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Abstract
Individuals can engage in a variety of study strategies that influence later recall. The effects can
be complex and are often diagnostic of underlying memory processes. For example, producing
items by reading them aloud yields a crossover pattern: early list items are recalled more
accurately when studied silently, whereas later items benefit from being read aloud. When aloud
and silent items alternate within a list, this contrast produces a characteristic sawtooth serial-
position curve in which aloud items form the peaks and silent items the troughs. According to the
Revised Feature Model (RFM), these interactions arise from encoding mechanisms: production
both disrupts rehearsal—primarily affecting early serial positions—and adds distinctive features
that benefit later items. Crucially, because these mechanisms operate prior to retrieval and do not
depend on how recall is initiated, the RFM predicts that the interaction between production and
serial position should appear regardless of whether recall proceeds forward (from first to last) or
backward (from last to first). That is, changing the output order should not undo encoding-based
differences that have already shaped the memory traces. In six experiments, we tested this a
priori prediction by manipulating recall direction in immediate serial recall. Consistent with
expectations, the interactions associated with the production effect were observed in both
forward and backward recall, despite the substantial performance differences typically observed
between the two tasks. These findings are consistent with the encoding-based predictions of the
RFM, and the model provides a principled account of the patterns observed across the

experiments.
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Testing the Predictions of a Distinctiveness Model of Memory:
The Production Effect in Backward Recall

Our memory for people, events, and content underpins most of what we do and achieve in
the world. Theories and models of memory allow us to specify the mechanisms that support this
capacity and, in turn, to design better assessments and interventions. In applied settings, effective
learning across the lifespan—including for individuals with memory challenges—depends on
models that identify which encoding and retrieval operations matter most (e.g., McDaniel et al.,
2007; Rowland et al., 2014). Instructional design, remedial activities, diagnosis of memory
impairment, and drug development all rest, at least in part, on our ability to link particular
operations at encoding and retrieval to observable performance.

In this paper, we test a set of a priori predictions derived from a model that offers a
detailed, mechanistic account of recall: the Revised Feature Model (RFM). The RFM is a
feature-based model that aims to capture the principles and processes operating in both episodic
and short-term / working-memory recall. It builds directly on the original Feature Model, but
introduces two key developments (Nairne, 1988, 1990; Neath, 1999; Neath & Nairne, 1995;
Neath & Surprenant, 2007). First, the revised model can be fit quantitatively to full serial-
position curves and error patterns. Second, it incorporates an explicit rehearsal mechanism that
allows the model to explain how some items (typically early ones) can be partially protected
from retroactive interference. Thus, the RFM retains the core idea of feature-based
distinctiveness while extending the original proposal into a fully specified, testable model of
recall (Saint-Aubin et al., 2021).

We view the RFM as an instantiation of a distinctiveness-and-interference framework,

and we used it to derive and test strong a priori predictions. Specifically, we focus on a
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comparison between forward and backward recall paradigms. In the latter, participants study
items in the usual way but are asked to output them in reverse order at test. Backward recall has
proven to be a challenge for existing models: Modifications that allow a model to fit backward
recall often compromise its fit to forward recall, or require additional task-specific assumptions
(e.g., Li & Lewandowsky, 1995; Norris et al., 2019; Ritchie et al., 2015). In contrast, the RFM
makes clear, testable predictions about backward recall without modifying its assumptions and
proposed mechanisms. This makes backward recall a theoretically diagnostic test case.

Below we first summarize the basic operation of the RFM and the range of empirical
phenomena it has already been shown to accommodate. We then introduce the production effect
as a particularly useful distinctiveness manipulation and explain how combining it with
backward recall allows a stringent test of the model. Finally, we outline the specific a priori

predictions tested in the present six experiments and summarize them in Table 1.

Insert Figure 1 about here

As illustrated in Figure 1, in the RFM, each encoded item is represented by an organized
vector of features. There are two separate types of features. A feature can be modality-dependent
in which case it represents something about the physical characteristics of the item’s presentation
(e.g. visual or aural event). Features can also be modality independent, when they are the product
of internal identification, categorization, and meaning generation processes (i.e. item is a known
word, representing a familiar animal, which has fur, purrs, etc.). In the model, presentation of a
to-be-remembered item generates a primary memory representation as well as activating a long-

term/secondary memory set of features. The primary memory representations are subject to
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similarity-based retroactive interference. Features of the currently processed item can overwrite
similar features of earlier items, with the probability of overwriting decreasing as the distance
between items increases. In contrast, the secondary-memory representations are assumed to
remain intact. Rehearsal provides a partial counterweight to retroactive interference by
reinstating some of the overwritten features.

At the point of retrieval, the imperfect records of studied items held in primary memory
act as retrieval cues; said cues are used to select a response from the secondary memory
candidates. Recall success depends on a competitive mechanism; each imperfect cue is matched
to all the relevant secondary memory items, and the one that is the best match, relative to the
others, is more likely to be recalled. Because retrieval is probabilistic, errors and omissions
occur, and output interference further reduces the likelihood that a recalled item will be retrieved
again on subsequent output attempts. Later in the paper we go into the specifics of the model’s
operation. Below, we review the empirical findings the model can account for, in order to
establish that the RFM is unique in its capacity to account for multiple complex data patterns
over different timescales. That said, much remains to be investigated.

The RFM in prior research

Poirier et al. (2019) provided an early application of the RFM by examining verbal and
spatial immediate memory tasks paired with either a verbal or a spatial interference task. These
manipulations produced a classic double dissociation: verbal interference mainly disrupted
verbal memory performance, whereas spatial interference mainly disrupted spatial memory
performance. The RFM accounted for the full pattern of results, without postulating distinct
verbal and spatial storage systems. Instead, it relied on similarity-based interference operating

within a single representational framework. This first test of the RFM was significant as it
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established that the model could account for a seminal double dissociation in the working-
memory literature. This was a pattern that had been accounted for by the multicomponent
Working Memory framework of Baddeley and Hitch (1974, Baddeley, 2000). The RFM could
account for the findings in a more precise manner as it could be quantitively fit to the data, and
more parsimoniously as it did not rely on multiple working memory components or modules.
In subsequent work, the RFM successfully accounted for a series of empirical hallmarks
related to immediate serial recall paradigms as well as delayed free recall (Cyr et al., 2022;
Dauphinee et al., 2024; Saint-Aubin et al., 2021, 2023, 2024). These include serial position
effects such as primacy and recency, in both short-term and long-term paradigms. The RFM also
comfortably handles the modality effect, where the last few items of an aurally presented
sequence are better recalled than when items are visually presented (Penney, 1989; Saint-Aubin
et al., 2021). It has also predicted and accounted for the impact of presentation rate on recall
performance, especially when the manipulation of rate impacts the time available for rehearsal

during study (Dauphinee et al., 2024).

In the case of knowledge-based effects on short-term recall, the RFM has been
successfully applied to neighborhood effects —i.e. the positive and negative impact that
phonemic and/or graphemic similarity can have on memory (e.g. neighbors of dog include dig,
hog, dot, fog, etc.). In a task where participants were attempting to recall items in their order of
appearance, the RFM correctly predicted specific migration errors when lists contained
neighbors, while also accounting for general performance and overall serial position effects

(Saint-Aubin et al., 2023).

It is notable that the RFM has been successfully applied to multiple paradigms and study-

recall timescales. It has been used to explain performance in immediate serial recall, immediate
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order reconstruction, and in short-term dual-task paradigms (Poirier et al., 2019)—tasks that are
associated with short-term / working memory. It also accounts successfully for effects studied

through delayed free recall, which is classically associated with long-term episodic memory.

The RFM and the Production Effect

Here we wish to present the production effect in some detail, as we call upon it here to set
up a stringent test of the RFM. The production effect relates to the well-replicated mnemonic
advantage obtained if something is said aloud, when surrounding to-be-remembered material is
studied silently (MacLeod & Bodner, 2017; MacLeod et al., 2010). The production effect has a
special status among memory phenomena as a prototypical distinctiveness manipulation. This
effect has been studied for more than six decades and is not limited to overt articulation
(MacLeod et al., 2010; Poirier et al., 2005). Rather, it refers to a broad class of generative or
distinctive encoding operations that enhance memory. Robust production benefits have been
observed when items are mouthed (MacLeod et al., 2010), spelled (Forrin et al., 2012), written
(Gathercole & Conway, 1988; Mama & Icht, 2016), sung (Whitridge et al., 2024), typed or when
participants imagine typing the items (Jamieson & Spear, 2014). These benefits can be long
lasting, with advantages still observed one week after study (Ozubko et al., 2012). A production
advantage is also found when participants vocalize another item while studying the target (Kelly
et al., 2024), indicating that overt articulation itself—rather than precise content—can confer
distinctiveness. Finally, the production effect has been documented across the lifespan, from
children (Assef et al., 2024; Icht & Mama, 2015; Lipowski et al., 2024) to older adults (Lin &

MacLeod, 2012), underscoring its generality.

Although it is well-established that saying an item aloud can substantially boost memory

performance relative to silently reading the same content, recent work on the production effect
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has shown that the above description must be qualified. There is a clear production advantage
when items are said aloud while surrounding material is processed silently (Fawcett, 2013;
Fawcett et al., 2023); this is true in recognition and in recall tasks where the memory benefit of
production is amongst the largest research has identified (Cyr et al., 2022; Forrin & MacLeod,
2016a; Jonker et al., 2014; Saint-Aubin et al., 2021). However, when all the to-be-remembered
material is read aloud, that advantage is much reduced and, in some cases, disappears (Fawcett,
2013; Fawcett et al., 2023; Gionet et al., 2024). The latter pattern suggests that local
distinctiveness is driving the effect — i.e. added features are helpful if they increase the
distinctiveness of an item relative to immediately surrounding material (MacLeod et al., 2010;
MacLeod & Bodner, 2017).

Saint-Aubin et al. (2021) argued that variations in the production effect reflect the
operation of a relative distinctiveness mechanism. In essence, the additional features generated
by producing an item enhance its distinctiveness relative to neighboring silently studied items
(e.g., Cyretal., 2022; Gionet et al., 2022, 2024; Forrin et al., 2012; Hunt, 2006, 2013; MacLeod
et al., 2010). This principle is consistent with MacLeod et al.’s (2010) proposal that “the
distinctiveness that accrues to the records of produced items at the time of study is useful at the
time of test for discriminating these produced items from other items” (p. 671). Consequently,
the mnemonic benefit of production should be substantial when the task induces strong local
distinctiveness; conversely, that benefit should be attenuated—or even reversed—when the

context provides little opportunity for distinctive contrast.

Insert Figure 2 about here
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As an illustration, consider the classic immediate recall paradigm. As illustrated in Panel
A of Figure 2, it has been shown that when all the items are said aloud, production involves some
costs: compared to a list of silently read items, reading aloud generates an advantage for the last
studied items; however, the first items of a produced list are less well recalled than their silently
studied counterparts (Dauphinee et al., 2024; Gionet et al., 2022, 2024; Grenfell-Essam et al.,
2017; Macken et al., 2016; Saint-Aubin et al., 2021). Saint-Aubin et al. (2021) showed that the
disadvantage for the first items appears because production hinders rehearsal, which is used more
heavily for the first items in a list (Bhatarah et al., 2009; Rundus, 1971; Tan & Ward, 2008).
Therefore, with silent lists, the first items are better recalled because rehearsal can proceed
unhindered, which is not the case for produced items. In the case of later items, where rehearsal
plays less of a role, the extra features associated with produced items are thought to boost
memorability—saying the items aloud adds auditory features, own-voice feedback, and involves
extra cognitive planning and motor components (see, e.g., Jamieson et al., 2016; MacLeod et al.,
2010, 2022; Wakeham-Lewis et al., 2022).

The example shown in Panel A of Figure 2 contrasts lists of items that are all produced,
or all studied silently. In many everyday circumstances, we typically use production for a small
subset of what we are currently paying attention to. For instance, Rosenthal and Ehri (2011)
noted that children learn very few unfamiliar words by silently reading a text. However,
vocabulary learning improved when children were instructed to read words they did not know
aloud while silently reading the rest of the text. The laboratory equivalent of this is a mixed lists
procedure—i.e. lists where some items are said aloud and some are not. In terms of maximizing
local distinctiveness for the largest number of items, the best situation is one where one item is

read aloud while the following one is read silently (or vice-versa) (Saint-Aubin et al., 2021). As
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shown in Panel B of Figure 2, with such lists, there is a dramatic mnemonic advantage for
produced items. It is important to note that although producing a single item in an otherwise
silent list would maximize distinctiveness for that isolated item (i.e., a classic von Restorff
effect; see Hunt, 2013), such isolation does not permit examination of how production interacts
with retroactive interference and rehearsal across positions. In mixed-list paradigms that include
multiple produced and silent items, alternation (e.g., silent—aloud—silent—aloud) maximizes local
distinctiveness across the entire list, allowing systematic evaluation of the RFM’s position-by-
position predictions.

In order to account for the complete pattern described in both panels of Figure 2, Saint-
Aubin et al. (2021) relied upon the RFM. As noted earlier, the RFM has successfully accounted
for multiple empirical findings, obtained across various paradigms. However, it has mostly been
applied post hoc—i.e. the RFM was used to explain and model results after the fact (e.g., Saint-
Aubin et al., 2021, 2023, 2024). So far, there have only been two tests of a priori predictions
derived from the model.

In the first direct test of an a priori prediction, Dauphinee et al. (2024) manipulated
rehearsal opportunity by varying presentation rate with pure lists. It is well-established that
rehearsal contributes disproportionately to the recall of early list items, because participants have
more time to cumulatively rehearse the first few items, strengthening their representations (e.g.,
Bhatarah et al., 2009; Rundus, 1971; Tan & Ward, 2008). Critically, Tan and Ward (2008)
demonstrated that when items are presented rapidly, participants do not engage in cumulative
rehearsal at all. Under such conditions, the RFM predicts that the production disadvantage
normally observed for early serial positions (Panel A of Figure 2) should disappear: with no

rehearsal occurring, silent items lose their advantage. However, because the recency benefit for
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produced items is driven by feature-based distinctiveness rather than rehearsal, the RFM predicts
that this late-list advantage should remain intact. Dauphinee et al. (2024) confirmed both
predictions.

In the second test of predictions, Gionet et al. (2025) used lists that each included a series
of items read aloud and a series read silently. As predicted, items read aloud were better recalled
when followed by a silent item than by another produced item. Briefly, this pattern was predicted
a priori by the RFM, because of the similarity-based retroactive interference process that occurs
during encoding. Given silently read items lack the extra features that aloud items possess,
retroactive interference from silent items to aloud items is reduced, relative to the reverse (see
Figure 1).

In the present series, our main objective was to provide a stringent a priori test of the
RFM’s predictive capacity. We did this by calling upon a paradigm that models in the area
cannot account for, namely backward recall (e.g. Lewandowsky & Farell, 2018; Li &
Lewandowsky, 1993; Norris et al., 2019; Ritchie et al., 2015). We set out to test the RFM’s
predictions about the production effect and its interaction with serial positions, in both forward
and backward recall. In backward recall, list presentation is identical to that of forward recall, but
retrieval proceeds in reverse: participants begin with the final item, then report each preceding
item in turn. Although the two tasks differ only in output order, most models developed for
forward immediate serial recall cannot be extended to backward recall. Backward recall
therefore represents a theoretically diagnostic case: when a model that successfully handles
forward recall fails to generalize to backward recall, this signals that its core assumptions about
encoding, interference, or retrieval are incomplete or overly tied to the forward-output structure

rather than to the underlying memory mechanisms themselves. To date, three main explanations



PRODUCTION EFFECT IN BACKWARD RECALL 12

have been proposed to account for backward recall performance!.

