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Language processing is predictive in nature, but it is unknown whether language users 
generate multiple predictions about upcoming content simultaneously or whether 
spreading activation from one pre-activated word facilitates other words downstream. 
Simultaneously, developmental accounts of predictive processing simultaneously 
highlight potential tension among spreading activation vs. multiple activation accounts. 
We used self-paced reading to investigate if younger and older readers of German 
generate (multiple) graded predictions about the grammatical gender of nouns. 
Gradedness in predictions was operationalized as the difference in cloze probability 
between the most likely and second-most likely continuation that could complete a 
sentence. Sentences with a greater probabilistic difference were considered as imbalanced 
and more biased towards one gender. Sentences with lower probabilistic differences were 
considered to be more balanced towards multiple genders. 
Both young and older adults engaged in predictive processing. However, only younger 
adults activated multiple predictions, with slower reading times (RTs) when gender 
representations were balanced, but facilitation when one gender was more likely than 
others. In contrast, older adults’ RTs did not pattern with imbalance but merely with 
predictability, showing that, while able to generate predictions based on context, older 
adults did not predict multiple gender continuations. Hence, our findings suggest that 
(younger) language users generate graded predictions about upcoming content, by 
weighing possible sentence continuations according to their difference in cloze 
probability. Compared to younger adults, older adults’ predictions are reduced in scope. 
The results provide novel theoretical insights into the developmental mechanisms 
involved in predictive processing. 

Introduction 

Language comprehension is fast. In normal, everyday 
language use, humans process two or three words per sec-
ond. How do people manage this feat? Prediction is one 
cognitive mechanism that supports this process. Language 
users rapidly integrate prior information to anticipate or 
predict upcoming linguistic structures based on prior con-
text. Consider the example Gary believes a husband should 
not cheat on his … Here, several sentence completions are 
possible. Most people will strongly expect a completion like 
wife, while other continuations (spouse, taxes) – even 
though they might be plausible – are less likely. Impor-
tantly, as language users accrue experience and knowledge, 
the weightings of these expectations may change. In the 

current study, we explore whether and how older and 
younger adults generate multiple, graded expectations for 
upcoming words in language comprehension. 

Specifically, we aim to evaluate two contrasting theo-
retical accounts regarding the plurality of linguistic pre-
diction. “All or nothing” accounts of prediction argue that 
the parser entertains predominantly one option, the one 
with the highest cloze probability in prior ratings, and once 
that is disconfirmed, re-analyzes and starts anew (cf. Kuper-
berg & Jaeger, 2016). In contrast, graded accounts of pre-
diction posit that the parser entertains multiple options at 
any given time and maintains these predictions (e.g., Levy, 
2008, 2013), perhaps ordered by the strength of their cloze 
probability, until new information comes in that discredits 
some predictions and confirms others. In psycholinguistic 
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research, it can be challenging to properly adjudicate be-
tween these accounts. For example, graded activation ef-
fects might also be explained by assuming that spreading 
activation from an initial single prediction spreads to other 
(semantically) related options later during processing (cf. 
evidence from Federmeier & Kutas, 1999). 

A secondary goal of the current study is to evaluate 
whether and how predictive processes change with age. 
While many electrophysiological studies of aging demon-
strate that older adults are less likely to use sentence con-
text predictively (for review, see Wlotko et al., 2010), a 
range of behavioral and eye-tracking studies have attested 
to increased, not reduced, context use with age. 

We seek to gain insight into these cognitive and devel-
opmental mechanisms in the current study by investigating 
whether younger and older adults of German create graded 
predictions about upcoming information during sentence 
reading. To anticipate our results, we find that both age 
groups use sentence context to predict upcoming words. 
However, only the predictions of younger adults are graded 
in nature. We begin by reviewing the evidence for graded 
prediction in younger and older adults. 

Prediction in younger adults 

A number of studies have demonstrated that readers or 
listeners show processing difficulty when encountering 
prenominal modifiers (e.g., articles or adjectives) whose 
gender marking does not agree with the gender of the noun 
that is predictable based on context. Many languages use a 
gender system to sort nouns into grammatical classes. Ar-
ticles or adjectives that precede a noun must be gender-
marked according to the head noun (e.g., Spanish, “la 

feminine roja feminine canasta feminine”; German “die feminine 
rote feminine Krone feminine”, the red crown). Therefore, the 
gender marking of a definite article can be used as an early, 
pre-nominal cue that indicates whether the predictable 
noun will appear or not. Unlike nouns though, gender-
marked articles carry little semantic information (“some 
(singular) thing”; Urbach et al., 2020), so any facilitation ef-
fects that occur at the level of the article (e.g., a speed-up in 
reading times, or a reduced N400 ERP component signaling 
facilitated processing) arguably constitute strong evidence 
for prediction as opposed to incremental integration. 

In a seminal study Wicha and colleagues (2004) pre-
sented sentence frames that created a strong bias for a par-
ticular noun and its gender (e.g., “canasta feminine”, which 
requires the definite article “la feminine”), but instead were 
followed by a prenominal gender-marked article from a dif-
ferent grammatical class (e.g., “el masculine” …). Around 500 
ms after presentation of the gender marked article, the EEG 
record in younger adults (age range = 18 – 31 years) showed 
a small positive deflection for unpredictable gender-marked 
articles compared to predictable ones. The authors argued 
that younger language users use gender information con-
veyed by gender-marked articles when processing a sen-
tence in real time in order to build sentence meaning. 

Converging evidence for pre-nominal prediction in 
younger adults has been presented in other languages as 
well, for example Dutch. Van Berkum and colleagues (2005) 
found that gender-marked adjective inflections (e.g., Dutch 

“grote” common gender, big) that were inconsistent with the 
gender of the predicted noun (e.g., “schilderij” neuter (book 
case), requiring “groot” neuter, not “grote” common) showed a 
small positive increase in ERPs of younger adults (age range 
= 18 – 28) as early as 50ms after inflection onset (for re-
views, see Kochari & Flecken, 2019; Nicenboim et al., 2020; 
but see Nieuwland, 2019, for critical discussion). 

However, these experimental findings have not remained 
unchallenged. For Dutch, prediction effects on gender-
marked adjective inflections failed to replicate (Kochari & 
Flecken, 2019; Nieuwland et al., 2020; young adult age 
ranges in these papers = 18 – 35 and 18 – 40 years, respec-
tively). For example, Nieuwland and colleagues used Bayes 
factor analysis to replicate the findings reported by Van 
Berkum et al. (2005). Unlike the original study, they found 
that prediction-inconsistent adjective inflections elicited a 
negativity, but the Bayes factor analysis for this effect 
yielded neither strong evidence for nor against the null hy-
pothesis. The authors tentatively concluded that it remains 
to be shown whether Dutch listeners consistently use ad-
jectival inflections to inform their noun predictions. In a 
Bayesian meta-analysis that pooled the results from several 
ERP studies on prenominal features, Nicenboim and col-
leagues (2020) did find evidence for a prediction effect on 
prenominal articles. But since this effect was very small and 
only surfaced when multiple studies were combined, the 
authors concluded that prenominal prediction effects are 
probably difficult to detect reliably. 

An additional question is whether the prediction effects 
reviewed above were graded in nature. Many prior studies 
are mute with respect to the gradedness of linguistic pre-
dictions, because these studies frequently probed one, and 
only one, highly probable sentence continuation (i.e., nor-
mally the one with the highest cloze probability in prior 
cloze ratings). Perhaps the strongest evidence attesting to 
a graded effect for linguistic predictions comes from an 
EEG study using English indefinite articles. DeLong and col-
leagues (2005) used sentence frames such as Hannah wanted 
to live in a small town, but her husband preferred to live closer 
to… which ended in a more or less predictable noun and its 
indefinite article (a city, an airport). Like in earlier studies, 
the indefinite article could be used as an early cue to fore-
shadow the anticipated noun. Crucially, the design of this 
study allowed for an investigation of graded prediction be-
cause the sentence endings that were presented to partici-
pants varied on a continuous spectrum from relatively low 
to high cloze. According to the results, the size of the N400 
at the level of the indefinite article in younger adults (age 
range = 18 – 37 years) varied inversely with article cloze 
probability, that is, as article predictability increased gradu-
ally, the N400 became systematically smaller. Based on the 
observed correlation between N400 amplitude and article 
cloze probability, DeLong et al. (2005) argued that pre-acti-
vation is not “all or nothing” but occurs in a graded, prob-
abilistic fashion: The strength of a word’s pre-activation is 
proportional to its cloze probability. 

However, subsequent studies obtained only mixed evi-
dence for graded predictability effects in young adult sam-
ples (Ito et al., 2017; Martin et al., 2013; Nieuwland et al., 
2018; age ranges = 18 – 29, 21 – 27, 18 – 35 years, respec-
tively; but see Urbach et al., 2020; Yan et al., 2017). One of 
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the conclusions drawn in Nieuwland et al. (2018) is that the 
phonological dependency of indefinite articles in English 
might not readily lend itself to investigation of predictabil-
ity effects, because a and an only need to align with the sub-
sequent word of the sentence, which does not necessarily 
have to be a noun (e.g., when an adjective follows, as in an 
old city, a new airport). 

