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Abstract Studies with monolingual speakers show
that people predict upcoming linguistic elements
during sentence processing. Linguistic prediction
behavior has been found to be less consistent in
studies with bilingual individuals performing in their
non-native language and in neurotypical older mono-
lingual adults. The present study utilized an eye-
tracking paradigm to investigate whether bilingual
younger and older neurotypical individuals predict
upcoming nouns in sentences that include constraining
verbs, and if they do so both in their first language (L.1)
and in their second language (L2). Data were analyzed
from 44 Norwegian-English proficient bilingual
adults; 27 younger (20-35 years, mean age 27) and
17 older adults (54-81 years, mean age 64) who
completed the eye-tracking experiment in each of the
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two languages, as well as cognitive and linguistic tests.
The results demonstrated similar prediction abilities in
L1 and L2 for both the younger and older participants
on sentences with constraining verbs. Older adults
predicted slower than younger adults. Participants’
working memory span and language proficiency did
not explain prediction performance; cognate status of
the stimuli partially did. The study adds to the
relatively sparse existing data on prediction abilities
in bilingual people and in older individuals.
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Introduction

Linguistic prediction can be defined as pre-activation
of upcoming linguistic information based on certain
cues in the language (e.g., Huettig, 2015). Studies with
monolingual speakers show that individuals predict
upcoming linguistic elements during sentence pro-
cessing (e.g., Altmann & Kamide, 1999; Kuperberg &
Jaeger, 2016; Yoshida et al., 2013). In a seminal eye-
tracking study, Altmann and Kamide (1999) discov-
ered that monolingual individuals moved their eye
gaze towards specific objects (e.g., ‘cake’) before they
were mentioned when listening to constraining verbs
(e.g., ‘eat’), but not when listening to neutral verbs
(e.g., ‘move’). Linguistic prediction behavior has been
found to be less consistent in studies with bilingual
individuals performing in their non-native language,
with studies showing that bilingual people have
limited ability to predict in their second language
(e.g., Ito et al., 2018). Moreover, mixed results have
also been reported for neurotypical older monolingual
adults (e.g., Huettig & Janse, 2016; Maquate &
Knoeferle, 2021). In the current study we utilized an
eye-tracking paradigm to investigate whether bilin-
gual, neurotypical younger and older individuals
predict upcoming nouns in sentences that include
constraining verbs (e.g., an edible object such as
‘pizza’ after a verb such as ‘eat’) in a similar manner as
monolingual individuals do, and if they do so both in
their first language (L1) and in their second language
(L2).

Prediction studies with bilingual people

Researchers have asked whether prediction abilities in
the two languages of bilingual individuals—those who
use more than one language in their lives—are
affected by variables such as age of second language
acquisition, language proficiency, and language-speci-
fic characteristics. Griiter et al. (2014) proposed that
when people listen in their non-native language, their
ability to generate expectations is lower than when
listening in their native language. The Reduced
Ability to Generate Expectations (RAGE) hypothesis
(Griiter et al., 2014) suggests that in their non-native
language, bilingual people will predict upcoming
information at a slower speed compared to their native
language or compared to monolingual people. Con-
sistent with the RAGE hypothesis, a recent review
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article (Schlenter, 2023) concluded that prediction
studies comparing L1 and L2 processing almost
always find later prediction onset times and weaker
effects for processing in L2 compared to L1.

Prediction studies have documented differences
between predictive processing in L1 and L2 for a
variety of language pairs and a range of predictive
cues. These differences include not using certain cues
to predict upcoming information or using them less
efficiently. For instance, English-speaking L2 learners
of Spanish did not predict upcoming nouns based on
gender-marked articles, while L1 speakers of Spanish
did (Lew-Williams & Fernald, 2010). In another
study, experienced L2 learners of Spanish did predict
nouns based on the gender of the articles like L1
speakers, but their prediction was slower (Griiter et al.,
2012). Additional studies showed that Chinese learn-
ers of English processed prosodic cues (contrastive
pitch accent) but did not then use them to predict
upcoming referents in their L2 (Perdomo & Kaan,
2021), whereas L1 speakers of English did. Similarly,
English speaking L2 learners of German did not
predict upcoming information based on case markings
in German, while L1 German speakers did. In turn, the
L2 learners predicted upcoming information based on
semantic cues, indicating that linguistic prediction
may be different for L1 and L2 speakers (Hopp, 2015),
especially for people who are not highly proficient in
their L2. Schlenter (2023) brings up the possibility that
differential cues across languages (e.g., whether nouns
have gender marking or not, or whether thematic roles
are marked with case or word order) can explain
different prediction patterns, in particular for gram-
mar-based cues. This might suggest a role of L2
proficiency and exposure in prediction performance,
as L2 learners with a higher proficiency (or more L2
exposure) may internalize and use relevant L2 cues
instead of overusing other, often L1-based cues (e.g.,
word order and/or semantics instead of morphological
case marking).

Indeed, studies found that proficient bilingual
speakers’ prediction abilities were similar to those of
their monolingual counterparts. For example, Dutch—
English proficient bilingual participants predicted
upcoming nouns based on constraining verbs in both
their languages, but were slower in both languages
compared to English monolingual participants (Dijk-
graaf et al., 2017). Moreover, another group of Dutch—
English proficient bilinguals predicted semantically



J Cult Cogn Sci

related nouns when hearing constraining verbs in both
languages, but the effect size was larger in Dutch (L1)
than in English (L2) (Dijkgraaf et al., 2019). English
L2 speakers of various L1 backgrounds performed
similarly to English L1 speakers in an eye-tracking
experiment using orally presented sentences with
constraining verbs, but were slower when cognitive
load was manipulated (Ito et al., 2018, see below).

Kim and Griiter (2021) found that Korean learners
of English were slower at predicting in their L2,
whereas Contemori and Dussias (2019), who studied
early Spanish—-English bilinguals, found no difference
in speed of prediction compared to monolingual
English speakers. They argued that the participants
in their study were able to predict referents similarly to
monolingual English speakers, since the bilingual
participants in their sample were early bilinguals
(Contemori & Dussias, 2019).

Higher language proficiency and earlier age of
acquisition may entail more stable lexical representa-
tion in that language. Prediction ability has been
associated with lexical knowledge (e.g., Borovsky
et al., 2012; Federmeier et al., 2002; Rommers et al.,
2015). That is, a stable vocabulary representation may
be needed for listeners to be able to predict, which may
explain why less proficient L2 users do not predict
upcoming information (e.g., Pickering & Gambi,
2018). For example, Rommers et al. (2015) found
that high receptive vocabulary and high category
fluency scores were associated with higher prediction
ability in their Dutch speaking participants. In con-
trast, Corps et al. (2023) concluded from their eye-
tracking experiment with advanced English learners
(of various L1 backgrounds) that L2 proficiency did
not mediate prediction, however, their L2 participants
were all highly proficient.

