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Strengthening some items on a list adversely affects memory for the remaining items on the list — a phenomenon
known as the list-strength effect (LSE; e.g., Tulving & Hastie, 1972). Whether the LSE is observed depends on
how memory is tested and how items are strengthened (Malmberg & Shiffrin, 2005; Ratcliff, Clark, & Shiffrin,
1990), with free recall producing robust LSE, whereas recognition test typically producing null LSE. In this
report, we examined the LSE in free recall and recognition when items were learned with full attention or under
divided attention at encoding. In free recall, the results showed a robust LSE under full attention, but a null LSE

Recognition
in divided attention. In contrast, in recognition a null LSE was observed under full attention, but a positive LSE
emerged under divided attention. Within REM theoretical framework, the combination of these findings suggests
that DA reduces the tendency to accumulate information across repetitions in a single trace, thereby reducing the
influence of differentiation.

Introduction Taken together, these results suggest that both item and context in-

During the study of a list of items, we encode the meaning and
physical properties of the items, form inter-item associations between
them, and create associations between the items and the episodic
context (Anderson & Bower, 1972; Humphreys, Bain, & Pike, 1989;
Lehman & Malmberg, 2013; Murdock, 1983; Raaijmakers & Shiffrin,
1980). What features of the event are encoded, and the extent to which
they are encoded is determined by task demands and the goals of the
participant (Atkinson & Shiffrin, 1968). For instance, an instruction to
attend to semantic content of the words enhances the encoding of a
word’s meaning (e.g., Craik & Lockhart, 1972). Likewise, instructions to
create sentences out of temporally adjacent words increases the ten-
dency to encode inter-item associations and to recall the words in the
order in which they were studied (e.g., Lehman & Malmberg, 2013).
Hence, different tasks may orient attention to the encoding of item and
inter-item content of new memory traces.

Less is known about the attentional demands of contextual en-
coding. Explicit instructions to integrate items and context during study
enhance context-dependent memory (Murnane, Phelps, & Malmberg,
1999). Without explicit instructions to integrate items with their con-
text, item-to-context associations are created and enhanced by dis-
tributed or spaced repetitions of the items (Murnane & Phelps, 1995).

formation may be encoded automatically, but additional attentional
resources are beneficial to both when applied.

Although encoding under divided attention (DA) conditions impairs
memory (e.g., Mulligan, 2008), the mechanisms underlying the dis-
ruption are not well understood. DA could disrupt the encoding of some
or all types of information comprising an event. DA could impair the
encoding of items, without perhaps affecting the amount of context
stored in episodic trace, and/or it could impair the degree of contextual
encoding. It is also possible that DA disrupts the ability or tendency to
access prior episodic traces, which impedes their ability to be updated
and increases the tendency for repetitions to be represented by multiple
independent traces as opposed to accumulating in the original trace
(Flexser & Bower, 1974; Hintzman, 2010 for a review).

List-strength manipulations

In our approach to these questions, we used a mixed-pure lists
paradigm, in which memory is tested for three lists of items, varying in
composition. The term mixed list refers to a list that contains a mixture
of strong and weak items, whereas the term pure strong or pure weak
refer to separate lists, where all items are either strongly or weakly
encoded. When the strengthening operation involves distributed or
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spaced repetitions of the items and memory is tested via free recall,
strong items are better recalled for mixed lists compared to pure-strong
lists, whereas weak items are better recalled for a pure-weak list com-
pared to the mixed list (Malmberg & Shiffrin, 2005; Tulving & Hastie,
1972). In other words, although strong items are better recalled than
weak items, the effect is magnified on the mixed list compared to the
pure lists. This is known as a positive list-strength effect or LSE, which is
commonly observed when the strengthening operation involves spaced
repetitions. In contrast, when memory is tested with recognition or
cued-recall, typically a null or slightly negative LSE is observed, where
the strength of other items on the list has little or perhaps a beneficial
effect on memory of remaining items - strong items show advantage
over weak items, but the magnitude of difference is typically similar for
pure and mixed lists, and sometimes it is slightly smaller on the mixed
list, known as the negative LSE (Ratcliff et al., 1990; Wilson & Criss,
2017).

A comprehensive account of list-strength effects

Within the framework of the search of associative memory theory
(SAM, Shiffrin, Ratcliff, & Clark, 1990) and the retrieving effectively
from memory theory (REM, Shiffrin & Steyvers, 1997), there are two
primary sources of information — item information, and context in-
formation, and each type of information can be used to probe memory.
Free recall and recognition memory are probed with different types of
information — context information is used in free recall, whereas item
(plus context) information is used to probe recognition. Strengthening
operations are assumed to increase the amount of information stored in
a memory trace representing the occurrence of the item itself and the
context in which it occurred. A well-known strengthening operation is
spacing or distributing the repetitions of list items, leading to better
memory for items repeated in spaced fashion compared to massed
fashion (Crowder, 1976; and Hintzman, 1974 for reviews). Spaced re-
petitions produce traces containing additional information about the
item and additional information about the encoding context compared
to traces of items that were not repeated or repeated in a massed
fashion (Malmberg & Shiffrin, 2005).