Hence, it seems that there is not only rather mixed evi-
dence with respect to the reliability of pre-nominal effects 
of prediction in general, but also to the gradedness of lin-
guistic predictions in particular. The rather mixed pattern 
of findings so far suggests that linguistic pre-activation 
does not occur at the level of granularity and detail that is 
often assumed (for discussion, see Huettig & Guerra, 2019; 
Huettig & Mani, 2016). Of note, only a fraction of prior 
studies can unequivocally speak to graded effects of predic-
tion (DeLong et al., 2005; Ito et al., 2017; Nieuwland et al., 
2018), and the ones that can, obtained conflicting results. 

Prediction and aging 

Few studies from the cognitive aging literature unam-
biguously evaluate linguistic prediction, since most prior 
aging studies measured predictive effects at the moment 
that a predicted word is presented, which confounds pre-
diction with semantic integration processes (Otten & Van 
Berkum, 2008; Pickering & Gambi, 2018). Accumulating ev-
idence suggests there are differences in how older and 
younger adults use contextual information to support pre-
dictive processing. However, the precise nature of these de-
velopmental differences is debated. 

Some researchers posit that younger adults are less sen-
sitive than older adults to contextual cues during predictive 
processing. For example, the ERPs of older adults show both 
delayed and reduced facilitation effects for highly pre-
dictable nouns during sentence processing (Federmeier et 
al., 2003; Payne & Federmeier, 2018; Wlotko et al., 2010, 
2012). Similarly, older adults do not show facilitated pro-
cessing for words that are unpredictable but semantically 
related to a highly predictable word (e.g., there is no fa-
cilitation for the word pines when context biases the word 
palms), an effect that is readily observed in younger adults 
(Federmeier et al., 2002). Therefore, when older adults gen-
erate predictions during language processing, they do so 
with less detail and scope as younger adults (see Häuser et 
al., 2019; for converging evidence). 

Other accounts point to evidence for increased, not re-
duced, effects of contextual facilitation in aging. Eye-track-
ing studies have shown that older adults gain more facil-
itation during sentence reading when words are more 
predictable based on context (Choi et al., 2017; Kliegl et al., 
2004), and that they are more likely to skip words during 
first-pass reading and backtrack for repairs (e.g., DeDe, 
2014; Rayner et al., 2006). Similarly, speech recognition 
studies suggest that elderly participants benefit more from 
high levels of contextual constraint than younger adults 
when listening to distorted, dubbed-over or truncated 
speech (Pichora-Fuller, 2008; Pichora-Fuller et al., 1995; 
Tun & Wingfield, 1994; Wingfield et al., 1985, 1991; Wing-
field & Stine-Morrow, 2000). Together, these findings sug-
gest older adults leverage top-down, context-driven pro-

cessing and/or engage in late-stage re-analysis to minimize 
the impact of an impaired or unexpected bottom-up signal. 

Perhaps more on point given our research question are 
two studies that investigated pre-nominal effects of predic-
tion in older adults by using in(definite) articles. For exam-
ple, using the a/an design of their original 2005 study, De-
Long and colleagues (2012) found that in older adults, the 
N400 component elicited by phonologically aligned articles 
did not readily pattern with article cloze probability as is the 
case in younger adults, which suggests that older adults do 
not predict phonological features of nouns in a graded man-
ner as younger adults do. In another study that used gen-
der-marked articles from Dutch, Huettig and Janse (2016) 
found that old age actually increased the number of fixa-
tions on correct targets in a cross-modal visual word para-
digm when working memory was controlled for, which sug-
gests any effects of reduced linguistic prediction in aging, if 
they emerge, can be primarily attributed to age-related im-
pairments in executive functions. 

Altogether then, studies investigating linguistic predic-
tion in older adults highlight two potential routes for how 
changes in sensitivity to context might alter graded lin-
guistic prediction. Studies that probed prediction in the 
strict sense of the word (e.g., pre-nominally) failed to show 
conclusive findings. Preliminary evidence that requires fur-
ther substantiation suggests that older adults may not show 
graded effects of prediction (e.g., DeLong et al., 2012; Fed-
ermeier et al., 2002). 

The present study 

In this study, we investigated pre-nominal prediction ef-
fects in a relatively large sample of German-speaking 
younger and older adults (N = 132). Using a moving-window 
self-paced reading (SPR) task, we presented German sen-
tence stems such as “Als Paul endlich seinen Führerschein 
erhielt, fuhr er ständig mit …” (English: When Paul finally 
got his driver’s license, he was always driving with …), that 
strongly biased a particular gender-marked noun and its 
corresponding article (e.g., “dem neuter Auto neuter von Fre-
unden”, the car of friends). Crucially, in half of the items, 
sentence stems were completed with gender-marked arti-
cles and nouns from a different grammatical class (e.g., 
“der feminine Gruppe feminine von Freunden”, the group of 
friends). Hence, the prenominal article (“dem” vs “der”) 
could serve as an early cue to indicate whether the sentence 
is progressing as expected. 

Using SPR allowed us to investigate reading times at the 
article in a relatively isolated fashion, since SPR, unlike eye 
tracking, prevents all parafoveal preview effects that go be-
yond the length of the next word. Measuring reading times 
pre-nominally, and not the noun, allowed us to disentangle 
early effects of prediction (at the article) from late-stage ef-
fects of integration (at the noun). Crucially, by using gen-
der-marked articles we were able to bypass some of the 
concerns associated with the “a/an” approach of measur-
ing predictability effects, because a gender-marked article 
always needs to align with the head noun, irrespective of 
whether the noun follows directly or not. 

In order to investigate graded effects of predictability, 
we took into account not only the most probable article-
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noun combination that could finish a sentence (e.g., “dem 
Auto”, the car, identified by means of prior cloze ratings), 
but also the second-most probable continuation (e.g., “dem 
Motorrad”; the motor bike). This design allowed us to not 
only investigate reading times (RTs) on predictable vs. un-
predictable articles (henceforth: predictability), but in addi-
tion, the relative imbalance between people’s most proba-
ble first choice continuation and their most probable second 
choice continuation (henceforth: imbalance). Hence, our 
measure of imbalance allowed for conclusions as to 
whether, and to what degree, younger and older adults ini-
tially predict multiple options during sentence processing, 
as opposed to only one. 

Since we aimed to investigate the relative distances be-
tween the probability of each continuation, we computed 
a difference score between first- and second-choice com-
pletions (henceforth, “imbalance” value). Lower imbalance 
values (i.e. lower cloze differences) suggest a closer prox-
imity in the likelihood of the first- and second-choice re-
sponses, and therefore, a greater balance between two rel-
atively equi-probable sentence continuations. Higher 
imbalance values suggest a larger probabilistic difference 
between the first and second choice (i.e., more of an imbal-
ance), and therefore, a stronger bias towards one specific 
continuation (as opposed to multiple). 

Our predictions were as follows: If younger and older 
adults predict predominantly one sentence continuation 
(e.g., the one with the highest cloze probability), their RTs 
at the level of the pre-nominal article should show effects 
of article predictability, but not of cloze difference (imbal-
ance). Such a finding would support “all-or-nothing” ac-
counts of prediction.1 If, on the other hand, article RTs were 
modulated by the difference in cloze probability between 
the first and second completion (i.e. imbalance), this would 
indicate that participants generate graded predictions 
about upcoming linguistic structures by considering multi-
ple sentence continuations. Specifically, with respect to ag-
ing, and given conflicting findings from prior literature, we 
could expect a pattern of results where older adults show ei-
ther reduced or more pronounced effects of linguistic pre-
diction overall. 

Method 
Participants 

Eighty-four younger (maximally 35 years of age) and 50 
older (minimally 65 years of age) native speakers of German 
participated in the experiment. Younger adults were com-
pensated with course credit for their time; older adults re-
ceived financial compensation at a rate of € 10 per hour. 
All participants had normal or corrected-to-normal vision 
and reported no neuropsychiatric medication at the time of 

testing. Two older adults had to be excluded from the final 
analysis due to either MCI/beginning dementia at the time 
of testing (one subject; based on self-report) or abnormal 
performance in the AX-CPT cognitive control task (another 
subject). The final sample consisted of 132 participants: 84 
younger adults (55 female, 29 male; mean age = 21 years, SD 
= 3) and 48 older adults (22 female, 26 male; mean age = 73 
years, SD = 5). Informed written consent was obtained from 
all participants. All study procedures were in line with the 
Helsinki declaration on human subject testing. 

To ensure that the younger and older adults in our sam-
ple were representative of their respective age groups, all 
participants completed a battery of standardized cognitive 
tests. These tests included a modified version of the AX-
CPT task to assess context maintenance (for details, see 
Schmitt et al., 2014), the Reading Span task (adapted from 
Kane et al., 2004) to assess working memory, and a lexical-
semantic knowledge task that tested knowledge of semantic 
associations and word synonyms (see Lorenz & Kray, 2019). 
Table 1 shows performance scores for younger and older 
adults in each of the three tasks. Note that, due to missing 
data, the number of participant data per task varied. Be-
tween-groups t-tests (see Table 1) indicated that the group 
of older adults performed consistently worse than the 
younger group in both tests that tap into processes of cog-
nitive control or executive functions (i.e., the AX-CPT and 
Reading Span tasks).2 In contrast, older and younger adults 
performed equally well in the lexical-semantic knowledge 
task. Taken together, this pattern of performance suggests 
an age-related decline in executive functions or cognitive 
control among the older adults, but spared lexical-semantic 
knowledge (see Braver & Barch, 2002; Burke & Shafto, 
2008; Craik & Salthouse, 2000; Hasher & Zacks, 1988; Lin-
denberger, 2014). 

