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While much attention has been devoted to the cognition of aging multilingual individuals, little is known about
how age affects their grammatical processing. We assessed subject-verb number-agreement processing in sixty
native (L1) and sixty non-native (L2) speakers of German (age: 18-84) using a binary-choice sentence-com-
pletion task, along with various individual-differences tests. Our results revealed differential effects of age on L1
and L2 speakers' accuracy and reaction times (RTs). L1 speakers’ RTs increased with age, and they became more
susceptible to attraction errors. In contrast, L2 speakers’ RTs decreased, once age-related slowing was controlled

for, and their overall accuracy increased. We interpret this as resulting from increased L2 exposure. Moreover, L2
speakers’ accuracy/RT patterns were more strongly affected by cognitive variables (working memory, inter-
ference control) than L1 speakers’. Our findings show that as regards bilinguals' grammatical processing ability,
aging is associated with both gains (in experience) and losses (in cognitive abilities).

Introduction

The past ten years have seen a steep rise in the amount of research
in the field of bilingualism and aging. This is unsurprising given that we
are living in a society that is becoming both older (Rechel et al., 2013)
and increasingly multilingual (Baker & Prys Jones, 1998). However, the
vast majority of studies focusing on aging and bilingualism have ex-
amined the state of cognition in older bilinguals, and whether or not
speaking more than one language confers benefits on cognitive func-
tioning in aging, such as improved executive control and attention (Bak,
Vega-Mendoza, & Sorace, 2014; Vega-Mendoza, West, Sorace, & Bak,
2015) or a delayed onset of dementia (Bialystok, Craik, & Freedman,
2007; Woumans et al., 2015). Relatively little attention has been paid to
older bilinguals' processing of language, and we still know very little
about how aging affects bilinguals’ language skills.

Here we examine native (L1) and non-native (L2) sentence-level
processing cross-sectionally across the lifespan using a binary-choice
sentence-completion task. In the following, we will first provide an
overview of existing research on language processing in older bilinguals
and then turn to the grammatical phenomenon under investigation —
agreement attraction — and a more in-depth discussion of previous re-
search on this widely-studied phenomenon, before laying out the design

of the present study and our hypotheses.
Language in older bilinguals

Most studies to date on language processing in older bilinguals have
focused on the lexicon. From this literature, it appears that aging has
similar effects on L1 and L2 speakers’ lexical processing as assessed by
tasks such as verbal fluency, lexical decision, or naming from pictures
or definitions (Bialystok, Craik, & Luk, 2008; Gollan, Montoya, Cera, &
Sandoval, 2008; Johns, Sheppard, Jones, & Taler, 2016). As regards
grammar, we are aware of only a small number of studies examining
morphological processing in older bilinguals. These studies found little
to no effect of age on combinatorial operations involved in the pro-
cessing of regular inflections, which are often viewed as the result of
grammatical rule application: Although reaction times (RTs) and ac-
curacy rates increased with increasing age for both L1 and L2 speakers,
the respective morphological priming patterns for L1 and L2 speakers
remained the same across adulthood (Clahsen & Reifegerste, 2017;
Reifegerste, Elin, & Clahsen, 2019). Interestingly, we are aware of one
study suggesting that grammatical processing in older L2 speakers may
require greater executive control than L1 processing. Using fMRI,
Prehn, Taud, Reifegerste, Clahsen, and Floel (2018) found greater
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activation of the bilateral medial superior frontal gyrus when older L2
speakers responded to incorrectly (vs. correctly) inflected German
participle forms, as compared to age-matched L1 speakers. This brain
area has been associated with executive functioning in general (du
Boisgueheneuc et al., 2006; Schel et al., 2014), and language control in
particular (Abutalebi & Green, 2016; Green & Abutalebi, 2013), sug-
gesting that grammatical processing in a late-learned L2 might require
greater involvement of cognitive resources compared to L1 processing.

Gaps in previous studies have precluded a deeper understanding of
grammatical processing in aging L2 speakers. First, while there are now
a handful of studies on L2 morphological processing in aging, we are
not aware of any published studies on L2 sentence-level processing in
aging — even though previous studies with L1 speakers have indicated
that the developmental trajectories of regular morphological and syn-
tactic processing may differ. While regular morphology appears to show
very few effects of age, sentence-level processing appears to be more
sensitive to effects of aging (Kemper, 1986, 1988; Kemtes & Kemper,
1997; Kynette & Kemper, 1986; Light & Capps, 1986; Obler, Fein,
Nicholas, & Albert, 1991; Reifegerste & Felser, 2017; Yoon et al., 2015).
These different degrees of vulnerability during L1 sentence-level pro-
cessing in older adults suggest that findings from morphology may not
necessarily extend to syntax.

Second, most of the aforementioned studies that investigated mor-
phological processing in older L2 speakers did not assess the involve-
ment of age-sensitive cognitive resources, such as executive func-
tioning. The brain-imaging study by Prehn et al. (2018), which found a
correlation between letter fluency and amount of activation in superior
frontal gyrus across language groups, did not have a young control
group. Moreover, while there is currently no published evidence that
age-sensitive cognitive resources such as working memory or inhibitory
control are involved in L1 or L2 morphological processing (cf. Dronjic,
2013; Reifegerste, 2014), there is increasing evidence for the involve-
ment of executive control in syntactic processing, both in aging and in
bilinguals (Novick, Trueswell, & Thompson-Schill, 1998; Reifegerste,
Hauer, & Felser, 2017; Veenstra, Antoniou, Katsos, & Kissine, 2017; but
see Waters & Caplan, 2001). These findings render sentence-level pro-
cessing a particularly good test case for investigating the involvement of
cognitive abilities in native and non-native grammatical processing
across the lifespan, including the question of whether declines in such
abilities affect L1 and L2 speakers in similar ways.

In the present study, we aim to address these gaps by examining
sentence processing in native and non-native speakers of German across
the adult lifespan, while also measuring executive control and other
cognitive functions within-subjects.

Agreement attraction

The grammatical phenomenon of interest in the present study is
subject-verb agreement, that is, the morphosyntactic feature match
between two structurally dependent sentence constituents. This type of
agreement occurs in the majority of the world’s languages (Mallinson &
Blake, 1981); it is acquired relatively early during L1 acquisition
(around age 2 in German; Poeppel & Wexler, 1993); and its computa-
tion in an L1 is relatively error-free, given the large number of occur-
rences (Bock, 2004). Nonetheless, even native speakers make agree-
ment errors from time to time, among which so-called agreement
attraction errors are particularly common.

Agreement attraction was first described by Bock and Miller (1991),
who found that participants produced a disproportionally high number
of incorrect plural verb forms when producing a sentence in which the
singular subject noun phrase (NP) was modified by a following plural
NP (e.g., *The key to the cabinets are...). Similarly, in comprehension
paradigms (e.g., self-paced reading, eye-tracking), participants have
been found to be more likely to fail to notice a mismatch in features
between the subject NP and the verb when the two were separated by
an intervening NP that matched the verb in number (Pearlmutter,
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Garnsey, & Bock, 1999). Agreement attraction has since been observed
in many languages (Arabic: Tucker, Idrissi, & Almeida, 2015; Dutch:
Hartsuiker, Antén-Méndez, & Van Zee, 2001; Hartsuiker, Schriefers,
Bock, & Kikstra, 2003; French: Vigliocco, Hartsuiker, Jarema, & Kolk,
1996; Hebrew: Deutsch & Dank, 2009; Italian: Vigliocco, Butterworth,
& Semenza, 1995; Russian: Lorimor, Bock, Zalkind, Sheyman, & Beard,
2008; Serbian: Risti¢, Molinaro, & Mancini, 2016; Slovak: Badecker &
Kuminiak, 2007; Spanish: Vigliocco, Butterworth, & Garrett, 1996;
Lago, Shalom, Sigman, Lau, & Phillips, 2015; Turkish: Lago et al., 2019)
- including German, the language under study here (Hartsuiker et al.,
2003; Héussler, 2012). These studies have helped to further char-
acterize and refine the circumstances under which agreement attraction
typically occurs.

Two broad classes of accounts have been posited to explain these
phenomena: misrepresentation accounts and cue-based retrieval ac-
counts. Early accounts have attributed agreement attraction to the
misrepresentation of the subject head. The earliest of these mis-
representation models postulated that agreement attraction comes
about as a consequence of hierarchical feature movement or “percola-
tion” (Franck, Vigliocco, & Nicol, 2002; Nicol, 1995; Nicol, Forster, &
Veres, 1997; Vigliocco & Nicol, 1998). Under such accounts, morpho-
syntactic feature information (e.g., number) percolates upwards from
the attractor to the subject NP and may “overwrite” the number feature
of the subject head (Pearlmutter et al., 1999). Findings of nonlinear
attraction (e.g., Wagers, Lau, & Phillips, 2009), however, are difficult to
explain under a percolation account. Indeed, percolation accounts have
by now been all but abandoned, but they gave rise to another type of
misrepresentation model, the Marking and Morphing model (Bock,
2004; Eberhard, Cutting, & Bock, 2005). Under this account, the
number information of the subject NP (or any NP, for that matter) can
range from unambiguously singular to unambiguously plural. The
presence of a plural attractor inside a singular subject NP can shift the
value for the subject NP from unambiguously singular to more ambig-
uous by spreading activation, which may then in turn lead to choosing
the wrong verb form.

The other family of accounts — cue-based retrieval accounts — as-
sumes that both the subject head and the attractor NP are simulta-
neously activated during sentence planning and comprehension.
Attraction errors then emerge as a consequence of faulty retrieval of the
correct NP and its number feature from memory when the verb is
processed or selected for production (Badecker & Kuminiak, 2007; Slevc
& Martin, 2016; Wagers et al., 2009). Within this view, we can distin-
guish between direct-access models (McElree, 2000; McElree, Foraker,
& Dyer, 2003) and activation-based models of sentence processing
(Lewis & Vasishth, 2005; see also Tucker et al., 2015, for discussion).
While both types of models are based on the assumption that agreement
attraction is the consequence of retrieving the wrong NP from memory,
they differ in the assumed consequences that the strength of the re-
presentation in memory has on the retrieval process. Whereas in direct-
access models retrieval speed is always the same but the accuracy of
retrieval can differ, in activation-based models both speed and accuracy
of the retrieval process may vary.

Singular-plural asymmetry

One of the key findings from several agreement attraction studies is
that attraction errors are much more common in sentences with sin-
gular subject heads and plural attractors (*The key to the cabinets are)
than in sentences with plural subject heads and singular attractors
(*The keys to the cabinet is) (Bock & Cutting, 1992; Bock & Eberhard,
1993; Bock & Miller, 1991; Bock, Nicol, & Cutting, 1999; Eberhard,
1997; Haskell & MacDonald, 2005; Schlueter, 2017; Veenstra, Acheson,
& Meyer, 2014; Vigliocco et al., 1995). Misrepresentation-based ac-
counts and cue-based retrieval accounts offer slightly different ex-
planations for this widespread phenomenon, though both types of ac-
counts put the locus of the effect at the representation of the NPs'
number feature. According to percolation accounts, plural NPs carry an
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explicit morphosyntactic feature [+PL], whereas there is no corre-
sponding explicit [+ SG] feature, and singular NPs are considered the
default simply by virtue of the absence of a [+PL] feature. Conse-
quently, number features can only percolate from a plural attractor NP,
but not from a singular one (e.g., Eberhard, 1997; Eberhard et al.,
2005). See Badecker and Kuminiak (2007) for a discussion on how the
Marking and Morphing model accounts for the asymmetry in a very
similar way. Cue-based retrieval accounts claim that the reason for the
asymmetry is that plural NPs are more salient in memory, and are thus
more likely to be (erroneously) retrieved in cases of a feature mismatch
than NPs with no such feature (Phillips, 2013; Staub, 2009). Such “pop
out” effects are also commonly found in nonlinguistic psychological
experiments such as visual search (Treisman & Gelade, 1980).

Consequently, one may predict that the asymmetry effect may de-
crease as a function of memory capacity, with people with lower
memory abilities showing a greater asymmetry than people with higher
memory abilities.

Attraction errors in older L1 speakers

Reifegerste et al. (2017) found that during sentence comprehension
(timed grammaticality judgment and self-paced reading), older
speakers were more susceptible to attraction errors, particularly if they
had low working memory (WM) capacities, compared to younger
speakers. This finding is in line with previous studies reporting age
effects on sentence-level processing (Kemper, 1988; Kemtes & Kemper,
1997; Kynette & Kemper, 1986; Light & Capps, 1986; Obler et al., 1991;
Peelle, Troiani, Wingfield, & Grossman, 2010; Reifegerste & Felser,
2017; Waters & Caplan, 2001; Yoon et al., 2015; but see Altmann &
Kemper, 2006; Davidson, Zacks, & Ferreira, 2003). In some of these
cases, the observed declines were argued to be tied to age-related de-
creases in WM abilities as well, though this has rarely been tested ex-
plicitly, and indeed some studies were not able to tie declines in sen-
tence processing to WM abilities (Caplan & Waters, 2005; Waters &
Caplan, 2001). Note that the above-mentioned study by Reifegerste
et al. (2017) investigated agreement processing in comprehension
whereas the present study taps production, and that attraction effects in
comprehension may be different from those found in production
(Acuna-Farina, 2012; Tanner, Nicol, & Brehm, 2014; see also Schlueter,
2017).