Free recall

In the present REM model, the positive LSE for free recall is ex-
plained in terms of retrieval competition arising from the strength of
contextual information in the memory trace (Malmberg & Shiffrin,
2005). Free recall is assumed to be initiated with context cues, and the
match between the context stored in the traces and context used to
probe memory determines which traces are sampled. The traces that
contain more context features that match context cue are more likely to
be sampled compared to traces that contain fewer context features that
match the context cue. According to the one-shot hypothesis for context
encoding, all traces have about the same amount of context stored in
them after a pure list is studied, and thus all other things being equal
have the same chance to be sampled (Malmberg & Shiffrin, 2005). The
situation is different after a mixed list is studied, because items
strengthened via spaced repetitions have more context features stored
than weakly encoded items. Hence, the traces of items studied more
than once in a spaced fashion dominate the traces of item studied only
once (or presented in a massed fashion) in the retrieval competition.
This produces the positive LSE in free recall. Thus, the relative mag-
nitude of LSE can be indicative of how a particular manipulation affects
the strength of contextual encoding.

Recognition

The same encoding assumptions that predict a positive LSE for free
recall, predict a slightly negative or null LSE for item recognition
(Shiffrin & Steyvers, 1997, 1998; Criss, 2006). One of the assumptions
in REM is that the items are stored in memory probabilistically, which
means that the memory traces of items are incomplete. During
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encoding, each feature is stored with some probability, and if a feature
is not stored, that feature value in the trace is zero, and indicates a lack
of information. As items are strengthened (via increased study time,
depth of encoding, or repetitions), the memory traces of those items
become updated (by replacing the zero features), which makes them
more complete and informative. As additional item features accumulate
in the memory trace, it decreases the similarity between the contents of
different traces, known as differentiation (Criss, 2006, 2009; Kilic, Criss,
Malmberg, & Shiffrin, 2017).

The key predictions concern the effect of differentiation on item
recognition. According to REM models, strengthening operations in-
crease the hit rates and lower false-alarm rates for strong items.
Retrieval is assumed to involve a global-matching process, which
compares the test item to the contents of all the traces stored in memory
during the study phase of the experiment. The more similar a trace is to
the test item, the more positive evidence it provides. Hence, strength-
ening operations increase the hit rates. Importantly, increasing the
strength with which a trace is encoded decreases its similarity to re-
presentations of other items, which lowers false-alarm rates. When
strength is manipulated between lists, the increase in hit rates and
decrease in false-alarm rates is referred to as the strength-based mirror
effect (Wixted & Stretch, 2004).

Spaced repetitions produce an increase in the number of item fea-
tures stored compared to massed repetitions (Malmberg & Shiffrin,
2005). An important finding is that when strength is manipulated via
spaced repetitions, recognition accuracy is unaffected by the composi-
tion of the study lists, unlike free recall where a positive LSE is ob-
served. In fact, slightly negative LSEs for item recognition have often
been reported (Ratcliff et al., 1990). This is predicted by the REM dif-
ferentiation model because adding strong item representations to
memory reduces the noise associated with the global-matching process,
on the assumption that at least half of the repetitions result in the ac-
cumulation of features in a trace representing a previous event (Shiffrin
& Steyvers, 1997; Malmberg, Holden, & Shiffrin, 2004). If trace accu-
mulation does not occur or rarely occurs, then a positive LSE is pre-
dicted (e.g., Murnane & Shiffrin, 1991a, 1991b).

The interaction between list-strength and divided attention

The literature suggests that concurrent tasks performed at encoding
not only impair item memory, but they also impair the ability to
identify the source or the context in which those items were presented
(e.g., Naveh-Benjamin, Guez, & Marom, 2003; Naveh-Benjamin, Guez,
& Shulman, 2004; Naveh-Benjamin, Hussain, Guez, & Bar-On, 2003;
Smyth & Naveh-Benjamin, 2016). Thus, DA at encoding impairs explicit
retrieval of context. If encoding of context is impaired by concurrent
tasks, it would lead to difficulty retrieving the context during the test
phase. Although deficits in source identification due to DA can be
viewed as consistent with the hypothesis that encoding of context de-
mands attention, such findings do not provide direct evidence for it.
Source identification involves a complex attributional process that can
be influenced by many factors, including guessing biases (Chalfonte &
Johnson, 1996). Also, source identification requires retrieval of context
given the item, whereas the current investigation examines the opposite
problem - retrieval of items given a context cue, allowing us to examine
how context encoding is affected by DA.

Specifically with respect to the LSE, Malmberg and Shiffrin (2005)
speculated that attentional factors may negatively affect updating of
existing memory traces when items are repeated in a spaced fashion.
For instance, it is likely that attentional demands limit the ability to
encode item features representing an event. Moreover, it is possible that
under taxing loads, retrieval of a trace stored previously is impaired,
making it difficult to update it with item and/or context features re-
presenting the second (or subsequent) encoding attempts. If so, overall
free recall and recognition performance should be harmed, the positive
LSE for free recall should be severely diminished, and the slightly
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negative or null LSE for recognition should be reversed.

The current study examines the degree of contextual encoding by
implementing the LSE paradigm under conditions of DA an FA. If DA
impairs mostly the strength of the item without significantly affecting
the amount of context encoded, there would be a similar magnitude of
the LSE across the DA and FA conditions (in free recall). However, if DA
impairs not only the strength of the item, but also the strength of
context that is stored with that item, we would expect reduced LSE
compared to FA condition (in free recall).

Experiment 1

In this experiment, we assessed the interaction between a list-
strength manipulation and divided attention during study using a free
recall paradigm. The strengthening manipulation was between items
studied two times in a massed fashion and items studied two times in a
spaced fashion. In the control condition subjects study pure weak lists
(all massed repetitions), pure strong lists (all spaced repetitions), and
mixed lists. In the divided, attention condition, subjects performed a
concurrent digit-monitoring task during encoding. If taxing attentional
resources impairs participants’ ability to bind item and context in-
formation and/or update previously stored traces for items repeated a
spaced fashion, then the positive LSE predicted in the control condition
should be disrupted or eliminated in the divided attention condition.