The first, derived from the Primacy Model (Page & Norris, 1998), assumed that backward
recall is achieved through a sequence of covert forward recalls with only the final item in each
sequence produced overtly. However, Norris et al. (2019) rejected this account—and related
variants—because observed response times do not match its predictions.

A second proposal was the visuospatial hypothesis (Li & Lewandowsky, 1993, 1995).
Even when the memoranda are verbal, backward recall was assumed to rely on constructing a
visuospatial image of the list and then scanning or mentally transforming this image from the end
to the beginning (Hermelin & O’Connor, 1973; O’Connor & Hermelin, 1973; St Clair-
Thompson & Allen, 2013). This view is challenged by the evidence that when recall direction is
disclosed only at test, a study-phase spatial interference task disrupts forward and backward
recall to the same extent (e.g., Guitard et al., 2020, 2022).

The third account—the item—order trade-off hypothesis inspired by SIMPLE (Bireta et
al., 2010; Surprenant et al., 2011)—holds that item and order information draw on a shared,
limited resource (see also Brown et al., 2007; Guitard et al., 2022; Farrell & Lewandowsky,
2003). Because forward recall is well practiced, more resources can be devoted to item
information; in contrast, the relative unfamiliarity of backward recall is assumed to shift attention
toward order information, reducing item-based effects. Yet, empirical evidence contradicts this
prediction: item-based memory effects observed in forward recall (e.g., frequency, imageability)
are typically just as robust in backward recall (Guérard & Saint-Aubin, 2012; Guérard et al.,
2012; Roche et al., 2011; Walker & Hulme, 1999).

In the series of studies presented here, we tested the ability of the RFM to account for

! Throughout this manuscript, unless otherwise specified, the term recall refers to immediate serial recall, and
forward and backward recall both require reporting items in order.
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backward recall. We used the production effect to impact processing at the point of encoding
while using forward and backward recall directions to impact retrieval (note that recall direction
is disclosed after encoding). This first empirical test of the production effect in backward recall
allowed us to set up an a priori test of what the RFM assumes happens at encoding, relative to
the operations attached to retrieval. Briefly, processes that significantly impact encoding should
affect performance in the same way, independent of the direction of recall. The RFM allows us
to make multiple predictions across the reported experiments; we summarize these predictions

for both forward and backward recall, across experiments, within Table 1.

The a priori predictions derived from the RFM are based on our understanding of the
model’s operation, the assumptions imbedded in it and importantly, on our experience fitting the
model to past data. To establish that the predictions are not unique to a very specific set of
parameter values, we explored what the RFM predicts when the relevant parameters were varied
across a wide range of values (rehearsal and overwriting parameters). Hence, we explored the
qualitative predictions of the RFM over the relevant parameter space (see Appendix A). As can
be seen in the Appendix, the model’s behaviour conforms to predictions across a wide swathe of

parameter values, supporting the predictions presented in Table 1.

Insert Table 1 about here

The RFM, the production effect and backward recall
As shown in Figure 1, in the RFM, each item is represented by a series of organized
features. Recall that features can be either modality-independent (produced by internal

processing) or modality-dependent (correlated to the physical presentation characteristics).
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Produced items are thought to benefit from additional modality-dependent features due to their
inherent auditory features and the involvement of planning and motor systems in speech
production. These additional modality-dependent features enhance the distinctiveness of the
produced items, relative to silently studied ones. However, as mentioned above, the beneficial
effect of these additional modality-dependent features comes at a cost: production hinders
rehearsal. Since the pioneer work of Murray (1967), it is well-established that subvocal rehearsal
and explicit articulation compete for the same resources. Therefore, it is thought that saying
items aloud (i.e. producing them), makes subvocal rehearsal of studied items difficult,
particularly in pure lists. When produced and silent items are mixed, it is thought rehearsal is
more or less equated across items and less efficient than in pure silent lists, given produced items
continue to hinder rehearsal. In alternating lists, in which silent and produced items follow each
other, producing an item is thought to hinder the rehearsal of the prior silent item, while silently
studying an item provides an opportunity to rehearse the previous item read aloud.

In applying the RFM to backward recall, one must account for the task’s defining
feature—backward recall produces a serial position curve that is mirror-image of the curve
obtained in forward recall (see Panel C of Figure 2). Specifically, the primacy effect? is markedly
larger in forward than in backward recall, whereas the reverse is true for the recency effect.
Within the RFM, the shape of the serial position curve arises from three interacting mechanisms.
Two of these operate during encoding and are thought to have the same impact, no matter what
the recall direction is. The first process is overwriting: each item can be partially overwritten by
subsequent items, such that later items retain more complete feature sets (as few items come after

them), while earlier ones are more degraded by retroactive interference; this contributes to the

2 For the purpose of this paper, primacy relates to the recall performance for the items studied first, while recency
refers to the recall performance for the items studied last, irrespective of the recall order
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advantage often seen for the last few studied items in a list. The second process is rehearsal
which partially restores overwritten features; as the use of rehearsal decreases exponentially
across serial positions, items studied earlier benefit most from rehearsal, contributing to the
primacy effect. These two basic mechanisms can be thought of as primacy and recency agents,
that impact encoding irrespective of the order of recall. It is the third mechanism that really
drives the observed differences in primacy and recency when forward and backward recall are
compared. Specifically, when responding begins, each retrieval attempt carries a chance of
producing an error if the wrong item is retrieved, or if the retrieval fails and produces an
omission. It follows that the first items recalled are less likely to have been retrieved in error
during prior attempts. This fact is compounded by output interference, as defined in the RFM:
once an item has been recalled, its likelihood of being recalled again diminishes sharply (a form
of suppression, Lewandowsky & Farrell, 2008). Hence, output interference, combined with the
growing chance that an item has already been retrieved, means that the last items to be recalled
will tend to be less accurately retrieved. It is this mechanism that mainly accounts for the
flipping of the serial position curve when going from forward to backward recall. Consider the
7% item to be recalled, for example: it has 6 chances of being erroneously recalled before its
retrieval is attempted. Because output interference operates from the beginning of the recall
sequence, it enhances primacy in forward recall (where the first studied items are recalled first)
but reduces it in backward recall (where those same items are recalled last and thus suffer the
most from output interference). The strong recency effect in backward recall is attributable to the
low probability that to-be-retrieved items have already been recalled, combined with the impact
of output interference. These forces are combined to the impact of rehearsal and retroactive

interference that occur when laying down the primary memory representations that will serve as
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cues at the point of responding. In sum, without any modification to its core processes, the RFM
naturally predicts the mirror-image serial position curves observed in forward and backward
recall.

Most importantly, the RFM predicts that despite the mirror-image serial position curves
just mentioned, the production effect should entail an equivalent pattern of results in both recall
directions. More specifically, when list items are all read silently, or all produced, there should
be a detrimental effect of production on the first studied serial positions and a beneficial effect
for the items studied later—irrespective of the recall direction. This is because the impact of
production on rehearsal happens during encoding — irrespective of the recall order at the point of
retrieval. We hence expect the pattern observed in forward recall to be maintained in backward
recall. So, whether participants output the first or last studied item first, we expect a negative
impact of production of the first studied items and a positive impact on the later studied
positions. When lists contain a mixture of silent and aloud items, in forward and backward recall,
aloud items should be better recalled across all serial positions.

In the following six experiments we systematically tested these a priori predictions. To
ensure that encoding is similar in both recall conditions, recall direction was only disclosed after
item presentation (Guitard et al., 2020). In the first experiment, pure lists of produced and
silently read items were tested in forward and backward recall. In the Experiments 2A, 2B, and
2C, we contrasted the production effect with the modality effect. In Experiment 3 and 4 we
investigated the production effect with mixed lists.

Experiment 1
Experiment 1 was modeled after Experiment 1A of Saint-Aubin et al. (2021) which

systematically tested the production effect in immediate serial recall. The current study aimed to
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determine whether the production effect is present in backward recall in a form analogous to
what is found in forward recall. Previous studies have reported that benchmark effects can
significantly change in backward recall, suggesting the production effect could be absent or
present in a different form (Bireta et al., 2010; Dougherty et al., 2023; Guitard & Saint-Aubin,
2021, 2022; Hulme et al., 1997; Li & Lewandowsky, 1995; Madigan, 1971; Saint-Aubin et al.,
2020; St Clair-Thompson & Allen, 2013; Surprenant et al., 2011). However, according to the
RFM, recall direction should not impact the cross-over interaction observed in forward recall,
where production entails a disadvantage for primacy items and a benefit for the recency portion
of the curve (Dauphinee et al., 2024; Saint-Aubin et al., 2021). This crossover pattern is hence
expected for both forward and backward recall tasks. To reiterate (see Table 1), this is because
production is thought to negatively impact subvocal rehearsal that has a more prominent role for
the first few items of a list. It follows that the negative impact of production is more pronounced
for early items, overwhelming any positive effect of extra distinctive features. For items studied
later, rehearsal is less of a factor, and the distinctiveness afforded by production emerges more
easily. These encoding dynamics influence the distinctiveness of the items; while the recall order
influences performance through mechanisms such as output interference, we expect the impact
of production on primacy and recency items to remain.
Method
Sample Size Calculation

Sample size was estimated by using G*Power 3.1.9.7 (Faul et al., 2009) and the results of
Experiment 1A of Saint-Aubin et al. (2021) who used an immediate serial recall task. More
specifically, we used their effect size for the critical interaction between production (aloud vs.

silent) and serial position (1-6) for pure lists (nz =.43). With this effect size, an a priori
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interaction for serial position and production as repeated measures was computed with a = .05,
power of .95, and the default parameters were used for the correlation between the repeated
measures and the non-sphericity correction. The analysis revealed that a total of four participants
would be enough to achieve the desired power. However, the size of the interaction between the
production effect and serial position in backward recall is unknown. Previous studies showed
that the size of benchmark memory effects like the word length effect can be drastically reduced
in backward recall (Bireta et al., 2010; Saint-Aubin et al., 2020). Therefore, we were cautious
and overpowered our design. The sensitivity analysis indicated that a total of 24 participants with
a = .05, power of .95, and the default parameters would allow us to detect a small effect
(Cohen’s f'=0.25).
Participants

Twenty-four participants from Université de Moncton (self-identifying as 17 women, 6
men and 1 non-binary; mean age of 21.38 years old, SD = 2.61, range = 18-29) volunteered to
take part in this experiment. To be eligible for the study, participants had to be native French
speakers, aged between 18 and 30 years old, and have normal or corrected-to-normal vision. All
participants gave their free and informed consent before the experiment, which was approved by
the research ethics committee of Université de Moncton. However, three participants had to be
removed and replaced because they did not comply with instructions.
Materials

The stimuli were drawn from a word pool of 485 French words selected from the
Lexique 3.83 database (New et al., 2004). The stimuli were disyllabic words, composed of three
to nine letters and of three to seven phonemes. The words had a frequency range of 0 to 766.2

occurrences per million (M = 44.64, SD = 98.53). For each participant, 44 lists of 7 words were
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randomly generated from the word pool. Four lists served as practice trials and the remaining
forty lists served for experimental trials.
Apparatus

The experiment was controlled with PsyToolkit (Stoet, 2010, 2017) programming
software, and stimuli were displayed in white lowercase letters in 30-point Times New Roman
against a black background. Participants were tested either in person (13 participants) or in a
video call (11 participants), as long as they had access to a computer and keyboard?>. Participants
tested via a video call had to turn on their camera and microphone and to share their screen
allowing the experimenter to ensure compliance with the instructions and proper testing
environment.
Design

Overall, the study included three repeated-measure factors: serial position (1-7), word
presentation (silent vs. aloud) and recall direction (forward vs. backward). There were 10
experimental trials per condition (aloud-forward, aloud-backward, silent-forward, and silent-
backward). The words composing the 40 lists and list order were randomly assigned to each
participant. Participants had 4 practice trials to complete before the experimental trials.
Procedure

Participants were tested in a single session lasting about 40 minutes, in person or in a
video call. The experiment was self-controlled and could be accessed via an html link. After
giving their consent at the beginning of the task, participants answered demographic questions,

which were followed by the experiment instructions. Before each trial, the production condition

3 For this experiment and Experiment 2A in which some participants were tested in person and others in a video call,
there was no difference between participants tested in person or in a video call on the main effect of testing location
or on the interaction involving this factor. The analyses can be found on OSF. Therefore, the data from these two
groups were merged.
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(aloud and silent) of the trial was indicated to the participant. For the aloud reading trials,
participants were instructed to read aloud all the words as they appeared and to try to memorize
as many words as they could. For the silent reading trials, the instructions were the same, except
participants had to read all words silently, without moving their lips. Trials were initiated by
pressing the space bar key on the keyboard for both presentation modalities. After initiating a
trial, the 7 to-be-remembered words appeared sequentially in the centre of the screen at a rate of
one word per 2 seconds (2000 msec on, 0 msec off).

Following the presentation of the last word, the recall direction (forward and backward)
of the trial was specified to the participant. Forward recall was indicated with the words
“RAPPEL DIRECT” and the symbol “==>”, and participants were instructed to recall as many
words as they remembered with strict serial recall instructions. Whereas backward recall was
indicated with words “RAPPEL INVERSE” and the symbol “<==", and participants were
instructed to recall the words in reverse order, from the last serial position to the first one.
Participants wrote down the words they remembered with the keyboard and had to press the
enter key after each word to register their answer and go ahead with the next one. If participants
forgot a word at a given serial position, they could skip it by pressing the enter key, but they
could not go back to any previously registered or omitted response. After typing down their last
answer, participants pressed the spacebar key to initiate the next trial.

Data Analysis

Spelling errors in the participants’ responses were first checked. Only responses that
could be unambiguously identified were considered correct (e.g., letter substitution: balvony
instead of balcony; letter omission: bacony instead of balcony; letter repetition: balccony instead

of balcony). The analysis reported subsequently were all based on corrected spelling. The raw
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and correct data are available on the Open Science Framework page (https://osf.i0/9yjbz)

Inferences made in this study were guided by Bayes factor (BF) ANOVAs (see Appendix
B). Statistical analyses were computed in R with the “BayesFactor” package and default
parameters (Version 0.9.12—4.4; see Morey et al., 2022; Rouder et al., 2009, 2012). For the BF
ANOVA, participants represented a random factor, while main effects and interactions were
calculated by omitting the effects one at a time from the full model (Participant + Serial position
+ Recall direction + Production + Serial position: Recall direction + Serial position: Production
+ Recall direction: Production + Serial position: Recall direction: Production) BF's were
estimated with 100,000 iterations from Monte Carlo simulations, and the proportional error of all
BF's were less than 5%. Results are interpreted using the benchmarks from Kass and Raftery
(1995). Along with the BF's, the corresponding F ratios and partial eta squares (77?,) were also
reported as additional information, which were computed with the “ez”” package (Version 4.4-0;
Lawrence, 2016).
Results

Responses were first scored with a strict serial recall criterion: To be considered correctly
recalled, an item out to be recalled at its exact serial position. As shown in Figure 3, backward
recall is characterized by a much more pronounced recency effect than forward recall. Most
importantly, in both recall directions, the typical interaction between production and serial
position is observed: Produced items are better recalled than silently read items on the last serial

positions, while the reverse is observed on the first ones.

