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Abstract

Cue-based retrieval theories of sentence processing posit that long-distance dependency
formation is guided by a cue-based retrieval mechanism: dependents are retrieved via
retrieval cues associated with a verb. When retrieval cues match multiple similar
items in memory, this leads to cue-based retrieval interference. A landmark study by
Van Dyke and McElree tested interference from sentence-external items: retrieval
cues were manipulated to (mis-)match semantically similar items presented prior to
a target dependency. The support for interference of this type is weak, and only
comes from English object cleft constructions. Our study provides a cross-linguistic
investigation of interference from sentence-external items: Three eyetracking studies in
English, German and Russian tested interference in the online processing of filler-gap
dependencies under varying task demands. A fourth study attempted to replicate
the Van Dyke and McElree study using self-paced reading. Bayes factors analyses
show cross-linguistic evidence against interference from sentence-external items. A
broader implication from these data is that cue-based retrieval interference is driven
by sentence-internal distracting items, suggesting that a cue-based search is restricted
to the current linguistic context.

Keywords: sentence processing; similarity-based interference; cue-based re-
trieval; eye-tracking; Bayesian data analysis; task demands
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Introduction

Sentence comprehension requires us to rapidly form dependencies between non-adjacent
words. For example, in (1) a dependency needs to be established between the verb
complained and its subject the resident (Van Dyke, 2007).

(1) The resident who was living near the dangerous neighbor complained.

To successfully integrate such structurally and temporally distant sentence elements,
a working memory system is required that can store partially analyzed linguistic
material. Specifying these memory mechanisms that subserve dependency formation
is a key task in modeling the architecture of language processing (Gibson, 2000; Lewis,
2000).

One account of sentence processing, cue-based retrieval, specifies that non-adjacent
dependencies are formed using a cue-based retrieval mechanism (e.g., Lewis and
Vasishth, 2005; McElree, 2000; Van Dyke, 2007; Van Dyke and Lewis, 2003; Van Dyke
and McElree, 2011). Cue-based retrieval accounts broadly hold that retrieval processes
are a key bottleneck in sentence comprehension: Sentence elements are encoded in
memory, and these linguistic encodings are later reactivated, or retrieved from memory;,
when they are needed to support ongoing processing. In example (1), at the verb
complained (the retrieval site), a memory query is launched to retrieve the sentence-
initial noun phrase (NP) the resident from memory. This retrieval process relies on
so-called retrieval cues to reactivate the target representation in memory. Cue-based
theories generally assume that syntactic as well as semantic cues are used for retrieval.
Simplifying somewhat, at the verb complained, the retrieval cues { grammatical subject}
and {animate} might be used to retrieve the target NP the resident that carries the
matching grammatical role and animacy features.

The cue-based retrieval process is assumed to lead to similarity-based interference:
the retrieval of a target item can be impeded by other items in the sentence, called
distractors, which have syntactic or semantic features that are similar to the features
of the target item. In (1), neighbor is a distractor that shares the animacy feature
with the target NP the resident. When a retrieval cue such as {animate} matches
more than one item, this creates a cue overload. An overloaded cue impedes access to
the target that has been encoded in working memory; this cue overload is assumed to
cause similarity-based interference. These interference effects are reflected in increased
processing times in reading studies.

Clear evidence for similarity-based interference from sentence-internal dis-
tractors

There is clear evidence that similarity-based interference affects sentence compre-
hension. Several reading studies have investigated interference from distractors that
intervene between the retrieval target and the retrieval site (retroactive interference
studies, e.g., Arnett & Wagers, 2017; Cunnings & Sturt, 2018; Dillon et al., 2013;
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Jéager et al., 2020; Keshev & Meltzer-Asscher, 2019; Nicenboim et al., 2018; Schlueter
et al., 2019; Thornton & MacDonald, 2003; Van Dyke, 2007; Van Dyke & Lewis, 2003)
; an example is shown in (1). Other studies report interference from within-sentence
distractors that precede the critical dependency (proactive interference studies; e.g.,
Cunnings & Sturt, 2014; Koesterich et al., 2021; Parker & Phillips, 2017; Van Dyke &
McElree, 2011; Wagers et al., 2009).

For both proactive and retroactive interference configurations, the same underlying
retrieval mechanisms are assumed, i.e., shared features of target and distractor items
lead to increased processing time (e.g., Lewis & Vasishth, 2005; McElree, 2000; Van
Dyke & McElree, 2011). An important finding is that proactive interference may affect
dependency formation to a lesser degree than retroactive interference (Jéger et al.,
2017; Van Dyke & McElree, 2011). This implies that in language processing, a stronger
interference effect occurs when the distractor intervenes between two co-dependents
like subject and verb.

Here, we focus on one line of research that investigates a special case of proactive
semantic interference: interference from sentence-external distractors that participants
were asked to memorize prior to reading a target dependency (e.g., Fedorenko et al.,
2006; Gordon et al., 2002; Van Dyke et al., 2014; Van Dyke & McElree, 2006). These
studies suggest that sentence parsing can be disrupted even by linguistic items that
occur outside the sentence.

Is there evidence for proactive interference from sentence-external distrac-
tors?

Although there exist published claims that interference caused by sentence-external
distractors can increase linguistic dependency completion difficulty, surprisingly, all of
these claims are based on statistically non-significant results. In at least one case the
results have been found to be non-replicable.

For example, the proactive interference studies by Gordon et al. (2002) and
Fedorenko et al. (2006) directly manipulated memory contents, using a dual-task
paradigm that consisted of a word memorization task and a sentence reading task. In
Gordon et al. (2002), participants were required to memorize either three descriptive
nouns (poet, cartoonist, voter) or personal names (e.g., Joel, Greg, Andy) before
reading a critical subject- or object cleft sentence (the factor Cleft type). These
sentences had as their subject and direct object either descriptive NPs (e.g., It was the
dancer that liked the fireman/the fireman liked. .. ), or names (e.g., It was Tony that
liked Joey/Joey liked. .. ). When the sentence-external nouns matched sentence-internal
NPs in semantic category (the factor Match), processing times were numerically larger
in object vs. subject clefts. Importantly, however, at the critical region (liked Joey/Joey
liked or liked the fireman/the fireman liked), the Match and Cleft type interaction
did not reach significance: F1(1, 55)=2.37, p = 0.13, and F2(1, 47)=1.74, p = 0.19.
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(Gordon et al., 2002, p. 429); MinF’(1,97=1.003, p-value=0.319).!

Similarly, Fedorenko et al. (2006) investigated the Gordon et al. (2002) design,
using non-clefted subject- and object-extracted relative clause structures. Another
change in the Fedorenko et al. design was that they used a memory load of either one
or three nouns. Fedorenko and colleagues report that when three nouns had to be
memorized, interference was greater for object than subject-extracted relative clauses.
Even though Fedorenko et al. (2006) argued that high-load memory items increase
processing difficulty in object vs. subject relatives, the critical interaction between
relative clause type and memory load was not significant: MinF"(1,72)=3.34,p=0.07.?
In addition, the experiment design of the Gordon et al. (2002) and the Fedorenko et al.
(2006) study cannot test for the exact source of interference effects. Any potential
interference effects could also be the result of encoding interference, that is, erroneous
encoding of similar linguistic items in memory rather than cue overload at the retrieval
site (Lewandowsky et al., 2008; Oberauer & Kliegl, 2006).

Another important proactive interference study—which we attempt to replicate
in the present study—is by Van Dyke and McElree (2006). The authors adapted the
Gordon et al. (2002) design to explicitly test for cue-based retrieval interference from
semantically-similar, sentence-external distractors. To achieve this, they manipulated
the retrieval cues at the verb, as shown in Table 1. Their memorization task had three
animate nouns. This was followed by self-paced reading of object-cleft sentences. In
the sentences, the critical verb (sailed/fized) was manipulated such that the semantic
retrieval cue ({sailable}, {fizable})® matched either only the target NP the boat, or
matched the target NP as well as the memory nouns table, sink, truck. Cue-based
retrieval accounts predict that, if the retrieval cues at the verb cannot uniquely seek
out the target NP, this creates interference due to cue overload. Because {fizable}
matches the target as well as the memory nouns, interference, reflected in a reading
time slowdown, is expected at fixed compared to sailed. The design included a baseline
comparison condition with no memory load (referred to as ‘No load’ hereafter); in
this condition, the same sentences as the Memory load conditions are shown, but
without the memory nouns. In the No load conditions, no significant reading time
differences are expected. This predicted reading time pattern in Load and No load

'Significance of MinF"’ is required to show that an effect can be generalized over participants as
well as items (Clark, 1973). A widely held but mistaken belief is that MinF’ is unduly conservative
(see the discussion in Raaijmakers et al., 1999); as Forster and Dickinson (1976) demonstrated, MinF’
is conservative in the highly unrealistic situation where between subject and between item variability
is low. In psycholinguistics, between subject variability is generally quite high, and between item
variability can also be quite high despite a counterbalanced Latin square design (e.g., see Vasishth
et al., 2013).

2A complete analysis of the data from Fedorenko et al. (2006) appears in this blog post: https:
/ /vasishth-statistics.blogspot.com/2021/08 /a-common-mistake-in-psychology-and__13.html

3We do not propose that the target NPs are encoded with the lexically specific features +sailable
or +fizable. Rather, these can be viewed as placeholders for semantic cues. A principled approach to
defining semantic cues is described in Smith and Vasishth (2020).


https://vasishth-statistics.blogspot.com/2021/08/a-common-mistake-in-psychology-and_13.html
https://vasishth-statistics.blogspot.com/2021/08/a-common-mistake-in-psychology-and_13.html
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conditions would be reflected in an interaction between the factors Memory load and
Interference.* Only cue-based retrieval accounts predict this interaction.

The presence of an interaction would be consistent with the prediction that
interference has its source at retrieval, that is, semantic retrieval cues are used during
online dependency formation, and these cues can become overloaded when there are
several semantically similar items in memory.

Table 1
Ezample item (Van Dyke € McElree, 2006).

Memory load
table sink truck

No interference

It was the boat that the guy who lived by the sea sailed in two sunny days.

Interference

It was the boat that the guy who lived by the sea fized in two sunny days.

Van Dyke and McElree (2006) reported the expected Load x Interference inter-
action, supporting the predictions of cue-based retrieval interference from sentence-
external distractors. However, as in the other two studies mentioned above, the
statistical evidence for this interaction effect was not convincing: there was a signif-
icant effect by participants and items: Fj(1,55) = 4.07, p < 0.04, F5(1,35) = 5.58,
p < 0.02, but crucially, the MinF" statistic was non-significant: MinF"'(1,90) = 2.35,
p = 0.13). A subsequent study with the same design and stimuli (Van Dyke et al.,
2014) used linear mixed models instead of repeated measures ANOVA; at the critical
region, the reported statistics even show an unexpected negative sign on the Load X
Interference interaction (estimate: -10.2 ms, 95% CI [-40, 19.8], with a t-value of -0.66);
the post-critical region showed the expected sign but was also not significant (estimate:
39.4, [-44.6, 123.4], t-value 0.929). The offline comprehension accuracy using logistic
mixed effects regression also showed no evidence for an interaction (t=-1.452).

