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1 	 | 	 INTRODUCTION

In	 electrophysiological	 studies	 of	 language	 comprehen-
sion,	the	two	most	salient	components	of	the	event-	related	

brain	potential	(ERP)	signal	are	the	N400	and	the	P600.	It	
is	still	under	debate,	however,	which	of	these	two	compo-
nents	indexes	semantic	integration—	the	core	operation	of	
compositionally	updating	an	unfolding	utterance	meaning	
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Abstract
The	integration	of	word	meaning	into	an	unfolding	utterance	representation	is	
a	core	operation	of	incremental	language	comprehension.	There	is	considerable	
debate,	 however,	 as	 to	 which	 component	 of	 the	 ERP	 signal—	the	 N400	 or	 the	
P600—	directly	reflects	integrative	processes,	with	far	reaching	consequences	for	
the	temporal	organization	and	architecture	of	the	comprehension	system.	Multi-	
stream	 models	 maintaining	 the	 N400	 as	 integration	 crucially	 rely	 on	 the	 pres-
ence	of	a	semantically	attractive	plausible	alternative	 interpretation	to	account	
for	the	absence	of	an	N400	effect	in	response	to	certain	semantic	anomalies,	as	
reported	 in	 previous	 studies.	 The	 single-	stream	 Retrieval–	Integration	 account	
posits	the	P600	as	an	index	of	integration,	further	predicting	that	its	amplitude	
varies	continuously	with	integrative	effort.	Here,	we	directly	test	these	competing	
hypotheses	using	a	context	manipulation	design	in	which	a	semantically	attrac-
tive	alternative	 is	either	available	or	not,	and	 target	word	plausibility	 is	varied	
across	 three	 levels.	An	initial	self-	paced	reading	study	revealed	graded	reading	
times	for	plausibility,	suggesting	differential	integration	effort.	A	subsequent	ERP	
study	showed	no	N400	differences	across	conditions,	and	that	P600	amplitude	is	
graded	 for	 plausibility.	 These	 findings	 are	 inconsistent	 with	 the	 interpretation	
of	 the	N400	as	an	 index	of	 integration,	as	no	N400	effect	emerged	even	 in	 the	
absence	 of	 a	 semantically	 attractive	 alternative.	 By	 contrast,	 the	 link	 between	
plausibility,	reading	times,	and	P600	amplitude	supports	the	view	that	the	P600	
is	a	continuous	index	of	integration	effort.	More	generally,	our	results	support	a	
single-	stream	architecture	and	eschew	the	need	for	multi-	stream	accounts.
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representation	 with	 incoming	 information—	during	 on-
line	 language	 comprehension.	 Traditionally,	 semantic	
integration	 has	 been	 attributed	 to	 the	 N400	 component	
(Brown	&	Hagoort, 1993,	2000;	Hagoort	et	al., 2004),	such	
that	its	amplitude	is	continuously	related	to	integration	ef-
fort,	a	mapping	that	underpins	several	contemporary	neu-
rocomputational	models	of	comprehension	(for	a	review	
see	Eddine	et	al., 2022).	The	P600	has	traditionally	been	
discussed	 in	relation	 to	syntactic	and	structural	process-
ing	 (Hagoort	 et	 al.,  1993;	 Osterhout	 &	 Holcomb,  1992).	
This	 linkage	 of	 the	 N400	 to	 semantic	 integration	 and	
the	 P600	 to	 purely	 structural	 processing	 is	 challenged,	
however,	 by	 studies	 employing	 semantic	 role	 violations,	
such	as	“the	hearty	meal	was	devouring/devoured”	(Kim	
&	 Osterhout,  2005,	 see	 also	 Hoeks	 et	 al.,  2004;	 Kolk	
et	al., 2003;	Kuperberg, 2007;	Kuperberg	et	al., 2003;	van	
Herten	et	al., 2005,	2006),	which	lead	to	P600	rather	than	
N400	 effects	 relative	 to	 baseline.	To	 reconcile	 these	 “se-
mantic	P600”	findings	with	the	traditional	functional	roles	
of	the	N400	and	the	P600,	multi-	stream	models	have	been	
proposed	which	postulate	distinct	cognitive	mechanisms	
that	 trigger	 either	 an	 N400	 increase	 or	 a	 P600	 increase,	
but	 typically	 not	 both	 (see	 Bornkessel-	Schlesewsky	 &	
Schlesewsky, 2008;	Brouwer	et	al., 2012;	Kuperberg, 2007,	
for	 reviews).	 Motivated	 by	 several	 limitations	 of	 these	
multi-	stream	 models,	 Retrieval–	Integration	 (RI)	 theory	
(Brouwer	et	al., 2012,	2017)	offers	an	alternative,	single-	
stream	 account	 which	 explains	 semantic	 P600	 findings	
by	 interpreting	 the	 N400	 as	 reflecting	 lexical	 retrieval	
(Kutas	&	Federmeier, 2000,	2011;	Lau	et	al., 2008,	2009;	
van	Berkum, 2009,	2010)	and	reinterpreting	 the	P600	as	
a	continuous	 index	of	integration	effort.	We	here	employ	
an	experimental	design	that	tests	the	graded	nature	of	the	
P600	as	an	index	of	integration	effort,	while	also	teasing	
apart	 the	 different	 predictions	 made	 by	 RI	 theory	 and	
multi-	stream	models	about	which	ERP	component	should	
be	modulated.

1.1	 |	 Multi- stream models

Multi-	stream	 models	 typically	 consist	 of	 two	 processing	
streams	 (but	 see	 Kuperberg,  2007):	 a	 semantic	 stream,	
linked	to	the	N400,	and	an	algorithmic	stream	linked	(in-
directly)	to	the	P600.	The	precise	mechanisms	thought	to	
underlie	these	streams	vary.	The	Semantic	Attraction	ac-
count	 (SA,	 Kim	 &	 Osterhout,  2005),	 Monitoring	 Theory	
(MT,	 van	 Herten	 et	 al.,  2005,	 2006),	 and	 the	 extended	
Argument	 Dependency	 Model	 (eADM,	 Bornkessel-	
Schlesewsky	&	Schlesewsky, 2008),	for	instance,	character-
ize	the	semantic	stream	as	assigning	thematic	roles	based	
on	 plausibility	 heuristics	 and	 world	 knowledge,	 inde-
pendent	of	morpho-	syntactic	cues	(see	also	the	Processing	

Competition	account,	Kos	et	al., 2010).	In	the	Continued	
Combinatory	 Analysis	 model	 (CCA,	 Kuperberg,  2007),	
the	 semantic memory- based stream	 computes	 semantic	
features	and	categorical	relationships	between	words	and	
compares	 them	 with	 pre-	existing	 relations	 stored	 in	 se-
mantic	memory.	Finally,	in	a	more	recent	model	proposed	
by	Michalon	and	Baggio (2019),	the	semantic	stream	con-
structs	an	interpretation	of	the	input	by	assigning	gram-
matical	 roles	 based	 on	 lexical–	semantic	 information.	
While	the	precise	conceptualization	of	this	stream	varies	
across	multi-	stream	models,	the	absence	of	an	N400	effect	
in	“semantic	P600”	studies	is	explained	by	these	accounts	
in	 a	 similar	 manner:	 The	 semantic	 processing	 stream	 is	
agnostic	to	the	syntactic	constraints	of	the	input	and	thus	
fails	 to	 detect	 a	 semantic	 anomaly	 whenever	 a	 semanti-
cally	 plausible	 (but	 syntactically	 unlicensed)	 alternative	
interpretation	can	be	constructed	from	the	content	words	
encountered	thus	far.	In	sum,	multi-	stream	accounts	typi-
cally	 explain	 the	 absence	 of	 an	 N400	 effect	 in	 semantic	
P600	findings	by	positing	the	presence	of	a	form	of	seman-
tic	attraction	(e.g.,	for	the	more	plausible	“the	hearty	meal	
was	devoured”	upon	encountering	“devouring”;	see	Li	&	
Ettinger, 2023;	Rabovsky	et	al., 2018;	Ryskin	et	al., 2021	for	
more	recent	instantiations	of	a	similar	line	of	reasoning).

The	other	stream,	called	algorithmic stream	(van	Herten	
et	al., 2006),	syntactic stream	(Kim	&	Osterhout, 2005;	Kos	
et	al.,  2010),	or	combinatorial stream	 (Kuperberg, 2007),	
has	 been	 described	 as	 constructing	 an	 interpretation	 of	
the	 input	by	 taking	 into	account	morpho-	syntactic	cues.	
Again,	 the	 conceptualization	 of	 this	 stream	 changes	 de-
pending	on	the	specific	model.	For	example,	in	the	eADM	
model,	this	stream	assigns	thematic	roles	based	on	syntac-
tic	“prominence”	information	(Bornkessel-	Schlesewsky	&	
Schlesewsky, 2008).	In	the	CCA,	the	combinatorial	stream	
combines	 words	 based	 on	 morpho-	syntactic	 constraints	
and	is	complemented	with	a	stream	sensitive	to	semantic–	
thematic	constraints	such	as	animacy	(Kuperberg, 2007).	
In	 the	 model	 proposed	 by	 Michalon	 and	 Baggio  (2019),	
the	 syntactic	 stream	assigns	grammatical	 roles	based	on	
word	position	and	parts	of	speech.

Crucially,	 on	 these	 multi-	stream	 models,	 semantic	
P600	effects	do	not	directly	result	from	variations	in	pro-
cessing	 cost	 within	 the	 algorithmic	 stream	 but	 rather	
from	 situations	 in	 which	 the	 interpretations	 generated	
by	 the	 semantic	 and	 the	 algorithmic	 streams	 disagree.	
For	example,	at	 the	word	“devouring,”	 the	algorithmic	
stream	 assigns	 the	 syntactically	 cued	 role	 of	 agent	 to	
“meal,”	 which	 conflicts	 with	 the	 interpretation	 gen-
erated	 by	 the	 semantic	 stream	 in	 which	 “meal”	 is	 the	
theme	 for	 “devour.”	 It	 is	 this	 conflict	 that	 is	 posited	 to	
result	in	a	P600	effect	relative	to	baseline.	Crucially,	the	
absence	 of	 an	 N400	 effect	 together	 with	 the	 presence	
of	 a	 P600	 effect	 for	 semantic	 anomalies	 such	 as	 those	
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induced	 by	 implausible	 thematic	 roles	 depends	 on	 the	
availability	 of	 a	 semantically	 attractive	 alternative	 in-
terpretation,	 for	 instance	 one	 in	 which	 the	 thematic	
roles	are	reversed.	If	such	an	alternative	is	not	present,	
multi-	stream	models	predict	an	N400	increase	indexing	
integration	difficulty	for	the	anomalous	word	in	the	se-
mantic	stream,	but	no	P600	increase,	as	the	outputs	of	
the	streams	should	not	be	in	conflict.

1.2	 |	 Retrieval– Integration theory

Retrieval–	Integration	 theory	 proposes	 an	 alternative,	
single-	stream	account	 in	which	 the	N400	 is	 taken	 to	 re-
flect	retrieval	of	word	meaning	and	the	P600	is	 taken	to	
index	 semantic	 integration	 effort	 (Brouwer	 et	 al.,  2012,	
2017).

Conceptually,	RI	theory	relies	on	a	notion	of	retrieval	
that	is	grounded	in	the	semantic	access/retrieval	view	of	
the	N400	(Kutas	&	Federmeier, 2000,	2011;	Lau	et	al., 2008,	
2009;	van	Berkum, 2009,	2010),	on	which	semantic/con-
ceptual	knowledge	associated	with	a	word	form—	that	is,	
its	 meaning—	is	 accessed	 in	 long-	term	 memory.	This	 re-
trieval	process	is	cued	both	by	association	and	by	expecta-
tion	 and,	 indeed,	 associative	 and	 expectation-	based	
influences	 on	 retrieval	 facilitation	 have	 been	 shown	 to	
manifest	 in	 additive	 N400	 modulations	 (Aurnhammer	
et	al., 2021).	Critically,	while	associative	and	expectation-	
based	 influences	 join	 in	 facilitating	 retrieval	 of	 word	
meaning	 for	 the	 current	 word	 form,	 RI	 theory	 assumes	
this	 process	 to	 be	 non-	combinatorial	 and	 non-	
compositional	 in	 nature.	 That	 is,	 while	 the	 utterance	
meaning	 representation	 influences	 retrieval	 of	 word	
meaning,	 the	 retrieval	 process	 itself,	 as	 reflected	 in	 the	
N400,	does	not	entail	any	form	of	compositional	update	of	
the	 utterance	 meaning	 representation.1	 Integrative	 pro-
cesses	 are	 instead	 manifest	 in	 the	 P600	 component.	
Conceptually,	 integration	 is	 the	 updating	 in	 working	
memory	 of	 the	 incrementally	 constructed	 utterance	
meaning	representation	with	the	retrieved	word	meaning.	

On	 the	 RI	 account,	 this	 notion	 of	 integration	 implies	 a	
combinatorial	 process	 that	 relies	 not	 only	 on	 semantic	
but,	 critically,	 also	 on	 pragmatic	 and	 morpho-	syntactic	
information.

More	explicitly,	RI	theory	posits	that	the	word-	by-	word	
processing	of	a	sentence	is	defined	by	the	process	function	
(Brouwer	et	al., 2021):

process	 (word form, utterance context)	 →	 utterance 
representation

retrieve	 (word form, utterance context)	 →	 word  
meaning	[∼	N400]

integrate	(word meaning, utterance context)	→	utterance 
meaning	[∼	P600]

Incoming	 word	 forms	 are	 mapped	 onto	 an	 utterance	
representation,	 while	 taking	 utterance	 context,	 that	 is,	
the	 utterance	 representation	 constructed	 so	 far,	 into	 ac-
count.	The	 process	 function	 is,	 however,	 divided	 into	 two	
subprocesses—	retrieve	 and	 integrate—	which	 are	 linked	 to	
the	N400	and	the	P600	component,	respectively.	The	retrieve	
function	maps	incoming	word	forms	onto	a	representation	
of	 word	 meaning,	 while	 taking	 utterance	 context	 into	 ac-
count.	 In	 the	 neurocomputational	 model	 instantiation	 of	
the	theory	(Figure 1),	the	N400	is	taken	to	be	proportional	to	
the	distance	of	the	retrieval	layer	at	the	previous	processing	
step	to	that	at	the	current	processing	step.	The	retrieval	pro-
cess	is	facilitated—	and	N400	amplitude	attenuated—	when	
the	meaning	of	an	incoming	word	is	primed	associatively	or	
contextually.	The	absence	of	an	N400	effect	for	“the	hearty	
meal	was	devouring/devoured”	is	explained	by	the	similar	
associative	priming	that	both	target	words	receive	from	the	
context.	Thus,	the	process	underlying	the	N400	is	restricted	
to	 accessing	 word	 meaning	 in	 long-	term	 memory	 and	
mapping	 it	 into	 working	 memory,	 and	 extends	 neither	 to	
“quasi-	compositional”	integration—	as	proposed	by	several	
multi-	stream	models—	nor	to	compositional	 integration	of	
word	meaning	with	the	utterance	meaning	representation	
constructed	up	to	that	point,	as	proposed	by	the	integration	
view	of	the	N400.	The	output	of	the	retrieve	function	serves	
as	 an	 input	 to	 the	 integrate	 function,	 which	 maps	 the	 re-
trieved	word	meaning	onto	an	updated	utterance	meaning	
representation	while	taking	previous	utterance	context	into	
account.	The	P600	is	taken	to	proportionally	reflect	the	dis-
tance	in	activation	between	the	integration	layer	at	the	pre-
vious	processing	step	and	that	at	the	current	processing	step.	
The	P600	increase	for	“devouring”	compared	to	“devoured”	
thus	results	from	a	more	difficult	integration	process	due	to	
the	implausibility	of	meal	fulfilling	the	agent	role.

