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the copula group showed significant pretest-to-posttest learning. Moreover, the amount
of learning was predicted by procedural learning abilities in the copula group, but by
vocabulary size in the lexical group. The results, which are consistent with both frame-
works, show that the L2 lexicon impacts L2 grammar learning, and reveal moderating
psycholinguistic and neurocognitive variables.

Keywords incidental learning; L2 grammar; syntactic adaptation; lexical processing;
procedural memory

Introduction

Learning the grammar of a second language (L2) is difficult. Understanding
how L2 grammar learning occurs, and the variables that may influence it,
is thus important. Evidence suggests that L2 grammar learning through
naturalistic immersion often leads to target performance and neurocognitive
processing, typically more so than learning through instruction in classroom
contexts (Morgan-Short et al., 2012; Pliatsikas & Marinis, 2013). Indeed,
substantial research on implicit grammar learning as well as statistical learn-
ing has investigated how (much of) the L2 grammar can be acquired from
exposure to input without explicit instruction or attention to form (for a review,
see Williams & Rebuschat, 2023). The extent of incidental grammar learning
can be modulated by a range of variables. Previous research has found the
degree of such learning to be influenced both by learner-external variables,
such as the input frequency (e.g., Ellis, 2002) and the linguistic complexity
(e.g., Antoniou et al., 2016) of grammatical structures, and by learner-internal
variables, such as age (e.g., Abrahamsson & Hyltenstam, 2009), working
memory abilities (e.g., Juffs & Harrington, 2011), motivation (e.g., Dörnyei,
2000), first language (L1) background (e.g., Ellis & Sagarra, 2010), and
grammatical sensitivity (e.g., Robinson, 2005).

In this article, we assess whether and how characteristics of the L2 mental
lexicon affect the incidental learning of grammar. L2 speakers tend to know
fewer words in their L2 than in their L1 and to use them less often than
L1 words (e.g., “weaker links hypothesis”; Gollan et al., 2008). As a result,
lexical retrieval is slower and more effortful in a L2 than in a dominant L1
(for a review, see Tokowicz, 2014). This may have important consequences
for grammar learning, according to two distinct but complementary models
of (L2) language processing and learning, the lexical bottleneck hypothesis
(LBH; Hopp, 2018) and the declarative/procedural (DP) model (Ullman,
2020). Crucially, both models predict that slower lexical retrieval in an L2 may
curtail the incidental learning of L2 grammar.
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The LBH is a psycholinguistic model of L2 sentence processing (Hopp,
2016a, 2016b, 2018). It builds on the fact that, in real-time comprehension,
language users need to process words before they construct sentence struc-
tures. Against this backdrop, the model argues that slower lexical retrieval in
a L2 reduces the time and resources available for constructing syntactic struc-
ture in real-time L2 comprehension, as compared to L1 comprehension. As a
consequence, L2 sentence processing may be shallow in that it over-relies on
nongrammatical information. Conversely, when demands on lexical process-
ing are low or alleviated, evidence of target syntactic processing may emerge
among L2 users. In relation to learning, the LBH posits that lexical effects also
constrain incidental learning from exposure, because L2 users may not always
be able to integrate all of the morphosyntactic information on lexical items
required for building syntactic structure during sentence comprehension. Un-
der these circumstances, they may not be able to learn the L2 grammar from
the input to which they are exposed. Conversely, learners should be able to ac-
quire the L2 grammar more easily under a reduced lexical load or with greater
lexical knowledge and processing abilities.

The DP model is a neurocognitive theory of first and second language
learning (Morgan-Short & Ullman, 2023; Ullman, 2001, 2020). It posits that
language learning depends on two general-purpose learning and memory brain
systems: declarative memory, which is defined as the learning and memory
rooted in the hippocampus and other medial temporal lobe brain structures, and
procedural memory, which is defined as the learning and memory rooted in the
basal ganglia. Both systems can support aspects of grammar learning, includ-
ing in a late-learned L2. The relative reliance of grammar on each system is
predicted to vary as a function of various input conditions and other variables,
due to the different characteristics of the two systems. Of interest here, proce-
dural memory seems to be particularly well suited to learning under conditions
of incidental exposure, which is probably one reason why grammar tends to
rely particularly heavily (though not only) on procedural memory in the native
language. Importantly, procedural memory learns via prediction, with rapid
feedback being especially beneficial for learning in this system. For example,
the system can predict likely upcoming words in the input, with the subsequent
occurrence of predicted or unpredicted words constituting feedback. Learn-
ing in procedural memory should therefore be facilitated by rapidly streaming
words in the input. Importantly, Ullman (2020, p. 141) argues that the retrieval
and processing of these words should also be rapid in order for procedural
memory to evaluate whether or not they constitute a predicted word. Thus, in-
put with words involving faster retrieval and processing, such as copular verbs,
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which are very high in frequency and low in semantic complexity, may result in
more grammatical learning than input with words involving slower processing,
such as lower frequency lexical verbs. In contrast, declarative memory tends
to learn well in other conditions, including with explicit (rather than inciden-
tal) input and with slower or no feedback (rather than fast feedback), although
this system can still support some learning even under incidental conditions,
perhaps especially with slower or no feedback.

Although coming from different perspectives, the LBH and the DP model
cohere in predicting that lexical knowledge and processing can influence the in-
cidental learning of grammar. Specifically, both frameworks predict that easier
or faster lexical processing can facilitate incidental grammar learning. Against
the backdrop of these two models, this study investigates the effects of lexical
processing on incidental grammar learning by way of syntactic adaptation.