Materials 

Cloze ratings for an initial set of 73 items were obtained 
from 40 younger-adult native speakers of German (younger 
than 35 years; mostly Psychology students; age range = 
18-27 years; 25 female, 15 male), and from 25 older-adult 
native German speakers (age range = 63 – 81years ; 10 fe-
male, 15 male), who did not participate in the main exper-
iment. Participants were presented with sentence frames 
(e.g., “Nachdem Paul seinen Führerschein erhalten hatte, 
fuhr er ständig mit …”; English approximation: “When Paul 
finally got his driver’s license, he was always driving around 
with …”) that were truncated before the definite article and 
asked to generate a definite article and noun that best com-
pleted the sentences (e.g., “dem neuter Auto”; English: the 
car). Crucially, unlike many cloze rating tasks that only re-
quest a single response, participants were additionally 
asked to generate a second-best sentence completion (ar-

Note that our definition of gradedness somewhat differs from the one used in e.g., DeLong et al. (2005), where gradedness was defined as 
the correlation between predictability and ERP N400 component. Here, we define gradedness by means of the difference in cloze proba-
bility between first and second most likely continuation. 

For each group comparison we assumed an alpha threshold of .05. There was no correction of multiple comparisons because each task 
was included to measure a different cognitive construct (e.g., context maintenance, working memory etc.). 

1 
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Table 1. Results of the Cognitive Test Battery in Younger and Older Adults 

Younger Adults Older Adults 

n 83 44 t(125) = p 

AXCPT (context maintenance and updating): 

RTs on context-dependent (hard) trials (ms) 711 (238) 1217 (416) -8.73 < .001 *** 

RTs on context-independent (easy) trials (ms) 559 (110) 943 (356) -9.07 < .001 *** 

RT Cost (ms) 152 (156) 274 (214) -3.69 < .001 *** 

n 82 46 t(126) = 

Reading Span (WM capacity) 0.86 (0.12) 0.72 (0.18) 5.38 < .001 *** 

n 83 48 t(129) = 

Verbal Knowledge (lexical-semantic knowledge) 0.78 (0.10) 0.78 (0.10) -.03 = 0.98 

Note. Values for the Reading Span and verbal knowledge tasks indicate proportions of correct responses. n indicates the number of subjects that completed each cognitive test. Signifi-
cance levels: * p < .05, ** p < .05, *** p < .001. 

ticle and noun) that indicated how the sentence could be 
completed otherwise of the first completion (e.g., “dem Mo-
torrad neuter”; English: the motor bike). It was the combi-
nation of these first- and second-best completions in the 
cloze ratings that allowed us to investigate the effects of 
imbalance on reading times (see below). We computed the 
cloze probabilities for responses that were produced with 
the highest frequency in the first- and second-best guess 
ratings. These calculations were done separately for first 
and second responses, and they were done separately for ar-
ticles and nouns.3 In other words, for each set of responses 
(first and second completions separately) we identified the 
one completion that was produced with the highest fre-
quency for articles and nouns, which resulted in four cloze 
probability values per item (two cloze values for the most 
frequent article in first and second responses, and two cloze 
values for the most frequent noun). 

Crucially, our research questions are tied to two variables 
that were derived from the cloze ratings: predictability (re-
ferring to the cloze probability of the most predictable first-
completion gender-marked article and noun), and imbal-
ance (defined as the difference in cloze probability between 
the first- and second-completion article/noun). Example 
stimuli are presented in Table 2. Figure 1 shows a schematic 
display of the stimulus design. 

Predictability 

We selected an initial set of 48 stimuli that consistently 
elicited relatively high-cloze nouns and articles in the first 
completions in younger and older adults (i.e., were highly 
constraining towards a narrow set of gender-marked arti-
cles and head nouns); these 48 stimuli were included in the 
main experiment. 

Only 48 items out of initially 73 were selected because 
many items did not consistently elicit definite gender-
marked articles in the cloze ratings, even when participants 
produced the corresponding head nouns quite frequently 
and with considerable agreement. One example is the item 
“Im Sommerurlaub auf Mallorca schlecken die Kinder (das 

Ø) Eis” (English approximation: “During their summer va-
cation in Mallorca, the kids are eating (the Ø) ice cream”4) 
that did not make it into the experiment. Here, the head 
noun “Eis” had a cloze probability of 0.97 in the cloze rat-
ings from younger adults, in other words 97% of younger 
participants produced that noun with the given context. 
However, the gender-marked article das only had a cloze 
probability of .05, because some participants only produced 
indefinite articles (e.g., “ein Eis”, “an einem Eis”; an ice 
cream, at an ice cream), others produced possessive pro-
nouns (e.g., their ice cream), some produced no articles/
possessive pronouns at all, and so on. We note that this ap-
proach differs from some of the earliest studies on article 
predictability (see e.g., Wicha et al., 2004), which deter-
mined predictability on gender-marked articles by means of 
the predictability of the head noun only, and not the com-
bination of the definite article and the head noun as is done 
here. The current norming approach highlights that high-
cloze nouns do not necessarily elicit one type of gender-
marked article only. 

Cloze probabilities of the 48 final selected articles ranged 
from .43 to 1 in younger adults (M = .81, SD = .14) and from 
.32 to .96 in older adults (M = .75, SD = .17). For predictable 
nouns, cloze probabilities ranged from .30 to 1 in younger 
adults (M = .78, SD = .16), and .32 to 1 in older adults (M = 
.76, SD = .19). 

The experimenters then chose unpredictable, low-cloze 
article-noun continuations for each sentence stems (see 

Note that we also explored other options on how to calculate cloze ratings from first and second responses. One of these options, for ex-
ample, was to collapse first and second responses into one column, but we ultimately deemed this approach inappropriate as it consider-
ably reduced the cloze probability of the first response, and therefore was not true to the relatively constraining nature of our sentences 
that clearly bias one or two dominant responses. We return to this point in the GD 

Note that, unlike in English, German mass nouns such as ice cream that are preceded by an (in)definite article are not ungrammatical 
(e.g., it is not ungrammatical to say “eat an ice cream”), so we had no reason to assume that participants would not produce gender-
marked articles here. 

3 
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Table 2. Overview of Experimental Items in German (English Approximations in Parentheses) 

Younger Adults Older Adults 

Context First Second First Second (Unpredictable) 

Nachdem Paul seinen 
Führerschein erhalten 
hatte, fuhr er ständig 
mit ... 
(When Paul got his 
driver’s license, he was 
always driving around 
with ...) 

Article dem dem dem dem der 

Noun 
Auto 
(car) 

Motorrad 
(motor bike) 

Auto 
(car) 

Motorrad 
(motor bike) 

Gruppe 
(group) 

In der 
Nachmittagshitze war 
der Wein warm 
geworden, also stellte 
Johanna ihn in ... 
(In the heat of the 
afternoon, the wine 
had become warm, and 
so Johanna put it it in 
...) 

Article den den den den die 

Noun 
Kühlschrank 
(fridge) 

Keller 
(basement) 

Kühlschrank 
(fridge) 

Schatten 
(shade) 

Badewanne 
(bath tub) 

Nach der Gartenparty 
spülen die Meiers in der 
Küche 
(After the barbeque, 
the Smiths were in the 
kitchen, cleaning ...) 

Article das die das die den 

Noun 
Geschirr 
(dishes) 

Teller 
(plates) 

Geschirr 
(dishes) 

Gläser 
(glasses) 

Kasten 
(box) 

Note. Definite articles always translate to English “the”. 

Figure 1. Stimulus Design 
Note. Item used for illustration is “When Paul got his drivers’ license, he was always driving around with …”. Subscripts indicate the noun’s grammatical gender, fem=feminine, 
neut=neuter. 

Table 2 & Figure 1) making sure that a) unpredictable nouns 
had a different grammatical gender than the first-guess pre-
dictable nouns, b) unpredictable nouns were never pro-
duced as first- or second-guess completions in the cloze 
ratings, and c) the unpredictable nouns matched with the 

predictable nouns in frequency. These frequency estimates 
were based on the Zipf scale from the SUBTLEX DE data 
base (see Brysbaert et al., 2011). For example, the unpre-
dictable article-noun combination for the item „Nachdem 
Paul seinen Führerschein erhalten hatte, fuhr er ständig mit 
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Figure 2. Histograms of Cloze Probabilities for Articles and Nouns in Younger and Older Adults 
Note. “Article1” and “Article2” (“Noun1” and “Noun2”) refer to the highest-cloze articles (nouns) selected from the first and second cloze rating responses. “UP Article” refers to un-
predictable gender-marked articles. Cloze probabilities of unpredictable nouns are not shown here because they were zero throughout. 

