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ABSTRACT

In current theories of language comprehension, people routinely arditipplredict
upcoming words by pre-activating their meaning, morpho-syntactic featuresemntheir
specific phonological form. To date the strongest evidence for phonologidaitpme comes
from a landmark 2005 Nature Neuroscience publication by Delong, Urbachutasl Kho
observed a graded modulation of electrical brain potentials (N400) ts aodrpreceding
articles by the probability that people use a word to continugetitence fragment (‘cloze’).
In a direct replication study spanning 9 laboratories (N=334), we failed toatpthe crucial
article-elicited N400 modulation by cloze, while we successfullijja&ied the commonly-
reported noun-elicited N400 modulation. We observed this patternwifaihd success in a
pre-registered replication analysis, a pre-registered single-trigsamand exploratory
Bayesian analyses. Contra the strong prediction view in which pemyirely pre-activate
the phonological word-form, our results suggest a more limited role for pogditiiring

language comprehension.
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INTRODUCTION

In the last decades, the idea that people routinely and impficébict upcoming
words during language comprehension turned from a highly controversial hypotheas
widely accepted assumption. Initial objections to prediction in laggwaere based on a lack
of empirical support (e.g., Zwitserlood, 1989), incompatibility with tradititagtom-up
modelsand contemporary interactive models of language comprehensgorKatsch,
1988; Marslen-Wilson & Tyler, 1988), and the putedifutility of prediction in a generative
system where sentences can continue in infinitely many different wagise(off, 2002).
Current theories of language comprehension, however, reject suchartgestd posit
prediction as an integral and inevitable mechanism by which comiehgmoceeds
quickly and incrementally (e.g., Altmann & Mirkovic, 2009; Dell & Chang, 2014; étiog
& Garrod, 2013). Prediction, i.e., context-based pre-activation of an upcomingtiogui
input, is thought to occur at all levels of linguistic represamaemantic, morpho-syntactic
and phonological/orthographic) and serves to facilitate the integiatioewly available
bottom-up information into the unfolding sentence- or discourse-repa¢isentn this line of
thought, language is yet another domain in which the brain acts as aipregiathire
(Clark, 2013; Van Berkum, 2010; see also Friston, 2005, 2010; Summerfield & De Lange,
2014), hard-wired to continuously match sensory inputs with top-dgrammatical or
probabilistic expectations based on context and memory.

What promoted linguistic prediction from outlandish and deeplyecdiaius to
ubiquitous and somewhat anodyne? One of the key and most compitieg pf empirical

evidence for linguistic prediction to date comes from a landmarnkrBldeuroscience

publication by DeLong, Urbach and Kutas (2005), whose approach exploited a phonological

rule of English whereby the indefinite article is realized as a betorsonant-initial words

and as an before vowel-initial words. In their experiment, participastissentences of
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varying degree of contextual constraint that led to expectations foti@upa consonant- or
vowel-initial noun This expectation was operationalized as a word’s cloze probability
(cloze), calculated in a separate, non-speeded sentence completiantteskercentage of
continuations of a sentence fragment with that word (Taylor, 1953). Fopéxatire
sentence fragmefiThe day was breezy so the boy went outside to fly...” is continued with

‘a’ by 86% of participants, and ‘‘The day was breezy so the boy went outside to fly a..”, it is
continued with ‘kite’ by 89% of participants. In the main experiment, wbsaword sentence
presentation enabled DeLong and colleagues to examine electricaadiraity elicited by
articles that were concordant with the highly expected but yet unseen noun (‘a’, followed by
‘kite’), or by articles that were incompatible with the highly expected noun and heralded a

less expected one (‘an’, followed by‘airplane’). The dependent measure was the amplitude of
the N400 event-related potential (ERP), a negative ERP deflection that paakscanately
400 ms after word onset and is maximal at centroparietal electrodes &ttillyard,
1980). The N400 is elicited by every word of an unfolding sentence and its amsitud
smaller (less negative) with increasing ease of semantic proc@sstag & Hillyard, 1984).
DelLong et al. found that the N400 amplitude for a given word decreasedradiarf of
increasing cloze probability, both for nouns and, critically afticles. The systematic,
graded N400 modulation by article-cloze was taken as strong evidence ticgtqoaet

activated the nouns in advance of their appearance, and that the disatorirof this

Ln this article, we use "N400 amplitude" as a shorthand for "ERP amplituble fime
window associated with the N400"; this ERP amplitude is actaadlym of the N400 ERP
component and other ERP components (reflecting other aspects diamgghat overlap

with it in time and space.
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prediction by the less-expected articles resulted in processing diffibigher N400
amplitude at the article

The results obtained with this elegant design warranted a much strongkerseon
than related results available at the time. Previous studies thiatyewcha visual-world
paradigm had revealed listeners’ anticipatory eye-movements towards visual objects oa th
basis of probabilistic or grammatical considerations (e.g., Altmannr&ide 1999).
However, predictions in such studies are scaffolded onto already-dailaal context, and
therefore do not measure purely pre-activation, but perhaps re-activation of word irdormati
previously activated by the visual object itself (Huettig, 2015). DeLong arehgoiés
examined brain responses to information associated with conceptetbatot pre-specified
and had to be retrieved from lomgim memory ‘on-the-fly’. Furthermore, DeL.ong and
colleagues were the first to muster evidence for highly specifiagieation of a word’s
phonological form, rather than merely its semantic (e.g., Federmeier & Kutas,at999)
morpho-syntactic features (e.g., Van Berkum, Brown, Zwitserlood, Kooijmaagbbtt,
2005; Wicha, Moreno & Kutas, 2004). Crucially, as their demonstration involved
semantically identical articles (function words) rather than nounsjectaes (content
words) that are rich in meaning, the observed N400 modulation by atbzkeis unlikely to
reflect difficulty interpreting the articles themselves. Most notabglong and colleagues
were the first to examine brain activity elicited by a range of markese-predictable
articles, not simply mostrersus least-expected. Based on the observed correlation, they
argued that pre-activation is not alktnone and limited to highly constraining contexts, but
occurs in a graded, probabilistic fashion, with the strength of a word pretarti
proportional to its cloze probability. Moreover, they concluded that grediis an integral
part of real-time language processing and, most likely, a mechanigmoflling the

comprehension system to keep up with the rapid pace of natural language.
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DeLong et al.’s study has had an immense impact on psycholinguistics,

neurolinguistics and beyond. It is cited by authoritative reviews (e.g.aAln& Mirkovic,

2009; Hagoort, 2017; Lau, Phillips & Poeppel, 2008; Pickering & Clark, 2014; Pickering &

Garrod, 200Yas delivering decisive evidence for probabilistic prediction of words gllupa
to their phonological form. Moreover, as a demonstration of pre-activatidmobjogical
form (sound) during reading, it is often cited as evidence for ‘prediction through prodction’
(e.g., Pickering & Garrod, 2013), the hypothesis that linguistic predictierimaticitly
generated by the language production system. To date, DeLong et al. hasdradetal of
735 citations (Google Scholar), averaging to more than 1 citation peroveethe past
decade, with an increasing number of citations in each subsequent ye@sdltealso
played an important role in settling an ongoing debate in the némosmf language. It
provided the clearest evidence that the N400 component, which for 25 ye drseimetaken
to directly index the highevel compositional processes by which people integrate a word’s
meaning with its context (Brown & Hagoort, 1993; Chwilla, Brown & Hagoort, 1995;
Connolly & Phillips, 1994; Friederici, Steinhauer & Frisch, 1999; Van Berkum, Hagoort
Brown, 1999; Van Petten, Coulson, Rubin, Plante, & Parks, 1999), actuallyee fiewnt-
compositional processes by which word information is accessed ast@ifuof context.