A potential way to explore the effect of strength of
lexical representation in bilingual language processing
may be to compare words that are cognates (sharing
meaning and form) and non-cognate translation
equivalents. It is well established through bilingual
word recognition studies that cognates make lexical
access easier—cognates are recognized or produced
faster than control words in lexical decision or naming
tasks (e.g., Costa et al., 2000; Dijkstra et al., 2010;
Jared & Kroll, 2001; Martinez-Garcia, 2019). Such a
cognate facilitation effect is ascribed to coactivation of
the cognate words during processing (non-selective
access), and stronger lexical representations also due

to higher subjective frequency since cognates are
heard and used in both languages (Blumenfeld et al.,
2016). However, few prediction studies thus far
examined this aspect, and findings are mixed (Van
Assche et al., 2012). Schwartz and Kroll (2006) tested
cognate effects in Spanish-English bilinguals in a
sentence prediction reading task where the target
nouns had to be named, and found cognate facilitation
in low-constraint sentences (sentence frames that do
not bias the target word), but not in high-constraint
sentences (sentence frames that bias the target word).
Duyck et al. (2007) used eye-tracking to investigate
cognate facilitation in Dutch-English bilinguals, in
low-constraint sentences. They found significant cog-
nate facilitation across all eye-tracking measures, but
only for identical cognates—the size of the cognate
effect increased as a function of lexical similarity
between targets and translation equivalents. Most of
such investigations involve nouns only; one exception
is Van Assche et al. (2013), who found a smaller and
later cognate effect in sentence processing using verb
stimuli than generally found with noun stimuli.
Other, non-linguistic variables that have been
associated with prediction ability include speed of
processing and working memory (e.g., Huettig &
Janse, 2016; Tto et al., 2018; Li & Qu, 2024). Huettig
and Janse (2016) collected eye-tracking data from 105
L1 speakers of Dutch between the ages of 32 and 77. In
their regression analyses they demonstrated that when
controlling for age, working memory (WM), as
measured by non-word repetition, digit span back-
wards, and Corsi block tasks, as well as processing
speed, as measured by digit-symbol substitution and
letter comparison tasks, predicted anticipatory eye
movements based on article gender cues. Ito et al.
(2018) examined eye-tracking patterns of L1 and L2
users when they listened to sentences and viewed
target and non-target images compared to when they
performed a memory task in addition to the listening
task. The authors found that whereas the participants
who performed the task in their L2 had similar
prediction behavior to the L1 participants in the
listening only condition, their eye movements were
delayed in the cognitively taxing condition (Ito et al.,
2018). Similarly, Li and Qu (2024) found that Chinese
speaking participants with higher verbal WM spans
showed earlier prediction times than participants with
lower WM spans. In addition, age, which correlated
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with both speed and WM, emerged as a significant
predictor, as will be discussed next.

Prediction studies with older adults

Prediction ability has not been studied extensively in
older age and results to date are mixed (Maquate &
Knoeferle, 2021). Older age has been associated with
compromised cognitive abilities such as processing
speed and WM (e.g., Salthouse, 1991), the same
abilities that have been found to modulate prediction
behavior. Evidence for slower prediction in older age
can be found in the study by Maquate and Knoeferle
(2021), who showed that the older adults in their study
had similar fixation patterns as the younger adults; that
is, they fixated more on the agent than the competitor
when the action was depicted. However, the fixations
started later for the older than for the younger adults.

However, research has demonstrated that older
adults may use top-down processing more than
younger adults do, perhaps to compensate for reduced
sensory processing, and thus demonstrate better pre-
diction ability (Federmeier et al., 2010). Indeed,
Huettig and Janse (2016) demonstrated that older
age, when dissociated from cognitive abilities, was
associated with more anticipatory eye movements. In
another study, a self-paced reading paradigm with
younger and older monolingual adults revealed that
older age correlated with faster responses related to
bigrams with higher transition probability (i.e., the
probability of occurrence in a given context), imply-
ing, that older adults with more experience and larger
vocabularies have more entrenched probabilistic
knowledge (McConnell & Blumenthal-Dramé, 2021).

The association of better lexical abilities and older
age fits the approach promoted by Ramscar, Baayen
and colleagues (Ramscar & Baayen, 2015; Ramscar
et al., 2014). They suggest that given that learning
continues throughout the lifespan, the increasing
amount of information that needs to be processed,
for example as a result of the increase in vocabulary
size, needs to be considered when accounting for
observed slower or less efficient processing. For
example, a greater number of competitors during
lexical selection may be activated for individuals with
larger rather than smaller vocabularies.
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The current study

As the brief review above suggests, mixed results have
been reported for the prediction behavior of older
adults and of bilingual adults. In L2 users, language
proficiency emerged as a critical variable for predic-
tion ability. It is likely that some of the mixed results
reported for prediction behavior in the L2 may be
explained by considering the L2 proficiency of the
participants enrolled. Moreover, few studies compared
prediction performance in the two languages of
bilingual individuals directly, rather, in most cases,
processing in the L2 of bilingual groups has been
compared to processing of monolingual speakers of
that language. Furthermore, the role of lexical simi-
larity between the two languages has not been
addressed much in the literature, and none of these
studies have examined prediction performance in
older bilingual adults.

With this in mind, the aim of the present study was
therefore to examine the prediction ability of younger
and older proficient sequential bilingual individuals
during processing in their L1 and in their L2, by means
of the visual world paradigm, which is particularly
well suited to study online language processing
(Huettig, 2015). We asked the following research
questions:

1) Do people predict upcoming language (specif-
ically, nouns following constraining and neu-
tral, non-constraining verbs) as they hear
sentences in their L1 and in their L2?

2)  How does aging affect the prediction processing
in L1 and in L2?

3)  What is the influence of participants’ language
proficiency and cognitive abilities on the pre-
diction process?

4)  What is the influence of cognate status of the
stimuli on the prediction process?

On the basis of previous research, we expected that
bilingual people who were highly proficient in both
languages would predict nouns following constraining
verbs in both their L1 and L2, and that prediction
abilities would be evident in younger and older
participants. Larger vocabulary and richer language
experience, associated with high proficiency and with
older age, can contribute to better prediction ability. In
contrast, reduced processing speed and memory
capacity—also associated with older age and with
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processing in a non-native language—may contribute
to reduced prediction ability. By including both
proficiency and cognitive measures, we aimed to
disentangle reasons for possibly differential prediction
abilities of older vs. younger adults. In general, we
expected L2 proficiency to be associated with better
prediction performance, and that better cognitive
abilities, such as working memory, would be associ-
ated with better prediction abilities. Finally, we
predicted that cognates would be easier to predict
than non-cognates, as they typically have stronger
lexical representations due to shared form and mean-
ing across languages and hence contribute to easier
and faster lexical access.

Methods
Participants

Fifty-two participants were enrolled in the study. The
eye-tracking experiment was part of a larger study on
bilingual language processing. The full project also
included an EEG study that is not reported here. After
the experiment, eight participants were excluded due
to poor eye tracking quality (six older and two younger
participants). More data had to be discarded from the
older than the younger participants, which may be
related to physiological differences connected with
aging (i.e. droopy eyelids and false corneal reflections
that are more common in older adults (Holmqvist
et al., 2011)), glare from glasses or technical issues
with the eye tracking equipment. In the end, 44
participants were included in the study: 27 younger
(age ranging between 20 and 35) and 17 older (ranging
between 54 and 81 years of age) Norwegian—English
bilingual individuals.

Participants were recruited through personal net-
works, flyers, posts on social media and the university
website. Flyers were put up at the University of Oslo
campus and in relevant places in and around Oslo
(community centers, libraries, and bulletin boards).
Participants were also asked to help recruit from their
personal network after attending the experiment.
Several potential participants that showed initial
interest in the project declined to take part in the
experiment due to time constraints. Originally, we
aimed to include a minimum of 30 participants in each
age group, based on sample sizes from similar studies,

but due to difficulties recruiting a large enough sample
we were left with 27 younger and 17 older participants
after exclusion. An effect size sensitivity analysis and
a power determination analysis (Giner-Sorola et al.,
2024) was conducted to detect the smallest possible
effect size and power given our final sample (see
Sect. “Influence of age, education, language profi-
ciency and working memory on predictive ability”
below).

All participants had normal, or corrected to normal,
hearing and vision. All participants spoke Norwegian
as their first language and had a high command of
English (many Norwegians have high proficiency in
English and are exposed to English in their daily life).
English proficiency was measured via verbal fluency
tasks (category and letter fluency), an English-to-
Norwegian word translation task, a word familiarity
rating and self-rated proficiency for speaking, com-
prehension and reading (see Materials below). Age,
education, language background information, and
results on the cognitive and linguistic tasks are
summarized in Table 1.