Revisiting proactive interference from sentence-external distractors:
the problem with small-sample studies. The literature review shows that the
evidence for cue-dependent retrieval interference from sentence-external materials in
online sentence comprehension is at best suggestive, but statistically inconclusive:
none of the above studies were able to find the crucial statistically significant interac-
tion between load and interference (in order to argue for an interaction, one has to
statistically demonstrate one, Nieuwenhuis et al., 2011).

4The factor labeled Interference is strictly speaking a misnomer here, at least for the No Load/In-
terference condition: No semantically similar nouns such as table, sink, truck are shown prior to the
sentence with the target dependency boat-fixed that could potentially cause interference. However,
in order to remain consistent with the original paper by Van Dyke and McElree (2006), we retain the
term Interference for this factor.
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One potential reason for the inconclusive interaction effects in Gordon et al. (2002),
Fedorenko et al. (2006), Van Dyke and McElree (2006), and Van Dyke et al. (2014) is
that similarity-based interference generally exhibits relatively subtle effects (e.g., Rabe
et al., 2024). This is also evident from Jager et al. (2017), which reports quantitative
estimates based on a meta-analysis of published reading studies on similarity-based
interference effects. For the type of subject-verb dependencies considered here, Jéger
et al. (2017) estimated that the interference effect in reading studies ranges from 2
and 28 ms.® These effects are small compared to effects of word frequency and word
length (e.g., Boston et al., 2008).

Small effects like those in similarity-based interference can either be highly inflated
due to Type M/S error (Gelman & Carlin, 2014; Jager et al., 2020; Vasishth et al.,
2018), or remain undetected if tested with the participant sample sizes that are
routinely used in experimental psycholinguistics (e.g., Jager et al., 2017; Nicenboim
et al., 2018). The standardly used participant sample sizes of 40-60 subjects (Vasishth,
2023; Vasishth & Gelman, 2021; Vasishth et al., 2022) lead to relatively low prospective
statistical power (the probability of detecting an effect of a particular magnitude in a
planned experiment) when testing for such small effects.

The interference effect reported in the Van Dyke and McElree (2006) study with
sample size 56 is likely to be a Type M error-based inflated estimate: The critical
interaction has a reported mean of 40 ms, with a 95% confidence interval spanning
approximately 1 and 81 ms, which is quite a lot of uncertainty (for extensive discussion
about uncertainty quantification as an important source of information, see Cumming,
2014; Jager et al., 2020; Kruschke & Liddell, 2018; Vasishth, 2023; Vasishth & Gelman,
2021; Vasishth et al., 2018; Vasishth et al., 2022).

There exist several large-sample studies in the psycholinguistic literature that
suggest that inflated estimates from underpowered studies may not be replicable.
These studies investigated various psycholinguistic phenomena and were not able to
replicate the original effects (e.g., Jager et al., 2020; Nicenboim et al., 2020; Nieuwland
et al., 2018; Vasishth et al., 2018). Given that low power can lead to misleading
inferences, the current study aimed for a larger participant sample size in order to
establish whether the the proactive interference effect can be detected.

Motivation for the present study

Our study investigated proactive interference cross-linguistically and under varying
task demands. The primary goal of this study was to carry out a larger-sample
test of proactive cue-based retrieval interference from sentence-external material on

>The meta-analysis included all published self-paced reading and eye-tracking (first-pass reading
times) experiments from Van Dyke and Lewis (2003), Van Dyke and McElree (2006), Van Dyke
(2007) and Van Dyke and McElree (2011). Of those studies, only the Van Dyke and McElree (2006)
study used a dual-task paradigm with sentence-external distractors. The attentional demands of
this task are quite different from a common reading task. However, all these studies did investigate
subject-verb dependencies, and the effect sizes reported in these studies are similar.
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sentence-internal dependency resolution (henceforth ‘proactive interference’), using a
dual-task paradigm (Van Dyke & McElree, 2006).

Studying proactive interference in such a paradigm is key in determining the role
that cue-based retrieval interference plays in the processing of linguistic dependencies,
when distractors are held in memory prior to encountering the linguistic dependency.
Support for cue-overload due to such sentence-external distractors would point to
a retrieval mechanism that is not constrained to the sentence context, but that
erroneously considers extraneous linguistic items as retrieval targets. On the other
hand, if our results show that sentence-external distractors do not cause retrieval
interference, this would imply that interference in sentence processing is not simply
driven by an unstructured bag of words in memory. Evidence against interference
in such settings would show that the distractors must be contextually relevant:
distractors must belong to the structured linguistic context to come into play as
retrieval candidates.

The motivation for investigating proactive interference cross-
linguistically. Our second goal was to determine whether the proactive interference
effect can be detected cross-linguistically. Phenomena closely related to similarity-based
interference in sentence comprehension have been studied in a variety of languages (e.g.,
Chinese: Jager et al., 2015; Hebrew: Ness and Meltzer-Asscher, 2017; Hindi: Vasishth
and Lewis, 2006; Spanish: Lago et al., 2015; German, Russian: Laurinavichyute et al.,
2017). However, we are not aware of any cross-linguistic work on proactive interference
from extra-sentential distractors. If cue-based parsing mechanisms are an integral
part of human language processing, as posited by cue-based theories, then proactive
interference from sentence-external memory items should be observable not only in
English but cross-linguistically. An over-reliance on English is not limited to the
phenomenon under investigation in this paper, it is a general problem in cognitive
science. The focus on English has adversely affected the generalizability of theoretical
claims relating to human cognitive processes (Blasi et al., 2022). Many studies on
sentence processing phenomena from languages like Armenian, Czech, German, Hindi,
Mandarin, Persian, and Spanish have shown different effects compared with English
(Avetisyan et al., 2020; Bhatia & Dillon, 2022; Chromy et al., 2023; Dillon et al., 2016;
Husain et al., 2021; Konieczny, 2000; Lacina & Chromy, 2022; Mitchell et al., 1990;
Paape et al., 2021; Safavi et al., 2016).

In the context of proactive interference from sentence-external distractors, an
important question that remains unanswered in the literature is whether languages
with rich, unambiguous case marking also show proactive interference? One clear
possibility is that rich case marking attenuates the interference effect; this could
happen because case marking could help in identifying the right target for retrieval.
An alternative possibility is of course that rich case marking does not attenuate
interference, or at least there may be no evidence that it does (Avetisyan et al.,
2020). If we find proactive interference in multiple languages, then one could be more
confident about the cross-linguistic generalizability of cue-based retrieval interference
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from sentence-external distractors.

The current study investigates proactive interference in English, as well as German
and Russian. Both German and Russian have richer morphological marking on nouns,
in the form of overt nominal case marking and gender, compared to English. The overt
case marking may make items in memory more easily distinguishable. Specifically,
case marking on the retrieval target could make the target more distinguishable from
the distractors, and consequently reduce interference (Hartsuiker et al., 2003; Nicol
and Anton-Méndez, 2009, but cf. Avetisyan et al., 2020). On the other hand, if case
marking does not play a role, then proactive interference effects should be of the same
magnitude across languages.

Motivation for investigating proactive interference under varying task
demands. Although our main goal was to investigate proactive interference, our
planned experiments also provided a unique opportunity to study another important
issue regarding similarity-based interference effects in general which has not received
much attention in the interference literature: Are interference effects observable if
readers only superficially process the linguistic configurations under investigation?
The similarity-based interference prediction is contingent on a simple but important
assumption that is implicit in all cue-based retrieval theories. All models of retrieval
assume that all syntactic dependencies are completely resolved during real-time
processing. But this is not at all necessarily true. For example, the good-enough
processing account assumes that syntactic dependencies are not always resolved, but
can remain underspecified (Ferreira et al., 2002; Logacev & Vasishth, 2016a, 2016b;
Sanford & Sturt, 2002; Swets et al., 2008; von der Malsburg & Vasishth, 2013). A
question that has not been addressed in the interference literature is whether proactive
interference effects are also observable if readers only superficially process the linguistic
configurations under investigation. Our study explored this question.

There is some support for the hypothesis that a less demanding task (simple vs.
more complex comprehension questions) will lead comprehenders to underspecify
certain syntactic relations. So far, this has been shown only for relative clause
attachment ambiguities (for English, see Swets et al., 2008; for German, see Logacev
and Vasishth, 2016a).

Under complex task conditions where within-sentence dependencies have to be
established, interference effects would be expected. If a simple task can induce
superficial processing and readers do not establish all syntactic dependencies, that is,
in a proportion of the trials the critical retrieval from memory does not occur, then it
would be expected that proactive interference effects are smaller in magnitude, or the
effects may disappear altogether.

The current study

To test cue-based retrieval theories’ prediction of proactive interference, we im-
plemented the dual-task paradigm (Van Dyke & McElree, 2006), using eye-tracking,
in English, German and Russian. For each language, we tested two versions of the
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experiment. In one version, items were followed by complex comprehension questions
to induce deep processing. In another version, the same participants saw new items
that were followed by simple comprehension questions, inducing superficial process-
ing. Each participant saw the two experiment versions one to three weeks apart. A
summary of the experiments is shown in Table 2.

Study Experiment Tested Number Factors

language version subjects of items 2x2 design

N

Goman PRS2 0 o taerterene

oo oyl e D
Table 2

Summary of the experiments testing proactive interference. For each language, depth
of processing was manipulated through question complexity across two experiment
versions. One version had complex comprehension questions (deep processing), and the
other version had simple comprehension questions (superficial processing). The same
participants saw both experiment versions (in randomized order) one to three weeks
apart. Within each experiment version, we tested for the expected Load X Interference
interaction.

Experimental design and materials

The Memory load x Interference manipulation. Our experiments used a
2 x 2 fully-crossed factorial design with the factors Memory load (Load, No load) and
Interference (No interference, Interference), previously implemented by Van Dyke and
McElree (2006). Both factors are within-subjects, within-items manipulations.

One difference between the Van Dyke and McElree (2006) study and ours is that
Van Dyke and McElree (2006) tested object-cleft sentences whereas our study uses
non-clefted structures with two embedded relative clauses.

In Van Dyke and McElree (2006), the clefted object retrieval targets are in linguistic
focus. Here, focus describes the emphasis or prominence that is ascribed to certain
sentence constituents by the syntactic structure (Chomsky, 1971). Psycholinguistic
research has shown that items in focus have more distinctive memory representations
(Birch & Rayner, 1997; Ward & Sturt, 2007). For our materials, we wanted to avoid
increasing the prominence of the object noun through clefting because an increased
prominence may reduce the magnitude of an interference effect (Engelmann et al., 2020).
Thus, for our materials of the English, German and Russian eye-tracking experiments,
we used sentence structures with target object NPs that are not in linguistic focus,
expecting that non-clefted stimuli may increase the effect size, potentially leading to
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higher statistical power. Complex non-clefted double-embedding structures allowed us
to create items that are similar, and thus comparable, across the three languages.

However, in the Discussion section of this paper, we report an additional direct
replication attempt (Experiment 4) of the original self-paced reading study by Van
Dyke and McElree (2006); there, we use the same experimental object-cleft sentences
as the original study, as shown in Table 1.