Agreement attraction in L2 processing

L2 speakers show general difficulty with agreement computation as
evidenced by higher error rates, longer RTs, differences in eye-move-
ment patterns, and/or different neural responses, in both comprehen-
sion and production (Chen, Shu, Liu, Zhao, & Li, 2007; Griiter, Lew-
Williams, & Fernald, 2012; Keating, 2009; Lardiere, 1998; Sato &
Felser, 2010; Shibuya & Wakabayashi, 2008; VanPatten, Keating, &
Leeser, 2012; but see Armstrong, Bulkes, & Tanner, 2016; Foote, 2011),
sometimes as a function of proficiency (Hopp, 2006; Keating, 2009;
Sagarra & Herschensohn, 2010). The picture of attraction effects in L2
speakers is somewhat mixed, with a few studies reporting similar at-
traction effects between L1 and L2 speakers (Lago & Felser, 2018;
Tanner, Nicol, Herschensohn, & Osterhout, 2012), one study reporting
delayed attraction effects for L2 speakers (Lim & Christianson, 2015),
and a third group of studies finding no attraction effects in L2 speakers
in speeded judgment or comprehension tasks (Jiang, 2004; Schlueter,
2017).

In the present study we investigate agreement attraction with a
sentence completion paradigm that is generally considered to tap into
production processes (see below for further details). To the best of our
knowledge, only one study has thus far compared L1 and L2 adult
speakers in production. Lago and Felser (2018), who employed the
same experimental paradigm as we used in the present study, found no
overall differences between native and non-native speakers’ suscept-
ibility to attraction. Unlike the present study, Lago and Felser (2018)
focused on effects of NP-verb distance and did not assess whether L1
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and L2 speakers differed with regard to the singular-plural asymmetry.
Another study by Veenstra et al. (2017) investigated agreement errors
in production in monolingual and bilingual children. This study found a
greater incidence of attraction errors for singular subjects, and — similar
to the findings by Lago and Felser (2018) — no difference in suscept-
ibility to attraction errors between the two groups. Veenstra et al.
(2017) also reported significant effects of verbal and nonverbal WM on
agreement errors, with higher WM scores being associated with fewer
errors in both monolingual and bilingual children. This suggests the
possibility that aging L2 speakers may also be more susceptible to at-
traction errors, given their decreasing cognitive control abilities, which
would be in line with the findings of Reifegerste et al. (2017) for aging
L1 speakers.

The present study

We examined native and non-native agreement processing in
German across the adult lifespan using a binary-choice sentence-com-
pletion paradigm, similar to the one first used by Staub (2009). In this
paradigm, participants read a sentence preamble (e.g., The key to the
cabinets...) and then choose the correct singular or plural verb form
(e.g., was vs. were). This task has since been used with both L1 and L2
speakers (see, e.g., Lago & Felser, 2018; Risti¢ et al., 2016; Smith,
Franck, & Tabor, 2018; Veenstra, Acheson, Bock, & Meyer, 2014).
While this paradigm has thus far not been employed in studies with
older adults, it may in fact prove to be very useful for this particular
group of participants. In more traditional sentence-production experi-
ments, in which participants may, for example, be asked to describe a
picture, RTs and accuracy rates may be strongly affected by age-related
increases in word-finding difficulties (Au et al., 1995; Connor, Spiro,
Obler, & Albert, 2004; Newman & German, 2005; Randolph, Lansing,
Ivnik, Cullum, & Hermann, 1999). This potential confound is not a
concern when using Staub’s (2009) paradigm.

Our study employs a sussect Numeer (Singular/Plural; within-
subjects) X wmatcH (Match/Mismatch; within-subjects) X ace (con-
tinuous; between-subjects) X raNGuAGE Group (L1/L2; between-subjects)
design. We further assessed several cognitive variables (working
memory, interference control, processing speed) to examine their ef-
fects on agreement processing and to control for potential L1/L2 dif-
ferences in these variables. With this study, we sought to answer the
following research questions. First, what is the pattern of native and
non-native agreement processing across the lifespan? Second, does end-
state L2 processing resemble that of L1 speakers? That is, do L2
speakers, after decades of exposure, show a performance pattern similar
to that of L1 speakers (e.g., with regard to asymmetrical singular-plural
effects)? Third, to what extent do cognitive abilities modulate native
and non-native agreement computation across the lifespan?

Regarding the first research question, we expect decreases in ac-
curacy and increases in RTs for aging L1 speakers, in line with the
majority of previous work on L1 sentence-level processing (incl.
agreement processing), which reports age-related declines in perfor-
mance. Given the dearth of research on L2 sentence processing across
the lifespan, our hypotheses are speculative. While L2 speakers may
well experience the same age-related declines as L1 speakers, it is also
possible that their performance actually improves with increasing age
due to greater experience with and exposure to the L2, assuming similar
ages of acquisition and arrival across the age range.

As regards the second research question, various outcomes are
possible, given the complexity of our design, in which we are assessing
both the role of language status (L1 vs. L2) and the role of age, which
may or may not affect the two groups of speakers differently. On the
one hand, at young adult age, we may not find any L1/L2 differences, in
line with the findings by Lago and Felser (2018) and Tanner et al.
(2012). This lack of a difference may either persist across the lifespan,
or differences may start to emerge in older participants. This latter
possibility (and indeed all outcomes in which the size of the L1/L2
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difference increases with increasing age) might be predicted by models
of L2 processing which posit that native and non-native processing are
inherently similar, but the latter is more cognitively demanding
(Cunnings, 2017; Foote, 2011; Hopp, 2006, 2010; McDonald & Roussel,
2010; McDonald, 2006; Sagarra & Herschensohn, 2010). Under such a
view, the younger L2 speakers in our study might be cognitively “fit”
enough to compensate for the cognitive demands that non-native sen-
tence processing imposes, while age-related declines in cognitive re-
sources (e.g., working memory, interference control, processing speed)
lead to the emergence of L1/L2 differences at older age.

On the other hand, we might observe L1/L2 differences at younger
age — for example, while L1 speakers are expected to show attraction
effects, these effects might be smaller for the L2 group, look somewhat
different (e.g., with regard to the singular-plural asymmetry), or might
be completely absent. Whatever the nature of these L1/L2 differences at
young age, they might either be the same across the age range, or be
larger or smaller in older adults. Findings in line with the first of these
possibilities have been reported by Reifegerste et al. (2019), who found
that differences in the way younger L1 and L2 speakers process regular
inflections and derivations persist into old age. The second possibility —
L1/L2 differences increasing with age — would be in line with the notion
that L2 processing is more cognitively demanding than L1 processing,
with L2 speakers being disproportionally affected by age-related de-
clines of cognitive resources. Lastly, it is also possible that L1/L2 dif-
ferences that exist at a younger age may decrease (or even disappear)
with increasing age. This view is in line with usage- and exposure-based
models of L2 processing, according to which those aspects of language
processing which differ in L2 compared to L1 processing may become
more native-like, given the right amount and type of exposure. For
example, the declarative/procedural (DP) model (Ullman, 2001, 2005,
2016) postulates that in L1 speakers, lexical processing relies on de-
clarative memory, while grammatical processing is governed by pro-
cedural memory. Initially, L2 grammatical processing depends more
heavily on declarative memory, but evidence suggests that longer ex-
posure leads to more native-like processing (i.e., a dependence of L2
speakers’ grammatical processing on procedural memory) (Hamrick,
Lum, & Ullman, 2018; Ullman & Lovelett, 2018).

Lastly, regarding the third research question, collecting several in-
dividual-differences measures allows us to statistically account for the
influence of age-sensitive cognitive factors on both L1 and L2 proces-
sing. If these factors mediate the relationship between aging and sen-
tence-processing performance, it is quite possible that their inclusion
may offset the effects of chronological age if their variance explains the
variance in our data better than the factor age does.

Method
Participants

We recruited sixty German native speakers (L1 group; age range:
18-84 years) and sixty English native speakers, with German as their
late-learned non-native language (L2 group; age-range: 21-81 years).
All participants gave written informed consent, reported normal
hearing and (corrected-to-) normal vision, and no neurological or lan-
guage-related impairments. None of the participants had started
learning a second language before the age of 11. All participants were
living in Germany (greater Berlin area) at the time of testing, and none
of the L1 speakers had spent more than one year in a non-German-
speaking country. Handedness was assessed using the Edinburgh
Handedness Inventory (Oldfield, 1971). See Table 1 for demographic
information, as well as German language abilities (‘Goethe Score’),
cognitive health (‘Mini-Mental State’), self-reported overall daily use of
German (‘Average overall daily use of German’), total number of for-
eign languages learned over the course of one’s life (‘Number of L2s
learned’), and several cognitive measures that were assessed during the
same testing session (see below for details). Note that Table 1 splits up
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the participants by decade to illustrate the degree to which participants
differed on certain demographic variables and cognitive measures
across the lifespan. Our main analyses, however, treat age as a con-
tinuous variable.

The L2 participants’ German skills were examined using the Goethe
Placement Test, a 30-item multiple-choice cloze test (www.goethe.de/
cgi-bin/einstufungstest/einstufungstest.pl) assessing vocabulary and
grammar knowledge in German. The average score for each decade (see
Table 1) corresponds to the C1 skill level, labeled “effective operational
proficiency” in the Common European Framework for Languages
(CEFR; Verhelst, Van Avermaet, Takala, Figueras, & North, 2009)." All
participants scored at least 17 points on the Goethe test, corresponding
to B2 skill level (‘intermediate proficiency”).'

All L1 and L2 speakers were also tested with the Mini-Mental State
Examination (MMSE; Folstein, Folstein, & McHugh, 1975), which was
administered in the respective native language. While there was a sig-
nificant age-related decline in MMSE scores for the L1 speakers and a
marginally significant decline for the L2 speakers, no participant of
either group scored less than 27 points (out of 30), suggesting that our
participants were not affected by severe age-related pathological cog-
nitive impairment (e.g., Alzheimer’s dementia).

Agreement-processing experiment

Materials

We constructed 48 experimental and 84 filler sentences. The ex-
perimental sentences contained a complex subject NP comprising a
noun phrase (the subject head) modified by another NP in genitive case
(the “attractor”). Four experimental conditions were created by ma-
nipulating the grammatical number of both the subject head and the
attractor NP as shown in Table 2. See Appendix A for the experimental
sentences.

All plural nouns were clearly marked for plurality by an overt plural
suffix and/or by umlauting (Anwalt ‘lawyer’ — Anwidlte ‘lawyers’) so as
to make noun plurality maximally salient. Singular NPs were always
introduced by an unambiguously singular article. For all trials, parti-
cipants selected between the third-person singular present-tense form
and the third-person plural present-tense form of the verb haben ‘to
have’: hat ‘has’ and haben ‘have’. These forms were chosen over the
corresponding forms of ‘to be’ because the latter have a much greater
form-frequency imbalance between singular and plural form
(sein‘to be’: 7453 occurrences per million vs. 2961 per million; haben ‘to
have”: 3356 per million vs. 2517 per million).?

The filler sentences were designed so as to discourage participants
from developing a strategy in which they memorized the number fea-
ture of the first noun of the sentence to inform their decision. To this
end, we included sentences containing coordinated subjects (Die Oma
und der Opa [HAT/HABEN] einen grofsen Garten. ‘The grandmother and
the grandfather [HAS/HAVE] a big garden.”) as well as sentences in
which the critical verb occurred in an embedded clause which itself had
a plural subject (Der Verkdufer denkt, die Kunden [HAT/HABEN] zu hohe
Anspriiche. ‘The salesman thinks the customers [HAS/HAVE] too high
expectations.’).

All sentences were nine words in length. Half of the sentences re-
quired a singular verb form, and half required a plural verb form. Four

! While the American Council on the Teaching of Foreign Languages (ACTFL)
has published one-directional conversion tables to align ACTFL scores with
CEFR scores (American Council on the Teaching of Foreign Languages, 2015),
no such conversions are available in the reverse direction (converting CEFR to
ACTFL ratings). However, ACTFL ratings of “Advanced High”/”Superior” cor-
respond to C1 level (the average performance level of our participants), and
ACTFL ratings of “Advanced Mid” correspond to B2 level (the lowest perfor-
mance level of our participants).

2 All frequencies reported in this paper are based on the Mannheim corpus as
reported in CELEX (Baayen, Piepenbrock, & Gulikers, 1995).
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Table 1
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Demographic information on participants, broken down by language group and age decade. Note that the oldest decade labeled “70s +” contains the data from three
L1 speakers and one L2 speaker above the age of 80. Standard deviations are provided in parentheses.