The participants gave written consent to participate
in the study, and were compensated with a gift card.
The study was approved by the Norwegian Agency for
Shared Services in Education and Research (SIKT)
before data collection started.

As can be seen from Table 1, there were differences
between younger and older participants in regard to
age of L2 acquisition, with younger adults having
learned English earlier than the older participants, and
self-rated proficiency in English; the younger partic-
ipants rated themselves as more proficient than the
older participants. The younger participants also had a
smaller difference in verbal fluency scores between
Norwegian and English. Regarding the cognitive
tasks, there were differences between younger and
older adults in reaction time on the Flanker task for
congruent trials, incongruent trials and for the global
reaction time (i.e., the mean reaction time from the
congruent and incongruent trials). In all cases, the
younger adults were faster than the older adults.
Finally, there were differences between the older and
younger participants on the Corsi forward and back-
ward span tasks, where the younger participants
remembered longer span sequences than the older
participants. There were no differences in years of
education, translation scores, word familiarity rating,
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Table 1 Participant
characteristics

Given that inferential

statistics is meant to infer
something about a specific

population, and not a

sample of that population,
the differences between
younger and older adults in
the current sample are
presented descriptively
rather than through testing
for significance between
groups (Sassenagen &

Alday, 2016)

Younger (n = 27)

Older (n = 17)

Mean (SD) Mean (SD)
Gender 19F: 8 M 11F:- 6 M
Age 26.81 (4.53) 64.41 (8.86)
Range 20-35 54-81
Education (years) 17.11 (2.48) 15.05 (6.72)
Range 13-24 10-28
L2 age of acquisition 6.40 (2.85) 10 (2.87)
Range 0-17 0-13
Self-rated proficiency (composite score, max 10) 8.32 (1.08) 7.21 (2.21)
Range 5-10 5-10
Translation (max 250) 170.74 (113.05) 191.94 (92.03)
Range 138-250 13-246
Familiarity rating (max 250) 234.7 (58.22) 210.82 (90.36)
Range 72-252 72-252
Verbal fluency English 43.22 (9.55) 39.02 (9.87)
Range 26-65 21-63
Verbal fluency Norwegian 51.64 (11.30) 53.7 (11.46)
Range 34-76 35-82
Verbal fluency difference Norwegian—English 8.42 (9.07) 14.67 (6.67)
Range —19-27 6-28
Digit span forward 5.55 (2.29) 6.23 (0.91)
Range 0-8 5-8
Digit span backwards 4.51 (2.22) 4.94 (1.59)
Range 0-8 3-8
Flanker congruent reaction time 383.03 ms (50.69) 481.35 ms (99.37)
Range 314-522 ms 384-727 ms
Flanker incongruent reaction time 462.05 ms (61.52) 574.63 ms (132.83)
Range 383-608 ms 441-880 ms
Flanker global reaction time 422.54 ms (54.95) 527.99 (112.84)
Range 348-562 ms 413-748 ms
Flanker effect 79.01 ms (25.10) 93.28 ms (64.11)
Range 41-134 ms 23-287 ms
Flanker SCE 2.23 (24) 2.60 (39.33)
Range —49-34 —71-76
Corsi forward span 6.74 (1.05) 5.05 (0.96)
Range 5-9 3-6
Corsi backwards span 6 (1.44) 4.76 (1.34)
Range 4-9 3-8

verbal fluency in English, verbal fluency in Norwe-
gian, or digit span tasks (forwards and backwards).
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Procedure

Participants were tested individually in two sessions of
about 1.5 h each. The sessions were administered on
two separate days; one day when all tasks were
completed in Norwegian and the other day when all
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tasks were completed in English. Each participant
completed a background questionnaire, the eye-track-
ing experiment (see Sect. “Eye-tracking experi-
ment”) in Norwegian and English, verbal fluency
tasks in each language and three cognitive tasks (digit
span tasks, Flanker and Corsi block tasks) (see
Sect. “Linguistic and cognitive tasks”). At the end
of the last session, participants completed a word
familiarity task and a translation task. Sessions were
audio- and video-recorded. The order of the cognitive
and linguistic tasks and language of administration
were counterbalanced across participants. On the days
with the Norwegian eye-tracking experiment, partic-
ipants performed the verbal fluency task in Norwe-
gian, the digit span tasks and either the Flanker or the
Corsi block task. On the day of the English eye-
tracking task, the participants completed the verbal
fluency task in English and either the Corsi block task
or the Flanker task depending on which they did not
complete during the Norwegian test session.

Tasks and materials
Eye-tracking experiment

Participants completed a visual world paradigm
experiment in which they were instructed to listen to
sentences and look at pictures on a computer screen.
Apart from this, there was no explicit task they needed
to perform. The stimuli were presented in a random
order, yielding a different order of presentation for
each participant. Each participant listened to a total of
72 experimental sentences after a calibration and
validation trial. They were given two short breaks after
approximately each third of the trials.

The auditory stimuli consisted of 36 sentences with
constraining verbs and 36 sentences with neutral
verbs, all in the present tense, each presented after an
introductory sentence (e.g., This is Anna. Anna eats
Mary’s pizza) in each language. (See Table 2 for
examples of the stimuli.). Verbs in any English-
Norwegian verb pair were of comparable frequency
and imageability. Frequency and imageability ratings
for Norwegian were taken from the database Norwe-
gian Words (Lind et al., 2015), English frequency data
came from the SUBTLEXus database (Brysbaert

et al., 2012) and imageability ratings in English were
obtained from the Glasgow norms (Scott et al., 2019).
Additionally, half of the verbs in each condition were
cognates (e.g., plants in English; planter in Norwe-
gian) and half of the target nouns in each condition
were cognates too (e.g., door in English; dgr in
Norwegian), yielding four categories of 18 verbs
(constraining-cognate; constraining-non-cognate;
neutral-cognate; neutral-non-cognate), and four cate-
gories of 18 nouns (constraining-cognate; constrain-
ing-non-cognate;  neutral-cognate;  neutral-non-
cognate); see Table 2.

Cognate  status was  established through
“Researcher Intuition”, following Strangmann et al.
(2023). Strangmann et al. (2023) compared three
different methods of cognateness evaluation: Leven-
shtein Distance, Translation Elicitation, and
Researcher Intuitions, and found moderate to high
correlation among them. We chose Researcher Intu-
ition since this is the only method assessing both form
and content overlap. Two of the authors (MN and
HGS), proficient Norwegian-English bilinguals, sep-
arately rated the degree of overlap of the word pairs on
a seven-point scale, 0 indicating no overlap and 6
indicating full overlap. The raters were in nearly full
agreement, and in the very few cases where the scores
differed (never by more than one point difference),
consensus was reached through discussion. Word pairs
were counted as non-cognates with a composite rating
of 0-1, and as cognates with a rating of 3-6. We did
not distinguish between identical and non-identical
cognates in this study, since there are very few
identical cognates between Norwegian and English
due to orthographic and morphological differences
between the languages. In our dataset, there are no
identical verbs, and only four identical nouns (pizza,
rose, pipe, glass), and among these two of them (rose,
pipe) are only orthographically identical.