The	 interpretation	 of	 the	 P600	 as	 an	 index	 of	 inte-
gration	 effort	 is,	 however,	 not	 limited	 to	 role-	reversal	

	1This	perspective	on	retrieval	separates	RI	theory	from	the	hybrid	view	
of	the	N400.	On	RI	theory,	retrieval	is	taken	to	include	both	what	has,	
on	the	hybrid	view,	been	called	preactivation—	the	process	by	which	
“the	semantics	of	the	context	activates	lexical	features	of	an	incoming	
word”	(Baggio	&	Hagoort, 2011,	p.	1348)	and	the	process	by	which	
“different	sources	of	information	converge	on	a	common	memory	
representation”	(Baggio	&	Hagoort, 2011,	p.	1347,	the	hybrid	view	calls	
the	latter	notion	“integration”	and	does	not	posit	this	process	to	be	
reflected	in	the	N400).	RI	theory	diverges	from	the	hybrid	view,	in	that	
the	latter	additionally	posits	unification—	the	“integration	of	word	
meaning	into	an	unfolding	representation	of	the	preceding	context”	
(Hagoort	et	al., 2009,	p.	1)—	to	be	indexed	by	the	N400.	This	update	is	
what	RI	theory	calls	integration	and	attributes	to	the	P600.
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manipulations	 but	 naturally	 extends	 to	 those	 seman-
tic	 P600	 findings	 induced	 not	 only	 by	 semantic	 and	
pragmatic	 factors	 (Burkhardt,  2006,	 2007;	 Cohn	 &	
Kutas, 2015;	Delogu	et	al., 2019;	Dimitrova	et	al., 2012;	
Hoeks	et	al., 2013;	Regel	et	al., 2010;	Schumacher, 2011;	
Spotorno	et	al., 2013;	Xu	&	Zhou, 2016)	but	also	those	in-
duced	by	manipulations	of	syntax	(Gouvea	et	al., 2010;	
see	Brouwer	et	al., 2012;	Delogu	et	al., 2019	for	discus-
sion)	and	syntax-	driven	semantic	composition	(Fritz	&	
Baggio,  2020,	 2022).	 Importantly,	 on	 the	 RI	 account,	
the	 amplitude	 of	 the	 P600	 should	 not	 be	 a	 binary	 re-
sponse	 to	 violating	 stimuli	 but	 should	 rather	 be	 sensi-
tive	to	integration	effort	on	a	continuous	scale	(Brouwer	
et	al., 2012),	reflecting	comprehension-	centric	surprisal	
(Brouwer	 et	 al.,  2021).	 Preliminary	 evidence	 for	 this	
prediction	has	been	presented	in	a	post	hoc	analysis	by	
Aurnhammer	et	al. (2021),	who	demonstrated	a	graded	
response	 of	 both	 the	 N400	 and	 the	 P600	 to	 congruous	
sentences	that	varied	in	target	word	expectancy.

Crucially,	the	notion	of	integration	assumed	by	RI	the-
ory	is	not	coextensive	with	the	aspects	of	integration	pro-
posed	 for	 the	 semantic	 stream	 by	 multi-	stream	 models.	
Rather,	 integration	 in	 the	 RI	 model	 is	 closer	 to	 the	 algo-
rithmic	 stream,	 in	 that	 integration	 is	 posited	 as	 morpho-	
syntactically	constrained	utterance	meaning	composition.	
Importantly,	however,	while	most	multi-	stream	models	do	
not	 directly	 attribute	 any	 electrophysiological	 processing	
correlate	to	the	algorithmic	stream,	RI	theory	takes	the	P600	
to	be	directly	proportional	to	the	change	in	utterance	mean-
ing	representation	induced	by	the	current	word	meaning.

1.3	 |	 Disentangling multi- stream 
models and RI theory

While	 both	 multi-	stream	 models	 and	 RI	 theory	 are	 able	
to	account	for	semantic	P600	effects	elicited	in	the	pres-
ence	of	semantic	attraction	(e.g.,	caused	by	role	reversals),	
they	differ	in	predicting	which	component	should	reveal	
integrative	 effort	 in the absence	 of	 a	 semantically	 attrac-
tive	 alternative	 interpretation.	 As	 previously	 discussed,	
multi-	stream	models	predict	an	N400	effect	reflecting	an	
unrepairable	semantic	anomaly	and	no	P600	effect,	as	no	
conflict	should	arise	between	the	semantic	and	the	algo-
rithmic	 stream,	 relative	 to	 a	 plausible	 baseline.	 By	 con-
trast,	the	RI	account	predicts	the	N400	to	be	modulated	by	
the	degree	to	which	the	meaning	of	the	implausible	word	
is	associatively	primed	and	contextually	expected,	and	a	
P600	effect	reflecting	continuous	semantic	integration	ef-
fort,	relative	to	a	plausible	baseline.

1.3.1	 |	 Semantic	P600	effects	in	a	
wider	discourse

Here,	 we	 present	 an	 experimental	 design	 that	 directly	
tests	the	predictions	of	multi-	stream	models	against	those	
of	RI	theory.	To	this	end,	we	build	on	the	design	employed	
by	Nieuwland	and	van	Berkum (2005)	in	which	a	context	
paragraph	is	followed	by	a	critical	region	including	either	
a	plausible	(coherent:	“the	woman	told	the	tourist”)	or	an	
implausible	(incoherent:	“the	woman	told	the	suitcase”)	

F I G U R E  1  Schematic	architecture	of	the	neurocomputational	instantiation	of	Retrieval–	Integration	theory,	implementing	word-	
by-	word	language	processing	through	the	retrieve	and	integrate	functions.	For	full	detail	on	the	model	implementation,	see	Brouwer	
et	al. (2021).
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target	word	(Table 1).	Crucially,	both	target	words,	“tour-
ist”	 and	 “suitcase,”	 are	 mentioned	 several	 times	 in	 the	
preceding	 context	 paragraph.	 Stimuli	 were	 presented	 in	
spoken	form	and	without	a	task.	The	contrast	of	the	im-
plausible	 (incoherent)	 “suitcase”	 to	 the	 plausible	 (inco-
herent)	“tourist”	elicited	a	broadly	distributed	P600	effect,	
but	no	N400	effect.

This	 result	 seems	 inconsistent	 with	 multi-	stream	
accounts:	 When	 encountering	 the	 implausible	 target	
word	 “suitcase,”	 there	 is	 no	 locally	 available	 seman-
tically	 attractive	 alternative—	for	 example,	 through	
sentence-	internal	permutation	of	thematic	roles	and/or	
morphological	 inflection—	that	would	yield	a	plausible	
interpretation	of	the	sentence.	As	a	result,	multi-	stream	
models	 predict	 an	 N400	 effect,	 reflecting	 the	 difficulty	
in	 arriving	 at	 a	 semantically	 plausible	 analysis	 when	
compared	to	a	plausible	sentence,	but	no	P600	effect,	as	

there	 is	 no	 disagreement	 between	 the	 independent	 se-
mantic	stream	and	the	algorithmic	stream	(see	Brouwer	
et	al., 2012	for	discussion;	a	schematic	multi-	stream	anal-
ysis	is	given	in	Figure 2,	left).	It	has	been	argued,	how-
ever,	 that	 a	 semantically	 attractive	 alternative	 may	 be	
globally	available	in	the	larger	discourse	(see	Bornkessel-	
Schlesewsky	&	Schlesewsky, 2008;	Kuperberg, 2007,	for	
discussion).	 That	 is,	 as	 both	 “tourist”	 and	 “suitcase”	
are	 salient	 entities	 in	 the	 discourse,	 which	 have	 been	
mentioned	 numerous	 times,	 the	 interpretation	 of	 the	
coherent	condition	(“the	woman	told	the	tourist”)	may	
actually	be	a	strong	attractor	in	the	incongruent	condi-
tion.	In	other	words,	the	salience	of	the	plausible	noun	
phrase	“the	tourist”	may	distract	the	system	away	from	
the	actual	noun	phrase	“the	suitcase.”	If	this	is	the	case,	
a	multi-	stream	account	of	this	result	would	entail	the	in-
dependent	 semantic	 stream	 encountering	 no	 difficulty	

T A B L E  1 	 Experimental	stimulus	from	the	design	of	Nieuwland	and	van	Berkum (2005),	translated	from	Dutch.

Introduction

A	tourist	wanted	to	bring	his	huge	suitcase	onto	the	airplane.	However,	because	the	suitcase	was	so	heavy,	the	woman	behind	the	
check-	in	counter	decided	to	charge	the	tourist	extra.	In	response,	the	tourist	opened	his	suitcase	and	threw	some	stuff	out.	So	now,	
the	suitcase	of	the	resourceful	tourist	weighed	less	than	the	maximum	twenty	kilos.

Coherent continuation Incoherent continuation

Next,	the	woman	told	the	tourist	that	she	thought	he	looked	
really	trendy.	The	tourist	grabbed	the	woman's	hand	and	
eagerly	asked	her	for	a	date.	But	the	woman	reprimanded	
the	tourist	for	being	pushy	and	told	him	to	just	get	on	the	
plane	right	away.

Next,	the	woman	told	the	suitcase	that	she	thought	he	looked	really	
trendy.	The	suitcase	grabbed	the	woman's	hand	and	eagerly	asked	
her	for	a	date.	But	the	woman	reprimanded	the	suitcase	for	being	
pushy	and	told	him	to	just	get	on	the	plane	right	away.

Note:	Underlines	added	by	the	authors	of	this	article.

F I G U R E  2  Schematic	overview	of	multi-	stream	explanations	assuming	either	a	local	or	a	global	revision	mechanism.
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6 of 28 |   AURNHAMMER et al.

in	producing	a	plausible	analysis,	which	should	lead	to	
no	 N400	 modulation,	 thereby	 yielding	 a	 conflict	 with	
the	algorithmic	processing	stream	(which	arrives	at	the	
analysis	“the	woman	told	the	suitcase”),	thereby	trigger-
ing	a	P600	effect	relative	to	baseline	(see	Figure 2,	right).

Retrieval–	Integration	 theory	 attributes	 the	 absence	
of	an	N400	effect	to	facilitated	retrieval.	That	is,	the	lex-
ical	 repetition	 of	 both	 the	 congruent	 and	 incongruent	
target	words	leads	to	maximal	priming	of	their	meaning.	
Indeed,	in	line	with	this	interpretation,	the	N400	effect	
resurfaced,	for	similar	stimuli	presented	in	story-	initial	
position,	 that	 is,	 without	 any	 preceding	 context	 men-
tioning	 the	 target	 words	 (see	 figure	 4	 in	 Nieuwland	 &	
van	Berkum, 2005),	due	to	the	absence	of	equal	priming	
for	“suitcase”	and	“tourist.”2	The	presence	of	a	P600	ef-
fect,	 in	 turn,	 reflects	 the	difficulty	 in	 integrating	“suit-
case”	 versus	 “tourist”	 in	 “the	 woman	 told	 […],”	 as	 the	
former	yields	an	interpretation	that	goes	against	world	
knowledge.	If	we	accept	the	independent	semantic	pro-
cessing	 stream	 of	 multi-	stream	 models	 to	 be	 able	 to	
compute	a	globally	 available	 semantically	attractive	al-
ternative	interpretation,	then	multi-	stream	models	and	
RI	 theory	 make	 the	 same	 N400	 and	 P600	 predictions,	
and	 both	 account	 for	 the	 Nieuwland	 and	 van	
Berkum (2005)	data.	Crucially,	however,	 if	no	such	al-
ternative	interpretation	is	available,	the	accounts	make	
diverging	 predictions:	 Multi-	stream	 models	 predict	 an	
N400	effect	and	no	P600	effect,	while	RI	theory	predicts	
no	 N400	 effect	 and	 a	 P600	 effect	 relative	 to	 baseline.	
Furthermore,	while	previous	 studies	observing	 seman-
tic	 P600	 effects	 typically	 employed	 binary	 designs,	 RI	
theory	 makes	 the	 specific	 prediction	 that	 P600	 ampli-
tude	 should	 be	 a	 function	 of	 graded	 integration	 effort	
(see	Aurnhammer	et	al., 2021,	for	preliminary	support).	
To	test	 these	diverging	predictions,	we	here	present	an	
adapted	version	of	the	Nieuwland	and	van	Berkum (2005)	
design.

1.3.2	 |	 Global	attraction	versus	continuous	
integration

The	adapted	design	 implements	 several	manipulations	
(see	Table 2).	First,	we	created	a	baseline	condition,	in	
which	 the	 target	 word	 is	 expected	 and	 plausible	 and	
no	 processing	 difficulties	 should	 ensue	 (Condition	 A).	
In	 order	 to	 test	 the	 prediction	 of	 multi-	stream	 models	
that	it	is	the	availability	of	a	semantically	attractive	al-
ternative	 that	 explains	 the	 absence	 of	 an	 N400	 effect	
and	 the	 presence	 of	 a	 P600	 effect,	 we	 constructed	 one	

condition	such	that	an	alternative	is	made	globally	avail-
able	by	a	distractor	word	in	the	context	(Condition	B).	
In	 another	 condition,	 no	 such	 alternative	 is	 available	
(Condition	 C)	 and	 we	 compare	 both	 conditions	 to	 the	
unmanipulated	baseline	(Condition	A).	Furthermore,	to	
test	 for	 the	 gradedness	 of	 integration	 effort,	 the	 target	
word	 in	 Condition	 B	 has	 intermediate	 plausibility,	 in	
that	 it	renders	 the	 interpretation	semantically	unlikely	
yet	possible,	while	Condition	C	is	implausible,	yielding	
a	 semantic	 anomaly	 (see	 Table	 4	 for	 more	 examples).	
Finally,	 to	maximize	comparability	of	 target	word	pro-
cessing	across	conditions,	our	design	employs	a	context	
rather	 than	 a	 target	 manipulation	 design	 and	 we	 har-
ness	 lexical	 repetition	 to	maximally	and	equally	prime	
the	target	words	in	the	three	conditions.

In	 the	 adapted	 design,	 multi-	stream	 models	 predict	
a	 P600	 and	 no	 N400	 effect	 for	 Condition	 B	 relative	 to	
Condition	A	(see	Table 3).	This	is	because	the	anomaly	is	
repairable	by	replacing	 the	anomalous	 interpretation	re-
sulting	from	the	observed	word	with	the	globally	available	
alternative	interpretation	that	derives	from	the	distractor	

	2Visual	inspection	suggests	that	this	N400	effect	co-	occurs	with	an	
increase	in	P600	amplitude.

T A B L E  2 	 Experimental	design	of	the	present	study.