20s 30s 40s 50s 60s 70s+ Correlation with age
L1 n 10 10 10 10 10 10

Sex 5F,5M 8F,2M 9F, 1M 7F, 3M 7F, 3M 8F,2M

Handedness 7R, 3L 10R 9R,1L 10R 10R 9R, 1L

Age 24.1 329 45.5 55.1 65.0 77.2
3.2) (3.0) 3.2) @7 1.9) (4.3)

Education 15.1 16.6 15.1 15.6 14.1 16.2 r < 0.01,
1.9) (2.3) (1.9) 2.2) 21 (2.0) ns

Mini-Mental State 29.7 29.7 29.7 29.1 28.4 28.4 r= —0.57,
(0.5) 0.7) (0.5) 0.7) 1.1 1.2) p < .001

Working Memory 5.9 5.5 5.0 5.0 4.6 4.4 r= —0.53,
0.7) (0.8) (1.9) (0.6) (1.0 0.5) p < .001

Flanker Congruency Cost 45.8 44.3 49.5 51.4 56.4 58.6 r = 0.29,
(14.0) (16.5) (15.0) (19.1) (29.7) (27.2) p = .025

Processing Speed 406 422 478 475 549 565 r = 0.80,
(15) (29) (48) (31) (44) (72) p < .001

L2 n 10 12 8 10 10 10

Sex 6F,4M 8F, 4 M 4F, 4 M 6F, 4M 7F, 3M 8F, 2M

Handedness 9R, 1L 11R, 1L 7R, 1L 10R 9R, 1L 9R, 1L

Age 25.0 33.3 46.5 53.9 64.2 72.7
(2.8 (2.8) 3.3) (2.2) 2.7) 3B

Education 15.4 16.3 16.5 15.1 15.7 15.9 r < 0.01,
1.6) (0.9) 2.7) 1.4 1.2) 2.3) ns

Goethe Score 24.2 25.5 22.4 24.2 25.9 24.8 r = 0.10,
2.3) (3.6) (3.8) (4.2) 3.9) (4.2) ns

Mini-Mental State 29.5 29.6 29.0 29.8 29.1 28.8 r=-0.22,
0.7) 0.7) (1.6) 0.4) 1.1 1.2) p = .09

Working Memory 6.2 5.8 6.6 5.5 5.2 4.6 r = -0.54,
0.7) 0.7) (0.8) (0.8) 0.7) (0.8) p < .001

Flanker Congruency Cost 44.3 48.2 44.8 41.3 36.5 45.9 r = -0.05,
(15.9) (19.9) (24.7) (26.8) (20.9) 17.3) ns

Processing Speed 389 434 438 484 544 549 r = 0.76,
19 (32) (32) (45) 94) (48) p < .001

AoA German 14.9 16.9 23.5 20.9 21.1 22.3 r=0.23,
(4.5) (6.3) (12.5) (7.3) (12.6) 9.4) p = .075

Age of Arrival in Germany 19.3 25.3 28.8 28.3 30.7 31.5 r = 0.36,
(5.8) (4.5) (11.8) 7.7) (13.6) (13.3) p = .004

Length of Residence 5.7 8.0 17.7 25.9 33.7 41.2 r = 0.81,
(4.9) (4.2) (9.6) 9.1) (15.1) (14.4) p < .001

Average overall daily use of German 38.5% 30.1% 39.7% 45.0% 37.1% 46.4% r = 0.15,
(16.7%) (15.2%) (15.1%) (8.7%) (12.9%) (10.1%) ns

Number of L2s learned 2.0 2.6 2.3 2.2 2.6 2.8 r = 0.02,
(0.9) a.7) 1.1 1.9) 1.1 1.5) ns

Table 2

Overview of the stimulus materials. Participants saw the preamble before selecting the correct verb form, which was followed

by the continuation of the sentence.

Condition Example

Singular-Match
Singular-Mismatch
Plural-Match
Plural-Mismatch
Translation:

Der Brief des diplomatischen Anwalts [HAT/HABEN] zu viele Fehler.

Der Brief der diplomatischen Anwdlte [HAT/HABEN] zu viele Fehler.

Die Briefe der diplomatischen Anwdlte [HAT/HABEN] zu viele Fehler.

Die Briefe des diplomatischen Anwalts [HAT/HABEN] zu viele Fehler.

‘The letter/letters from the diplomatic lawyer/lawyers [HAS/HAVE] too many mistakes.’

experimental lists were created based on a Latin-Square design, so that
a given sentence was presented to each participant in only one of the
four experimental conditions laid out in Table 2. The lists were pre-
sented in reversed order to half of the participants (within each age
decade and within each language group). The items were pseudor-
andomized, such that (i) no more than two target (vs. filler) sentences
occurred in a row, (ii) no more than three trials in a row required a left-
(or right-)button press (if responded to correctly), and (iii) no two
consecutive sentences were of the same experimental condition (Van
Casteren & Davis, 2007).

Apparatus and procedure

The sentence-processing experiment was programmed and

presented on a laptop computer with a 15-inch screen using the DMDX
software package (Forster & Forster, 2003). The sentence preambles
were presented word by word at a rate of 500 ms per word (directly
after one another; i.e., with an ISI of 0), with words appearing in the
center of the screen in Arial font size 36 in black letters against a white
background.

Participants were instructed to read the words appearing on the
screen silently. Each sentence started with a sequence of five fixation
crosses “+ 4+ + + +”. After the 5-word preamble, participants were
prompted to choose the correct verb form, either singular HAT or plural
HABEN by pressing the corresponding button on a gamepad, with the
participant’s dominant hand controlling the singular response button.
Unlike the other words (which appeared in the center of the screen),
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HAT and HABEN appeared in all uppercase letters on the left and the
right edge of the screen, respectively, to remind participants which
button corresponds to which form. After the participant made their
choice (or, if the participant did not respond, after a timeout of
5000 ms), the sentence continued with three additional words.® There
was no feedback on accuracy.

The experiment was preceded by eight practice sentences. The
sentence-completion task lasted between 15 and 20 min. Participants
were tested individually in a quiet room. Before the experiment, they
filled out a short biographic questionnaire. The sentence-completion
task was followed by the individual differences tests described below.

Individual differences tests

In order to examine the influence of cognitive abilities on sentence-
processing abilities in our participants, we assessed their Working
Memory, Interference Control, and Processing Speed. These individual
differences tests were run using the open-source Psychology Experiment
Building Language (PEBL) test battery (Mueller & Piper, 2014; Mueller,
2012).

Working Memory was assessed as spatial span using the Corsi block-
tapping task backwards (Corsi, 1972).* Participants saw nine blue
squares against a black background on the computer screen. The
squares lit up one after another in a certain sequence, which the par-
ticipant was asked to reproduce afterwards in reverse order using the
computer mouse. The length of the sequence to memorize increased by
one if participants got at least one of two trials per sequence length
correct. As can be seen in Table 1, both L1 speakers and L2 speakers
showed a significant age-related decline in Working Memory scores.

Interference Control was assessed using the Eriksen Flanker task
(Eriksen & Eriksen, 1974). Participants saw arrows on the screen and
were asked to indicate in which direction the center arrow faced (left/
right) via button press on the computer keyboard. The center arrow was
flanked either by arrows pointing in the same direction (congruent
condition: by arrows pointing in the opposite
direction (incongruent condition: <—<——<-<-), or by dashes (neutral
condition: - — — — -). The difference between RTs in the incongruent
condition and the congruent condition constitutes a participant’s Con-
gruency Cost, a proxy for their Inhibitory Control skill (with smaller
Congruency Costs corresponding to greater Inhibitory Control). While
Congruency Costs significantly increased with increasing age for L1
speakers, there was no such effect for L2 speakers (see Table 1).

For Processing Speed, we took a participant’s average RT in the
neutral condition of the Flanker task. Correct performance in this
condition involves the perception of a visual stimulus, a binary-decision
component, and the motor execution of pressing a button. As such, the
speed of performance in this condition captures the speed of non-lin-
guistic processing (perception, decision making, motor execution) in-
volved in our linguistic task. Processing Speed decreased significantly
with increasing age in both the L1 and the L2 group, as evidenced by
increasing average RTs (see Table 1).

—)—>—>—)—)),

Analyses

The dependent measures were accuracy rate and RTs (for correct
responses) in the sentence-completion task. We calculated mixed-effects

3We added a continuation after the forced-choice task because pilot tests
indicated that especially older participants were confused and dissatisfied when
the sentences were left “unfinished” after participants had made their decision
of what they considered to be the correct verb form.

*We also collected data from our participants using the forwards version of
the Corsi block-tapping task. However, these values were collinear with the
backwards data (r = .59). For this reason, we decided to disregard the forwards
version data, in order to retain the potential explanatory power of the back-
wards-version data.
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logistic regression models (binomial family) for the accuracy rates and
linear mixed-effects regression models for log-transformed RTs (natural
log) and log-transformed inverse efficiency scores (IES; calculated as
RT/Accuracy per participant per condition (Townsend & Ashby, 1978,
1983); natural-log-transformed for analyses), using the languageR
package (Baayen, 2013) and the lme4 package (Bates, Méachler, Bolker,
& Walker, 2015). The following fixed factors of interest were included:
LANGUAGE GROUP (2 levels: L1, L2), susect NumBer (2 levels: singular,
plural), matcu (2 levels: match, mismatch), AGe (continuous), EDUCATION
(continuous, in years), WORKING MEMORY (continuous), INTERFERENCE CONTROL
(continuous), PROCESSING SPEED (continuous), as well as, for L2 speakers
only, GOETHE SCORE (continuous) and AOA GERMAN (continuous).” In order
to control for the influence of differences in frequency between singular
(Mgreq for subjects = 69.75, Mpyeq for attractors = 12.94) and plural
(Mpyeq for subjects = 31.74, Mgreq for attractors = 33.50) nouns, we
further added sussecT FrEQUENCY and ATTRACTOR FREQUENCY (both log-
transformed using the natural log) as covariates. Lastly, TRIAL NUMBER
(position of trial within the experiment) and previous TriAL RT (the RT of
the trial prior to the one in question) as well as their interaction were
added, both to remove residual auto-correlation and to control for trial-
level task effects (Baayen & Milin, 2010). AS SUBJECT FREQUENCY, ATTRACTOR
FREQUENCY, TRIAL NUMBER, and PREVIOUS TRIAL RT were not manipulated, ef-
fects involving these control variables will be reported in the results
tables (regardless of their significance) but will not be discussed.® All
continuous predictors were mean-centered; all categorical predictors
were assigned sum-coded contrasts (e.g., —0.5 and 0.5) (Barr, Levy,
Scheepers, & Tily, 2013).

Random factors were participants and items for accuracy and RT
analyses, and participants for inverse efficiency score analyses.
Following Barr et al. (2013), we started with a maximal random-effects
structure and simplified the model in cases of convergence failure. This
led to the inclusion of susjecT NumBER and matcH as well as their inter-
action as by-participant random intercepts. For continuous outcome
variables (RTs and inverse efficiency scores), for which p-values are not
automatically computed in R, p-values were obtained from t-tests with
the number of degrees of freedom calculated as the difference between
the number of data points minus the number of fixed effect estimates
(Baayen, Davidson, & Bates, 2008). See table notes for information on
the degrees of freedom for the respective models.

Results

We excluded trials with RTs shorter or longer than 3 SDs from the

5 Note that in our sample, chronological AGe and LENGTH OF RESIDENCE are highly
collinear (r = .82); while there is a considerable range in LENGTH OF RESIDENCE for
older participants, our theoretical focus on the processing of a late-acquired L2
restricted the LENGTH OF RESIDENCE for younger participants (see Table 1). For this
reason, LENGTH OF RESIDENCE was not entered into the final model, so as not to
mask potential effects of chronological age, which are the focus of the present
paper. (See Wurm & Fisicaro, 2014, for discussion on how to treat collinear
predictors in regression models.) Exploratory analyses revealed that the inclu-
sion of LENGTH OF RESIDENCE does not improve the fit of the models (accuracy:
x2(1) = 0.1554,p = .694).