The visual stimuli consisted of a set of three
pictures (one fixation picture, one target and one
distractor picture), which were introduced 1000 ms
before the onset of the spoken sentence. All pictures
were black and white line drawings presented on a
white background. Some of the drawings were created
by Marko Beli¢ for the Comprehensive Aphasia Test
(Swinburn et al., 2021), and others were from the
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Table 2 Example sentences

Norwegian

English

Constraining-cognate verb (n = 18)
Constraining-non-cognate verb (n = 18)
Neutral-cognate verb (n = 18)
Neutral-non-cognate verb (n = 18)
Constraining-cognate noun (n = 18)
Constraining-non-cognate noun (n = 18)
Neutral-cognate noun (n = 18)

Neutral-non-cognate noun (n = 18)

Anne PLANTER Maris tulipan
Anne MATER Maris papeggye
Anne LIKER Maris rose

Anne VELGER Maris genser
Anne drikker Maris KAFFE
Mari strikker Annes LUE
Anne finner Maris TE

Mari mgter Annes HEST

Mary PLANTS Anna’s tulip
Mary FEEDS Anna’s parrot
Anna LIKES Mary’s rose

Mary CHOOSES Anna’s sweater
Mary drinks Anna’s COFFEE
Anna knits Mary’s HAT

Mary finds Anna’s TEA

Anna meets Mary’s HORSE

MultiPic database (Duiiabeitia et al., 2018) and the
Clipart Library (www.clipart-library.com), with a free
for commercial use creative commons license. Pic-
tures of the 36 nouns were used in all conditions such
that each participant saw each picture twice as a target
(once following a constraining verb and once follow-
ing a neutral verb) and twice as a distractor across the
complete set of 72 trials, in each language. A picture of
the subject of the sentence, the fixation picture, (Anna/
Anne or Mary/Mari) was placed on the top middle of
the screen, and the target (e.g., ‘pizza’) and distractor
(e.g., ‘cup’) were placed under the fixation picture to
the left or right side of the screen. Half of the sentences
included a picture of ‘Anna/Anne’, and half a picture
of ‘Mary/Mari’ (see Fig. 1). The placement of the
target picture to the left or right was counterbalanced
across trials.

The stimuli were presented on a 22°° external
display (1920 x 1080 pixels). Participants were
seated between 50 and 70 cm from the screen. The
fixation images measured 800 x 800 pixels, and the
distractor and target images measured 1000 x 1000
pixels. These pictures also corresponded to the three
main areas of interest (Aol); fixation picture, target
and distractor. A fourth Aol, white space, was
assigned to the rest of the screen where no visual
stimuli was present.

The auditory stimuli were recorded by a Norwe-
gian—-English early simultaneous bilingual female
speaker with a Zoom Q2n recorder, with 48,000 Hz.
The stimuli were edited in Audacity version
2.2.2 (Audacity Team, 2018). A short pause (mean
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812 ms, SD 210 ms) was added after the context
sentence, to ensure that the verb onset was at exactly
3500 ms for all sentences. Another short pause (mean
564 ms, SD 143) was included after the verb, so the
noun onset was at 5300 ms (e.g., This is Anna. [pause]
Anna eats [pause] Mary’s pizza). The predictive
window is set between the onset of the verb and the
onset of the noun plus a 250 ms buffer, which
corresponds to the time it takes to launch a saccade
and land a fixation as a response to a stimulus, making
the length of the predictive window 2050 ms long. The
buffer was set at 250 ms, since the latency of saccadic
movements increases with age (Pelak, 2010). No
linguistic cues appeared during the predictive window
that could bias the participants to look towards either
of the pictures.

Auditory stimuli were presented through external
speakers, connected to the monitor. The experiment
was controlled and monitored from a laptop computer.
The procedure started with a five-point calibration and
validation of both eyes. If there was a deviance of
more than 0.5 degrees between calibration and vali-
dation, a second calibration was conducted. Each trial
was preceded by a fixation cross in the middle of the
screen. The fixation cross was left on the screen for
1000 ms before the experimental stimuli appeared.
The experimenter would manually move on to the next
trial after approximately 3 s.

Participants’ eye gaze from both eyes was mea-
sured with an SMI eye-tracker RED250MOBILE, a
remote eye-tracking device with a sampling rate of
250 Hz, i.e., approximately every 4 ms. We excluded
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Aol: Target/distractor
NG

Fig. 1 The visual display, with areas of interest

trials if participants indicated on the word familiarity
task that they did not know the meaning of the verb or
the noun in the sentence, and all trials where the
tracking ratio fell below 75% due to blinks, track
losses or gaze drifts off the screen. After cleaning the
data, an average number of approximately 35 analyz-
able trials were left per condition, per language and per
age group (Table 3).

Linguistic and cognitive tasks

The participants filled out a language background
questionnaire (language experience and proficiency
questionnaire (LEAP-Q) (Marian et al., 2007). They
also completed a five-part verbal fluency task in each
language: two category fluency (Animals; Verbs) and
three phonological fluency (FAS) (Spreen & Benton,
1969). In addition, participants completed three cog-
nitive tasks: a Flanker task (adapted from Eriksen &
Eriksen, 1974), a Corsi block task, forward and
backward (see Waris et al., 2015), and a digit span
task, forward and backward (Waris et al., 2015).
Finally, after completing the experiments, they were

Aol: Fixation picture

Aol: White space

Aol: Target/distractor

Table 3 Number of analyzable sentences per condition and
age

Constraining Non-constraining

Norwegian  English ~ Norwegian  English
Younger  35.14 35.7 36.3 344
Older 35.1 34.4 35.8 342

administered two lexical proficiency tasks in English.
First, a word familiarity rating, in which the partici-
pants indicated how well they knew the meaning of
each English word included in the stimulus sentences
on a four-point scale (I am confident that I know the
meaning of this word, I somewhat know the meaning
of this word, I am uncertain about the meaning, and
don’t know the meaning of this word). Second, the
participants performed a translation task, in which
they translated the same words as in the familiarity
task, in a random order, from English to Norwegian,
using a link to a web-based translation task. The online
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translation task was hosted on the eBabyLab platform
(Lo et al., 2023). The results from the online task were
stored anonymously on a secure University of Oslo
server.

Data analysis

A multilevel logistic regression (Barr, 2008) was fitted
to investigate whether there was a difference in
proportions of looks to the target image during the
predictive window, in L1 and L2 and between
conditions. Next, following Stone et al. (2021) we
conducted a divergence point analysis using a boot-
strapping approach for the eye-tracking data to
pinpoint the time when there is a sustained effect of
more looks to the target over the distractor (see section
Analysis of eye-tracking data). Furthermore, to inves-
tigate the effects of age, language proficiency and
cognition on predictive ability, correlation analyses
and a multiple linear regression analysis were con-
ducted (see section Analysis of cognitive and back-
ground variables).

Analysis of eye-tracking data

All analyses were performed in R 4.3. x 3 (R Core
Team, 2024), using RStudio, version 2024.04 (Posit
team, 2024). We used the following packages: boot
(Canty & Ripley, 2024; Davison & Hinkley, 1997) car
(Fox, 2019), corrplot (Wei & Simko, 2021), data.table
(Barrett et al., 2024), dtplyr (Wickham et al.,
2023a, 2023b), Hmisc (Harell, 2024), Ime4 (Bates
et al., 2015), progress (Csardi & FitzJohn, 2023),
psych (Revelle, 2024), R.utils (Bengtsson, 2023),
rmarkdown (Allaire et al., 2024), scales (Wickham
etal., 2023a, 2023b), pwr (Champely et al., 2022), and
tidyverse (Wickham et al., 2019).

Fixations to target were binary coded (1 = fixation,
0 = no fixation) for each Aol at each 4 ms sampling
interval and placed in 20 ms time bins. Predictive
ability was operationalized as the mean proportion of
fixations to the target Aol divided by the total number
of fixations to all Aols within the predictive window
(i.e., predictive looks) per participant (Mani & Huet-
tig, 2012). The proportion of predictive looks to the
target in the predictive window was used as the
dependent variable in the further analyses in the
regression models and the divergence point analysis.
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Similarly, the proportion of looks to the Distractor
image was calculated taking fixations to the distractor
Aol and dividing these by the total number of fixations
to all Aols within the predictive window. Proportions
of fixations convey the proportion of time the eye gaze
is stable in a given area on the screen, and is therefore
commonly employed in visual world paradigms (Ito &
Knoeferle, 2023).