Method

Participants

A total of 72 UNCG undergraduates from Introductory Psychology
courses participated in this study for course credit. Demographic in-
formation was not collected as part of the study. Sample size was based
on previous studies on LSE with free recall from our lab and other
published findings on this topic. All participants were randomly as-
signed to full attention (FA) or divided attention (DA) conditions.

Design

The design was List (pure vs. mixed) X Strength (strong vs.
weak) X Group (FA vs. DA) mixed factorial design, with Group as the
only between-subjects factor.

Materials

The stimuli included 72 unrelated English words, 4-7 letters long,
with a median frequency of 29.00, and an interquartile range of 56.25
(according to Kucera-Frances norms), randomly divided to create three
study lists for each participant. A pure-strong list contained 24 items
presented twice in a spaced fashion. The lag between the spaced pre-
sentations was always seven words, and items were repeated in the
same order in which they appeared during the first presentation. A pure-
weak list contained 24 items presented twice back-to-back (i.e., all-
massed list). A mixed-list contained 12 strong and 12 weak items each
presented twice either in a spaced or massed fashion (i.e., half-spaced
and half-massed). Each tercile of the mixed list contained an equal
number of strong and weak items. The mixed list began with a strong or
a weak item equally often. The presentation order of the three lists was
fully counterbalanced.

Procedure

Participants were told that they were going to study and recall three
different lists of words, and were warned that words would be repeated
within each list. Words were presented for 6 s each during which par-
ticipants were asked to do a rating task. During the first presentation of
the word, participants made a pleasantness judgment by clicking on a
“+7” or “—"” sign that appeared on the screen underneath the word, for
pleasant and unpleasant, respectively. During the second presentation,
they made a graded pleasantness judgment, using a 1-5 scale, where
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higher numbers indicated stronger liking. Two different versions of the
same orienting task (as opposed to two different orienting tasks) were
selected to reduce confusion from switching between the orienting tasks
and studying the words, especially on the mixed lists.

The presentation of each list was followed by a brief filler task for
30 s, during which series of letters appeared on a screen (one at a time)
along with a blank window, and the task was to fill in the blank window
with the next sequential letter of the alphabet. After the distractor task,
participants were given 90 s to recall as many words as they could re-
member from the given list by typing the words into computer. The
procedure was repeated until all three lists (Pure-Strong, Pure-Weak,
and Mixed-List) had been studied and recalled.

Participants in the DA condition engaged in the same procedure,
with an exception that they also performed a concurrent digit-mon-
itoring task during encoding. Specifically, a random sequence of single
digits (from 1 to 9) was spoken by a female voice at a rate of 2s per
digit, and participants were told to monitor the sequence and indicate
whenever they detected three odd digits in a row.

Results

The results are summarized in Fig. 1. A mixed ANOVA the propor-
tion of items correctly recalled was conducted, with List (pure vs.
mixed) and Strength (strong vs. weak) as within-subjects factors, and
Group (FA vs. DA) as a between-subjects factor. There was a significant
main effect of Group, indicating that the DA group performed worse
than the FA group, F(1,70) = 5.10, MSE = 0.044, p = .027, n° = 0.06.
A significant main effect of Strength confirmed that strong items were
better recalled than weak items, F(1,70) = 52.72, MSE = 0.014,
p < .001, n* = 0.43. A positive LSE is indicated by a List x Strength
interaction, F(1,70) = 18.88, MSE = 0.013, p < .001, rzz = 0.21. Im-
portantly, however, there was a 3-way interaction, indicating that the
magnitude of the LSE varied across the groups, F(1,70) = 8.37,
MSE = 0.013, p = .005, > = 0.11.

In the FA group, there was also a main effect of Strength, F
(1,35) = 31.51, MSE = 0.014, p < .001, r12 = 0.47, and a significant
List X Strength interaction confirming the presence of LSE, F
(1,35) = 29.26, MSE = 0.012, p < .001, r12 = 0.46. Strong items were
better recalled on a mixed list than on a pure list, t(35) = 3.97,
p < .001, Cohen’s d = 0.68, whereas weak items were better recalled
on a pure list than on a mixed list, t(35) = 3.36, p = .002, Cohen’s
d = 0.56. These results indicate that both the strengthening component
and the weakening component of the LSE were obtained in the FA

group.
In the DA group, there was a significant main effect of Strength, F
(1,35) = 21.43, MSE =0.013, p < .001, n>=0.38, but no

List x Strength interaction, F(1,35) = 0.95, MSE = 0.015, p = .36,
n? = 0.03. Strong items were not better recalled on a mixed list com-
pared to a pure list, t(35) = 0.19, p = .85, Cohen’s d = 0.04, and weak
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Fig. 1. Proportion recalled as function of list type, strength, and group in
Experiment 1. Error bars represent SE of the mean.



L. Sahakyan, K.J. Malmberg

.60 -
.55 |
.50
45
40
35 -
.30
25
.20
A5
.10 |
.05
.00

Proportion Recalled

Journal of Memory and Language 101 (2018) 153-161

--o-=pure list
—e— mixed list

weak strong

Full Attention (FA)

weak

Divided Attention (DA) 2 s

strong weak strong

Divided Attention
(DA)1s

Fig. 2. Proportion recalled as function of list type, strength, and group in Experiment 2. Error bars represent SE of the mean.

items were not better recalled on a pure list compared to a mixed list, t
(35) = 1.38,p = .18, Cohen’s d = 0.24. Thus, neither the strengthening
nor the weakening component of the LSE were observed in the DA
group, despite obtaining the main effect of strength.