Insert Figure 3 about here



https://osf.io/9yjbz
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A 2 X 2 X 7 repeated-measure ANOVA with production (aloud and silent), recall
direction (forward and backward) and serial position (1-7) as factors was computed based on
proportion of correct recall. There was decisive evidence in favor of a recall direction effect,
F(1,23) =37.79, n;, = .62, BF10 > 100, with overall better performance in backward (M = .41, SD
=.17) than in forward recall (M = .31, SD = .18). Decisive evidence was also found in favor of a
serial position effect, F(6,138) = 56.30, n,ZJ =.71, BF10 > 100, while strong evidence was found
against a production effect, /(1,23) =0.70, lez) =.03, BF10=0.043. As expected, the analysis
also revealed decisive evidence in favor of an interaction between serial position and recall
direction, F(6,138) = 71.65, nf, = .76, BF 10> 100. This interaction simply indicates that the
shape of the serial position curve differed between forward and backward recall with a much
more pronounced recency effect in backward recall. There was also decisive evidence in favor of
an interaction between serial position and production, F(6,138) = 15.30, nf, =.40, BF10>100. In
both forward and backward recall, produced items were better recalled than items read silently
on the recency portion of the curve, while the reverse was observed on the primacy portion.
Strong evidence against the interaction between recall direction and production were found,
F(1,23)=0.23, n; = .01, BF10 = 0.051. There was positive evidence in favor of a three-way
interaction between serial position, recall direction and production, F(6,138) =4.02, n; = .15,
BF 10 =5.914. This interaction is mainly driven by the final serial position. In forward recall, the
largest difference between produced and silent items is present on the last serial position, while
in backward recall, there is a typical ceiling effect on this position annihilating the difference

between produced and silent items (Madigan, 1971).
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Insert Table 3 about here

This three-way interaction was further analyzed by running, for each recall direction, a 2
(production) X 7 (serial position) repeated-measure ANOVA. In forward recall, results showed
strong evidence against a main effect of production, F(1,23) =0.01, r]zz, =.00, BF10=0.039, but
decisive evidence for a main effect of serial positions, F(6,138) = 14.69, n,z) =.39, BF10> 100,
and for the interaction between serial positions and production, /(6,138) = 11.21, n; = .33, BF 1o
> 100. The interaction was due to the superior recall of produced items over silent items on the
recency portion of the curve, which reverses on the primacy portion of the curve. The interaction
was decomposed by computing Bayesian paired-samples t-tests at each serial position. As shown
in Table 2, t-tests revealed that silently read items were better recalled than produced items for
Position 1 (superficial evidence), 2 (strong evidence) and 3 (superficial evidence), while recall
performance was better for produced items than silently read items for Position 6 (positive
evidence) and 7 (decisive evidence).

In backward recall, results showed strong evidence against a production effect, F(1,23) =
0.68, r;,z, =.03, BF10 = 0.080, but decisive evidence for serial positions, F(6,138) = 121.73, n;, =
.84, BF 10> 100, and for the interaction between serial positions and production, F(6,138) = 8.98,
r]f, =.28, BF 10> 100. As for forward recall, the interaction was due to the better recall of
produced items over silent items on the recency portion of the curve and the reverse pattern on
the primacy part. As can be seen in Table 3, Bayesian paired-samples #-tests showed that silently
read items were better recalled than produced items for Position 3 (superficial evidence), while
produced items were better recalled than silently read items for Position 6 (decisive evidence),

and 7 (superficial evidence).
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Discussion

Overall, results revealed better recall in backward than in forward recall as frequently
observed (Beaudry et al., 2018; Guérard et al., 2012; Guérard & Saint-Aubin, 2012; Guitard &
Saint-Aubin, 2022; Li & Lewandowsky, 1995; Page & Norris, 1998). Results in forward recall
reproduced the interaction between production and serial position previously observed in
immediate serial recall (see Dauphinee et al., 2024, for a systematic review). The critical finding
here is the presence of a similar interaction in backward recall between production and serial
positions. In both forward and backward recall, the first presented items are better recalled when
participants read them silently than when they read them aloud and the pattern reversed for the
last presented items. The three-way interaction is mainly due to the expected ceiling effect for
the last presented item in backward recall, which is of no particular interest.

Experiment 2A

In forward recall, Saint-Aubin et al. (2021) tested the RFM by adding a third condition. In
addition to silent and produced items, Saint-Aubin et al. included an audio-visual control
condition in which items were presented both visually and aurally. The addition of an auditory
presentation should add almost as many modality-dependent features as the produced condition.
However, contrary to the production condition, auditory presentation does not interfere with
rehearsal (Longoni et al., 1993). Therefore, in the audio-visual condition, items in the first serial
positions should be recalled as well as the silent items (see Tablel). In other words, only
produced items should show a disadvantage on the primacy portion of the curve because
producing the items hinders rehearsal which is more likely on the first serial positions. This is

exactly what has been found by Saint-Aubin et al. (2021, see also, Macken et al., 2016).
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Insert Figure 4 about here

According to the RFM, the pattern of results observed in forward recall with silent,
produced, and audio-visual conditions should also be found in backward recall (Saint-Aubin et
al., 2021). That said, prior findings contradict this expectation. More specifically, the modality
effect—that is, the contrast between visually and aurally presented items—has been investigated
in backward recall. Results of Madigan’s seminal paper are reproduced in Figure 4. As can be
seen, in forward recall, Madigan reported the typical results: in the primacy portion of the serial
position curve, auditory and visual presentation are indistinguishable; for the recency portion
there is better recall of auditory items relative to the visual ones. In backward recall, despite the
inevitable ceiling effect for the last serial position, Madigan reported an advantage for items
presented auditorily over items presented visually for the recency part of the curve. However,
contrary to our prediction, Madigan also reported a disadvantage of aurally presented items over
visually presented items on the primacy portion of the curve.

In backward recall, Madigan’s results with the auditory presentation share the key
elements of our results in Experiment 1 with produced items. However, according to the RFM,
the disadvantage of produced items for the first serial positions is due to the disruption of the
rehearsal process by the explicit pronunciation of the items which would not happen with aurally
presented items (Saint-Aubin et al., 2021). In other words, in backward recall, the RFM predicts
lower recall performance in the primacy portion of the curve for produced items relative to silent
or audio-visual items. If performance was equally poor for produced and audio-visual primacy

items in backward recall, it would suggest that the processes at play may differ from those
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postulated by RFM.

Experiment 2 was based on the design of Experiment 1, with the addition of an audio-
visual presentation condition. Although this is not the main aim of the paper, Experiment 2 will
also clarify the backward recall modality effect. In effect, Madigan’s study is included in the
most recent list of benchmark effects that all working memory models should account for
(Oberauer et al., 2018). However, there are some uncertainties about the results. In effect,
Madigan neither statistically analyzed the modality effect as a function of serial positions, nor
presented error bars in his figure based on only 16 participants. Therefore, it remains to be seen
whether the lower recall of auditory items on the first serial positions in backward recall was
substantial and whether it is similar to the deficit observed for produced items in Experiment 1.
Method
Participants

Twenty-four participants recruited from Université de Moncton (19 women and 5 men;
mean age of 20.50 years old, SD = 1.94, range = 18-25) volunteered to take part in this first part
of the second experiment. Participants were native French speakers, had normal or corrected-to-
normal vision, and gave their free and informed consent. None of the participants had previously
taken part in Experiment 1, and five participants had to be removed and replaced because of a
connection malfunction (2 participants) or because they did not comply with instructions (3
participants).

Materials and apparatus

Materials and apparatus were the same as those used in the previous experiment, except

for the added audio-visual conditions. For the audio-visual condition, the audio stimuli and

visual word stimuli were presented simultaneously. The French-Canadian male voice, Léo, from
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Text-to-Speech (Oddcast Media Technology, 2023) was used to generate the auditory stimuli,
which were edited with SoundTap 3.04 (NCH Software, Inc., n.d.) and Audacity 3.3.3
(Audacity ®, 2023). The audio stimuli were presented through the computer’s speakers and
lasted between 0.30 and 0.93 seconds. Participants were also tested either in person (16
participants) or in a video call (8 participants).
Design and procedure

The design and procedure were the same as used in Experiment 1, except for the
following modifications. Presentation conditions now included silent reading, audio-visual and
reading aloud. In addition to the 44 original trials assigned to silent and aloud reading conditions,
22 trials were added and assigned to the audio-visual condition. In total, each participant
underwent 6 practice trials and 60 experimental trials. The order of the 60 experimental trials
was randomized for each participant. For all 20 trials of each presentation condition, the word
lists and word order within each list were randomized.
Results

First, responses were scored according to the same criterion as in Experiment 1: Items
had to be recalled in their exact serial position to be considered correctly recalled. As expected
and as shown in Figure 5, the recency effect is larger in backward than in forward recall. More
importantly, the typical interaction between production and serial position is observed in both
recall directions: Produced items are better recalled than silently read items at the end of the list,
whereas the opposite happens at the beginning of the list. In forward recall, the audio-visual
condition reproduced previous findings with a beneficial effect on the recency portion of the
curve along with no detrimental effect on the primacy portion (Saint-Aubin et al., 2021). In

backward recall, at a descriptive level a small detrimental effect emerged on the primacy portion
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of the curve similar to Madigan’s findings reproduced in Figure 4.

Insert Figure 5 about here

A 2 X 3 X 7 repeated-measure ANOVA was computed based on proportion of correct
recall with recall direction (forward and backward), presentation (aloud, silent, and audio-
visual), and serial position (1-7) as factors. Decisive evidence was found in favor of an effect of
recall direction, F(1,23) = 65.92, nf, = .57, BF 10> 100, with overall better performance in
backward (M = .38, SD = .10) than in forward recall (M = .27, SD = .09). There was infinite
evidence found in favor of a serial position effect, F(6,138) = 102.18, n; = .82, BF 9 = Inf., and
decisive evidence in favor of a presentation effect, F(2,46) = 10.42, 775 =.31, BF10>100. As
usual, the analysis also revealed decisive evidence in favor of a serial position and recall
direction interaction, F(6,138) = 108.78, nf, = .83, BF10> 100, due to the larger recency effect in
backward than in forward recall. There was also decisive evidence in favor of a serial position
and presentation interaction, F(12,276) = 8.54, nzzJ =.27, BF10 > 100, mainly attributable to the
ceiling effect on the last serial position in backward recall and to the transition from an
advantage of silent items to a disadvantage happening one item earlier in backward than in
forward recall. There was also decisive evidence in favor of a presentation and recall direction
interaction, F(2,46) = 17.10, 1712, = .43, BF 10> 100. Finally, there was positive evidence in favor a
three-way interaction between serial position, recall direction and presentation, F(12,276) = 3.66,
1712, = .14, BF10 = 4.133. This interaction appears to be mainly driven by the better recall of audio-
visual-visual items over produced items on the recency portion of the curve observed in forward

recall, but absent in backward recall.
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Insert Table 3 about here

The three-way interaction was decomposed by running separate ANOV As for each recall
direction. In forward recall, results revealed decisive evidence in favor of a main effect of
presentation, F(2,46) = 19.66, n,z, = .46, BF10>100, serial positions, F(6,138) = 19.15, n; = .45,
BF10>100, and of the interaction between presentation and serial positions, F(12,276) = 1.25, 77?,

=.24, BF 10 >100. The results were further analyzed by computing Bayesian paired-samples t-
tests comparing each production condition. As can be seen in Table 3, t-tests showed that silently
read items were better recalled than produced items at the first three serial positions, while the
reverse was observed at the last serial position. By contrast, audio-visual items were better
recalled than silently read items on the last three serial positions, and did not differ on the other

positions.

Insert Table 4 about here

In backward recall, the analysis showed very strong evidence against a presentation

modality effect, (2,46) = 0.83, n; = .04, BF10 = 0.011, while showing infinite evidence in favor
of a serial position effect, F(6,138) = 240.19, n% = 91, BF 1o = Inf., and decisive evidence in
favor of a serial position and presentation interaction, F(12,276) = 5.58, 7712, =.20, BF10>100. As

shown in Table 4, t-tests revealed better recall of silent over produced items on Position 3, with
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the reverse on Positions 5 to 6. As typically observed, in forward recall, audio-visual items were
better recalled than silently read items on the last two serial positions, with no difference on the
remaining positions.
Discussion

Overall, the pattern of results is in agreement with the predictions of the RFM
(Dauphinee et al., 2024; Saint-Aubin et al., 2021, 2024): In both recall directions, produced items
are better recalled than silently read items on the recency portion of the curve and less well
recalled on the primacy portion of the curve. Also, in agreement with Madigan (1971), the size
of the modality effect is reduced in backward recall. However, this reduction is mainly driven by
the expected ceiling effect on the last serial position which is not of particular theoretical interest.
Despite these similarities, two atypical findings must be noted. Firstly, in forward recall, the
benefit of producing the items on the recency portion of the curve was smaller than the benefit
induced by the audio-visual presentation while previous studies found a similar size benefit
(Macken et al., 2016; Saint-Aubin et al., 2021). Secondly, in backward recall, the pattern of
results on the primacy portion of the curve is in the predicted direction, but it is obscured by a
floor effect. Therefore, there were not enough data to establish whether audio-visual items were
better recalled than produced items on the initial portion of the curve. We addressed these issues
in Experiment 2B.

Experiment 2B

Experiment 2B was designed to avoid the floor effect observed in Experiment 2A.
Therefore, in Experiment 2B we used the design of Experiment 2A except that the list length was
reduced to 6 words. This reduction was aimed at decreasing the difficulty level of the task while

keeping all other elements the same.
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Method
Participants

Twenty-four participants also recruited from Universit¢ de Moncton (19 women and 5
men; mean age of 19.67 years old, SD = 1.28, range = 18-22) volunteered to take part in this
experiment and none of them took part in previous experiments. Two participants had to be
removed and replaced for not complying with instructions.
Materials, apparatus, procedure and design

Materials, apparatus, procedure, and design were the same as the ones used in
Experiment 2A, except for the participants that were all tested in person, and for list length,
which was reduced to six words.
Results
As shown in Figure 6, results of Experiment 2B are very similar to those observed in Experiment
2A. However, as expected, with a higher level of performance, in backward recall, the better
recall of audio-visual than produced items on the primacy portion of the curve emerges more

clearly than in Experiment 2A.

Insert Figure 6 about here

The 3 X 2 X 6 repeated-measure ANOVA with presentation modality (aloud, silent, and
audio-visual), recall direction (forward and backward) and serial position (1-6) as factors
revealed that, backward recall (M = .47, SD = .13) was better than forward recall (M = .40, SD =

.15), with decisive evidence in favor of a main effect of recall direction, F(1,23) = 15.08, 1712, =

40, BF 10> 100. The analysis revealed decisive evidence in favor of both serial position effect,
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F(6,138) =43.17, n;, = .65, BF 10 => 100, and presentation modality effect, F(2,46) = 5.63, rhz,
.20, BF 190 > 100. As usual, there was decisive evidence in favor of the interaction between serial
position and recall direction, F(6,138) = 90.00, n,z, =.80, BF10 > 100, simply indicating a larger
recency effect and a smaller primacy effect in backward compared to forward recall. There was
decisive evidence for the interaction between serial position and presentation modality,
F(12,276) =11.83, 7712; =.34, BF 10> 100. This critical interaction is driven by the lower recall of
produced items than the other two conditions on the primacy portion of the curve, along with the
lower recall of silent items than the other two conditions on the recency portion of the curve.
Importantly, strong evidence was found against an interaction between presentation modality and
recall direction, F(2,46) = 2.20, nf, =.09, BF 10 = 0.084, while only superficial evidence was
found in favor of a serial position, recall direction and presentation modality interaction,
F(12,276) =4.02, nj = .15, BF 10 = 1.116.