Context

Ein	Tourist	wollte	seinen	riesigen	Koffer	mit	in	das	Flugzeug	
nehmen.	Der	Koffer	war	allerdings	so	schwer,	dass	die	Dame	
am	Check-	in	entschied,	dem	Touristen	eine	extra	Gebühr	
zu	berechnen.	Daraufhin	öffnete	der	Tourist	seinen	Koffer	
und	warf	einige	Sachen	hinaus.	Somit	wog	der	Koffer	des	
einfallsreichen	Touristen	weniger	als	das	Maximum	von	30	
Kilogramm.

A tourist wanted to take his huge suitcase onto the airplane. 
The suitcase was however so heavy that the woman at the 
check- in decided to charge the tourist an extra fee. After that, 
the tourist opened his suitcase and threw several things out. 
Now, the suitcase of the ingenious tourist weighed less than the 
maximum of 30 kilograms.

Condition A:	Plausible, baseline

Dann	verabschiedete	die	Dame	den	Touristen	und	danach	ging	er	
zum	Gate.

Then dismissed the lady the tourist and afterwards he went to the 
gate.

Condition B:	Less plausible, attraction

Dann	wog	die	Dame	den	Touristen	und	danach	ging	er	zum	Gate.

Then weighed the lady the tourist and afterwards he went to the 
gate.

Condition C:	Implausible, no attraction

Dann	unterschrieb	die	Dame	den	Touristen	und	danach	ging	er	
zum	Gate.

Then signed the lady the tourist and afterwards he went to the gate.

Note:	German	word	order	is	preserved	for	the	English	transliterations	of	
the	final	sentences.	Target	words	are	underlined	and	distractor	words	are	
highlighted	in	boldface.
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   | 7 of 28AURNHAMMER et al.

word,	similar	to	the	original	study.	In	Condition	C,	how-
ever,	no	such	alternative	interpretation	is	licensed	by	the	
context	and	hence	multi-	stream	models	predict	an	N400	
effect	 and,	 critically,	 no	 P600	 effect	 relative	 to	 the	 base-
line	condition.	RI	theory	predicts	that	no	N400	differences	
should	 be	 produced	 across	 conditions	 due	 to	 the	 lexical	
repetition	 of	 the	 target	 word	 in	 the	 context	 paragraph,	
maximally	 facilitating	 lexical	 retrieval	 of	 its	 meaning.	
Under	 the	hypothesis	 that	P600	amplitude	continuously	
indexes	 the	effort	of	 integrating	word	meaning	with	 the	

utterance	meaning	representation	constructed	so	far,	the	
P600	is	predicted	to	be	graded	for	plausibility	with	increas-
ing	 amplitude	 for	 conditions	 A	 <	 B	 <	 C.	 In	 sum,	 while	
multi-	stream	models	predict	a	P600	effect	 for	Condition	
B	and	an	N400	effect	for	Condition	C	relative	to	the	base-
line	Condition	A,	RI	theory	predicts	the	absence	of	N400	
effects,	 and	 graded	 P600	 amplitude	 differences	 across	
conditions.

On	the	assumption	that	reading	times	provide	an	index	
of	 overall	 word-	by-	word	 processing	 effort,	 we	 first	 col-
lected	self-	paced	reading	time	data	for	our	novel	design.	
We	 expect	 that	 reading	 times	 should	 be	 graded	 for	 tar-
get	word	plausibility,	reflecting	graded	integration	effort.	
Subsequently,	we	recorded	event-	related	potentials	for	the	
same	 stimuli,	 allowing	 for	 a	 direct	 comparison	 between	
behavioral	 and	 neurophysiological	 indices	 of	 integrative	
processing	effort	(see	Brouwer	et	al., 2021,	for	discussion).

2 	 | 	 EXPERIMENT 1:  SELF- PACED 
READING

2.1	 |	 Method

Code	 and	 data	 required	 to	 reproduce	 the	 analyses	 are	
made	publicly	available.3	All	studies	were	conducted	with	
ethics	 approval	 of	 the	 Deutsche	 Gesellschaft	 für	
Sprachwissenschaft	(DGfS).

2.1.1	 |	 Materials

The	 materials	 were	 optimized	 to	 be	 used	 in	 the	 same	
form	 in	 the	 self-	paced	 reading	 study	 and	 the	 electroen-
cephalography	(EEG)	study	(see	Appendix S1	for	the	full	
list	of	German	stimuli).	In	the	creation	of	the	stimuli,	we	
translated	 and	 adapted	 items	 from	 Nieuwland	 and	 van	
Berkum (2005)	where	possible,	and	otherwise	developed	
new	items.	In	total,	we	developed	96	items	for	which	we	
changed	 the	 original	 target	 manipulation	 to	 a	 context	
manipulation	design.	Employing	a	context	manipulation	
design	 in	which	 the	 target	word	 is	 the	same	across	con-
ditions	is	intended	to	reduce	effects	due	to	differences	in	
word	length,	frequency,	etc.	Every	item	had	the	same	con-
text	paragraph	in	each	condition.

The	 context	 paragraph	 repeatedly	 mentioned	 both	
the	 target	 word	 as	 well	 as	 a	 distractor	 word.	 The	 tar-
get	 word	 and	 the	 distractor	 word	 were	 mentioned	
the	 same	 amount	 of	 times	 within	 item	 (three	 or	 four	
times).	Presenting	 the	 target	word	several	 times	 in	 the	

	3https://github.com/caurn	hamme	r/psyp2	3rerps.

T A B L E  3 	 N400	and	P600	predictions	of	multi-	stream	models	
and	Retrieval–	Integration	theory	for	the	current	design.

Multi- stream
Retrieval– 
Integration

N400 P600 N400 P600

A:	Plausible,	no	attraction − − − −

B:	Less	plausible,	attraction − + − +

C:	Implausible,	no	attraction + − − ++

T A B L E  4 	 Four	example	items,	transliterated	from	German.

Item 2

A	teacher	saw	an	old	world	map	in	the	showcase	of	an	antique	
shop.	Such	an	authentic	artifact	appeared	suitable	for	his	
classroom	and	he	approached	the	saleswoman	…

A:	Then	bought	the	teacher	the	map	…

B:	Then	kissed	the	teacher	the	map	…

C:	Then	filled	the	teacher	the	map	…

Item 4

While	building	a	table,	a	carpenter	broke	his	nice	hammer	into	
pieces	…

A:	Then	took	the	apprentice	the	hammer	…

B:	Then	sneered-	at	the	apprentice	the	hammer	…

C:	Then	ate	the	apprentice	the	hammer	…

Item 11

In	a	foreign	city,	a	vacationer	booked	a	guided	tour.	The	guide	
was	happy	that	the	vacationer	was	interested	and	gifted	him	a	
flyer	…

A:	After	the	tour	folded	the	vacationer	the	flyer	…

B:	After	the	tour	commended	the	vacationer	the	flyer	…

C:	After	the	tour	cooked	the	vacationer	the	flyer	…

Item 18

A	young	lady	wanted	to	have	a	jewel	evaluated	by	a	jeweler	…

A:	Delighted	remunerated	the	lady	the	jeweler	…

B:	Delighted	marveled-	at	the	lady	the	jeweler	…

C:	Delighted	seasoned	the	lady	the	jeweler	…

Note:	Target	words	are	underlined,	distractor	words	are	highlighted	in	
boldface.
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context	 paragraph	 should	 maximally	 prime	 the	 target	
word's	 meaning,	 when	 presented	 in	 target	 position.	
Under	 RI	 theory,	 we	 thus	 expect	 no	 N400	 (retrieval)	
effect	across	conditions	 (see	Brouwer	&	Crocker, 2017;	
Brouwer	et	al., 2012).	Which	of	 the	 two	words—	target	
or	distractor—	was	last	mentioned	in	the	context	was	ap-
proximately	balanced	across	items.

The	 context	 paragraph	 was	 followed	 by	 a	 manipu-
lated	 final	 sentence.	 Conditions	 differed	 only	 in	 the	
main	 verb	 of	 the	 final	 sentence,	 rendering	 the	 target	
word	 of	 the	 sentence—	that	 is,	 the	 direct	 object—	
plausible	(Condition	A,	“the	lady	dismissed	the	tourist”),	
less	plausible	(Condition	B,	“the	lady	weighed	the	tour-
ist”),	or	 implausible	(Condition	C,	“the	lady	signed	 the	

Condition

Cloze Plausibility

Mean SD Range Mean SD Range

Target

A 0.80 0.20 0.33–	1.00 5.84 0.93 3.60–	7.00

B 0.09 0.11 0.00–	0.40 3.69 1.33 1.50–	6.30

C 0.02 0.04 0.00–	0.20 1.42 0.33 1.00–	2.40

Distractor

A 0.05 0.90 0.00–	0.33 2.53 1.34 1.10–	6.30

B 0.78 0.17 0.33–	1.00 5.94 1.05 2.40–	7.00

C 0.03 0.06 0.00–	0.20 1.66 0.69 1.00–	4.80

T A B L E  5 	 Averages,	standard	
deviations,	and	ranges	for	the	results	
of	two	norming	studies	that	collected	
cloze	probabilities	and	seven-	point	scale	
plausibility	ratings	for	the	target	and	the	
distractor	word.

F I G U R E  3  Densities	for	the	results	of	two	norming	studies	that	collected	cloze	probabilities	and	seven-	point	scale	plausibility	ratings	
for	the	target	and	the	distractor	words.	Vertical	lines	indicate	per-	condition	averages.
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   | 9 of 28AURNHAMMER et al.

tourist”).	Indeed,	Condition	C	creates	a	standard	seman-
tic	 anomaly	 by	 violating	 the	 selectional	 restrictions	 of	
the	main	verb.	The	only	important	difference	to	a	stan-
dard	semantic	anomaly	is	that	the	target	word	has	been	
presented	several	times	before	appearing	in	target	posi-
tion.4	 Taken	 together,	 this	 allows	 us	 to	 assess	 whether	
plausibility	results	in	graded	effects	on	both	RTs	and	the	
P600.	Additionally,	 the	distractor	word,	which	 is	never	
presented	 in	 target	 position,	 was	 either	 expected	
(Condition	B,	“the	lady	weighed”	attracting	“suitcase”),	
or	not	expected	(Condition	A	and	C),	allowing	us	to	in-
vestigate	whether	the	presence	of	a	semantically	attrac-
tive	alternative	interpretation	modulates	the	presence	of	
P600	(Condition	B;	semantic	attraction)	or	N400	effects	
(Condition	C;	no	semantic	attraction)	in	the	ERP	exper-
iment.	 The	 final	 sentence	 of	 each	 item	 ended	 with	 an	
additional	 clause	 following	 the	 target	 word	 (“[…]	 and	
afterwards	 he	 went	 to	 the	 gate”),	 which	 avoids	 place-
ment	of	the	target	in	sentence-	final	position	and	allows	
us	to	capture	spillover	effects	 in	reading	times.	Table 4	
shows	four	more	transliterated	items.

Cloze
We	collected	cloze	probabilities	to	validate	the	differen-
tial	 expectancy	 of	 both	 the	 target	 and	 distractor	 word	
across	 conditions.	 Sentence	 completions	 were	 col-
lected	 in	 a	 web-	based	 experiment	 using	 the	 software	
PCIbex	 (Zehr	 &	 Schwarz,  2018),	 which	 we	 also	 used	
for	 all	 other	 web-	based	 norming	 studies	 and	 experi-
ments	reported	here.	We	did	not	use	filler	 items,	since	
the	materials	up	to	the	target	word	do	not	contain	any	
anomalies.	Participants	were	presented	with	the	entire	
context	 paragraph	 and	 the	 final	 sentence	 up	 to—	but	
not	including—	the	determiner	of	the	target	word.	That	
is,	we	did	not	provide	a	determiner	as	the	grammatical	
gender	 of	 German	 would	 constrain	 the	 set	 of	 possible	
completions.

In	 order	 to	 maximize	 the	 contrast	 of	 high	 expecta-
tion	 for	 the	 target	 (Condition	 A)	 or	 the	 distractor	 word	
(Condition	 B),	 we	 obtained	 Cloze	 probabilities	 in	 two	
rounds.	 Sentence	 contexts	 for	 implausible	 words	 were	
created	 such	 that	 they	 do	 not	 raise	 strong	 expectations	
for	 any	 specific	 word	 (Condition	 C).	 In	 total,	 we	 col-
lected	responses	from	90	participants,	who	were	recruited	
through	Prolific	Academic	Ltd.	and	each	was	paid	£7.50.	
We	selected	the	60	best	items	based	on	the	results	of	the	
cloze	 task.	 Alternative	 cloze	 probabilities	 for	 any	 other	

word	in	Condition	C	were	kept	below	0.27	(mean	=	0.20;	
SD	=	0.07).	The	resulting	cloze	probabilities	for	the	target	
and	 distractor	 word	 across	 the	 three	 conditions	 are	 pre-
sented	 in	 Table  5	 and	 Figure  3	 (left).	 Target	 word	 cloze	
probability	is	high	in	Condition	A,	indicating	high	expec-
tancy	of	the	target	word	in	the	baseline	condition,	which	
should	 therefore	 induce	 only	 low	 integrative	 effort.	 In	
Condition	 B,	 participants	 actively	 produced	 the	 distrac-
tor	word	rather	than	the	target	word,	indicating	that	the	
distractor	 word	 indeed	 makes	 a	 semantically	 attractive	
alternative	interpretation	(globally)	available	in	this	con-
dition.	In	Condition	C,	expectancy	of	both	the	target	word	
and	the	distractor	word	was	low.	The	latter	suggests	that	
the	alternative	interpretation	available	for	Condition	B	is	
removed	 in	Condition	C.	 In	 sum,	 the	cloze	probabilities	
suggest	that	the	availability	of	the	semantically	attractive	
alternative	interpretation	has	been	manipulated	success-
fully	(Condition	A:	baseline;	Condition	B:	semantic	attrac-
tion;	Condition	C:	no	semantic	attraction).	We	 turn	 to	a	
second	norming	study	in	which	we	collect	plausibility	rat-
ings	to	discern	whether	the	target	words	of	conditions	B	
and	C—	which	were	similarly	unexpected—	indeed	differ	
in	their	plausibility.

Plausibility
In	 a	 second	 norming	 study,	 we	 collected	 plausibility	
ratings	 for	 the	 target	 and	 distractor	 words	 on	 a	 seven-	
point	 Likert	 scale,	 7	 indicating	 “very	 plausible”	 and	 1	
indicating	“not	plausible.”	In	total,	60	participants	were	
recruited	through	Prolific	Academic	Ltd.,	and	each	was	
paid	 £7.50.	 For	 the	 rating	 task,	 the	 final	 sentence	 was	
presented	 in	 one	 paragraph	 together	 with	 the	 context	
material,	 with	 the	 aim	 to	 ensure	 reading	 of	 the	 entire	
paragraph	and	not	only	the	final	sentence.	Participants	
were	instructed	to	rate	the	plausibility	of	the	final	sen-
tence	in	light	of	the	context.	We	excluded	the	final	sen-
tence	 continuation	 (“and	 afterwards	 he	 went	 to	 the	
gate”)	 to	 maximize	 rating	 the	 target	 word	 rather	 than	
another	 part	 of	 the	 final	 sentence.	 During	 the	 rating	
task,	 there	were	10	 items	with	attention	checks	which	
presented	 mid-	paragraph	 instructions	 to	 rate	 this	 trial	
with	 a	 given	 number	 (either	 1	 or	 7).	 On	 average,	 par-
ticipants	 completed	 98	 %	 of	 attention	 checks	 success-
fully	(mean	=	98.19	%;	SD	=	4.09;	range	83.33–	100.00	%).	
The	resulting	plausibility	ratings	are	reported	in	Table 5	
and	Figure 3	(right).	Target	word	plausibility	is	stepped	
across	conditions	(A	>	B	>	C),	which	should	result	in	a	
similarly	graded	effect	of	integration	effort	on	the	target	
in	the	three	contexts.	Distractor	word	plausibility	is	high	
in	Condition	B	while	 in	Condition	A	and	C,	distractor	
word	plausibility	is	low,	again	supporting	the	availabil-
ity	of	a	semantically	attractive	alternative	interpretation	
in	Condition	B.