…" (English: When Paul finally got his driver’s license, he 
was always driving around with …; predictable continua-
tion: “dem dative neuter Auto neuter”; English: the car) was 
“der dative feminine Gruppe” (von Freunden) (English: the 
group of friends). By definition then, unpredictable nouns 
had zero cloze probabilities, but the cloze probabilities of 
the unpredictable articles were not always zero, since they 
depended on the fraction of participants who produced a 
given unpredictable article in the cloze ratings. The cloze 
values for unpredictable gender-marked articles ranged 
from 0 to .25 in younger adults (M = .04, SD = .05), and 
from 0 to .48 in older adults (M = .05, SD = .08). Figure 2 
shows histograms of the distribution of cloze probabilities 
for all first- and second-response gender-marked articles 
and nouns used in the experiment, split out by age group. 

Predictable and unpredictable nouns were matched in 
frequency, t(93)5 = 1.25, p = .21, d = .27, but unpredictable 
nouns were slightly longer than predictable nouns (7 vs 
6 characters, respectively), a significant difference, t(94) = 
-2.50, p = .01, d = 0.51. Out of the 48 final experimental 
items, 46 items had the critical noun and article in the ac-
cusative case, whereas two had their critical articles and 
nouns in the dative case.6 The final items were relatively 
balanced with respect to the frequency of occurrence of 
their definite article forms (see Table 3). Note that we in-
cluded length and frequency as control variables to all sta-
tistical models examining reading times. 

Younger and older adults’ first completions in the cloze 
ratings largely agreed, both with respect to the definite ar-

Table 3. Frequency of occurrence of definite article 
forms in the experiment 

das dem den der die 

predictable 14 2 15 0 17 

unpredictable 10 0 17 2 19 

Note. In German “die” is ambiguous as it can refer to feminine singular nouns but also to 
plural nouns across gender. 

ticle and the noun. For one item, the older adults’ cloze rat-
ings favored a different head noun than the cloze ratings 
from the younger adults. However, since that noun had the 
same grammatical gender (and therefore, was identical with 
the younger adults’ cloze ratings with respect to the gender-
marked article), this item was not removed from the analy-
ses. 

Imbalance 

Some of the 48 experimental items did not work for a 
systematic investigation of item imbalance (which we de-
fined as the difference in cloze probability between the first 
and the second completions from the cloze ratings), be-
cause their second completions did not allow for such an 
analysis. For example, there were items which yielded lex-
ically identical or near-synonym first and second comple-
tions (e.g., bus-bus; stove-stove top, goal-goal line). Other 
items yielded second completions whose highest-cloze ar-

Note the df for the t-test is 93 here (as opposed to 94 [(48*2)-2]), because one noun was not referenced in the SUBTLEX-DE data base. 

Note that we initially ran all models presented below using case marking of the critical noun and article as an additional control variable. 
However, since case marking did not account for systematic variance in any of these models (presumably because of the low variability in 
this predictor), we dropped this control variable in the final models. 

5 

6 
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ticles were indefinite or a possessive pronoun (e.g., “ein 
Bier”, “ihre Mutter”; a beer, her mother). Yet, other items 
yielded no particular gender-marked article in the second 
completions (henceforth, “zero” response), i.e. participants 
left the second completion blank (since this happened fre-
quently when first-guess articles and nouns had cloze prob-
abilities larger than .8, so we assume it was difficult for par-
ticipant to come up with a good second completion when 
the first completion was highly dominant). Because of these 
problems, some of the 48 experimental items were ex-
cluded. The final item pool that allowed for a systematic in-
vestigation of the second completions consisted of 32 items 
in younger adults, and 28 items for the older adults. How-
ever, these item sets were not mutually exhaustive, as there 
were items in the younger-adult subset that were not spec-
ified for older adults, and vice versa. As 21 items were con-
sistent across both the younger and the older adult group, 
in order to make sure that the number of experimental 
items used for both age groups was identical when ana-
lyzing effects of imbalance, we subset to these 21 items 
throughout. We deemed this approach is more sound sta-
tistically, since it allowed us to properly estimate random 
effects where the factor age group was fully nested within 
items (Barr et al., 2013). After identifying all 21 items, we 
then proceeded to compute imbalance values for each item 
in each age group, by subtracting the cloze probability of 
the most frequent second completion from the cloze prob-
ability of the most frequent first completion. For example, 
in the older adults’ cloze ratings, the first-completions ar-
ticle in the drivers’ license item had a cloze probability of 
.76 (“dem [Auto]”), whereas the second-completion article 
(“dem [Motorrad]”, the motor bike) had a cloze probability 
of .68. Therefore, the imbalance value (difference in cloze) 
for that item in that group was .08. In the cloze ratings 
from the younger adults, who (for this particular item) pro-
duced the same first and second-completion article as the 
older adults did, the difference in cloze was .09, correspond-
ing to cloze values of .84 (first completion) and .75 (second 
completion). Larger imbalance values indicate items whose 
sentence context strongly favors one particular completion, 
as opposed to multiple completions that are equi-probable 
and balanced. 

Imbalance values of the 21 final selected items ranged 
from -.09 to .63 (M = .22, SD = .18) and -.04 to .60 (M = .23, 
SD = .18) in younger and older adults, respectively, a non-
significant difference, t(40) = .28, p = .80). For nouns, im-
balance values ranged from .06 to .73 in younger (M = .41, 
SD = .20), and from -.04 to .72 in older adults (M = .31, SD 
= .19), again a non-significant difference, t(40) = -1.66, p = 
.11. Figure 3 shows histograms of the distribution of imbal-
ance values for gender-marked articles and nouns in both 
age groups. 

After identifying all 21 items that worked for investi-
gations of article predictability and imbalance, two final 
steps remained for stimulus preparation. First, to avoid that 
the possibility that sentence-final effects would influence 
RTs on the head noun (see Just et al., 1982; Mitchell & 
Green, 1978, for evidence from self-paced reading; but see 
Stowe et al., 2018, for conflicting view), we added several 
words that represented a plausible continuation to the sen-
tence (e.g., … “fuhr er ständig mit dem Auto predictable / 

der Gruppe unpredictable von Freunden auf den Landstraßen 
herum”; English: “When Peter finally got his driver’s li-
cense, he was always driving around with the car predictable / 
the group unpredictable of friends on the roads”). 

Second, to account for spill-over effects on reading times 
for words following the definite article, the experimenters 
inserted three additional words (e.g., adverbs, adjectives) 
between the definite article and the noun, e.g. … “mit dem 
alten aber zuverlässigen Auto von Freunden, mit der alten 
aber zuverlässigen Gruppe von Freunden” (English: … with 
the old but reliable car from friends, with the old but reli-
able group of friends). All spill-over words were chosen so 
as to maintain existing predictions for the noun, while at 
the same time resulting in a plausible reading of the un-
predictable version of the sentence. Note that the spill-over 
words were identical over predictable and unpredictable 
versions for each sentence, except for the fact that they 
sometimes differed in length, depending on whether or not 
an adjective were gender-marked. 

Finally, all 48 experimental items (these included the 
critical 21 items that we would later use to estimate effects 
of imbalance) were evenly distributed on two experimental 
lists (n expected items = 48, n unexpected items = 48) so that each 
participant viewed only one experimental version of each 
item during testing (i.e. Latin square design). We added 36 
predictable sentences from the Potsdam sentence corpus as 
fillers (adjusted for length, where necessary) to ensure that 
participants continued to make predictions during reading, 
despite occasionally encountering unpredictable sentence 
continuations (e.g., Brothers et al., 2017). In total, there 
were 48 experimental + 36 filler = 84 sentences per list. Out 
of the 48 experimental sentences on each list, 21 items al-
lowed for an investigation of item imbalance. Comprehen-
sion questions (simple yes/no questions) were created for 
25% of all sentences to make sure that participants read the 
sentences for content. The experimental items and fillers 
were randomly distributed on each list, with two con-
straints: 1) No more than four unexpected items in a row, 
and 2) no more than four items with comprehension ques-
tions in a row. Finally, in order to prevent trial-order effects, 
the experimenters created a reversed version of each list, 
yielding a total of four experimental lists. 

Procedure 

The experimental session consisted of the self-paced 
reading task (~ 20-25 min), followed by the cognitive test 
battery (~ 30 min). To avoid effects of fatigue, the admin-
istration order of the cognitive tests was counterbalanced. 
However, the self-paced reading task was always adminis-
tered before the cognitive tests. 

In the self-paced reading task, participants read sen-
tences on a screen word-by-word. Each trial started with 
the presentation of the first word of the sentence, next to 
a number of underscores, separated by spaces, indicating 
the number of words to follow. By pushing the space bar 
with their dominant hand, participants proceeded to the 
next word, and the letters of the previous word were re-
placed with underscores (non-cumulative “moving window” 
format; Jegerski & VanPatten, 2014). Participants were in-
structed to read the sentences as fast as possible, and to an-
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Figure 3. Histograms for Imbalance Values for Gender-marked Articles and Nouns in both Age Groups 

swer all true/false comprehension questions as accurately 
as possible by pushing the “J” (Yes, correct) and “N” (No, in-
correct) bars on the keyboard. Trials were separated by a 500 
ms fixation cross. 