Despite the lack of evidence for or against the three-way interaction, to allow direct
comparison with Experiment 2A, we computed separate analyses for each recall direction. In
forward recall, the analysis showed decisive evidence in favor of the effect of presentation
modality, F(2,46)=5.59, 1712, = .20, BF 10 >100, serial position, F(6,138) =22.58, 77,2, = .50, BF 10
>100, and of the interaction between presentation modality and serial positions, F(12,276) =
11.00, np = .32, BF 10 >100. Bayesian paired-samples /-tests comparing each presentation
modality condition are reported in Table 3. As can be seen, produced items are less well recalled
than silent items on the first four serial positions and less well than audio-visual items on
Position 1 and 3. Conversely, produced items are better recalled than silent items on the last
serial position while there is not enough evidence to distinguish them or not from audio-visual

items on this position.
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In backward recall, results only revealed superficial evidence of a main presentation
modality effect, F(2, 46) = 2.68, n,z, =.10, BF10 = 0.443, while as expected, decisive evidence
was found in favor of both a serial position effect, F(6, 138) = 100.05, n; = .81, BF10> 100, and
an interaction between serial position and production, (12, 276) = 6.09, n,z) = .21, BF10> 100.
As reported in Table 3, t-tests showed that produced items were better recalled than silent items
on Position 5, but less well recalled on Position 1. By contrast, audio-visual items were better
recalled than silent items on the last two serial positions with either enough evidence for the null
effect or not enough evidence to make a decision on the remaining serial positions. Finally, there
were enough evidence to support the claim that Produced and audio-visual items did not differ
on Position 3, 4, and 5, while results were ambiguous for the remaining three positions.

Experiment 2C

Experiment 2B was successful in avoiding the floor effect observed in Experiment 2A.
Furthermore, as predicted, there was decisive evidence for the interaction between presentation
modality and serial position (BF 1o >100). Overall, in both recall directions, the predicted pattern
of results was observed with lower recall performance for Produced items compared to audio-
visual items on the first serial positions and no difference on the last ones. However, the finer
grained analysis with Bayesian paired-samples #-tests were inconclusive at some critical serial
positions (e.g., Position 2 in forward recall and Position 1 and 2 in backward recall). To produce
decisive evidence, Experiment 2C was modelled after Experiment 2B with a much larger sample.
To achieve enough power for the paired-samples #-tests comparing Produced items to audio-
visual items, we used the smallest effect size for which inconclusive evidence were observed in
Experiment 2B (Cohen’s d of 0.25 for Position 2 in backward recall) to estimate the sample size

of Experiment 2C. In addition, because it is important to demonstrate the reproducibility of key
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findings, in more than one language, we conducted Experiment 2C in English (Roer et al., 2022).

The experiment was preregistered (https://doi.org/10.17605/OSF.10/Z96AH) and was conducted
in accordance with that preregistration, with two deviations. First, we had planned to recruit only
UK participants. However, because it proved difficult to obtain enough participants willing to
film themselves performing the task and to share their video with us, we expanded the
recruitment pool to include participants from the USA. Second, we had planned to recruit 60
participants initially and to increase the sample size until all Bayes factors exceeded 3 in favor of
either the null or the alternative hypothesis, or until a maximum of 180 participants was reached.
Due to recruitment challenges, data collection was stopped at 120 participants.
Method
Participants

A total of 120 participants were recruited, aged 18—30 years, were recruited and

compensated through Prolific (https://www.prolific.com/). Inclusion criteria required participants

to be native English speakers residing in the United Kingdom or the United States, to have
normal or corrected-to-normal vision, to hold a Prolific approval rate of at least 90%, and to
report no language-related disorders, cognitive impairments, or dementia. Participants received
£6.75 for completing the approximately 45-min study. To ensure compliance with the
instructions—particularly in the production condition—participants were required to record and
submit a video of themselves completing the task. Thirteen participants were excluded for failing
to provide a video or for not following instructions, and none of the remaining participants had
taken part in prior experiments. After these exclusions, the final sample consisted of 107
participants (71 women, 35 men, 1 other).

Sample size


https://doi.org/10.17605/OSF.IO/Z96AH
https://www.prolific.com/
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We determined the sample size using a Bayesian sequential sampling procedure
(Schonbrodt & Wagenmakers, 2018). Data collection began with an initial sample of 60
participants and was increased to 120 (see Ishiguro et al., 2025, for a similar procedure).
Decision criteria were based on simulations conducted using the BFDA R package (Version
0.5.1; Schonbrodt & Stefan, 2024).

We conducted a series of simulations using the smallest observed effect size of interest
from Experiment 2B, namely the difference between produced and audiovisual items at Position
2 in backward recall (Cohen’s d = 0.245). Additional simulations were conducted assuming a
null effect (Cohen’s d = 0; difference between produced and audiovisual items at Position 4 in
backward recall) and a large effect (Cohen’s d = 1.340; silence and audiovisual items at Position
6 in forward recall). For each effect size, we ran 10,000 simulations of a nondirectional Bayesian
paired-sample ¢ test, applying decision thresholds of BF > 3 as evidence in favor of the
alternative hypothesis (Hi) and BF < 1/3 as evidence in favor of the null hypothesis (Ho).

For Cohen’s d = 0.245, the simulations indicated that 50.5% of cases provided evidence
for Hi (BF > 3), 36.3% were inconclusive (1/3 < BF < 3), and 13.2% provided evidence for Ho
(BF < 1/3; see Forsberg et al., 2022, for comparable values). For Cohen’s d = 0, 0.9% of cases
supported Hi, 10.9% were inconclusive, and 88.2% supported Ho. For Cohen’s d = 1.34, 100% of
simulations provided evidence in favor of Hi. Based on these results, we adopted this sequential
sampling approach with a maximum sample size of 120 participants to ensure adequate
sensitivity for detecting effects of the magnitude observed in Experiment 2B.

Materials, apparatus, procedure and design

The materials, apparatus, procedure, and experimental design were identical to those used

in Experiment 2B, except for the following modifications. All participants were recruited and
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tested online via Prolific (https://www.prolific.com/) and were instructed to audio-record
themselves during the experiment to verify compliance with task instructions. For the
audiovisual condition, the auditory stimuli accompanying the visual word presentations were
automatically generated and edited using a British English male voice (“Brian”) provided by the
Narakeet text-to-speech application (Version 2.44.7; Video Puppet Limited, 2018).

Because the experiment was conducted in English, all stimuli consisted of English words.
The stimulus set comprised 396 words selected from the English Lexicon Project (ELP; Balota et
al., 2007), a large-scale, standardized database providing extensive lexical and behavioral norms.

All words were eight letters in length and were familiar English nouns.

Insert Figure 7 about here

As shown in Figure 7, the pattern of results observed in Experiment 2C closely mirrors
those reported in Experiments 2A and 2B. A 3 x 2 x 6 repeated-measures ANOVA with
presentation modality (produced, silent, audio-visual), recall direction (forward, backward), and
serial position (1-6) revealed decisive evidence for main effects of serial position, F(5,530) =
163.56, 1%, = .61, BF10 > 100, recall direction, F(1,106) = 73.56, 1%, = .41, BF10 > 100, and
presentation modality, F(2,212) =39.98, n?, = .27, BFi10 > 100. As expected, there was an
interaction between serial position and recall direction, F(5,530) = 414.88, n?, = .80, BF10 > 100,
reflecting a larger recency effect and a reduced primacy effect in backward compared to forward
recall.

Decisive evidence was also found for the interaction between serial position and

presentation modality, £(10,1060) = 25.63, n%, = .20, BF10 > 100, indicating that the effect of
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production varied across serial positions. There was also an interaction between recall direction
and presentation modality, F(2,212) = 12.08, 1% = .10, BF10 > 100, and a three-way interaction
between serial position, recall direction, and presentation modality, F(10,1060) = 14.24, n%, =
.12, BF10 > 100. Given the theoretical importance of the three-way interaction and to facilitate
direct comparison with Experiments 2A and 2B, we conducted separate analyses for each recall
direction.

In forward recall, decisive evidence was found for a main effect of serial position,
F(5,530) = 84.09, n?, = .44, BF10 > 100, and for presentation modality, F(2,212) =36.72, 0%, =
.26, BF10 > 100. There was also decisive evidence for the interaction between serial position and
presentation modality, F(10,1060) =26.57, 1%, = .20, BF10 > 100. As in the previous
experiments, this interaction reflects poorer recall of produced items relative to the other
conditions at early serial positions, with differences diminishing toward the end of the list.

In backward recall, results revealed decisive evidence for a serial position effect, F(5,
530) =401.03, 0% =.79, BF10 > 100, as well as for a main effect of presentation modality,
F(2,212) =19.14, n?, = .15, BF10 > 100. The interaction between serial position and presentation
modality was also reliable, F(10,1060) = 13.05, n?, = .11, BF10 > 100, indicating that production-
related differences were most pronounced at the primacy portion of the curve.

Bayesian paired-samples #-tests comparing presentation modalities for backward recall
are reported in Table 4. These analyses showed that produced items were recalled less accurately
than silent items at early serial positions, while produced items showed an advantage at later
positions. Comparisons involving audio-visual items revealed superior performance relative to
silent items at the most recent serial positions, whereas differences at earlier positions were

either ambiguous or supported the null hypothesis. Overall, Experiment 2C replicates and
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strengthens the pattern observed in Experiments 2A and 2B, demonstrating that increased overall
performance accentuates production-related differences at the primacy portion of backward
recall. The position-specific Bayesian comparisons were also clearer in Experiment 2C than in
Experiment 2B: whereas 14 of the 36 such contrasts were inconclusive in Experiment 2B, only 3
of the corresponding 36 contrasts remained inconclusive in Experiment 2C. Experiment 2C
therefore sharpened the evidence for the serial-position differences associated with the observed
modality effects.

Discussion (Experiment 2A, 2B, & 2C)

Altogether, results show higher recall performance in backward than in forward recall, as
is often observed in the literature despite participants generally considering backward recall more
difficult (Beaudry et al., 2018; Guérard et al., 2012; Guérard & Saint-Aubin, 2012; Guitard &
Saint-Aubin, 2022; Li & Lewandowsky, 1995; Madigan, 1971; Page & Norris, 1998; Surprenant
et al., 2011). In both recall directions, the interaction typically found in forward recall between
production and serial position for the silent and produced conditions was observed, with decisive
evidence for all six relevant presentation modality X serial position interactions across
Experiments 2A, 2B, and 2C (forward and backward recall in each experiment; see Dauphinee et
al., 2024, for a systematic review). More specifically, produced items were better recalled than
silently read items on the recency portion of the curve, whereas the reverse was observed on the
primacy portion of the curve. For the audio-visual presentation condition, in both recall
directions, results show an advantage for audio-visual items on the recency portion of the curve
without evidence for a corresponding disadvantage on the primacy portion. As such, the present
results suggest that in backward recall, the small detrimental effect observed at a descriptive

level by Madigan (1971, see Figure 4 here) for auditory items on the primacy portion of the



PRODUCTION EFFECT IN BACKWARD RECALL 39

curve was not substantial. This is an important result given the status of Madigan’ study as a
benchmark finding (Oberauer et al., 2018).

Across Experiments 2A, 2B, and 2C, and for both forward and backward recall, there was
decisive evidence for an interaction between presentation modality and serial position, consistent
with the a priori predictions of the RFM. Ambiguity therefore did not concern the interaction
itself, but rather the evidential strength of some of the position-specific follow-up contrasts used
to characterize it. This distinction is important because Experiment 2C was added specifically to
clarify those localized contrasts, not to determine whether the interaction was present.

For the position-specific Bayesian comparisons, we deliberately adopted a conservative
analytic strategy by using uninformed priors rather than priors derived from the RFM’s
predictions. This choice was made to avoid overstating support for the model, but it also
substantially reduced the likelihood of obtaining decisive evidence for each of the many
individual contrasts (42 in Experiment 2A and 36 in each of Experiments 2B and 2C). In that
respect, Experiment 2C was informative: in Experiment 2B, 14 of the 36 position-specific
contrasts were inconclusive, whereas in Experiment 2C only 3 of the corresponding 36 contrasts
remained inconclusive. Experiment 2C therefore clarified much of the residual uncertainty left
by Experiment 2B and suggests that the earlier ambiguity primarily reflected limited evidential
sensitivity rather than instability in the underlying pattern.

Across the 114 contrasts tested in Experiments 2A to 2C, fewer than 5 yielded evidence
clearly inconsistent with the RFM’s predictions; 72 provided evidence in favor of the model, and
the remainder were inconclusive. Two localized discrepancies nevertheless warrant explicit
acknowledgment. First, in the recency portion of the forward recall curve, audio-visual items

were sometimes recalled slightly better than produced items, contrary to the prediction of no
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difference. One plausible explanation is increased output interference following stronger early
recall in the produced condition, although this pattern was not captured by the current
implementation of the RFM. Second, the predicted disadvantage for produced items at early
serial positions was less consistent in Experiments 2A and 2C than in Experiment 2B. Because
this effect is driven by rehearsal disruption in the model, and there is no principled reason for the
relevant parameters to differ across these experiments, this variability is not currently explained
by the RFM.

Taken together, these observations highlight the importance of distinguishing between
robust, statistically supported effects at the level of interactions and more variable, position-
specific trends. While the RFM captures the central interaction patterns across recall direction
and modality, these localized discrepancies point to areas where future refinements of the
model—or additional constraints on its parameters—may be required.

Experiment 3

Results of the first four experiments are clear and well ordered. However, an
investigation of the production effect in backward recall would not be complete without a mixed
list condition. In effect, most studies on the production effect make use of mixed lists, and the
differential production effect in pure and mixed lists is at the heart of theoretical developments in
the area (see, e.g., Forrin et al., 2019; Forrin & MacLeod, 2016b; Jonker et al., 2014; Lambert et
al., 2016; MacLeod et al., 2010). In mixed lists, some items are read aloud while others are read
silently. Silently read and produced items can be distributed within the list in a variety of ways.
The simplest arrangement is to create two blocks within the list. This arrangement can lead to the
discovery of unique findings which are diagnostic for models (see, e.g., Brooks & Watkins,

1990; Kowialiewski et al., 2024).
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In the context of the production effect, the block arrangement has been used in free recall
to adjudicate between the Revised Feature Model and the Production Anticipation Hypothesis
(Forrin et al., 2019; Gionet et al., 2025), In a nutshell, according to the Production Anticipation
Hypothesis, people would be nervous about reading aloud in front of the audience represented by
the researcher in a memory experiment. Therefore, they suggested that the last silent item in an
SSSPPP block should be less well remembered than the same item in position 3 in an SSSSPP
list because of the anxiety associated with the anticipation of having to say the next item aloud.
However, in a series of four experiments, Gionet et al. found little empirical support for the
Production Anticipation Hypothesis, while the RFM was able to account for performance.

One of the strengths of the RFM is its versatility with the possibility of accounting for
free recall data as well as immediate serial recall data (Cyr et al., 2022; Saint-Aubin et al., 2021).
To date, the block arrangement has not been used in immediate serial recall in the context of the
production effect. As illustrated in Figure 1, within the RFM, produced items benefit from more
modality dependent features than silent items. These additional features would be generated by
the concomitant auditory presentation and by the motor features involved in saying the items
aloud. Recall is based on the relative similarity between a degraded trace in primary memory and
the intact traces in secondary memory. With their additional features, produced items would be
more likely to be recalled than silently read items. This advantage of produced items over silent
items should be present in both forward and backward recall.