	4Furthermore,	most	of	these	semantic	anomalies	render	reference	
transfer	to	a	related	entity	unlikely.	For	instance,	while	it	is	conceivable	
that	reference	may	be	transferred	from	“tourist”	to	the	“tourist's	ticket”	
in	the	example	stimulus,	for	most	of	our	stimuli,	no	such	reference	
transfer	is	licensed	(e.g.,	“the	apprentice	ate	the	hammer”).
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10 of 28 |   AURNHAMMER et al.

Correlations	between	target	and	distractor	word	cloze	
probability	 and	 plausibility	 are	 reported	 in	Table  6.	 Our	
analyses	will	focus	on	target	word	plausibility	to	investi-
gate	graded	effects	of	plausibility	and	on	distractor	cloze	
to	investigate	additional	effects	of	semantic	attraction.	As	
the	correlations	show,	these	predictors	are	effectively	in-
dependent	(r	=	0.01).

2.1.2	 |	 Participants

Forty-	three	 participants	 were	 recruited	 through	 Prolific	
Academic	 Ltd.,	 to	 take	 part	 in	 the	 web-	based	 self-	paced	
reading	experiment.	One	participant	was	excluded	due	to	
inattentive	reading,	as	shown	by	low	accuracy	on	the	task	
(60%	correct;	see	below	for	specifics	of	the	task).	The	re-
maining	42	participants	(mean	age	24.43;	SD	3.7;	age	range	
18–	32;	 15	 male,	 27	 female)	 were	 all	 native	 speakers	 of	
German	(two	early	bilinguals)	and	had	not	indicated	any	
language-	related	 disorders	 or	 literacy	 difficulties.	 They	
did	 not	 participate	 in	 any	 other	 studies	 reported	 in	 this	
article.	All	participants	gave	their	consent	by	agreeing	to	a	
consent	form	and	were	paid	£7.50	for	their	participation.

2.1.3	 |	 Procedure

We	conducted	the	self-	paced	reading	experiment	as	a	web-	
based	study.	On	each	trial,	participants	were	prompted	to	
press	 the	 Enter	 key	 to	 start,	 after	 which	 they	 were	 pre-
sented	with	a	context	paragraph.	Upon	pressing	the	Enter	
key	 again,	 a	 hash	 sign	 was	 presented	 centrally,	 indicat-
ing	the	position	of	the	words	of	the	final	sentence.	From	
here	on,	participants	pressed	the	Space	bar	to	proceed	to	
the	next	word,	each	presented	centrally.	After	three	prac-
tice	items,	stimuli	were	presented	in	three	blocks	with	35	
items	each,	summing	to	a	total	of	105	items,	45	of	which	
were	fillers.	For	half	of	the	participants,	the	blocks	and	the	
items	within	them	were	presented	in	reverse	order.	On	46%	
of	trials—	half	of	the	experimental	trials	and	on	two-	fifths	

of	 the	 fillers—	participants	 were	 presented	 with	 a	 com-
prehension	question	to	which	they	had	to	answer	either	
Yes	or	No	(mapped	to	the	D	and	K	keys).	Comprehension	
questions	had	Yes	and	No	as	correct	answer	on	50%	of	the	
questions	and	they	could	concern	the	context	paragraph	
or	 the	 final	 sentence,	 within	 which	 they	 could	 focus	 on	
the	manipulated	region	or	the	final	sentence	completion.	
To	encourage	attentive	reading,	we	provided	coarse	feed-
back	on	participants'	response	accuracy	after	the	practice	
session	 and	 after	 each	 block.	 Participants	 were	 encour-
aged	to	take	a	short	break	between	blocks.

2.1.4	 |	 Analysis

We	excluded	trials	if	reading	time	on	any	critical	region	
was	lower	than	50	ms	or	higher	than	2500	ms	and	if	re-
action	 time	on	 the	 task	 (if	 there	was	one	on	 that	 trial)	
was	lower	than	50	ms	or	higher	than	6,000	ms.	Based	on	
these	 criteria,	 47	 of	 2520	 trials	 were	 excluded	 (1.87%).	
All	 results	 and	 analyses	 reported	 below	 are	 computed	
after	exclusion.

Log-	transformed	 reading	 times	 were	 analyzed	 with	 a	
linear	 mixed	 effects	 regression	 re-	estimation	 technique	
(cf.	 Aurnhammer	 et	 al.,  2021),	 using	 the	 MixedModels	
package	for	Julia	(Bezanson	et	al., 2017).	This	technique	
fits	reading	time	models	separately	on	each	region	of	in-
terest,	allowing	to	trace	across	regions	the	relative	 influ-
ence	and	significance	of	each	predictor	in	the	regression	
equation	as	well	as	 the	 residual	error,	 that	 is,	 the	differ-
ence	 between	 the	 observed	 data	 and	 the	 forward	 esti-
mates	computed	by	the	models.	As	predictors	of	interest,	
we	focus	on	target	word	plausibility	and	distractor	cloze	
probability.	Plausibility	ratings	will	serve	as	a	continuous	
predictor	to	operationalize	integration	difficulty	of	the	tar-
get	word.	Distractor	cloze	probability	serves	as	a	predic-
tor	that	will	explain	any	additional	effort	incurred	by	the	
availability	 of	 a	 semantically	 attractive	 alternative	 inter-
pretation.	Random	intercepts	as	well	as	random	slopes	for	
each	predictor	are	estimated	for	both	subjects	and	items.	
The	full	model	specification	is

in	which	β0	represents	the	fixed-	effect	intercept	and	β1	and	
β2	 refer	 to	 the	 fixed-	effect	 coefficients	 of	 plausibility	 and	
distractor	 cloze	 probability.	 The	 S	 and	 I	 terms	 represent	
random	 intercepts	 and	 slopes	 for	 subjects	 and	 items.	The	
unexplained	variance	 in	the	data	 is	represented	by	the	re-
sidual	error	term	ϵ.	All	predictors	were	standardized,	cen-
tering	their	average	value	on	zero	and	expressing	them	on	
a	 scale	 of	 standard	 deviations.	 Standardizing	 predictors	

(1)

Y = �0 + S0 + I0 +
(

�1 + S1 + I1
)

Plaus +
(

�2 + S2 + I2
)

Clozedist + �

T A B L E  6 	 Correlations	between	cloze	probabilities	and	
plausibility	ratings	of	the	target	and	distractor	words.

Cloze Plausibility

Target Distractor Target Distractor

Cloze

Target 1.00 −0.40 0.79 −0.24

Distractor −0.40 1.00 0.01 0.88

Plausibility

Target 0.79 0.01 1.00 0.22

Distractor −0.24 0.88 0.22 1.00
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   | 11 of 28AURNHAMMER et al.

additionally	has	the	effect	that	the	intercept	will	equal	the	
mean	of	the	data	to	which	the	model	is	fitted.	Plausibility	
was	also	 inverted,	as	we	predict	 that	higher	reading	times	
ensue	for	 lower	plausibility	ratings.	We	run	separate	anal-
yses	for	the	different	regions	of	interest,	which	we	treat	as	
separate	families	of	hypotheses.	Hence,	we	do	not	correct	for	
multiple	comparisons.

2.2	 |	 Results

2.2.1	 |	 Comprehension	questions

Participants	 answered	 comprehension	 questions	 on	 half	
of	 the	 experimental	 items.	 Descriptive	 metrics	 for	 accu-
racy	 and	 reaction	 times	 were	 computed	 across	 subjects.	
Average	accuracy	was	96.8%	(SD	=	5.2,	range	=	80–	100.0%).	
Mean	reaction	time	was	3098	ms	(SD	=	619,	range	=	1907–	
4426	ms).	Accuracies	and	reaction	times	per	condition	are	
given	in	Table 7.

2.2.2	 |	 Reading	times

Figure  4	 displays	 log-	transformed	 reading	 times,	 split	
up	per	condition,	on	the	Pre-	critical	region	(the	ambigu-
ous	 article	 “den”/“the”	 of	 the	 target	 word),	 the	 Critical	
region	 (the	 target	 word	 “tourist”),	 the	 Spillover	 region	
(“and”),	 and	 the	 Post-	spillover	 region	 (“afterwards”).	
Visual	 inspection	 of	 the	 data	 suggests	 that	 already	 on	
the	Pre-	critical	and	Critical	 regions,	Condition	C	 is	 read	
slower	than	Conditions	A	and	B.	On	the	Spillover	region,	
Condition	B	and	C	are	slowed	down.	Lastly,	on	the	post-	
spillover	region,	reading	times	appear	to	pattern	with	the	
three	levels	of	Conditions	A,	B,	and	C.

We	 modeled	 the	 reading	 times	 as	 a	 function	 of	 both	
target	 word	 plausibility	 and	 distractor	 cloze	 probability	
on	each	region	separately.	Figure 5	displays	the	estimated	
reading	 times	 from	 these	 models	 as	 well	 as	 the	 residual	
error,	that	is,	the	difference	between	the	observed	and	the	
estimated	 reading	 times.	Visual	 inspection	 suggests	 that	
the	 models	 capture	 the	 effect	 structure	 in	 the	 observed	
data	 as	 evidenced	 by	 small	 residual	 error	 across	 regions	
and	conditions.

Figure 6	(left)	displays	model	coefficients,	added	to	their	
intercept,	 for	 plausibility	 and	 distractor	 cloze	 probability	
together	 with	 their	 respective	 z	 and	 p	 values	 (right).	 The	
positive	coefficients	for	plausibility	indicate	that	lower	plau-
sibility	predicts	slower	reading.	The	coefficient	for	distractor	
cloze	probability	is	smaller	and	changes	sign	moving	from	
the	Critical	to	the	Spillover	and	to	the	Post-	spillover	region,	
indicating	that	this	predictor	estimates	slower	or	faster	read-
ing	time	depending	on	the	region	of	interest.	The	z	and	p	val-
ues	 demonstrate	 that	 target	 word	 plausibility	 significantly	
predicts	reading	times	across	all	regions,	 interestingly	also	
including	the	Pre-	critical	region,	while	no	significant	contri-
bution	of	distractor	cloze	probability	was	found.

Reading	 in	 the	 implausible	 Condition	 C	 is	 slowed	
already	 prior	 to	 the	 target	 word,	 presumably	 due	 to	 dif-
ferences	in	processing	of	the	main	verbs	preceding	the	tar-
gets.	This	raises	the	question	to	what	extent	reading	time	

Condition

Accuracy Reaction time

Mean SD Range Mean SD Range

A 96.7% 6.1% 80.0–	100.0% 2900	ms 560	ms 1566–	3820	ms

B 95.3% 8.3% 70.0–	100.0% 3032	ms 567	ms 1986–	4106	ms

C 96.0% 7.0% 77.8–	100.0% 3047	ms 586	ms 2086–	4259	ms

Note:	Accuracy	and	reaction	times	were	computed	across	subjects.

T A B L E  7 	 Task	performance	on	the	
comprehension	questions	in	the	self-	
paced	reading	experiment.

F I G U R E  4  Log	reading	times,	averaged	per	condition	from	
the	per-	subject	averages,	on	the	Pre-	critical,	Critical,	Spillover,	
and	Post-	spillover	region.	Error	bars	indicate	the	standard	error	
computed	from	the	per-	subject	per-	condition	averages.
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12 of 28 |   AURNHAMMER et al.

differences	observed	on	and	after	the	critical	word	are	due	
to	 the	 plausibility	 of	 the	 target	 word	 itself,	 rather	 than	
due	to	the	different	contexts.	To	answer	this	question,	we	
included	the	reading	time	on	the	Pre-	critical	region	as	a	
predictor	 into	our	analyses,	 allowing	 the	models	 to	 cap-
ture	any	pre-	critical	reading	time	offsets.	We	only	z-	scored	
but	did	not	log-	transform	the	Pre-	critical	RT	predictor,	in	
order	to	avoid	identity	of	the	dependent	(logRT)	and	one	
of	the	independent	variables	(Pre-	critical	RT)	on	the	Pre-	
critical	region.	The	remaining	predictors	now	explain	any	
systematic	variability	in	reading	time	over	and	above	read-
ing	time	offsets	present	at	the	Pre-	critical	region.	The	re-
sulting	coefficients	and	z	values	indicate	that	target	word	

plausibility	 significantly	 predicts	 slowed	 reading	 time	 at	
the	 Spillover	 and	 Post-	spillover	 regions,	 over	 and	 above	
what	 is	 explained	 by	 Pre-	critical	 reading	 time,	 whereas	
the	 plausibility	 predictor	 is	 no	 longer	 significant	 on	 the	
Pre-	critical	and	Critical	regions.	Distractor	cloze	probabil-
ity	still	does	not	significantly	predict	reading	times	on	any	
region	(Figure 7).

2.3	 |	 Discussion

The	 results	 of	 the	 self-	paced	 reading	 experiment	 show	
that	 reading	 times	 scale	 gradually	 with	 plausibility,	

F I G U R E  5  Estimated	log-	reading	times	(left)	and	residual	error	(right),	averaged	per	condition,	on	the	Pre-	critical,	Critical,	Spillover,	
and	Post-	spillover	regions.

F I G U R E  6  Coefficients	(left;	added	to	their	intercept),	effect	sizes	(z	values),	and	p	values	(right).	Error	bars	indicate	the	standard	error	
of	the	coefficients	in	the	fitted	statistical	models.
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   | 13 of 28AURNHAMMER et al.

indicating	that	our	manipulation	of	target	plausibility	in-
deed	resulted	in	a	graded	modulation	of	integration	effort.	
Furthermore,	the	regression-	based	analysis	revealed	that	
plausibility	is	a	continuous	predictor	of	reading	time.

Based	 on	 the	 traditional	 surprisal	 literature	 (Frank	
et	al., 2015;	Levy, 2008;	Monsalve	et	al., 2012),	 it	could	be	
expected	 that	 the	 same	 items	 that	 show	 modulations	 in	
reading	 times	 would	 also	 elicit	 a	 graded	 N400	 response.	
However,	 the	hypothesis	 that	 the	P600	reflects	 integration	
effort	 predicts	 a	 strong	 link	 between	 this	 component	 and	
late	 reading	 time	 measures	 (Brouwer	 &	 Crocker,  2017;	
Brouwer	et	al., 2012).	Empirical	evidence	in	support	of	this	
is	 provided	 by	 Brouwer	 et	 al.  (2021)	 and	 Aurnhammer	
et	al. (2021),	showing	that	reading	time	modulations	pattern	
with	P600	effects.5	The	obtained	reading	times	thus	offer	an	
opportunity	to	investigate	whether	the	experimental	design	
will	result	in	a	graded	N400	or	P600	pattern.