SIn response to a comment by a reviewer, we calculated the mixed-effects
regression models also without the non-manipulated covariates (i.e., without
SUBJECT FREQUENCY, ATTRACTOR FREQUENCY, TRIAL NUMBER, PREVIOUS TRIAL RT, GOETHE SCORE,
or AGE OF AcquisiTioN). This yielded virtually no difference in the pattern of re-
sults, with the exception of a main effect of Ace on the accuracy results of the L2
speakers (which was significant in the original analysis and marginal in the
analysis without covariates) and a main effect of At on the RT results of the L1
speakers (which was non-significant in the original analysis and marginal in the
analysis without covariates). Model comparisons using a likelihood ratio test
yielded greater goodness of fit (lower AIC) for the more complex models, with
the exception of L1 speakers’ accuracy rates (for which the more complex model
and the model without covariates did not significantly differ in goodness of fit; p
= .937).
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Table 3
Descriptive mean accuracy and RT data (SDs in parentheses), broken down by language group, age decade, and condition.
20s 30s 40s 50s 60s 70s+ Average
L1 Accuracy Singular-Match 0.983 0.983 0.992 0.992 0.950 1.000 0.983
(0.129) (0.129) (0.092) (0.092) (0.219) (0.000) (0.128)
Singular-Mismatch 0.965 0.975 0.974 0.940 0.948 0.813 0.937
(0.185) (0.157) (0.159) (0.238) (0.222) (0.292) (0.244)
Plural-Match 0.983 0.975 0.974 0.966 0.948 0.966 0.969
(0.130) (0.157) (0.159) (0.181) (0.222) (0.183) (0.174)
Plural-Mismatch 0.914 0.957 0.983 0.939 0.914 0.965 0.946
(0.282) (0.203) (0.129) (0.240) (0.184) (0.282) (0.227)
Average 0.961 0.973 0.981 0.960 0.970 0.907 0.959
(0.193) (0.163) (0.137) (0.197) (0.171) (0.190) (0.199)
RTs Singular-Match 664 829 924 779 940 933 845
(276) 327) (392) (278) (483) (340) (369)
Singular-Mismatch 784 943 1073 942 1053 1070 975
(357) (547) (486) (393) (510) (368) (459)
Plural-Match 768 844 875 791 870 970 852
(395) (393) (417) (348) (389) (443) (402)
Plural-Mismatch 744 930 972 853 931 1112 926
(426) (477) (473) (434) (395) (554) (475)
Average 739 886 961 840 944 1019 898
(368) (445) (448) (370) (448) (437) (430)
L2 Accuracy Singular-Match 0.966 0.930 1.000 0.992 0.966 1.000 0.973
(0.181) (0.257) (0.000) (0.092) (0.183) (0.000) (0.162)
Singular-Mismatch 0.914 0.935 0.955 0.905 0.904 0.973 0.930
(0.282) (0.248) (0.208) (0.294) (0.297) (0.161) (0.255)
Plural-Match 0.864 0.879 0.875 0.893 0.939 0.871 0.887
(0.344) (0.328) (0.333) (0.311) (0.241) (0.337) (0.317)
Plural-Mismatch 0.763 0.891 0.800 0.765 0.819 0.855 0.818
(0.427) (0.313) (0.402) (0.426) (0.387) (0.354) (0.386)
Average 0.877 0.908 0.908 0.890 0.907 0.925 0.902
(0.329) (0.289) (0.289) (0.314) (0.291) (0.264) (0.297)
RTs Singular-Match 847 864 775 750 1048 763 854
(648) (579) (436) (416) (582) (467) (455)
Singular-Mismatch 797 884 1006 743 1043 750 977
(529) (541) (786) (405) (584) (401) (540)
Plural-Match 845 849 833 782 1041 781 947
(532) (378) (520) (424) (479) (352) (542)
Plural-Mismatch 889 1046 968 895 1187 867 867
(489) (581) (608) (487) (597) (402) (555)
Average 847 911 892 795 1079 792 887
(551) (529) (599) (438) (562) (407) (524)

mean on a per-participant basis as well as timeouts, resulting in 2.4%
data loss for the L1 speakers and 3.8% data loss for the L2 speakers. See
Table 3 for an overview of the descriptive accuracy and RT data.

L1 group

Accuracy rates

See Table 4 for the mixed-effects model fit to the accuracy data from
the L1 group, Fig. 1 for an illustration of these data, and Table 3 for the
raw descriptive data.

L1 speakers showed a significant effect of maTcH, with greater ac-
curacy for sentence preambles in which the attractor matched in
number with the subject (97.6%) compared to sentence preambles in
which the two did not match (94.1%), as well as a main effect of susJect
NUMBER, with greater accuracy for sentence preambles with singular
subjects (96.0%) than for preambles with plural subjects (95.7%).
Importantly, both of these effects were qualified by an interaction be-
tween susJEcT NUMBER and maTcH: The effect of maTcH was present only for
preambles with singular subject heads and plural attractors (Singular-
Match vs. Singular-Mismatch; b = —2.1010, SE = 0.4589, z = —4.58,
p < .001), but not for preambles with plural subject heads and singular
attractors (Plural-Match vs. Plural-Mismatch; b = —0.4490,
SE = 0.3608, z = —1.25,p = .213).

A significant three-way interaction between SUBJECT NUMBER, MATCH,
and ace revealed that the asymmetrical nature of the attraction effect
was modulated by chronological age. In order to assess the nature of
this effect, we binned participants into a group of “younger adults”

(ages 18-39, n = 20), “middle-aged adults” (ages 40-59, n = 20), and
“older adults” (ages 60-84, n = 20); see Table Bl in the Appendix for
the descriptive data. While neither the group of younger adults nor the
group of middle-aged adults showed an interaction between susject
NuMmBer and marcH (younger: b = —0.0559, SE = 1.0830, z = —0.05,
p = .959; middle-aged: b = —0.7572, SE = 1.0910, z = —0.69,
p = .488), the interaction between susJEcT NUMBER and MATCH was Sig-
nificant for the older adults (b = —6.0310, SE = 1.3480, z = —4.47,
p < .001). The younger and the middle-aged group, on the other hand,
showed only main effects of marcu (younger: b = —1.0830,
SE = 0.4708, z = —1.99, p = .046; middle-aged: b = —2.0660,
SE = 0.5486, z = —2.69, p = .007). In other words, whereas younger
speakers showed a symmetrical attraction effect, with increasing age
the attraction effect became increasingly asymmetrical.

There were no other effects of or interactions with any of the factors
of interest.

Reaction times

All RT analyses were performed over correct responses only. See
Table 5 for the mixed-effects model fit to the RT data from the L1 group,
Fig. 2 for an illustration of these data, and Table 3 for the raw de-
scriptive data.

L1 speakers’ RTs showed significant main effects of marcu (longer
RTs when the subject and the attractor did not match in number
compared to when they did; 950 ms vs. 849 ms) and of SUBJECT NUMBER
(longer RTs for singular compared to plural subjects; 907 ms vs.
888 ms). The effects of march and sussect NuMBER were qualified by an
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Table 4 Table 5
The best-fit model for the L1 accuracy data. The best-fit model for the L1 RT data.

Random Name Variance SD Correlation Random Name Variance SD Correlations
effects: effects:
participant Intercept 1.5147  1.2307 participant Intercept 0.0562  0.2371

Subject Number 4.1632  2.0404 0.33 Subject Number 0.0079  0.0889 —0.42

Match 0.1890  0.4347 0.41 0.21 Match 0.0053  0.0731 0.52 0.55

Subject Number : 1.6394 1.2804 -0.56 —0.90 -0.60 Subject Number : Match  0.0040  0.0633 -0.07 -—0.17 -0.22

Match item Intercept 0.0021  0.0460
item Intercept 1.5147  1.2307 Residual 0.1106  0.3326
Fixed effects: b SE z-value  p-value Fixed effects: b SE t-value  p-value
Intercept 4.5670 0.2449 18.65 <.001 Intercept 6.7100 0.0345 194.30 <.001
Subject Number 0.9051 0.4268 2.12 .034 Subject Number 0.0366 0.0179 2.04 .041
Match —1.3850 0.2818 -4.91 <.001 Match 0.1038 0.0169 6.14 <.001
Age 0.0017 0.0130 0.13 .898 Age 0.0031 0.0022 1.42 .156
Trial Number —0.0002 0.0024 -0.09 925 Trial Number —0.0009 0.0001 —6.47 <.001
Previous Trial RT 0.0001 0.0006 0.13 .899 Previous Trial RT 0.0003 0.0001 4.19 <.001
Subject Frequency 0.0002 0.0018 0.12 906 Subject Frequency 0.0002 0.0001 1.93 .054
Attractor Frequency 0.0031 0.0033 0.94 .346 Attractor Frequency —0.0002 0.0002 —-1.01 313
Subject Number : Match —1.5800 0.5864 —2.70 .007 Interference Control 0.0047 0.0014 3.37 <.001
Subject Number : Age 0.0027 0.0225 0.12 .906 Match : Age 0.0022 0.0010 2.14 .032
Match : Age —0.0180 0.0153 -1.18 .239 Subject Number : Match 0.0870 0.0281 3.09 .002
Trial Number : Previous Trial RT <0.0001 <0.0001 -0.39 699 Trial Number : Previous Trial RT <0.0001 <0.0001 3.66 <.001
Subject Number : Match : Age -0.0715 0.0313 -2.29 .022
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Fig. 1. Accuracy rates across all L1 participants (A) and as a function of age in
years (B). Note that all figures are based on raw untransformed data, rather
than logits (used in the accuracy analyses), log-transformed RTs (used in the RT
analyses), or back-transformed data based on regression model estimates. Thus,
the figures may diverge from the model output in some cases. In all figures,
error bars and error bands correspond to standard errors of the mean.

interaction between these two factors; while preambles with singular
subject heads and plural attractors as well as preambles with plural
subject heads and singular attractors both yielded attraction effects, the
effect was much stronger for Singular-Mismatch sentences (b = 0.1524,
SE = 0.0235,t = 6.50, p < .001) than for Plural-Mismatch sentences
(b = 0.0589, SE = 0.0243, t = 2.43, p = .015). The size of the at-
traction effect (across sussect NUMBER) increased with increasing age, as
evidenced by a significant interaction between matcH and ace; while AGe

Note: P-values are calculated with 2683 degrees of freedom (see Methods).
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Fig. 2. RTs (based on the raw untransformed data) across all L1 participants (A)
and as a function of age in years (B).

did not appear to affect RTs for preambles with matching NPs
(b = 0.0020, SE = 0.0021, t = 0.92, p = .358), there was a marginal
effect of Ace on RTs for preambles with mismatching NPs (b = 0.0043,
SE = 0.0025, t = 1.75, p = .080). Lastly, we found evidence for effects
of general cognitive abilities on L1 speakers’ RTs, with shorter RTs
being associated with better INTERFERENCE conTROL (i.e., smaller con-
gruency costs).

There were no other effects of or interactions with any of the factors
of interest.
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Table 6

The best-fit model for the L1 inverse efficiency score data. Note that since ef-
ficiency scores are computed on a per-participant basis, only participant was
included as a random effect.

Random effects: Name Variance SD Correlations
participant Intercept 0.0908 0.3014

Subject Number 0.0410 0.2025 0.05

Match 0.0151 0.1228 0.69 0.62
Residual 0.0197 0.1403
Fixed effects: b SE t-value p-value
Intercept 6.8261 0.0410 166.61 <.001
Subject Number 0.0306 0.0318 0.96 .338
Match 0.1473 0.0246 5.98 <.001
Age 0.0079 0.0023 3.48 <.001
Interference Control 0.0055 0.0020 2.74 .007
Subject Number : Match 0.1107 0.0362 3.06 .002
Match : Age 0.0027 0.0014 1.99 .048

Note: P-values are calculated with 233 degrees of freedom (see Methods).
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Fig. 3. Inverse efficiency scores (based on the raw untransformed data) across
all L1 participants (A) and as a function of age in years (B).

Efficiency scores

In order to account for potential differences in speed-accuracy
trade-off between groups of participants (e.g., between younger and
older participants [see, e.g., Brébion, 2001; Forstmann et al., 2011;
Rabbitt, 1979; Starns & Ratcliff, 20101, or between L1 and L2 speakers),
we calculated inverse efficiency scores (IES; Townsend & Ashby, 1978,
1983) per participant per condition (IES = RT/accuracy). Such inverse
efficiency scores are sometimes thought of as “RTs corrected for accu-
racy” — that is, smaller inverse efficiency scores correspond to faster
reactions. See Table 6 for the mixed-effects model fit to the inverse
efficiency score data from the L1 group and Fig. 3 for an illustration of
these data.