We also computed Bayes factors to assess the evidence for or against
the null hypothesis of no List X Strength interaction in FA and DA
conditions respectively (using default priors in JASP, JASP Team,
2016). We compared the evidence for a model that includes only the
main effects of Strength and List against an alternative model that ad-
ditionally includes the List x Strength interaction. The Bayes factor
BF;o may be interpreted as the ratio of evidence in favor of a model that
includes the interaction in contrast to a “null” model that includes only
main effects of List and Strength.

In the FA group, BF;o = 287.12, which means that the data are 287
times more likely to be the outcome of a model that includes an in-
teraction than one without the interaction included. In the DA group,
BF;10 = 0.29, which suggests that the data were 3.41 times more likely
to be the outcome of a model that does not include an interaction.

Experiment 2

Experiment 1 was the first study examining the LSE with divided
attention. Dividing attention decreased free recall performance. In ad-
dition, both groups benefited from distributed presentations as evi-
denced by the main effect of strength in both conditions. However, the
most important finding concerned the LSE. Whereas LSE was robust in
FA group, it was significantly reduced in the DA group and perhaps
eliminated. As discussed above, this suggests that DA during encoding
reduces the tendency to accumulate information across repetitions in a
single trace and increases the tendency to store multiple independent
traces representing the repetitions. We will put aside a more detailed
discussion of these mechanisms for the moment because given the
theoretical and practical importance of these findings, the purpose of
Experiment 2 was to replicate them. In addition to including the FA and
DA conditions employed in the previous experiment, we also included
another group of DA participants, who performed the same digit
monitoring with faster presentation rate of the digits. The more chal-
lenging divided attention condition was used to determine if a more
robust manipulation would produce a more robust interaction between
list-composition and attentional demands.

Method

Participants

Participants were 108 UIUC undergraduates from Introductory
Psychology courses who participated for course credit. Demographic
information was not collected as part of the study. There were 36
participants in the FA condition, and 72 participants in two versions of
the DA condition, with 36 participants in slow and fast versions of DA
condition.

Materials and procedure

The stimuli, design, and the procedures were similar to Experiment
1. The same control condition was used, and the same DA condition was
used, in which the presentation rate of the digit monitoring task was 2 s
per digit. However, an additional DA condition, which was aimed to be
more challenging, was also included. It had a digit presentation rate of
1s per digit.

Design

The design was List (pure vs. mixed) X Strength (strong vs.
weak) X Group (FA vs. DA-2s vs. DA-1s) mixed factorial design, with
Group as the only between-subjects factor.

Results

The results are summarized in Fig. 2. Proportion correct recall was
analyzed with mixed ANOVA, using List (pure vs. mixed) and Strength
(strong vs. weak) as within-subjects factors, and Group (FA vs. DA-2s
vs. DA-1s) as the between-subjects factor.

There was a significant main effect of Strength, indicating that
strong items were better recalled than weak items, F(1, 105) = 59.90,
MSE = 0.014, p < .001, n*> = 0.36. There was also a significant main
effect of Group, F(2, 105) = 12.18, MSE = 0.034,p < .001, r12 = 0.19.
Namely, the FA group recalled the most (0.40), followed by the DA-2s
group (0.35), and the DA-1s group recalling the least (0.29). There was
also a significant Strength X Group interaction, F(2, 105) = 6.98,
MSE = 0.014, p = .001, n* = 0.12. In the FA group, strong versus weak
item recall difference was 13% (0.46 vs. 0.33) and was significant, t
(35) = 6.51, p < .001, Cohen’s d = 1.07. In the DA-2s group, strong
versus weak difference was 9% (0.40 vs. 31), and was significant, t
(35) = 5.33, p < .001, Cohen’s d = 1.02. In the DA-1s, strong versus
weak difference was attenuated to 4% (0.31 vs. 0.27), and the differ-
ence was marginally significant, #(35) = 2.01, p = .05, Cohen’s
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Fig. 3. Conceptual representation of the effect of divided attention on the encoding of item and context information.

d = 0.34. Thus, as the DA task became more demanding, both the
overall level of recall was reduced and the overall strength effect was
reduced, presumably because participants may have missed noticing
some of the repetitions. Importantly, consistent with the previous ex-
periment, we observed a 3-way interaction, F(2, 105) = 4.36,
MSE = 0.014, p = .015, > = 0.08. To follow up the interaction, we
performed a List X Strength repeated ANOVA in each group separately.

In the FA group, there was a main effect of Strength, F(1,
35) = 28.41, MSE = 0.024, p < .001, qz = .45, and an interaction
with List, F(1, 35) = 9.93, MSE = 0.014, p = .003, n* = 0.22. Strong
items were better recalled on the mixed list than pure list, £(35) = 2.19,
p = .035, Cohen’s d = 0.40, whereas weak items were better recalled
on the pure list than on the mixed list, t(35) = 2.28, p = .029, Cohen’s
d = 0.37. Thus, both the strengthening and the weakening components
of the LSE were present in the FA group. The Bayesian analyses in the
FA group revealed BF;, = 5.04, which means that the data are 5.04
times more likely to be the outcome of a model that includes the
List x Strength interaction than a model without the interaction.

In the DA-2s group, we observed a main effect of Strength, F(1,
35) = 42.39, MSE = .007, p < .001, n*=.55, but there was no inter-
action with List, F < 1. The Bayesian analyses revealed BF;, = 0.18,
which mean the results were 5.71 more likely to be an outcome of a
model that does not include an interaction, rather than one with an
interaction term. Strong items were not better recalled on a mixed list
compared to a pure list, t(35) = 0.27, p = .79, Cohen’s d = 0.06, and
weak items were not better recalled on a pure list compared to a mixed
list, ¢(35) = 0.64, p = .53, Cohen’s d = 0.14.