In the bootstrapping function, the fixations to the
White Space and Fixation Picture Aols were removed,
and only fixations to the target or the distractor were
included for analysis. The divergence point, i.e., the
time point when participants fixated significantly more
to the target than to the distractor image, was identified
as the first series of 10 consecutive 20 ms time bins
(for a total of 200 ms) with a p value less than 0.05 on a
one-sided t-test. The test used the proportion of
fixations to the target image among the fixations to
either the target or distractor images, with a null
hypothesis that the proportion was less than or equal to
0.5. While Stone et al. (2021) test samples containing
the mean fixation proportion per participant within the
time bin, we test samples containing the mean fixation
proportion per trial within the time bin. This avoids an
unnecessary level of aggregation and increases the
statistical power. As individual observations within
the same time bin in the same trial are likely to be to
the same region, the sampled proportions will mostly
be 0 or 1. A binomial test would model these well, but
would not handle the minority of intermediate pro-
portions. As a consequence, they would have to be
rounded up or down, losing the differences between a
slight and full majority of looks to one region.
However, around the divergence point, the sample
mean, reflecting the probability of a fixation to the
target, will still be distributed around 0.5, where a
t-test approximates a binomial test well. A linear
model with weighted logits (Barr, 2008; Vanek et al.,
2024; Verissimo & Clahsen, 2014) is not recom-
mended for fitting models because it creates spurious
interactions (Donnelly & Verkeulen, 2017).The
results from the alternative binomial test and the
logistic regression with weighted logits in the boot-
strapping analysis, and corresponding time series
plots, can be found in Supplementary materials on
OSF: https://doi.org/10.17605/0SF.IO/VEMY4.

We then performed a bootstrapping analysis to
estimate the distribution of the statistical test results if
the experiment would be repeated several times; this


https://doi.org/10.17605/OSF.IO/VEMY4

J Cult Cogn Sci

means that an existing dataset is resampled to create
‘new’ datasets (Stone et al., 2021). We applied a non-
parametric bootstrap using stratified resampling with
replacements. To speed up the bootstrap, we used a
customized function, based on the boot function in
Canty & Ripley’s boot package (2024). The data were
resampled 2000 times in each analysis, maintaining
the same number of observations per participant per
time bin as in the original sample.

We performed three bootstrapped analyses; the first
investigated the divergence point differences between
younger and older participants in both L1 and L2; the
second investigated the differences in divergence
points between older and younger adults to sentences
in L1 and L2 containing verbs that are cognates and
non-cognates between the two languages, and finally,
the third bootstrapping analysis investigated the
difference in divergence points between older and
younger adults on sentences where the target nouns
were cognates and non-cognates between Norwegian
and English.

Analysis of cognitive and background variables

The language proficiency measures consisted of a (1)
composite score for the self-rated proficiency mea-
sures (speaking, comprehension and reading) from the
LEAP-Q; (2) phonological verbal fluency (in each
language); (3) category fluency (in each language); (4)
a difference score between the verbal fluency com-
posite score (phonological plus category) between L1
and L2; (5) the raw scores from the translation task
(max. 250 points); and (6) the word familiarity rating
(max. 250 points). Accuracy scores on the Corsi block
task and digit span tasks (forward and backward) were
included as measures of working memory, whereas the
Flanker effect (difference between incongruent and
congruent trials) was used to measure inhibition, and
the Flanker sequential congruency effect (SCE) was
included to measure conflict adaptation. The SCE
score assumes that there is a smaller congruency effect
between two incongruent trials than two congruent
trials (Grundy, 2022). Mean reaction time on the
congruent and incongruent trials in the Flanker tasks
were recorded as a proxy for processing speed.

We first ran correlation analyses separately on the
Norwegian and the English data to explore the
relationship between the proportion of predictive
looks to target and the cognitive and linguistic

background measures. The subtasks from each cogni-
tive and linguistic task that correlated best (r > 0.3
and p < 0.05) with the proportion of predictive looks
to target during the predictive window on the
sentences with constraining verbs (namely, the digit
span backwards and the Flanker effect, and the
category fluency for prediction in Norwegian; and
the same plus verbal fluency difference, word famil-
iarity and self-rated proficiency for prediction in
English), were included in a multiple linear regression
analysis to investigate the effect of cognitive and
language functioning on predictive abilities in L1 and
L2.

We fitted the first multiple linear regression model
using the proportion of predictive looks as our
response variable, and age, digit span backward,
Flanker effect and category fluency scores in Norwe-
gian as potential predictor variables for the Norwegian
model.

For the second model, for prediction in English, the
predictor variables in the model were age, digit span
backward, Flanker effect, category fluency scores in
English, as well as the difference in total verbal
fluency scores between Norwegian and English, word
familiarity and self-rated proficiency.

Results
Eye-tracking results

Difference in proportion of looks within the predictive
window per condition and language

Predictive processing was analyzed by means of a
multilevel logistic regression analysis (Barr, 2008;
Garrido Rodriguez, 2023) with fixations to the target
within the predictive window as the dependent vari-
able, and condition (neutral vs. constraining verbs),
language (L1/Norwegian vs. L2/English) and partic-
ipant as random intercepts. There was a significant
difference in the proportion of looks to target images
between conditions (neutral vs. constraining) and
language (Table 4), indicating more predictive looks
to the target in the constraining condition than in the
neutral condition.
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Divergence point analysis for sentences
with constraining verbs

In the following parts, the divergence points for the
sentences with constraining verbs are reported. The
divergence point indicates when there is a sustained
effect of more looks to the target over the distractor.
Since the sentences with neutral verbs do not contain
any predictive information, it is not expected that the
divergence point for these sentences will fall within
the predictive window. The divergence point for the
sentences with neutral verbs are only reported to show
that there are no predictive looks in sentences with
non-constraining verbs. All time values are millisec-
onds from the beginning of the predictive window
(verb onset, not trial onset). The predictive window is
therefore from O to 2050 ms.

Results from the bootstrapped divergence point
analysis between younger and older participants are
shown in Table 5 for all sentences with constraining
and non-constraining verbs. For the sentences with
constraining verbs, the younger participants fixated
significantly more to the target than to the distractor at
1184 ms after the verb onset in L1 (with 95%
confidence interval (CI) [1140, 1240 ms]), and 1188
(95% CI [1160, 1240 ms]) ms after the verb onset in
L2. The divergence point for the older participants was
1495 ms after the verb onset for L1 (95% CI [1320,
1580 ms]) and 1635 ms after the verb onset for L2
(95% CI [1500, 1780 ms]). For both age groups the
average divergence points are within the predictive
window for sentences with constraining verbs. Fixa-
tion curves of the proportion of looks and the
divergence points for the sentences with constraining
verbs are presented in Fig. 2. For sentences with non-
constraining verbs, all divergence points were outside
of the predictive window, see Table 5.

The difference between younger and older partic-
ipants on sentences with constraining verbs in the L1

Table 4 Results from the multiple regression model for pre-
dictive looks between conditions and languages

Estimate sd z-value p-value
Intercept —1.11 0.17 -6.31 < 0.001***
Language —0.19 0.06 -2.87 0.004%%*
Condition —-0.87 0.06 -12.82 < 0.001***

“indicates a p-value between 0.05 — 0.001, and *“a p-value
< 0.001

@ Springer

was 312 ms (95% CI [140, 420 ms]) from the verb
onset and 447 ms (95% CI [320, 600 ms]) from verb
onset in L2, indicating a faster detection of the Target
image for the younger participants in both languages.
There was no difference in the time to fixate on the
Target between L1 and L2 for the younger (5 ms; 95%
CI [-60, 80]) nor the older (140 ms; 95% CI [-20, 340])
participants. Figure 3 shows the histogram and 95%
CI for the difference in divergence points between
trials in the L1 versus L2 for the older and younger
participants.