But how robust are gradient effects of form prediction? In over a decadeghat ha
passed since the publication by DeLong and colleagues, there is ptilblghed study that
directly replicates their graded pattern of results (for an owergee Ito, Martin &

Nieuwland, 2017b). An alternative analysis of the same data bythers did not yield a

statisticaly significant result (DeLong, 2009), but was not mentioned in the published.report

In at least three other unpublished data sets (DeLong, 2009; Miyamot(, RélL6éng and
colleagues did not find a significant correlation between article-N4@@laae probability.

Martin, Thierry, Kuipers, Boutonnet, Foucart and Costa (2013) repagedcessful
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conceptual replication in native speakers of English but not in bilisgdawever, their
study did not test for a graded effect of cloze, and differed fromritj@al in many crucial
aspects of the experimental design, data-preprocessing and siaisailysis, clouding both
a qualitative and quantitative comparison to the original resultsedter, two attempts to
replicate the Martin et al. results in English monolingualsdaiteyield a reliable effect of
cloze on article-ERPs (Ito, Martin & Nieuwland, 2017a,b).

As the tremendous scientific impact of the DeLong et al. findggs odds with the
apparent lack of replication attempts, we report here a direataph study. Inspired by
recent demonstrations for the need for large subject-samplescimpsyy and neuroscience
research (Button et al., 2013; Open Science Collaboration, 2015), our replicatiordspanne
laboratories each with a sample size equal to or greater than thatariginal. In addition to
duplicating the original analysis, our replication attempt also seekgptove upon DelLong
etal.’s data analysis. DeLong et al.’s original analysis reduced an initial pool of 2560 data
points (32 subjects who each read 80 sentences) to 10 grand-average values, bgaveragin
N400 responses over trials within 10 cloze probability decile-bins (cldfe 01-20, et
cetera), per participant and then averaging over participants, even thougbitsdssld
greatly different numbers of observations (for example, the 0-10 cloo®hiained 37.5%
of all data). These 10 values were correlated with the average cloze valirg peiding
numerically high correlation coefficients with large confidencerirdls (for example, the Cz
electrode showed a statistically significant r-value of 0.68 with a @5%idence interval
ranging from 0.09 to 0.92). Howavehis analysis potentially compromises power by
discretizing cloze probability into deciles and not distinguigharious sources of subject-,
item-, bin-, and trial-level variation. Furthermore, treating subjecfxed rather than

random factor potentially inflates false positive rates, siheeverall cloze effect is
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confounadwith by-subject variation in the effect (Barr, Levy, Scheepers & Tily, 2013;
Clark, 1973).

In our replication study, we followed two pre-registered analysis routespliaation
analysis that duplicated the DelLong et al. analysis, and a sirgleftalysis that modelled
variance at the level of item and subject. The effect oeatwznoun-elicited N400s (DelLong
et al., 2015; Kutas & Hillyard, 1984) is a necessary but not sufficient evidenite folaim
on pre-activation in language processing (as it is also compatillehgitview that the
noun’s cloze probability correlates with the ease of integration of that noun into the context).

It serves as a manipulation check to ensure that the experimel# ie abccessfully detect
graded variation in N400 amplitude, but does not provide strong evidence for théigmedic
of phonological form. That evidence would come from the ERPs elicitediblesr
Observing a reliable effect of cloze on article-elicited N40Os imdpkcation analysis and,
in particular, in the single-trial analysis, would constitute pfwevidence for the pre-

activation of phonological form during reading.

RESULTS

We first obtained offline cloze probabilities for all target arsc&d nouns from a
group of native English speakers. These values closely resgthinise of the original study
(see Methods for details). In the subsequent ERP experiaifferent group of participants
(N=334) read the sentences wdrghword from a computer display at a rate of 2 words per
second while we recorded their electrical brain activity at the s€agreplication analysis
and single-trial analysis described below were each pre-negisié https://osf.io/eyzag/.
Replication analysis

We sorted tharticles and nouns into 10 bins based on each word’s cloze probability

(e.g., items with 0-10% cloze were put in one bin, 10-20% in another, etc.). For each



144  laboratory, we averaged ERPs per bin first within, then across, partgipimbaseline

145 correction was used, following the procedure described in the Methods sedliehang et
146 al (2005). We then correlated the averaged cloze values per bin with RBaamiplitude in
147  the N400 time window (200-500 ms) elicited by the nouns (for the noun a)alysirticles
148 (for the article analysis)from the corresponding bin, yielding as®eacorrelation coefficient
149 (r-value) per EEG channel. This analysis yielded a very different pat@nDelLong et al.
150 observed (Fig. 1). In no laboratory did article-N400 amplitude at centrotalesites become
151 significantly smaller (less negative) as article-cloze probabiiityeiased (in fact, in most

152 laboratories the pattern went into the opposite direction). (Drdye laboratory (Lab 2) did
153 the correlation coefficient have a p-value below .05 in the predictedidirépbsitive) at

154 any electrode (uncorrected for multiple comparisons), but this efiecblserved at a few
155 left-frontal electrodes, not at the central-parietal electrodesevDelLong et al found their
156 N400 effects. Moreover, in two laboratories (Labs 3 and 5), a statissatificant effect

157 was observed in the opposite direction, larger (more negativde OO0 amplitude for

158 articles with increasing cloze probability. For the nouns, the pattas more similar to the
159 Delong et al. results. In six laboratories (Lab 2, 3, 4,6, 7, and 9), noun-N400 amplitude fo
160 nouns at central-parietal or parietal-occipital electrdmEmame smaller with increasing noun-
161 cloze, and in two other laboratories (Lab 5 and 8) the effects clearlyimitiet expected

162 direction without reaching statistical significance.

163 DeLong et al. recently mentioned using a 500 ms baseline correction procetlure tha
164 was not mentioned in the published study (personal communication by DeLong, Marc
165 2017). In an exploratory analysis, we therefore recomputed the correlations basda on
166 pooled from all laboratories using this baseline correction procedure (FithB Janalysis

167 also showea lack of statistically significant positive correlations for #récles, but

168 statistically significant positive correlations for the nounsxploratory Bayesian analyses
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reported below, we perform an analysis to establish whether thette aesiconsistent with
the size and direction of the effects reported by DelLong et al., regardlessstital

significance.