We found significant main effects of marcH (with lower inverse
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Table 7
The best-fit model for the L2 accuracy data.
Random effects: Name Variance SD Correlation
participant Intercept 0.9218 0.9601
Subject Number 2.2296  1.4932 0.10
Match 1.4371 1.1988 0.22  0.15
Subject Number : 0.6939 0.833 -0.16 -0.49 0.74
Match
item Intercept 0.2791 0.5283
Fixed effects: b SE z-value  p-value
Intercept 3.8110 0.2362 16.13 <.001
Subject Number 1.5830 0.2906 5.45 <.001
Match —1.0820 0.2538 —-4.26 <.001
Age 0.0388 0.0133 291 .004
Trial Number 0.0076 0.0020 3.84 <.001
Previous Trial RT —0.0010 0.0003 —-3.38 .001
Goethe Score 0.1601 0.0547 2.93 .003
AoA German —0.0244 0.0220 -1.11 .268
WM 0.3340 0.2069 1.61 .107
Subject Frequency 0.0018 0.0015 1.17 .240
Attractor Frequency 0.0039 0.0026 1.50 135
Trial Number : Age 0.0002 0.0001 1.83 .067
Match : WM 0.4786 0.2258 2.12 .034
Trial Number : Previous Trial RT <0.0001 <0.0001 -0.33 742

efficiency scores for matching sentences vs. mismatching sentences;
883 ms vs. 1082 ms), of ace (with larger inverse efficiency scores for
older participants), and of INTERFERENCE cONTROL (with lower suscept-
ibility for interference associated with smaller inverse efficiency
scores). A significant interaction between sujecT NUMBER and MATCH in-
dicated an asymmetrical attraction effect; while both singular and
plural subject NPs yielded attraction effects when followed by mis-
matching attractor NPs, the effect of matcH was stronger for singular
subject NPs (b = 0.2079, SE = 0.0323,t = 6.43, p < .001) than for
plural subject NPs (b = 0.0938, SE = 0.0295, t = 3.18, p = .002). An
interaction between marcu and ace indicated that the effect of marcu
increased with increasing AGe.
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Fig. 4. Accuracy rates (based on the raw untransformed data) across all L2
participants (A) and as a function of age in years (B).
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There were no other effects of or interactions with any of the factors
of interest.

L2 group

Accuracy rates

See Table 7 for the mixed-effects model fit to the accuracy data from
the L2 group, Fig. 4 for an illustration of these data, and Table 3 for the
raw descriptive data.

L2 speakers’ accuracy rates showed significant main effects of ace
(greater accuracy with increasing age), of marcu (greater accuracy for
preambles in which the subject and the attractor matched in number
compared to preambles in which they did not match; 93.1% vs. 87.4%),
and of sussEct NUMBER (greater accuracy for preambles with singular
subjects compared to those with plural subjects; 95.2% vs. 85.2%).
There was no interaction between wmATcH and SUBJECT NUMBER
(b = —0.3152, SE = 0.3898, z = —0.81, p = .419); that is, L2
speakers showed a symmetrical attraction effect with similar attraction
from plural attractors as from singular attractors. We further found a
main effect of GoeTHE score (greater accuracy for speakers with greater
German skills).

A significant interaction between matcu and WM indicated that the
size of the attraction effect was modulated by WM, with higher WM
scores being associated with a decreased attraction effect. While accu-
racy rates for matching NPs (i.e., Singular-Match and Plural-Match)
were not affected by WM (b = 0.0005, SE = 0.2584, z = 0.01,
p = .998), higher WM scores led to greater accuracy with mismatching
NPs (i.e., Singular-Mismatch and Plural-Mismatch; b = 0.5838,
SE = 0.2386, z = 2.45,p = .014).

There were no other effects of or interactions with any of the factors
of interest.

Reaction times

See Table 8 for the mixed-effects model fit to the RT data from the
L2 group, Fig. 5 for an illustration of these data, and Table 3 for the raw
descriptive data.

L2 speakers’ RTs showed main effects of ace (shorter RTs for older
speakers), suject NUMBER (longer RTs for sentence preambles with

Table 8
The best-fit model for the L2 RT data.

Random Name Variance SD Correlations
effects:
participant  Intercept 0.0742  0.2724

Subject Number 0.0191 0.1381 -0.45

Match 0.0008  0.0289 0.67 —0.96

Subject Number : Match  0.0208  0.1444 0.37 0.42 -0.24
item Intercept 0.0015  0.0390
Residual 0.1484  0.3852
Fixed effects b SE t-value  p-value
Intercept 6.6770 0.0423 157.86 <.001
Subject Number 0.0517 0.0241 2.14 .032
Match 0.0886 0.0163 5.45 <.001
Age —0.0067 0.0033 —2.05 .040
AoA German 0.0036 0.0046 0.78 .435
Goethe Score 0.0026 0.0110 0.24 .810
Interference Control —0.0010 0.0016 -0.61 .542
Processing Speed 0.0021 0.0007 2.83 .005
Trial Number —0.0014 0.0002 —7.94 <.001
Previous Trial RT 0.0003 0.0001 4.79 <.001
Subject Frequency 0.0003 0.0001 2.43 .015
Attractor Frequency —0.0005 0.0002 —2.42 .016
Subject Number : Match 0.1220 0.0373 3.27 .001
Match : Interference Control 0.0019 0.0008 2.45 .014
Trial Number : Previous Trial RT <0.0001 <0.0001 2.83 .005

Note: P-values are calculated with 2490 degrees of freedom (see Methods).
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singular subjects than for those with plural subjects; 913 ms vs.
857 ms), and marcH (longer RTs for mismatching compared to matching
NPs; 925 ms vs. 851 ms). These main effects of susjecT NUMBER and MATCH
were qualified by a significant interaction between these two factors,
indicating an asymmetrical attraction effect; while singular subject
heads and plural attractors yielded attraction effects (b = 0.1502,
SE = 0.0230, t = 6.54, p < .001), this was not the case for sentence
preambles with plural subject heads and singular attractors
(b = 0.0251, SE = 0.0264, t = 0.95, p = .342).

Similar to L2 speakers’ accuracy rates, the size of the attraction ef-
fect in RTs was modulated by one of the cognitive individual-differ-
ences measures that were collected. Greater congruency costs (i.e.,
poorer interference control) were associated with larger attraction ef-
fects in RTs, as evidenced by an interaction between wmarcu and
INTERFERENCE CONTROL: Greater congruency cost was associated with
longer RTs for non-matching sentence preambles (b = 0.0039,
SE = 0.0019, t = 2.03, p = .042), while there was no effect of
INTERFERENCE CONTROL on RTs for matching ones (b = 0.0001,
SE = 0.0018,t = 0.04, p = .968).

Efficiency scores

See Table 9 for the mixed-effects model fit to the efficiency score
data from the L2 group and Fig. 6 for an illustration of these data.
Recall that inverse efficiency scores correspond to RTs controlling for
accuracy (IES = RT/accuracy); thus, smaller inverse efficiency scores
correspond to faster reactions, while larger inverse efficiency scores
correspond to slower reactions.

There were main effects of sussect NUMBER (with smaller inverse ef-
ficiency scores, i.e., faster reactions, for sentences with singular subject
NPs vs. sentences with plural subject NPs; 985 ms vs. 1222 ms), MATCH
(smaller inverse efficiency scores for matching vs. mismatching sen-
tences; 1017 ms vs. 1189 ms), ace (smaller inverse efficiency scores
with increasing age), ProcessING speeD (smaller inverse efficiency scores
with faster performance in the processing speed test), and A0A GERMAN
(smaller inverse efficiency scores with earlier AoA of German). An
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Table 9

The best-fit model for the L2 efficiency score data. Note that since efficiency
scores are computed on a per-participant basis, only participant was included as
a random effect.

Random effects: Name Variance SD Correlations
participant Intercept 0.1380 0.3714

Subject Number 0.1086 0.3296 -0.63

Match 0.0136 0.1165 0.57 —0.51
Residual 0.0274 0.1655
Fixed effects: b SE t-value p-value
Intercept 6.8713 0.0576 119.27 <.001
Subject Number —0.0991 0.0476 -2.08 .039
Match 0.1458 0.0279 5.22 <.001
Age —0.0159 0.0043 —3.69 <.001
Processing Speed 0.0034 0.0008 3.96 <.001
WM —0.0942 0.0582 -1.62 .107
Goethe Score —0.0076 0.0140 —0.54 .590
AoA German 0.0146 0.0060 2.45 .015
Match : WM —0.0860 0.0334 —2.58 .011

Note: P-values are calculated with 230 degrees of freedom (see Methods).
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interaction between marcH and wwm indicated a selective effect for ww;
the effect of wm on inverse efficiency scores was smaller for matching

(b = —0.0323, SE = 0.0641, t = —0.50, p = .618) than for mis-
matching sentences (b = -—0.1086, SE = 0.0773, t = —1.40,
p = .164), though neither of the effects reached significance, pre-

sumably due to the reduced power in the efficiency score analyses.
No other main effects or interactions reached significance.

Group comparisons

Finally, we fit two omnibus models across L1 and L2 speakers to the
data to assess whether different performance patterns between the two
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Table 10
The best-fit model for the accuracy data across L1 and L2 speakers.

Random Name Variance SD Correlation
effects:
participant Intercept 1.4627  1.2094

Subject Number 29777 1.7256 0.17

Match 1.0744 1.0365 -0.10 -0.11

Subject Number : Match 1.2448  1.1157 -0.72 -0.69 0.52
item Intercept 0.2013  0.4486

Language Group 0.2801  0.5293 0.01
Fixed effects: b SE z-value p-value
Intercept 4.1780 0.1855 22.52 <.001
Subject Number 1.3590 0.2763 4.92 <.001
Match -1.6260  0.2503 -6.50 <.001
Age 0.0267 0.0106 2.53 .012
Language Group 0.9369 0.3219 291 .004
WM 0.3468 0.1834 1.89 .059
Subject Frequency 0.0039 0.0021 1.81 .070
Attractor Frequency 0.0038 0.0016 2.44 .015
Trial Number —0.0006 0.0003 —2.03 .042
Previous Trial RT —1.6830  0.4132 —-4.07 <.001
Subject Number : Match 4.1780 0.1855 22.52 <.001
Subject Number : Age 0.0093 0.0152 0.62 .539
Subject Number : Language Group —1.3790  0.4462 -3.09 .002
Match : Age —0.0176  0.0145 -1.21 .225
Match : Language Group 0.1059 0.4299 0.25 .805
WM : Match 0.0872 0.2422 0.36 719
WM : Language Group 0.1302 0.3651 0.36 721
Trial Number : Language Group —0.0076  0.0031 —2.42 .015
Previous Trial RT : Language Group  0.0014 0.0006 2.16 .031
Trial Number : Previous Trial RT <0.0001 <0.0001 -0.28 .777
Age : Trial Number <0.0001  0.0001 -0.13  .901
Age : Language Group —0.0359  0.0190 -1.89 .059
Subject Number : Match : Age —0.0500  0.0225 —-2.22 .026
Match : WM : Language Group —0.8344 0.4033 -2.07 .039
Age : Language Group : Trial Number ~ —0.0004  0.0002 —-2.34 .020

groups also yielded higher-level interactions with the factor LANGUAGE
Group. Given the high number of interactions, most of which mirror the
same findings as were found for the individual groups, we focus on
effects involving the factor LANGUAGE Group, but report all effects in the
respective tables. Note that the L2-specific factors A0a GERMAN and GOETHE
score were not included in these analyses.

Accuracy rates

See Table 10 for the generalized linear mixed-effects model fit to the
accuracy data from all participants.

The omnibus analyses on accuracy data yielded a main effect of
LANGUAGE GRoOUP as well as several interactions with LANGUAGE Group, in-
dicating performance differences (lower accuracy for the L2 group) as
well as processing differences between the two groups. The effect of
SUBJECT NUMBER (greater accuracy rates for sentence preambles with
singular compared to plural subject heads; 95.6% vs. 90.5% across
participant groups) was significantly greater for L2 speakers than L1
speakers, as evidenced by a two-way interaction between SUBJECT NUMBER
and LANGUAGE Group. A three-way interaction between matcH, wwm, and
LANGUAGE GrouP indicated that the effect of WM on the size of the at-
traction effect was different for L1 speakers (for whom WM did not
affect accuracy rates) compared to L2 speakers (for whom higher WM
scores yielded smaller attraction effects, see section ‘Results, L2
speakers, Accuracy Rates’). No other interactions between LANGUAGE
croup and effects of interest were significant.

Reaction times

See Table 11 for the linear mixed-effects model fit to the RTs from
all participants.