For the sentences with neutral verbs, all participants
showed preferential looking patterns; that is, more
looks to the target relative to the distractor image, after
the predictive window. This was true in both the L1
and the L2 condition. This was expected, since there
are no linguistic cues that can aid prediction in these
sentences, and these sentences served as a manipula-
tion check to establish that the neutral verbs were in
fact not providing prediction cues.

Divergence point analysis for sentences with cognate
and non-cognate verbs and nouns

As shown in Table 6, the divergence point for
sentences with cognate verbs collapsed across trials
in both languages was at 1154 ms after the verb onset
for the younger participants (95% CI [1120, 1200 ms])
and 1619 ms after the verb onset for the older
participants (95% CI [1540, 1780 ms]). For sentences
with non-cognate verbs, the divergence point for the
younger participants was 1224 ms after the onset of
the verb (95% CI [1180, 1260 ms]), and for the older
1462 ms after the onset of the verb (95% CI [1360,
1580 ms]). The fixation curves for sentences with
cognate and non-cognate verbs are presented in Fig. 4.

The mean difference in the onset of the divergence
points between the younger and older participants on
sentences with verbs that are cognates in both
languages was 466 ms, 95% CI [380, 620] ms, and
239 ms, 95% CI [120, 360] ms for non-cognate verbs.
These differences are reliable (Fig. 5), indicating that
the younger adults predict faster than the older adults
when the sentences contain cognate as well as non-
cognate verbs. There was a significant difference in
prediction between cognate and non-cognate verbs for
the younger adults (70 ms; 95% CI [20, 120] ms), but
not for the older participants (-157 ms; (95% CI
[—340, —0.5]).
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Table 5 Bootstrapped divergence points between older and younger participants, for sentences with constraining and non-con-
straining verbs in each language (2000 iterations). The predictive window is set between 0 and 2050 ms

Constraining Non-constraining

L1(Norwegian) L2 (English) L1 (Norwegian) L2 (English)
Younger 1184 ms 1188 ms 2153 ms 2160 ms
95% CI 1140-1240 ms 1160-1240 ms 2120-2180 ms 2120-2200 ms
Older 1495 ms 1635 ms 2254 ms 2300 ms
95% CI 1320-1580 ms 1500-1780 ms 2220-2280 ms 2260-2340 ms

Prediction in Norwegian (L1) and English (L2) for the younger vs. older participants - Constraining trials
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Fig. 2 Fixation curves (proportions of looks to target and
distractor) for trials with constraining sentences, in L1 and L2
for younger and older participants. The black dot represents the
mean divergence point, and the error bars the 95% confidence
intervals (CI) for each group. The shaded area around the
fixation curves represents the 95% CI of the non-bootstrapped

For sentences with cognate nouns in the two
languages, the divergence point for the younger
participants was at 1130 ms (95% CI between
[10810,1180]) after the verb onset and at 1244 ms
(95% CI [1200,1280]) after the verb onset for non-
cognate nouns, indicating a faster time to detect the
target when the nouns were cognates in Norwegian
and English. Similarly, the older adults fixated

fixation time-series. The timeline has been recentered to start at
the beginning of the predictive window (0 ms), which corre-
sponds to the verb onset. The noun onset is at 1800 ms in all
trials, and the predictive window offset is at 2050 ms, allowing
for a 250 ms buffer after the noun onset. Proportions of looks to
the fixation picture and white space are not plotted

significantly more on the target than on the distractor
at 1342 ms (95% CI [1280,1480]) after the onset of
the verb for cognate nouns and at 1661 ms (95% CI
[1580,1820]) after the verb onset for sentences with
non-cognate nouns (Fig. 6).

The mean difference in divergence points between
the younger and older participants on sentences with
cognate nouns was 212 ms, 95% CI [120, 360] ms, and
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Fig. 3 Bootstrapped divergence point differences between L1
and L2 for younger and older adults. The figure shows the
histogram, mean and confidence intervals from the bootstrap, as
well as the mean in the original sample (vertical dotted line). In

both cases, the confidence intervals include 0O, indicating that
there is not a reliable difference between the time it takes to
detect the target across languages

Table 6 Bootstrapped divergence points between older and younger participants, for cognate and non-cognate verbs and nouns

(2000 iterations)

Verb characteristics

Noun characteristics

Cognate Non-cognate Cognate Non-cognate
Younger 1154 ms 1224 ms 1130 ms 1244 ms
95% CI 1120-1200 ms 1180-1260 ms 1081-1180 ms 1200-1280 ms
Older 1619 ms 1462 ms 1342 ms 1661 ms
95% C1 1540-1780 ms 1360-1580 ms 1280-1480 ms 1580-1820 ms

417 ms, 95% CI [320, 580] ms for non-cognate nouns.
These differences (Fig. 7) are reliable, indicating a
cognate facilitation effect for nouns, in that both
younger and older participants fixate more quickly on
the target image when the noun is a cognate between
English and Norwegian, than when it is a non-cognate.
For both the younger and older adults there was a
reliable difference in the time it took to detect the
cognate noun (younger: 114 ms with the 95% CI [60,
180]; older: 319 ms, with the 95% CI [160, 500]) over
the non-cognate noun.

Influence of age, education, language proficiency
and working memory on predictive ability

Descriptive results from the cognitive and language
tasks were presented in Table 1. To explore if there
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were any correlations between predictive ability and
language or cognitive factors, and between the differ-
ent background measures, we ran Pearson correlations
as exploratory analyses separately for the sentences
with constraining verbs in each language. Given the
small sample size of our study, we performed a power-
determination analysis and an effect-size sensitivity
analysis, with the pwr package (Champely et al.,
2022), post hoc, to estimate the power of our sample
and the smallest effect size that can be detected from
the reported sample size. Given a sample size of
N = 44, an expected medium effect size (r = 0.5) and
a significance level at 0.05, the power-determination
analysis gives an estimated power of 0.94. The effect-
size sensitivity analysis assumes that with a power
level of 0.80, the sample size N = 44, and a signifi-
cance level of 0.05, the smallest effect size that can be



J Cult Cogn Sci

Prediction for the younger vs. older participants - Cognate vs. non-cognate verbs
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Fig. 4 Fixation curves (proportion of looks to the target and
distractor images) for the differences between cognate and non-
cognate verbs for the younger and older participants. The black
dot represents the mean divergence point, and the error bars the
95% confidence intervals (CI) for each group. The shaded area
around the fixation curves represents the 95% CI of the non-
bootstrapped fixation time-series. The timeline has been

reliably detected is r = 0.4 which corresponds to a
medium effect size.

For prediction ability in both languages, there was a
moderate, negative correlation between the Flanker
effect and predictive looks; r(42) = —0.42, p = 0.004
for Norwegian and r(42) = —0.34, p =0.02 for
English. Prediction ability in English was negatively
correlated with age (r (42) —0.32, p = 0.03). Further-
more, there was a moderate positive correlation
between age and the difference in verbal fluency
scores between L1 and L2 (r(42) = 0.35, p = 0.01).

Figure 8 shows the correlations between predictive
looks and linguistic and cognitive tests in Norwegian
(above) and English (below).