Single-trial analysis

We first performed baseline correction by subtracting the average amjutittiae1 00
ms time window before word onset. Baseline-corrected ERPs for relativelgted@and
unexpected words and difference waveforms are shown in Fig. 3. Then, for theaeth p
across all laboratories, we used linear mixed effects models to sepeedl400 amplitude (in
a spatiotemporal region of interest selected a priori based on tlmm@el al. results) on
cloze probability. For the articles, the effect of cloze was atissitally significant at the
a=.05 level, = .29, CI [-08, .67], x*(1) = 2.31, p = .13 (see Fig. 4, left partelyith B
referring to the N400 difference in microvolts associated with steppmng @6 to 100%
cloze. The effect of cloze on N400 amplitude at the article did gioifisantly differ
between laboratories, ¥?(8) = 7.90, p = .44. For the nouns, however, higher cloze values were
strongly associated with smaller N40@s; 2.22, CI [1.76, 2.69], ¥*(1) = 56.50, p < .001 (see
Fig. 4, right panel)This pattern did not significantly differ between laboratories, y*(8) =
11.59, p = .17. The effect of cloze on noun-N400s was statistically diffeoentits effect on
articleN400s, y*(1) = 31.38, p < .001.

Exploratory (i.e., not pre-registered) single-trial analyses

The effect of article-cloze did not significantly vary as a fuorcof subject

comprehension question accuracy, y?(1) = 0.45, p = .50. In addition, the effect of article-cloze

2 Unless otherwise indicated, p-values are two-tailed, and Clevarmiled 95% confidence

intervals.
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was also not statistically significant when subject compreheasicuracy was included in
the analysis (100 ms baselige= .24, Cl [-17, .64], ¥¥(1) = 1.27, p = .26).

In our dataset, an analysis in the 500 to 100 ms time window beforle-ariget revealed
a non-significant effect of cloze that resembled the pattermadasafter article-onsef; =
.16, CI [-07, .39], v¥(1) = 1.82, p = .18. This suggested that a 500 ms baseline correction
procedure, which was used but not reported in DeLong et al. (2005), would better correct fo
pre-article voltage-levels. We repeated our analysis with the 5Gasedine correction
procedure, the initially observed effect of article-cloze was nigalr smaller and less
significant than it was in the pre-registered analy8is (14, Cl [-25, .53], x*(1) = 0.46, p=

50).

Exploratory Bayesian analyses

For the articles, our pre-registered replication analyses yieldedigoificant p-
values, indicating failure to reject the null-hypothesis thateclas no effect on N400
activity. To better adjudicate between the null-hypothesi$ 4Hd an alternative hypothesis
(Hr), we performed exploratory replication Bayes factor analysis for atioes
(Wagenmakers, Verhagen & Ly 2016). The obtained replication Baytes tp@ntifies the
evidence that there is an effect in the size and directiamtegpby DelLong et al. (see Fig. 5
For the articles, this yielded strong to extremely strong evidencledomil hypothesis that
the effect of cloze is zero, wiBFor values up to 154 (at the Cz electrode depicted by
DelLong et al., Br=77), and strongest evidence at the posterior channels. For the nouns, we
obtained extremely strong evidence for the alternative hypotledithe effect is nonzero,
particularly at posterior channels, with Bvalues up to 9,163,515 (at Cz,B¥ 10,725.

The pattern of results was similar when the 500 ms pre-stimulunieasas applied.

11



215 Next, we computed Bayesian mixed-effect model estimg)esn@ 95% credible

216 intervals (Crl) for our single-trial analyses, using priors based onghbiésréfom Delong et
217 al. In both of our article-analyses credible intervals indurdero (100 ms baseling= .31,
218 Crl [-.06 .69]; 500 ms baseling:= .17, Crl [-.22 .55]). For the nouns, zero was not within
219 the credible intervalp = 2.24, Crl [1.77 2.70]. These Bayesian analyses further demonstrate
220 our failure to replicate the DelLong et al. article-effect alongs®leccessful replication of
221 the noun-effect. The analyses suggest that the data (combined with prioptsas about
222 the effect) are not very consistent with the hypothesis thattib& aeffect is zero (further
223 information and posterior summaries are available in Supplementary Rigimat also are
224  extremely inconsistent with the hypothesis that the artiféesteis as big as that observed by
225 Delong and colleagues (2005). The data are most consistent with an effectibes likely
226 to be positive than zero or negative, but is very small (sdl $hat it was not detected at
227 traditional significance levels in this large-scale experimattt substantially higher power
228 than previous experiments).

229

230 Control experiment

231 Lack of a statistically significant, article-elicited predictigifiect could reflect a

232 general insensitivity of our participants to the phonologically tmméd variation of the

233  English indefinite article, i.e., a/an alternation. We ruled ostdhernative explanation in an
234 additional experiment that followed the replication experiment ap#re sams

235 experimental session. Participants read 80 short sentences containengehsosins as the
236 replication experiment, preceded by a phonologically licit ontilliticle (e.g., “David found
237 a/anapple...”), presented in the same manner as before. In each laboratory, nouns following
238 llicit articles elicited a late positive-going waveform compa@douns following licit

239 articles (see Fig. 6), starting at about 500 ms after word onset and stromgesttat

12
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electrodes. This standard P600 effect (Osterhout & Holcomb, 1992) was confirmed in a
single4rial analysis, ¥?(1) = 83.09, p <.001, and did not significantly differ between labs,

+4(8) = 8.98, p = .35.

DISCUSSION

In a landmark study, DeLong, Urbach and Kutas observed a statisticallycaghifi
graded modulation of article- and noun-elicited electrical braimgiate (N400) by the pre-
determined probability that people continue a sentence fragmenrthaittvord (cloze). They
concluded that people routinely and probabilistically pre-activaterapg words to a high
level of detail, including whether a word starts with a consonant oelv@ur direct
replication study spanning 9 laboratories successfully replicaéatistically significant
effect of cloze on noun-elicited N40O0 activity but, critically)egdito replicate such an effect
of cloze on article-elicited N40O activity. This pattern of suceesifailure was observed in
a pre-registered replication analysis that duplitdie original study’s analysis, and a pre-
registered single-trial analysis that modelled variance at thedéitem and subject.
Exploratory Replication Bayes Factor analyses confirmed thatiesessfully replicated the
direction and size of the correlations reported by Delong et al. foroines, but not for the
articles. Exploratory Bayesian mixed-effects model analsgggested that, while there is
some evidence that the true population-level effect may be in tlotiolireeported by
DeLong and colleagues, the effect is likely far smaller than viaegtreported. In fact, the
effect is likely is too small to be meaningfully observed withouy l&rge sample sizes,
hence of uncertain theoretical interest. Finally, a control expatioenfirmed that our
participants did respect the phonological alternation a/an oftibkavith nouns used in the