As with the accuracy rates, several interactions between factors of
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Table 11
The best-fit model for the RT data across L1 and L2 speakers.
Random Name Variance SD Correlation
effects:
participant Intercept 0.0622  0.2493
Subject Number 0.0142  0.1192 -0.46
Match 0.0039  0.0626 0.44 —0.06
Subject Number : 0.0121  0.1101 0.27 0.24 -0.33
Match
item Intercept 0.0014  0.0368
Language Group 0.0022  0.0473 -—0.05
Residual 0.1283 0.3582
Fixed effects: b SE t-value  p-value
Intercept 6.7370 0.0316 213.08 <.001
Subject Number 0.0427 0.0151 2.83 .005
Match 0.0947 0.0118 8.04 <.001
Age —0.0034  0.0021 -1.60 .110
Language Group 0.0127 0.0474 0.27 787
Processing Speed 0.0016 0.0005 3.02 .003
WM —0.0564 0.0272 —-2.07 .039
Interference Control 0.0030 0.0011 2.80 .005
Subject Frequency 0.0002 0.0001 2.95 .003
Attractor Frequency —0.0003 0.0001 —-2.15 .032
Trial Number —0.0011 0.0001 -10.25 <.001
Previous Trial RT 0.0003 <0.0001 7.18 <.001
Subject Number : Match 0.1041 0.0232 4.48 <.001
Match : Age 0.0007 0.0007 1.05 .294
Age : Language Group 0.0069 0.0026 2.69 .007
Match : Language Group 0.0126 0.0234 0.54 .589
Match : Interference Control 0.0006 0.0006 1.12 .263
Interference Control : Language 0.0039 0.0022 1.79 .074
Group
Age : Processing Speed <0.0001 <0.0001 —2.03 .042
Trial Number : Language Group 0.0005 0.0002 2.12 .034
Trial Number : Previous Trial RT <0.0001 <0.0001 4.41 <.001
Match : Age : Language Group 0.0022 0.0013 1.68 .093
Match : Interference Control : 0.0024 0.0011 2.09 .037

Language Group

Note: P-values are calculated with 5181 degrees of freedom (see Methods).

interest and LANGUAGE Group indicate differences in processing between
the two groups. The effect of chronological ace on RTs was significantly
different for the two groups, with L1 speakers showing no effect of ace,
while L2 speakers’ RTs decreased with increasing age. A marginal in-
teraction between matcH, AGE, and LANGUAGE Group and a significant in-
teraction between MATCH, INTERFERENCE CONTROL, and LANGUAGE GROUP
(which qualified an interaction between INTERFERENCE CONTROL and
LANGUAGE Group) suggested that the size of the attraction effects dis-
played by the two groups were affected by different factors. While L1
speakers’ attraction effects increased in size with increasing ace, there
was no such effect for L2 speakers; on the other hand, L2 speakers’
attraction effects increased in size with decreasing INTERFERENCE CONTROL,
while there was no such effect for L1 speakers.

Discussion

The present study investigated native and non-native speakers'
processing of subject-verb number agreement across the lifespan. Both
L1 speakers of German and L1 English speakers with German as a late-
acquired L2 took part in a timed binary-choice sentence-completion
task in which they read preambles containing complex subject NPs and
were asked to choose the correct (singular or plural) verb form.
Specifically, we examined (i) effects of age on native and non-native
agreement processing, (ii) whether end-state L2 processing resembles
that of L1 speakers, and (iii) how L1 and/or L2 agreement computation
might be influenced by cognitive abilities or resource limitations. In the
following we will discuss each of these questions in turn, followed by a
brief discussion of the current study's limitations and our conclusions.
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Effects of age on agreement processing

Native speakers

In their accuracy rates, the L1 speakers showed a reliable attraction
effect, as was expected. Interestingly, the nature of this effect differed
between participants of different ages: While the effect was symmetrical
for younger and middle-aged speakers, older speakers’ accuracy rates
showed an asymmetrical attraction pattern, with significant attraction
effects only for sentences with singular subject heads and plural at-
tractors but not for plural subject heads with singular attractors.

An asymmetrical pattern has been found in numerous studies on
agreement attraction with younger adults (Bock & Cutting, 1992; Bock
& Eberhard, 1993; Bock & Miller, 1991; Bock et al., 1999; Eberhard,
1997; Haskell & MacDonald, 2005; Schlueter, 2017; Veenstra et al.,
2014; Vigliocco et al., 1995). Misrepresentation accounts may account
for this effect under the assumption that age-related declines in cog-
nitive abilities might yield more ambiguous representations of singular
subject NPs in the presence of a plural attractor due to the plural fea-
ture's activation spreading more easily to the subject if it is less stably
represented. Cue-based retrieval accounts argue that the reason for
asymmetry effects lies in the relatively greater salience of plural NPs
compared to NPs without a plural feature, rendering the former more
likely to be erroneously retrieved from memory upon encountering the
verb. Thus, both misrepresentation accounts and cue-based retrieval
accounts might predict for the asymmetry to become more apparent
with increasing age, as aging is associated with a decline in cognitive
capacities (including memory). Recall, however, that we did not find a
direct relationship between the size of the attraction effect and any of
our cognitive measures (WM, interference control, processing speed).
This is particularly surprising since the same WM task was used in a
study on agreement attraction by Veenstra et al. (2017), who found that
performance in this task reliably predicted both monolingual and bi-
lingual children’s rate of attraction errors. One possibility is that there
simply was too little variance in our participants’ cognitive perfor-
mance scores (see Table 2).”

The L1 speakers’ overall RT pattern was in line with their overall
accuracy pattern in that we found an asymmetrical attraction pattern,
with greater attraction for singular sentences with plural attractors than
vice versa; however, unlike for the accuracy rates, the nature of the
attraction effect was not significantly modulated by ace, but was instead
asymmetrical across the age range examined here. As with accuracy
rates, likely explanations for this asymmetrical pattern are that plural
attractors are marked or more salient in memory compared to singular
attractors, such that the successful suppression of a plural attractor
takes more time than the suppression of a singular attractor. The size of
the attraction effect (across sentences with either singular or plural
nouns) increased with age, with older age being associated with longer
RTs for mismatching but not for matching NPs. Again, this finding
might be predicted by the assumption that the cognitive abilities ne-
cessary for creating stable representations of the subject NP and/or the
maintenance and retrieval of sentence constituents in memory decline
with age. However, we did not find the attraction effect in L1 speakers'
RT data being modulated by any of the cognitive measures we col-
lected.

It may seem surprising that we did not find a significant main effect
of ace on RTs, given well-established findings on general slowing across
various cognitive and linguistic tasks (Madden, 1992; Myerson, Ferraro,
Hale, & Lima, 1992; Ratcliff & McKoon, 2015; Salthouse, 1992, 1996).
One likely reason for this is the inclusion of cognitive factors, such as
INTERFERENCE CONTROL, Which is correlated with Ace (see Table 1). The
inclusion of such factors in the present study was warranted as we

7 But see Caplan and Waters (2005) and Waters and Caplan (2001), for dis-
cussion on the extent to which global WM measures reliably predict efficiency
in on-line syntactic operations.
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sought to investigate their role in agreement processing, but they may
have masked age effects in our statistical results. Indeed, an exploratory
analysis without any such covariates revealed a significant effect of ace
on RTs (b = 0.0058, SE = 0.0020, t = 2.83, p = .005), supporting this
explanation.

We are left with the question of why — in contrast to various pre-
vious production studies on agreement attraction — the younger L1
speakers’ accuracy rates showed a symmetrical attraction effect. Two
potential explanations come to mind. First, one difference between our
study and previous production studies employing the same paradigm is
the relatively long presentation time that was used in our study. While
500 ms constitute a presentation rate well-suited to accommodate older
speakers’ slower reading speeds (see, e.g., Reifegerste & Felser, 2017;
Reifegerste et al., 2017), this presentation rate is well above the rate
usually used with young adult L1 speakers (Bock, Carreiras, &
Meseguer, 2012; Risti¢ et al., 2016; Smith et al., 2018; Staub, 2009;
Tanner & Bulkes, 2015; Veenstra et al., 2014). This may have rendered
the task comparatively easier for younger than for older speakers,
freeing up processing resources for the former which then allowed
them, for example, to rehearse the beginning of the sentence in WM,
such that plural attractors were no more likely to yield errors than
singular attractors. (Evidently, though, this did not lead to an overall
smaller number of attraction errors for younger L1 speakers.)

As a second possibility, it may be useful to examine the accuracy
rates in conjunction with the RTs, and to consider the issue of speed-
accuracy tradeoff and age-related changes to response strategies. While
the younger adults showed a symmetrical attraction effect in their ac-
curacy rates, their RTs actually showed an asymmetrical attraction ef-
fect in the expected direction (interaction SUBJECT NUMBER X MATCH:
b = 0.1144, SE = 0.0351, t = 2.15, p = .032). While older adults’
accuracy rates showed evidence of an asymmetrical attraction effect,
their RTs actually show a symmetrical attraction effect (interaction
SUBJECT NUMBER X MATCH: b = 0.0687, SE = 0.0473,t = 1.45,p = .147);
see also Fig. 2b (though note that for RTs, the interaction between
SUBJECT NUMBER, MATCH, and AGE was not significant). In other words, it is
possible that the “classic” asymmetrical attraction effect manifested
itself differently in younger versus older participants. As the older L1
speakers presumably felt under greater time pressure than the younger
ones, their accuracy pattern more closely reflects the pattern that was
found in previous studies that used shorter presentation times. Indeed,
when analyzing inverse efficiency scores, we found an asymmetrical
attraction effect (greater attraction for preambles with plural attractors
than for preambles with singular attractors). This effect did not appear
to be modulated by age, supporting the notion that the attraction effect
was indeed asymmetrical across the age range investigated here, but
that it may have manifested itself differently for participants of dif-
ferent ages.

Non-native speakers

L2 speakers made more errors than L1 speakers overall, but more
importantly, their accuracy rates also showed attraction effects, a
finding in line with previous studies assessing attraction in young adult
L2 speakers (Lago & Felser, 2018; Lim & Christianson, 2015; Schlueter,
2017; Tanner et al., 2012). However, unlike the asymmetrical effect we
saw in the L1 group, the L2 group showed a highly significant sym-
metrical attraction effect, with similar numbers of attraction errors
elicited by both mismatching conditions. To the best of our knowledge,
this study is the first to examine the issue of a singular-plural attraction
asymmetry in adult L2 speakers.

One possible reason for the observed symmetrical pattern might lie
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in L2 speakers’ relatively reduced ability to quickly detect that a given
noun is plural, which may result in erroneous or underspecified en-
codings. If a subject head's number feature was not encoded properly
during processing, or if the subject head's number could not be re-
trieved from memory at the point at which the auxiliary had to be
chosen, then we might expect (i) participants to show a response bias by
defaulting to a singular auxiliary even in the presence of plural subject
heads (e.g., because singulars represent the less marked form and per-
haps also because the singular response button was controlled by the
dominant hand; see also Hammerly, Staub, & Dillon, 2019, for evidence
on how a response bias may affect the asymmetrical nature of the at-
traction effect), and (ii) auxiliary selection to be affected by the number
feature of the more recently encountered attractor noun phrase. This is
exactly the pattern that we observed in our L2 group: more incorrect
singular verb choices than incorrect plural verb choices overall, and
similar-sized attraction effects triggered by both singular and plural
attractors.

If this reasoning is along the right lines, note that the unstable en-
coding of the subject head's number feature (or failure to retrieve it) is
not specific to L2 speakers. Both participant groups made fewer errors
with singular-headed subjects, although this tendency was much
stronger for L2 (10 percentage points) than for L1 speakers (0.3 per-
centage points), as evidenced by an interaction between SuBJECT NUMBER
and LANGUAGE Group. In other words, L2 speakers were more likely to
default to a singular form than L1 speakers. Unlike what we saw in our
older L1 participants, the attraction effects seen in our L2 data did not
become asymmetrical with age; instead, the presence of either a sin-
gular or plural attractor elicited parallel numbers of errors in both
younger and older L2 speakers.

A second interesting finding is that for L2 speakers, age had an
overall positive effect on accuracy rates. That is, in contrast to the increase
in attraction errors that we observed in our older L1 speakers, our L2
speakers actually became more accurate with age. This difference is
unlikely to be attributable to age-related differences in L2 proficiency
(which did not systematically differ with age) or to differences in the
age-of-acquisition of German or age-of-arrival in Germany. Both of the
latter actually increased with increasing chronological age across par-
ticipants, and may thus have been expected to lead to worse perfor-
mance with increasing age, if anything. Instead, we argue that the in-
crease in exposure to German across our participants’ lifespans (which
for a participant in their 70s was eightfold the number of years com-
pared to a participant in their 20s) led to an increase in accuracy.

In contrast to their accuracy pattern, L2 speakers' RTs showed an
asymmetrical attraction pattern, with a larger slowdown triggered by
mismatching NPs with plural attractors than by mismatching NPs with
singular ones. This apparent discrepancy is most likely due to the fact
that our RT analyses were based on correct trials only. That is, in cases
in which L2 speakers were able to choose the correct verb form, they
showed an asymmetrical RT pattern resembling that of L1 speakers.

Importantly, and in line with the positive effect of age on accuracy
in L2, we found an inverse effect of ace on RTs; that is, older L2 speakers
actually performed faster at the task across all conditions than younger
L2 speakers. This may appear counter-intuitive at first blush, since
aging is strongly associated with slower processing in general.
However, this finding may — at least in part — be a consequence of the
inclusion of age-sensitive non-linguistic cognitive resources (PROCESSING
sPEED and INTERFERENCE CONTROL), over and above which chronological age
does not appear to be associated with significant RT increases. In an
exploratory model without any covariates, there was no effect of ace on
RTs (b = 0.0019, SE = 0.0026, t = 0.70, p = .484). This indicates that
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even when L2 speakers’ declining cognitive resources were not covaried
out (and thus can be expected to affect their RT performance), older L2
speakers were not slower in responding than their younger counter-
parts. This was in contrast to older L1 speakers, who showed a marked
age-related increase of several hundred milliseconds compared to the
younger L1 speakers. Thus, it appears that increasing chronological age
had different consequences for L1 speakers and L2 speakers, not only
for accuracy (see above) but also for RTs. We explore this further in the
next section.