Next, we fitted two multiple linear regressions, with
results from the cognitive and linguistic background
tests as predictor variables, to see whether linguistic or
cognitive factors predicted prediction ability.

recentered to start at the beginning of the predictive window
(0 ms), which corresponds to the verb onset. The noun onset is at
1800 ms in all trials, and the predictive window offset is at
2050 ms, allowing for a 250 ms buffer after the noun onset.
Proportions of looks to the fixation picture and white space are
not plotted

The model for predictive ability in Norwegian
(predictive  looks ~ age + digit span  back-
wards + Flanker effect 4 category fluency) revealed
a significant relationship between the Flanker effect
and the proportion of predictive looks (R? = —0.001,
p = 0.02), meaning that the participants who had a
smaller Flanker effect showed more predictive looks
to the target. The full results from the regression
analysis can be found in Table 7.

Multicollinearity in the model was explored by
calculating the variance inflation factor (VIF) between
the different variables in the model. All VIFs were
below 2.5, which is often considered a reliable cut-off
value (Johnston et al., 2017): age = 1.05, Digit span
backwards = 1.04, Flanker effect = 1.12, Norwegian
category fluency = 1.08.

In the English model (predictive looks ~ age +

digit span backwards + Flanker effect 4+ category
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Fig. 5 Bootstrapped divergence point differences between
sentences with cognate and non-cognate verbs for younger
and older adults in both languages. The figure shows the
histogram, mean and confidence intervals from the bootstrap, as
well as the mean in the original sample (vertical dotted line). For

fluency + verbal fluency difference + word familiar-
ity + self-rated proficiency), only age was a signifi-
cant predictor of prediction ability (R® = —0.003,
p = 0.01), meaning that the younger participants had
more predictive looks to the target image than the
older participants. The full results of the regression
model can be found in Table 8.

We tested for multicollinearity in the model, by
examining the VIF between variables. All variables in
the model had a VIF below 2.5: age = 1.48, digit span
backwards = 1.41, Flanker effect = 1.11, verbal flu-
ency difference between Norwegian and English =

1.37, English category fluency = 1.62, word famil-
iarity = 1.03, Self-rated proficiency = 1.20.

Discussion

We conducted an eye-tracking experiment with Nor-
wegian-English bilingual younger and older adult
participants to examine whether bilingual people
predict upcoming information during a sentence
listening task. Specifically, we asked whether bilin-
gual participants predicted in both their L1 and their
L2, whether there was an age-related difference in
predicting abilities, whether individual differences,
including language proficiency and working memory
abilities, interacted with prediction behavior, and
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the younger, the confidence intervals do not include 0, indicating
that there is a reliable difference between the timing to detect the
target across languages. In the case of the older adults, the
confidence intervals range from -340 to -0.5, thus barely inside
of 0

whether cognate status of the verb or of the target
noun had an effect on prediction. We address our
findings with respect to our research questions and the
published literature.

Prediction and bilingualism

Our results revealed that the participants in this study
predicted upcoming nouns in sentences with con-
straining verbs in both Norwegian and English. There
was no difference between the prediction behavior of
the participants when listening to sentences in their L1
(Norwegian) versus in their L2 (English). This finding
is consistent with several studies that showed predic-
tive looks when participants engaged in an eye-
tracking experiment in their L2 (Dijkgraaf et al.,
2017, 2019). Our findings diverge from the findings of
slower or differential prediction patterns in the L2
reported in several studies (e.g., Hopp, 2015; Lew-
Williams & Fernald, 2010). Differences across studies
could be related to the predictive cues utilized, for
example, grammatical or morphological (gender,
case) versus semantic cues. The results of our study,
which focused on semantic cues, align with those
found in previous studies using semantic cues (e.g.,
Dijkgraaf et al., 2017).

In summary, the answer to our first research
question is that our participants, who were highly
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Prediction for the younger vs. older participants - Cognate vs. non-cognate nouns
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Fig. 6 Fixation curves (proportion of looks to the target and
distractor images) for the differences between cognate and non-
cognate nouns for the younger and older participants. The black
dot represents the mean divergence point, and the error bars the
95% confidence intervals (CI) for each group. The shaded area
around the fixation curves represents the 95% CI of the non-
bootstrapped fixation time-series. The timeline has been

proficient bilingual people, predicted upcoming nouns
following constraining verbs, in both their L1 and L2.

Prediction and aging

Our comparisons of younger and older participant
groups revealed a reliable difference between them:
while both younger and older participants looked to
the target within the predictive window, the older
adults did so later than the younger adults. That is, they
showed the expected looking patterns but were slower
to fixate on the target noun compared to the younger
adults. This was true for performance in both the L1
and L2, a finding that has not been reported in previous
studies. Our results are consistent with those of
Federmeier et al. (2002) who reported less efficient
sentence processing by older adults compared to
younger adults. Our results are inconsistent with the

recentered to start at the beginning of the predictive window
(0 ms), which corresponds to the verb onset. The noun onset is at
1800 ms in all trials, and the predictive window offset is at
2050 ms, allowing for a 250 ms buffer after the noun onset.
Proportions of looks to the fixation picture and white space are
not plotted

hypothesis that older adults rely more on top-down
processing and thus should show better prediction
performance (Federmeier et al., 2010).

Thus, the answer to our second research question is
that age affects performance, with older adults looking
to the target later than younger adults, but that older
adults, like their younger peers, use the constraining
information to predict upcoming information in the
sentence.

Effects of language proficiency and cognitive
abilities

It has been suggested that language proficiency can
account for some inconsistent results reported in the
literature regarding prediction performance in partic-
ipants’ L2, in accordance with the RAGE hypothesis
(Griiter et al., 2014). For example, several studies that
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Fig. 7 Bootstrapped divergence point differences between
sentences with cognate and non-cognate nouns for younger
and older adults. The figure shows the histogram, mean and
confidence intervals from the bootstrap, as well as the mean in

reported divergent prediction performance between
L1 and L2 speakers included learners of an L2 as their
participants, whereas studies that found no differences
between native and non-native prediction abilities
involved highly proficient bilingual individuals (e.g.,
Griiter et al., 2012; Perdomo & Kaan, 2021). The
participants in our study were highly proficient in both
their languages. Moreover, we confirmed that the
participants were familiar with the words we used in
the experiment, whereas previous studies did not
always report whether the participants knew the
critical words.

Lexical knowledge has been suggested to underlie
prediction abilities (e.g., Peters et al., 2018). One
hypothesis, the “prediction by production” hypothe-
sis, presented by Pickering and Gambi (2018),
suggests that an efficient way to predict upcoming
information is by constructing the communicative
intention of the speaker. To do so, listeners engage
their own language production system. Pickering and
Gambi (2018) cite evidence that the production system
is engaged during prediction in comprehension exper-
iments. In their review paper, Pickering and Gambi
(2018) go on to suggest that in certain cases, prediction
does not engage production processing, for example,
in the case of L2 speakers. This may be due to
insufficient proficiency in the languages in which

@ Springer

the original sample (vertical dotted line). In both cases, the
confidence intervals do not include 0, indicating that there is a
reliable difference between the timing to detect the target across
languages

comprehension and prediction are tested, and may lead
to less efficient prediction.

Similarly, several studies found a relationship
between vocabulary scores and markers of prediction
(e.g., Borovsky et al., 2012; Federmeier et al., 2002;
Rommers et al., 2015). However, not all studies found
such a relationship with vocabulary; for example,
Dijkgraaf et al. (2017) did not find a relationship
between predictive ability and vocabulary scores of
their L2 listeners, but they argued that the vocabulary
test they used (LexTALE; Lemhdfer & Broersma,
2012) might not have been sensitive enough to show
variation in vocabulary scores. We measured lexical
abilities in L2 via a translation task, verbal fluency
tasks, and self-rated proficiency. In line with previous
studies that did not find a robust relationship between
language proficiency measures and prediction behav-
ior (Corps et al., 2023; see Schlenter, 2023), we did not
find participants’ L2 proficiency to predict behavior
during L2 processing. Recall, however, that all our
participants were highly proficient. Results might be
different when including participants with more
variation in their L2 proficiency.