replication experiment.
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Our findings carry important theoretical implications by avadling a crucial cornerstone
of the ‘strong prediction view’ held by current theories of language comprehension (e.g.,
Altmann & Mirkovic, 2009; Pickering & Garrod, 2013). The strong prediction viewlentai
two key claims. The first is that people pre-activate word# Eels of representation in a
routine and implicit (i.e., non-strategic) fashion. Begvation is not limited to a word’s
meaning, but includes its grammatical features and even its orthageaquiior phonological
form. This would put language on a par with other cognitive systems swisual
perception that attempt to predict the inputs to lower-level ones$q(r2005, 2010;
Summerfield & De Lange, 2014). The second claim is that pre-activation oceliregels
of contextual support and gradually increases in strength with theolfes@htextual support.
When contextuadupport for a specific word is high, like at a 100% cloze value, the word’s
form and meaning is strongly pre-activated. When contextual support fodasaow, like
when it is one amongst 20 words each with a 5% cloze value, pre-actigadistributed
across multiple potential continuations. However, even then, a word’s form and meaning are
pre-activated, just weakly so. The strength of pre-activation is praimbilhat is, linked to
estimated probability of occurrence.

DeLong and colleagues, and subsequently other scientists (e.g., Dell § Qba4;
Pickering & Clark, 2013), took their results as the evidence to supporthasth claims.
DelLong et al (2005) wasand still is - the only study to date that measured pre-activation at
the prenominal articles a and an that do not differ in their semargraxmmatical content,
and that observed a graded relationship between cloze and N400 acti\styacange of
low- and high-cloze words, rather than merely a difference betweeratal high-cloze
words. Given that the use of these articles depends on whether the nextansndith a
vowel or consonant, their results were considered as powerful evidehparti@pants

probabilistically pre-activated the initial sound of upcoming nouns.
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However, we show that there is no statistically significantcetiécloze on article-
elicited N400 activity, using a sample size more than ten times tha ofiginal, and a
statistical analysis that better accounts for sources of nopandence than the original
averaging-based correlation approach. If an effect of cloze afead#00s exists at all, its
true effect sizes so small that it cannot be reliably detected even in an expansive mult
laboratory approach, let alone in the typical sample sipsynholinguistic and
neurolinguistic experiments (roughly, N= 30). This means that evercitactoze is
associated with a graded modulation of N400 amplitudes, this effect sebmsd small that
it cannot be reliably measured with small samples, and thus the previous stagiest
have contributed much reliable information to our understanding of tleistefloreover,ti
is also possible that the effect is sensitive to specifidseoéxperimental procedure and
context that it lacks generalizability. Current theoretical posstthus either require new
strong evidence for phonological pre-activation or require revision. In partithie strong
prediction view that claims that pre-activation routinely occurs actbssracluding
phonological- levels (Pickering & Garrod, 2013), can no longer be viewed as having strong
empirical support. Our work impels the field think differently aeto@hat constitutes strong
evidence within a theory, but also highlights the need for a tlegdinguistic prediction to
formulate quantitative predictions about the effect-size of to-berobd effects.

By contrast, we observed a strong and statistically significant effeaizgf oh noun-
elicited activity in the majority of our analyses. Although &t the nine laboratories did
not show statistically significant correlations between nooaechnd N400s, data pooled all
laboratories showed a strong and statistically significant ntmre-effect, our Replication
Bayes Factor analysis overwhelmingly replicated the direction aadéthe noun-cloze
effect of DeLong et al., and our more powerful single-trial anafgsisaled a significant

noun-cloze effect in each of the laboratories. These results aefotieeconsistent with the
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handful of studies that reported a graded relationship between nagnacid noun-N400s
(DelLong et al., 2005; Kutas & Hillyard, 1984; Wlotko & Federmeier, 2012).

Where does this pattern of failure and success leave the strongtiprediew?
Following the experimental logic of DeLong et al, we do not hatcgent evidence to
conclude that people routinely pre-activate the initial phoneme of@mipg noun, or
perhaps any other word form information. Without pre-activation of the ipiiaheme, the
specific instantiation of the article does not cause people teeréhwir prediction about the
meaning of the upcoming noun, thus lacking any impact on processing. (yrubial
conclusion is incompatible with the strong prediction view, because it saggaspre-
activation does not occur to the level of detail that is often assu@ur results are also
incompatible with an alternative interpretation of the DelLorgy.dindings that people
predict the article itself together with the noun (Ito, Corlegk&ing, Martin & Nieuwland,
2016; Van Petten & Luka, 2012), and they pose a serious challenge toatyettiae
comprehenders predict upcoming words, including their initial phonemesgthimplicit
production (Pickering & Garrod, 2013). Crucially, the idea that prediction is prigbil
rather than albr-none, is now questionable, given that there is no other published report of
pre-activation gradient. Although other studies have claimed predictionnof far et al.,
2016)or a prediction gradient (Smith & Levy, 2013), no study has indisputabipastrated
graded pre-activation, i.e., graded effects occurring before the noucisEfat are observed
upon, rather than before the noun, do not purely index pre-activation but index a wiixture
memory retrieval and semantic integration processes instigatée opan itself (Baggio &
Hagoort, 2011; Lau, Namyst, Fogel & Delgado, 2016; Otten & Van Berkum; 2008
Steinhauer, Royle, Drury & Fromont, 201 Therefore, there is currently no clear evidence to
support routine probabilistic peetivation of a noun’s phonological form during sentence

comprehension.

16



338 Our results, however, do not necessarily exclude phonological form pre4actizatd
339 we temper our conclusion with a caveat stemming from the a/aputaion. For this

340 manipulation to ‘work’, people must specifically predict the initial phoneme of the next word,
341 and revise this prediction when faced with an unexpected article. Howecause articles
342 are only diagnostic about the next word within the noun phraser thdreabout the head
343 noun itself, an unexpected article does not refute the upcoming naareity signals that
344  another word would come first (e.g., ‘an old kite’). This opens up explanations for why the
345 a/an manipulation ‘fails’. In addition, comprehenders may not predict the noun to follow
346 immediately, but at a later point; the unexpected article thenrbevoke a change in
347 prediction. Predictions about a specific position may be disconfirmedteoiofnatural
348 language to be viable. This idea is supported by corpus data (Corpus of Coatgmpor
349 American English and British National Corpus,), showing a mere 33% pribp#imit a/an is
350 directly followed by a noun. Alternatively, people predict themto come next, but only
351 revise their prediction about its linear position while retaining thdiption about its

352 meaning. So perhaps a revision of the predicted meaning, not the positemuired to

353 trigger differential ERPs. In both of these hypothetical scengrexsple do not revise their
354  prediction about the upcoming noun’s meaning unless they must.