L1/L2 differences in agreement processing

We observed a number of between-group differences, both in
overall performance as well as differences in attraction patterns, which
suggest L1/L2 processing differences. For one thing, L2 speakers made
more mistakes at choosing the correct verb form overall, which is in
line with previous work pointing to difficulties during non-native
agreement computation. Second, L1 and L2 speakers differed in the
nature of the attraction effect they displayed across the lifespan, with
L1 speakers showing an increasingly asymmetrical attraction effect
(more attraction errors triggered by plural than by singular attractors),
while the effect was symmetrical for L2 speakers throughout. Third, we
did not find any evidence that end-state L2 processing resembled that of
L1 speakers. While numerical differences in overall accuracy rates be-
tween L1 and L2 speakers within the oldest age bracket (aged 60+,
n = 40) were very small and indeed not significant anymore (91.6% vs.
93.9%; b = 1.2080, SE = 0.8332, z = 1.45, p = .147; see also Figs. 1b
and 4b, and Table B1 in the Appendix), the two groups showed different
accuracy patterns, with L1 speakers displaying an asymmetrical and L2
speakers displaying a symmetrical pattern (marginal interaction be-
tween SUBJECT NUMBER, MATCH, and LANGUAGE Group for the oldest group of
participants: b = —2.2750, SE = 1.3050, z = —1.74, p = .081). That
is, although L2 speakers’ processing patterns did not become fully na-
tive-like, they did show significant age-related increases in response
accuracy. Moreover, unlike what we observed in our L1 speakers, older
L2 speakers did not show any significant increases in their RTs. Indeed,
when cognitive factors such as PROCESSING SPEED and INTERFERENCE CONTROL
were statistically controlled for, L2 speakers' RTs decreased with age. In
other words, while several decades of exposure to an L2 did not “turn”
L2 speakers into native speakers, the experience that comes from being
immersed in a foreign language for longer did render their processing
faster and more accurate.

As was laid out in the Introduction, most studies on cognitive or
language processing in aging are concerned with the deterioration of
these processes. The tacit assumption in the majority of those studies
seems to be that if there are age differences in performance, they must
reflect some sort of disadvantage for older participants. Only recently
have studies begun to investigate the possibility that increasing age
comes with not just declines in various cognitive abilities, but also leads
to increases in experience and knowledge. Studies have pointed to age-
related increases in expertise in various skills, such as playing chess or a
musical instruments, where continuous and deliberate practice can
offset age-related declines (see Krampe & Charness, 2006, for a review).
But even non-specialized general cognitive abilities may show im-
provements with aging, though this area of research is still sparse. In
language specifically, vocabulary size has been shown to increase with
age (Bowles & Salthouse, 2008; Facal, Juncos-Rabadédn, Rodriguez, &
Pereiro, 2012; Verhaeghen, 2003). This increase in vocabulary is
usually argued to be the reason for older native speakers’ greater
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accuracy in lexical-decision tasks compared to younger ones (e.g.,
Cohen-Shikora & Balota, 2016; Madden, 1992; Ratcliff, Thapar, Gomez,
& McKoon, 2004; Reifegerste et al., 2017). Moreover, several studies
have reported that age-related increases in RTs for lexical tasks (e.g.,
lexical decisions) are smaller than those for non-lexical visuospatial
tasks (e.g., visual search, line discrimination). In other words, older
adults actually perform faster on language tasks than would be pre-
dicted based on their performance on visuospatial tasks (Lawrence,
Myerson, & Hale, 1998; Lima, Hale, & Myerson, 1991). These findings
point to the possibility that age-related exposure to and experience with
a language may positively affect language processing.

We suggest that in the present study, prolonged L2 use and exposure
across the lifespan led to improved agreement processing abilities in
our older L2 participants, which offset any declines in accuracy rates
and RTs they may have shown otherwise. L1 speakers, on the other
hand, did not experience any such improvements, presumably because
their performance was already at ceiling in their 20s and was thus more
affected by the negative effects of aging on language processing.

Recall that prolonged L2 experience did not result in native-like
processing, however, as might have been expected if increased L2 ex-
perience leads to greater proceduralization of grammatical processes
(Ullman, 2001, 2005, 2016). Even our oldest L2 participants showed a
symmetrical attraction effect, unlike the asymmetrical one that we
observed in our older L1 speakers.

One possible reason for this may be that even after many years of
exposure L2 speakers might not be able to create accurate or sufficiently
detailed encodings of complex subject NPs during processing. This
could either be due to a reduced ability to identify an NP's number
feature under processing pressure, as we suggested above, or because
our L2 speakers were more likely to assign a shallow or “flat” rather
than a fully-fledged hierarchical structure to the subject NP (cf.
Shallow-Structure Hypothesis; Clahsen & Felser, 2006a, 2006b, 2018;
Clahsen, Felser, Neubauer, Sato, & Silva, 2010). This would then make
it difficult to retrieve the subject head from memory when a verb form
must be chosen, with singular and plural attractors being equally likely
to be mistaken for the agreement controller. Tendencies for shallow
representations have been observed in L2 morphological processing in
both younger and older adults (Hahne, Mueller, & Clahsen, 2006;
Jacob, Fleischhauer, & Clahsen, 2013; Reifegerste et al., 2019).

Thus, it appears that chronological age affected general measures of
L2 language performance in our sentence completion task: Older L2
speakers were overall more accurate and faster than their younger
counterparts, possibly due to increased L2 experience in the older
compared to the younger adults. However, it appears that the under-
lying linguistic mechanisms at play during agreement processing (e.g.,
whether or not hierarchically structured NP representations were cre-
ated) may be less affected by age, and that older L2 speakers may have
employed the same processing mechanisms as the younger ones, despite
having had more exposure to the language. See Reifegerste et al. (2019)
for similar observations in L2 inflectional processing.

The role of cognitive factors

Both our L1 and our L2 speakers' performance was affected by
cognitive factors, albeit to different degrees. There was little evidence
that L1 speakers’ ability to process agreement correctly and efficiently
was affected by their cognitive abilities as measured by our test battery.
While we found age-related increases in the size of the attraction effect,
this could not specifically be linked to any one of the cognitive abilities
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that we assessed. What we did find was a main effect of INTERFERENCE
controL on L1 speakers' overall RTs. Given that this effect indicated that
individuals with better interference control showed faster responses
across all experimental conditions, this effect most likely reflects a
general facilitation for participants who were able to focus well on the
task at hand, rather than any effect specific to agreement attraction.

In contrast, the size of L2 speakers’ attraction effects were modu-
lated by both WM (accuracy rates) and by INTERFERENCE cONTROL (RTs). L2
speakers' WM scores were found to modulate their attraction rates:
While performance with matching NPs (singular - singular, plural -
plural) was not affected by WM scores, increasing WM scores were
associated with greater accuracy in choosing the correct verb for mis-
matching NPs (singular - plural, plural - singular). L2 speakers’ RTs
were also affected by nonverbal cognitive measures. A main effect of
general processiNG speeD yielded faster RTs across experimental condi-
tions. More interestingly, a significant interaction between INTERFERENCE
controL and matcH indicated that better INTERFERENCE CONTROL Was asso-
ciated with increased performance with mismatching (but not
matching) noun phrases. These findings support the notion that that L2
grammar processing is more cognitively demanding than L1 processing
(see, e.g., Cunnings, 2017), as we found greater modulation of perfor-
mance by specific cognitive abilities in L2 than in L1.

Limitations and future studies

While we believe that the present study examines a widely studied
grammatical phenomenon in a well-balanced and carefully controlled
sample of participants using a commonly-employed task, there are a
few limitations that may inspire future studies.

First, we used a presentation time of 500 ms for all participants in
order to account for older adults’ and L2 speakers’ slower reading times.
This might have rendered the task easier for some participant groups as
compared to others. Future studies may want to consider using adjusted
presentation rates (e.g., as a function of average accuracy during a
practice task, or based on performance speed during practice) to ac-
count for both group as well as individual differences in processing
speed.

Second, a possible alternative to comparing two different groups of
people (L1 vs. L2 speakers) would have been to test bilingual in-
dividuals in both of their languages. While we tried to control for
various cognitive background variables, any group comparison involves
the comparison of different people who may very well differ in various
ways beyond the factors that were assessed. This is of particular im-
portance given the purported positive effects of multilingualism on
cognitive health, particularly at greater age (see Introduction). Future
studies may address this possibility by comparing multilingual speakers
in both their L1 and their L2.

Third, one may argue that effects of aging only start to come into
play at a very high age (e.g., over the age of 80), as they are counter-
acted by increases in vocabulary size (in both L1 and L2 speakers;
Bowles & Salthouse, 2008; Facal et al., 2012; Keuleers, Stevens,
Mandera, & Brysbaert, 2015; Verhaeghen, 2003) before that. It is,
however, worth noting that all words used in our study were of rea-
sonably high frequency, so that they could be expected to be well-
known to all speakers. Nonetheless, future studies might want to ex-
pand the age range beyond what was tested in the present study, though
care needs to be taken that such old-old participants are still cognitively
healthy.

Fourth, as the majority of previous work examining effects of aging,
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our study design treated chronological age as a between-subject factor
and compared participants of different ages with one another. The
underlying assumption of such cross-sectional studies is that partici-
pants differ as little as possible from one another, except in their age
(and age-related changes to cognition that might be of interest).
However, there may of course have been other factors that our parti-
cipants differed on, such as motivation or type of L2 instruction, which
have been shown to affect success at language learning (Bowden,
Steinhauer, Sanz, & Ullman, 2013; Dornyei, 1998). Future studies may
want to combine cross-sectional studies with longitudinal studies to
arrive at a clearer picture of the effects of aging on sentence-processing
abilities (see Cohen-Shikora & Balota, 2016; Connor et al., 2004;
Ronnlund, Nyberg, Backman, & Nilsson, 2005, for such work on word-
finding abilities in L1).

Fifth, the type of data that was acquired in the present study lends
itself very well to approaches employing computational modeling. For
example, the drift diffusion model put forward by Ratcliff and collea-
gues has been applied to various aspects of language processing in aging
(e.g., letter discrimination, lexical decision), and has been influential in
examining the speed-accuracy trade-off and how it might be affected by
aging (Hammerly et al., 2019; Ratcliff et al., 2004; Ratcliff, 1978;
Ratcliff, Spieler, & McKoon, 2000; Ratcliff, Thapar, & McKoon, 2007).
While outside of the scope of the present study, future studies utilizing
computational modeling may help elucidate the effects of aging on
linguistic abilities further.

Lastly, we would like to point out that with 12 trials per condition,
the number of items per condition in our sentence-processing experi-
ment was on the low side. This was done largely so as to avoid effects of
fatigue in our older participants, since such effects could have con-
founded any age effects on sentence-processing abilities. However,
small item numbers pose the risk of low reliability, which is particularly
problematic if one is trying to assess the correlation between two
measures with low reliability, as is often the case in studies assessing
individual differences (Hedge, Powell, & Sumner, 2018). In the present
study, Intraclass Correlation Coefficients (ICC) indicated varied relia-
bility across the different conditions, falling on average on the lower
end of “fair” reliability (see Table B2 in the Appendix). For this reason,
caution is warranted especially when assessing the relationship be-
tween the cognitive variables (which themselves may be prone to lower
reliability than is generally assumed) and performance in the sentence-
completion task. Thus, future studies should strive to maximize the
number of items per condition (and use individual-differences tests with
high reliability), especially if they seek to correlate performance to
individual differences measures.

Conclusion

The present study assessed native and non-native agreement pro-
cessing across the lifespan. The grammatical phenomenon of interest
was susceptibility to subject-verb agreement attraction errors, assessed
using a sentence-completion task, while we also examined various
cognitive abilities that have been argued to underlie sentence proces-
sing. Our results revealed some interesting differences between native
and non-native agreement processing, both when comparing the two
groups' developmental trajectories as well as across the full age range.
First, unlike what we observed for our L1 participants, the L2 partici-
pants' performance actually improved with increasing age, providing an
additional building block to the still understudied notion that aging is
associated not just with declines, but also potentially with
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improvements. Second, it appears that even after decades of immersive
exposure to a late-learned L2, highly-proficient L2 speakers do not
behave like age-matched L1 speakers. Despite not differing in general
measures of overall language performance (e.g., accuracy rates), our
findings indicated differences in the finer-grained linguistic mechan-
isms underlying said performance, possibly because L2 speakers as-
signed shallower or less detailed structures to the subject NPs, com-
pared to L1 speakers’ more fully-fledged hierarchically-structured
representations. Third, it appears that L2 agreement processing requires
greater cognitive control of the sort assessed in the present study (e.g.,
WM, inhibitory control) than L1 processing.
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Experimental sentences (and gloss). Note that unlike in the English gloss, in the German sentences noun number is encoded not just by the noun
suffix, but also by the article. (Subject NP: singular der or das, plural die; attractor NP: singular des, plural der.)