In the DA-1s group, there was a marginal main effect of strength, F
(1, 35) = 4.03, MSE = 0.011, p = .053, 112 = 0.10, but no interaction
with List, F < 1. The Bayesian analyses revealed BF;q = 0.09, sug-
gesting that the results were 10.2 times more likely to be an outcome of
a model that does not include an interaction. Strong items were not
better recalled on a mixed list compared to a pure list, t(35) = 0.09,
p = .93, Cohen’s d = 0.02, and weak items were not better recalled on a
pure list compared to a mixed list, #(35) = 1.44, p = .16, Cohen’s
d = 0.34.

Finally, if the FA-group is excluded from the analyses, and the two
DA groups are compared using List X Strength X Group mixed ANOVA,
only the main effect of Strength (F(1, 70) = 32.22,p < .001), the main

Weak  Strong Strong

Divided

effect of Group (F(1, 70) = 12.09, p = .001), and the Strength X Group
interaction (F(1, 70) = 6.60, p = .012) emerged as discussed pre-
viously. There was neither a List x Strength interaction (F < 1;
BF10 = 0.07, suggesting that the results are 13 times more likely to be
the outcome of a model that does not include an interaction), nor a 3-
way interaction (F(1, 70) = 1.12, p = .29; BF;, = 0.04, suggesting that
the results are 25 times more likely to be an outcome of a model that
assumes no 3-way interaction). Overall, these results indicate the null
LSE across both DA groups.

Discussion

These findings replicate the results of the previous experiment
showing that DA disrupts the positive LSE typically observed in free
recall. There are several potential explanations for null LSEs in the DA
conditions. If information accumulates in the original trace with each
repetition, then in addition to impairing item strength, DA is likely to
also impair context strength (e.g., Naveh-Benjamin, Guez, et al., 2003,
Naveh-Benjamin, Hussain, et al., 2003; Naveh-Benjamin, Guez, &
Shulman, 2004; Smith & Naveh-Benjamin, 2016). If the disruption of
context storage is disproportional, affecting strong traces more than
weak traces, then the sampling advantage for strong items would be
reduced, explaining why the LSE was reduced in the DA conditions.
However, the data suggest that the disruption to the LSE is more ex-
tensive than this model would predict.

In addition, DA might have decreased the tendency to encode inter-
item associations between adjacent stimuli, and there is evidence that
under these conditions a smaller LSE is observed in free recall (e.g.,
Malmberg & Shiffrin, 2005). In the current Experiments 1 and 2, spaced
items were always repeated in the same order, which is a condition that
favors the encoding of relatively strong inter-item associations, if they
can be updated. In the previous research examining LSE in free recall,
Malmberg and Shiffrin (2005) included two spaced-repetition condi-
tions - in one condition, spaced items were always repeated in the same
order, whereas in the other condition, items were always repeated in a
different order. In both conditions, a positive LSE was observed, but it
was far more robust when items were repeated in the same order. This
suggested that inter-item associations are used when available as re-
trieval cues during the course of free recall, and if DA in the current
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experiments interfered with inter-item associations, this could also re-
duce the magnitude of LSE.

A third effect of DA is conceptualized in Fig. 3. DA might reduce the
tendency to accumulate information in the original memory trace and
increase the tendency for a new trace to be stored for each repetition.
Note that in SAM and REM models, successful retrieval requires the
sampling of a trace from memory and the recovery of its contents.
Sampling is determined by the relative strength of the item in compar-
ison with the total strength of all other items in memory, whereas re-
covery is determined by the absolute strength of the item, regardless of
the other items in memory. Weak traces are less likely to be recalled
both because they are less likely to be sampled and because their con-
tents are less likely to be recovered. Hence, items repeated in a spaced
fashion tend to be represented by multiple traces under DA, accounting
for a main effect of strength, but the amount of context and item in-
formation stored in weak and strong traces will be approximately the
same all else being equal, reducing the ability recover the trace contents
under DA. In the mixed list condition, although there will be sampling
advantage for strong items because there are multiple traces stored for
spaced items, this advantage is attenuated because the traces re-
presenting repetitions are relatively weak and therefore their contents
are less likely to recovered (Gillund & Shiffrin, 1981; Raaijmakers &
Shiffrin, 1980).

Experiment 3

The aforementioned hypotheses need not be mutually exclusive.
However, the hypothesis that states DA disrupts the accumulation of
storage across spaced item repetitions leads to one testable hypothesis.
If information does not accumulate in the original memory trace, then
memory traces will not be differentiated. If so, there should be two
important outcomes. First, a positive LSE for single item recognition
should be observed under DA conditions. Recall that more frequently a
null LSE or even slightly negative LSE is found in recognition (e.g.,
Hirshman, 1995; Murnane & Shiffrin, 1991a; Ratcliff et al., 1990;
Wilson & Criss, 2017; Yonelinas, Hockley, & Murdock, 1992). Murnane
and Shiffrin (1991b) were the first to obtain positive LSE in recognition,
but only when each repetition of a word was presented in a unique
sentence. They suggested that presentations in a unique sentence con-
text are stored as separate memory traces. Thus, if separate traces are
stored with repetitions under DA conditions, then we would expect to
obtain LSE in recognition. In FA condition, we should replicate the null
or slightly negative LSE. If null LSE is obtained both in FA and DA
conditions, it would indicate that DA does not affect differentiation;
instead, information accumulates in the original trace, but DA hurts the
accumulation of both item information and context information.