The	 current	 results	 did	 not	 reveal	 significant	 reading	
time	modulations	due	to	distractor	cloze	probability.	Hence,	
our	results	indicate	no	significant	reading	time	modulation	
that	can	be	attributed	to	the	presence	of	a	semantically	at-
tractive	alternative	interpretation	in	Condition	B.	However,	
multi-	stream	models	typically	do	not	make	predictions	for	
behavioral	measures,	and	hence,	we	will	not	rely	on	this	re-
sult	to	argue	against	these	accounts.	Our	manipulation	does,	
however,	 create	 a	 prediction	 disconfirmation,	 since	 in	 the	
context	“Then	weighed	the	lady”,	the	expected	word	“suit-
case”	 is	not	presented,	while	“tourist”	 is	provided	instead.	
Previous	 research	 on	 prediction	 error	 cost	 has	 not	 found	

disconfirmation	effects	in	the	behavioral	domain	using	eye-	
tracking	 (Frisson	 et	 al.,  2017;	 Luke	 &	 Christianson,  2016)	
or	self-	paced	reading	(Rich	&	Harris, 2021).	In	a	self-	paced	
reading	experiment	by	van	Berkum	et	al. (2005),	a	discon-
firmation	effect	was	observed—	however,	its	timing	did	not	
coincide	with	the	ERP	deflection	found	for	the	same	stimuli.	
Similarly,	 lexical	decision	times	did	not	exhibit	 facilitation	
effects	 for	unrelated,	unexpected	words	 in	high	constraint	
sentences	relative	to	the	same	words	in	low	constraint	sen-
tences	(Schwanenflugel	&	LaCount, 1988).	In	line	with	this	
previous	 research,	 our	 results	 suggest	 that	 reading	 times	
may	not	be	sensitive	to	unfulfilled	expectations.	With	regard	
to	the	comparison	of	multi-	stream	models	and	RI	theory,	the	
absence	of	a	significant	contribution	of	semantic	attraction	
(distractor	cloze	probability)	in	behavioral	measures	raises	
the	question	whether	semantic	attraction	will	modulate	the	
presence	of	P600	and	N400	effects	in	the	ERP	signal.

3 	 | 	 EXPERIMENT 2:  
ELECT ROE NCE PHA LOG RAPHY

3.1	 |	 Method

3.1.1	 |	 Materials

The	materials	were	the	same	as	in	the	self-	paced	reading	
experiment	(see	Section	2.1.1).

3.1.2	 |	 Participants

We	 recruited	 33	 participants	 at	 Saarland	 University	 to	
take	part	 in	the	experiment.	Three	participants	were	ex-
cluded	 due	 to	 excessive	 eye	 movement	 artifacts.	 The	

	5Additionally,	effects	of	association,	which	were	also	reflected	in	N400	
amplitude,	modulated	reading	times	on	the	first	Spillover	region	of	
Aurnhammer	et	al. (2021).	As	the	current	design	maximally	primes	the	
targets	across	all	conditions,	no	such	association-	related	effects	were	
expected	in	the	current	data.

F I G U R E  7  Coefficients	(left;	added	to	their	intercept),	effect	sizes	(z	values),	and	p	values	(right)	from	models	including	Pre-	critical	
reading	time	as	a	predictor.	Error	bars	indicate	the	standard	error	of	the	coefficients	in	the	fitted	statistical	models.
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14 of 28 |   AURNHAMMER et al.

final	 30	 participants	 (mean	 age	 25;	 SD	=	3.35;	 range	 18–	
32;	 25	 female,	 5	 male)	 were	 right-	handed,	 native	 speak-
ers	 of	 German	 (six	 early	 bilinguals)	 and	 had	 normal	 or	
corrected-	to-	normal	 vision.	 None	 reported	 any	 form	 of	
color	blindness.	Participants	gave	informed,	written	con-
sent	and	were	paid	25€.

3.1.3	 |	 Procedure

We	recorded	the	EEG	while	the	participants	were	seated	
in	an	electromagnetically	shielded,	soundproof,	and	dimly	
lit	chamber.	The	experiment	was	presented	using	E-	prime	
3	(Schneider	et	al., 2002).	We	first	presented	three	prac-
tice	items,	two	of	which	included	a	comprehension	ques-
tion.	Practice	items	varied	in	their	degree	of	plausibility.	
The	 practice	 session	 was	 followed	 by	 three	 blocks,	 each	
containing	35	items,	including	the	same	fillers	that	were	
used	 in	 the	 self-	paced	 reading	 experiment.	 Participants	
took	 a	 break	 between	 blocks.	 Items	 were	 presented	 in	
pseudorandomized	 order.	 For	 half	 of	 the	 participants,	
the	blocks	and	the	items	within	them	were	presented	in	
reverse	 order.	 On	 each	 trial,	 participants	 used	 a	 button-	
box	to	start	the	item	and	were	presented	with	the	entire	
context	paragraph	which	remained	on	the	screen	until	the	
button	was	pressed	again.	Then,	a	fixation	cross	appeared	
in	the	center	of	the	screen	for	750	ms.	After	that,	the	final	
sentence	was	presented	using	rapid	serial	visual	presen-
tation	(RSVP).	Each	word	of	 the	 final	sentence	was	pre-
sented	centrally	for	350	ms	with	a	150	ms	inter-	stimulus	
interval.	If	the	item	contained	a	comprehension	question,	
the	question	appeared	after	the	last	word	of	the	final	sen-
tence.	 Questions	 were	 answered	 using	 two	 buttons	 that	
mapped	to	Yes/No,	highlighted	on	the	screen	in	green	and	
red	color,	respectively.	The	position	of	the	correct	and	in-
correct	 button	 varied	 randomly	 in	 order	 to	 avoid	 motor	
preparation	effects.

3.1.4	 |	 Electrophysiological	
recording	and	processing

The	EEG	was	recorded	using	26	active	Ag/AgCl	electrodes,	
positioned	on	the	scalp	following	the	standard	10–	20	sys-
tem.	During	recording,	FCz	was	used	as	online	reference	
and	AFz	as	ground.	Data	were	digitized	at	a	sampling	rate	
of	1000	Hz,	leading	to	a	temporal	resolution	at	1	ms	incre-
ments.	Eye	movement	artifacts	were	monitored	 through	
the	 electrooculogram	 of	 two	 electrodes	 placed	 horizon-
tally	 at	 the	 outer	 canthi	 of	 each	 eye	 and	 two	 electrodes	
placed	vertically	above	and	below	the	left	eye.	We	aimed	
to	keep	 impedances	below	5	kΩ	on	scalp	electrodes	and	

below	10	kΩ	on	eye	electrodes	and	did	not	apply	online	
filtering.	We	re-	referenced	the	EEG	offline	to	the	averages	
of	the	left	and	right	mastoid	electrodes	and	band-	pass	fil-
tered	the	data	between	0.01	Hz	and	30	Hz.	Epochs	ranging	
from	−200	to	1200	ms	relative	to	target	word	onset	were	
extracted	 from	 the	 EEG	 signal.	 Trials	 with	 ocular	 and	
muscular	artifacts	were	excluded	using	a	semi-	automatic	
procedure.	 Baseline	 correction	 was	 performed	 using	 the	
200	ms	pre-	stimulus	interval.

3.1.5	 |	 Analysis

To	 analyze	 the	 data,	 we	 apply	 rERPs	 (Smith	 &	
Kutas,  2015),	 a	 regression-	based	 ERP	 (re-	)estimation	
technique	(implemented	in	Julia;	Bezanson	et	al., 2017),	
similar	to	the	analysis	used	for	the	self-	paced	reading	data.	
For	this	analysis,	we	apply	 linear	regression,	as	opposed	
to	 linear	mixed-	effects	regression,	as	 the	analytical	solu-
tion	of	solving	least-	squares	regression	will	provide	stable	
models	and	faster	computation	speed.	This	will	allow	us	
to	re-	estimate	the	data	on	all	electrodes	and	to	inspect	top-
ographic	differences	in	the	analyses.	In	particular,	rERPs	
apply	within-	subjects	regression	and	the	models'	param-
eters	and	forward	solutions	are	averaged	across	subjects,	
analogous	to	the	traditional	ERP	averaging	procedure	in	
which	condition	averages	are	computed	from	the	means	
of	 individual	 subjects.	 The	 advantage	 of	 the	 rERP	 tech-
nique	compared	 to	 traditional	 statistical	analyses	 is	 that	
it	 allows	 us	 to	 gauge	 the	 relative	 explanatory	 power	 of	
target	 word	 plausibility	 and	 distractor	 cloze	 probability	
across	 time	and	electrodes:	By	computing	a	 separate	 re-
gression	 model	 for	 each	 subject	 on	 each	 electrode	 and	
time	sample,	we	can	trace	predictor	coefficients,	 inspect	
estimated	waveforms	and	residual	error,	and	obtain	effect	
sizes	 across	 the	 temporal	 and	 spatial	 dimensions	 of	 the	
ERP	signal.	Crucially,	this	approach	goes	beyond	simple	
condition	contrasts,	as	we	are	 interested	 in	 the	continu-
ous	 relationship	 between	 stimulus	 properties	 and	 ERPs.	
In	fact,	 the	rERP	analyses	themselves	are	only	informed	
by	the	continuous	by-	trial	stimulus	properties	and	not	by	
any	explicit	condition	coding.	That	is,	we	only	average	by	
condition	after	fitting	the	models,	to	assess	the	extent	to	
which	 our	 predictors	 capture	 the	 effect	 structure	 across	
conditions.

We	will	apply	the	same	predictor	combination	that	we	
used	for	the	analysis	of	the	reading	times	and	model	the	
ERP	 signal	 as	 a	 function	 of	 target	 word	 plausibility	 and	
distractor	 cloze	 probability.	 The	 model	 specification	 for	
the	rERP	models	is

(2)Y = �0 + �1 Plaus + �2 Clozedist + �
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Condition

Accuracy Reaction time

Mean SD Range Mean SD Range

A 95.1% 7.3% 75.0–	100.0% 2144	ms 309	ms 1618–	2781	ms

B 98.1% 6.1% 75.0–	100.0% 2153	ms 316	ms 1459–	3077	ms

C 95.5% 8.3% 62.5–	100.0% 2182	ms 325	ms 1522–	2841	ms

Note:	Accuracy	and	reaction	times	were	computed	across	subjects.

T A B L E  8 	 Task	performance	on	the	
comprehension	questions	in	the	EEG	
experiment.

F I G U R E  8  Grand-	average	ERPs	in	the	three	conditions	manipulating	plausibility	and	semantic	attraction.	Negative	voltages	are	plotted	
upwards.
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16 of 28 |   AURNHAMMER et al.

We	 report	 coefficients	 (β	 terms),	 estimates	 (the	 forward	
solution	Ŷ),	and	residual	error	(ϵ,	the	difference	between	ob-
served	data	Y	and	Ŷ),	averaged	across	subjects.	Additionally,	
we	will	compute	the	same	models	across	subjects.	This	has	the	
advantage	that	we	obtain	a	single	t	value	and	p	value	for	each	
electrode	and	time	sample,	rather	than	vectors	of	t	values	and	
p	values	(one	value	for	each	subject).	As	this	still	yields	a	mul-
tiple	comparisons	problem	due	to	the	multitude	of	time	sam-
ples	and	electrodes,	we	correct	p	values	for	the	inflated	false	
discovery	rate	using	the	method	proposed	by	Benjamini	and	
Hochberg (1995).	We	adjust	p	values	separately	for	the	two	time	
windows	of	interest	but	across	all	26	non-	reference and non-	
eye	electrodes	(Figure	8)	and	the	time	samples	within	a	time	
window	(N400:	300–	500	ms;	P600:	600–	1000	ms).

3.2	 |	 Results

3.2.1	 |	 Comprehension	questions

Participants	 answered	 comprehension	 questions	 on	
half	 of	 the	 experimental	 items.	 Descriptive	 metrics	 for	

accuracy	 and	 reaction	 times	 were	 computed	 across	 sub-
jects.	Average	accuracy	was	96.2%	(SD	=	3.9,	range	=	87.0–	
100.0%).	 Mean	 reaction	 time	 was	 2162	 ms	 (SD	=	254,	
range	=	1568–	2841	 ms).	 Accuracies	 and	 reaction	 times	
split	per	condition	are	given	in	Table 8.

3.2.2	 |	 ERPs

Grand-	averaged	 ERPs	 for	 the	 three	 conditions	 on	 all	
non-	reference	 and	 non-	eye	 electrodes	 are	 displayed	 in	
Figure 8.	Visual	inspection	suggests	a	broadly	distributed	
negativity,	 lasting	approximately	from	250	ms	to	400	ms	
post-	stimulus	 onset	 in	 response	 to	 target	 words	 that	 are	
less	plausible	and	for	which	a	semantically	attractive	alter-
native	interpretation	is	present	(Condition	B).	A	smaller,	
more	 frontally	 pronounced	 early	 negativity,	 lasting	 ap-
proximately	 from	 250	 to	 400	 ms	 post-	stimulus	 onset,	 is	
also	 evoked	 by	 implausible	 target	 words	 (Condition	 C)	
on	 frontal	 and	 central	 electrodes.	 Around	 the	 typical	
peak	of	the	N400	component,	no	pattern	of	N400	ampli-
tude	with	plausibility	 is	observable	by	visual	 inspection.	

F I G U R E  9  Topographic	distributions	of	the	average	potentials	of	Condition	B	for	the	earlier	negativity	(250–	400	ms),	the	canonical	
N400	(300–	500	ms),	and	P600	(600–	1000	ms)	time	windows,	relative	to	the	baseline	condition.	Topographies	are	computed	from	all	non-	
reference	and	non-	eye	electrodes.

F I G U R E  1 0  Topographic	distributions	of	the	average	potentials	of	Condition	C	for	the	earlier	negativity	(250–	400	ms),	the	canonical	
N400	(300–	500	ms),	and	P600	(600–	1000	ms)	time	windows,	relative	to	the	baseline	condition.	Topographies	are	computed	from	all	non-	
reference	and	non-	eye	electrodes.
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Furthermore,	both	Condition	B	(less	plausible,	semantic	
attraction)	and	Condition	C	(implausible,	no	semantic	at-
traction)	 elicit	 broadly	 distributed	 positivities,	 emerging	
from	 500	 ms	 post-	stimulus	 onset.	 The	 positivity	 elicited	
by	Condition	C	is	stronger	in	amplitude	than	that	elicited	
by	Condition	B	on	parietal	electrodes.	On	left	frontal	elec-
trodes,	however,	their	amplitudes	appear	similar	in	parts	
of	the	epoch.

To	further	examine	the	topographies	of	the	condition	
contrasts,	we	display	topographic	maps	of	the	differences	
between	the	conditions	in	a	time	window	matching	visual	

inspection	of	the	negativities	(250–	400	ms)	and	in	the	ca-
nonical	N400	(300–	500	ms)	and	P600	time	windows	(600–	
1000	 ms).	 The	 topographic	 maps	 of	 Condition	 B	 (less	
plausible;	semantic	attraction)	relative	to	Condition	A	are	
presented	in	Figure 9.	The	early	negativity	is	broadly	dis-
tributed	and	peaks	over	right	parietal	electrodes,	whereas	
left	 frontally,	 the	 difference	 is	 smaller.	The	 temporal	 av-
erage	of	the	N400	time	window	exhibits	negativities	over	
right	 parietal	 and	 occipital	 electrodes.	 Inspection	 of	 the	
waveforms	 (Figure  8)	 strongly	 suggests	 that	 this	 nega-
tivity	 is	 driven	 by	 the	 temporally	 overlapping	 preceding	

F I G U R E  1 1  Estimated	waveforms	(left)	and	residual	error	(right)	on	electrode	Pz	from	regression	models	using	target	word	plausibility	
and	distractor	cloze	probability	as	predictors.