355 Our results can be straightforwardly reconciled with effects reportedher pre-

356 nominal manipulations, such as those of Dutch or Spanish articteegéng., Van Berkum
357 etal., 2008; Otten, Nieuwland & Van Berkum, 2008; Otten & Van Berkum, 2009; Wicha et
358 al.,, 2004). Unlike a/an articles, gender-marked articles can immigdigeonfirm the noun,
359 because article- and noun-gender agrees regardless of intervening wortlse(8&pganish
360 article ‘el’ heralds a masculine noun). Revising the prediction about the noun presumably
361 results in a semantic processing cost, thereby modulating N40Oyaailtitough gender-

362 marked articles do not consistently incur the exact same typeeot afid have only been
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observed at very high cloze values, previous studies suggest that’ agremmatical

gender can be pre-activated along with its meaning. Compared to this geardpation,
DeLong et al’s study based on the English a/an manipulation claimed a stronger version of
the prediction view, namely that people predict which word comes next tggpieanological
form and, make backwards prediction as to the phonological form of the prelieginstic
material even on the basis of probabilistic, graded information.

What do our results say about prediction during natural language pnogeksie the
conclusions by DelLong et al., ours are limited by the generalizationdrgguage
comprehension in a laboratory setting. On one hand, a rich converkatistary context
may enhance predictions of upcoming words, and listeners may be moredigedyactivate
the phonological form of upcoming words than readers. On the other hand,aatdap
setting offered particularly good conditions for prediction of the next word’s initial sound to
occur. Each article was always immediately followed by a noun, unlikatural language.
Moreover, compared to natural reading rates our word presentation ratewaststth may
facilitate predictive processing (Ito et al., 2016; Wlotko & Federmeier, 2015atimal
reading, articles are hardly fixated and often pédp(e.g., O’Regan 1979). In short,
arguments can be made both for and against phonological form predictidarad lEnguage
settings, and novel avenues of experimentation are needed to seitsuhi

DelLong and colleagues recently stated an omission in the destopther data
analysis, i.e., a baseline procedure was applied to the data but inatlyennitted from the
description (DelLong et al., 2005). We have shown that our conclusions hold regafdhess
baseline procedure. In a recent commentary, Delong, Urbach, and Kutasa8017
described filler-sentences in their experiment, which were airfitben their original report,
and were neither provided nor mentioned to us by the authors upon our request for t

stimuli. DeLong et al. used the existence of these filler-serggnagismiss an alternative
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explanation of their original findings, namely that an unusual expetaheontext wherein
every sentence contains an article-noun combination leads pantgijp strategically predict
upcoming nouns. Following this logic, we failed to replicate theiclargffects despite an
experimental context that could inadvertently encourage sttgteggdiction (for
demonstrations of experimental context boosting predictive processaBysthers, Swaab
& Traxler, 2017; Lau, Holcomb & Kuperberg, 2013). Therefore, the presence of fillers in
their experiment versus absence in ours cannot straightforwardbjirexpe different results,
and may even strengthen our conclusions.

To conclude, we failed to replicate the main result of DeLong et laindmark study
published more than ten years ago that has not been directhateglgince. Our results
suggest that, if there is an effect of article-cloze probalmititthe amplitude of the N400, it
is too small and/or too sensitive to unknown experimental dessgor$ato have been
meaningfully measured in previous small-sample-size experimentsoh@kide that such an
effect does not constitute strong evidence for current theoretical posititing iomportance
of prediction (e.g., Pickering & Garrod, 2013). Our findings thus challenge one ofléne pil
of the ‘strong prediction view’ in which people routinely and probabilistically pre-activate
information at all levels of linguistic representation, including phoncéddorm information
such as the initial phoneme of an upcoming noun. Consequently, there is curoently
convincing evidence that people pre-activate the phonological form of amuqacooun
during sentence comprehension, and we take our findings to suggest a mecerthaitor
prediction during language comprehension. In addition, our findings furtherghigtiie
importance of direct replication, large galmsize studies, transparent reporting and of pre-

registration to advance reproducibility and replicability in the ostiences.
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411 MATERIALS AND METHODS

412 Experimental design and materials. Nieuwland twice requested all original

413 materials from DelLong et al., including the questions and norms, witstaked purpose of
414  direct replication (personal communication, November 4 and 19, 2015), upon which DelLong
415 et al. made available the 80 sentences described in theabsgidy. These sentences were
416 then adapted from American to British spelling and underwent anfieer changes to ensure
417 their suitability for British participants. The complete set of malieand the list of changes
418 to the original materials are available online (Supplemeritabje 1 and 2). The materials
419 were 80 sentence contexts with two possible continuations eadreaomniess expected

420 indefinite article + noun combination. The noun was followed byaat lene subsequent

421 word. All article + noun continuations were grammatically correct. Eaadeatt noun

422 combination served once as the more expected continuation and theno¢hes the less

423 expected continuation, in different contexts. We divided theité&@sin two lists of 80

424  sentences such that each list contained each noun only once. Emgbapé was presented
425  with only one list (thus, each context was seen only once). One ingfioi@nses was

426 followed by a yes/no comprehension question, which yielded a mean responsea of

427  95% (after taking into account ambiguity in three of the questions, see Suptakfrable 2
428 and 3). While this percentage is very similar to that reported byigkt al., we note that
429 this cannot be directly compared to the accuracy reported in Qettal., because we had to
430 create new comprehension questions in the absence of the originaRegardless, because
431 Delong et al. suggested that our results were due to poor language compre(iszisiog,
432 Urbach & Kutas, 2017), edescribe an exploratory analysis in which we attempt to atcou
433 for variation in response accuracy in the statistical model.

434 We obtained article cloze and noun cloze ratings from a separate gnoafp/ef

435 speakers of English who were students at the University of Edinburghdandtgarticipate
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in the ERP experiment. They were instructed to complete thermentragment with the best
continuation that comes to mind (Taylor, 1953). We obtained article clomggdtom 44
participants for 80 sentence contexts truncated before the criticag.axan cloze ratings
were obtained by first truncating the sentences after the catiteles, and presenting two
different, counterbalanced lists of 80 sentences to 30 participantssaahlthat a given
participant only saw each sentence context with the expected wnekpected article. The
obtained values closely resemble those of the original stutlythé same range (0-100% for
articles and nouns), slightly lower median values (for articles amdsn@9% and 40%,
compared to 31% and 46% in the original study), but slightly higher meags\@u articles
and nouns, 41% and 46%, compared to 36% and 44%). Because the sentence materials we
used describe common situations that can be understood by any Englisdr,sped because
students at the University of Edinburgh come from across the whole of theréJKad no a
priori expectation that cloze ratings would differ substantially adetssatories, and thus

we did not obtain cloze norms from other sites. Consistent withgisrgtion, nothing in
our results suggests stronger cloze effects in University of Edinburgh stetderpared to
other students, suggesting that our cloze norms are sufficiently reptesefdr the other
universities.