The second key prediction is that the ubiquitous strength based
mirror effect should be disrupted in a specific way. Namely, the false
alarm rate advantage for strong items should be reversed such that false
alarms on pure strong lists should be greater than the false alarms for
pure weak lists. To the best of our knowledge, this would be another
novel outcome.

Method

Participants

A total of 90 UIUC undergraduates recruited from Introductory
Psychology courses participated in this study for course credit. The
demographic information was not collected as part of the study, and
sessions were scheduled to meet a sample size of a minimum of 45 in
each condition, which is greater than the previous studies on LSE in
recognition. All participants were randomly assigned to FA or DA
conditions.

Materials
The stimuli included 72 words from Experiment 1, and an additional
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set of 72 words was created that matched the original set on word
length and frequency. Both sets served equally often as the target and
the distractor list.

Procedures

The presentation order of the items within each study list, as well as
the presentation order of the study lists followed the procedures used in
the previous experiments, with a few changes. During encoding, items
were presented at a rate of 2 s per word, and there was no orienting task
during encoding. These changes were implemented to maintain the list
length and repetition conditions similar to the previous experiments
while offsetting ceiling performance. Participants were told to study the
items for the upcoming memory test, but they were not informed how
memory would be tested. At the end of each of the three study lists,
participants performed the same distractor task as in the previous ex-
periments for 30s, and then took a Yes/No single-item recognition test
on each study lists. Testing was self-paced, and the test list randomly
intermixed targets and distractors for each participant. Concurrent digit
monitoring task was employed during encoding, with digits presented
at a rate of 1s per digit.

Design

The design was List (pure vs. mixed) X Strength (strong vs.
weak) X Group (FA vs. DA) mixed factorial design, with Group as the
only between-subjects factor.

Results and discussion

Recognition accuracy (d’) was computed after hits and false alarms
were transformed using a loglinear correction (Hautus, 1995; Stanislaw
& Todorov, 1999). The raw hits and false alarms are reported in
Table 1. Discrimination accuracy was analyzed wusing a
List x Strength X Group mixed ANOVA, and the results are summar-
ized in Fig. 4.

There was a significant main effect of Group, indicating that overall
accuracy was worse under DA than FA condition, F(1, 88) = 114.05,
MSE = 1.16, p < .001, n* = 0.56. There was also a significant main
effect of Strength, confirming that strong items were recognized better
than weak items, F(1, 55) = 10.86, MSE = 0.215, p = .002, qz =0.17.
There was also a significant 3-way interaction, F(1, 55) = 4.30,
MSE = 0.262, p = .043, n°> = 0.07. To follow-up the interaction, we
used List X Strength repeated measures ANOVA in FA and DA groups
separately.

In the FA group, there was only a main effect of Strength, F(1,
44) = 16.36, MSE = 0.204, p < .001, r12 = 0.20. The interaction was
not significant, F(1, 44) = 0.93, p = .34. Bayesian analyses revealed
BF;0 = 0.20, which suggests that the results are five times more likely
to be the outcome of a model that includes no interaction term

Table 1
Untransformed hits and false alarms rates across List, Strength, and Group in
Experiment 3. Numbers in brackets represent SE of the mean.

Hits
Full attention (FA) Divided attention (DA)
Weak Strong Weak Strong
Pure list 0.83 (0.02) 0.89 (0.01) 0.65 (0.02) 0.67 (0.02)
Mixed list 0.85 (0.02) 0.89 (0.02) 0.61 (0.03) 0.72 (0.02)

False alarms

Full attention (FA) Divided attention (DA)

Pure strong 0.08 (0.01) 0.26 (0.02)
Pure weak 0.12 (0.02) 0.23 (0.02)
Mixed list 0.12 (0.02) 0.22 (0.02)
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Fig. 4. Recognition accuracy as function of list type, strength, and group in
Experiment 3. Error bars represent SE of the mean.

compared to a model that assumes there is a List X Strength interac-
tion. Strong items were not recognized better on mixed list than on pure
lists, t(44) = 1.16, p = .25, and if anything, there was a small effect in
the opposite direction, with numerical advantage for strong items on
pure list than on mixed list (Cohen’s d = 0.20). Also, weak items were
not recognized better on pure list than on mixed list, t(44) = 0.01,
p = .99, Cohen’s d = 0. Overall, these results indicate a null LSE in
recognition, replicating the established findings in the literature.

In contrast, in DA group, there was a main effect of Strength, F(1,
44) = 6.31, MSE = 0.186, p = .016, > = 0.13, and a significant in-
teraction with List, F(1, 44) = 6.13, MSE = 0.129, p = .017, r12 =0.12,
BFyo = 2.19. Strong items benefited from being on the mixed list
compared to the pure list, although this small-to-medium size effect
(Cohen’s d = 0.31) fell shy of statistical significance, t(44) = 1.95,
p = .057. Importantly, this “strengthening component of the LSE” is the
opposite of what was observed in the FA group, where a numerical
advantage for strong items was present on the pure list compared to the
mixed list. In the DA group, the difference between the weak items on
the pure list versus mixed list was not statistically significant (t < 1),
but it was in the direction of the positive LSE, with impairment of weak
items on the mixed list compared to the pure weak list (Cohen’s
d = 0.11). Typically, the strengthening component of the LSE is more
robust than the weakening component, and the current results are
consistent with it. Importantly, this weakening component emerged in
the DA group, whereas in the FA group, it was completely absent with
identical performance across pure weak and mixed list on the weak
items. Overall, these results indicate that whereas LSE is not obtained in
recognition with full attention, it emerged (albeit weakly) under the
divided attention condition.