F I G U R E  1 2  Regression	model	coefficients	(added	to	their	intercept)	across	time	on	electrode	C3	and	Pz.
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18 of 28 |   AURNHAMMER et al.

negativity	and	 that,	additionally,	 the	N400	 time	window	
also	includes	the	onset	of	the	P600	effect	of	Condition	B	
relative	to	A.	The	late	positivity	has	peaks	both	over	 left	
and	right	central	electrodes	with	a	trough	between	them.

In	the	topographic	maps	for	Condition	C	(Figure 10),	
the	 early	 negativity	 appears	 much	 smaller	 than	 that	 of	
Condition	B	and	peaks	over	left	frontal	electrodes.	The	to-
pography	in	the	N400	time	window	does	not	contain	the	
topography	of	a	typical,	centrally	peaking	N400,	but	more	
likely	shows	the	early,	emerging	P600	effect.	The	late	pos-
itivity	clearly	peaks	over	parietal	electrodes.

Turning	to	the	rERP	analysis,	we	first	inspect	the	esti-
mated	waveforms	for	a	single	electrode,	Pz	(Figure 11;	left)	
as	well	as	the	residual	error	(right),	that	is,	the	difference	
between	 the	 observed	 and	 the	 estimated	 data.	 The	 esti-
mates	were	generated	by	a	model	with	target	word	plau-
sibility	and	distractor	cloze	probability	as	predictors.	The	
estimates	and	residuals	suggest	that	the	models	accurately	
capture	the	major	trends	in	the	data,	as	observable	by	vi-
sual	inspection.	That	is,	the	models	predict	a	negativity	for	
Condition	 B	 between	 250	 and	 400	 ms,	 no	 negativity	 for	
Condition	C	(on	this	electrode),	and	late	positivities	of	in-
creasing	amplitudes	for	Conditions	B	and	C,	respectively.

To	 assess	 which	 predictor	 captures	 the	 voltage	 de-
flections,	we	 turn	 to	 the	model	coefficients,	plotted	over	
time	(Figure 12;	right).	The	coefficient	for	distractor	cloze	
probability	predicts	the	negativity	elicited	by	Condition	B,	
in	 which	 the	 distractor	 word	 was	 expected.	 Plausibility,	
which	 is	 stepped	 across	 the	 three	 conditions,	 captures	
the	graded	late	positivities.	In	order	to	assess	whether	dis-
tractor	cloze	probability	also	predicts	a	 late	positivity	on	
another	electrode	site,	we	also	inspect	the	coefficients	on	

electrode	C3	(Figure 12;	left),	on	which	the	late	positivi-
ties	for	Conditions	B	and	C	appeared	to	match	(Figure 8).	
Indeed,	on	this	electrode,	distractor	cloze	probability	pre-
dicts	additional	positivity	 in	parts	of	 the	P600	time	win-
dow.	On	this	electrode,	plausibility	also	predicts	a	smaller	
earlier	negativity.

Using	 these	 coefficients,	 we	 can	 now	 compute	 the	
ERPs	 estimated	 by	 a	 single	 predictor	 in	 isolation.	 To	
achieve	this,	we	compute	the	forward	estimates	for	the	
entire	 dataset	 while	 factoring	 out	 the	 influence	 of	 the	
other	 predictor	 by	 fixing	 it	 to	 its	 average	 value,	 which	
is	zero	for	z-	scored	predictors.	The	isolated	estimates	of	
distractor	cloze	on	electrode	Pz	contain	the	negativity	of	
Condition	B	(Figure 13,	left).	Isolating	the	estimates	of	
plausibility	 on	 electrode	 Pz	 (right)	 reveals	 no	 modula-
tion	in	the	N400	time	window	but	the	three-	step	modu-
lation	in	the	P600	time	window.	These	estimates	suggest	
that	 the	 negativity	 is	 elicited	 by	 the	 expectancy	 of	 the	
distractor	word,	and	 that	plausibility	predicts	no	N400	
but	P600	modulations.

As	 the	 single-	electrode	 inspection	 of	 the	 coefficients	
suggests	 potential	 topographic	 differences	 between	 the	
contributions	 of	 the	 predictors,	 we	 visualize	 the	 esti-
mated	 ERP	 data	 as	 topographic	 maps.	This	 allows	 us	 to	
dissect	 how	 target	 word	 plausibility	 and	 distractor	 cloze	
probability	 interact	 in	 shaping	 the	 topographic	 map	 of	
the	difference	between	Conditions	B	and	A	(see	Figure 9).	
Figure  14	 displays	 the	 individual	 contributions	 of	 dis-
tractor	cloze	probability	(left),	 target	plausibility	(middle	
left),	and	 their	 sum	(middle	 right)	 to	 the	estimated	data	
for	Condition	B,	which	is	similarly	distributed	to	the	ob-
served	 data	 (right).	 The	 topographic	 maps	 suggest	 that	

F I G U R E  1 3  The	isolated	forward	estimates	of	distractor	cloze	probability	(left)	and	plausibility	(right),	derived	from	coefficients	that	
were	fitted	in	models	containing	both	predictors.
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   | 19 of 28AURNHAMMER et al.

while	 plausibility	 predicts	 a	 larger,	 parietally	 peaking	
positivity,	there	is	an	additional	left	frontally	peaking	pos-
itivity,	predicted	by	distractor	cloze	probability.	This	sug-
gests	that	the	overall	topographic	distribution	observed	for	
Condition	B	(Figure 9)	is	composed	of	a	parietal	and	a	left	
frontocentral	subcomponent.

To	assess	 the	statistical	 significance	of	our	 two	pre-
dictors,	 we	 computed	 models	 in	 which	 we	 determine	
the	 regression	 coefficients	 across	 all	 subjects,	 rather	
than	fitting	individual	models	per-	subject.	We	report	the	
t	values	for	the	two	predictors	on	nine	central	electrodes	
(Figure  15).	 Furthermore,	 the	 bar	 below	 the	 t	 values	
indicates	 time	 samples	 that	 were	 significant	 after	 cor-
recting	 for	 multiple	 comparisons	 within	 the	 N400	 and	
the	 P600	 time	 window	 and	 across	 electrodes	 and	 time	
samples.	Our	inferential	statistics	indicate	that	distrac-
tor	 cloze	 probability	 significantly	 predicts	 a	 negativity	
in	 the	 300–	400	 ms	 range.	 While	 the	 t	 values	 for	 plau-
sibility	 are	 large	 on	 frontal	 electrodes	 in	 the	 pre-	N400	
time	window,	indicative	of	a	negativity	predicted	by	low	
plausibility	 items,	 this	 does	 not	 reach	 significance	 in	
the	 current	 selection	 of	 time	 windows	 and	 electrodes.	
Plausibility	significantly	predicts	a	late	positivity	(600–	
1000	ms)	with	a	peak	over	parietal	electrodes.	Distractor	
cloze	 probability,	 while	 generating	 a	 left	 frontocentral	
late	positivity	in	the	forward	estimates	(Figure 14),	does	
not	reach	significance	in	our	late	time	window.

3.3	 |	 Discussion

Experiment	2	replicated	the	main	findings	of	Nieuwland	
and	van	Berkum (2005)	using	visual	rather	than	auditory	
language	comprehension	and	employing	an	explicit	task	
that	incentivizes	reading	for	comprehension.	In	the	origi-
nal	 design,	 a	 context	 paragraph	 repeatedly	 mentioned	
the	target	words	before	those	same	words	were	presented	
either	 as	 plausible	 or	 implausible	 continuations.	 Rather	
than	 eliciting	 an	 N400	 effect,	 a	 P600	 effect	 relative	 to	
baseline	was	observed.	This	matches	our	data	in	the	less	

plausible	condition	(B:	“Then	weighed	 the	lady	the	tour-
ist”)	 compared	 to	 the	 baseline	 (A:	 “Then	 dismissed	 the	
lady	the	tourist”).	Furthermore,	while	a	semantically	at-
tractive	alternative	 interpretation	 is	globally	available	 in	
Condition	 B,	 it	 is	 unavailable	 in	 Condition	 C	 (C:	 “Then	
signed	 the	 lady	 the	 tourist”).	 Indeed,	 Condition	 C	 thus	
instantiates	 a	 classic	 semantic	 incongruency	 (see	 Van	
Petten	&	Luka, 2012,	for	a	review).	On	multi-	stream	mod-
els,	the	absence	of	such	a	semantic	attraction	(Condition	
C)	should	result	in	the	emergence	of	an	N400	effect	com-
pared	to	the	baseline	condition.	However,	no	N400	effect	
but	only	a	P600	effect	was	observed	in	Condition	C	relative	
to	A.	Furthermore,	our	design	manipulated	plausibility	on	
three	levels	(A:	plausible	<	B:	less	plausible	<	C:	implausi-
ble),	showing	that	target	words	with	intermediate	plausi-
bility	ratings	(B:	“Then	weighed	the	lady	the	tourist”)	also	
elicit	a	P600	effect,	intermediate	in	amplitude,	compared	
to	the	fully	plausible	and	implausible	conditions.	Indeed,	
the	plausibility	 ratings	collected	 in	a	pre-	test	provided	a	
continuous	 predictor	 which	 significantly	 predicted	 the	
P600	modulations	observed	across	nine	electrodes.

While	 distractor	 absence	 did	 not	 elicit	 an	 N400	 ef-
fect	 relative	 to	 baseline,	 the	 presence	 of	 a	 distractor	 in	
fact	elicited	an	earlier	negativity,	emerging	from	around	
250	ms	and	lasting	until	400	ms	post-	stimulus	onset	for	
Condition	 B.	 An	 interpretation	 of	 this	 earlier	 negativ-
ity	as	an	N400	appears	 implausible	given	 the	 temporal	
invariability	 of	 the	 N400	 peak	 latency	 (Federmeier	 &	
Laszlo,  2009).	 Rather,	 we	 interpret	 this	 component	 to	
be	elicited	by	 the	strong	and	unfulfilled	expectation	of	
the	distractor	word	on	a	 lexical	 level.	Likely,	 this	early	
component	 often	 overlaps	 with	 the	 N400	 and	 it	 is	 the	
combination	of	lexical	repetition	and	disconfirmation	in	
our	experiment	that	allows	us	to	observe	it	in	isolation.	
That	 is,	 even	 though	 the	 distractor	 word	 was	 strongly	
expected	 and	 not	 presented,	 lexical	 retrieval—	indexed	
by	 the	 N400—	of	 the	 target	 word's	 meaning	 was	 still	
maximally	 facilitated.	 Interestingly,	 Nieuwland	 and	
van	 Berkum  (2005)	 did	 not	 observe	 a	 similar	 negativ-
ity	 in	 their	 study,	 even	 though	 they	 relied	 on	 auditory	

F I G U R E  1 4  Topographic	distributions	of	the	potentials	in	the	P600	time	window	estimated	by	distractor	cloze	probability	(left),	
plausibility	(middle	left),	and	their	summed	estimated	potentials	(middle	right)	as	well	as	the	observed	potential	for	Condition	B	(right)	
between	600	and	1000	ms,	relative	to	the	baseline	condition.	Topographies	are	computed	from	all	non-	reference	and	non-	eye	electrodes.
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20 of 28 |   AURNHAMMER et al.

presentation—	a	 modality	 in	 which	 a	 component	 with	
a	similar	 time	course,	 the	phonological	mismatch	neg-
ativity	(PMN),	 is	often	observed	(Connolly	et	al., 1990;	
Hagoort	&	Brown, 2000;	Jachmann	et	al., 2019).

Furthermore,	 our	 rERP	 analyses	 suggest	 that	 the	
presence	of	a	strongly	anticipated	distractor	word	that	is	
then	not	presented	as	target	word	(Condition	B)	leads	to	
additional	modulation	in	the	late	ERP	signal	with	a	pos-
itive	 left	 frontal	 peak.	 While	 distractor	 cloze	 probability	
was	 not	 significant	 in	 the	 later	 time	 window,	 a	 frontal	

positivity	could	in	fact	be	expected	for	our	design,	as	the	
way	 in	 which	 our	 design	 makes	 a	 semantically	 attrac-
tive	 alternative	 interpretation	 available	 effectively	 cre-
ates	 a	 prediction	 disconfirmation	 (“Then	 weighed	 the	
lady	 the	 tourist”	 where	 “suitcase”	 is	 expected),	 which	
has	 been	 linked	 to	 frontal	 positivities	 in	 previous	 re-
search	 (Brothers	 et	 al.,  2015;	 DeLong	 et	 al.,  2011,	 2014;	
Federmeier	 et	 al.,  2007;	 Kuperberg	 et	 al.,  2020;	 Quante	
et	al., 2018;	 see	also	earlier	 results	by	Kutas, 1993).	Our	
rERP	 analysis	 suggests	 that	 the	 positivity	 observed	 for	

F I G U R E  1 5  T	values	for	the	plausibility	and	distractor	cloze	probability	predictors	on	nine	central	electrodes	from	across-	subjects	
regression.	Bars	indicate	time	samples	with	significant	p	values	after	multiple	comparisons	correction.
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Condition	B	can	be	dissected	into	two	subcomponents:	A	
P600	 with	 parietal	 peak,	 predicted	 by	 plausibility,	 and	 a	
disconfirmation-	related	 positivity	 with	 left-	central	 peak,	
predicted	by	distractor	cloze	probability.	In	the	design	of	
Nieuwland	 and	 van	 Berkum  (2005),	 a	 disconfirmation	
was	also	present;	however,	the	replacement	word	was	im-
plausible.	Their	difference	waves	suggest	no	apparent	de-
viation	from	a	canonical,	parietal	P600.	This	is	in	line	with	
the	finding	that	the	frontal	positivity	 is	produced	by	un-
expected	but	plausible	target	words,	whereas	unexpected	
and	implausible	target	words	lead	to	a	parietally	distrib-
uted	late	positivity	(Van	Petten	&	Luka, 2012).

4 	 | 	 GENERAL DISCUSSION

The	goal	of	 the	present	 study	was	 to	 test	 competing	hy-
potheses	about	the	functional	interpretation	of	the	N400	
and	P600	components.	In	particular,	building	on	a	previ-
ous	 study	 (Nieuwland	 &	 van	 Berkum,  2005),	 we	 tested	
the	prediction	of	RI	theory	that	the	P600	is	a	continuous	
index	 of	 integration	 effort	 (Brouwer	 et	 al.,  2017,	 2021)	
directly	 against	 the	 predictions	 made	 by	 multi-	stream	
models	 (Bornkessel-	Schlesewsky	 &	 Schlesewsky,  2008;	
Kim	&	Osterhout, 2005;	Kos	et	al., 2010;	Kuperberg, 2007;	
Michalon	 &	 Baggio,  2019;	 van	 Herten	 et	 al.,  2005;	 and	
similarly	Li	&	Ettinger, 2023;	Rabovsky	et	al., 2018;	Ryskin	
et	al., 2021).