1. Der/die Napf/Ndpfe des/der siifSen Hundes/Hunde HAT/HABEN sehr stark gerochen.
The food bowl/food bowls of the cute dog/dogs HAS/HAVE smelled very strongly.
2. Der/die Brief/ Briefe des/der diplomatischen Anwalts/ Anwdlte HAT/HABEN zu viele Fehler.
The letter/letters from the diplomatic lawyer/lawyers HAS/HAVE too many mistakes.
3. Der/die Redakteur/Redakteure des/der billigen Magazins/Magazine HAT/HABEN sehr hart gearbeitet.
The editor/editors of the cheap magazine/magazines HAS/HAVE worked very hard.
4. Der/die Ertrag/Ertrdge des/der globalen Konzerns/Konzerne HAT/HABEN die Mitarbeiter erfreut.
The revenue/revenues of the global corporation/corporations HAS/HAVE delighted the employees.
5. Das/die Ende/Enden des/der blauen Fadens/Fdden HAT/HABEN den Jungen gedrgert.

The end/ends of the blue thread/threads HAS/HAVE annoyed the boy.

6. Der/die Erfolg/Erfolge des/der bekannten Films/Filme HAT/HABEN die Kritiker iiberrascht.
The success/successes of the popular movie/movies HAS/HAVE surprised the critics.
7. Das/die Foto/Fotos des/der schonen Pferdes/Pferde HAT/HABEN zu viel gekostet.
The photo/photos of the beautiful horse/horses HAS/HAVE cost too much.
8. Der/die Plan/Pldne des/der neugierigen Detektivs/Detektive HAT/HABEN leider nicht funktioniert.
The plan/plans of the curious detective/detectives HAS/HAVE unfortunately not worked.
9. Das/die Gerdusch/Gerdusche des/der wilden Tieres/Tiere HAT/HABEN die Kinder erschreckt.
The noise/noises of the wild animal/animals HAS/HAVE startled the children.
10. Der/die Zaun/Zdune des/der griinen Gartens/Gdrten HAT/HABEN viele kleine Locher.
The fence/fences of the green garden/gardens HAS/HAVE many small holes.
11. Der/die Gewinn/Gewinne des/der erfolgreichen Betriebs/Betriebe HAT/HABEN den Chef erfreut.
The profit/profits of the successful business/businesses HAS/HAVE delighted the boss.
12. Das/die Bild/Bilder des/der teuren Bootes/Boote HAT/HABEN viele schone Farben.
The image/images of the expensive boat/boats HAS/HAVE many nice colors.
13. Der/die Angriff/Angriffe des/der vorsichtigen Feindes/Feinde HAT/HABEN alle sehr iiberrascht.
The attack/attacks of the careful enemy/enemies HAS/HAVE surprised everyone.
14. Das/die Buch/Biicher des/der beriihmten Professors/Professoren HAT/HABEN viele schone Bilder.
The book/books by the famous professor/professors HAS/HAVE many nice images.
15. Das/die Auto/Autos des/der faulen Sohnes/Séhne HAT/HABEN sehr schmutzige Scheiben.

The car/cars of the lazy son/sons HAS/HAVE very dirty windows.

16. Der/die Moderator/Moderatoren des/der langweiligen Programms/Programme HAT/HABEN gar keinen Humor.
The host/hosts of the boring show/shows HAS/HAVE absolutely no humor.

17. Der/die Roman/Romane des/der begabten Autors/Autoren HAT/HABEN viele interessierte Leser.
The novel/novels by the talented author/authors HAS/HAVE many interested readers.

18. Der/die Koch/Kéche des/der mdchtigen Konigs/Konig HAT/HABEN wohl kaum Erfahrung.
The cook/cooks of the powerful king/kings HAS/HAVE apparently little experience.
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19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Der/die Parkplatz/Parkpldtze des/der neuen Supermarkts/Supermdrkte HAT/HABEN eine hohe Schranke.
The parking lot/parking lots of the new supermarket/supermarkets HAS/HAVE a high barrier.
Der/die Stoff/Stoffe des/der modischen Hutes/Hiite HAT/HABEN mich nicht iiberzeugt.

The fabric/fabrics of the stylish hat/hats HAS/HAVE not convinced me.

Der/die Geruch/Gertiche des/der schmutzigen Stalls/Stdlle HAT/HABEN den Urlauber gestort.

The smell/smells of the dirty stable/stables HAS/HAVE disturbed the vacationer.

Das/die Problem/Probleme des/der engen Freundes/Freunde HAT/HABEN mich sehr besorgt.

The problem/problems of the close friend/friends HAS/HAVE greatly worried me.

Das/die Video/Videos des/der dlteren Mannes/Mdnner HAT/HABEN uns alle amiisiert.

The video/videos of the older man/men HAS/HAVE amused all of us.

Der/die Architekt/Architekten des/der modernen Museums/Museen HAT/HABEN viele gute Ideen.

The architect/architects of the modern museum/museums HAS/HAVE many good ideas.

Der/die Vorschlag/Vorschlédge des/der klugen Direktors/Direktoren HAT/HABEN leider niemanden interessiert.
The suggestion/suggestions by the smart manager/managers HAS/HAVE not interested anyone.
Der/die Auftritt/Auftritte des/der talentierten Chores/Chére HAT/HABEN das Publikum beeindruckt.
The performance/performances of the talented choir/choirs HAS/HAVE impressed the audience.
Das/die Spielzeug/Spielzeuge des/der kleinen Kindes/Kinder HAT/HABEN viel Freude bereitet.

The toy/toys of the small child/children HAS/HAVE made them happy.

Das/die Konzert/Konzerte des/der beliebten Tenors/Tenére HAT/HABEN alle Zuschauer begeistert.

The concert/concerts of the popular tenor/tenors HAS/HAVE excited all spectators.

Das/die Gesprich/Gesprdche des/der unerfahrenen Lehrlings/Lehrlinge HAT/HABEN fiir Arger gesorgt.
The conversation/conversations of the inexperienced trainee/trainees HAS/HAVE caused some trouble.
Der/der Kapitdn/Kapitdne des/der defekten Schiffs/Schiffe HAT/HABEN nicht viel Ahnung.

The captain/captains of the defective ship/ships HAS/HAVE no clue.

Das/die Geschenk/Geschenke des/der freundlichen Monchs/Monche HAT/HABEN uns sehr erfreut.

The gift/gifts from the friendly monk/monks HAS/HAVE delighted us a lot.

Das/Die Ergebnis/Ergebnisse des/der spannenden Spiels/Spiele HAT/HABEN alle sehr iiberrascht.

The result/results from the exciting game/games HAS/HAVE greatly surprised everybody.

Der/die Anruf/Anrufe des/der erfahrenen Arztes/Arzte HAT/HABEN den Patienten beruhigt.

The call/calls from the experienced doctor/doctors HAS/HAVE calmed the patient down.

Der/die Acker/Acker des/der fleifigen Landwirts/Landwirte HAT/HABEN viel Arbeit gemacht.

The field/fields of the hardworking farmer/farmers HAS/HAVE meant a lot of work.

Der/die Wunsch/Wiinsche des/der jungen Vaters/Viter HAT/HABEN nur selten Vorrang.

The wish/wishes of the young father/fathers HAS/HAVE only rarely priority.

Das/die Resultat/Resultate des/der wichtigen Projekts/Projekte HAT/HABEN den Forscher interessiert.
The result/results of the important project/projects HAS/HAVE interested the researcher.

Der/die Hinweis/Hinweise des/der schlauen Generals/Generdle HAT/HABEN allen sehr geholfen.

The tip/tips of the smart general/generals HAS/HAVE helped everybody a lot.

Der/die Hintergrund/Hintergriinde des/der schlimmen Mordes/Morde HAT/HABEN die Polizei verwirrt.
The background/backgrounds of the terrible murder/murders HAS/HAVE confused the police.
Das/die Gebet/Gebete des/der weisen Bischofs/Bischofe HAT/HABEN wohl nicht geholfen.

The prayer/prayers of the wise bishop/bishops HAS/HAVE apparently not helped.

Der/die Ausflug/Ausfliige des/der miiden Gastes/Gdste HAT/HABEN doch Spafs gemacht.

The excursion/excursions of the tired guest/guests HAS/HAVE been fun after all.

Der/die Bericht/Berichte des/der erfahrenen Kommissars/Kommissare HAT/HABEN die Arbeit erleichtert.
The report/reports of the experienced commissioner/commissioners HAS/HAVE facilitated the work.
Das/die Biiro/Biiros des/der ehrgeizigen Ingenieurs/Ingenieure HAT/HABEN sehr grofse Fenster.

The office/offices of the ambitious engineer/engineers HAS/HAVE very big windows.

Der/die Eingang/Eingdnge des/der grofSen Hauses/Hduser HAT/HABEN sehr grofse Tiiren.

The entrance/entrances of the big house/houses HAS/HAVE very big doors.

Der/die Klang/Kldinge des/der alten Instruments/Instrumente HAT/HABEN die Zuhorer begeistert.

The sound/sounds of the old instrument/instruments HAS/HAVE excited the listeners.

Das/die Ergebnis/Ergebnisse des/der anstrengenden Kampfes/Kdmpfe HAT/HABEN niemanden mehr iiberrascht.
The result/results of the exhausting fight/fights HAS/HAVE not surprised anyone.

Der/die Kern/Kerne des/der harten Pfirsichs/Pfirsiche HAT/HAS grofse Schmerzen verursacht.

The pit/pits of the hard peach/peaches HAS/HAVE caused a lot of pain.

Der/die Einwand/Einwdnde des/der aufmerksamen Notars/Notare HAT/HABEN den Vater verdrgert.
The objection/objections by the attentive notary/notaries HAS/HAVE angered the father.

Das/die Telefonat/Telefonate des/der netten Pastors/Pastoren HAT/HABEN alle Fragen gekldrt.

The phone call/phone calls from the nice priest/priests HAS/HAVE clarified all questions.
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Appendix B

See Fig. B1 for performance in the sentence-completion task by condition and age, including data points for each participant by condition. See
Tables B1 and B2 for descriptive performance data by age group and split-half reliability metrics.
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Fig. B1. Performance (A: L1 accuracy rates; B: L1 RTs; C: L2 accuracy rates; D: L2 RTs) in the sentence-completion task as a function of age, across conditions (lines)
and broken down by participant by condition (data points).
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Table B1
Descriptive accuracy and RT data, broken down by language group, condition, and age group (younger adults, middle-aged adults, older adults).
younger middle- older adults Average
adults aged adults
L1 Accuracy Singular- 0.983 0.992 0.975 0.983
Match (0.129) (0.091) (0.156) (0.128)
Singular- 0.970 0.957 0.882 0.937
Mismatch (0.171) (0.203) (0.324) (0.244)
Plural-Match 0.979 0.970 0.957 0.969
(0.144) (0.170) (0.203) (0.174)
Plural- 0.936 0.962 0.939 0.946
Mismatch (0.246) (0.192) (0.239) (0.227)
Average 0.967 0.970 0.939 0.959
(0.178) (0.170) (0.240) (0.199)
RTs Singular- 746 852 936 845
Match (313) (347) (415) (369)
Singular- 866 1008 1062 975
Mismatch (470) (447) (437) (459)
Plural-Match 806 833 921 852
(395) (385) (419) (402)
Plural- 839 915 1024 926
Mismatch (462) (457) (491) (475)
Average 813 901 983 0.902
(415) (416) (444) (0.297)
L2 Accuracy Singular- 0.946 0.995 0.983 0.973
Match (0.226) (0.069) (0.130) (0.162)
Singular- 0.925 0.927 0.938 0.930
Mismatch (0.264) (0.261) (0.241) (0.255)
Plural-Match 0.872 0.885 0.904 0.887
(0.335) (0.320) (0.295) (0.317)
Plural- 0.831 0.780 0.837 0.818
Mismatch (0.375) (0.415) (0.370) (0.386)
Average 0.894 0.898 0.916 898
(0.308) (0.303) (0.278) (430)
RTs Singular- 847 804 907 854
Match (455) (468) (437) (455)
Singular- 975 928 1022 977
Mismatch (546) (544) (530) (540)
Plural-Match 857 761 910 947
(610) (423) (547) (542)
Plural- 847 861 893 867
Mismatch (537) (619) (519) (555)
Average 882 838 933 887
(540) (517) (510) (524)
Table B2
Overview of split-half reliabilities (odd vs. even item numbers), calculated as Intraclass Correlation Coefficients (ICC).
L1 accuracy L2 accuracy L1 RTs L2 RTs
Singular attraction ICC = .563 ICC = .370 ICC = .404 ICC = .385
effect
Plural attraction effect ICC = .405 ICC = .381 ICC = .323 ICC = .450

Appendix C. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jm1.2019.104083.
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