The hits and false alarms are summarized in Table 1. To examine the
impact of divided attention on the strength-based mirror effect, hits and
false alarms were analyzed separately using Group (FA vs. DA) x List-
type (pure strong vs. pure weak) mixed ANOVA. The results are sum-
marized in Fig. 5.

For hits, there was a main effect of group, indicating higher hit rates
in the FA group than the DA group, F(1, 88) = 79.49, MSE = .022,
p < .001, % = 0.48. There was also a main effect of strength, in-
dicating higher hit rates for strong items than weak items, F(1,
88) = 8.27, MSE = 0.010, p = .005, rlz = 0.09. There was no interac-
tion, F(1, 88) = 2.14, p = .15. For false alarms, there was a significant
main effect of group, indicating that there were more false alarms in the
DA group than the FA group, F(1, 88) = 42.31, MSE = 0.022,
p < .001, 112 = 0.33. There was also a significant interaction, F(1,
88) = 4.52, MSE = 0.008, p = .036, ° = 0.05. In the FA group, false
alarm rates were lower on the pure-strong list compared to the pure-
weak list t(44) = 2.39, p = .02. Taken with greater hit rates, this sup-
ports a strength-based mirror effect in the FA condition. The opposite
pattern was present in the DA group, where false alarm rates were
numerically higher, but not significantly so, on the pure strong list
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Fig. 5. Hits and false alarm rates on the pure strong and pure weak lists as a
function of full and divided attention in Experiment 3. Error bars represent SE
of the mean.

compared to the pure weak list, ((44) = 1.13, p = .26, indicating that
DA disrupted the strength-based mirror effect.

General discussion

DA during encoding produced a null LSE for free recall and a po-
sitive LSE for recognition. The results in DA seem striking given that the
opposite results are commonly reported (i.e., positive LSE for free recall
and a null LSE for recognition under full attention), and those findings
were replicated here under FA. The pattern of LSE findings in the DA
conditions was obtained along with observing the main effect of
strength, suggesting that spaced repetitions were stored in memory and
they enhanced both free recall and recognition compared to massed
repetitions, consistent with earlier reports in the literature (e.g.,
Benjamin & Craik, 2001; Glenberg, 1979; Hintzman, Summers, & Block,
1975; Sahakyan, Abushanab, Smith, & Gray, 2014; Toppino,
Kasserman, & Mracek, 1991). The specific pattern of the LSE observed
in the DA group across free recall and recognition cannot be explained
by low performance levels because the strengthening manipulations
were effective in the DA condition, suggesting that performance could
not possibly be at floor. Furthermore, the opposite findings were ob-
served across free recall and recognition, with null LSE in recall, but a
positive LSE in recognition in the DA condition. Thus, low performance
cannot explain the full pattern of data. Although it is unclear whether
DA eliminated or sharply attenuated the positive LSE for free recall,
these results suggest that DA may have reduced the tendency to store
repeated items in a single memory trace, and this hypothesis is sup-
ported by the positive LSE observed for item recognition. Conceptually,
the effects DA also similar to increasing the list length of the study list
because repetitions of items become stored as separate traces versus
accumulating in the original trace. DA likely reduced the amount of
item, context, and inter-item associative information in both the weak-
item and strong-item conditions. We discuss each of these four
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possibilities and their implications for memory theory in turn.

Divided attention disrupts trace accumulation

Of the four likely consequences of DA during encoding, the dis-
ruption of the tendency to represent multiple repetitions of an item in a
single trace is the novel one, and it has the greatest theoretical im-
portance and pragmatic implications for learning. Trace accumulation
is the mechanism by which representations of event differentiate, and
differentiation is the key feature of a class of models, known as item-
noise models, that allow them to account for the null LSE for item re-
cognition (McClelland & Chappell, 1998; Shiffrin & Steyvers, 1997;
Criss, 2009 for a review)." The prior generation of memory models all
predicted a positive LSE (Shiffrin, Ratcliff, & Clark, 1990) and were
disconfirmed by the null or slightly negative LSE (Ratcliff et al., 1990).
The prediction of a positive LSE was grounded in the global-matching
mechanisms of these models that assumed that as traces became
strengthened, the variability in their familiarity increases (Ratcliff &
McKoon, 1991; Ratcliff, Sheu, & Gronlund, 1992). To account for the
null LSE, memory researchers developed a differentiation account that
assumes that as traces are strengthened, they tend to become less si-
milar to each other, which counteracts the increase in variability as-
sociated with strengthening. Hence, strong items do not cause more
interference than weak items, and may interfere less.

The null or slightly negative LSE is only predicted for item re-
cognition because the study and test lists are typically comprised of
items randomly drawn from a corpus, and therefore have randomly
similar representations. When the traces cannot be assumed to be
randomly similar, differentiation does not occur even though trace
accumulation does (Malmberg, Holden, Shiffrin, 2004). Malmberg and
Shiffrin (2005) proposed that item and context information is stored
with some degree of independence, and that the time course of item and
context encoding under normal encoding conditions are different.
Whereas item and inter-item information may be strengthened for as
long as they are attended to, the association between item and the
context is fully encoded within 1-2s of study time and does not get
incremented with prolonged study time or with elaborate encoding
performed on the item. In their experiments, elaborate processing or
increasing study time led to overall strengthening (i.e., deeper encoding
led to better memory than shallow encoding, and longer presentations
led to better memory than shorter), but the advantage of strong items
over weak items was similar across the pure lists and the mixed list,
producing a null LSE. However, when items were repeated via spaced
repetitions, Malmberg and Shiffrin (2005) observed a positive LSE in
free recall, which they explained in terms of an additional opportunity
to store context information with spaced repetitions.