Table 3 shows English example items for the complex (3A) and the simple (3B)
experiment version. All sentences had two embedded relative clauses, the outer relative
clause being an object-relative clause, the most embedded relative clause being a
subject-relative clause. Multiple center-embedded sentences can be read like a list of
unrelated words and reduce their comprehensibility (e.g., see Miller, 1962; Miller &
Chomsky, 1963). To avoid ‘list-like’ sentences (such as ‘NP1 NP2 NP3 VP3 VP2 VP1’),
and to facilitate comprehension by improving the phrasing of the sentences (Fodor
et al., 2016), a prepositional or adverbial phrase was added before the matrix-clause
verb.

In (3A), the critical dependency is between the relative clause verb sailed/fized
and its object NP The boat. The Load conditions present a list of three concrete,
inanimate, singular nouns. In the non-interfering Load condition, the memory nouns
table, sink and truck are not plausible objects of the critical verb (sailed). By contrast,
in the interfering Load condition, they are plausible objects of the critical verb (fized).
The sentences in the No load conditions were identical to the sentences in the Load
conditions. Here, no memory nouns were shown.

In our study, experimental items were followed by yes-or-no comprehension ques-
tions (with a 50:50 ‘yes-to-no’ ratio). The complex experiment version used 40
experimental items with 90 filler items, and the simple version had 40 new experi-
mental and 90 new filler items. German and Russian example sentences, and filler
sentences are described in Appendix A.

Data Availability. All items, data and reproducible code can be retrieved from
https://doi.org/10.17605/OSF.I0/QRCMV/.

Plausibility ratings of the stimuli. For all three languages, a plausibility
rating task established that the target NP (e.g., the boat) was a plausible object of
the RC verb (e.g., sailed and fized) in the No interference and in the Interference
conditions. The task also established that the distracting memory nouns (e.g., table,
sink, truck) had a higher plausibility rating in the Interference conditions (with fized)
compared to the No interference conditions (with sailed).

In each language, plausibility was rated for all 80 items, 40 from the complex and
40 from the simple experiment version. For this rating task, eight conditions were
created that combined the critical verb (e.g., sailed or fized) with either the target
(e.g., the boat) or one of the three distractor nouns (e.g., table/sink/truck). This
resulted in the eight simple sentences in Example 2. Half of the items had a feminine
personal subject pronoun, and half of the items a masculine one.

These experiments were run online, using Ibex Farm (https://spellout.net/


https://doi.org/10.17605/OSF.IO/QRCMV/
https://spellout.net/ibexfarm/
https://spellout.net/ibexfarm/
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Table 3
English example items.

A) ‘Complex’ version:

Memory load: table sink truck

No interference
The boat that the guy who lived by the sea sailed in the morning was very old.
Interference

The boat that the guy who lived by the sea fized in the morning was very old.

No memory load: — — —

No interference
The boat that the guy who lived by the sea sailed in the morning was very old.
Interference

The boat that the guy who lived by the sea fized in the morning was very old.

‘Complex’ question: ‘Did the guy live by the sea?’

B) ‘Simple’ version:

Memory load: car scooter motorcycle

No interference
The plane that the pilot who returned from the Seychelles landed during the storm was pretty unreliable.
Interference

The plane that the pilot who returned from the Seychelles crashed during the storm was pretty unreliable.

No memory load: — —

No interference
The plane that the pilot who returned from the Seychelles landed during the storm was pretty unreliable.

Interference

The plane that the pilot who returned from the Seychelles crashed during the storm was pretty unreliable.

‘Simple’ question: ‘Was a pilot mentioned in this sentence?’


https://spellout.net/ibexfarm/
https://spellout.net/ibexfarm/
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ibexfarm/). Participants who did not take part in the main study were asked to
rate the plausibility of the items on a scale from ‘1’ (very implausible) to ‘7’ (very
plausible).

(2) He fixed the boat.
He fixed the table.
He fixed the sink.
He fixed the truck.
He sailed the boat.
He sailed the table.
He sailed the sink.

He sailed the truck.

PR - o &0 T

It was expected that conditions a-e would receive higher plausibility ratings than
f-h. Figure 1 shows the estimated probabilities for each of the seven rating choices
in each condition. To estimate the probabilities, we fit Bayesian ordinal regression
models in brms (Biirkner, 2017; Biirkner & Vuorre, 2019, see supplementary materials).
Overall, the pattern is as expected: each language shows high plausibility ratings for
a-e, i.e., the verb—target combinations (fized/sailed the boat) and the verb—plausible
distractor combinations (fized the table/sink/truck). By contrast, lower plausibility
ratings are observed in f-h, i.e., the verb—implausible distractor combination (sailed
the table/sink/truck).

The depth of processing manipulation. Depth of processing was manipu-
lated through comprehension question complexity in two experiment versions. In
one version, the questions were relatively complex, while in the other version, the
questions were simple. Depth of processing was implemented as a within-subjects,
between-items manipulation.

Complex version. In this experiment version, complex comprehension ques-
tions induced deep processing. Here, complex refers to questions that required the
reader to resolve the dependencies in the sentence. One half of the questions targeted
the non-critical, most embedded relative clause (RC) (see Table 3A). The other half
of the questions targeted the main clause subject-verb dependency, e.g., ‘Was it the
boat that was old?’. While this avoids drawing particular attention to the critical
dependency, a limitation of these question types is that accuracy results for the
formation of the critical dependencies cannot be reported.

Simple version. In this version, simple questions induced superficial processing
because they did not require participants to resolve within-sentence dependencies.
These questions targeted non-critical NPs in the sentence (Table 3B).

English vs. German and Russian materials. An example of the English
sentences was shown in Table 3. Appendix A shows the full examples of the German
and Russian sentences.
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results for the items used in English, German and

Russian. Shown are the estimates (posterior means with 95% credible intervals) of
the probability of the plausibility rating in each condition. ‘1’ = very implausible, ‘7’
= very plausible. T = target, D = distractor, I = Interference, NI = No interference.
For ease of interpretability, we use the English condition labels for all three languages.
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Figure 2 shows example sentences (Load conditions) for all three languages schemat-
ically. For each language, in the non-interfering Load condition (a), only the sentence-
initial target NP but not the memory nouns match the semantic cue of the verb (e.g.,
+sailable, +drinkable, or +diagnosable). In the interfering Load condition (b), the
target NP as well as the memory nouns match the semantic cue at the verb (4 fizable,
+smellable, or +discoverable). In the interfering Load condition (b), this should result
in an overloaded semantic cue.

In the English sentences, the target NP or the complementizer that are not overtly
marked for case. By contrast, there is overt case marking on the determiner of
the target NP in German and the demonstrative of the target NP in Russian as
well as on the relative pronoun/complementizer that follows the target NP in both
languages. The relative pronoun, which is the target of the object-retrieval, is marked
for accusative case. If the relative pronoun is accessed for the object-retrieval, an
additional assumption has to be made: that the semantic features are accessible
at the relative pronoun. If case serves as an additional retrieval cue in German
and Russian, this should lead to greater distinguishability of the retrieval target.
More distinguishable items in memory may then lead to a smaller interference effect,
compared with English.

Lang | Memory load (a) No Interference condition (b) Interference condition

table sink truck The boat that the guy sailed The boat that theguy  fixed

EN
@ cask (a) @ cask (b) @ CASE
- SAILABLE +FIXABLE + SAILABLE

@ CASE ‘o
+ FIXABLE i (+FIXABLE} }

Parfum Rauch Leder Der Kaffee  den der Mann trank Der Kaffee  den der Mann roch
perfume smoke leather The.NOM coffee  that. ACC the man drank The.NOM coffee  thatACC  the man smelled
DE H
AcC i (+ACC, :
@ case () @ case  (b) +Ace M H H
- DRINKAB(LE) + SMELLAsl(_E) + SMELLABLE i +SMELLABLE} :
6appgak nponaxa avnyna | Ta GonesHb KoTopylo Bpady pguarHoctupoBan | Ta OonesHb KOTOpyl Bpay  OGHapyxun
mess loss ampoule That.NOM iliness that.ACC doctor  diagnosed That.NOM iliness that ACC  doctor discovered

RU

+ACC
+ DISCOVERABLE

i (+ACC,

D cAsE  (a) i H
+DISCOVERABLE}

- DIAGNOSABLE

D CASE (b)
+ DISCOVERABLE

i {+ACC,

+ACC H H
i +DIAGNOSABLE} }

+ DIAGNOSABLE

Figure 2. Example stimuli (schematic) for the English, German and Russian experi-
ment.

Participants. All participants were native speakers of the tested language—
English, German or Russian—with normal or corrected-to-normal vision and no
history of language- or reading disorders.

An overview of the participant profiles is shown in Table 4. Some participants
were not able to take part in the second part of the study. We excluded participants
who did not have the tested language as their native language, who reported language
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disorders, and participants with poor calibration due to pupil-detection loss. In
addition, we excluded individual trials where the fixation sequence was disturbed by
external influences.

The participant sample sizes resulted from collecting data until we reached a
relatively precise uncertainty interval for the effect of interest (in total fixation times),
i.e., an interval of width < 40 ms (see the discussion on stopping rules in Kruschke,
2015; Vasishth et al., 2018). For English, due to pandemic-related logistical limitations,
data collection stopped when we reached a 40 ms interval; if the pandemic had not
intervened, we would have been able to reduce the width of the interval even further.
For both German and Russian we obtained more precise estimates of the effect, because
we were able to test up to 120 participants.

Study  Analyzed Subject Mean age Gender Recruitment; data Reimbur-
subjects profile (range) (%) collection location sement
F: 66 Linguistics & Psycho-
English 66 (C9mplex) undergrad 20 (18-27)  M: 26 logical and Brain Sci- 30 USD or .
65 (simple) NB: g cnees pool, posters; course credit
' UMass Ambherst, USA
Cognitive  Sciences
119 (complex) F: 75 participant pool; 30 Euro or
German 122 (simple) undergrad 25 (18-41) M: 25  Potsdam University, course credit
Germany
Social media, word course credit
. 100 (complex) F: 55  of mouth; Higher .
Russian 109 (simple) undergrad 22 (18-55) M: 45 School of Economics, % interested
. volunteers
Moscow, Russia
Table 4

Shown is a summary of the participant profiles for the English, German and Russian
experiments. Undergrad means that participants were predominantly undergraduate
students. F' = female, M = male, NB = nonbinary.

Procedure. Each participants saw both experiment versions (complex or simple)
that were shown in two sessions, seven to 21 days apart. The presentation order of
the two versions was randomized.

In each session, after giving informed consent, participants read the study instruc-
tions which specified that both the reading and the recall task should be paid close
attention to. The participants were seated in front of a presentation monitor, with
their head in a chin- and head rest to minimize head movements. For monocular
tracking of the right eye, we used a tower-mounted EyeLink 1000 (Plus) eye-tracker®

Shttps://www.sr-research.com/products/eyelink-1000-plus/
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at a sampling rate of 1000 Hz. After an initial 9-point calibration- and validation
procedure, each participant saw eight practice items. Experimental trials started after
a further calibration.