Participants. Participants were students from the University of Birmingham, Bristol,
Edinburgh, Glasgow, Kent, Oxford, Stirling, York, or volunteers from the maatit pool of
University College London or Oxford University, who received cash or coursi fared
taking part in the ERP experiment. Participant information and EEG recandngnation
per laboratory is available online (Supplementary Table 3). We pretesgi a target sample
size of 40 participants per laboratory, which was thought to givastt3@2 participants (the
sample size of DeLong et al.) per laboratory after accounting for dstaake was later

confirmed. Due to logistic constraints, not all laboratories reachédai0. Because in two
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labs corruption of data was incorrectly assumed before computing trialHese

laboratories tested slightly more than 40 participants. All@pamts (N = 356; 222 women)
were right-handed, native English speakers with normal or ced-s®inormal vision,

between 1835 years (mean, 19.8 years), free from any known language or learning disorde
Eighty-nine participants reported a left-handed parent or sibling.

Procedure. After giving written informed consent, participants were testedsingle
session. Sentences were presented visually in the center of a compulagr dispword at a
time (200 ms duration, followed by a blank screen of 300 ms dufatRarticipants were
instructed to read sentences for comprehension and answer yes/no casipretpgestions
by pressing hand-held buttons. The electroencephalogram (EEG) was recordatl|éash
32 electrodes.

The replication experiment was followed by a control experiment, whickdéov
detect sensitivity to the correct use of the a/an rule in our partisifarticipants read 80
relatively short sentences (average length 8 words, range 5-11) that contaisachéh

critical words as the replication experiment, preceded by a camréwtorrect article. As in

3 Due to a programming error, in four labs (1, 3, 5 and 8, which used E-prime scripts) the
critical articles and nouns, but not other words, were followed by a 380 nisib&ead of

the intended 300 ms. However, this delay is unlikely to have affectedstiiesrieecause if it
was noticed at all, which is unlikely, it appeared after the N400 windowiassbwvith the
article. Moreover, if anything, longer duration facilitates language compsaimeand
predictive processing (Camblin, LeDoux, Boudewyn, Gordon & Swaab, 2007; Wlotko &
Federmeier, 2015; Ito et al., 2016), making it more, not less likely to firdfect of cloze

on the article-ERPs. Of note, the qualitative pattern of the resurtstfre pre-registered

single-trial analysis did not change when we removed thesertahgtie analysis.
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the replication experiment, each critical word was presented only once, afallovasd by
at least one more word. All words were presented at the same rateeditation
experiment. There were no comprehension questions in this experiment. Aftentitod c
experiment, participants performed a Verbal Fluency Test and a ReadingSipémet
results from these tests are not discussed here. All stimulus ptiesestaipts are publicly
available in two different software packag&sPrime and Presentation) on
https://osf.io/leyzaq.

Data processing. Data processing was performed in BrainVision Analyzer 2.1(Brain
Products, Germany). We performed one pre-registered replication anadydaltwed the

DelLong et al. analysis as closely as possible and one pre-regisiegle-trial analysis

(Open Science Framewoytkitps://osf.io/eyzaq)All non-pre-registered analyses are

considered as exploratory. First, we interpolated bad channels from slingpghannels,
and downsampled to a common set of 22 EEG channels per laboratory whéckinvilar in
scalp location to those used by DelLong et al. One laboratory dichwet12 of the selected
22 channels in its EEG channel montage, and we matched the full 22 tlagont used for
other laboratories by creating 12 virtual channels from neighboahi@agnels using
topographic interpolation by spherical splines. We then applied a 0.01-10Qit4k laknd-
pass filter (including 50 Hz Notch filter), re-referenced all channels tawbeage of the left
and right mastoid channels (in a few participants with a noisy mastamheh only one
mastoid channel was used), and segmented the continuous data intoflepo&@O ms
before to 1000 ms after word onset. We then performed visual inspection oaalkedatents
and rejected data with amplifier blocking, movement artifacts, or sxeesiuscle activity.
Subsequently, we performed independent component analysis (Jung et al., 2006Hion a
high-pass filtered version of the data, and applied the obtained wegghtithe original data

to correct for blinks, eye movements or steady muscle artefacts.tiit, we automatically
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rejected segments containing a voltage difference of over 120 puV in winaew of 150
ms or containing a voltage step of over 50 uV/ms. Participants with fewe®@80 article
trials or 60/80 noun trials were removed from the analysis, leavioigleof 334 participants
(range across laboratories 32-42, and therefore each lab had a saemptdesast as large as
DelLong et al.). On average, participants had 77 article trials and 77 nosin trial
Pre-registered replication analysis. We applied a %-order Butterworth band-pass
filter at 0.2-15 Hz to the segmented data, averaged trials per participant 1@¢%icloze
bins (0-10, 11-20, etc. until 91-100), and then averaged the participant-wisgegvera
separately for each laboratory. Because the bins did not contaimneiquiaers of trials (the
intermediate bins contained fewest trials), like in DeLong et alalhparticipants
contributed a value for each bin to the grand average per laboratory.upsrara articles
separately, and for each EEG channel, we computed the correlation betweamgRiRle
in the 200-500 ms time window per bin with the average cloze probabitityipe
Pre-registered single-trial analysis. In this analysis, we did not apply the 0.2-15 Hz
band-pass filter, which carries the risk of inducing data distorticinsk( 2014; Tanner,
Morgan-Short & Luck, 2015). However, we deemed it necessary to performladase
correction of the data. This procedure corrects for spurious voltage differencesvioerfo
onset, generating confidence that observed effects are elicited bgrtheather than
differences in brain activity that already existed before the word anstasmdard procedure
in ERP research (Luck, 2014). DeLong et al (2005) did not report a baseline correction, no
did any of the related work from DeLong and colleagues that was reported.am@ (2009).
Yet baseline correction has been used in many other publicationsedfutas Cognitive
Electrophysiology Lab. We chose a 100 ms pre-stimulus baseline as thieegosntly used

one both in other studies from Kutas lab and in similar studies dther labs. For each trial,
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we performed baseline correction by subtracting the mean voltage of the d.atstbme
window from each data point in the epoch.

Instead of averaging N400 data across trials and participants for subsedisticasta
analysis, we performed linear mixed effects model analysis (Baayerddoa\4. Bates,
2008) of the single-trial N4Ddata, using the “Ime4” package (Bates, Maechler, Bolker &
Walker, 2014) in the R software (R CoreTeam, 2014). This approach simultanaoasis
variance associated with each subject and with each item. Ugiagi@esmporal region-of-
interest approach based on the DelLong et al. results, our dependanenisde0
amplitude) was the average voltage across 6 centro-parietal ché@n&l3/C4/Pz/P3/P4) in
the 200-500 ms window for each trial. Analysis scripts and data tihese scripts are
publicly available on https://osf.io/eyzaq.