All experimental tasks were presented on a Fujitsu 
Siemens P-19-2 monitor with a screen resolution of 1280 x 
1024 pixels, using a Courier New 18pt font on a white back-
ground. All tasks were controlled using E-Prime 2.0 soft-
ware (Psychology Software Tools, Pittsburgh, PA). 

Approach to analysis 

We present our data analysis in two sections to allow for 
the fullest number of observation possible when addressing 
each research question. The first section, which explores 
the effects of predictability, includes the full set of 48 ex-
perimental items, and examines the effects of predictability 
alone, not taking into account imbalance. The second sec-
tion (Effects of imbalance) examines the effects of item im-
balance (defined as the difference in cloze probability be-
tween the first and second completions in the cloze ratings), 
and includes only the 21 items that made it possible to mea-
sure this effect (i.e., a subset of the 48 original items). The 
data and analysis script can be found on this paper’s project 
page using the link, https://osf.io/kh7tn/. 

Prior to analysis, reading times (RTs) for each region 
were trimmed minimally by identifying all data points that 
fell 2 SD below or above the minimum or maximum of an 
individuals’ mean response time per region-condition, and 

replacing these values with the minimum/maximum for 
that subject-condition in that region. Altogether, the re-
placement procedure affected less than 2% of all data points 
in younger adults, and less than 3% of all data points in 
older adults.7 

We focus on three regions of interest, i.e. the gender-
marked article (e.g., “dem/der”, the), the spill-over region 
(e.g., “alten aber zuverlässigen”, old but reliable), and the 
noun (e.g., “Auto/Gruppe”, car/group). We included the 
spill-over region following an influential SPR-study by Van 
Berkum and colleagues (2005), even though we acknowl-
edge that more recent studies consistently demonstrated 
predictability effects directly at prenominal articles (Fleur 
et al., 2020; Nicenboim et al., 2020). Therefore, our key 
measures for gender prediction were both the article and 
the spill-over region. Table-wise summaries of models fit 
for RTs of single words in the spill-over region, as well as 
their partial effects plots, are presented in Supplement 1. 
We fit separate models for each region of interest. In each 
model, the dependent variable was reading times (in ms), 
log-transformed to correct for skewness (Gelman & Hill, 
2007). The predictor variables in each model differed per 
section and are therefore described in each section sepa-
rately. We ran linear mixed effects models (LMEMs) as im-
plemented in the lme4 library (Bates et al., 2015; version 
1.1-19) in R (R Core Team, 2015; version 3.5.2). 

All models were fit with the scaled length of the appro-
priate region as a continuous control variable (except for 
models on the article region since the article was equally 

Note that we re-ran all final models reported below using log-transforms of raw, untrimmed, RT values for each region of interest. The ef-
fects stayed the same. 

7 
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Figure 4. Reading Times on the Critical Region in Younger and Older Adults Illustrating the Effects of 
Predictability and Imbalance 
Note. Error bars represent SE, adjusted for within-subject designs . fw1-3 = spill-over words 1-3 (e.g., “the old but reliable car”). “Unbalanced” means that items are strongly biased to-
wards a specific gender-marked article or noun. Figure 4 may not directly reflect results obtained in our statistical analysis, which takes into account variance associated with items 
and control predictors. 

long (three characters) across trials and conditions). Each 
model also contained an additional continuous control vari-
able for trial number (scaled, too), in order to account for 
effects of fatigue or speed-up in RTs in the course of the 
experiment, and frequency, corresponding to the Zipf scale 
values from the SUBTLEX-DE data base (there was no fre-
quency predictor for the spill-over region because that re-
gion comprised three words). 

To protect against anti-conservative model estimates, all 
models were initially fit with random intercepts for subjects 
and items, and random slope adjustments for all corre-
sponding within-subject and within-item effects warranted 
by the design, including their interactions (i.e., a fully max-
imal random-effects structure; see Barr et al., 2013). In the 
case of non-converging models, each model was simplified 
progressively using the least variance approach until con-
vergence was achieved (see Barr et al., 2013; for guidelines). 
P-values were estimated using the Satterthwaite degrees of 
freedom method, as implemented in the R package lmerTest 
(Kuznetsova et al., 2017). For some models, we make use 
of model comparisons to check whether excluding non-sig-
nificant and not trending-towards-significance interactions 
or model parameters improves model fit. For these compar-
isons, we use a likelihood ratio test and evaluate signifi-
cance against the χ2 distribution, taking as the degrees of 
freedom the difference in number of parameters between 
the two critical models.8 To facilitate interpretation of the 
data presented below, Figure 4 shows raw, untransformed 

reading times for critical words and subsequent regions in 
younger and older adults, with the left panel illustrating 
the effects of predictability (split out in predictable/unpre-
dictable), and the right panel illustrating the effect of im-
balance (based on a median split of the imbalance values). 

Results 
Comprehension questions 

Accuracy on the comprehension questions was near ceil-
ing in both younger and older adults (M = .98, SD = .03, and 
M = .98, SD = .04, respectively), a non-significant difference, 
t(130) = .36, p = .72, d = .06. There were no significant differ-
ences within groups when accuracy for predictable and un-
predictable items was compared: For younger adults, t(83) 
= -.79, p = .44, d = .12; for older adults, t(47) = -.19, p = .85, 
d = .03). Overall, these findings suggest that participants in 
both age groups were attentive during the experiment, and 
understood the sentences they were reading. 

Effects of predictability 

Predictor variables were predictability, reflecting the 
cloze probability of the predictable and unpredictable arti-
cle and noun, and age group, including the interaction be-
tween these variables. Predictability was entered into the 
model as a scaled continuous variable. Age group was treat-
ment/dummy coded, with younger adults set as the refer-

We emphasize that our results remained unchanged when models were not simplified and all critical predictors were left in the models. 8 
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ence category. Hence, effects for age group represent sim-
ple, not main, effects as they compare one categorical level 
(here, older adults) against the baseline category level 
(here, younger adults). The formal lme4 specification of our 
models in this section is: 

lmer(log(RT) ~ predictability * group + trial + length 
+ frequency + (1 + predictability | subject) + (1 + pre-
dictability : group | item)). 

There were simple effects of age group in all models, 
suggesting that older adults read considerably more slowly 
than younger adults. For the sake of brevity, and since our 
focus here is more on within-group differences between 
predictable and unpredictable items, these will be skipped 
in model reports. Partial effects plots for all models are pre-
sented in Figure 4. Table 4 shows LMER outputs for each 
model. 

Article RTs. Recall that the article region was our primary 
measure of interest to measure predictability effects. The 
model for RTs on the gender-marked article showed a sig-
nificant interaction between predictability and age group 
(b = -0.02, SE = 0.01, t = -3.41, p < .001). The model plot 
(see Figure 5, left panel) indicates that this interaction was 
driven by older adults, who showed facilitation when read-
ing articles that were more predictable. In contrast, younger 
adults seemed to read articles equally fast, irrespective of 
whether or not they were high predictable. 

Spill-over region. In the model for RTs on the spill-over 
region (Figure 5, middle panel), there was a hint of an inter-
action between predictability and age group that failed to 
reach statistical significance (b = 0.01, SE = 0.01, *t =*1.71, p 
= .09). The effect of predictability in this model was also not 
significant (b = 0.002, SE = 0.003, t = 0.81, p = .42). 

Noun. The model for RTs on the noun showed a signifi-
cant effect of predictability (b = -0.03, SE = 0.01, t = -4.28, p 
< .001), suggesting that as cloze probability increased, read-
ing times went down. There was a hint of an interaction be-
tween predictability and age group that was not significant 
(b = -0.02, SE = 0.01, t = -1.69, p = .09), which suggested 
that numerically, there was a trend for older adults to gain 
more facilitation from high-predictability nouns (see Figure 
5, right panel). Follow-up models, in which items were split 
by age group, confirmed this pattern, and showed that the 
model estimates for the effect of predictability were larger 
in older, compared to younger, adults (b = -0.05, and b = 
-0.03, respectively). 

Summary of findings for predictability. There were two key 
findings. First, increasing article predictability facilitated 
reading times in older, but not younger adults. Noun pre-
dictability facilitated reading times in both younger and 
older adults. 

Crucial to our research question is the finding that only 
older adults showed early (i.e., pre-nominal) expectation vi-
olation at the article. The question that emerges from these 
findings is whether younger adults did not use sentence 
context predictively. It is with this question in mind that we 
now turn to the analysis of the effects of imbalance. 

Effects of imbalance 

The models estimating the effects of imbalance take into 
account the difference in cloze probability between first and 
second completions from the cloze ratings. As noted above, 
since not all items yielded valid second completions from 
both age groups in the cloze ratings, the models in this sec-
tion were run on a subset of all items – only those for which 
valid second completions were available (21 items in total). 
Again, the DV was log-transformed RTs. The predictor vari-
ables were age group (dummy-coded, with younger adults 
as the baseline category) and imbalance (defined as the dif-
ference in cloze probability between the first and the second 
completion), including the interaction between age group 
and imbalance. We also added predictability (i.e. the cloze 
probability of predictable and unpredictable articles and 
nouns) as control variable. The variables for predictabil-
ity and imbalance were scaled (i.e., centered around their 
means) to reduce multicollinearity. As expected, our mea-
sures of predictability and imbalance were clearly corre-
lated (Pearson’s r = 0.68, 95% confidence interval = CI[0.51, 
0.80]). However, this correlation is not, in principle, an ob-
stacle to our approach. Variance Inflation Factors (VIFs) for 
predictability and imbalance were below 1.6 in all models, 
which is far below the values considered problematic when 
multicollinearity is an issue (e.g., Zuur et al., 2010). The for-
mal specification of the models in this section is: 

lmer(log(RT) ~ imbalance * group + trial + length + 
frequency + predictability + (1 + imbalance | subject) + 
(1 + imbalance : group | item)). 