As discussed in previous studies, it is possible that
cognitive abilities, reported to decline in older age,
account for the differences in performance between
the younger and older participants. Our results
demonstrated that although working memory (WM)
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Table 7 Results from the regression model for predictive looks and cognitive and linguistic background measures in L1
Estimate sd t-value p-value
Intercept 0.38 0.14 2.58 0.01%*
Age < -0.001 0.001 —0.55 0.57
Digit span backwards <-0.001 0.01 0.09 0.92
Flanker effect —0.001 < 0.001 —2.24 0.02%*
Category fluency Norwegian 0.001 0.002 0.95 0.34

“Indicates the significance level (p < 0.05)
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Table 8 Results from the

‘ Estimate sd t-value p-value
regression model for
predictive looks and Intercept 0.63 0.30 2.08 0.04*
cognitive and linguistic Age —0.003 0.001 —2.52 0.01%
background measures in L2
Digit span backwards 0.007 0.01 0.64 0.52
Flanker effect < -0.001 < 0.001 —1.44 0.15
Verbal fluency difference 0.003 0.003 1.16 0.25
Category fluency english —0.001 0.002 —0.36 0.71
. Word familiarity < 0.001 < 0.001 0.99 0.32
Indicates the significance Self-rated fluency ~0.03 0.02 ~1.63 0.11

level (p < 0.05)

abilities (as measured by the Corsi block test and by a
digit span task) correlated with predictive looks to the
targets, none of the WM measures we used predicted
behavior in the regression analyses. This result
contrasts with previous reports (e.g., Li & Qu, 2024),
although those studies examined performance in
younger, not older, adults. In contrast, we found that
our inhibition measure, the Flanker test, predicted the
eye-tracking results, though only in participants’ L1.
These results are consistent with the findings reported
in Ito et al. (2018), albeit for a somewhat different
cognitive measure. Because we found an age effect in
participants’ L2 performance and because age corre-
lated with the Flanker effect, it is possible that the
relationship was masked in the L2 analysis. Age also
correlated with WM, which could have prevented WM
to emerge as a predictive variable in the regressions.

Age-related slow speed of processing has been
suggested to account for cognitive performance
differences between younger and older adults (e.g.,
Huettig & Janse, 2016; Salthouse, 1991), and could
have explained the finding of later divergent points for
the older compared to the younger adults in our study.
However, our measure of processing speed (reaction
time in the Flanker task) did not correlate strongly with
predictive looks and thus was not included in our
regression analyses. We note that the cognitive
measures used here may not capture all potential
cognitive changes associated with age and also that
there was variability among the older participants’
performance. Future studies can further explore the
interrelation among measures of inhibition, WM, and
speed, and their relation to prediction behavior.

In summary, in response to our third research
question about the roles of language proficiency and
cognitive abilities in prediction, for highly proficient
bilingual people prediction processes may be similar
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in both their languages. As for cognitive abilities, of
the measures used in this study, only the task
associated with inhibition skills predicted the eye-
tracking results, and only in participants’ first
language.

Effects of cognate status of the stimuli

Because cognates arguably have stronger lexical
representations than non-cognates (e.g., Dijkstra
et al., 2010), due to their shared form and meaning,
we hypothesized a cognate facilitation effect in
prediction in our bilingual participants. For both older
and younger participants we found faster prediction in
sentences with cognate than non-cognate nouns. The
cognate facilitation effect for nouns is in line with the
few existing prediction studies involving cognates
(e.g., Duycketal., 2007; Schwartz & Kroll, 2006). The
younger adults were also faster to predict in sentences
with cognate verbs than with non-cognate verbs.
However, this effect is smaller than the cognate effect
for nouns. We found no cognate facilitation effect for
verbs for the older participants. These results align
with the findings by Van Assche et al. (2013), who
found weaker cognate facilitation effects in verbs than
in nouns, and argued that weaker cognate effects may
be attributed to a more demanding processing of verbs
than nouns due to semantic, syntactic and morpho-
logical differences between the two word classes.
However, our results are not completely compatible
with those of Van Assche et al. (2013), since in their
study the verb was the target to be predicted, and the
eye tracking tasks are not quite comparable.

Indeed, another reason for the different results for
verbs and nouns can be found in the different roles of
the two word classes in our study: the verbs functioned
as cues to prediction, whereas the nouns were the
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words to be predicted. Thus, the verb was actually
heard by the participants before prediction took place,
already facilitating access, so here the cognate status
might play a lesser role. The noun, on the other hand,
was not heard within the predictive window, and a
stronger lexical representation would have a more
important role in contributing to prediction.

In summary, in response to our fourth research
question, form and meaning similarities between the
to-be-predicted nouns facilitated the prediction pro-
cess, but for the cognate verbs functioning as a cue, the
facilitation effect was smaller and limited to the
younger age group.

Limitations and future directions

Our study is limited by the modest sample size,
especially among the older adults. The low degree of
prediction found for the older participants should be
interpreted with caution, and further studies are
needed to explore the effects of aging on linguistically
mediated prediction. Great variation has been reported
for older adults and for bilingual adults in cognitive
test performance (e.g., Sliwinski & Buschke, 2004),
which may limit the generalizability of our current
findings. Future studies with additional participants
are needed to corroborate our results. In addition,
investigating prediction performance across varying
language combinations among bilingual people will
further our understanding of prediction behavior. For
example, varying predictive cues (grammar-based
cue, semantic cue) may weigh differently across
languages and similarities and differences in such
cues between the two languages of bilingual people
can affect predictive behavior in their L2.

Analyzing eye tracking data with a divergence
point analysis with bootstrapping can give reliable
information about when people look at different
images on a screen. While building our bootstrapping
statistic function, three different base tests were
considered, and we chose a t-test to compare sample
means over binomial tests and linear regressions with
weighted logits. Future studies could provide further
insight into the type of test that is best suited for eye-
tracking data when building a bootstrapping model.

Furthermore, we found a cognate effect for nouns,
but for verbs, only for the younger participants. While
these results are somewhat in line with the few earlier
studies documenting cognate facilitation in prediction

among bilingual people (e.g., Duyck et al., 2007; Van
Assche et al., 2013), this aspect of prediction merits
further investigation. For instance, looking at cog-
nateness as a continuous variable to identify differ-
ences between different degrees of cognateness may
be a way forward.

Finally, not all of our participants completed the
online translation task (eight younger and three older
adults did not), which may be considered our more
objective measure of language proficiency. Neverthe-
less, our participant sample was characterized by high
L2 proficiency. As discussed above, proficiency level
variation can potentially account for inconsistencies in
the literature on prediction behavior in bilingual
people. Additional studies could contribute to the
unpacking of language proficiency effects on bilingual
language prediction processes.

Conclusion

This study utilized eye-tracking experiments to exam-
ine semantically based prediction behavior of younger
and older highly proficient Norwegian-English bilin-
gual people in both their languages. The results
highlight equal prediction abilities in the first and
second languages for both younger and older partic-
ipants, suggesting that bilingual people do predict
upcoming semantic information when listening to
sentences in both their L1 and L2. Older adults were
slower than younger adults, as they looked to the target
images towards the end of the predictive window.
Language proficiency did not explain performance,
and cognate status did so only partly, though we note
that these null effects may stem from limited variabil-
ity on the proficiency measures in the current sample
and/or low power. Future studies examining other
language pairs and differing proficiency levels, as well
as different word classes and other constraining
linguistic information, will complement the current
findings.
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