Therefore, in Experiment 3, in forward and backward recall, we compared lists in which
the first three items were produced and the last three items were silently read with lists in which
the blocks were presented in the reverse order. According to the RFM, in both recall directions,

produced items should be better recalled than silently read items at the same serial positions and
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the effect should be much larger than what has been found with pure lists in Experiment 1 and 2.
Method
Participants

Twenty-four participants recruited from Universit¢ de Moncton as well (self-identifying
as 14 women, 9 men and 1 other; mean age of 19.88 years old, SD = 1.36, range = 18-24)
volunteered to take part in this third experiment. Participants met the same eligibility criteria as
in all preceding experiments and gave their free and informed consent. None of the participants
had taken part in any previous experiments prior to Experiment 3, and data of 1 participant had
to be replaced with a new participant because of connection problems.
Materials, apparatus, procedure and design

Materials and apparatus were the same as those used in Experiment 1, except for the
following changes. Instead of presenting participants pure lists of seven to-be-recalled words,
they were presented mixed lists. Each list was composed of six to-be-remembered words, in
which three words were produced and three were silently read. The words within each list were
presented one condition (produced or silent) after the other, resulting in two different list
compositions (PPPSSS and SSSPPP). Before each trial, participants were reminded to read aloud
the blue words and to silently read the white ones, without moving their lips. Participants were
not informed of the upcoming list structure. In other words, participants did not know if the
upcoming list was a PPPSSS or an SSSPPP list. Almost all participants were tested in person (22
participants) while the rest were tested in a video call (2 participants).

Design and procedure were almost the same as used in Experiment 1, except for the list
composition that was added to the design as a repeated-measure factor (PPPSSS vs. SSSPPP).

For each participant, the word lists were randomly generated for all 44 trials (4 practice and 40



PRODUCTION EFFECT IN BACKWARD RECALL 43

experimental), with half of the trials dedicated to PPPSSS lists and the other half dedicated to
SSSPPP lists.
Results

As shown in Figure 8, the serial position curves of backward recall show a greater
recency effect than in forward recall, while production shows the same overall pattern in both
recall directions. More specifically, in both recall directions, produced items seem to be
systematically better recalled than silently read items at each position in the list irrespective of

list structure.

Insert Figure 8 about here

To analyze the data, following the procedure of Neath and Quinlan (2021; see also,
Landry et al., 2022), composite lists first had to be created. More specifically, the first three
words of the PPPSSS lists were combined with the last three words of the SSSPPP lists to
construct composite produced lists. The same procedure was used to construct the composite
silent lists. With these composite lists, a repeated measures ANOVA based on the proportion of
correct recall with production (aloud and silence), recall direction (forward and backward) and
serial position (1-6) as factors was computed.

Decisive evidence was found in favor of all main effects, such as recall direction, F(1,23)

=17.49, n; = .25, BF10> 100, with overall better correct recall in backward (M = .51, SD = .14)
than forward recall (M = .45, SD = .12), serial position effect, F(5,115) = 17.05, ny; = .43, BF10>
100, and production, F(1,23) =121.68, 77;29 = .84, BF 10> 100. Results show decisive evidence for

the interaction between recall direction and serial position, F(5,115) = 49.86, ny; = .68, BF 10 >
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100, reflecting the larger recency effect in backward than in forward recall and the reverse
pattern for the primacy effect. There was also decisive evidence for the interaction between
recall direction and production, F(1,23) =17.27, 77% = .43, BF 10> 100, due to larger production
effect in forward than in backward recall. Decisive evidence was found against an interaction
between serial position and production, £(5,115) =1.31, 7722, =.05, BF10=0.001. Evidence in
favor of a three-way interaction between serial position, recall direction and production were
very strong, F(5,115) =5.66, n,% =.20, BF 10 =40.225. This interaction is mainly due to the
typical ceiling effect on the last serial position in backward recall.

The three-way interaction was decomposed by running a 2 (production) X 6 (serial
position) repeated-measure ANOVA for each recall direction. In forward recall, decisive
evidence was found in favor of both production, F(1,23) = 132.68, n,z) = .85, BF10> 100, and
serial position, F(5,115) = 9.14, n,; = .28, BF 19 > 100, main effects. The analysis revealed
superficial evidence in favor of a serial position and production interaction, F(5,115) = 3.79, 7],2,
= .14, BF 10 = 2.554. The interaction was more thoroughly investigated using computed Bayesian
paired-samples t-tests for each serial position reported in Table 2. These t-tests revealed
produced items were systematically better recalled than silently read items for all serial positions
(decisive evidence).

In backward recall, the 2 X 6 ANOVA showed decisive evidence in favor of both main
effect of production, F(1,23) =45.37, 7712, = .66, BF 10> 100, and of serial position, F(5,115) =
59.41,n3 = .72, BF10> 100. The results also unveiled strong evidence against a serial position
and production interaction, F(5,115) =2.74, 77;29 =.11, BF10=0.101. As shown in Table 2, t-tests
revealed that recall performance for produced items was better than for silently read items for

Position 1 (positive evidence), 2 (strong evidence), and 3—6 (decisive evidence).
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Discussion

As in all previous experiments, overall, performance was better in backward than in
forward recall. The results obtained in forward recall show a serial position curve that inverts
when the production condition changes halfway through the list. In other words, for both list
compositions, items read aloud were better recalled for each serial position. More critically, the
crossover between the two curves obtained in forward recall is also present in backward recall
with, once again, a large recall advantage for items produced compared to those read silently.
Although the overall pattern was replicated in backward recall, a ceiling effect for the last items
in the list was also observed in this case as well, due to recall of the last items first.

Experiment 3 can be seen as providing further evidence against the Production
Anticipation Hypothesis (Forrin et al., 2019). In effect, neither in forward, nor in backward
recall, did performance drop markedly for the silent item in the third serial position as should
have been observed if participants were anxious to read aloud the next item. As such,
Experiment 3 aligned with previous results in free recall calling into question the Production
Anticipation Hypothesis (Gionet et al., 2025).

The convergence between the present findings in forward and backward recall and those
of Gionet et al. (2025), who used a similar grouping of produced and silent items in free recall,
aligns with the earlier observations of Grenfell-Essam and Ward (2012). In effect, Grenfell-
Essam and Ward showed that immediate free recall of lists of 1 to 15 items exhibits patterns
highly similar to those found in immediate serial recall. This led them to conclude that lists are
encoded and maintained in similar ways in the two tasks. They argued that the observed
differences between free recall and immediate serial recall are mainly driven by output order

affecting the serial position curve. The modeling of free recall, as well as forward and backward
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serial recall in the RFM is consistent with the proposal of Grenfell-Essam and Ward. In all cases,
the RFM assumed that items are encoded and retained in the same way. Only recall differs. As
mentioned above, in serial recall, the RFM begins recall by considering the first degraded trace
in primary memory in forward recall or the last trace in backward recall. In free recall, all
degraded traces in primary memory are involved, and the most activated trace in secondary
memory is recalled first (Cyr et al., 2022). The modeling details are provided following the next
experiment; however, the key point here is that the similarity between the results of Experiment
3 and those reported by Gionet et al. offers further support for the RFM.
Experiment 4

Experiment 3 extended previous findings obtained with the block design in free recall to
forward and backward immediate serial recall paradigms (Gionet et al., 2025). Although the
RFM required testing the effect of grouping by production status in forward and backward
immediate serial recall, the block design is known to sometimes yield a unique pattern of results.
For instance, in immediate serial recall, words in a semantically similar lists in which all items
are drawn from the same semantic category (steel, iron, copper, lead, brass, bronze) are more
likely to be recalled than words in a dissimilar list (brass, day, father, novel, admiral, pearl), but
their order is either hindered or unaffected (Guitard et al., 2025; Neath et al., 2022; Saint-Aubin
et al., 2005). However, when items are grouped in two categories of three items each (e.g., bus,
car, trick, tiger, cheetah, panther) semantic similarity improves order information recall
(Kowialiewski et al., 2022, 2024). It has been argued that salient information, whether semantic
or not, used to group items would impact recall (Ishiguro et al., 2025). Therefore, grouping
effects instead of additional features and similarity-based retrieval may account for the better

recall of produced over silent items in mixed lists with two blocks of three items.
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To address the potential grouping issue, Experiment 4 employs alternating lists, the
standard methodological implementation of mixed lists in immediate serial recall (e.g.,
Baddeley, 1968; Cowan et al., 2003; Hulme et al., 2003; Neath & Quinlan, 2021; Saint-Aubin et
al., 2021). In the context of the production effect, as illustrated in Panel B of Figure 2, when
produced and silently read items systematically alternate in a list, sawtooth serial position curves
are observed (Saint-Aubin et al., 2021). The size of the teeth of these serial position curves is
much larger than what has been found with previous factors in immediate serial recall like
phonological similarity (Baddeley, 1968; Farrell & Lewandowsky, 2003), lexicality (Hulme et
al., 2003), word length (Cowan et al., 2003) or word frequency (Hulme et al., 2003; Neath &
Quinlan, 2021).

According to the RFM, alternating lists maximize the advantage of produced items over
silent items. This happens because as shown in Figure 1, produced items have more modality
dependent features than silent items. In anticipation of what is presented in the section on
modeling, two modality-dependent features were assigned to the silent lists, while 18 were
assigned to the produced lists. Because the RFM has a similarity-based retroactive interference
mechanism, the additional features of produced items are more likely to be intact at recall if
followed by a silent item that does not have these additional features, than if followed by another
produced item as in a pure list. The composition of the vectors representing the items is
determined during encoding by the conditions of encoding. In addition, retroactive interference
occurs before recall begins. Therefore, as indicated in Table 1, whether it is forward recall or
backward recall, the items produced must be systematically better recalled than the silent items,
thus creating a sawtooth serial position curve. Therefore, Experiment 4 was similar to

Experiment 3, except that the production instructions were alternating in a list rather than being
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blocked.
Method
Participants

Twenty-four participants recruited from Université¢ de Moncton (self-identifying as 20
women, 3 men and 1 other; mean age of 20.21 years old, SD = 2.78, range = 18-32) volunteered
to take part in this experiment. Participants met the same eligibility criteria as in previous
experiments and gave their free and informed consent. None of the participants had previously
taken part in any preceding experiments, and 3 participants had to be removed and replaced
because they did not comply with instructions.
Materials and apparatus

Materials, apparatus, procedure, and design used in Experiment 4 were the same as used
in Experiment 3, except for the lists’ composition. The encoding condition of each word within a
list systematically alternated across serial positions with two possible arrangements (SPSPSP and
PSPSPS). Again, more participants were tested in person (19 participants) than tested in a video
call (5 participants).
Design and procedure

Design and procedure were almost the same as used in Experiment 1, except for the list
composition that was added to the design as a repeated-measure factor (PSPSPS vs. SPSPSP).
For each participant, the word lists were randomly generated for all 44 trials (4 practice and 40
experimental), with half of the trials dedicated to PSPSPS lists and the other half dedicated to
SPSPSP lists.
Results

Figure 9 shows a much greater recency effect for the serial position curves of backward



PRODUCTION EFFECT IN BACKWARD RECALL 49

recall than forward recall, whereas the overall pattern remains the same: serial position curves
intersect alternately at each position. More importantly, both recall directions seem to show a

systematic advantage for produced items compared to silently read items.

Insert Figure 9 about here

As done in Experiment 3, composite lists were first created. More specifically, odd serial
positions of the PSPSPS lists were combined with even serial positions of SPSPSP lists to
construct composite produced lists. The same procedure was used to construct the composite
silent lists. With these composite lists, the repeated measures ANOVA revealed decisive
evidence in favor of all main effects, including recall direction, F(1,23) =22.28, 77;2; =.49, BF o>
100, with overall better correct recall in backward (M = .41, SD = .08) than forward direction (M
= .33, 8D = .14), serial position, F(5,115) = 68.74, lez) =.75, BF 10> 100, and production, F(1,23)
= 82.05, 77;29 =.78, BF 10> 100. Decisive evidence was also found in favor of all two-way
interactions: recall direction and serial position interaction, F(5,115) = 79.62, n; = .78, BF 10 >
100, reflecting the larger recency effect in backward than in forward recall and the reverse trend
for the primacy effect; serial position and production interaction, F(5,115) =4.57, 77;2: =.175,

BF 10> 100, mainly due to the ceiling effect on the last serial position in backward recall, as well
as production and recall direction interaction, F(1,23) =9.60, n; = .29, BF 10> 100, due to the
larger production effect in forward than in backward recall. Evidence in favor of a three-way
interaction between serial position, recall direction and production was also decisive, F(5,115) =
9.64, 77,2, =.30, BF 10> 100, because of the ceiling effect on the last serial position in backward

recall.
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For each recall direction, a 2 (production) X 6 (serial position) repeated measures
ANOVA was computed. In forward recall, results showed decisive evidence in favor of both
production, F(1,23) = 65.39, n,z, =.74, BF 10> 100, and serial position effects, F(5,115) = 10.35,
1712) =.31, BF10> 100. Also, very strong evidence was found in favor of serial position and
production interaction, F(5,115) =4.63, n% = .17, BF 10 = 34.540. Bayesian paired-samples t-tests
presented in Table 2 revealed that recall performance was systematically better for produced
items than silently read items at all serial positions.

In backward recall, the analysis showed decisive evidence for both production, F(1,23) =
82.14, nj5 = .78, BF 10 > 100, serial position, F(5,115) = 136.50, nj = .86, BF 10 > 100, as well as
for the interaction between those two factors, F(5,115) = 8.52, 775 = .27, BF10>100. As

presented in Table 2, t-tests showed that produced items systematically better recalled than
silently read items.

Combined analysis

In recall tasks, the production effect typically interacts with list type, being markedly larger in
mixed than in pure lists. This interaction arises from the higher recall of produced items and the
lower recall of silent items in mixed lists relative to pure lists (e.g., Jones & Pyc, 2014). To
examine whether a similar pattern occurs in backward recall, we conducted a combined analysis
that included the silent and produced conditions from Experiment 2b (pure lists) and the
corresponding conditions from Experiment 4 (alternating mixed lists). These two experiments
were selected because they both employed six-item lists and identical materials. We conducted a
2 x 2 x 2 mixed-design ANOVA on the proportion of correct recall, with list type (pure lists
from Experiment 2b vs. mixed lists from Experiment 4) as a between-participants factor, and

production (aloud vs. silent) and recall direction (forward vs. backward) as within-participants
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factors.

2
The analysis provided decisive evidence for a main effect of list type, F(1,46) =2.33, v

= .05, BF ;> 100, with higher overall recall in pure (M = .42, SD = .49) than in mixed lists (M =

.37, SD = .48). There was also decisive evidence for a main effect of recall direction, F(1, 46) =

2
34.55, v = 43, BF | > 100, with better performance in backward (M = .43, SD = .50) than in

2
forward recall (M = .35, SD = .48), and for a production effect, F(1, 46) = 56.54, 'lp = 55, BF
> 100, reflecting higher recall for produced (M = .46, SD = .50) than for silent items (M = .32,

SD = .47).
As predicted, decisive evidence was also found in favor of an interaction between list

type and production, F(1, 46) =70.48, Iz’ =.60, BF ;> 100. Bayesian #-tests showed anecdotal
evidence that produced items were better recalled in mixed lists (M = .52, SD = .50) than in pure
lists (M = .41, SD = .49), BF10=2.06. For silent items, decisive evidence indicated poorer recall
in mixed (M = .22, SD = .41) compared to pure lists (M = .43, SD = .49), (BF10 = 2658.77).