Again, simple effects of age group (indicating slower 
reading in older adults) will be skipped in model reports, 
since they are of no interest to our research questions. Par-
tial effects plots for all models are presented in Figure 6. 
Table 5 shows LMER outputs for each model. 
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Table 4. Effect sizes (b), Standard Errors (SE), and T-Values for Models Estimating the Effects of Predictability and Age Group on Log-Transformed RTs of the Critical 
Region 

Article Spill-over region Noun 

b SE t p b SE t p b SE t p 

Fixed effects 

Predictability 0.004 0.004 0.84 0.002 0.003 0.81 -0.03 0.01 -4.28 *** 

Age group 0.34 0.05 7.20 *** 0.37 0.05 7.09 *** 0.44 0.07 6.44 *** 

Predictability: Age group -0.02 0.01 -3.41 *** 0.01 0.005 1.71 -0.02 0.01 -1.69 

Control predictors 

Trial number -0.10 0.003 -36.08 *** -0.12 .002 -49.14 *** -0.14 0.004 -34.74 *** 

Length - - - 0.01 0.01 2.02 * 0.02 0.01 3.02 ** 

Frequency 0.03 0.02 1.93 - - - -0.01 0.01 -1.03 

Random effects Variance Variance Variance 

Subject 0.07 0.08 0.14 

Subject | Predictability NA NA 0.002 

Item 0.004 0.002 0.004 

Item | Predictability 0.0002 NA NA 

Item | Age group 0.001 0.001 0.003 

Item | Age group: Predictability NA NA NA 

Note. Ø is used for predictors that were removed from the model because they did not contribute substantial variance. NA is used for predictors that were removed because of issues with convergence; this procedure followed the least-variance approach suggested by Barr and 
colleagues (2013). Significance levels: * p < .05, ** p < .05, *** p < .001. 

Hedging Bets in Linguistic Prediction: Younger and Older Adults Vary in the Breadth of Predictive Processing

Collabra: Psychology 12

D
ow

nloaded from
 http://online.ucpress.edu/collabra/article-pdf/8/1/36945/727807/collabra_2022_8_1_36945.pdf by U

niversity of Saarland user on 22 N
ovem

ber 2022



Figure 5. Partial Effects Plots Showing the Effects of Predictability and Age Group on Log-Transformed RTs 
Note. Note the larger y-scale in the plot for the spill-over region. Error bars indicate standard error of the mean. Models showed an interaction of age and predictability at the article, a 
simple effect of age group at the spill-over region, and a main effect of predictability at the noun. 

Figure 6. Partial Effects Plots Showing the Effects of Imbalance and Age Group on Log-Transformed RTs 
Note. Error bars indicate standard error of the mean. Models showed an interaction between age group and imbalance at the article and at the spill-over region. At the noun, no effects 
emerged except for a simple effect of age group. 
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Table 5. Effect sizes (b), Standard Errors (SE), and T-Values for Models Estimating the Effects of Imbalance and Age Group on Log-Transformed RTs of the Critical Region 

Article Spill-over region Noun 

b SE t p b SE t p b SE t p 

Fixed effects 

Imbalance -0.04 0.01 -3.85 *** -0.02 0.01 -2.68 ** Ø 

Age group 0.35 0.05 7.33 *** 0.39 0.05 7.31 *** 0.44 0.07 6.55 *** 

Imbalance: Age group 0.03 0.01 2.76 ** 0.03 0.01 4.24 *** Ø 

Control predictors 

Predictability Ø 0.01 0.004 2.43 * -0.03 0.01 -4.25 *** 

Trial number -0.10 .004 -24.55 *** -0.12 0.004 -33.74 *** -0.14 .01 -23.12 *** 

Length - - - Ø 0.03 0.01 2.58 * 

Frequency -0.01 0.02 -0.52 -0.05 0.02 -3.12 ** -0.01 0.02 -0.68 

Random effects Variance Variance Variance 

Subject .07 0.08 0.13 

Subject | Imbalance NA NA NA 

Item .002 .002 .003 

Item | Imbalance NA NA NA 

Item | Age group 0.001 NA .003 

Item | Age group: Imbalance NA NA NA 

Note. NA is used for predictors that had to be removed during model fitting because of issues with convergence; this procedure followed the least-variance approach suggested by Barr and colleagues (2013). Ø is used for predictors that were removed from the final model be-
cause they did not contribute substantial variance. Significance levels: * p < .05, ** p < .05, *** p < .001. 
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Article RTs. VIFs computed to check for multicollinearity 
were 1.6 for imbalance and 1.00 for predictability. Model 
comparisons showed that the scaled control variable for 
predictability did not explain substantial variance in the 
data, so it was removed from the model (χ2 (1) = 2.24, p > 
.10). The final model showed a significant interaction be-
tween imbalance and age group (b = 0.03, SE = 0.01, t = 2.76, 
p = .01).9 This interaction was mostly driven by younger 
adults, as the partial effects plot for this model suggests 
(see Figure 6, left panel). Specifically, younger adults 
showed facilitated reading when imbalance was high, in 
other words, when the sentence context strongly favored 
one particular completion (as opposed to multiple comple-
tions that are equi-probable). Instead, there was slowing 
when multiple completions were equi-probable and bal-
anced. Older adults, in contrast, showed no difference in 
reading times depending on item imbalance. 

Spill-over region. We found a significant interaction be-
tween imbalance and age group (b = 0.03, SE = 0.01, t = 
3.50, p < .01). Figure 6 (middle panel) suggests that imbal-
ance had differential effects on reading times in younger 
vs older adults: Whereas younger adults showed facilitated 
reading of the spill-over region when imbalance was high, 
older adults instead showed slowing. 

Noun. In the model for the noun (Figure 6, right panel), 
imbalance did not explain a significant amount of variance, 
neither as a main effect nor in its interaction with age 
group. Therefore, both predictor terms were removed from 
the model (interaction: χ2 (1) = 0.76, p = .38; main effect: χ2 

(1) = 0.11, p = 0.74). The final model showed no further ef-
fects of interest. 

Summary of findings for imbalance. Two findings are cru-
cial in the models estimating the effects of imbalance (i.e., 
cloze difference between first and second completion) on 
reading times. First, larger imbalance values facilitated 
reading times for younger (and not older) adults. In other 
words, younger adults showed faster reading times when 
predictions were biased towards one probable completion 
(as opposed to when there were multiple probable com-
pletions with comparable cloze probabilities). Second, this 
early effect of facilitation for more imbalanced items con-
tinued onto RTs of the spill over region in younger adults. 
In older adults, surprisingly, RTs on the spill-over region 
showed the reversed pattern, in that RTs actually increased 
with higher imbalance, in other words, when completions 
were biased towards one response.10 

Power 

There was no a priori power calculation that was well 
suited given our analysis method, i.e. running linear mixed 
effects models on trial-by-trial data. However, we did run 
post-hoc power simulations using the simr package in R 
(Green & MacLeod, 2016) that estimated whether we were 

sufficiently powered to obtain effects substantially smaller 
than the ones reported in the results. The rationale behind 
these simulations was that they would give us an idea re-
garding the stability of our results and yet avoid reporting 
power estimates for the actually obtained effects (Lakens, 
2021). 

In running the power simulations, we started with the 
observed effect sizes for the crucial interaction terms (for 
age group and predictability: b = - 0.02; for age group and 
imbalance: b = 0.03), and worked our way down to smaller 
effect sizes. Using power = 80% as a cutoff, we identified the 
smallest effect sizes for both interaction terms we were suf-
ficiently powered to find (100 simulations for each new level 
of b, alpha= .05). Accordingly, we were sufficiently powered 
to detect an interaction effect as small as b = -0.015 for age 
group and predictability, and as small as b = 0.022 for age 
group and imbalance. Note that these values are below (but 
not dramatically below) the crucial effect sizes reported in 
the results (b = -0.02 and b = 0.03, respectively). Altogether, 
we take this to indicate that our experiment was reasonably 
powered to find effects even smaller than the ones reported. 

Discussion 

We investigated whether younger and older adults of 
German generate graded predictions about upcoming sen-
tence content when reading sentences for comprehension. 
We presented pre-nominal gender-marked articles that 
were either consistent or inconsistent with the noun that 
was predictable based on context. In order to investigate 
gradedness of predictions, we measured the probabilistic 
difference between the first-best and the second-best arti-
cle-noun choices that could plausibly complete each sen-
tence (assessed by means of prior cloze ratings in separate 
groups of younger and older adults, where people were 
asked to provide two continuations for sentence fragments). 
We argued that lower probabilistic differences between the 
two completions were a measure for the imbalance of an 
item, as they indicated that two sentence continuations 
were roughly equally probable and balanced. In contrast, 
larger difference values would indicate a greater imbalance 
between possible sentence continuations, and therefore, a 
stronger bias towards a specific sentence completion. We 
hypothesized that effects of imbalance on reading times 
would constitute evidence in favor of graded (as opposed 
to “all or nothing”) accounts of prediction since they would 
demonstrate that language users not only generate multiple 
predictions about upcoming content when reading a sen-
tence, but that they are sensitive to probabilistic differences 
between these predictions. With respect to aging, and tak-
ing into account conflicting findings from the literature, we 
hypothesized that older adults would either show reduced 
or increased effects of prediction, compared to younger 
adults. 