For articles and nouns separately, we used a maximal random effectgstasgustified
by the design (Barr et al., 2013)hich did not include random effects for ‘laboratory’ as
there were only 9 laboratories. Z-scored cloze was entered in thed asoa continuous
variable, and laboratory was entered as a deviation-coded numadeetor. We tested the
effects of ‘laboratory’ and ‘cloze’ through model comparison with a y?log-likelihood test.
We tested whether the inclusion of a given fixed effect led torgfisantly better model fit.
The first model comparison examined laboratory effects, namely whbtheloze effect
varied across laboratories (clokzglaboratory interaction) or whether the N400 magnitudes
varied over laboratory (laboratory main effect). If laboratdfgats were nonsignificant, we
dropped them from the analysis because they were not of thabnetigzest. For the articles
and nouns separately, we compared the subsequent models below. Hatimohaded the
random effects assoctdtwith the fixed effect ‘cloze’ (see Barr et al., 2014). All output S

estimates and 95% confidence intervals (Cl) were transformed from z-scdrde baw
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549 scores, and then back to the 0-100% cloze range, so that the voltageesstepresent the
550 change in voltage associated with a change in cloze probakmitydrto 100.

551 Model 1: N400 ~ cloze * laboratory + (cloze | subject) + (cloze | item)

552 Model 2: N40O ~ cloze + laboratory + (cloze | subject) + (cloze | item)

553 Model 3: N400O ~ cloze + (cloze | subject) + (cloze | item)

554 Model 4: N400 ~ (cloze | subject) + (cloze | item)

555 In an analysis that included the data from both articles andsnagnalso tested the
556 differential effect of cloze on article ERPs and on noun ERPs by camgpandels with and
557 without an interaction between cloze and the deviatwied factor ‘wordtype’

558 (article/noun). Random correlations were removed for the models to converge.

559 Model 1: N400 ~ cloze * wordtype + (cloze * wordtype || subject) + (clozertitype ||

560 item)

561 Model 2: N400 ~ cloze + wordtype + (cloze * wordtype || subject) + (cloze * ywued}

562 item)

563 Exploratory correlation analysis. Of note, DeLong et al. have recently described
564 using a 500 ms baseline correction procedure that they failed to mention in Deélabng e
565 (2005).Using this baseline correction procedure, we recomputed the correlationg tha
566 obtained in our Replication analysis. To compare our results modiydisgtt those reported
567 in Figure 1C of DeLong el al. (2005), we pooled data from all the laboratoriest seetha
568 would have a single r-value for each EEG-channel.

569 Exploratory single-trial analyses. We performed an exploratory analysis in the 500
570 to 100 ms time window before the article, using the originally (-100 to O res)ited data,
571 using Model 3 and 4 from the article analysis. This window coverrgt@d00 ms of the
572 word that preceded the article. Analysis in this window yielded dasipattern as in the pre-

573 registered analysis, which indicates that a baseline correctioagure covering the entire
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574 500 ms pre-stimulus window would account better for pre-article voltagéslgve

575 performed this additional analysis, the results of which did notgehauar conclusions and
576 are shown in Supplementary Figure 1.

577 We also performed an exploratory analysis in which we control for afgedte

578 influence of response accuragyken as a proxy for the subject’s attention to the task, on

579 predictive processing of linguistic input. We entered the (z-transforrmedhge response
580 accuracy of each subject in our model, and compared the models beloparam of

581 Model 1 and 2 tested whether the effect of cloze on the article-N400sdéelsubject

582 accuracy. Comparison of Model 2 and 3 tested whether there was a signffeetfecloze
583 on article-N400s when subject accuracy was included in the model.

584 Model 1: N400O ~ accuracy * cloze + (cloze | subject) + (cloze | item)

585 Model 2: N40O ~ accuracy + cloze + (cloze | subject) + (cloze | item)

586 Model 3: N40O ~ accuracy + (cloze | subject) + (cloze | item)

587 Exploratory Bayesian analyses. Supplementing the Replication analysis, we

588 performed a ReplicatioBayes factor analysis for correlations (Wagenmakers et al., 2016)
589 using as prior the size and direction of the effect reported in idjearstudy. We performed
590 this test for each electrode separately, after collapsing the dats fpom the different

591 laboratories. Because we had no articles in the 40-50 % cloze bin, teeeetotal of 9 and
592 10 data points per laboratory for the articles and nouns, respectivelyn@ysia used priors
593 estimated from the DelLong et al results matched as closebsaib|e to our electrode

594 locations. A Bayes factor between 3 and 10 is considered moderate evidémeentd-30
595 s considered strong evidence, 30-100 is very strong evidence, and values over 100 are
596 considered extremely strong evidence (Jeffreys, 1961). In addition to using a p8& ms
597 stimulus baseline, we also computed the replication Bayes factogstbieiB00 ms pre-

598 stimulus time window for baseline correction. Results are shown in Figure
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Supplementing the pre-registered single-trial analyses, we perfomesgblratory
Bayesian mixed-effects model analysis using the brms package for KitByet016),
which fits Bayesian multilevel models using the Stan programming lgegi&ian
Development Team, 2016). Nieuwland requested to use the results of aeffects model
reanalysis of the DelLong et al. data as an appropriate prior (personalin@mation from
Nieuwland, November 14 and 22 2017); this request was declined by DeLong and
colleaguesWe were therefore limited to using a prior centered on a point estiraatal on
the Delong et al. correlation analysis, namely our estimate ober\ed effect size at Cz
for a difference between 0% cloze and 100% cloze (@\V2&nd 3.75uV for articles and
nouns, respectively, based on visual inspection of the graphs) and a proedemt zero for
the intercept. Both priors had a normal distribution and a standard dewea).5 (given the
a priori expectation that average ERP voltages in this window gnigmatuate on the order
of a few microvolts; note that these units are expressed in termsz§toeed cloze values,
rather than the original cloze values, such that p for the cloze prior was 0.45, which
corresponds to a raw cloze effect of 1.25). We computed estimates and 95% oneztiidds
for each of the mixed-effects models we tested, and transformed thksetbaaw cloze
units. The credible interval is the range of values such thataonbe 95% certain that it
contains the true effect, given the data, priors and the model. The resulthdése analyses
are shown in Supplementary Figurel# analyses suggest that, while there may be a small
positive association between article cloze and ERP amplitudiedlby the articles, the
effect is substantially smaller than that estimated by Delong@lehgues (2005) and likely
is too small to be meaningfully observed without very large &asipes, hence of uncertain
theoretical interest.

Control experiment. Analysis of the control experiment involved a comparison

between a model with the categorical factor ‘grammaticality’ (grammatical/ungrammatical)
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and a model without. Our dependent measure (P600 amplitude; Osterhout & Holcomb, 1992
was the average voltage across 6 centro-parietal channels (Cz/CG3R34#2) in the 500-

800 ms window for each trial. Results are shown in Figure 6.

