding and
asked to recall the category of the associated target object (Figure 1), which was not
presented on the screen. Crucially, the object presented (i.e., cue) could either be the
same object shown during the encoding phase (“original cue”), a similar version of it
(“similar cue”) or a different version of it (“different cue”; Figure 2), and participants
knew about this manipulation, as it was explained in the initial instructions. Through a
process of controlled randomisation, 6 objects per category (24 in total) were selected
from the pool of the 72 original cues to be presented during this retrieval phase. The
remaining 48 original cues were not used in this phase; instead, they were replaced by
their similar or different counterparts: 24 objects (6 per category) per type. However,
even though an equal number of original, similar and different cues were presented
across blocks, their number within blocks was not kept constant, but randomized, so as
to ensure that participants couldn't predict the sequence of cue types. Furthermore, the
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order of cue presentation was also randomized, so that it did not correspond to the
order in which participants saw the stimuli at encoding. This manipulation allowed to
control for possible sequence memory effects (Kahana, 1996). Immediately after
choosing the category of the paired object, participants were asked to express their
confidence in the choice made. The object presented remained on the screen, while a
new text indicated which arrow key to press, depending on the level of confidence:
either high (right arrow key), moderate (down arrow key) or low (left arrow key). Again,
either the key press or a 9.5 seconds time limit determined the end of this second task.

Recognition Task. Directly after the confidence rating, participants kept seeing
the same object in the center of the screen and a new instruction asked them to
determine whether the object they were seeing was the same object presented at
encoding (left arrow key), a different object (right arrow key) or a similar object (down
arrow key). Each trial lasted up to 8 seconds, although pressing one of the arrow keys
would terminate it prematurely. Afterwards, participants were again questioned about
the confidence in their choice, following the same procedure as in the previous task.

Figure 3
Sequence of Events Within Block
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Note. a) Each block started with an encoding phase, in which 12 pairs of objects were
presented, interleaved by a fixation cross. b) After the 12 encoding trials, the odd/even distractor
task was presented, for a total of 36 trials. ¢) Finally, in the retrieval and recognition phase,
participants were first asked to retrieve the category of the target stimulus associated to the cue
presented; then, to rate their degree of confidence about the decision; subsequently, to
recognise whether the cue presented was identical, similar or different to the one presented at
encoding; lastly, to provide their degree of confidence with regards to this last choice. This
sequence was repeated 12 times per block.

Design
This research employed a within subject experimental design. In both
recognition and retrieval tasks, participants were assigned to three within-subjects
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conditions based on the type of cue presented (“Cue Condition”: identical vs. similar
vs. different); further three within-subjects conditions for the retrieval task were defined
a posteriori depending on participants’ responses in the recognition task (“Subjective
Recognition”: recognised as identical vs. recognised as similar vs. recognised as
different). For this second independent variable, the number of trials per condition was
determined a posteriori depending on participants' responses.

For both tasks, the main dependent variables were accuracy (defined as
number of correct trials on total number of trials) and RT. For the RT analyses, we
considered only correct trials since they ensure that the RT measures reflect successful
memory retrieval.

Software

The analyses were conducted using PyCharm (Professional Version 2024 .1,
JetBrains), RStudio (Version 2024.04.1) and G*Power (Version 3.1). PyCharm was
used for writing the Python (Version 3.12.2) code for data cleaning, main statistical
analyses and plots. The Python libraries used were: NumPy (2.0.0rc2), Pandas (2.2.2),
Matplotlib (3.9.0), SciPy (1.14.0rc2), pingouin(0.5.4), statsmodels (0.14.2). Rstudio was
used to run an a priori Bayesian Power Analysis for Experiment 1, using the libraries
tidyverse_2.0.0 and BayesFactor_0.9.12-4.7. Finally, we used G*Power to perform the
post-hoc Power Analyses of Experiment 1 and the a priori and post-hoc Power
Analyses of Experiment 2.

Pre-registered Analyses Plan

In order to assess whether the two factors had an effect on the RT at retrieval
and that the effect of Subjective Recognition was stronger than the one of Cue
Condition, we computed the mean RT (only for correct retrieval trials) at retrieval per
level of Subjective Recognition and Cue Condition, separately, per each participant.
Afterwards, we fitted two linear regression models per participant, one considering Cue
Condition as a unique predictor and the other one with Subjective Recognition as a
unique predictor. We then extracted the slopes from each model and determined
whether the slopes of Subjective Recognition and Cue Condition were significantly
different from 0, by means of two Wilcoxon Signed Rank Tests. Furthermore, a
one-tailed Wilcoxon Signed Rank Test was conducted to determine whether the slopes
of Subjective Recognition were steeper than the ones of Cue Condition. The same type
of analyses was repeated considering the accuracy at retrieval as the unique
dependent variable. Finally, we conducted again the above reported analyses in the
subsample of data of incorrect recognition responses (i.e., non-matching trials), so as
to verify whether the effect of Cue Condition could depend on the overlap with the
Subjective Recognition factor.

Additional Analyses

We repeated the one-tailed Wilcoxon Signed Rank Tests to compare the slopes
of Cue Condition and Subjective Recognition on RT and accuracy, after equating the
number of trials per each level of the main factors and per participant. Through a
bootstrapping procedure, we first determined the minimum number of trials per
participant by selecting the level with the lowest number of trials, within factor.
Afterwards, we randomly sampled the same number of trials from the other two levels
and averaged the RT/accuracy per level and per participant. Then, we fitted two linear
regression models per factor and per participant, extracted the slopes and compared
them by means of a one-tailed Wilcoxon Signed Rank Test. This procedure was
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repeated 1000 times, randomizing every time the trials selected for the two levels with
the higher number of trials. Through the distribution of Wilcoxon Test statistics and
p-values obtained, we could determine the stability of the result across multiple
resampled datasets.

Additionally, we performed post-hoc power analyses of the Wilcoxon Signed
Rank Tests comparing the slopes of Subjective Recognition and Cue Condition on the
RT and accuracy at retrieval (including also the tests on non-matching trials).

Furthermore, we conducted two one-tailed Wilcoxon Signed Rank Tests to
determine whether cues recognised as identical led to faster RT and higher accuracy
compared to actual identical cues.

Moreover, we performed four separate repeated measures (RM) ANOVAs with
Cue Condition or Subjective Recognition as main within-subjects factors and RT (only
for correct retrieval trials) or accuracy as a unique dependent variable. These analyses
were needed to assess whether there were significant differences between the levels of
the two main factors and determine if the expected gradient-like pattern was present
(Smith et al., 2013; Yum, 1931). In case of violation of the sphericity assumption, we
applied a Greenhouse Geisser correction (Blanca et al., 2023a), while RM ANOVA was
considered robust enough against the normality assumption (Blanca et al., 2023b).
However, parallel non parametric Friedman’s tests were conducted to assure
consistency in the results (we reported the results of the Friedman’s tests only in case
of inconsistencies). Post-hoc analyses have been performed only in case of significant
Fs and corrected for multiple comparisons by means of a Bonferroni correction.
Following the same rationale as for the analyses on the slopes, the same four RM
ANOVAs have been also performed in the subset of non-matching trials, determining
whether potential significant results of the previous four ANOVAs could depend on the
overlap between factors.