Importantly, there was strong evidence against an interaction between production and recall
2
direction, F(1, 46) = 0.98, M = 02, BF = 0.056, and against an interaction between list type

2
and recall direction, F(1, 46) = 0.16, M = 00, BF y=0.038. Finally, decisive evidence

supported a three-way interaction among list type, recall direction, and production, F(1, 46) =

2
11.84, v = 20, BF ;> 100. This interaction reflects the typical ceiling effect on the last serial
position in backward recall, which disproportionately affects mixed lists because the production

effect is larger in mixed than in pure list contexts.

Discussion
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As expected, in forward recall, the results reproduced the characteristic sawtooth serial
position curves, with produced items systematically better recalled during immediate serial
recall, replicating previous findings (Saint-Aubin et al., 2021). Critically, and as predicted by the
RFM, the same pattern emerged in backward recall—demonstrating for the first time that the
hallmark production-related sawtooth effect extends to this recall direction.

Furthermore, the combined analysis revealed that, in both forward and backward recall,
the production effect was substantially larger in mixed than in pure lists. This finding extends to
backward recall the well-established interaction between list type and production status
previously observed in forward immediate serial recall, as well as in immediate and delayed free
recall (Cyr et al., 2022; Forrin & MacLeod, 2016b; Jones & Pyc, 2014; Jonker et al., 2014;
Lambert et al., 2016; Saint-Aubin et al., 2021). Consistent with earlier studies, this interaction
reflects two opposing forces: produced items are recalled better in mixed than in pure lists,
whereas silent items show the opposite pattern.

This differential effect of list type on produced and silent items is theoretically
informative. The relative distinctiveness hypothesis readily accounts for the advantage of mixed
lists on produced items. According to this view, produced items in a mixed list are encoded more
distinctively relative to their silent counterparts (e.g., MacLeod et al., 2010; MacLeod & Bodner,
2017). In pure lists, this relative distinctiveness advantage disappears, eliminating the production
benefit. However, this account cannot explain the concurrent detriment to silent items (see also
Jones & Pyc, 2014).

Alternative explanations such as the lazy reading hypothesis (Bodner et al., 2014) and the
production anticipation hypothesis (Forrin et al., 2019) address this cost. The lazy reading

hypothesis proposes that, in mixed lists, produced items attract disproportionate attention,
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leading silent items to receive fewer encoding resources than in pure lists. In contrast, the
production anticipation hypothesis attributes poorer recall of silent items to participants’ anxiety
or attentional disruption when anticipating the requirement to produce upcoming words aloud.
Although both hypotheses can explain the reduced recall of silent items, neither can account for
the simultaneous enhancement of produced items.

In contrast, the RFM accounts for both effects—and importantly, does so in both forward
and backward recall. According to the RFM, produced items possess a greater number of
modality-dependent features than silent items, and forgetting arises from interference based on
feature similarity (Saint-Aubin et al., 2021). In alternating mixed lists, a produced item is
followed by a silent item that lacks these additional modality-dependent features. Because
forgetting occurs through retroactive interference driven by feature overlap, the extra features of
a produced item are largely protected, whereas they are fully exposed to interference in a pure
list composed exclusively of produced items. This mechanism explains why produced items are
better recalled in mixed than in pure lists.

Moreover, within the RFM, the detrimental effects of retroactive interference are partially
mitigated by rehearsal. In a pure list of silent items, rehearsal can operate unimpeded, whereas in
a pure list of produced items, explicit articulation limits the opportunity for rehearsal (Murray,
1967). In mixed lists, rehearsal is only partially disrupted by articulation, leading to poorer recall
of silent items compared with pure lists, where rehearsal can occur more freely. This reduction in
rehearsal efficiency likely underlies the lower recall of silent items in mixed lists. Conversely,
produced items in mixed lists benefit from both enhanced distinctiveness and greater rehearsal
opportunities than in pure lists, further boosting their recall. In the next section, we evaluate this

verbal account of the RFM through computational modeling.
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The Revised Feature Model

In their adaptation of the Feature model, Saint-Aubin et al. (2021) retained its key
elements while adding a rehearsal process and slightly modifying the overwriting process that
the original model included. Here we provide a more specific description of the encoding,
rehearsal, interference and retrieval processes included in the RFM. The results of Experiment
2b, 3 and 4 are then modelled and the fits reported. As shown in Figures 10, 11 and 12, our
results supported the predictions of the RFM very well. However, obtaining good quantitative
fits is also important. Experiments 2b, 3, and 4 were selected given they provide a thorough test
of the capacity of the RFM to model both forward and backward recall, with both pure and

mixed lists.

Insert Figure 10, 11, and 12 about here

In the RFM, modality-dependent and modality-independent features make it
straightforward to model changes in presentation modalities such as those involved in
Experiment 2b, calling upon audio-visual input, produced or silently read items; the same is true
of Experiments 3 and 4 where produced and silent items were included in every list.

According to the RFM, when an item is studied, it generates a trace in both primary and
secondary memory. In the model, these traces are vectors of features, with each (randomly
generated) feature taking values 1-3. Contrary to traces in secondary memory, which are
assumed to remain intact, the feature vectors in primary memory are open to interference—they

can be overwritten by subsequent items. The retroactive interference process included in the
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RFM is similarity-based: If feature f of item n is identical to feature f of item n — m, then this
feature of item n — m will be overwritten (set to 0) with probability — o-A(m-1) . The
implication is that retroactive interference affects the prior item the most; it can also interfere
with more distal items but with a reduced probability. After the presentation of all items, a final
overwriting of only modality-independent features takes place due to continuing internal thought
activity in preparation for recall.

In the RFM, rehearsal counteracts the impact of retroactive interference; it is thought that
rehearsal can restore overwritten features. Specifically, once an item is presented, the process
attempts to rehearse all previously presented items. This rehearsal cycle which runs after

presentation of item n will successfully restore any overwritten feature with probability,

_(n-1)?
p=rxe 9

Where parameter r represents the effectiveness of rehearsal; the value of 9 in the exponent is
based on prior work showing a sharp drop in rehearsal after the first four items in a list (Bhatarah
et al., 2009; Rundus, 1971).

Order information, deemed necessary for serial recall, is treated as it was in the original
Feature Model (Nairne, 1990; Poirier et al., 2019). When an item is studied, it is tagged with its
list position. To include positional uncertainty, thought to contribute to order errors, this
information drifts slightly according to a parameter 8 which is set here to the default value from
Neath and Surprenant (2007) (see Estes 1972 for a thorough discussion of this idea and the
proposal of 9).

The above encoding process was called upon by Saint-Aubin et al. (2021), to model
immediate serial recall. In the experiments reported here, the recall direction was revealed after

each list was studied. We assumed this considerably reduced any differences in the encoding of
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lists for forward and backward recall order (Guitard et al., 2020; Guitard & Saint-Aubin, 2021,
2022). Consequently, modelling the encoding in each case was identical, and identical to the
modelling of the production effect in Saint-Aubin et al. (2021).

Unlike Saint-Aubin et al. (2021) however, here recall could be in the forward or
backward directions. The RFM has previously been adapted to deal with free recall and
reconstruction, as well as forward serial recall, for which the model was originally designed. To
handle backward serial recall we adopt the strategy of previous extensions, which is to make the
minimal changes to the model needed. We therefore introduced a small modification of the
retrieval process of the RFM to represent the change in retrieval direction that backward recall
entails.

In the model developed for forward serial recall, once encoding is completed, there is a
set of items in secondary memory as well as a set of vectors in primary memory. The latter
partially match the intact secondary memory items, as overwriting will have produced missing
features (set to 0). These primary memory traces are used as cues in the retrieval process, which
begins with the item number to be recalled, i,which is used to identify the relevant degraded cue
(i.e., primary memory vectors that have been overwritten). The retrieval process is similarity-
based, so the next step is to compute the similarities between this cue and all current list items
stored in secondary memory. This is done by first establishing a feature-to-feature
correspondence between primary and secondary traces, via Shepard’s Law (1987):

s(i,j) = e %
This distance, dj;, is obtained by multiplying the proportion of mismatching features between

item 1 and j by a scaling constant, a. The probability of retrieving item j given cue i is then given

by,
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This form for the probability is known as a soft-max function (technically a soft-argmax) and ©
is a so-called ‘temperature’ parameter that controls how deterministically the item with the
highest similarity is chosen. When the temperature tends to zero, then the item j with the highest
similarity to cue i is chosen with probability 1; when the temperature is very large, all items have
equal probability of being chosen, regardless of their similarity to the cue.

The model also includes the case where nothing is recalled, i.e. the primary memory
cue does not match the secondary memory trace well enough to be recalled. It is important
to have a model that can produce omissions, given they are often observed in real data
(Guitard et al., 2025). This is done by including an extra ‘null’ possibility or item, in
secondary memory, which has constant similarity between itself and all primary memory
traces. Retrieval does not alter the cues; however, multiple recalls of the same item are
suppressed by a factor e where r is the number of times an item has previously been
recalled, and c is a constant; this suppression can hence lead to an omission. Full details are
given in Saint-Aubin et al. (2021).

Following the suggestion of Bireta et al. (2010), the retrieval process relevant for
forward serial recall and backward serial recall implemented here is essentially the same,
with one exception. For forward serial recall, the process begins with a retrieval of the
primary memory cue associated with the first position (recall that perturbations of which
item is tagged with position i are possible). The only difference for backward recall is that
this process begins by retrieving the item associated with the last position, instead of the

first, and proceeds from there (i.e. in the reverse order).
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With respect to the modelling of the encoding conditions, we proceeded as was
done in prior work, i.e. the basic assumption is that all items generate the same number of
modality independent features. However, given the presentation modalities are
manipulated, the number of modality dependent features varies (see Saint-Aubin et al.,
2021). It is assumed that silently studied, visually presented items, have the smallest
number of modality-dependent features. Items presented both visually and aurally will have
more features, i.e. a number corresponding to the visually presented items, plus those
generated by the added auditory input. Finally, as produced items have auditory, visual and
motor components, they are assumed to have the highest number of modality-dependent
features. In our case we adopted the same numbers as in Saint-Aubin et al. (2021), with all
items having 20 modality independent features, plus 2 modality dependent ones for visually
presented memoranda. Aurally presented items and produced items had a further 13 and 18
modality dependent features, respectively.
General Information about Model Fitting

As for all previous uses of this model, model fitting was performed via Approximate
Bayesian Computation (see Turner & Van Zandt, 2012, or Marin et al., 2012, for a review),
using a version of sequential Monte Carlo sampling known as Partial Rejection Control (Sisson
et al., 2007). The code used to fit the model can be found on the OSF page. Our general approach
was to fit all data from a single experiment at once, which means fitting encoding conditions and
recall order simultaneously for each experiment, for a total of six conditions in Experiment 2 (3
presentation conditions [silent, produced, audio-visual] x 2 recall orders [forward and
backwards]) and 4 conditions for Experiments 3 and 4 (2 encoding conditions [produced, silent]

and 2 recall orders [forward, backward]). To do this, we assumed that the encoding process did
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not depend on the retrieval task, and so these processes shared parameters. This is much more
challenging for any model than allowing all parameters to vary between list or retrieval
conditions. Values of key fit parameters are given in Appendix C.

For all fits, we report the results by showing the means and 95% Highest Density
Intervals (HDIs) of the posteriors of the model predictions for each serial position in the different
conditions. We report medians and 95% HDIs for the posteriors of the parameters allowed to
vary in Appendix C. The overall match between data and model seems very good. Qualitative
and quantitative agreement is close, and the key patterns in the data are clearly reproduced by the
RFM.

Although the overall model fits are good, some systematic misfit remains. A clear
example is the steepness of the recency effect (e.g., Figure 10), which the RFM tends to
underestimate. This pattern is not unique to the present data: similar deviations have been
reported in previous applications of the model, including fits to immediate serial recall (Saint-
Aubin et al., 2021), order reconstruction, and free recall (Cyr et al., 2022). Crucially, the same
misfit is observed for both forward and backward recall in the present experiments, mirroring
what has been documented across recall tasks. This convergence makes it unlikely that the
deviation reflects a limitation specific to recall direction. Consequently, the misfit does not
undermine the central conclusions of the study. Overall, with only minimal adjustment to
accommodate backward recall, the RFM captures the critical patterns of data observed in
Experiments 2B, 3, and 4, which constitute the primary tests of the model’s predictions.

General Discussion
This series of studies pursued two conjoined goals. The first was to test certain key

predictions of the RFM regarding the processes operating during study and those active at the
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point of recall (Saint-Aubin et al., 2021, 2023, 2024). The second related goal was to provide a
successful account of backward recall, which until now had proved to be a thorn in the
theoretical side of available models (see, e.g., Bireta et al., 2010; Norris et al., 2019).

The most critical findings confirm the expectations derived from the RFM when
production is manipulated within a backward recall task (see Table 1). More specifically, the
RFM predicts the mirrored serial position curves for forward and backward recall: in a forward
immediate serial recall task, primacy is stronger than recency; alternatively, in a backward recall
task, recency dominates any primacy advantage (Madigan, 1971). In addition, as mentioned in
Prediction 1 and 2 in Table 1, when list items are all produced or all read silently, the RFM
predicts that for both recall directions, there will be a detrimental effect of production for the first
few studied items and a beneficial effect for the recency part of the curve (e.g, Dauphinee et al.,
2024). In the case of lists containing a mixture of produced and silently read items, the
expectation was better recall of produced items at all serial positions, again, whether recall
proceeds in the forward or backward direction (Prediction 3 and 4 in Table 1). These are not
trivial predictions given that we report the first test of the production effect in backward recall
and given that many effects found with forward recall change significantly when the recall
direction is reversed; it can hence be argued that these are a set of counterintuitive predictions, in
that the expected pattern is difficult to anticipate based on prior empirical work with backward
recall (Beaudry et al., 2018; Bireta et al., 2010; Guitard & Saint-Aubin, 2021, 2022; Guitard et
al., 2020; Hulme et al., 1997; Saint-Aubin et al., 2020; Surprenant et al., 2011; St Clair-
Thompson & Allen, 2013).

The experiments can be divided into two sets. Experiments 1 and 2 formed the first

ensemble and focused on the predictions of the RFM when lists are ‘pure’, that is when lists are
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composed of items that are all presented in the same modality. In Experiment 1, items were all
read aloud or all read silently. In Experiment 2, a third condition was added namely, lists
composed of items simultaneously presented in the visual and auditory modalities. In the second
set of studies, mixed lists were considered. Experiment 3 tested the simplest mixed list case, with
item type changing only once mid-list. Experiment 4 considered the case of lists where silent and
aloud items alternated.

In all the experiments, we expected to test whether the patterns previously reported for
forward recall would also be observed here, in line with the encoding-based predictions of the
RFM. In each case, we anticipated an interaction of production with serial position, with the
specific form of the interaction differing across studies. For pure lists, when comparing produced
and silently studied items, we predicted a production disadvantage for primacy positions and an
advantage for the recency positions. When comparing produced items to audio-visual items, the
same primacy disadvantage was expected for produced items. However, for recency positions—
because audio-visual items include additional modality-dependent features, much like produced
items—we expected audio-visual presentation to confer a recall advantage relative to silently
studied items; in prior work, this recency advantage was indistinguishable from that associated
with produced items (Macken et al., 2016; Saint-Aubin et al., 2021). At a macro level, the audio-
visual results of Experiment 2 are consistent with these predictions. Nevertheless, several small
but informative deviations emerged.