Model 1: P600 ~ grammaticality + (grammaticality | subject) + (grammayidatem)

Model 2: P600 ~ (grammaticality | subject) + (grammaticality | item)
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Figure 1. Replication analysis. Correlations between N400 amplitude and article/noun cloze
probability per laboratory. N400 amplitude is the mean voltage in th&@00ns time
window after word onset. A positive value corresponds to the canonicaldititht N400
amplitude became smaller (less negativeore positive) with increasing cloze probability.
Here and in all further plots, negative voltages are plotted upwards. Upper $caftier

plots showing the correlation between cloze and N40O activity at electroder@ach lab.
The position of Cz and the other electrodes is displayed in the retad pétween the upper
and lower graph_ower graph: Scalp distribution of the r-values for each lab. Astefisks
indicate electrodes that showed a statistically significant ediwal (two-tailed p < 0.05, not
corrected for multiple comparisons). Exact r- and p-values forlabohatory and EEG
channel are available fntps://osf.io/eyzal
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Figure 2. Replication analysis. Scalp distribution and r-values at each channel based on data
pooled from all laboratories, using a 500 ms baseline correction proceduss ds/us

DelLong et al (2005). Asterisks (*) indicate electrodes that showedsdis#dlly significant
correlation (two-tailed, not corrected for multiple comparisons).
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Figure 3. Single-trial analysis. Grand-average ERPs elicited by relatively expected and
unexpected words (cloze higher/lower than 50%) and the associated differencamsvefo
(low minus high cloze) at electrode Cz. Dotted lines indicate 1 sthae&iation above or
below the grand average.
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and nouns in the N400 spatiotemporal window, as illustrated by the ERP values per

cloze value (number of observations reflected in circle size), alohghetregression line

and 95% confidence interval. A change in article cloze from 0 to 100 isiagsbwith a

change in amplitude of 0.296 pV (95% confidence interval: -.08 to .67). A change i noun

cloze from 0 to 100 is associated with a change in amplitude of 2.22 uV (95%ecwefi
interval: 1.75 to 2.69). The data for these analyses was pooled act®sosll

38



822

823
824
825
826
827
828
829
830
831
832
833
834

Articles

Original

baseline
procedure

500 ms
baseline
correction
Evidence
iHO for ﬂh
log(100) log(100)

Figure 5. Exploratory Bayes factor analysis associated with the reéjplcanalysis,
guantifying the obtained evidence for the null hypothesi$ (it N40O is not impacted by
cloze, or for the alternative hypothesisy)ithat N40O is impacted by cloze with the direction
and size of effect reported by DeLong et al. Scalp maps show the commathiogdrthe
replication Bayes factor for each electrode, capped at log(100) for f@@sepurposes.
Electrodes that yielded at least moderate evidence for or agaimstlthgpothesis (Bayes
factor of > 3) are marked by an asterisk. At posterior electrodes where DeLong et al. found
their effects, our article data yielded strong to extremely strong evif@mite null
hypothesis, whereas our noun data yielded extremely strong evidenoe &ttetnative
hypothesis (upper graphs). These results were obtained with the procedubedescr
DelLong et al. (no baseline correction), and with a 500 ms pre-word bas®tieetion
(lower graphs), the procedure later described by DeLong and colleagues.
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Control experiment:
Ungrammatical - Grammatical ‘P600 effect’ (Pz)
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836 Figure6. Control experiment. P600 effects at electrode Pz per lab associated with flouting
837 of the English a/an rule. Plotted ERPs show the grand-average differencermaamdo

838 standard deviation for ERPs elicited by ungrammatical expressions (‘an kite”) minus those

839 elicited by grammatical expressions (‘a kite’).

840

40



841
842
843
844
845
846
847
848
849
850
851

500 ms baseline pre-article

o o
o (=]
=N ® i -
> Qo = o >
= M ©} N A =) ”
o e . @ °o9° S M oo
é - . ooo ° é - - ) O’(W : Q)
o = S~ .
E £ G~ O s N
o o ) o] o o o 1)
o o (=]
o ° o o]
o i i
L L
™ A o -
< - <
T ) T T T Ll Ll T T I T T
0 20 40 60 80 100 0 20 40 60 80 100
Cloze (%) Cloze (%)

Supplementary Figure 1. Exploratory single-trial analyses: The relationship between cloze
and ERP amplitude as illustrated by the mean ERP values per cloednamber of
observations reflected in circle size), along with the regression line andd@&itence

interval, from two exploratory analyses. We performed a test whichaukmnger baseline

time windows (500 ms, left panel) to better control for pre-article voltagdsleVhis test
reduced the initially observed effect of article-cloge; .14, ClI [-25, .53], ¥3(1) = 0.46, p=

.50). An analysis in the 500 to 100 ms time window before article-onsetgagkt) revealed

a non-significant effect of cloze that resembled the pattermaasafter article-onsef; =

.16, CI[-07, .39], ¥3(1) = 1.82, p = .18, shedding doubt on the conclusion that the observed
results are due to the presentation of the articles.
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Supplementary Figure 2. Results from exploratory Bayesian mixed-effects model arglyse
represented by posterior distributions for the effect of cloze ondaiffitudes in the N400
window. The x-axis shows cloze effect sizes (i.e., changes in microvoltsiatesbwith an
increase from 0% cloze probability to 100% cloze probability). The biaekrdicates the
posterior distribution of effects; higher values of the posteriorityeaisa given effect size
indicate higher probability that this is the true effect sizdaépopulation. The peak of the
posterior distribution roughly corresponds to the point estimateecftect size (the
regression coefficient) fitted from the Bayesian mixed effect modgltheemost likely value
of the true effect size. The middle 95% of the posterior distribution, shagéukin
corresponds to a two-tailed 95% credible interval for the effectdiee an interval that we
can be 95% confident contains the true effect. The green dotted line indieagesor
distribution (i.e., our expectation about where the true effect would lie hbfodata were
collected). For the articles, this prior is centoad .251V, an approximation of the effect
observed by Delong and colleagues (2005), and for the nouns it is centred\donTh&
black connected dots illustrate the ratio between the posterior andiptidyution (i.e., the
Bayes Factor) at the effect size of OuV; for example, a Bayes Factor of 4 suggests we can be

4 times more certain that the true effect is zero after having ctautings experiment than
before, or, in other words, that the data increased our confidence inltefeut of zero
fourfold. We performed these analyses for each of the linear mixexiseff®del analyse
we performed. We note that in all the article-analyses, the pigpeobability of the
estimated effect being greater than zero is around 80 or 90%, although thistisi@ffor the
pre-stimulus variable, shedding doubt that the observed resultseate pitesentation of the
articles. In none of our article-analyses did zero lie outsidelttaened credible interval,
whereas for the nouns, zero lay outside the credible intérlkate results are consistent with
a failure to replicate the size of the article-effect reported byobDglet al. article-effect and
successful replication of the noun-effect.
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