Finally, we also assessed whether the accuracy at recognition varied
significantly across the levels of Cue Condition by means of a RM ANOVA.

Results
Slopes Comparison for RT in the Retrieval Task

On average, participants needed 3.00 seconds (SD = 0.33) to respond correctly
in the retrieval task. To assess whether there was an effect of Subjective Recognition
and Cue Condition on the RT for correct retrieval trials, we conducted two Wilcoxon
Signed-Rank Tests on the slopes extracted from the linear regression models. Both the
slopes of Subjective Recognition (M=0.35, SD= 0.24; W= 7.0, p< .001, r,= 0.99) and
Cue Condition (M= 0.27, SD= 0.22; W= 34.0, p< .001, r,= 0.93) differed significantly
from 0. Furthermore, another one-tailed Wilcoxon Signed-Rank Test indicated that the
slopes of Subjective Recognition were significantly steeper than the ones of Cue
Condition (W= 747.0, p= .004, r,= 0.44; Figure 4a).

Considering the high rate of correct responses at recognition (M= 0.62, SD=
0.08), we hypothesized that the effect of Cue Condition might depend on the overlap
between the two factors. Indeed, when considering non-matching trials, two Wilcoxon
Signed-Rank Tests indicated that the slopes of Subjective Recognition (M= 0.29, SD=
0.53) were significantly different from 0 (W= 153.0, p= .004, r,= 0.54), but not the ones
of Cue Condition (M= 0.02, SD=0.57; W= 313.0, p=.762, r,= 0.06). Furthermore, a
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one-tailed Wilcoxon Test confirmed that the slopes of Subjective Recognition were

greater than the ones of Cue Condition (W= 455.0, p=.028, r,= 0.37; Figure 4b).

Figure 4
RT Regression Lines: Cue Condition vs. Subjective Recognition
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Note. Regression lines obtained from the data of Experiment 1 and indicating: a) an overall
stronger effect of Subjective Recognition on the RT for correct retrieval trials, compared to Cue
Condition; b) the unique effect of Subjective Recognition on the RT for correct retrieval
responses when considering non-matching trials. In the figure, light red and gray lines represent
the regression lines per participant for Subjective Recognition and Cue Condition, respectively.
The two main lines correspond to their average. The initial tick of the y axis, which was 1.8
seconds, was removed for clarity.

Bootstrapping Analysis on RT

Since the number of trials for each level of the two main factors varied
depending on NaN values and the participants’ responses in the recognition task (Table
1), we evaluated the robustness of the results by bootstrapping to the minimum number
of trials per participant. We performed again the one-tailed Wilcoxon Test on the slopes
of Cue Condition and Subjective Recognition, but iteratively, for 1000 times. The
Wilcoxon Test was significant (p< .05) for 829 of the 1000 iterations (82.9%), indicating
a moderate to high robustness of the results obtained.

Table 1
Number of Trials per Factor Level - RT
Level Cue Condition Subjective Recognition
1 930 1110
2 896 870
3 829 675

Note. The column level represents either 1 = “identical’, 2 = “similar”, 3 = “different”, for Cue
Condition; or 1 = “recognised as identical’, 2 = “recognised as similar”, 3 = “recognised as
different”, for Subjective Recognition
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Post-Hoc Power Analyses on RT

A post-hoc power analysis indicated that the achieved power for the Wilcoxon
Signed Rank Test comparing the slopes of Cue Condition and Subjective Recognition
was 0.80, confirming that the study was well powered to capture the medium effect size
we obtained (r,= 0.44; Goss-Sampson, 2018).

With what concerns the one-tailed Wilcoxon Test on the subsample of data (i.e.,
non-matching trials), a post-hoc power analysis indicated that we achieved a power of
0.63. Thus, the study was slightly underpowered. Indeed, in order to detect our medium
effect size (r,= 0.37; Goss-Sampson, 2018) with a power of 0.80 and considering a
significance criterion of a = 0.05, we would have needed 57 participants.

Comparison Recognised as Identical vs. Actual Identical

Next, we tested whether there was a significant difference between cues
recognised as identical and actual identical cues, when the two conditions didn’t match.
A one-tailed Wilcoxon Test confirmed that cues recognised as identical (M= 2.73, SD=
0.53) led to lower RTs for correct retrieval trials compared to actual identical cues (M=
3.02, SD= 0.53; W= 301.0, p=.030, r,= -0.33).

RM ANOVAs on RT

We performed four independent RM ANOVAs to assess whether there was a
significant difference between the levels of each factor. The first RM ANOVA revealed
that the effect of Subjective Recognition on the RT at retrieval was statistically
significant, F(2, 88)= 59.49, p< .001, n?= 0.30. Post-hoc comparisons highlighted
significant differences between the levels of Subjective Recognition: cues recognised
as identical elicited a lower RT (M= 2.75, SD= 0.33) compared to cues recognised as
similar (M= 3.00, SD= 0.47; t(44)=-4.42, p< .001) or different (M= 3.46, SD= 0.52;
t(44)=-9.97, p< .001). Furthermore, the RT at retrieval for cues recognised as similar
was significantly lower than the one for cues recognised as different (t(44)= -6.64, p<
.001), confirming the expected gradient-like pattern. The same RM ANOVA was
repeated considering Cue Condition as a unique factor and was found to be significant,
F(2, 88)=46.52, p< .001, n?*= 0.25. Post-hoc comparisons highlighted a different
pattern of results compared to Subjective Recognition: identical cues elicited a lower
RT (M= 2.80, SD= 0.34) with respect to different cues (M= 3.34, SD= 0.47; t(44)=-8.28
, p< .001), but not compared to similar cues (M= 2.90, SD= 0.39; t(44)= -1.70, p= .289);
furthermore, the RT at retrieval for similar cues was significantly lower than the one for
different cues (t(44)= -7.62, p< .001).

Following the same rationale as for the analysis on the slopes, we repeated the
RM ANOVAs considering only non-matching trials. The RM ANOVA with Subjective
Recognition as a unique predictor was significant (F(2, 76)= 6.85, p=.004, n?>= 0.09).
Post-hoc comparisons highlighted a unique significant difference between cues
perceived as identical (M= 2.77, SD= 0.54) and cues perceived as different (M= 3.30,
SD=0.96; t(38)=-3.30, p= .006). On the other hand, a RM ANOVA with Cue Condition
as a unique predictor was non-significant (F(2, 82)= 1.97, p=.153, n?= 0.03), thus
confirming our prediction.