The stimuli were presented according to a Latin Square design. Each of the four
resulting lists contained one condition of each of the 40 experimental items interspersed
with 90 filler items. The lists were randomized for each participant such that the items
were not always shown in the same order. This was done to avoid that some items
were always seen at the end of an experimental session when participants are fatigued.
All sentences were displayed using a monospaced font in one line across the screen.

In each trial that showed a memory load, participants were presented with three
memory nouns for a total of three seconds. Participants were asked to silently read
and memorize the words.” Then, the memory nouns disappeared, and an experimental
sentence was shown following a drift check. The ‘drift check point’ was located
approximately at the same coordinates as the first letter of the first word in the
sentence. Once participants finished reading a sentence, they fixated a small point
in the lower right corner of the screen. This fixation triggered the presentation of
the next screen. Both the location of the drift check point and the fixation trigger
helped avoid random fixations on the sentence that are unrelated to reading. Finally,
participants answered a question and were asked to recall the three memory nouns in
the correct order, typing the answers.

The experiment had three hard-coded breaks to minimize fatigue, and to ensure
relatively homogeneous study conditions for all participants. Re-calibrations were
performed after each break, and whenever necessary. The differences in technical speci-
fications for the English, German and Russian study can be found in the supplementary
materials.

Predictions

For all three languages, an interference effect was predicted to occur at the outer RC
verb (e.g., fized/sailed in Table 3). This verb is the critical region in our experiment.
Our primary analysis concerned the Load x Interference interaction, i.e., a reading
time slowdown for interfering vs. non-interfering sentences within Load conditions,
but not within No load conditions.

Predictions for complex vs. simple version. In the simple versions, it was
expected that the Load x Interference interaction would be of a smaller magnitude
than in the complex versions. An alternative hypothesis was that the effect may even
disappear altogether when shallow processing is induced.

Predictions for the cross-linguistic comparison between German and
Russian vs. English. In German and Russian, the magnitude of the Load x

"In Van Dyke and McElree (2006), participants also saw the memory nouns at the beginning of
a trial for three seconds but participants were requested to read them aloud. For our study, this
change was necessary as the participants’ head was placed in a headrest. Reading aloud would have
required re-calibrations on most trials due to head movement.
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Interference interaction could turn out to be smaller than in English. We reasoned
that the richer morphological marking in German and Russian that may lead to better
distinguishability of items in memory. If case can be used as an additional cue in
German and Russian but not in English, this is expected to reduce interference from
the sentence external distractor nouns in German and Russian.

Statistical analyses

We conducted our analyses within a Bayesian framework (Gelman et al., 2014).
In the Bayesian setting, marginal posterior distributions can be computed which
provide information about the plausible values of the parameters of interest. One
assumption is that every parameter has a prior distribution of plausible values. The
posterior can then be computed from the prior and a likelihood function, using Bayes’
theorem (posterior o< prior X likelihood). In most cases—and this is true for the
models we fit here—the posterior distribution cannot be derived analytically, but it
can be approximated using Markov Chain Monte Carlo (MCMC) sampling (Gelman
et al., 2014).

We fit Bayesian linear mixed-effects models, using the probabilistic programming
language Stan (Carpenter et al., 2016). Memory load, Interference and their interaction
were included in the models as fixed effects. The models had full variance-covariance
matrices for by-subject and by-item random effects. In order to interpret the nested
effects, we added centered word length as a predictor. This is because the manipulation
of the critical verb region resulted in varying word lengths. The contrast coding for the
comparisons of our statistical models is specified in Table 6. A log-normal likelihood
was assumed for the reading times.

We used regularizing, weakly informative priors for the parameters in our models
(Gelman et al., 2017). The prior distribution for the intercept was set at A/(0,10). All
other parameters were defined as a AV(0,1) which, for the subjects and items random
effects standard deviations, were truncated at 0. A so-called regularizing LKJ prior
distribution was used for the correlation matrix associated with the variance-covariance
matrix of the random effects (Lewandowski et al., 2009). Setting its shape parameter
v (nu) to 2.0 downweights extreme correlation values like £1.

For each of the statistical models, we ran four chains, each with 4000 iterations.
The first half of these samples was discarded as warm-up, or burn-in, samples. The
}A%—diagnostic (Gelman et al., 2014) as well as visual inspection of trace plots were used
to check for model convergence; all models reported here converged.

Bayes factor analyses for model comparison. The 95% credible intervals
that we report for the parameters of interest in the linear mixed models are very
informative because they give us estimates of the uncertainty of the effect given the
model and the data (Cumming, 2014; Kruschke & Liddell, 2018). However, these
intervals do not allow us to answer the question: is there evidence for the effect of
interest? That question can only be answered by formal model comparison, which
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essentially amounts to some version of a likelihood ratio test (Nicenboim et al., 2023;
Royall, 1997; Vasishth et al., 2022).

In the Bayesian framework, the analog to the frequentist likelihood ratio test (aka
ANOVA) is the Bayes factor (Gelman et al., 2014; Jeffreys, 1961; Kass & Raftery,
1995; Lee & Wagenmakers, 2014; Schad et al., 2022). The Bayes factor has several
advantages over the frequentist analog, as discussed below. Accordingly, we conducted
Bayes factor analyses to evaluate the evidence in favor of one model over another
model. We explain the logic of the Bayes factor next.

In equation 1, Model 0 represents the null hypothesis which assumes the predicted
interaction to be zero (the model does not include the interaction term). Model
1 represents the hypothesis that the interaction is not zero (the model includes
the interaction term). Thus, the target parameter in Model 1 that represents the
interaction is of primary interest. The Bayes factor (BF) is a ratio of the marginal
likelihood of our data given one model over the marginal likelihood of the data given
the other model:

P(Data|Modely)

BFy, = 1
o' P(Data|Model,) (1)

The word marginal in marginal likelihood is important: the Bayes factor is different
from the frequentist ANOVA in that it computes the likelihood by summing together
likelihoods, taking the uncertainty of the model parameter of interest into account
(this is called integrating out the parameter). In the frequentist ANOVA, the likelihood
is computed by plugging in the maximum likelihood estimate of the parameter of
interest; as discussed above, this parameter estimate can be misleading if it is an
overestimate (Gelman & Carlin, 2014).

In equation 1, the subscript 01 in BFjy; shows which model is in the numerator
and which one is in the denominator; here, the Bayes factor represents the evidence in
favor of the null model MO over the full model M1.

Provided that there is sufficient data (Vasishth et al., 2022), the Bayes factor can
in principle tell us which of the two models is more likely to have generated the data.
We thus have a way to quantify the support in favor of one model over another; even
the null model can turn out to be supported (cf. the frequentist paradigm which is
normally set up to only allow us to reject, or fail to reject, the null). Jeffreys (1961)
as cited in Lee and Wagenmakers (2014) gives a guideline for the interpretation of the
Bayes factor (Table 5, minimally adapted from Lee and Wagenmakers, 2014, p. 105).

An important feature of the Bayes factor is that it is sensitive to the prior
distribution of the target parameter of interest (Gelman et al., 2017; Kass & Raftery,
1995; Schad et al., 2022; Sinharay & Stern, 2002). This is a great advantage over the
frequentist likelihood ratio test because it allows us to evaluate the evidence for an
effect of interest under varying prior assumptions/beliefs about the effect.

Mildly informative priors on the target parameter-these would be N(0,1) on
the log ms scale in our analyses—can strongly bias the Bayes factor in favor of the
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Bayes factor (BF,;) Interpretation

> 100 Extreme evidence for MO
30 - 100 Very strong evidence for M0
10 - 30 Strong evidence for M0
3-10 Moderate evidence for MO
1-3 Anecdotal evidence for M0
1 No evidence
1/3-1 Anecdotal evidence for M1
1/10-1/3 Moderate evidence for M1
1/30 - 1/10 Strong evidence for M1
1/100 - 1/30 Very strong evidence for M1
> 1/100 Extreme evidence for M1
Table 5

Guidelines for the interpretation of the Bayes factor according to Jeffreys (1961) as
cited in Lee & Wagenmakers (2014). The order of 0 and 1 in BF01 indicates that we
look at support in favor of Model 0 over Model 1. BF10 indicates evidence for Model 1
over Model 0.

hypothesis that the target parameter is zero (e.g., Mulder & Wagenmakers, 2016;
Rouder et al., 2018; Schad et al., 2022). We therefore computed the Bayes factor for
more informative priors on the parameter representing the interaction term in Model
1: N(0,0.1) and N (0,0.05) (also see Nicenboim et al., 2020; Stone et al., 2023). These
priors can be interpreted on the millisecond scale by back-transformation, but this
requires knowledge of the mean reading time in the particular data being analyzed
(Nicenboim et al., 2020). Given our mean reading times at the critical region (first-pass
reading times or FPRT, and total fixation times or TFT) in the English, German,
and Russian data, the relatively wider, less informative prior N'(0,0.1) implies that a
priori, the interaction effect can lie (with 95% probability) between [-50, 50] ms in
FPRT and [-80,80] ms in TFT. The more informative prior A(0,0.05) implies that a
priori, the effect can lie between [-25, 25] ms in FPRT and [-40, 40] ms in TFT. Given
that the original estimate of the interaction reported in Van Dyke and McElree (2006)
lies between [1, 81] ms, the wider prior A/(0,0.1) is the more appropriate one for the
Bayes factor analysis. The more informative prior is included in the Bayes factor
analysis because it is possible that the estimate from Van Dyke and McElree (2006) is
an overestimate, due to Type M error.® Thus, the more informative prior would tell

8The transformation from log ms scale priors to milliseconds follows the approach in Nicenboim et al.
(2023): given that the mean reading times at the critical region in the three studies range approximately
from 5.5 log ms (FPRT) to 6 log ms (TFT), a N'(0,0.1) prior with +0.5 contrast-coded effects implies
that the upper bound of the median first-pass reading times is exp(5.5 + 0.2/2) — exp(5.5 — 0.2/2)
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us the evidence for or against the effect under an a priori belief that the effect size
is relatively small; and the wider, less informative prior would yield evidence under
the a priori belief that the effect is as large as in the original study by Van Dyke and
McElree (2006). Both the priors allow the effect to be positive or negative in order to
remain agnostic a priori about the direction of the effect—this ensures that the test
does not optimistically assume that the interaction effect is positive in sign. We also
consider a directional prior on the interaction that matches the estimated range of
effects in Van Dyke and McElree (2006); this so-called enthusiastic prior (Spiegelhalter
et al., 2004) would tell us whether we have evidence for the interaction, assuming a
priori that the interaction is positive in sign.

The Bayes factors analyses were carried out by fitting models using the R package
brms, an interface using Stan to fit Bayesian hierarchical models (Birkner, 2017).
For each model, we ran four chains with 80000 iterations (or 60000 iterations for the
models using more informative priors) each. The first 5000 samples were discarded as
warm-up samples. Marginal likelihoods and Bayes factors were computed using the
bridge sampler and bf functions from the bridgesampling R package (Gronau et al.,
2017; Gronau et al., 2020).

Condition Load Interference Interaction
a. Load, No interference =~ +0.5 —0.5 —0.25
b. Load, Interference +0.5 +0.5 +0.25

c. No load, No interference —0.5 —0.5 +0.25
d. No load, Interference —-0.5 +0.5 —0.25
Table 6

Contrast coding for effects of Load, Interference and their interaction.