Multi-	stream	models	maintain	 that	 the	N400	 indexes	
aspects	 of	 integrative/combinatorial	 processing	 of	 the	
input	 word	 with	 the	 prior	 context.	 On	 multi-	stream	 ac-
counts,	no	N400	modulation	is	generated	if	the	processor	
initially	does	not	detect	an	anomaly	in	the	semantic	stream	
because	of	the	availability	of	a	semantically	attractive	al-
ternative	 interpretation.	 The	 anomaly	 is	 then	 detected	
by	a	 second,	algorithmic	 stream,	and	 it	 is	 the	mismatch	
between	 the	 analyses	 of	 the	 semantic	 stream	 and	 the	
	algorithmic	 stream	 which	 produces	 an	 increase	 in	 P600	
	amplitude.	 On	 RI	 theory,	 by	 contrast,	 the	 N400	 is	 taken		
to	 index	 lexical	 retrieval.	 Critically,	 in	 our	 design	 (see		
Table	2)—		which	employs	a	context	manipulation,	in	which	
a	semantically	attractive	alternative	is	either	available	or	not	
(Condition	B	vs.	C),	 and	 target	word	plausibility	 is	 varied	
across	three	levels	(Condition	A	<	B	<	C)—	the	target	word	
is	repeated	several	times	in	a	preceding	context	paragraph.	
On	 the	 retrieval	 view	 of	 the	 N400	 (Brouwer	 et	 al.,  2012;	
Kutas	&	Federmeier, 2000,	2011;	Lau	et	al., 2008,	2009;	van	
Berkum, 2009,	2010),	this	is	predicted	to	maximally	facilitate	
retrieval	of	target	word	meaning	and	thus	minimize	N400	
differences	 across	 conditions.	 In	 sum,	 RI	 theory	 predicts	
no	N400	differences	across	conditions,	and	increasing	P600	
amplitudes	as	a	function	of	decreasing	target	word	plausi-
bility.	Multi-	stream	models	predict	a	P600	effect,	but	no	

N400	effect,	 if	a	semantically	attractive	alternative	inter-
pretation	 is	available	 (Condition	B	relative	 to	A)	and	an	
N400	effect,	but	no	P600	effect,	if	no	alternative	interpre-
tation	is	available	(Condition	C	relative	to	A).

We	 validated	 the	 design	 in	 a	 self-	paced	 reading	 ex-
periment	 (Experiment	 1)	 that	 revealed	 a	 graded	 sensi-
tivity	 of	 reading	 times	 to	 plausibility,	 indicating	 that	
the	 stimuli	 indeed	 induce	 graded	 integration	 effort.	
Distractor	 cloze	 probability	 did	 not	 modulate	 reading	
speed	 significantly.	 The	 EEG	 experiment	 (Experiment	
2),	 replicated	 the	 original	 findings	 of	 Nieuwland	 and	
van	Berkum (2005),	 that	 is,	 the	absence	of	an	N400	ef-
fect	and	the	presence	of	a	P600	effect	 for	 less	plausible	
relative	to	plausible	 target	words	when	the	target	word	
is	strongly	primed	by	the	context	and	in	the	presence	of	
a	 semantically	 attractive	 alternative	 interpretation	 (our	
Condition	 B).	 Furthermore,	 our	 results	 revealed	 the	
graded	 sensitivity	 of	 a	 posterior	 late	 positivity	 to	 plau-
sibility,	as	shown	by	stepped	P600	amplitudes	for	plau-
sible	 (A),	 less	plausible	 (B),	and	 implausible	 (C)	 items.	
The	 absence	 of	 a	 plausibility-	related	 N400	 effect	 is	 in-
consistent	with	an	interpretation	of	the	N400	as	a	graded	
index	of	integration	difficulty.	Additionally,	the	presence	
of	an	expected	word	which	was	then	not	presented	elic-
ited	an	early	negativity	(250–	400	ms)—	likely	a	correlate	
of	lexical	mismatch.	Furthermore,	an	rERP	analysis	re-
vealed	 that	 the	presence	of	a	strongly	expected	distrac-
tor	word—	or	rather	its	disconfirmation—	resulted	in	an	
additional	left-	frontal	positivity	in	a	later	time	window,	
in	line	with	previous	research.	However,	in	our	analyses,	
the	 contribution	 of	 disconfirmations	 to	 late	 positivities	
was	not	statistically	significant.	In	sum,	as	we	discuss	in	
more	detail	below,	these	findings	reveal	a	critical	novel	
dimension	 to	 the	 functional	 interpretation	 of	 the	 P600	
that	has	 important	 implications	 for	existing	and	 future	
neurocognitive	 experiments	 and	 theories,	 namely	 that	
the	P600	is	a	continuous	index	of	integration	effort.

4.1	 |	 The processing cost of disconfirmed 
expectations

While	the	main	goal	of	our	design	was	to	manipulate	the	
availability	 of	 a	 semantically	 attractive	 alternative	 inter-
pretation	 (The	 lady	 weighing	 the	 suitcase	 rather	 than	
the	tourist),	the	way	in	which	we	achieved	this	manipu-
lation	effectively	created	a	prediction	disconfirmation	 in	
Condition	B.	That	is,	when	presenting	the	final	sentence	
fragment	“Then	weighed	the	lady	the	…”,	“suitcase”	was	
expected—	as	shown	by	high	distractor	cloze	probability—	
but	 “tourist”	 was	 encountered	 instead.	 While	 not	 the	
main	focus	of	our	hypotheses,	the	results	are	relevant	to	
the	literature	on	disconfirmed	predictions.
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For	Condition	B,	we	observed	an	early	negativity	rela-
tive	to	both	Condition	A	and	C,	lasting	approximately	from	
250	to	400	ms	post-	stimulus	onset.	This	deflection	may	re-
late	to	the	mismatch	between	the	observed	word	form	(tar-
get)	and	the	anticipated	word	form	(distractor).	Critically,	
under	the	retrieval	view	on	the	N400	(Brouwer	et	al., 2012;	
Kutas	&	Federmeier, 2000,	2011;	Lau	et	al., 2008,	2009;	van	
Berkum, 2009,	2010),	this	mismatch	does	not	appear	to	tax	
lexical	retrieval,	as	no	N400	modulation	was	observed:	The	
difference	between	the	waveforms	disappeared	by	400	ms,	
which	would	be	the	typical	peak	of	the	N400	component	
(Federmeier	&	Laszlo, 2009).	This	earlier	negative	compo-
nent	likely	overlaps	with	the	N400	in	previous	studies	on	
disconfirmations	and	 it	 is	 the	absence	of	an	N400	effect	
relative	to	baseline	 in	our	data	that	allows	us	to	observe	
the	earlier	negativity	in	isolation.	Results	that	are	directly	
relevant	 to	 ours	 are	 presented	 by	 Brothers	 et	 al.  (2015),	
who	 observed	 a	 centrally	 peaking	 N250	 for	 the	 contrast	
between	a	medium-	cloze	unpredicted	versus	a	medium-	
cloze	 predicted	 target	 word.	 Furthermore,	 in	 their	 data,	
the	earlier	negativity	was	not	observed	for	the	contrast	of	
a	 low-	cloze	 unpredicted	 to	 a	 medium-	cloze	 unpredicted	
target	word,	which	only	elicited	an	N400	effect.	Similarly,	
the	 visual	 mismatch	 negativity	 has	 been	 reported	 for	
exactly	 the	 time	 window	 between	 250	 ms	 and	 400	 ms	
(Tales	 et	 al.,  1999).	 Furthermore,	 negativities	 preceding	
the	N400	time	window	have	been	found	for	expectation-	
incompatible	 relative	 to	 expectation-	compatible	 stimuli	
(Bartholow	 et	 al.,  2005),	 for	 expectation-	based	 semantic	
priming	(Franklin	et	al., 2007),	and,	using	pictorial	stim-
uli,	 for	perceptual	hypothesis	 testing	which	 is	 argued	 to	
precede	multimodal	semantic	memory	access,	as	indexed	
by	the	following	N400	(Kumar	et	al., 2021).

In	 the	 time	 window	 from	 600	 to	 1000	ms,	 our	 rERP	
analysis	suggests	that	target	words	that	disconfirmed	ex-
pected	 distractor	 words	 induced	 a	 left	 frontal	 positivity.	
Distractor	cloze	probability	did,	however,	not	reach	signif-
icance	 in	 the	 analyses,	 and	 hence,	 these	 results	 warrant	
adequate	 caution.	 Nevertheless,	 previous	 research	 has	
repeatedly	 reported	 frontal	 positivities	 elicited	 by	 pre-
diction	 disconfirmations	 (Brothers	 et	 al.,  2015;	 DeLong	
et	 al.,  2011,	 2014;	 Federmeier	 et	 al.,  2007;	 Kuperberg	
et	al., 2020;	Kutas, 1993;	Quante	et	al., 2018),	making	our	
results	relevant	to	this	line	of	research.	A	prominent	idea	
has	been	that	if	the	target	is	unexpected	but	plausible,	dis-
confirmations	result	in	a	frontally	pronounced	positivity,	
whereas	implausible	replacements	result	in	a	parietal	pos-
itivity	 (Van	Petten	&	Luka, 2012).	We	see,	however,	 two	
open	 issues	with	regard	 to	 this	 strict	 functional	 segrega-
tion	of	frontal	and	parietal	positivities.	First,	the	apparent	
distinction	 between	 frontally	 and	 parietally	 distributed	
positivities	 could	 be	 an	 artifact	 of	 spatiotemporal	 com-
ponent	overlap	with	the	N400	(Brouwer	&	Crocker, 2017;	

Delogu	et	al., 2021),	and	second,	frontally	and	parietally	
distributed	positivities	may	not	be	mutually	exclusive.

A	 relevant	 study	 by	 DeLong	 et	 al.  (2014)	 included	
plausible,	 less	 plausible	 disconfirming,	 and	 implausible	
disconfirming	target	words.	The	design	elicited	a	 frontal	
positivity	 for	 less	 plausible	 disconfirming	 words,	 a	 pari-
etal	positivity	 for	 implausible	disconfirming	words,	and,	
critically,	N400	effects	 in	 response	 to	both	 less	plausible	
and	 implausible	 words,	 relative	 to	 baseline.	 Our	 design	
does	 not	 elicit	 N400	 differences	 and	 hence	 circumvents	
the	 issue	 of	 component	 overlap,	 thereby	 providing	 a	
clearer	 view	 on	 the	 distribution	 of	 the	 late	 positivities.	
The	estimates	generated	by	our	rERP	models	(Figure 14)	
suggest	that	even	without	a	strong	N400	overlapping	with	
the	 late	 positivity,	 unfulfilled	 expectations	 create	 an	 ad-
ditional	 positivity	 with	 a	 left-	frontocentral	 distribution.	
Furthermore,	 in	 the	 disconfirming	 condition	 (B),	 the	
context	additionally	made	 the	 target	word	 less	plausible	
compared	 to	 the	 baseline	 condition.	 Our	 rERP	 analysis	
revealed	that	for	Condition	B,	plausibility	induces	a	pari-
etal	P600—	which	was	not	observed	in	the	data	of	DeLong	
et	al. (2014)—	in	addition	to	the	frontal	positivity	elicited	
by	the	disconfirmation.	In	sum,	our	results	and	the	rERP	
analysis	 suggest	 that	 disconfirmations	 indeed	 induce	 a	
frontal	 positivity,	 but	 that	 this	 frontal	 positivity	 can	 co-	
occur	with	a	plausibility-	related	parietal	positivity	on	less	
plausible,	but	ultimately	possible	target	words.

4.2	 |	 Global revision on the  
multi- stream account

The	main	goal	of	this	study	was	to	test	the	hypotheses	of	
multi-	stream	 models	 against	 those	 of	 RI	 theory.	 Multi-	
stream	 models	 were	 originally	 proposed	 in	 response	
to	 studies	 eliciting	 semantic	 P600s,	 in	 which	 semantic	
anomalies	did	not	elicit	N400	effects	but	rather	P600	ef-
fects,	 relative	 to	baseline.	Multi-	stream	accounts	explain	
some	of	 the	original	data	points,	by	postulating	 that	 the	
semantic	 stream	 does	 not	 detect	 the	 anomaly	 because	 a	
semantically	attractive	alternative	interpretation	is	avail-
able.	For	instance,	in	order	to	“repair”	the	sentence	“the	
hearty	 meal	 was	 devouring,”	 the	 inflection	 of	 the	 verb	
could	be	changed	to	“devoured,”	yielding	a	plausible	inter-
pretation.	However,	the	surface	structure	of	the	sentence	
does	not	match	 this	 interpretation,	which	 is	detected	by	
the	algorithmic	stream	and	the	conflict	between	the	two	
streams	leads	to	a	P600	effect	when	compared	to	a	congru-
ous	condition.

This	 explanation	 was	 based	 on	 a	 locally	 available	
alternative	 interpretation	 (see	 Figure  2).	 However,	
no	 such	 local	 availability	 is	 given	 in	 the	 design	 of	
Nieuwland	and	van	Berkum (2005,	“Next,	the	lady	told	
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the	 tourist/suitcase),	 and,	 accordingly,	 an	 N400	 and	
no	 P600	 effect	 relative	 to	 baseline	 would	 be	 predicted	
by	 multi-	stream	 models.	 However,	 the	 reverse	 pattern	
was	 observed.	 To	 account	 for	 this,	 multi-	stream	 may	
invoke	 a	 globally	 attractive	 alternative	 interpretation	
(see	 Bornkessel-	Schlesewsky	 &	 Schlesewsky,  2008;	
Kuperberg, 2007,	for	discussion).	That	is,	making	use	of	
the	 globally	 available	 information,	 the	 word	 “suitcase”	
could	be	replaced	with	the	discourse-	salient	word	“tour-
ist”	in	order	to	arrive	at	a	plausible	interpretation	in	the	
semantic	 stream.	 Again,	 the	 analysis	 generated	 by	 the	
algorithmic	stream	conflicts	with	the	analysis	of	the	se-
mantic	 stream,	 explaining	 the	 P600	 increase	 found	 by	
Nieuwland	and	van	Berkum (2005).	Importantly,	it	fol-
lows	that	if	neither	a	locally	nor	a	globally	available	al-
ternative	interpretation	is	present,	an	N400	effect	should	
be	observed	relative	to	baseline.

The	 current	 study	 adapted	 the	 original	 design	 by	
Nieuwland	and	van	Berkum (2005)	to	test	this	prediction.	
In	the	new	context	manipulation	design,	we	made	an	al-
ternative	 interpretation	available	globally	 for	a	 less	plau-
sible	 target	 word	 (Condition	 B:	 “Next,	 the	 lady	 weighed	
the	 tourist”),	 whereas	 no	 alternative	 interpretation	 was	
available	for	the	fully	implausible	target	word	(Condition	
C:	“Next,	the	lady	signed	the	tourist”).	Assuming	a	plau-
sibility	 heuristic	 aware	 of	 globally	 available	 alterna-
tives,	multi-	stream	models	predict	only	a	P600	effect	 for	
Condition	B	and	only	an	N400	effect	for	Condition	C	rel-
ative	 to	 Condition	 A.	 Note	 that	 multi-	stream	 models	 in	
general	predict	either	an	N400	or	a	P600	increase,	which	
makes	 biphasic	 N400-	P600	 results	 problematic	 for	 most	
multi-	stream	 accounts	 (see	 Van	 Petten	 &	 Luka,  2012,	
for	 an	 overview,	 Brouwer	 et	 al.,  2012,	 for	 discussion,	
and	 Bornkessel-	Schlesewsky	 &	 Schlesewsky,  2008;	 Li	 &	
Ettinger, 2023,	for	exceptions).