Slopes Comparison for Accuracy in the Retrieval Task

On average, participants had a high accuracy in the retrieval task (M= 0.82,
SD= 0.10). To assess whether there was an effect of Subjective Recognition and Cue
Condition on the accuracy in the retrieval task, we conducted two Wilcoxon
Signed-Rank Tests on the slopes extracted from the linear regression models. Both the
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slopes of Subjective Recognition (M= -0.05, SD= 0.06; W= 147.0, p< .001, r,=-0.70)
and Cue Condition (M= -0.05, SD= 0.07; W= 123.0, p< .001, r,= -0.71) differed
significantly from 0. However, a one-tailed Wilcoxon Test indicated that the slopes of
Subjective Recognition were not significantly steeper than the ones of Cue Condition
(W= 458.0, p= .335, r,=b-0.07; Figure 5a), contrasting with our hypotheses.

As for the RT analyses, we repeated the Wilcoxon Tests considering only
non-matching trials. These tests confirmed our hypotheses, indicating that the slopes of
Subjective Recognition (M= -0.06, SD= 0.13) were significantly different from 0 (W=
141.5, p=.013, r,= -0.50), but not the ones of Cue Condition (M=-0.01, SD= 0.16; W=
281.5, p=.791, r,=-0.05). Furthermore, a one-tailed Wilcoxon Test highlighted that the
slopes of Subjective Recognition were steeper than those of Cue Condition (W= 226.5,
p=.048, r,= -0.32; Figure 5b).

Figure 5
Accuracy Regression Lines: Cue Condition vs. Subjective Recognition
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Note. Regression lines obtained from the data of Experiment 1 and indicating: a) the absence of
a significant difference between the effects of Subjective Recognition and Cue Condition on the
accuracy at retrieval; b) the unique effect of Subjective Recognition on the accuracy at retrieval
when considering non-matching trials. In the figure, light red and gray lines represent the
regression lines per participant for Subjective Recognition and Cue Condition, respectively. The
two main lines correspond to their average. In the y axis, accuracy represents the rate of correct
responses on the total number of responses per level. The initial tick, which was 0.45, was
removed for clarity.

Bootstrapping Analysis on Accuracy

Since the number of trials for each level of the two main factors varied
depending on NaN values and the participants’ responses in the recognition task (Table
2), we evaluated the robustness of the results by bootstrapping to the minimum number
of trials, as for the RT analysis. The Wilcoxon Test was significant (p< .05) for only 10
of the 1000 iterations (1.0%). This result confirms that the slopes of Subjective
Recognition were not steeper than the ones of Cue Condition and that the result
obtained didn’t depend on the difference in the number of trials between levels of each
factor.
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Table 2
Number of Trials per Factor Level - Accuracy
Level Cue Condition Subjective Recognition
1 1076 1298
2 1076 1068
3 1077 863

Note. The column “Level” represents either 1 = “identical”, 2 = “similar”, 3 = “different”, for Cue
Condition; or 1 = “recognised as identical’, 2 = “recognised as similar”, 3 = “recognised as
different”, for Subjective Recognition.

Post-Hoc Power Analyses on Accuracy

A post-hoc power analysis indicated that the achieved power for the Wilcoxon
Signed Rank Test comparing the slopes of Cue Condition and Subjective Recognition
on accuracy was 0.07. Thus, the study was highly underpowered. However, the very
small (i.e., irrelevant; Goss-Sampson, 2018) effect size observed (r,= -0.07) suggests
that it is highly unlikely that this difference between the two factors could be detected,
even increasing the sample size. Indeed, the detection of such a small effect when
considering a significance criterion of a = 0.05 and power = 0.80 would have required
an impractically large sample size of 13385 participants.

Regarding the one-tailed Wilcoxon Test on non-matching trials, another
post-hoc power analysis indicated that the achieved power was 0.45. In order to detect
our medium effect size (r,= -0.32; Goss-Sampson, 2018) with a power of 0.80 and
considering a significance criterion of a = 0.05, we would have needed at least 106
participants.

Comparison Recognised as Identical vs. Actual Identical

A one-tailed Wilcoxon Test, assessing whether cues recognised as identical
(M= 0.84, SD= 0.16) led to a higher accuracy compared to actual identical cues (M=
0.78, SD= 0.26) in non-matching trials, was non-significant (W= 485.5, p=.157, r,=
0.18). Since our predictions were not confirmed, we ran another one-tailed Wilcoxon
Test to assess if the opposite pattern could be true: actual identical cues didn’t lead to
higher accuracy at retrieval compared to recognised as identical ones (W= 334.5, p=
0.847,r,=-0.18)

RM ANOVAs on Accuracy

We performed four independent RM ANOVAs to assess whether there was a
significant difference between the levels of each factor. The first RM ANOVA revealed
that the effect of Subjective Recognition on the accuracy at retrieval was statistically
significant, F(2, 88)= 11.23, p< .001, n?= 0.09. Post-hoc comparisons highlighted
significant differences between the levels of Subjective Recognition: the rate of correct
retrieval trials was higher for cues recognised as identical (M= 0.87, SD= 0.11)
compared to cues recognised as similar (M= 0.82, SD= 0.12; t(44)= 3.17, p= .008) or
as different (M= 0.77, SD= 0.14; t(44)= 4.82, p< .001). However, the accuracy for cues
recognised as similar did not differ from the one of those recognised as different (t(44)=
1.83, p= .221). Thus, the expected gradient was not supported by the analyses. The
same RM ANOVA was repeated considering Cue Condition as a unique factor and was
found significant, F(2, 88)= 12.96, p< .001, n?>= 0.10. Post-hoc comparisons highlighted
a different pattern of results compared to Subjective Recognition: the accuracy for
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identical cues (M= 0.86, SD= 0.10) differed significantly from the one for different cues
(M=0.77, SD= 0.14; t(44)= 4.88, p< .001), but not from the one for similar cues (M=
0.83, SD=0.12; t(44)= 1.79, p= .240); furthermore, similar cues elicited a higher
accuracy at retrieval when compared to different cues (t(44)= 3.20, p= .008).

Following the same rationale as for the analyses on RT, we repeated the
analyses considering only non-matching trials. Two separate RM ANOVAs revealed
that the accuracy varied significantly across the levels of Subjective Recognition
(F(2,80)=4.03, p=.032, n?= 0.05), but not across the levels of Cue Condition (F(2,86)=
1.70, p=.197, n?= 0.02). Post-hoc comparisons highlighted a unique significant
difference between cues recognised as identical (M= 0.84, SD= 0.15) and cues
recognised as different (M= 0.74, SD= 0.26; t(40)= 2.59, p= .040), while the difference
between cues recognised as identical and cues recognised as similar (M= 0.78, SD=
0.16) approached significance (t(40)= 2.49, p= .051). However, even though a parallel
non parametric Friedman test was significant (F(1.95, 78.05) = 4.07, p= .022), the non
parametric post-hoc comparisons indicated the absence of significant differences
across levels of Subjective Recognition.