Across Experiments 2A, 2B, and 2C, in forward recall, audio-visual items were recalled
more accurately than produced items on the final serial position, whereas the RFM predicts
equality or a slight production advantage. In Experiment 2C, the expected detrimental effect of

production on primacy positions was also attenuated relative to earlier findings. Unsurprisingly,
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as shown in the bottom row of Figure 10, the RFM did not reproduce the empirical advantage of
audio-visual items over silent items on the final position. These discrepancies are theoretically
useful: none of the prior studies reported a benefit of audio-visual items over produced items on
the final position in pure lists, suggesting that the model’s miss here reflects a genuine boundary
condition rather than overfitting (Macken et al., 2016; Saint-Aubin et al., 2021). In this sense, the
mismatch is constructive—it indicates that the RFM is not merely performing curve-fitting but is
instead guided by principled assumptions about feature-based distinctiveness and interference.

More generally, one might expect that the sweeping changes to the serial position curve
that occur when going from forward to backward recall—most notably the reversal from
primacy- to recency-dominant performance—would meaningfully modify how the production
effect interacts with serial position (see, Madigan, 1971). However, because the RFM models the
impact of production entirely through encoding-based mechanisms, and because participants did
not know the recall direction, until recall, the model assumes similar encoding processes for
forward and backward recall. Consequently, in terms of the overall pattern, the relative impact of
production should remain.

With respect to mixed lists, additional interactions between production and serial position
were also expected, based on prior research (Gionet et al., 2025; Saint-Aubin et al., 2021). When
the list contained a single transition between silent and produced items, large and opposing
changes in recall are predicted at the transition point: a shift from silent to produce should
generate a sharp improvement at that position, whereas a shift from produce to silent should
yield a corresponding decrement. Importantly, because these effects arise from local
distinctiveness and interference computed at encoding, the RFM predicts that the same

qualitative pattern should be preserved in backward recall—even with the global change in serial
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position functions. In our final experiment, silent and produced items alternated, maximizing
local distinctiveness for produced items. Under such conditions, a dramatic sawtooth pattern is
observed in forward recall, with pronounced benefits for produced items; again, the RFM
predicts that this pattern will be reproduced in backward recall.

It bears reiterating that predicting four distinct patterns of interaction between production
and serial position to remain essentially unchanged when moving from forward to backward
recall is not trivial. Historically, many benchmark findings, such as the word length effect, that
are robust in forward recall are significantly changed in backward recall (e.g., Beaudry et al.,
2018). Nevertheless, in the present experiments, the results were largely consistent with the
encoding-based expectations derived from the RFM, and the model captured the detailed patterns
of findings using parameter values broadly in line with prior implementations. This work re-
establishes that what generates a production effect is that it involves encoding more features than
silent reading and importantly — the advantage appears when the items with these extra features
are surrounded by other items that do not have them. The RFM suggests that the result of this
isolation is that the extra features are protected from retroactive interference; these extra features
can then be called upon to discriminate between the correct retrieval candidate and competitors.

Finally, although encoding operations are assumed to be the same across recall directions,
the present design introduced a subtle contextual factor: participants knew that 50% of trials
would require backward recall. This foreknowledge may have induced slight adjustments in
encoding strategy compared to pure forward-recall paradigms (Guitard et al., 2020; Guitard &
Saint-Aubin, 2021, 2022). Such adjustments do not imply qualitatively different encoding
mechanisms but may help explain attenuated primacy effects or deviations at the final serial

position—again reinforcing that the remaining discrepancies are informative constraints rather
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than shortcomings of the model, especially considering prior studies that did not include a mix of
forward and backward recall did not report the recency advantage for auditory items observed for
the last serial position here (Macken et al., 2016; Saint-Aubin et al., 2021).

The predictions of the RFM for backward recall are what they are because encoding is
assumed to be similar in both tasks; the processes producing the predicted interactions are
thought to occur during said encoding (see also, Cyr et al., 2022). These processes involve an
interplay between the availability of relevant features to encode, similarity-based retroactive
interference, and, for the first silently studied items, the availability of a rehearsal mechanism
that can reinstate some of the features lost to interference. In fitting the model to the data,
forward and backward recall are modelled simultaneously, with the same parameter values. The
only difference between forward and backward recall in the RFM is the order in which retrieval
is attempted: for forward recall, the retrieval mechanisms proceeds forward, starting with the
item tagged as being in the first position, while for backward recall the exact same processes
proceed in the reverse order, beginning with the item tagged as being in the last position.

One notable feature of the present results, observed in both recall directions and
consistent with prior research on the production effect, is the striking difference in effect size
between mixed and pure lists. As shown in the combined analysis and in earlier studies,
production yields a dramatic benefit in mixed lists but a much more muted impact in pure lists.
Indeed, when mean performance is averaged across serial positions, production often produces
no reliable advantage with pure lists. Moreover, replicating previous findings in both free recall
and immediate serial recall, produced items are recalled more successfully in mixed than in pure
lists, whereas the opposite pattern is observed for silent items (e.g., Forrin et al., 2016b; Jonker et

al., 2014; Saint-Aubin et al., 2021). The improvement for produced items in mixed lists has
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traditionally been explained by the relative distinctiveness heuristic (e.g., Hunt, 2013; Hunt &
Smith, 1996, MacLeod et al., 2010), a principle also central to the RFM. By contrast, the cost for
silent items has been more difficult to explain theoretically (e.g. Forrin et al., 2019; MacLeod &
Bodner, 2017).

Within the RFM, the cost observed for silent items in mixed lists follows naturally from
the model’s assumptions about rehearsal. In pure silent lists, participants can engage in rehearsal
unimpeded, whereas in mixed lists, explicit articulation disrupts this process and limits the
restoration of features for silently read items. When formalizing the RFM (Saint-Aubin et al.,
2021), rehearsal was conceptualized as a general maintenance mechanism capable of restoring
overwritten features. Because this mechanism is disrupted by overt articulation, and because the
advantage for silent items in pure lists is largely restricted to early serial positions—where
subvocal rehearsal is known to play a dominant role—it seemed more straightforward to assume
the mechanism at play was subvocal rehearsal rather than a process like attentional refreshing as
defined in the Time-Based Resource-Sharing (TBRS) model (Barrouillet & Camos, 2015). In
this respect, the current findings contribute to the ongoing debate regarding whether working
memory models should incorporate a rehearsal mechanism (e.g., Lewandowsky & Oberauer,
2005). The pattern we observe is more naturally accommodated by frameworks that assign a
functional role to rehearsal (Barrouillet & Camos, 2015; Barrouillet et al., 2021), while posing
challenges for accounts that downplay or reject rehearsal-based mechanisms (e.g., Souza &
Oberauer, 2018). Crucially, this convergence should not be taken as a rejection of attentional-
refreshment accounts; rather, it suggests that, for the production effect specifically, models
incorporating rehearsal currently provide a more comprehensive account of the observed

dynamics.
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Although these patterns may seem complex and contradictory, the RFM allows us to
make sense of the findings while highlighting the mechanisms that are underpinning what is
observed. What the RFM elucidates is that all these patterns are produced by the same machinery
— a series of processes that have distinctiveness at their core. In the RFM, both retroactive
interference and retrieval depend on similarity (or non-distinctiveness). Recall that in the RFM,
retroactive interference is feature-to-feature, so that if feature ‘x’ of the current item is identical
to feature ‘x’ in one of the prior items, there is a certain probability that feature ‘x’ of the prior
item will be overwritten. This probability increases with proximity — if the items are successive,
the probability of overwriting is much higher than if they are remote. This type of similarity-
based retroactive interference, in effect, increases the distinctiveness of successive items by
eliminating the features that are repeated or redundant. It suggests that encoding is biased
towards new, informative features. Moreover, such a system favors memory for recent items, as
they are less vulnerable to overwriting. A recency advantage is a good design feature, as recently
encountered information is more likely to be useful to current processing (Anderson & Schooler,
1991). Retrieval in the RFM is also distinctiveness driven. Cues are compared to each relevant
retrieval candidate in a competitive retrieval process, and the item with the highest relative
distinctiveness is retrieved — i.e. the similarity between the cue and each item is computed, and
the one with the highest similarity wins the competition. A distinctive item, with many unique
features is much more likely to be correctly selected given a cue is an incomplete version of said
item. In essence, the RFM relies on a distinctiveness engine both at the point of encoding and at
the point of retrieval; these relatively simple principles allow the RFM to generate useful
predictions and to account for many of the complex data patterns reported here, as well as

findings from other tasks and time frames.
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Limitations and Future Directions

As we have noted above, one of the limitations of the work reported here is that
participants were aware that recall direction was forward half of the time and backward for the
other half. Although this may equate the encoding processes applied in each case, it may actually
introduce some systematic change relative to situations where recall is only forward or only
backward (Guitard et al., 2020; Guitard & Saint-Aubin, 2021, 2022). Future studies could
attempt to map out any systematic changes introduced by these variations in methodology.

Despite the success of the RFM in accounting for the complex patterns of results reported
here, there were some discrepancies in the fits related to the steepness of recency, i.e. here, as in
prior work the RFM appears to slightly underestimate the recency advantage. More work needs
to be done to clarify this issue and some adjustments of the assumptions included in the RFM
may be required.

Conclusion

In this paper we set out to test the RFM by calling upon backward serial recall. We
examined a series of a priori predictions that offered a demanding test of the model and sought a
proposal capable of handling both forward and backward recall. Across six experiments, we
presented four such tests, each producing new results and involving complex interactions
between the production effect and serial position. The results were broadly consistent with the
encoding-based predictions derived from the RFM, and the model captured the main patterns of
findings with only one small change to assumptions relating to backward recall, namely that
recall starts with the last item studied and proceeds backward from there, with no other changes
in processes or parameters. Therefore, the present results provide strong support for the

encoding-based predictions of the RFM in the forward- and backward-recall contexts tested here.
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We also provided the first empirical test of the production effect in a backward recall task.
Overall, these findings indicate that the RFM provides a useful account of the present data and a
coherent explanation of the encoding-based patterns examined here. The model includes a set of
simple assumptions and processes—feature-based encoding correlated with material complexity,
retroactive interference during encoding, a rehearsal mechanism that acts like a covert retrieval
process, and a competitive retrieval mechanism in which the selected candidate is the one with
the most distinctive match to the retrieval cue. Together, these processes imply an encoding
mechanism biased toward non-redundant, informative features and an episodic memory that
favors recently encountered information. The mechanism at the heart of the model, and of its
capacity to explain the data, is relative distinctiveness. Hence, this work demonstrates that
memory performance is more readily understood when distinctiveness is treated as an essential

organizing principle at both encoding and retrieval (Hunt, 2006, 2013).
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Table 1

Summary of RFM predictions for all experiments presented here.

In both Forward and backward serial recall conditions

Experiment Primacy Recency
1. Pure lists

Produced vs. silent Produced < Silent Produced > Silent
2. Pure lists

Produced vs. audio-visual vs. silent Produced < Silent Produced > Silent

3. Mixed lists by block

Produced vs. silent

4. Mixed alternating lists

Produced vs. silent

Produced < audio-visual  Produced =~ audio-visual

Audio-visual = Silent Audio-visual > Silent

Across all serial positions:

Produced > Silent

Sawtooth serial position curves
o Produced items are peaks
o Silent items are throughs
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Table 2

Bayesian paired-samples t-tests comparing production modality at each serial position for both recall directions in Experiment 1, 3,

and 4.
Bayesian paired t-tests
Experiment 1 Experiment 3 Experiment 4

Source Effect BF;p Cohen’sd Effect BF 19 Cohen’s d Effect BF 19 Cohen’s d

Forward P-S
Position 1 P<S 0.58 0.32 P>S >10,000 2.04 P>S >10,000 2.01
Position 2 P<S 11.38 0.56 P>S >10,000 1.64 P>S 36.85 1.03
Position 3 P<S 2.57 0.47 P>S >10,000 2.21 P>S >10,000 1.68
Position 4 P<S 0.42 0.18 P>S 1733.60 1.42 P>S >10,000 1.57
Position 5 P>S 0.31 0.12 P>S >10,000 1.79 P>S 2829.06 1.66
Position 6 P>S 8.66 0.49 P>S >10,000 2.51 P>S >10,000 1.57
Position 7 P>S 705.01 0.95

Backward P-S
Position 1 P<S 0.42 0.18 P>S 8.13 0.73 P>S 59.58 0.99
Position 2 P<S 0.34 0.16 P>S 24.96 0.96 P>S 39.41 1.04
Position 3 P<S 2.40 0.28 P>S 902.66 1.16 P>S 713.89 1.11
Position 4 P<S 1.23 0.38 P>S 5405.76 1.56 P>S >10,000 2.30
Position 5 P>S 0.30 0.16 P>S >10,000 1.34 P>S >10,000 2.57
Position 6 P>S 209.17 1.13 P>S 322.79 1.18 P>S 276.44 1.43
Position 7 P>S 0.95 0.50

Note. P = production (aloud); S = silence; Effect indicates the direction of the means.
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Table 3

Bayesian paired-samples t-tests comparing production modalities for forward recall direction in Experiment 2.

Bayesian Paired-samples t-tests for forward recall

Experiment 2A Experiment 2B Experiment 2C

Source Effect BFiy Cohen’sd Effect BF1p Cohen’sd Effect BFiy  Cohen’sd

Forward P-S
Position 1 P<S 4.23 0.66 P<S 8.99 0.53 P<S 23.58 0.29
Position 2 P<S 10.39 0.77 P<S 4.37 0.57 P<S 118.41 0.34
Position 3 P<S 4.29 0.43 P<S 74.82 0.86 P<S 4.30 0.25
Position 4 P<S 0.52 0.33 P<S 16.45 0.50 P<S 1.17 0.17
Position 5 P<S 0.23 0.12 P>S 1.10 0.49 P>S 6.50 0.28
Position 6 P>S 0.28 0.19 P>S 160.77 1.02 P>S >10,000 0.86
Position 7 P>S 11.37 0.91

Forward A-P
Position 1 A>P 393.48 0.84 A>P 3.00 0.44 A>P 767.18 0.38
Position 2 A>P 19.52 0.82 A>P 0.96 0.33 A>P 36.33 0.31
Position 3 A>P 39.63 0.60 A>P 7.66 0.54 A>P 135.72 0.31
Position 4 A>P 1.36 0.51 A>P 0.59 0.27 A>P 37.36 0.25
Position 5 A>P 10.39 0.73 A>P 0.25 0.13 A>P 59.67 0.29
Position 6 A>P 1.03 0.46 A>P 1.59 0.45 A>P >10,000 0.36
Position 7 A>P 428.77 0.87

Forward S-A
Position 1 S<A 0.33 0.20 S>A 0.28 0.11 S<A 0.26 0.10
Position 2 S<A 0.26 0.11 S>A 0.33 0.18 S>A 0.11 0.03
Position 3 S<A 0.25 0.13 S>A 0.30 0.19 S<A 0.16 0.08
Position 4 S<A 0.24 0.12 S>A 0.29 0.17 S<A 0.25 0.10
Position 5 S<A 5.13 0.59 S<A 7.74 0.52 S<A >10,000 0.53
Position 6 S<A 3.07 0.61 S<A 4212.06 1.34 S<A >10,000 1.30
Position 7 S<A >10,000 1.70

Note. P = production (aloud); S = silence; A = Auditory; Effect indicates the direction of the means.
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Table 4

89

Bayesian paired-samples t-tests comparing production modalities for backward recall direction in Experiment 2.