Interestingly, the results in the DA condition in free recall resemble
the depth of processing or the extra study time manipulations from
Malmberg and Shiffrin (2005) study, which produced robust differences
across strong and weak conditions of the experiment, but no interaction
with the type of list. Malmberg and Shiffrin (2005) proposed that
contextual information is automatically stored at the start of the study,
and does not get stronger when the item is processed more elaborately
or when the item is presented for longer durations. Those types of
manipulations presumably only augment item strength, without af-
fecting the context strength. In contrast, spaced repetitions produce an
LSE because repetitions contribute to the incrementing of context
strength along with each additional presentation. Importantly, both the
item information and the context information accumulate in the ori-
ginal trace (as opposed to being stored in a new trace), and this accu-
mulation produces more differentiated memory traces — items become

! Trace Accumulation and the differentiation that results is also the basis for the
creation of contextually independent general knowledge or lexical/semantic traces ac-
cording SAM/REM models (Nelson & Shiffrin, 2013).
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more dissimilar to other items as a result of differentiation.
Divided attention disrupts item, associative, and contextual encoding

The decrease in item recognition under DA conditions is a clear sign
that item encoding is disrupted. The disruption of item encoding also
negatively affects the ability to recover the contents of memory traces
according to SAM and REM models. This causes a decrease in free recall
performance, and attenuates any sampling advantage for spaced items.

There are reasons to suspect that encoding of context may be at-
tentionally demanding, causing LSE to be reduced in DA. Research
examining the LSE across working memory capacity demonstrates that
low-span participants do not show the LSE, whereas high-spans do
(Sahakyan et al., 2014). Given the well documented deficits of low-
spans in attentional control (e.g., Engle & Kane, 2004), reduced LSE
among low-spans suggests that that contextual encoding may demand
attention in order to bind it to item information.

Another set of findings related to attentional demands related to
information limitations come from one of Malmberg and Shiffrin’s
(2005) experiments, where they obtained a partial LSE using a study
time manipulation, where weak items were presented at a very fast rate
(1s per item), whereas increasing the presentation rate to 2s led to a
null LSE. The authors reasoned that 1 s may not have been enough time
to store a full shot of context in the weak traces, which could explain
why a partial LSE was observed.

Finally, according to Lehman and Malmberg (2013) model, the
ability to rehearse the items in the short-term buffer affects the ability
to associate items with the study context. DA could place constraints on
the number of items that can be rehearsed together in the buffer, and
this would affect their associations with the study context. Based on
these assumptions, one would predict reduced LSE in DA, along with
lower performance in DA group (in free recall).

As noted above, DA might have decreased the tendency to encode
inter-item associations between adjacent stimuli. Malmberg and
Shiffrin (2005) observed a more robust positive LSE for free recall when
items were repeated in the same order. This suggested that inter-item
associations are used when available as retrieval cues during the course
of free recall, and if divided attention in the current experiment inter-
fered with inter-item associations, this could also reduce the magnitude
of LSE. Whereas some studies found that memory for the components of
the episode measured via single item recognition test is impaired to the
same extent as memory for the inter-item associations (measured via
associative recognition test) under DA condition (e.g., Kilb & Naveh-
Benjamin, 2007; Naveh-Benjamin, Guez, et al., 2003, Naveh-Benjamin,
Hussain, et al., 2003), other studies indicate that DA impairs item-item
binding to a greater extent than impairing memory for the individual
items (e.g., Peterson & Naveh-Benjamin, 1997; Reinitz, Morrisey, &
Demb, 1994). The disruption of item-item associative information was
also observed when pairs versus single-items were encoded (Lehman &
Malmberg, 2013). Under the pair encoding condition, strong inter-item
association were encoded among members in a given pair but not be-
tween members of temporally adjacent pairs. In contrast, when single
items were studied, participants formed inter-item associations among
items from more temporally distant serial positions. The present results
further suggest that an item-item associative encoding strategy is less
likely to be used and/or be effective under DA conditions.

Implications for memory models

Differentiation is not the only account of LSEs. Another class of
models, known as context-noise models, assume that recognition deci-
sion is based on the similarity between the test context and the previous
contexts in which the test item was experienced (Dennis & Humphreys,
2001). In these models, interference only arises from contextual con-
fusions, and no comparisons are made between the test item and any
other studied items. Briefly, these models assume that each time a word
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is encoded, it gets bound to its current context. At the time of test, the
test item retrieves its pre-experimental contexts, which get compared to
the current experimental context. The recognition decision is influenced
by how well the retrieved contexts of the test item match the context at
test. Because context is the only factor that affects memory decision in
these models, and the strength of other items on the list is never
compared to the test item, as a result context-noise models make the
general prediction that list-composition manipulations, like those used
in mixed/pure list paradigm, should produce null effects. On this pre-
diction, they easily account for previously observed null LSE for item
recognition under FA conditions. In Experiment 3, however, we ob-
served a positive LSE, and a disruption of the strength-based mirror
effect under DA condition. One might be tempted to amend the context-
noise framework to include the assumption that under DA conditions
context is more weakly encoded than under FA condition, but this
would only produce a main effect of strength and not the list compo-
sition by attention interaction observed here, or other finding of posi-
tive list-composition effects (e.g., Malmberg & Murnane, 2002).

Conclusions

In conclusion, DA impairs the encoding of item information, inter-
item, and context information, causing a decrease in free recall per-
formance and disrupting the LSE in free recall. In addition, DA disrupts
trace accumulation, thereby reducing the influence of differentiation in
recognition memory. This leads to the positive LSE in recognition, and
disrupts the strength-based mirror effect.
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