Accuracy in the Recognition Task

Overall, participants performed well in the recognition task, with an average
accuracy of 0.62 (SD= 0.08). A RM ANOVA highlighted that the performance at this
task (i.e., accuracy) varied depending on Cue Condition (F(2,88)= 27.03, p< .001, n?=
0.32; Figure 6). Subsequent post-hoc tests confirmed that identical cues (M= 0.76, SD=
0.16) elicited a higher accuracy when compared to similar ones (M= 0.48, SD= 0.16;
t(44)= 7.57, p<.001) and different ones (M= 0.61, SD= 0.19; t(44)= 3.64, p =.002).
Furthermore, different cues elicited a higher accuracy than similar cues (t(44)=3.57,
p=.003).

Figure 6
Percentage of Correct Recognition Responses Depending on Cue Condition
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Note. The error bars represent the standard error of the mean (SEM) percentage accuracy in
the recognition task for each level of Cue Condition.

Summary of the Results

Overall, the results of Experiment 1 partially confirmed our main hypotheses.
For what concerns the RT, all three hypotheses were supported by the data. In
particular, the results showed an increasingly higher RT moving from cues recognised
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as identical to cues recognised as different, confirming the predicted gradient (Smith et
al., 2013; Yum, 1931). Furthermore, this effect was stronger than the one of Cue
Condition, which disappeared when considering non-matching trials. In this subset,
cues recognised as identical elicited a faster RT when compared to actual identical
cues, confirming our predictions. On the other hand, the analyses on accuracy
revealed only partial evidence for a higher effect of Subjective Recognition in
non-matching trials, whereas all the other expected results were not confirmed.

Crucially, none of the results was in line with the Encoding Specificity
Hypothesis, since the effect of Cue Condition on accuracy and RT was either
comparable to or lower than the effect of Subjective Recognition and the effect of
similar and identical cues did not differ significantly.

However, given that in this experiment the retrieval phase preceded the
recognition phase, we could not exclude that the RT/accuracy at retrieval determined
the subsequent response in the recognition task (i.e., the more accurate or faster at
retrieval, the more likely to respond “identical” in the recognition task). Therefore, we
designed a follow up experiment in which we inverted the two main phases of the task
to account for this potential alternative explanation.

Experiment 2

In Experiment 2 we aimed at further understanding the relationship between the
subjective recognition of the cue and the retrieval of its paired associate, by reversing
the sequence of events: we presented the recognition phase, followed by the retrieval
one. In this new setup, where the serial dependency has been removed, replicating the
results of the previous experiment would allow us to rule out the possibility that
Subjective Recognition depends on the performance at retrieval. However, besides
testing the same hypotheses as in Experiment 1, we also assessed whether there were
relevant differences between the two experiments in terms of overall RT and accuracy
at retrieval. Indeed, since participants could potentially retrieve the paired associate
during the recognition phase, we expected an overall facilitation (e.g., Tambini et al.,
2017) in both RT and accuracy in Experiment 2 compared to Experiment 1

Methods
Participants

Forty-five young adults were recruited through the SONA platform of the
University of Granada and were offered five euros as compensation for participating in
the study. Two participants had to be removed from the dataset since their accuracy in
either the recognition or the retrieval task was above 1.5 times the interquartile range
(IQR) with respect to the 3rd quartile or below 1.5 IQR with respect to the 2nd quartile.
Thus, the final sample was composed of 43 participants (35 females), of age between
18 and 33 (M= 22.14, SD= 3.42). Ethics approval was obtained before data collection.
An a priori power analysis using G*Power was performed to determine the sample size.
We used the data of Experiment 1, specifically from the one-tailed Wilcoxon Signed
Rank Test on the RT slopes, whose effect size was r,= 0.44. The estimated sample
size to detect such an effect, with 0.80 power and a significance criterion a = .05, was
46. Due to time constraints, we couldn’t reach the estimated sample size. Thus, this
experiment was slightly underpowered.
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Apparatus and Stimuli

The same apparatus and stimuli from Experiment 1 were used in Experiment 2.
Procedure

The encoding and distractor phases were the same as in Experiment 1.
However, the order of the recognition and retrieval tasks was inverted. Furthermore, all
the 12 recognition trials of a block were presented one after the other and were
followed by all the 12 retrieval trials. The order of the trials in the recognition and
retrieval phases was different and they both differed from the order of the encoding
trials. We decided to separate the recognition and retrieval phases because we
expected that seeing the image of the cue could have reinstated the memory of the
paired object already in the recognition phase. Thus, separating the two phases was
needed to avoid an excessive facilitation, which could have confounded the results.
Design, Software and Analyses

We used the same design and software for our analyses as in Experiment 1.
Additionally, we performed further analyses to compare the performance in the two
experiments. In particular, we conducted two Mann-Whitney U-Tests to assess whether
there was a significant difference between the two experiments in the overall RT (for
correct retrieval trials) and accuracy at retrieval. Furthermore, we repeated the same
Mann-Whitney U-Test considering the overall accuracy in the recognition task.

Results
Slopes Comparison for RT in the Retrieval Task

On average, participants needed 2.65 seconds (SD= 0.41) to respond correctly
in the retrieval task. To assess whether there was an effect of Subjective Recognition
and Cue Condition on the RT for correct retrieval trials, we conducted two Wilcoxon
Signed-Rank Tests on the slopes extracted from the linear regression models. Both the
slopes of Subjective Recognition (M= 0.13, SD= 0.23; W= 177.0, p< .001, r,= 0.63) and
Cue Condition (M= 0.09, SD= 0.18; W= 235.0, p=.003, r,= 0.50) differed significantly
from 0. However, a one-tailed Wilcoxon Signed-Rank Test indicated that the slopes of
Subjective Recognition were not significantly steeper than the ones of Cue Condition
(W= 557.0, p= .158, r,= 0.18), contrasting with our predictions (Figure 7a).

Furthermore, when repeating the analyses on non-matching trials, two Wilcoxon
Signed-Rank Tests checking whether the slopes differed from 0 remained
non-significant (for Cue Condition: W= 223.0, p = .313, r,= 0.20; for Subjective
Recognition: W= 253.0, p=.634, r,= 0.10). Indeed, a one-tailed Wilcoxon Test
confirmed that the slopes of Subjective Recognition weren’t steeper than the ones of
Cue Condition in this subset of data (W= 267.0, p= .597, r,= -0.05; Figure 7b).
Bootstrapping Analysis on RT

Since the number of trials for each level of the two main factors varied
depending on NaN values and the participants’ response in the recognition task (Table
3), we evaluated the robustness of the results by bootstrapping to the minimum number
of trials, following the same iteration procedure as in Experiment 1. The Wilcoxon Test
comparing the slopes of Cue Condition and Subjective Recognition was significant (p<
.05) for only 116 of the 1000 (11,6%) iterations. These results indicate that not having
found an effect in the main analysis didn’t depend on the different number of trials per
level of the factors.