Bayesian paired-samples t-tests for backward recall

Experiment 2A Experiment 2B Experiment 2C

Source Effect BFiy  Cohen’sd Effect BF o Cohen’s d Effect BF 10 Cohen’s d

Backward P-S
Position 1 P<S 0.62 0.34 P<S 19.41 0.55 P<S 0.31 0.12
Position 2 P<S 0.94 0.40 P<S 1.97 0.37 P<S 0.32 0.11
Position 3 P<S 10.53 0.68 P<S 0.58 0.33 P<S 0.12 0.05
Position 4 P<S 0.39 0.23 P>S 0.58 0.37 P>S 33.94 0.30
Position 5 P>S 3.44 0.60 P>S 22.57 0.93 P>S > 10,000 0.81
Position 6 P>S 77.10 1.28 P>S 2.02 0.50 P>S > 10,000 0.44
Position 7 P>S 31.29 0.81

Backward A-P
Position 1 A>P 0.27 0.12 A>P 0.75 0.28 A>P 0.88 0.16
Position 2 A>P 0.54 0.29 A>P 0.45 0.25 A>P 0.46 0.13
Position 3 A>P 1.61 0.32 A>P 0.31 0.20 A>P 0.15 0.07
Position 4 A>P 0.25 0.14 A>P 0.21 0.00 A>P 0.16 0.07
Position 5 A<P 0.28 0.22 A>P 0.22 0.07 A<P 0.14 0.07
Position 6 A<P 0.53 0.34 A>P 0.48 0.32 A>P 0.22 0.06
Position 7 A>P 0.22 0.09

Backward A-S
Position 1 S>A 0.52 0.23 S>A 0.57 0.22 S<A 0.13 0.04
Position 2 S>A 0.24 0.08 S>A 0.29 0.12 S<A 0.11 0.02
Position 3 S>A 0.79 0.38 S>A 0.25 0.09 S<A 0.11 0.02
Position 4 S>A 0.26 0.10 S<A 1.29 0.37 S<A 1894.97 0.37
Position 5 S<A 0.43 0.33 S<A 457.89 1.07 S<A >10,000 0.73
Position 6 S<A 10.77 0.87 S<A 32.61 0.99 S<A >10,000 0.52
Position 7 S<A 7.01 0.91

Note. P = production (aloud); S = silence; A = Auditory; Effect indicates the direction of the means.
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Figure 1

[lustration of the operation of the Revised Feature Model (Saint-Aubin et al., 2021) for a mixed
list following the structure PSPSPS in which P stands for produced and S for silent. Each
multicolored column represents an item vector composed of distinct features (colored
rectangles), with yellow, blue, and pink corresponding to feature values 1, 2, and 3. The last
column in Primary Memory only made of modality independent features represents noise
induced by internal activities in preparation for recall. The top and bottom sets of colors denote
modality-dependent and modality-independent features, respectively. Although the actual
number of features differ, for simplicity, only six modality independent features are shown and
three modality dependent features for silent items and six for produced items. Arrows on the left
illustrate retroactive interference: when identical features occur in the same position across
items, earlier features may be overwritten by later ones (white rectangles). The probability of
overwriting decreases with greater inter-item distance, as indicated by fewer white rectangles
along longer arrows. With mixed lists, the additional features associated with item production do
not have counterparts in silent items and are therefore less likely to be overwritten. After each
silent item, all previously presented items are rehearsed (clockwise arrows), which can partially
restore overwritten features (half-recovered blocks). The decreasing shade of grey of the
clockwise arrows represents the sharp drop of rehearsal effectiveness after the first four items in
a list. During recall, each degraded vector in Primary Memory is matched against intact vectors
in Secondary Memory, and the most similar one is retrieved. The thickness of connecting lines
reflects the degree of similarity between the degraded and intact traces.
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Figure 2

In Panel A, immediate serial recall data with 6-item lists from the second experiment of
Grenfell-Essam et al. (2017) in which they compared lists in which all items were produced or
silently read; in Panel B, Experiment 1A (mixed list condition) of Saint-Aubin et al. (2021) in
which produced and silent items systematically alternated across list positions; and in Panel C,
Experiment 1A of Beaudry et al. (2018) with pure lists in which all words were silently read, but
half of them were recalled with a backward recall procedure.
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Figure 3

Proportion of correct recall as a function of recall direction, production and input serial

position in Experiment 1.
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Note. Error bars represent 95% Bayesian highest density intervals (HDI) based on the proportion

of correct recall.
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Figure 4

Probability of recall as a function of serial position for auditory and visual presentation, and

backward and forward recall.
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Note. Figure redrawn from Fig.1. of Madigan (1971).



PRODUCTION EFFECT IN BACKWARD RECALL

Figure 5

95

Proportion of correct recall as a function of recall direction, production and input serial

position in Experiment 2A.
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Figure 6

Proportion of correct recall as a function of recall direction, production and input serial

position in Experiment 2B.
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Figure 7

Proportion of correct recall as a function of recall direction, production and input serial

position in Experiment 2C.
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Figure 8

Proportion of correct recall as a function of recall direction, list composition and input serial

position in Experiment 3.
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Figure 9

Proportion of correct recall as a function of recall direction, list composition and input serial

position in Experiment 4.
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Figure 10

Comparison of data and model fits for Experiment 2B.
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Figure 11

Comparison of data and model fits for Experiment 3.
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Figure 12

Comparison of data and model fits for Experiment 4.
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Note. The data points for the fits are the means of the posterior predicted values. Error bars

represent bootstraped 95% confidence intervals.
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Appendix A
Simulating the RFM to Verify Predictions

Although we have built up a substantial intuition about the functioning of the RFM over
several years of working with it, intuition can sometimes be an unreliable guide when working
with computational models with many moving parts. For that reason, it is desirable to make
predictions from the model directly, by simulating behavior. We are interested here in qualitative
behaviours, for example a primacy effect, where silently read items are better remembered than
produced ones when they occur at the start of pure lists, rather than exact numerical values. Our
aim is to show that certain behaviours, for example the primacy effect, are generated by the
model under fairly general conditions, so that we can confidently predict them in advance of

collecting data, and thus use them as tests of the RFM.

However, in order to do this we need to identify suitable values for the input parameters,
(eg the rates of rehearsal, overwriting etc.) that form inputs to the model. In fact, any meaningful
predictions must involve behavior that is reliably observed over a wide range of parameter
values, or at least over those which can be identified as psychologically ‘plausible’ in some
sense. This is challenging since at least some of the parameters are restricted a priori only to be

real, or perhaps positive numbers.

In order to proceed, we adopt the following strategy: first, we consider which parameters
are important for producing the behaviours we wish to predict, and which we can afford not to
vary. This is a matter of practicality, since fitting the RFM in these sorts of experiments would
generally involve estimating six parameters, and this makes the parameter space too large for
simulating in a sensible time. We have settled on the two rehearsal parameters (one for silent and

one for produced items) and the overwriting distance A. The reason for this choice is that in the
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RFM the higher rehearsal rates for silently read items are thought to be responsible for
overcoming the advantage that produced items have of involving more modality dependent
features. Meanwhile, the fact that the modality dependent features of produced items cannot be
overwritten by the following silently read items is responsible for the sawtooth behavior seen in
mixed lists, together, indirectly, with the recency effect, and thus the strength of overwriting
plays an important role in our predictions. Meanwhile the other parameters mostly affect overall
performance, and the rate of omissions, which do not form part of our predictions. We fix them

to the best fitting values for the most recent work involving the RFM (Gionet et al, 2025.)

Secondly, we examined the best fit values, and uncertainties, of the rehearsal parameters
and the overwriting parameter for previous studies involving the RFM (Cyr et al, 2022;
Dauphinee et al, 2024; Gionet et al, 2025; Saint Aubin et al, 2021, 2023). Rehearsal rates took a
wide range of values in these studies, but since they are bounded it is simple enough to allow
them to range over [0,1] in our simulations. Note that although rehearsal rates for silently read,
auditory presented, and produced items can take any values, the RFM assumes g > 7p. Thus,
only some of our parameter space is psychologically plausible. Overwriting distance parameters
can in theory be any positive number, but typically lay well within the range [0,1] in these

studies. We can conservatively allow them to range over [0,1] in our simulations.

Third, we operationalized our predictions as follows; we say that condition A displays a
primacy effect over condition B if items 1 and 2 in condition A are better recalled than items 1
and 2 in condition B. Likewise we say that condition A displays a recency effect over condition
B if items n and n-1 in condition A are better recalled than items n and n-1 in condition B. Note
this is slightly more strict that some definitions of recency/modality effect, which focus only on

the final item. For conditions involving blocked or mixed lists, our predictions are that for all list
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positions produced items are better recalled in that position that silently read items. This

produces a crossover pattern for blocked lists and a sawtooth pattern for mixed lists.

Method

Rehearsal and overwriting parameters were varied within the interval [0,1] in increments of 0.05.
The other model parameters were set to the best fitting ones from Gionet et al (2025). For each
set of parameter values that were possible within these constraints, we performed 20 simulations
of the RFM. This process was repeated for each pure list condition, for the two blocked
conditions (produced followed by silent, or vice versa), and for the two alternating item
conditions (produced-silent-produced etc, or the opposite). Each simulated experiment involved
200 trials. For each simulation the RFM outputted serial position curves, and we confirmed
whether the model predicted primacy, recency, block, and alternating list behaviours as outlined
above. We then computed for what proportion of simulations, out of 20, the RFM made these
predictions, for this set of parameter values. We repeated this process for forward and backward

recall. Code is available on the OSF page (https://osf.i0/9yjbz/).

Results

The predicted effects for Mixed and Blocked lists are essentially always observed; therefore, we
will not discuss them further. For pure lists, results for the Primacy and Recency effects can be
seen in Figures A1 and A2. Here we display results for all values of the rehearsal parameters,
and for a selection of the overwriting parameters for illustration. We can see that the Primacy
effect is very robust. As long as the rehearsal parameter for silent items is somewhat larger than
that for produced items (ie for points in parameter space below the diagonal), the effect is

reliable (see Figure A1). This is reassuring. Note also that the effect reverses if rp > 15 which is


https://osf.io/9yjbz/
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also reassuring, as it means this is a psychological assumption with genuine predictive power.

In contrast, the Recency effect is seen to be less stable, at least for forward recall (Figure
A2.) It seems to fail when the overwriting parameter is higher (so overwriting is more restricted
to the previous item), and the rehearsal parameter for silent items is much larger than for
produced ones. Again, this makes some sense, as in this case the second to last item is
overwritten almost as effectively in the produced as in the silent condition, so modality has little
influence. Note this is largely a consequence of our definition of recency which as defined,
requires better performance over the final two items. Inspection of the simulations suggests the
final item is reliably better recalled for produced rather than silently read lists. Note also that the
fragility of recency is more pronounced in the forward than the backward condition, likely
because recall accuracy for the final items is generally better in backward recall, so results are

less influenced by floor effects.

In summary, we have seen through these simulations that our predictions for the mixed
and blocked list conditions are extremely robust, and are produced across essentially all relevant
parameter space. The predictions for forward and backward recall are also very similar. Primacy
is also robust as long as rehearsal is more effective in the silent condition. Recency is somewhat
less reliable as we have defied it (i.e. affecting 2 items), especially in forward recall, but we
should still expect to see it for backward recall, and it is very likely that it breaks down only for

items earlier than the last.
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Forward Recall, Primacy Effect, S>P
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Primacy Effect predictions for forward and backward recall, for rehearsal parameters in the
range [0,1] and a choice of overwriting parameters. Values of 1 (blue) indicate all simulations
for those parameters agreed with the predictions, values of 0 (red) indicate none of them did.

Plausible pairs for the rehearsal parameters lie below the diagonal, ie r¢ > 1p.
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Forward Recall, Recency Effect, P>S
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Figure A2

Recency effect predictions for forward and backward recall, for rehearsal parameters in the
range [0,1] and a choice of overwriting parameters. Values of 1 (blue) indicate all simulations
for those parameters agreed with the predictions, values of 0 (red) indicate none of them did.

Plausible pairs for the rehearsal parameters lie below the diagonal, ie .rs > 1p.
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Appendix B
Table B1
Analysis of variance based on the proportion of correct recall.
Experiment
Experiment 1 Experiment 2A Experiment 2B Experiment 2C Experiment 3 Experiment 4
Source F n; BFy F n5 BFy F n5 BFy F n;  BFyo F np BFy F mn; BFy
Overall
SP 56.30* .71 >100 102.18* .82 Inf. 43.17* .65 >100  163.56* 0.61 >100 17.05% 43 >100 68.74* 75  >100
RD 37.79* .62 >100 65.92* 74 >100 15.08* .40 >100 73.56* 041 >100 7.49*% 25  >100 22.28* 49  >100
P 070 .03 0.043 10.42* 31 >100 5.63* .20 >100 39.98% 0.27 >100 121.68* .84 >100 82.05* .78 >100
SP x RD 71.65* 76 >100 108.78* .83 >100 90.00* .80 >100  414.88* 0.8 >100 49.86* .68 >100 79.62* 78  >100
SP x P 15.30* .40 >100 8.54* 27 >100 11.83* .34 >100 25.63* 0.2 >100 1.31 .05 0.001 4.57% .17  >100
RD x P 023 .01 0.051 17.10* .43 >100 220 .09 0.084 12.08* 0.1 >100 17.27* 43 >100 9.60%* .29 >100
SPxRDxP 4.02* .15 5914 3.66% .14 4.133 4.02* .15 1.116 1424*  0.12 >100 5.66% .20 40.225 9.64* 30 >100
Forward
SP 14.69* 39 >100 19.15*% 45 >100 22.58* .50 >100 84.09* 044 >100 9.14* 28 >100 10.35* 31 >100
P 0.01 .00 0.039 19.66* .46 >100 5.59* .20 >100 36.72%  0.26 >100  132.68* 85 >100 65.39* .74  >100
SP x P 121 33 >100 7.25% 24 >100 11.00* .32 >100 26.57*  0.20 >100 3.79¥ 14 2554 4.63* .17 34.540
Backward
SP 121.73* .84 >100 240.19* .91 Inf. 100.05* .81 >100  401.03* 0.79 >100 59.41* 72 >100  136.50* .86 >100
P 0.68 .03 0.080 0.83 .04 0.011 2.68 .10 0.443 19.14*  0.15 >100 4537% .66  >100 82.14* 78  >100
SP x P 8.98* 28 >100 5.58* 20 >100 6.09* 21 >100 13.05*  0.11 >100 2.74* 11  0.101 8.52* 27 >100

Note. ANOV A = analysis of variance; SP = serial position; RD = recall direction; P = production; * = p < .05.
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Table C1

Appendix C

112

Important parameter values for the fits reported in the main text. Fitted parameters, such as A, are quoted

as medians plus 95% HDIs for the posterior.

Experiment 2B

Experiment 3

Experiment 4

Number of 20 20 20

Modality

Independent

Features

Number of 2 + 2 + 2+

Modality 13 (Audio condition) 18 (Produced Condition) |18 (Produced Condition)
Dependent 18 (Produced Condition)

Features

Distance Scaling

Parameter a

4.62 [3.70, 5.70]

2.79[1.80, 3.61]

2.43[1.76, 3.39]

Overwriting

Parameter A

0.50 [0.32, 0.68]

0.22 [0.07, 0.44]

0.46 [0.22, 0.86]

Rehearsal

parameters

Silent and Audio
0.39 [0.24, 0.65]
Produced

0.21 [0.06, 0.38]

Silent
0.31[0.06,0.77]
IProduced

0.12 [0.00, 0.57]

Mixed

0.06 [0.00, 0.27]

Choice Consistency

T

0.071 [0.047, 0.099]

0.102 [0.071, 0.133]

0.075 [0.051, 0.098]

Floor f

0.028 [-0.024, 0.093]

0.046 [-0.022, 0.174]

0.040 [-0.022, 0.138]