Results

Comprehension question accuracy. The by-condition question response ac-
curacies for all six experiment versions are shown in Figure 3. In Van Dyke and
McElree (2006), the by-condition accuracies are not reported, but the Load conditions
overall had a lower accuracy than the No load conditions (95% ClIs [77, 89]% vs. [81,

(FPRT), and exp(5.5 + 0.2/2) — exp(5.5 — 0.2/2) (TFT); the lower bounds are simply these values
with a negative sign. If the mean reading time is assumed to be 6 log ms (e.g., for total fixation
time), the 5.5 is simply replaced with 6 in the above calculations.

9Statistical analyses of the question response accuracies are not shown here because the compre-
hension questions did not target the critical dependency. It would therefore be surprising to see an
effect in the response accuracies. Indeed, the 95% Crls of the interaction terms are centered on zero
across all languages and versions. The analyses can be inspected in the supplementary materials.
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93]%) and the Interference conditions had a lower accuracy than the No Interference
conditions (95% ClIs [77, 89]% vs. [81, 93]%).

Comprehension question accuracy
EN (c) EN (s) DE (c) DE (s) RU (c) RU (s)

90 E_E_IE 1 | gt

70

100

%

60

50

Load No load Load No load Load No load Load No load Load No load Load No load

— No interference - Interference

Figure 3. By-condition mean comprehension question accuracies (in percent) with
95% confidence intervals. EN = English, DE = German, RU = Russian; (c¢) = complex
version, (s) = simple version.

Memory recall accuracy. Figure 4 shows the recall accuracy of the memory
items for non-interfering vs. interfering Load conditions for each experiment version
next to the Van Dyke and McElree (2006) recall accuracies. The accuracies in
Figure 4A are based on a strict criterion where recall was judged as ‘correct’ only
when all three memory nouns were recalled in the correct order.! Compared to Van
Dyke and McElree (2006), our recall accuracies are low, particularly in English when
complex comprehension questions were asked. To check that participants did not
largely disregard this task, we inspected a more lenient criterion: recall accuracy was
judged as ‘correct’” when either two or three memory nouns were recalled in any order.
These results are presented in Figure 4B.

The lower recall accuracy in our study may be the result of the participants
silently reading the nouns in the memorization task. In Van Dyke and McElree (2006),
participants read the memory nouns aloud, possibly facilitating recall (MacLeod et al.,
2010; Quinlan & Taylor, 2013). Another hypothesis is that our participants paid less
attention to the recall task than the reading task (see Discussion).

Reading times. We report the results at the critical verb for the reading
measures first-pass reading times (FPRT) and total fixation time (TFT). FPRT, also

10A more lenient criterion in Van Dyke and McElree (2006), i.e., recall of three words in any order,
had a highly similar accuracy to the strict criterion (non-interfering 80%, interfering 78% (SE 2).
Removing the strict order criterion also did not change the results for our data.
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A) Recall accuracy (strict criterion) B) Recall accuracy (lenient criterion)
EN(c) || EN(s) || DE(c) || DE(s) || RU(c) || RU (s) VD06 EN (c) EN (s) DE (c) DE (s) RU (c) RU (s)
100+ 100+
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Figure 4. Mean recall accuracies (in percent) with 95% confidence intervals, A) for
a strict criterion (all three words recalled in the correct order), and B) for a lenient
criterion (two or three words recalled in any order). EN = English, DE = German,
RU = Russian; (¢) = complex version, (s) = simple version; VD06 = Van Dyke &
McElree (2006); No int = No interference condition, Int = Interference condition.

referred to as gaze duration, is the sum of all fixations on a word n before any other
word is fixated. TFT includes all fixations on a word n (Logacev & Vasishth, 2013;
Rayner, 1998). The raw by-condition means with 95% confidence intervals for both
measures can be inspected in Figure 5.

By-condition mean reading times with 95% Cls
A) FPRT in all trials B) TFT in all trials
EN (c) EN (s) DE (c) DE (s) RU (c) RU (s) EN (c) EN (s) DE (c) DE (s) RU (c) RU (s)

3501 }

250+
330+

w ] —_
g 240 5310.
= n .
o = ya
2901 4
2301 H
270+
S D D D D D DD DD DD S D D D DD DD DD DD
\/010\0?* \,o'z;o\o'z’ \,0'2;0\0'2’ \/o’:o\o'z> \/010\0'2* N o\o'b \/010\0?* \,o'z;o\o'z’ \,0'2;0\0'2’ \/o’:o\o'z> NS o\o'z* N o\o'b

-+ No interference -4~ Interference
Figure 5. By-condition mean reading times with 95% confidence intervals. (A) shows
first pass reading times (FPRT); (B) shows total reading times (TFT). EN = English,
DE = German, RU = Russian; (¢) = complex version, (s) = simple version.
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Figure 6 shows the results of the Bayesian analysis for English, German and
Russian, each in the complex version (left panel) and the simple version (right panel).
For the effects of Load, Interference and their interaction, we show the FPRT and
TFT means of the posterior distributions with their 95% credible intervals.

The analysis indicated that reading is overall faster when items have to be mem-
orized and recalled, i.e., Load conditions were read faster than No load conditions.
Such reading time speedups are regularly observed under a high processing load
(e.g., Laurinavichyute et al., 2017; Nicenboim et al., 2018; Van Dyke & McElree,
2006). Meanwhile, there is no indication of an overall effect of Interference. This
was expected because in this experiment design, once memory load is removed, any
potential interference from the memory items is also removed. Therefore, the effect of

Interference only tests whether there is a difference between the verbs in conditions a,
cvs. b, d.

Effect estimates of the Load x Interference interaction. The effect of
interest is the Load x Interference interaction. This interaction was expected to have a
positive sign. Across all experiments, only the simple versions of English and Russian,
in first-pass reading times, show some indication of an interaction in the expected
direction. In English (simple, FPRT), the 95% Crl is [0, 37] ms. Nested comparisons
show that within Load conditions, there is a reading time slowdown for interfering
compared to non-interfering sentences (95% Crl [-1, 27] ms). In No load conditions,
the 95% Crl is centered around zero ([-19, 9] ms). In Russian (simple, FPRT), the
interaction points in the expected direction (95% Crl [-7, 26] ms). In Figure 7, our
FPRT interaction estimates from each experiment are presented side by side with
the Van Dyke and McElree (2006) interaction. Both English and Russian show effect
estimates that overlap with the interaction in Van Dyke and McElree (2006).

In contrast to English and Russian, the simple version of German shows a pattern
that is inconsistent with the expected Load x Interference interaction (FPRT: 95%
Crl [-23, 2] ms, nested Load: [-15, 12] ms, nested No load: [-4, 21] ms). For TFT,
the 95% Crl is [-32, 0] ms (nested Load: [-25, 9] ms, nested No load: [-11, 27] ms).
Similarly, Russian (complex) also shows a negative sign for the interaction (FPRT:
95% Crl [-34, -2] ms; nested Load: [-30, 0] ms, nested No load: [-9, 18] ms; TFT: 95%
CrI [-53, 3] ms; nested Load: [-21, 29] ms, nested No Load: [1 to 63] ms). For all other
experiment versions, the Load x Interference interaction is centered around zero.

Bayes factor results for the Load x Interference interaction. The
Bayes factor results can tell us whether there is evidence in favor of or against the
Load x Interference interaction. Figure 8 shows the Bayes factor results (BFp;) for
Model 0 (not including the interaction term) over Model 1 (including the interaction
term), separately for the complex and simple versions in each language. Panel (a)
visualizes results for first-pass reading times, and (b) for total reading times. The
Bayes factor values (y-axis) were computed using prior distributions centered on 0 and
with increasingly uninformative standard deviations (SD) on the interaction (x-axis).

Referring to the guidelines in Table 5 for interpreting the Bayes factors, we can
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see in Figure 8 that for almost all experiment versions in FPRT and TFT, the Bayes
factors show either no evidence or suggest that the data are more likely to have been
generated by Model 0, that is, showing anecdotal to moderate evidence against a Load
x Interference interaction. Only for English (simple, FPRT), the Bayes factor very
weakly supports the expected interaction but only under a more informative prior. For
Russian (complex, FPRT), the Bayes factor very weakly supports an interaction if we
use a more informative prior; however, crucially, this interaction is in the unexpected
direction. Thus, with the exception of English (simple, FPRT), there is either no
evidence at all from all three languages for the expected sign of the interaction, or
there is evidence against the expected sign of the interaction.

The most optimistic Bayes factor analysis we could do is to use the estimates
of the interaction from the original Van Dyke and McElree study as priors—this is
the enthusiastic prior analysis. Because the prior for the interaction is based on
estimates from self-paced reading data, we only analyzed total reading times as they
more closely approximate self-paced reading data (first-pass reading times would
exclude any later-stage processing, and tend to be much smaller in magnitude than
self-paced reading estimates). Even using enthusiastic priors on total reading times
show (Figure 9) that the Bayes factors either furnish no evidence for the interaction,
or show anecdotal to moderate evidence against the expected interaction effect.

Effect estimates of the Language x Load x Interference interaction.
Although we did not observe the predicted Load x Interference interaction, for com-
pleteness we further tested whether the Load x Interference interaction is modulated
by language. The right panel of Figure 10 shows that the interaction has a positive sign
for FPRT as well as TFT. The three-way Language x Load x Interference interaction
indicates that processing in English may differ from German and Russian.

In addition to the Language manipulation, we manipulated depth of processing.
This manipulation did not show the expected pattern, namely, a smaller, or no
interference effect in the simple compared with the complex experiment versions. In
English, the reading time patterns are compatible with the idea that processing differs
across the two versions. However, unexpectedly, interference is observed only in the
simple version (for Processing depth x Load x Interference interactions).

Discussion

This study investigated proactive cue-based retrieval interference in sentence
comprehension. Overall, our large-sample cross-linguistic study either does not show
any evidence, or shows evidence against the predicted interaction. The only exception
to this broad generalization was seen in the English group’s first-pass reading times in
the shallow testing condition; here, a Bayes factor analysis very weakly supported the
expected interaction under a more informative prior.

If this is an accurate generalization about the contexts where proactive interference
from extra-sentential memory lists occurs, then this finding limits the scope of cue-
based retrieval interference in sentence comprehension. But before drawing any such
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Figure 6. Effect of Load, Interference and their interaction at the critical relative clause
verb for the complex and the simple versions of the English, German, and Russian
experiments. Values were back-transformed from the log scale to the millisecond scale.
FPRT = first-pass reading times, TFT = total fixation times.
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Interaction estimates in our studies and Van Dyke & McElree (2006)
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Figure 7. Shown are the interaction estimates with 95% credible intervals from our
English, German and Russian eye-tracking experiments in first pass reading times
(FPRT) and total reading times (TFT) (EN = English, DE = German, RU = Russian,
(¢) = complex version, (s) = simple version), as well as the interaction estimate from
our English online self-paced reading replication (“VDO06repl”) of Van Dyke & McElree
(2006) and the interaction estimate with 95% confidence interval from the original
Van Dyke & McElree (2006) (self-paced reading times) study.

conclusions, it is important to rule out task-related explanations for these results.