23

Figure 7
RT Regression Lines: Cue Condition vs. Subjective Recognition
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Note. Regression lines obtained from the data of Experiment 2, indicating: a) the absence of a
significant difference between the effects of Subjective Recognition and Cue Condition on the
RT for correct retrieval trials; b) that both the slopes of Cue Condition and Subjective
Recognition didn'’t differ significantly from 0, when considering non-matching trials. In the figure,
light red and gray lines represent the regression lines per participant for Subjective Recognition
and Cue Condition, respectively. The two main lines correspond to their average. The initial tick
of the y axis, which was 1.5 seconds, was removed for clarity.

Table 3
Number of Trials per Factor Level - RT
Level Cue Condition Subjective Recognition
1 791 980
2 780 762
3 736 565

Note. The column “Level” represents either 1 = “identical’, 2 = “similar”, 3 = “different”, for Cue
Condition; or 1 = “recognised as identical’, 2 = “recognised as similar”, 3 = “recognised as
different”, for Subjective Recognition

Post-Hoc Power Analyses on RT

A post-hoc power analysis indicated that the achieved power for the one-tailed
Wilcoxon Signed Rank Test comparing the slopes of Cue Condition and Subjective
Recognition on RT was 0.36, suggesting that the study was underpowered. Indeed, the
initial sample size was already too small to reliably detect an effect based on the data
of Experiment 1. Moreover, an a priori power analysis confirmed that we would have
needed 158 participants to reliably detect the small effect size (r,= 0.18;
Goss-Sampson, 2018) observed in Experiment 2, considering a significance criterion of
a = 0.05 and power = 0.80.

With what concerns the one-tailed Wilcoxon Test on non-matching trials, a
post-hoc power analysis indicated that the achieved power was only 0.06. However,
the effect size observed (r,=-0.05) was very small (i.e., irrelevant; Goss-Sampson,
2018), suggesting that it is highly unlikely that this difference could be detected, even
increasing the sample size. Indeed, the detection of such a small effect, when
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considering a significance criterion of a = 0.05 and power = 0.80, would have required
an impractically large sample size of 62123 participants.

Comparison Recognised as Identical vs. Actual Identical

A one-tailed Wilcoxon Test, assessing whether cues recognised as identical
(M= 2.49, SD= 0.65) led to faster RTs compared to actual identical cues (M= 2.42, SD=
0.74) in non-matching trials, was non-significant (W= 461.0, p= .754, r,= 0.12),
contrasting with our hypothesis.

RM ANOVAs on RT

We assessed whether there were differences between the levels of each factor
by means of four independent RM ANOVAs. The first RM ANOVA revealed that the
effect of Subjective Recognition on the RT at retrieval was statistically significant, F(2,
84)=7.61, p=.002, n?= 0.04. Post-hoc comparisons highlighted a unique significant
difference between cues recognised as identical (M= 2.57, SD= 0.45) and cues
recognised as different (M= 2.82, SD= 0.63; t(42)= -3.68, p=.002). Thus, the expected
gradient was not supported by the analyses. The same RM ANOVA was repeated
considering Cue Condition as a unique factor and was found significant, F(2, 84)= 6.59,
p=.003, n?= 0.03. Post-hoc comparisons highlighted a different pattern of results
compared to Subjective Recognition: identical cues elicited a lower RT (M= 2.59, SD=
0.50) compared to different cues (M= 2.76, SD= 0.49; t(42)= -3.15, p=.009), but not
compared to similar cues (M= 2.59, SD= 0.40; t(42)=-0.10, p= 1.0); furthermore, the
RT at retrieval for similar cues was significantly lower than the one for different cues
(t(42)= -2.88, p=.019).

Following the same rationale as for the analysis on the slopes, we repeated the
RM ANOVAs considering only non-matching trials. However, both RM ANOVAs were
found non-significant (for Cue Condition: F(2,76)= 1.36, p=.262, n?>= 0.02; for
Subjective Recognition: F(2,68)=0.17, p =.779, n?>= 0.00).

Slopes Comparison for Accuracy in the Retrieval Task

On average, participants reached a high accuracy in the retrieval task (M= 0.75,
SD= 0.13). To assess whether there was an effect of Subjective Recognition and Cue
Condition on the accuracy at retrieval, we conducted two Wilcoxon Signed-Rank Tests
on the slopes extracted from the linear regression models. Both the slopes of
Subjective Recognition (M= -0.03, SD= 0.07; W= 213.0, p= .003, r,= -0.53) and Cue
Condition (M= -0.03, SD= 0.07; W= 180.0, p = .016, r,= -0.46) differed significantly
from 0. However, a one-tailed Wilcoxon Test indicated that the slopes of Subjective
Recognition were not significantly steeper than the ones of Cue Condition (W= 405.0,
p=.283, r,= -0.10), contrasting with our hypotheses (Figure 8a).

As for the RT analyses, we repeated the Wilcoxon Signed-rank tests
considering only non-matching trials. Nevertheless, both tests assessing whether the
slopes differed from 0 didn’t reach significance (for Subjective Recognition: M= -0.03,
SD= 0.16; W= 293.50, p= .540, r,= -0.12; for Cue Condition: M= -0.01, SD= 0.16; W=
237.50, p= .448, r,= -0.15), and the slopes of Subjective Recognition weren’t steeper
than those of Cue Condition (W= 380.0, p=.558, r,= 0.03; Figure 8b).

Bootstrapping Analysis on Accuracy

Since the number of trials for each level of the two main factors varied
depending on NaN values and the participants’ response in the recognition task (Table
4), we evaluated the robustness of the results by bootstrapping to the minimum number
of trials, following the same iteration procedure as in Experiment 1. The Wilcoxon Test



25
was significant (p< .05) for 89 of the 1000 iterations (8.9%), confirming the absence of
a significant difference between the slopes of Cue Condition and Subjective
Recognition.