In	 Condition	 B,	 for	 which	 only	 a	 P600	 is	 predicted	
by	 multi-	stream	 accounts,	 we	 found	 a	 P600	 effect	 rela-
tive	to	Condition	A.	This	condition	replicates	the	results	
of	Nieuwland	and	van	Berkum (2005),	and,	accordingly,	
multi-	stream	models	can	only	explain	this	P600	effect	by	
invoking	a	globally	available	alternative	interpretation.	In	
Condition	C,	 for	 which	 only	 an	 N400	 effect	 is	 predicted	
by	multi-	stream	accounts,	we	observed	only	a	P600	effect,	
relative	to	Condition	A.	Critically,	the	absence	of	an	N400	
effect	relative	to	baseline	when	any	semantically	attractive	
alternative	interpretation	is	removed	provides	strong	evi-
dence	against	multi-	stream	accounts.	One	explanation	of	
the	absence	of	the	N400	effect	in	Condition	C	relative	to	
A	would	be	to	assume	that	the	revision	process	changed	
the	context	of	Condition	C	(“Then	signed	the	lady	the”)	to	
make	the	target	word	(“tourist”)	plausible.	It	 is	difficult,	
however,	 to	 imagine	 a	 mechanism	 that	 could	 revise	 the	
context	in	such	a	way,	while	at	the	same	time	predicting	

the	presence	of	N400	effects	in	cases	of	canonical	seman-
tic	incongruencies	(see	Van	Petten	&	Luka, 2012).	Another	
explanation	would	entail	misunderstanding	“tourist”	 for	
something	 contextually	 relevant,	 such	 as	 the	 “tourist's	
ticket”.	Many	of	our	stimuli,	however,	contain	strong	se-
lectional	restriction	violations,	such	as	“the	apprentice	ate	
the	hammer”	(see	Appendix S1),	where	reference	transfer	
to	a	thus	far	unnamed	entity	seems	unlikely,	and	hence,	
this	explanation	cannot	account	for	the	complete	absence	
of	an	N400	effect	of	Condition	C	relative	 to	A.	Again,	 it	
is	difficult	to	see	how	such	an	account	would	predict	the	
absence	 of	 an	 N400	 effect	 for	 the	 present	 stimuli,	 while	
at	the	same	predicting	the	presence	of	an	N400	effect	for	
canonical	semantic	incongruencies.	In	sum,	we	do	not	see	
how	the	present	data	can	be	reconciled	with	the	mecha-
nisms	assumed	by	multi-	stream	accounts.

4.3	 |	 Retrieval facilitation under 
repetition priming

The	 current	 design	 had	 the	 goal	 of	 maximally	 priming	
the	target	word	by	mentioning	it	repeatedly	in	a	context	
paragraph	preceding	the	final	sentence.	The	prediction	of	
RI	 theory	 was	 that	 maximal	 priming	 should	 maximally	
facilitate	 retrieval	 of	 the	 target	 word's	 meaning	 from	
long-	term	 memory,	 thus	 leading	 to	 equal	 N400	 ampli-
tudes	 across	 conditions.	 Our	 results	 revealed	 that	 while	
an	earlier	negativity	was	present	 in	Condition	B	relative	
to	A	(see	above),	no	difference	in	the	canonical	N400	time	
window	was	observed	for	any	condition	contrast—	in	line	
with	the	retrieval	view	of	the	N400	(Brouwer	et	al., 2012;	
Kutas	 &	 Federmeier,  2000,	 2011;	 Lau	 et	 al.,  2008,	 2009;	
van	 Berkum,  2009,	 2010).	 This	 study	 thus	 adds	 to	 sev-
eral	 studies	 that	 elicited	 no	 N400	 differences	 for	 target	
words	 that	 were	 equally	 strongly	 or	 weakly	 primed	 by	
the	 preceding	 context	 (Delogu	 et	 al.,  2019,	 2021;	 Hoeks	
et	 al.,  2004;	 Kim	 &	 Osterhout,  2005;	 Kos	 et	 al.,  2010;	
Kuperberg, 2007;	Nieuwland	&	van	Berkum, 2005;	Otten	
&	van	Berkum, 2008;	van	Herten	et	al., 2005).

Critically,	 our	 results	 show	 that	 even	 when	 the	 tar-
get	word	is	of	intermediate	plausibility	(Condition	B)	or	
entirely	implausible	(Condition	C),	no	N400	increase	is	
produced—	a	 result	 that	 is	 at	 odds	 with	 the	 traditional	
interpretation	 of	 the	 N400	 as	 semantic	 integration	
(Brown	 &	 Hagoort,  1993,	 2000;	 Hagoort	 et	 al.,  2004).	
Furthermore,	 also	 when	 assuming	 a	 hybrid	 view	 of	
the	 N400	 that	 takes	 the	 N400	 to	 index	 both	 retrieval	
and	 aspects	 of	 integrative	 processing	 (see	 Baggio	 &	
Hagoort,  2011,	 who	 refer	 to	 this	 as	 “unification,”	 and	
Baggio, 2018,	for	an	updated	account),	we	would	expect	
to	 find	 N400	 modulations	 for	 the	 less	 plausible	 or	 im-
plausible	 target	 words	 even	 when	 their	 word	 meaning	
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is	strongly	and	equally	primed—	a	prediction	which	was	
not	confirmed.	That	is,	even	though	retrieval	may	be	fa-
cilitated,	 these	 accounts	 should	 still	 predict	 increased	
integration	effort	to	be	reflected	in	the	N400.	Thus,	for	
hybrid	models	to	predict	the	absence	of	any	N400	effect	
of	 implausibility,	 they	 must	 still	 assume	 that	 retrieval	
processes	 dominate	 integration/unification.	 While	 it	
may	 be	 possible	 to	 construct	 such	 a	 hybrid	 account,	
the	 data	 are	 more	 parsimoniously	 explained	 by	 a	 re-
trieval	only	account,	and	we	are	unaware	of	any	other	
findings	that	necessitate	the	inclusion	of	an	integration	
mechanism.	Moreover,	it	is	difficult	to	see	how	such	an	
account	can	explain	the	absence	of	an	N400	effect	of	im-
plausibility,	when	target	words	are	equally	unassociated	
with	the	context	(Delogu	et	al., 2021).	Another	proposal	
by	Nieuwland	et	al. (2020)	suggests	that	the	earlier	part	
of	the	N400	is	sensitive	to	retrieval	processes,	while	the	
later	part	indexes	integration.	Critically,	however,	we	did	
not	 observe	 any	 N400	 differences	 in	 either	 the	 earlier	
or	later	part	of	this	component,	thereby	also	ruling	out	
this	 proposition.	 On	 a	 final	 note,	 the	 absence	 of	 N400	
modulations	 by	 plausibility	 supports	 the	 view	 that	 the	
correlation	 between	 corpus-	based	 word	 surprisal	 and	
the	 N400	 may	 be	 best	 explained	 by	 expectation-	based	
modulations	of	 lexical	retrieval	rather	than	integration	
(see	 Aurnhammer	 et	 al.,  2021;	 Frank	 et	 al.,  2015,	 for	
discussion).

4.4	 |	 The P600 as a graded index of 
integration effort

Most	strikingly,	our	ERP	data	revealed	an	important	novel	
dimension	of	 the	P600	component:	Our	design	manipu-
lated	plausibility	on	three	levels	(plausible,	less	plausible,	
implausible)	 and	 revealed	 that	 P600	 amplitude	 patterns	
with	 plausibility.	 Going	 beyond	 the	 three	 discrete	 levels	
of	 plausibility,	 we	 successfully	 modeled	 the	 ERP	 signal	
as	 a	 continuous	 function	 of	 numeric	 per-	item	 plausi-
bility	 ratings	 collected	 in	 a	 pre-	test,	 indicating	 that	 the	
P600	 may	 indeed	 be	 a	 continuous	 index	 of	 integration	
effort.	 We	 conclude	 that	 P600s	 are	 not	 only	 elicited	 by	
highly	 implausible,	 impossible,	or	violating	target	words	
(Bornkessel-	Schlesewsky	 et	 al.,  2011;	 Kuperberg,  2007),	
but	 rather,	 that	P600	amplitude	 is	modulated	as	a	 func-
tion	of	integration	effort	by	every	word.

Our	proposition	that	the	P600	is	a	continuous	index	
of	 integration	 effort	 is	 indeed	 supported	 by	 numerous	
previous	studies	showing	P600	effects	for	non-	violating	
but	semantically	or	pragmatically	 taxing	continuations	
(Burkhardt,  2006,	 2007;	 Cohn	 &	 Kutas,  2015;	 Delogu	
et	 al.,  2019;	 Dimitrova	 et	 al.,  2012;	 Hoeks	 et	 al.,  2013;	
Regel	 et	 al.,  2010;	 Schumacher,  2011;	 Spotorno	

et	 al.,  2013;	 Xu	 &	 Zhou,  2016).	 For	 instance,	 a	 world	
knowledge	 implausibility	 without	 a	 violation	 of	 selec-
tional	restrictions	induced	a	P600	effect	relative	to	con-
trol	(Delogu	et	al., 2019).	The	graded	nature	of	the	P600	
was	 also	 suggested	 by	 a	 post	 hoc	 analysis	 conducted	
by	Aurnhammer	et	al. (2021).	By	analyzing	the	data	of	
the	 baseline	 condition	 only	 (“Yesterday	 sharpened	 the	
lumberjack	 […]	 the	 axe”,	 translated	 from	 German),	 it	
was	found	that	not	only	the	N400	but	also	the	P600	var-
ied	 gradually	 as	 a	 function	 of	 target	 word	 expectancy.	
This	observation	was	interpreted	as	indicating	a	gradual	
modulation	 of	 lexical	 retrieval	 (N400)	 and	 integration	
(P600)	by	expectancy.	Hence,	the	current	study	directly	
supports	their	exploratory,	post	hoc	analysis	with	regard	
to	the	P600	component.

In	 Experiment	 1,	 the	 observed	 reading	 times	 closely	
patterned	with	the	P600s	in	that	both	were	modulated	by	
plausibility	on	the	three	levels	of	our	manipulation.	Taken	
together	with	the	absence	of	N400	modulations	by	plausi-
bility,	this	strengthens	the	proposed	link	between	reading	
times	and	 the	P600	 through	comprehension-	centric	 sur-
prisal	(Brouwer	et	al., 2021).	To	further	test	this	idea,	we	
conduct	a	post	hoc	analysis,	in	which	we	apply	the	rERP	
technique	 to	 model	 the	 ERPs	 obtained	 in	 Experiment	 2	
by	the	reading	times	obtained	on	the	Post-	spillover	region	
in	Experiment	1	 (averaged	per	 item	and	condition).	The	
resulting	coefficients	(Figure 16)	suggest	that	indeed,	the	
observed	positivities	are	correlated	to	the	observed	reading	
times,	suggesting	they	may	be	closely	associated	indices	of	

F I G U R E  1 6  Regression	model	coefficients	(added	to	their	
intercept)	across	time	on	electrode	Pz	from	models	predicting	the	
ERPs	as	a	function	of	the	per-	item	and	per-	condition	reading	times	
obtained	on	the	Post-	spillover	region	in	Experiment	1.
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processing	effort	across	pools	of	participants.	This	finding	
further	corroborates	the	P600	as	a	continuous	index	of	in-
tegration	effort.

5 	 | 	 CONCLUSION

Event-	related	potentials	provide	a	multidimensional	win-
dow	 into	 the	 nature	 and	 time	 course	 of	 language	 com-
prehension.	 Critically,	 establishing	 the	 locus	 of	 specific	
subprocesses	of	comprehension	in	the	ERP	signal	has	di-
rect	consequences	for	our	understanding	of	the	temporal	
organization	and	architecture	of	 the	comprehension	sys-
tem.	 The	 present	 study	 directly	 tested	 competing	 views	
on	whether	the	N400	or	the	P600	component	of	the	ERP	
signal	indexes	the	integration	of	incoming	word	meaning	
into	an	unfolding	utterance	representation.	Crucially,	the	
traditional	view	of	the	N400	as	an	index	of	integration	re-
lies	on	the	presence	of	a	semantically	attractive	alternative	
interpretation	to	explain	the	absence	of	an	N400	effect	in	
response	to	certain	semantic	anomalies.	The	more	recent	
view	of	the	P600	as	an	index	of	integration,	in	turn,	pre-
dicts	P600	amplitude	to	be	a	continuous	index	of	integra-
tion	effort,	a	prediction	that	had	yet	to	be	confirmed.	We	
harnessed	 these	 predictions	 to	 decide	 between	 the	 com-
peting	views	using	a	design	in	which	a	semantically	attrac-
tive	alternative	is	either	available	or	not,	and	target	word	
plausibility	 is	varied	across	 three	 levels.	Furthermore,	 to	
minimize	lexical	processing	differences	across	conditions,	
target	words	were	equally	primed	by	the	prior	context.

An	 initial	 self-	paced	 reading	 study	 revealed	 a	 grad-
ual	 slowdown	 of	 reading	 times	 for	 gradual	 decreases	 in	
target	 word	 plausibility,	 suggesting	 differential	 integra-
tion	 effort.	 In	 the	 ERP	 study,	 the	 plausibility	 manipula-
tion	did	not	elicit	any	N400	differences	across	conditions.	
Indeed,	 the	 lack	 of	 an	 increased	 N400	 for	 the	 implausi-
ble	conditions—	even	when	no	 locally	or	globally	attrac-
tive	 alternative	 interpretation	 is	 available—	is	 directly	 at	
odds	with	 the	prediction	made	by	contemporary	models	
that	maintain	the	N400	as	an	index	of	semantics-	driven,	
“quasi-	compositional”	integration.	In	fact,	the	plausibility	
manipulation	rather	revealed	P600	amplitude	to	be	graded	
for	 plausibility.	 Taken	 together,	 these	 results	 cannot	 be	
reconciled	with	the	N400	as	an	index	of	integration,	while	
they	are	consistent	with	 the	P600	as	a	continuous	 index	
of	 integrative	effort.	More	generally,	 the	 results	are	con-
sistent	with	Retrieval–	Integration	theory,	a	single-	stream	
account	in	which	the	N400	indexes	lexical	retrieval	from	
long-	term	 memory	 and	 the	 P600	 indexes	 integration	 of	
incoming	word	meaning	into	an	unfolding	utterance	rep-
resentation.	 No	 N400	 differences	 were	 found,	 as	 lexical	
retrieval	was	equally	facilitated	across	conditions	through	
repetition	 priming,	 and	 the	 link	 between	 plausibility,	

reading	times,	and	P600	amplitude	establishes	the	P600	as	
a	direct	 index	of	semantic	 integration	that—	in	 line	with	
a	comprehension-	centric	notion	of	surprisal—	is	continu-
ous	in	amplitude	as	a	function	of	integration	effort.	This	
novel	dimension	of	the	P600	has	important	implications	
for	existing	and	future	experiments,	as	well	as	for	theories	
and	models	of	language	comprehension.
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