Some potential concerns. In the dual-task design, the interference effects are
entirely contingent on the encoding of the distractor nouns in memory. If the memory
nouns are not encoded in memory, then no interference effects would be expected. This
is a possibility if participants only paid close attention to the reading task but not the
recall task. Although they were instructed to attend to both, if participants did not
perform both tasks concurrently in our experiments, then the lack of an interaction
would not necessarily bear on the theoretical question under investigation.

Our study had a lower recall accuracy, compared with the previous study by Van
Dyke and McElree (2006). The low memory recall accuracy could have contributed to
our study not observing support for proactive interference effects. If so, can interference
effects be observed when all three memory nouns are encoded in memory? We checked
this hypothesis by analyzing the English, German and Russian data with perfect recall.
The ‘high recall’ data show similar estimates to our original analysis (see Appendix
B). These results indicate that even when all memory nouns are encoded in memory,
there does not seem to be much support for the hypothesis that sentence-external
items interfere with within-sentence dependency resolution.

A related concern is that the dual-task paradigm could also have failed if par-
ticipants paid attention only to the recall task but not to the reading task. In this
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Figure 8. Bayes factor results for Model 0 over Model 1 (BF01) in a) first pass reading
time and b) total reading times for the complex and the simple versions of the English,
German and Russian experiments. Bayes factor values are shown for increasingly
uninformative prior distributions: N (0,0.05), and A(0,0.1). The English SPR study
results refer to our direct replication attempt of the original Van Dyke and McElree
study—this study was conducted after the first three eye-tracking experiments, and is
reported as Experiment 4 below.

case, we also expect to see no interference. However, the high comprehension question
accuracies across all experiment versions suggest that participants attended to the
reading task. In trials where recall was perfect, comprehension question accuracy
is also very high (Appendix B). Moreover, in perfect recall trials, the by-condition
reading times are not unusually fast which may have been an indication that the
reading task was not attended to (Appendix B). This arguably minimizes the concern
that the failure to observe clear proactive interference effects resulted from participants
disregarding one of the two tasks in the dual-task paradigm.

A further potential concern may be that our specific stimuli may have contributed
to most experiment versions not showing the predicted reading time pattern. Our study
used filler-gap dependencies with two embedded relative clauses. The expectation was
that these sentences may increase our chances to detect an effect compared with the
object clefts in Van Dyke and McElree (2006). In the latter, the retrieval target was in
linguistic focus, whereas in our sentences, it was not. Our reasoning for changing the
stimuli was that items in focus have more distinctive memory representations which
may reduce the magnitude of the interference effect. Conversely, it could be argued
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Figure 9. Bayes factor results for Model 0 over Model 1 (BF01) in total reading
times for the complex and the simple versions of the English, German and Russian
experiments, and Bayes factor for Experiment 4 (online SPR replication of Van Dyke
and McElree, 2006). Bayes factor values are shown for enthusiastic prior distributions
centered around 0.05: N(0.05,0.025), and A(0.05,0.05)

that a target in linguistic focus, as in the clefted constructions, is less distinguishable
from the prominent sentence-external distractors. In Van Dyke and McElree (2006),
both the target as well as the memory nouns were given special status, which could
make them more confusable. This could be the case if prominence is used as a retrieval
cue (e.g., Kush et al., 2019). However, our Russian data speak against the hypothesis
that clear interference effects were not observed due to the specific stimuli used here.
The Russian stimuli in our study use demonstrative pronouns for the target NP, as
there are no articles in Russian. This increases the prominence of the target compared
to the default option (use of the NP without a demonstrative pronoun). Despite
the special status of the target in Russian, there was no support for the predicted
interference effect.

Nevertheless, because of the differences between our experiments and the original
Van Dyke and McElree (2006) study, we additionally attempted to replicate the
original Van Dyke and McElree (2006) experiment. This direct replication attempt is
reported next.
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Figure 10. Shown are the posterior means and 95% credible intervals for the Language
x Load x Interference interaction (first-pass reading times, total reading times). For
the analysis, the combined data from all experiment versions had 304 subjects and
240 items. We tested whether the Load x Interference interaction differs in German
vs. Russian, and whether it differs in English vs. German and Russian. The contrasts
for the factor Language were specified using the R package hypr (Rabe et al., 2020),
testing the null hypotheses HO 1: DE — RU = 0, i.e. whether the difference between
the Load x Interference interaction in German (DE) vs. the interaction in Russian
(RU) is equal to zero (German was coded as +0.5, Russian as —0.5); HO_2: EN — (DE
+ RU)/2 = 0, i.e., whether the difference between the Load x Interference interaction
in English (EN) vs. the interaction in German and Russian (averaged) is equal to zero.
English was coded as +0.66, and German and Russian as —0.33.

Experiment 4: Replication attempt of the original Van Dyke and
McElree (2006) study

Our replication attempt of the self-paced reading study (SPR) by Van Dyke and
McElree (2006) was implemented as an online SPR study which was implemented in
PC Ibex (https://farm.pcibex.net/). The experiment was carried out online because
our lab is located in Germany and finding native speakers of English locally would
have been difficult.


https://farm.pcibex.net/

INTERFERENCE FROM EXTRA-SENTENTIAL DISTRACTORS 30

Experimental design and materials

Our experiment used the same 2 x 2 repeated measures design that was described
above: we manipulated the factors Memory load (Load, No load) and Interference (No
interference, Interference) (Van Dyke & McElree, 2006).

The SPR replication attempt tested the same 36 experimental sentences as Van
Dyke and McElree (2006), that is, object-cleft sentences that have the target object in
linguistic focus. The sentences had the same structure as the example shown in Table
1 in the introduction. We made minor modifications to some of the original sentences
to adapt them for a British English context.

Each sentence was followed by yes-or-no comprehension questions (e.g., Did the
guy live by the sea?) with a 50:50 yes-to-no ratio. We also re-used the filler items
of the original study. However, we only used a subset, 80 of the original 144 fillers,
to reduce the length of the experimental session and avoid fatigue effects from this
complex dual task. As in the original study, all fillers were followed by a yes-or-no
comprehension question, but only half of the fillers were preceded by three memory
words. All materials are available in the supplementary materials of this paper.

Participants

Participants were recruited via Prolific (https://www.prolific.co/). We tested 220
monolingual native speakers of English (from the UK and Ireland) from the age of 18
who received 8.50 GBP for their participation. During the pre-screening, participants
with known speech or language related disorders were excluded. Before the experiment
started, participants were asked five questions about the instructions they read. One
participant was excluded because only three out of five questions were answered
correctly. In addition, the data of 7 participants was lost due to some technical
issues. Thus, we were able to conduct the statistical analysis with the data from 212
participants.

Procedure

Participants read the experiment instructions and answered five questions about the
instructions. After reading the instructions, they were reminded that it is important
to pay attention to both the self-paced reading and the recall task. Participants were
shown six practice trials before the start of the experiment to familiarize them with
the procedure.

Similar to the original Van Dyke and McElree (2006) study, in half of all trials
participants read aloud and memorized three nouns that appeared on the screen for
three seconds. They then read an experimental sentence region by region, uncovering
each region by pressing the space bar on the keyboard. The sentence regions were
displayed in the same manner as in the original study (It was the boat / that the guy
/ who / lived / by the sea / sailed / in two sunny days.). In each trial, participants
were subsequently required to answer a yes-or-no comprehension question about the
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sentence. Finally, for trials with memory items, these three memory words needed to
be recalled (by typing them in on their keyboard). Experimental and filler sentences
were shown in a randomized order. The entire experiment session took approximately
45 minutes.

Predictions and statistical analysis

As in the previous experiments, a Load x Interference interaction was expected.
Like the Bayes factor analyses, the statistical analysis of the SPR data was carried
out by fitting Bayesian hierarchical models using the R package brms.

Results of Experiment 4

Comprehension question accuracy. Figure 11 shows the comprehension ques-
tion accuracies by condition. The comprehension question accuracies were overall high
and in the same range as in our English eye-tracking experiments (see Figure 11) and
the Van Dyke and McElree (2006) response accuracies.

Comprehension question accuracy

92.5 _
.9
90.01
X 87.51
85.0- ./
Lo'ad No foad
— No interference ----- Interference

Figure 11. By-condition mean comprehension question accuracies (in percent) with
95% confidence intervals for Experiment 4, the attempted replication of Van Dyke &
McElree (2006).
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Memory recall accuracy. Figure 12 shows the memory recall accuracies for
the SPR replication attempt. For a strict accuracy criterion (that is, all three words
had to be recalled in the correct order), our Experiment 4 shows the following 95%
confidence intervals (Cls): For No Interference conditions the interval is [69, 76]%, for
Interference conditions, it is [68, 75]%. These recall accuracies are somewhat lower
than the recall accuracies in the original Van Dyke study (No Interference [75, 83]%,
Interference [73, 81]%).

In the section Some potential concerns, we discussed potential issues that could
have arisen in our eye-tracking data which may have prevented us from observing the
expected interaction: if participants paid attention to the reading task but not the
memory recall task, or vice versa, no interference would be expected.

As was shown in Figure 12, the memory recall was again somewhat lower in our
Experiment 4 compared to the original Van Dyke and McElree (2006) study. A subset
of participants had extremely low recall accuracies. Under the strict criterion, three
participants even had an accuracy of 0% in the recall task for experimental items. We
therefore carried out two sets of analyses, one with all the participants included, and
another analysis with only those participants who showed a very high recall accuracy
under the strict criterion as well as a very high comprehension accuracy(both >80%).

The first analysis, which included all participants, is more similar to the analysis
that Van Dyke and McElree (2006) reports because the authors did not exclude any
participants who had low accuracy. Our second analysis, with only those participants
who had high recall accuracy, guarantees that participants were holding all three
sentence-external items for a given trial in memory; this ensures that any interference
effect has a higher chance of being detected. The additional high comprehension
accuracy ensured that these participants also paid attention to the reading task.

Self-paced reading times: Analysis with all participants included. Fig-
ure 13 shows the by-condition means with 95% confidence intervals at the critical verb
region of our Experiment 4 (left panel) and the original Van Dyke & McElree (2006)
study (right panel).

In Figure 14, we show the effects of Load, Interference and their interaction at
the critical region. The estimate of interest, the interaction, is centered on zero
(95% Crl [—15, 17] ms). Here, we refer the reader back to Figure 7 which shows the
interaction of interest at the critical verb region next to the interaction estimates
from the original Van Dyke & McElree study and our English, German and Russian
eye-tracking experiments.

Table 7 suggests anecdotal to moderate evidence in favor of Model 0 over Model 1.
That is, the direct replication Experiment 4 furnishes evidence against the Load X
Interference interaction. Figures 8 and 9 show the Bayes factor results of Experiment
4 (the direct replication attempt) alongside the Bayes factor results of our eye-tracking
experiments.