Figure 8
Accuracy Regression Lines: Cue Condition vs. Subjective Recognition
1.0 1.0
a) b)
0.9- 0.9-
5.0.8 : 5.0.8
Q \ (@}
o —_— o
30.7 30.7
Q Q
<< <<
0.6 0.6
—— Cue Condition
0.5 —— Subjective Recognition 0.5
Identical Similar Different Identical Similar Different
Level Level

Note. Regression lines obtained from the data of Experiment 2, indicating: a) the absence of a
significant difference between the effects of Subjective Recognition and Cue Condition on the
accuracy at retrieval; b) that both the slopes of Cue Condition and Subjective Recognition didn’t
differ significantly from 0 when considering non-matching trials. In the figure, light red and gray
lines represent the regression lines per participant for Subjective Recognition and Cue
Condition, respectively. The two main lines correspond to their average. In the y axis, accuracy
represents the rate of correct responses on the total number of responses per level. The initial
tick, which was 0.45, was removed for clarity.

Table 4
Number of Trials per Factor Level - Accuracy
Level Cue Condition Subjective Recognition
1 1032 1284
2 1030 994
3 1029 813

Note. The column “Level” represents either 1 = “identical”, 2 = “similar”, 3 = “different”, for Cue
Condition; or 1 = “recognised as identical’, 2 = “recognised as similar’, 3 = “recognised as
different”, for Subjective Recognition.

Post-Hoc Power Analyses on Accuracy

A post-hoc power analysis indicated that the achieved power for the one-tailed
Wilcoxon Signed Rank Test comparing the slopes of Cue Condition and Subjective
Recognition on accuracy was 0.24. Thus, the study was underpowered for detecting
the small effect size observed in our study (r,= -0.10; Goss-Sampson; 2018). To detect
such an effect with 0.80 power and significance criterion of a = 0.05, we would have
needed 312 participants.

With what concerns the one-tailed Wilcoxon Test on non-matching trials, a
post-hoc power analysis indicated that we achieved a power of 0.15. However, the
effect size observed (r,= 0.03) was very small (i.e., irrelevant; Goss-Sampson, 2018),
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suggesting that it is highly unlikely that this difference could be detected, even
increasing the sample size. Indeed, the detection of such a small effect, when
considering a significance criterion of a= 0.05 and power = 0.80, would have required
an impractically large sample size of 658 participants.

Comparison Recognised as Identical vs. Actual Identical

A one-tailed Wilcoxon Test, assessing whether cues recognised as identical
(M= 0.75, SD= 0.18) led to a higher accuracy compared to actual identical cues (M=
0.75, SD= 0.28) in non-matching trials, was not significant (W= 311, p= .808, r,= -0.16),
contrasting with our hypothesis.

RM ANOVAs on Accuracy

We performed four independent RM ANOVAs to assess whether there was a
significant difference between the levels of each factor. The first RM ANOVA revealed a
significant effect of Subjective Recognition on the accuracy at retrieval (F(2,84) = 7.73,
p< .001, n?>= 0.04). Post-hoc comparisons highlighted a significant difference between
cues recognised as identical (M= 0.76, SD= 0.14) and cues recognised as different (M=
0.69, SD=0.20; t(42)= 3.10, p= .010) and between cues recognised as similar (M=
0.77, SD= 0.13) and cues recognised as different (t(42)= 3.45, p= .004), not providing
support for the expected gradient-like pattern. The RM ANOVA for Cue Condition was
also significant (F(2,84)= 3.97, p=.024, n?= 0.02), but none of the post-hoc
comparisons survived Bonferroni correction. Furthermore, a parallel non-parametric
Friedman’s Test was not significant, F(1.95, 82.05) = 3.11; p=.051.

We repeated the analyses on non-matching trials. Both RM ANOVAs were
found non significant (for Subjective Recognition: F(2,78)= 2.21, p=.130, n?= 0.02; for
Cue Condition: F(2,82)= 0.33, p =.717, n?>= 0.00)

Accuracy in the Recognition Task

Overall, participants performed well in the recognition task, with an average
accuracy of 0.64 (SD= 0.11). A RM ANOVA highlighted a significant difference in the
task performance, depending on Cue Condition (F(2, 84)= 45.47, p< .001, n?= 0.39;
Figure 9). Post-hoc tests confirmed that identical cues (M= 0.83, SD= 0.13) elicited a
higher accuracy when compared to similar ones (M= 0.49, SD= 0.17; t(42)= 10.63, p<
.001) and different ones (M= 0.61, SD= 0.21; t(42)= 5.65, p< .001). Furthermore,
different cues elicited a higher accuracy than similar cues (t(42)= 3.19, p= .008),
replicating the results obtained in Experiment 1. Indeed, a Mann-Whitney U-Test
confirmed the absence of a significant difference in the accuracy at recognition
between the two experiments (U= 821.5, p=.224, r,= 0.15).

Comparison Between Experiments

We assessed overall differences in RT and accuracy between the two
experiments by means of Mann-Whitney U-Tests. The overall RT at retrieval was
significantly higher in Experiment 1 (M= 3.00, SD= 0.32) compared to Experiment 2
(M= 2.65, SD= 0.41; U= 1463, p<.001, r,.= -0.51). However, the overall accuracy was
higher in Experiment 1 (M= 0.82 , SD= 0.10) compared to Experiment 2 (M= 0.75, SD=
0.13; U=1325.5, p=.003, r,.= -0.37).
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Figure 9
Percentage of Correct Recognition Responses Depending on Cue Condition
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Note. The error bars represent the standard error of the mean (SEM) percentage accuracy in
the recognition task for each level of Cue Condition

Summary of the Results

Experiment 2 did not replicate the results of Experiment 1 and none of our
hypotheses was supported. With what concerns the RT for correct retrieval trials, the
effect of Subjective Recognition did not differ from the one of Cue Condition and none
of the two effects showed the expected gradient-like pattern (Smith et al., 2013; Yum,
1931). In non-matching trials, both effects were nullified and cues recognised as
identical didn’t result in lower RTs at retrieval compared to actual identical cues. The
same pattern of results was replicated for the analyses on the accuracy at retrieval.

Finally, the comparison between experiments highlighted an expected RT
facilitation in Experiment 2. However, contrary to our predictions, accuracy decreased
compared to Experiment 1.

Overall, Experiment 2 was designed with the primary aim of assessing whether
the response in the Subjective Recognition task could depend on the RT/accuracy at
retrieval. By inverting the retrieval and recognition phases, we still found an effect of
Subjective Recognition, both on RT and accuracy. However, if in Experiment 1 all the
differences reported were mainly “identical” driven, with this condition being faster in
RT and higher in accuracy with respect to the other two, the results of Experiment 2
were mostly “different” driven, with this condition being slower in RT and lower in
accuracy. Thus, since the results of Experiment 1 were not replicated, we cannot
exclude the possibility that the findings of Experiment 1 could be driven by a
dependency of Subjective Recognition on the performance on the previous retrieval
task.