The size of the interaction was unchanged (if at all, numerically it seemed to increase) when predictability was not removed from the 
model, b = 0.03, SE = 0.01, t = 2.83, p = .009. 

Upon reviewer request, we re-ran models for imbalance that excluded zero and below-zero imbalance items. These analyses maintained 
18 out of 21 items. The results replicated all effects reported in our main analysis. 

9 
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Our findings indicate that both age groups used context 
predictively to anticipate grammatical gender of nouns. 
Hence, older adults, as much as their younger counterparts, 
predict upcoming linguistic structures. However, only 
younger adults showed graded effects in generating pre-
dictions, in other words, only younger adults took into ac-
count the probabilistic difference between competing sen-
tence completions. We discuss these findings in greater 
detail below. 

(Gender) prediction in younger adults 

According to our results, younger adults’ reading of gen-
der-marked articles was facilitated when sentences were 
more unbalanced, in other words, more biased towards one 
particular gender-marked noun and its corresponding arti-
cle. In addition, there was slowing when several sentence 
completions were balanced, in other words, when there was 
no particular bias for one completion over others. Crucially, 
this early, pre-nominal facilitation continued during the 
next three words of the sentence (i.e. the spill over region; 
old but reliable (car)), where processing was still facilitated 
in younger adults when expectations were biased towards a 
particular gender-marked noun. 

These findings lend support to graded accounts of pre-
diction, because they demonstrate that younger adults use 
sentence context to predict multiple potential continua-
tions rather than only one. In conditions when several com-
pletions are somewhat probable and balanced, there is com-
petition between simultaneously activated meanings, 
which leads to slowing or processing difficulty. In condi-
tions when the sentence context clearly favors one comple-
tion (and one grammatical gender) over others, there is fa-
cilitation. 

Our findings support information-theoretic accounts 
that describe language processing as a continuous process 
in belief updating. In its initial state (here, at the beginning 
of a sentence), the language parser might not have a strong 
bias (or belief) about possible outcomes, but the more in-
formation accrues, the more it will shift the probability 
space towards one or two possible continuations (Levy, 
2008, 2013). This way, the parser computes multiple beliefs 
in parallel, each with some degree of probability, and up-
dates their beliefs continuously by discrediting some parses 
and updating others. Rather than computing an estimate 
of absolute likelihood for multiple outcomes, the parser as-
signs a relative weighting, by taking into account the rel-
ative distance in their probability. Towards the end of a 
highly constraining sentence, the probability space may 
have shifted in such a way that the remaining parses are 
highly imbalanced, where one particular continuation 
“weighs” heavier than all the others. In such a situation, 
processing is facilitated. In other cases (e.g., in sentences 
where multiple continuations are plausible), the probability 
space might be distributed such that relatively equal weight 
is assigned to the remaining possible continuations, in 
other words, there is no clear and absolute “winner”. In 
these latter situations, processing is more difficult. 

Prior studies on prediction of grammatical gender have 
shown conflicting findings regarding whether people rou-
tinely use gender-marked articles (e.g., Fleur et al., 2020; 

Guerra et al., 2018; Huettig & Janse, 2016; Nicenboim et al., 
2020; Wicha et al., 2004) or adjective inflections (Kochari & 
Flecken, 2019; Nieuwland et al., 2020; Van Berkum et al., 
2005) to inform their predictions about upcoming nouns. 
Even the subset of studies that obtained evidence in favor of 
gender prediction, showed vast differences regarding tim-
ing and polarity of the effects (e.g., Van Berkum et al., 2005; 
Wicha et al., 2004), and more recently, replication attempts 
of landmark studies on gender prediction failed (e.g., 
Kochari & Flecken, 2019; Nieuwland et al., 2020). Potential 
reasons that could have led to the conflicting results (see 
Nicenboim et al., 2020, and Nieuwland et al., 2020) are, for 
example, small sample sizes of earlier studies that are more 
likely to give rise to noisy estimates, or problematic choice 
of analysis time windows that are based on visual inspec-
tion of raw ERP data. Taken together though, these earlier 
studies also indicate that gender prediction may be more 
complex and multi-faceted than initially assumed. For ex-
ample, listeners show different ERP effects depending on 
whether a sentence pragmatically licenses the use of a def-
inite gender-marked article (over, e.g., an indefinite article; 
see Fleur et al., 2020). This suggests that language users 
are not only sensitive to gender information conveyed by 
prenominal articles, but that they also take into account 
pragmatic cues that may be transported in these articles. 

Prediction in older adults 

The results obtained in the present study suggest that 
older adults are able to use sentence context and generate 
predictions during reading. This conclusion is supported 
by our findings on RTs of the definite article, where older 
adults showed slowing when reading gender-marked arti-
cles that did not match with the gender of the most pre-
dictable noun. The conclusion is also supported by older 
adults’ reading behavior on the spill-over region, where 
older adults showed slowing in the predictable condition 
and slowing when items were imbalanced (i.e. strongly bi-
ased towards a particular gender-marked article). Interest-
ingly, it is possible that the two effects (slow-down at the 
article and spill-over region) may be qualitatively different 
from one another. While the RT effect at the gender-marked 
article suggests an effect of gender prediction, our findings 
at the spill-over region could indicate processing difficulty 
when strong expectations for a particular sentence con-
stituent (i.e., the head noun) were consistently violated 
through insertion of pre-nominal modifiers. This interpre-
tation, if correct, implies that older adults were not only 
sensitive to morphological prediction violation on the arti-
cle, but that they were also sensitive (maybe more so than 
younger adults) to syntactic expectation violation. Future 
reserach could look into substantiating this hypothesis. Re-
gardless, our older-adult findings clearly suggest that older 
adults generate predictions about upcoming linguistic 
structures, and that they incur a processing cost when these 
predictions are not fulfilled, as indicated by prolonged read-
ing times. Hence, older adults’ sentence processing is pre-
dictive in nature. 

However, the predictions older adults generate may be 
narrower in scope when compared to those of younger 
adults. The fact that older adults did not show reading fa-
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cilitation for imbalanced items at the article (like younger 
adults did) may indicate that they are less likely to gain fa-
cilitation when multiple predictions are biased towards one 
prominent alternative. Hence, older adults may not gener-
ate graded predictions. 

This aspect of our findings dovetails with other studies, 
where older adults are sometimes reported to not show fa-
cilitation for nouns that are unpredictable in a context, but 
share semantic features with the most predictable noun 
(i.e., older adults do not show facilitation for the word 
“pines” when the sentence context biased the word 
“palms”; Federmeier et al., 2002; Wlotko et al., 2012). One 
of the conclusions drawn in these earlier studies was that 
older adults do not generate graded predictions about up-
coming semantic features during sentence processing, in 
that they might only predict the most likely continuation 
(i.e. „palms") that could finish a sentence, but not others 
(i.e. „pines"). The data presented here support this general 
conclusion, by suggesting that expectations for morpho-
syntactic features of nouns are also reduced in older adults. 

One possible explanation for this finding could be that 
generating multiple predictions is costly because the parser 
needs to continuously maintain and update possible con-
tinuations (Amer et al., 2022; Pickering & Gambi, 2018; 
Ryskin et al., 2020). Therefore, age-related impairments in 
working memory prevent older adults from generating mul-
tiple, graded predictions. Of note, exploratory analyses that 
were conducted after data analysis was completed, did not 
generally support this idea: No reliable effects emerged 
when we ran additional models on article RTs that included 
the data from two tasks that assess working memory skills, 
including the reaction time cost score from the AXCPT task, 
and the number of correct responses from the Reading Span 
task. However, we would like to refrain from over-interpret-
ing this result because the old-adult sample in our study (n 
= 50) was presumably too small to allow for a reliable inves-
tigation on individual differences.11 

Finally, a somewhat unexpected finding in the old-adults 
data is their reading slow-down in the spill-over region 
when items were more biased, but we believe that this effect 
is primarily driven by the same effect the older adults 
showed for predictability: Recall that our measure of im-
balance ultimately reflects a difference score between the 
predictabilities of people’s first and second choice in the 
cloze ratings. As argued above, we believe that the reading 
slow-down at the spill-over region reflects syntactic sur-
prisal about the unexpected adjectives when a noun was rel-
atively more predictable. 