Self-paced reading times: Analysis of participants with a high recall
accuracy. As mentioned in the Memory recall accuracy section, we conducted an
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Figure 12. Mean recall accuracies (in percent) with 95% confidence intervals, A)
for a strict criterion (all three words recalled in the correct order) from the online
self-paced reading replication attempt of Van Dyke & McElree (2006) and the original
Van Dyke & McElree (2006) experiment, and B) for a lenient criterion (two or three
words recalled in any order) for our replication attempt. No int = No interference
condition, Int = Interference condition.

additional analysis of the data from a subset of participants (n = 90) that had both a
question response accuracy of > 80% (95% Cls for conditions Load/Interference [88,
93]%, Load/No interference [85, 91]%, No Load/Interference [91, 95|%, No Load/No
Interference [91, 95]%) and a recall accuracy of > 80% (95% CIs for conditions
Load/Interference [91, 94]%, Load/No interference [91, 95]%).

The Load x Interference interaction estimate of the reading time analysis had a
95% CrlI ranging from —31 to 26 ms. Thus, our online self-paced reading replication
of Van Dyke and McElree (2006) shows no indication of the Load x Interference
interaction, even when participants seemingly paid close attention to both the reading
and the recall task.

General Discussion

The main goal of this study was to investigate cue-based retrieval theories’ pre-
diction of cue-based retrieval interference from sentence-external distractors. The
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Figure 13. By-condition mean reading times with 95% confidence intervals at the
critical region for Experiment 4, the attempted replication of Van Dyke & McElree
(2006) as well as for the original Van Dyke & McElree (2006) experiment.

present study was the first to test proactive similarity-based retrieval interference
cross-linguistically, using eye-tracking as well as self-paced reading, and with an ex-
periment design that follows that of Van Dyke and McElree (2006). We aimed to
extend previous findings on English object clefts to the online processing of filler-gap
dependencies (Van Dyke & McElree, 2006). Our relatively large sample sizes in
German and Russian and the English SPR study provided more precise estimates
of the critical Load x Interference interaction that has been the focus of previous
work in this literature. A further novel contribution of this study is a within-subjects
manipulation of processing depth, investigating proactive interference under varying
task demands.

By and large, we found that there was compelling evidence against the critical
interaction of Load x Interference: This was clearly the case in German and Russian,
as well as in our replication of Van Dyke and McElree (2006). This lack of an
interaction effect suggests that the presence of semantically-associated distractors
in an extra-sentential list did not routinely impact online dependency formation.
However, our analyses did reveal some weak evidence in favor of the predicted Load
x Interference interaction in the simple version of the English experiment. Thus, only
the English eye-tracking data lend any support to the hypothesis that semantically
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Table 7
Bayes factor results for Model 0 over Model 1 (BF01) for Experiment 4, the direct
replication attempt of the original Van Dyke and McElree (2006) study. Bayes factor
values are shown for increasingly informative prior distributions for the models of
the statistical analysis that includes the data of all participants and the analysis that
includes the data of participants with high recall accuracy.
Bayes factor Posterior estimate of the
(evidence for M0) interaction (log-ms)
All participants (N = 212)
Enthusiastic priors

N(0.05, 0.025) 6.7 0.02 [-0.01, 0.04]
N(0.05, 0.05) 5 0.01 [-0.02, 0.04]
Mildly informative priors

N(0, 0.05) 3.3 0 [-0.03, 0.03]
N(0, 0.1) 6.1 0 [-0.03, 0.03]

Participants with high recall accuracy (N = 90)
Enthusiastic priors

N(0.05, 0.025) 4.0 0.02 [-0.01, 0.06]
N(0.05, 0.05) 3.4 0.01 [-0.04, 0.05]
Mildly informative priors

N(0, 0.05) 2.1 -0.001 [-0.05, 0.04]
N(0, 0.1) 3.7 -0.001 [-0.05, 0.05]

similar, sentence-external distractors in memory can interfere with retrieval during
real-time sentence comprehension, and even then, only in testing conditions that
promote shallow processing.

However, our direct self-paced reading replication attempt of the original study
(our Experiment 4) showed moderate to strong evidence against the critical interaction,
again suggesting that proactive interference effects do not generally impact online
dependency formation in English in all testing contexts. Finally, it is notable that
German and Russian did not show evidence for this proactive retrieval interference
effect, despite using the same method and design, and comparable sentence structures
across languages.

Taken together, the four experiments reported provide some cross-linguistic evi-
dence against the claim that proactive retrieval interference from sentence-external
material can interfere with within-sentence dependency resolution.

Is proactive interference modulated by language or task demand?

It is unclear why the evidence for proactive interference was limited only to English
speakers under low task demands. One explanation is that this result is simply due to
noise in the data (i.e., a Type I error). Given that—of all experiment versions—only
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Figure 1/. Effect of Load, Interference and their interaction at the critical relative
clause verb for the online self-paced reading replication attempt of Van Dyke &
McElree (2006). Values were back-transformed from the log scale to the millisecond
scale.

the lower-sample size English study (simple version, FPRT) showed any evidence for
proactive interference, this could be an accidental outcome that may not be replicable
in a future study. Before too strongly interpreting the theoretical implications of
this finding, it would be important to show that proactive retrieval interference is
replicable under a low processing load in a large-sample confirmatory experiment (e.g.,
de Groot, 2014; Nicenboim et al., 2018; Vasishth et al., 2018).

If the effect is not due to noise in the data, the weak evidence for interference in
English and evidence against interference in German and Russian may point to cross-
linguistic processing differences. The Language x Load x Interference interaction is
inconclusive and at best weakly supports this; the 95 % credible interval largely has a
positive sign but also includes negative values. In German and Russian, the accusative
case marking of the relative pronoun/complementizer referring to the grammatical
object may make the retrieval target more distinguishable, and therefore eliminate
interference during online dependency formation. Whether this is indeed the case is
unclear at present and requires further investigation using a cross-linguistic design
that explicitly manipulates the diagnosticity or presence of case marking.

However, explanations that appeal to differences in how diagnostic language-specific
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retrieval cues do not address the question of why this occurred only in low demand
testing conditions in English. Our depth of processing hypothesis postulated that
inducing shallow processing would lead to less or no interference during online sentence
comprehension (Logacev & Vasishth, 2016a; Swets et al., 2008). However, this was
opposite to the pattern we saw in our data, with only the simple version showing
some support for proactive interference. In the complex version, the effect was not
replicated in the sense that we did not see observing overlapping effect estimates with
the predicted positive sign (the region of practice equivalence approach, Kruschke &
Liddell, 2018).

One explanation for this pattern might be that this effect only arises under good-
enough processing conditions. Laurinavichyute and von der Malsburg (2021) recently
found support for agreement attraction effects under superficial but not deep processing
conditions. The patterns observed in our study (English, simple) would be consistent
with the suggestion that only superficial processing leads to interference effects.

It is also possible that in our study, the difference in processing depth does not
reflect superficial vs. deep processing as we had hypothesized, but rather “typical”
vs. deep processing. That is, the simple questions conditions may not have resulted
in underspecification of syntactic dependencies, as intended. Rather, in this version,
participants may have engaged in “typical,” attentive sentence processing. The formal
lab setting and the high comprehension question accuracies would speak in favor of
this possibility. By comparison, the more complex questions may have induced a
more unnatural, heightened attention state for the participants. Under this view,
interference may occur in “typical” language processing mode, in which the parser
attempts to resolve all dependencies. However, interference does not arise in a deep
processing mode when particular attention is required, such as maintaining each
dependency in memory to correctly answer a comprehension question.

Broader implications of the current study

Setting aside the question of why English low-demand testing conditions present an
apparent exception, our broader conclusion that proactive interference from sentence-
external distractors is not observed in many testing conditions holds important
conclusions for cue-based retrieval theory. Why don’t we observe the predicted reading
time pattern, with possibly one exception (the English eye-tracking data)?

One possibility is that the relevant effect has too small an effect on processing
to be observed even with the sample sizes collected here. As foreshadowed above,
interference in sentence processing is likely to be a subtle phenomenon that is difficult
to detect. Recall that the meta-analysis by Jéager et al. (2017) on non-agreement
subject-verb dependencies showed an interference effect estimate of 13 ms with a 95%
credible interval ranging from 2 to 28 ms. Similarly, a self-paced reading study on
number interference by Nicenboim et al. (2018) with a participant sample size of
182 showed an interference effect estimate of 9 ms (95% CrI [0,18] ms). Our English
experiment obtained a similarly precise, and small, estimate of the effect of interest in
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first-pass reading times (95% Crl [0,18] ms). However, with the rather small sample
size, we are in a relatively low-power scenario. Even with larger participant samples,
as in German or Russian, such small effects may remain undetected. Consequently,
detecting proactive interference effects would require significantly more resources, or
more sensitive methods.

This study may also show little support for proactive interference because proactive
interference effects are overall weaker than retroactive interference effects. Van Dyke
and McElree (2011) established, through a within-subjects/items design, that proactive
interference (from within-sentence distractors) is overall weaker than retroactive
interference. This finding is supported by a meta-analysis result in Jager et al. (2017),
showing that in general, proactive interference leads to a smaller reading time slowdown
than retroactive interference.

Proactive interference from sentence-external materials could be even more subtle.
Distractors may predominantly play a role when they appear within a sentence (e.g.,
Mertzen et al., 2023; Rich & Wagers, 2020; Van Dyke, 2007), particularly when the
distractor intervenes linearly between the retrieval target and retrieval site. This
would be expected if, for example, the retrieval cues used to reactivate the filler noun
phrase strongly distinguish within-sentence material from other material in working
memory. This theoretical possibility has been suggested by authors who proposed that
abstract clause-bounding retrieval cues are used to guide retrieval (Wagers et al., 2009).
There is also some empirical evidence that is compatible with this idea: Dillon et al.
(2017) showed that retrieval interference is diminished when the distractors are inside
appositive relative clauses, which may be seen as a parenthetical distinct from the
target sentence. These studies suggest that the context of encoding of the distractor—
inside a restrictive relative clause, or inside a more syntactically independent appositive
relative clause—may modulate the degree of retrieval interference observed. If the
context of encoding a distractor element is critical, then cue-based retrieval theories
might predict only very small, if any, interference from sentence-external distractors
of the sort tested here.

Conclusions

Our data suggest that extra-sentential items encoded in memory do not interfere
with within-sentence dependency formation. Taken together, our data from four
experiments present cross-linguistic evidence against proactive interference from extra-
sentential items. The broader implication of this finding is that similarity-based
interference may be limited to linguistic items that are part of the linguistic context
in which they appear; distractors must be linguistically relevant in order to cause
interference.
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Appendix A
Experimental materials (German & Russian)

German stimuli

We created 40 experimental items for the complex and 40 items for the simple version
of the experiment. Table A1 shows two example items, one followed by a complex
and one followed by a simple comprehension question. The critical dependency is
between the relative clause verb steuerte/reparierte (‘steered’/‘repaired’) and the
sentence-initial NP Das Boot (‘The boat’).