Discussion

In this study we aimed at challenging the Encoding Specificity Hypothesis
(Tulving & Thomson, 1973) by proposing that the best cue for reinstating the memory
of an episodic event is not necessarily the encoded cue, but rather the cue that best
matches the current state of the memory. In particular, since neural memory traces (i.e.,
engrams) and their psychological experience change over time (Liu et al., 2021;
Winocur & Moscovitch, 2011) and since cues able to reinstate the whole encoded event
are cues whose neural representation is similar to the stored representation of that
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event (Knierim & Neunuebel, 2016), then the best cue to reinstate the memory must
change in accordance with it.

We examined this hypothesis using a paired-associate paradigm (Calkins,
1896), where participants encoded pairs of objects and, during a test phase, were
asked to recall one of them upon being presented with a cue. This cue could be either
one of the two originally encoded objects, a similar version of it or a different version of
it (Figure 2). Crucially, we tracked the current status of the memory by means of a
recognition task on the cues, which could either follow (Experiment 1) or precede
(Experiment 2) the paired associate retrieval task. An encoding specificity account
would predict that the best cue will always be the original one, since it was the only one
encoded, followed by similar and different cues, in this order (Smith et al., 2013; Yum,
1931). On the other hand, from our perspective, this gradient is not the direct reflection
of the actual similarity of the cues. Instead, it depends on the subjective recognition of
those cues as identical, similar or different, since they would reflect increasingly
dissimilar representations with respect to the current status of the memory trace of the
encoded event. Indeed, we expected this effect to be stronger than the one of the
actual similarity of the cues (i.e., Cue Condition), whose effect was predicted to
disappear when considering the trials in which the actual similarity of the cues did not
correspond with their subjective recognition (i.e., non-matching trials). Finally, we
hypothesized that non-encoded cues recognised as identical would have been more
effective than encoded identical cues.

In Experiment 1, our hypotheses were confirmed for the analyses on RT,
signaling a gradient-like effect of Subjective Recognition, which was stronger than the
one of Cue Condition (Figure 5). Furthermore, the effect of Cue Condition disappeared
when considering only non-matching trials (Figure 6) and, in this subset, cues
recognised as identical elicited a lower RT compared to actual identical (i.e., encoded)
cues. These results suggest that the highest retrieval ease of the memory associated
with the cue (Madigan et al., 2000; Ratcliff, 1978) did not necessarily depend on
providing the encoded cue, but on providing the version of it that best matched the
current state of the memory. Expanding on this result with a neural-based explanation,
we propose that it is the degree of similarity between the representation of the visual
input (i.e., cue) and the current state of the stored representation of the full event that
determines its successful retrieval (Knierim & Neuneubel, 2016). In this sense, since
only correct retrieval trials were considered for the RT analyses, the degree of
dissimilarity of the representations of cues recognised as similar or different wasn’t
enough to hinder retrieval, but it was reflected in a higher difficulty in finding the target
memory. This aligns with recognition studies (Vieweg et al., 2015; Vieweg et al., 2019)
that demonstrated that the time needed to correctly recognise a previously encoded
figure varies as a function of stimulus completeness: the more features are removed
from that figure (i.e, partial cue), the more time needed to categorize it. From our
perspective, cues perceived as more similar would be more “complete”, in the sense
that they would be closer to the current memory representation of the encoded event.

Additionally, the results support a competition-selection account of memory
retrieval (Caplan et al., 2022; Kuhl et al., 2011). Cues recognized as different or similar
would elicit more potential associations due to their incomplete match with the current
memory representation. This would lead to a higher competition between possible
“matching” memories, resulting in more time needed to accurately recall the original
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event (Sohn et al., 2003). Indeed, since participants had to try to generate a response
regardless of the cue provided, more difficulties were expected in cases in which the
association with the original memory was harder to achieve (i.e., when the cue was
recognized as similar/different). Future research should test this interpretation by
means of representational similarity analysis (RSA) on EEG data, in order to capture
the evolution of the memory trace and the timing of its reinstatement depending on the
cue provided (see, for instance, Linde-Domingo et al., 2019; Staresina et al., 2016).

With what concerns the accuracy at retrieval, the results indicated the absence
of a difference between the effect of Cue Condition and Subjective Recognition, not
providing support for either the Encoding Specificity Hypothesis or for our predictions.
Indeed, even though the stronger effect of Subjective Recognition in non-matching
trials might indicate a tendency towards the predicted pattern, no evidence for a
significant difference between the levels of the factor was found in this subset.
However, this result is still noteworthy, since it suggests that the effect might depend on
the correct recognition trials, indicating the possibility of an interaction between the two
factors. Future research should test this hypothesis by fitting generalized linear mixed
models (GLMMs) on the accuracy and RT data of the retrieval task, so as to assess
whether more complex models can explain better the results.

Another point that is worth discussing is the fact that cues recognized as
identical led to more accurate recall responses compared to both recognized as similar
and different cues. Indeed, even though this result does not reflect the expected
gradient (Smith et al., 2013; Yum, 1931), it can still fit into a representational similarity
account. Assuming that the degree of representational similarity varies along a
continuum (Knierim & Neuneubel, 2016), recognising a cue as similar could either
reflect an almost complete match with the current trace, thus eliciting memory
reinstatement, or a high diversity (but not high enough to be classified as different),
thus hindering retrieval (Knierim & Neuneubel, 2016; Rolls, 2013). In this sense, it
could be that, for most participants, recognising the cue as similar would have reflected
a quite different representation with respect to the current “identical” one. Conversely,
correct retrieval responses for cues recognised as similar or different might simply
correspond to trials in which the degree of representational dissimilarity didn’t
overcome a threshold for affecting retrieval (Rolls, 2013). Alternatively, the recollection
of episodic details of the encoded event might still happen despite differences in the
representations (Yassa & Stark, 2011). Indeed, cortical memory reinstatement has
been observed also in the presence of hippocampal activity signaling representational
dissimilarity during the recognition of similar lures (Lohnas et al., 2018), suggesting the
possibility of a complementary role played by the cortex, with respect to the
hippocampus. Even though the evidence for this interpretation is still sparse (especially
because hippocampal reinstatement might depend on task demand, current goals and
type of cue provided; Brunec et al., 2020), future studies should try to determine the
nature of these processes by analyzing patterns of neural activity when cues
recognised as identical led to mistakes at retrieval and when cues recognised as
different led to correct retrieval responses.

On the whole, the results of Experiment 1 confirmed that, at least under our
experimental conditions, non-encoded cues can be better than encoded ones in
eliciting a fast retrieval of the original event. Additionally, the overall effect of the actual
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similarity of the cue might depend on the subjective experience of similarity, challenging
the Encoding Specificity Hypothesis.