Imbalance and entropy 

Our measure of imbalance is conceptually similar, but 
not identical to, entropy, a prominent measure of informa-

tion theory besides cloze probability. Entropy quantifies the 
degree of uncertainty about what is being communicated as 
a sentence unfolds. High entropy values refer to greater un-
certainty; an entropy value of zero refers to maximal cer-
tainty.12 Conceptually then, imbalance and entropy are re-
lated. However, one major difference between the two is 
that entropy is normally quantified by only taking account 
responses in a one-shot cloze task (where entropy is then 
calculated as the sum of the log base two cloze probabil-
ities of all discrete responses). Our measure of imbalance 
goes beyond these first responses, by taking into account 
people’s second-best intuitions about how a sentence could 
be continued (also see Limitations and future directions). 
Higher entropy values correspond to a situation where a 
large proportion of participants in a cloze task provide dis-
tinct first-guess responses about how a sentence could be 
completed. The imbalance measure in our study is different, 
because it is derived from a situation when entropy about a 
first-guess continuation was generally low (i.e., participants 
in our cloze task generally agreed upon the first best contin-
uation of a given item), but participants had diverging intu-
itions about the probability space for a second completion. 
According to our definition of imbalance, when there was 
high agreement about the second intuition among partici-
pants, an item would be balanced. If there was little agree-
ment, the probability space in the second completion was 
more diversified, which rendered the item imbalanced to-
wards the first response. In sum, imbalance and entropy are 
conceptually related, but they measure distinct constructs. 

Limitations and future directions 

A possible concern about the present study could be that 
our measures of imbalance and predictability are correlated, 
and that, because of this correlation, it may be difficult to 
disentangle their separate contributions towards language 
processing. However, we do not think that the correlation 
between imbalance and predictability is a fundamental ob-
stacle to our approach. We checked for multi-collinearity in 
our analyses by computing variance inflation factors (VIFs) 
for the critical predictors. VIFs were below 2 in all models, 
which is well below the recommended limit of 10 when mul-
ticollinearity is an issue (Cohen et al., 2003). Above and be-
yond this, we believe that, since imbalance and predictabil-
ity are separable constructs on a theoretical level, it is all 
the more important to investigate their (potentially dis-
tinct) contributions to language processing. Recent studies 
examining similarly correlated variables have yielded novel 
insights into the real-time mechanics of language process-
ing (Lowder et al., 2018; Nieuwland, 2019). 

A definite limitation of the present study is the inclusion 
of the gender-marked article “die” (i.e., “the” ) in the un-
predictable condition, as it is ambiguous between feminine 

Assuming a small-to-medium effect size (r = .3), an alpha-level of .05 and power of 80% yields a sample size of n = 67 subjects that would 
be necessary to reliably interpret results from a simple linear regression, where article reading times are predicted by an individual differ-
ence variable. 

In the psycholinguistic literature, low entropy normally goes along with high constraint, because in highly constraining contexts the 
cloze probability mass is concentrated in one (or few) responses (see Nicenboim et al., 2020). 

11 
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singular nouns (e.g., feminine “die Sonne”, the sun) and 
plural nouns across grammatical gender (e.g., feminine: 
“die Lampen”, the lamps; neuter: “die Autos”, the cars; 
masculine: “die Tische”, the desks). Hence, when reading 
slow-down occurs at unpredictable “die”, it is difficult to 
reliably estimate what this slowing means, over and above 
the notion that a different gender-marked article was ap-
parently favored, given the context. On the one hand, if par-
ticipants read unpredictable “die” as the feminine singu-
lar determiner, slowing at this wordcould indicate (gender) 
surprisal, or even revision of the initial noun prediction to-
wards a feminine noun (Fleur et al., 2020). If readers in-
terpret “die” as plural, slowing could indicate a mixture of 
cognitive processes: It could indicate a similar revision of 
the noun prediction where people update their expectations 
from a singular noun to the same noun in its plural form. 
But it could also signal pragmatic surprisal about the unex-
pectedly marked plural form (see Fleur et al., 2020, for evi-
dence suggesting that Dutch definite articles elicit surprisal 
when the discourse only licenses use of the indefinite form). 
While it is presumably safe to say that, across these differ-
ent possibilities, slowing at “die” signals surprisal, it is dif-
ficult to ascertain the precise cognitive cause of this sur-
prisal. 

Another limitation of the present study is that the nature 
of our cloze task forces a certain commitment regarding 
the cognitive processes inherent in cloze probability rat-
ings, while diverging accounts are also feasible.13 In the 
cloze test of the present study, we asked people to provide 
a first-choice continuation that came to mind upon reading 
the context, and additionally, provide a second-choice con-
tinuation how the sentence could be completed otherwise 
(paraphrasing from German, “wie der Satz noch weiterge-
hen könnte”, “how the sentence could be continued alter-
natively”). Based on the cloze responses we obtained, we 
infer that many (albeit not all; see Materials) participants 
took this instruction to mean that the second choice should 
be an alternative continuation (different in form and mean-
ing) in case the first response was not an option. In other 
words, the second response was contingent on the first re-
sponse. This contingency may not readily reflect what all 
researchers believe to be the cognitive processes underlying 
cloze ratings. For example, Staub and colleagues (2015) ar-
gue that responses in a cloze task represent a race for acti-
vation, such that multiple responses are issued in parallel 
and the one with the highest cloze probability is simply the 
one that reaches activation thresholds fastest in most peo-
ple. Obviously, such a race situation is not well captured 
in our cloze task because in the race model, it is feasible 
that semantically overlapping or completely synonymous 
responses are racing for competition. In fact, Staub and col-
leagues (2015) specifically discuss the possibility that com-
peting responses may be those that are closest to the sen-
tence context by means of semantic association. In this 
light, a methodological issue that warrants further research 

is how to optimally choose first and second-best comple-
tions based on the cloze ratings, if not by means of first 
and second responses. One option, for example, is to have 
people provide only one continuation, and compute first- 
and second-best completions based on whatever continua-
tion was provided with the highest and second-highest fre-
quency in these one-shot ratings. Of note, we explored this 
approach during analysis of our cloze ratings, by collaps-
ing first and second-best completions into one column. We 
ended up dismissing it because it inevitably lowered the 
cloze probability of the first completion and thereby blurred 
the fact that most of our sentences were, after all, biased to-
wards one or at most two particular completions. However, 
we emphasize that this approach may very well be feasible 
for one-shot cloze ratings. 

A surprising finding in this study that warrants further 
investigation is the lack of a basic predictability effect in 
younger adults. If younger adults showed fully graded pre-
diction of grammatical gender, there should have been an 
imbalance effect on top of a basic predictability effect in this 
age group. We can only speculate as to why this was not the 
case, but one potential explanation for this surprising find-
ing could lie in the distributions of cloze probabilities ob-
tained for the predictable and unpredictable (first-choice) 
articles in our cloze norms. Compared to the norms ob-
tained for older adults, which showed relatively larger vari-
ability with respect to predictability (SD = .17 and SD = .1, 
for predictable and unpredictable articles), the variability 
in the young-adults norms for predictability was somewhat 
smaller (SD = .14 and SD = 0.05). This may have prevented 
predictability effects from becoming more influential in the 
young adults sample. 

Ultimately, one important next step to settle these re-
maining questions will be replication. Our measure of im-
balance is novel, and therefore, requires substantiation 
from additional studies. Replication is also important be-
cause several studies have concluded that prenominal pre-
diction effects in language processing, if they exist at all, 
are small in size and difficult to detect reliably. Even though 
we have no reason to assume the present study was under-
powered (see Power), we note that recent sample size es-
timates from pre-registered ERP studies in Dutch ranged 
from 80 to 189 subjects (Fleur et al., 2020; Nieuwland et al., 
2020). While it is true that sample size estimates for ERPs 
studies may not directly apply to behavioral paradigms such 
as self-paced reading, we have no reason to assume that 
sample size estimates for this latter type of study should be 
any lower. If anything, they should presumably be higher, 
since ERP studies likely over-estimate predictability effects 
during reading (because of their artificially slow word pre-
sentation rate; see Huettig & Guerra, 2019). 

It is a different question altogether to what extent responses in the cloze task capture processes going on during real-time language com-
prehension. 
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Conclusions 

We investigated if groups of younger and older adults 
generate graded predictions about upcoming content when 
reading sentences for comprehension. Gradedness was op-
erationalized as the scaled difference in cloze probability 
between the most likely and second-most likely sentence 
completion that could finish the sentence. Sentences with 
a greater probabilistic difference between the two comple-
tions were considered as imbalanced and thought to create 
a greater bias towards one particular completion (as op-
posed to many). 

Results showed evidence for predictive processing in 
both age groups. However, only younger adults seemed to 
generate graded predictions. In particular, younger adults 
demonstrated slowed reading comprehension when possi-
ble completions were more balanced. Instead, there was fa-
cilitation when predictions were imbalanced (i.e., more bi-
ased). In contrast, older adults’ RTs patterned mostly with 
predictability, showing that, while able to generate predic-
tions based on context, older adults may not predict multi-
ple continuations. 

Our findings for younger adults add to a growing body 
of research that defines language processing as a continu-
ous process of probabilistic updating, in which multiple ex-
pected sentence continuations are maintained and updated 
in the probability space at any point in time. Crucially, our 
results indicate that these continuations are weighted by 
the strength of their probability, so that highly likely com-
pletions might receive relatively greater weight in the prob-

ability space and less likely completions receive relatively 
less weight. Older adults, while able to use sentence context 
predictively, do not predict multiple sentence continuations 
like younger adults. 
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