The German stimuli differed from the English materials in the following way: In
Figure 2, we showed that for German, the relative pronoun is overtly marked for
accusative case whereas in English, the complementizer that is not. This is an
important distinction, because in German, case could serve as an additional cue for
retrieval and, hence, reduce interference. For half of the items, the sentence-initial
target noun phrase is of masculine grammatical gender such that the relative pronoun
of the following object relative clause is unambiguously marked for accusative case
(Figure 2). Note, however, that for the other half of the items, the target noun phrase
is neuter such that the surface form of the relative pronoun is ambiguous between
nominative and accusative case, as in the example in Table A1. To increase naturalness
of the German sentences, an adverb preceded the critical relative clause verb because
a prepositional- or adverbial phrase, as was added in English, is not licensed in the
post-verbal position in German.

Russian stimuli

The Russian study followed the same design as the English and German study. The
complex and simple version each had 40 items. Table A2 shows two example items.
The critical dependency is between the relative clause verb ciomasa/npucmorperia
(‘broke’/‘found’) and the sentence-initial NP To kpecno (The armchair).

Differences between Russian vs. English and German are the following: An
adverb was added after the critical relative clause verb for greater naturalness of
the sentence. As there are no articles in Russian, the demonstrative pronouns Tor
(masculine), ra (feminine) and o (neuter) (that) were used for the sentence-initial NP.
The demonstratives make the NP more prominent compared to the default option of
the NP without a demonstrative pronoun, and in comparison with our English and
German study. This is similar to the Van Dyke and McElree (2006) study which used
object cleft sentences that increase the prominence of the target NP. Case marking on
the relative pronouns is overt in Russian, although for masculine and neuter the surface
form is case ambiguous. One third of items had a feminine, one third a masculine,
and another third a neuter target NP.
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Table Al

German example items (complex and simple version,).

A) Memory load: Kiihlschrank Waschmaschine Computer
fridge washing machine computer

No interference

Das Boot, das der Mann, der am Meer lebte, gestern  steuerte, schien schon alt zu sein.
The boat, that the man, who at sea lived, yesterday steered, seemed already old to be.
Interference

Das Boot, das der Mann, der am Meer lebte, gestern  reparierte, schien schon alt zu sein.

The boat, that the man, who at sea lived, yesterday repaired, seemed already old to be.

No memory load: — — —

No interference

Das Boot, das der Mann, der am Meer lebte, gestern  steuerte, schien schon alt zu sein.
The boat, that the man, who at sea lived, yesterday steered, seemed already old to be.
Interference

Das Boot, das der Mann, der am Meer lebte, gestern  reparierte, schien schon alt zu sein.
The boat, that the man, who at sea lived, yesterday repaired, seemed already old to be.

“The boat that the man who lived by the sea steered/repaired seemed to be quite old.’
‘Complex’ question: ‘Hat der Mann am Meer gelebt?’ (Did the man live by the sea‘?)

B) Memory load: Parfiim Rauch Leder

perfume smoke leather

No interference

Der Kaffee, den der Geniefler, der in der Rosterei saf3, gerne trank, schien &uflerst aromatisch zu sein.
The coffee, that the connoisseur, who in the roastery sat, gladly drank, seemed most aromatic to be.
Interference

Der Kaffee, den der Geniefler, der in der Rosterei saf, gerne roch, schien &uflerst aromatisch zu sein.

The coffee, that the connoisseur, who in the roastery sat, gladly smelled, seemed most aromatic to be.

No memory load: — — —

No interference

Der Kaffee, den der Geniefler, der in der Rosterei saf3, gerne trank, schien &uflerst aromatisch zu sein.
The coffee, that the connoisseur, who in the roastery sat, gladly drank, seemed most aromatic to be.
Interference

Der Kaffee, den der Geniefler, der in der Rosterei saf}, gerne roch,  schien &uflerst aromatisch zu sein.
The coffee, that the connoisseur, who in the roastery sat, gladly smelled, seemed most aromatic to be.

‘The coffee that the connoisseur who sat in the roastery drank/smelled seemed to be
most aromatic.”  ‘Simple’ question: ‘Wurde in diesem Satz eine Rosterei erwdhnt?’
(Was a roastery mentioned in this sentence?)
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Table A2

Russian example items (complex and simple version).

A) Memory load:

No interference

To kpecsio, KoOTOpOE cTapyIlKa,

The armchair, that elderly woman, loving

Interference

To kpecsio, KoOTOpOE cTapyIlKa,

The armchair, that elderly woman, loving

No memory load:

No interference

To kpecsio, KoOTOpOE cTapyIlKa,

The armchair, that elderly woman, loving

Interference

To xpecyio, KoTOpoe cTapyImika,

The armchair, that elderly woman, loving

KOBEP

carpet

JIIO6SIHIELH aHTHUKBapHuaT CJIOMaJia

JIIO65{HIELH aHTHUKBapHuaT CJIOMaJia

IOy IIIKA MOKPBIBAJIO

pillow cover

‘The armchair that the elderly woman who loves antiques recently broke/found belongs
Complex question: Did the elderly woman love antiques?

to the Chippendale style.’

B) Memory load:

No interference

ToTr Marpac, KOTOpPLIN aKyJia, IUIABAIONIasd B MOpe, MPOKYCUIa HEOXKUIAHHO JJIsl TYPUCTA, IPUHAIIEKUT. . .

The mattress, that shark,

Interference

BOJIHa

wave

swimming in sea

KaM€EHb AXTa

stone yacht

bit through surprisingly for tourist

Tor marpac, KOTOpLII akyJia, IIaBaIONIasd B MOpe, 3aMeTHIa HEOXKUJIAHHO JJIsi TYPUCTA,

The mattress, that shark,

No memory load:

No load, No interference

Tor maTpac, KOTODBII aKyJ/ia, IJIaBaIOIIasi B MOPe, IPOKYCUIa HEOXKUJIAHHO JJIsl TYPUCTA, ITPUHAJIEKHUT. . .

The mattress, that shark,

No load, Interference

swimming in sea

swimming in sea

spotted surprisingly for tourist

bit through surprisingly for tourist

Tor MaTpac, KOTOprfI aKyJla, IlJlaBalollad B MOpe€, 3aMEThJ/Ia  HEOKUIaHHO [Jisd TypucTa,

The mattress, that shark,

swimming in sea

spotted surprisingly for tourist

‘The inflatable mattress that the shark swimming in the sea surprisingly spotted/bit
through, belonged to the tourist’s daughter.
Simple question: Was an ophthalmologist mentioned in the sentence?

HeJaBHO, OTHOCUTCA K . ..

antiques broke recently, belongs to

JIIO6SIHIELH AHTHUKBapHuaT IIPUCMOTPEJIa HEJJaBHO, OTHOCUTCA K . . .

antiques found recently, belongs to

HEIaBHO, OTHOCHUTCA K . ..

antiques broke recently, belongs to

JIIO6HHI&H AHTUKBapuaT OPUCMOTPEJIa HEJAaBHO, OTHOCUTCA K . . .

antiques found recently, belongs to

belongs to. ..

OPpUHAIJICKUT. . .

belongs to. ..

belongs to. ..

OPpUHAIJICKUT. . .

belongs to. ..
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Filler items

English. For the English study, 50 "true" filler items of two varying syntactic
structures were created for each of the two experiment versions. 25 were object cleft
constructions and 25 were short, simple sentences starting with a quantifier. A further
40 filler items came from another experiment that tested the processing of object- vs.
subject relative clauses. All filler items were followed by a comprehension question,
and half of all fillers were preceded by three memory nouns.

German. 90 filler items were created for each of the two versions. 30 sentences
were object cleft-sentences with two embedded relative clauses (the outer relative
clause being an object relative clause, the most embedded relative clause being a
subject relative clause). Here half of the questions targeted the object-verb dependency
between the sentence-initial noun phrase and the object relative clause verb. A further
30 were subordinate clause-main clause constructions starting with the subordinate
conjunction that, and the remaining 30 filler sentences were subject-extracted RC
structures.

Russian. For each of the two versions, 90 filler items of varying syntactic
structures were created. 30 sentences were object cleft-sentences with an embedded
relative clause. A further 30 were subordinate clause-main clause constructions starting
with a subordinate conjunction expressing causal relationships, and the remaining
30 filler sentences were sentences of various structures randomly selected from the
Russian National Corpus (http://www.ruscorpora.ru/).

Appendix B
Perfect recall data
Comprehension question accuracy in perfect recall trials


http://www.ruscorpora.ru/
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Comprehension question accuracy in perfect recall trials
EN (c) EN (s) DE (c) DE (s) RU () RU (s)

95

90+

85

80 -

Load No load Load No load Load No load Load No load Load No load Load No load

—— Nointerference ------ Interference

Figure B1. By-condition mean comprehension question accuracies (in percent) with
95% confidence intervals in perfect recall trials. EN = English, DE = German, RU =
Russian; (¢) = complex version, (s) = simple version

Raw by-condition reading times in perfect recall data
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By-condition mean reading times with 95% Cls
A) FPRT in perfect recall trials B) TFT in perfect recall trials
EN(c) || EN(s) || DE(c) || DE(s) || RU(c) || RU(s) EN(c) || EN(s) || DE(c) || DE(s) || RU(c) || RU(s)

300

240

S ® D D S D DD D
NS 0\07’ \,o'z;o\o'b \,0'2;0\0'2’ \/07;0\07’ \9'10\07* N

—— No interference -4- Interference
Figure B2. By-condition mean reading times with 95% confidence intervals. In (A)
and (B), FPRT and TFT are shown for trials with perfect recall, i.e., recall of three
memory nouns in the correct order. EN = English, DE = German, RU = Russian; (c)
= complex version, (s) = simple version.

Reading time analyses for data with perfect recall
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Study

Load

Interference

Interaction

TFT Posterior mean [95% credible intervals]

English, complex
English, simple
German, complex

German, simple

Russian, complex

Russian, simple

54 ms [-77,-30]  7ms[-19,33] 8 ms [-41, 54]
-27 ms [-45, -§] 2 ms [-13, 19| 1 ms [-33, 34|
-21 ms [-30, -12] -4 ms [-16, 7] 1 ms [-17, 19]
26 ms [-37,-15]  6ms[13,24]  -11 ms [-29, §]
34 ms [49,-19]  15ms[-2,32]  -18 ms [-51, 16]
42 ms [-56, -28] 9 ms [-10,29] 0 ms [-24, 26]

Table B1

Total fixation times results for the subset of the data with three recalled memory nouns:
Effect of Load, Interference and their interaction for both the complex and the simple
versiton of the English, German and Russian experiment.

Load Interference Interaction

FPRT Posterior mean [95% credible intervals]

Study

English, complex -12 ms [-27, 3] 4 ms [-9, 16] -9 ms [-33, 15]
English, simple -9 ms [-20, 1] 3 ms [-8, 15] 16 ms [-6, 39]
German, complex -19 ms [-26, -11] -4 ms [-13, 5] 1 ms [-13, 15]
German, simple -17 ms [-25, -9 8 ms [-5, 21] -3 ms [-19, 12]
Russian, complex -8 ms [-17, 1] -3 ms [-12, 6] -12 ms [-30, 5]
Russian, simple -15 ms [-25, -5 7 ms [-2, 17] 12 ms [-7, 30|

Table B2

-First-pass reading times results for high recall accuracy: Effects of Load, Interference
and their interaction for both the complex and the simple version of the English,
German and Russian experiment.
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