However, we considered the possibility that the RT/accuracy at retrieval could
have driven the subsequent recognition response in Experiment 1. In Experiment 2, we
tried to test this alternative explanation by inverting the retrieval and recognition
phases. We argued that since the serial dependency was removed, a replication of the
results of Experiment 1 would have reinforced our findings. Nevertheless, in this set-up,
recognition cannot precede, trial by trial, the retrieval of the object associated to that
same cue, because it would potentially elicit the reinstatement of the memory,
facilitating the subsequent cued recall. We tried to control for this potential confounder
by separating the recognition and retrieval tasks into two distinct blocks, but doing so
we lost track of the actual current state of the memory: recognition (i.e., current state of
the memory) was assessed in a temporal distance from the subsequent cued recall,
not allowing to control for a possible further evolution of the memory trace (Liu et al.,
2021). Moreover, even with this set-up, the presentation of the cue could have
reinstated the memory of the encoded event, an effect that was expected to facilitate
the subsequent cued recall (Tambini et al., 2017). However, this reactivation could have
led to incorporating the current perceptual input as part of the modified memory trace
(Moscovitch et al., 2016; Olsen et al., 2012; Rasch & Born, 2007), confounding the
results. In particular, this process could have strengthened or degraded the memory
trace (Bridge & Voss, 2014), depending on whether the contextual information
integrated matched the memory of the event or not (De Oliveira Alvares et al., 2013;
Scully et al., 2017). In this sense, the recognition phase could have either effectively
primed the participants (see, for instance, Bowyer & Humphreys, 1979), facilitating
cued recall, or hindered it, leading to subsequent recall difficulties. Indeed, this
interpretation would explain why participants in Experiment 2 were overall faster in
retrieving the memory of the paired associate, but also committed more mistakes
compared to the participants of Experiment 1. Future research should try to determine
the nature of this drop in the accuracy and significant decrease in RT observed in
Experiment 2, by testing when reactivation (if present) facilitates retrieval and when it
impairs it. A first step could be to consider interactions between Cue Condition and
Subjective Recognition, so as to clarify which trials led to a failure in episodic
recollection and, possibly, find some commonalities among them. Afterwards,
implementation of neuroimaging techniques to track memory reactivation (Staresina &
Wimber, 2019; Staresina et al., 2016) during the recognition task would be needed to
understand if that is the mechanism that led to interference, impacting the overall
accuracy.

To conclude, the absence of significant results in Experiment 2 might depend on
the paradigm structure. Since we could not exclude a further evolution of the memory
trace between recognition and retrieval, the interpretation of the results is limited and
does not allow a direct comparison with the results of Experiment 1.

Limitations and Conclusion

To further test the possibility that the best cue evolves with the memory it is
associated with, future research should overcome the main limitations of our study.
First of all, we argue that the recognition task is problematic to the extent that Cue
Condition and Subjective Recognition overlap most of the time. Indeed, the hypothesis
testing should be mainly based on the trials in which the two factors do not correspond,
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since it is the only way to disentangle the two effects. However, doing so drastically
reduces the overall amount of trials, leading to potentially biased results and reduced
statistical power. In fact, all the analyses on non-matching trials were underpowered, as
indicated by an achieved power of 0.63 for the analyses on RT and of 0.45 for the
analyses on accuracy (in Experiment 1). Thus, future research should increase the
number of participants up to a minimum of 106, for determining whether an effect on
accuracy and RT can be reliably detected. Furthermore, future studies should also
consider replacing the categorical recognition task with a continuous scale representing
the percentage of subjective perceived similarity. This way it would be easier to test the
hypothesis of a linear increase in RT and linear decrease in accuracy as the perceived
similarity decreases. However, since Experiment 2 highlighted that recognition cannot
precede cued recall without confounding the results, the obligatory sequence of events
(i.e., cued recall followed by recognition) doesn’t permit to rule out the possibility that
Subjective Recognition depends on the accuracy or RT in the cued recall task.
Therefore, we believe that future research should consider removing the recognition
task and make a priori predictions of which kind of cues will be the most effective for
reinstating the memory of the original event. One option could be to first determine the
degree of prototypicality of distinct cues. Then, based on the assumption that memory
converges towards a prototype over time (Heinen et al., 2023), present cues with
varying levels of prototypicality at different time intervals following the encoding event.
In this scenario, it could be predicted that the most effective cues, as the time from
encoding increases, would be those that are more and more prototypical, since their
representation would be more similar to the evolution of the encoded one.

Apart from the paradigm structure, another limitation of our study was the
absence of a control on the degree of perceptual dissimilarity between the cues
provided. This didn’t allow us to determine whether the performance at retrieval could
be impacted by an excessive degree of similarity of the similar cues with the original
ones. Indeed, we failed to replicate the results obtained by Smith et al. (2013) and Yum
(1931), as in our experiments no significant difference was observed between identical
cues and similar cues in the accuracy and RT at retrieval. This inconsistency with
previous studies could be partially due to the nature of the stimuli used (i.e.,
video-clips, line drawings; Smith et al., 2013; Yum, 1931). However, it is also possible
that similar cues were more similar to identical ones than they were to different ones,
leading to identical and similar cues to constitute a unique “perceptual group”. In fact,
recognition studies highlighted that the more similar a lure is to the encoded target, the
more likely it is to categorize it as “old” (Kim & Yassa, 2013); furthermore, studies on
cued recall of similar cues (Smith et al., 2013; Yum, 1931) reported an increasingly
higher performance at retrieval for increasingly higher levels of cue similarity, which is
compatible with the absence of a significant difference between similar and identical
cues in our study. Thus, future research should quantify the degree of similarity
between types of cues, so as to have a clearer estimate of the impact of Cue
Condition, with the possibility of inserting more than just three levels of similarity (in line
with the stimuli of the Mnemonic Similarity Task; Stark et al., 2019).

Another limitation of our study concerns the overall high performance of the
participants in the retrieval task, which could have impacted the results on accuracy.
Future studies should consider increasing the number of encoding trials or the time
between encoding and retrieval, so as to induce more errors and quantify relevant
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differences in their distribution, depending on the kind of cue provided. Furthermore,
the type of index of accuracy used (i.e., hit rate) does not take into account a possible
response bias between different types of stimuli (Brady et al., 2022) or the possibility of
guessing (Cleary, 2018). Future studies should rely on more appropriate measures of
accuracy, integrating the confidence rating into the analyses. One possibility could be
to analyze the performance through Receiver Operating Characteristic (ROC) Curves,
computed on the hit rate and false alarm rate of each participant at different levels of
reported confidence and per type of cue (Brady et al., 2022).

Overall, besides these limitations, the obtained results provide preliminary
evidence for a potentially necessary perspective change: from encoding-retrieval
match, to cue updating based on memory evolution. If confirmed and supported by
neuroimaging evidence, our findings could be crucial for the development of ad-hoc
therapies and interventions for cognitive impairments (e.g., Bird & Luszcz, 1993) or,
more in general, educational proposals aimed at enhancing learning and memory (e.g.,
Gallagher, 2017).
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