In psycholinguistics, studies on syntactic adaptation, also known as cu-
mulative priming, probe whether and how listeners and readers adjust their
sentence comprehension to changes in input statistics (for a review, see Kaan
& Chun, 2018). In this study we examined syntactic adaptation to preferences
in the structural attachment of relative clauses to complex noun phrases (e.g.,
the secretary of the professor who left early). Languages differ as to whether
speakers preferentially relate the relative clause pronoun (e.g., who) to the first
noun (the secretary: N1/high attachment) or the second noun (the professor:
N2/low attachment). For instance, native speakers of English, Norwegian, and
Swedish, among others, prefer N2 attachment, whereas speakers of most other
languages have a preference for N1 attachment (e.g., Hemforth et al., 2015).
These differences have been related to variation in grammatical structure,
such as the availability of productive genitive modification (Saxon genitives;
Frazier & Clifton, 1996), or a different ranking of grammatical processing
principles across languages (e.g., Gibson et al., 1996). To learn a L2 attach-
ment preference different from that in their L1, L2 learners would need to
revise or rerank their L1-based grammar preferences as a result of incidental
exposure to the L2. Such structural attachment preferences are well suited to
the study of incidental learning, as they are not subject to explicit instruction.
Moreover, learners do not easily become aware of grammatical preferences in
the interpretation of ambiguous sentences, since, for example, violating them
does not result in grammatical errors. As a result, even advanced adult L2
learners often do not seem to acquire the target-language attachment prefer-
ences. Some studies have found that less proficient L2 users continue to apply
L1-based attachment preferences to the L2, both during real-time processing
and in untimed sentence interpretation (e.g., Fernandez, 2003), whereas others
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have reported that L2 users do not display any attachment preferences at
all in the L2, even when L1 and L2 preferences align (Felser et al., 2003).
Nevertheless, some research suggests that L2 users can come to display target
preferences in L2 sentence processing and/or interpretation at high levels of
proficiency, suggesting that learning can indeed occur (e.g., Hopp, 2014).

Critically, such convergence on the target language appears to be modu-
lated by individual differences. One line of research on relative clause attach-
ment preferences in sentence processing has examined the effects of the lexi-
con, focusing on individual differences in the ease of lexical retrieval. For L1
German high-intermediate users of L2 English, Hopp (2014) found that lexical
processing automaticity affects online attachment preferences in eye tracking
during reading: Only participants with fast lexical processing in the L2 showed
evidence of the target (English) N2 attachment preferences with complex, that
is, nonlocally disambiguated, relative clauses. This finding suggests that slower
lexical processing holds back L2 users from computing structural attachment
preferences in real time. Similarly, Cheng et al. (2021) found effects of lexical
processing in a group of L2 English users with a variety of L1 backgrounds.
In this eye-tracking study, all L2 participants showed the English N2 attach-
ment preference in real-time comprehension, yet fast lexical decoders in the L2
could overcome reading difficulties with relative clauses showing dispreferred
N1 attachment sooner than slow lexical decoders. A L1 English group exhib-
ited similar effects, which underlines that it is a general feature of sentence pro-
cessing that several stages of lexical processing of words need to be completed
before their syntactic integration can be effected (see also Tily et al., 2010).

Turning from processing to learning, the present study asks whether
lexical variables that impact the processing of relative clauses also affect
their learning from exposure. Several studies suggest that L2 users adapt their
attachment preferences when exposed to input that biases the resolution of am-
biguous relative clauses. At a local level, L1 and L2 readers adapt their offline
attachment preferences when a preceding discourse context is biased toward
one interpretation, although only L2 groups demonstrated such adaptation
during online processing in self-paced reading tasks (e.g., Pan et al., 2015). In
structural priming studies, L2 learners also showed faster comprehension of
sentences with a low attachment preference following English prime sentences
with low attachment (e.g., Hartsuiker et al., 2016). Beatty-Martínez and
Dussias (2018) used eye tracking during reading in an intervention study
with Spanish-English bilinguals, who were tested on their attachment pref-
erences and were subsequently systematically exposed to stories containing
relative clauses resolved to the opposite attachment. Immediately after the
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intervention, participants’ attachment preferences had switched, and the
participants maintained the switched preference in a posttest 1 week later.
At a more global level, Dussias and Sagarra (2007) compared the effects of
exposure in naturalistic contexts in Spanish learners of English. In eye tracking
during reading, adult Spanish learners of English tested in Spain favored N1
attachment in Spanish, like Spanish monolinguals. However, Spanish learners
of English with more exposure, who were residents in the USA, exhibited an
English-like N2 attachment preference in reading Spanish sentences.

In sum, structural relative clause attachment preferences are generally dif-
ficult to acquire in a L2, although individual differences in lexical processing
seem to affect the degree of targetlike comprehension. Additionally, L2 users
can adapt their processing and interpretation preferences to the input in both
the short and long term. Here, bringing together research on L2 sentence pro-
cessing and syntactic adaptation, we investigate the extent to which lexical
variables modulate the learning of relative clause attachment from incidental
exposure.

The Present Study

To test the predictions of the LBH and the DP model, the present study probes
the extent to which aspects of the L2 lexicon modulate the learning of the at-
tachment preferences of relative clauses in the L2 in an incidental learning
paradigm. Our research question is: How do lexical variables affect the de-
gree of syntactic adaptation to the resolution of structurally ambiguous relative
clauses?

We examined L1 German learners of L2 English. German has an N1/high
attachment preference (e.g., der Assistent des Chefs, der im Büro war “the
assistant of the boss who was at the office” → der “who” = Assistent “assis-
tant”), whereas English has an N2/low attachment preference (e.g., Hemforth
et al., 2015). In a pretest–posttest training study, we exposed participants dur-
ing training to relative clauses that were predominantly disambiguated toward
the target English N2 attachment via subject–verb agreement marked on the
verb in the relative clause (e.g., the secretaries of the professor who is/naps in
the office).

We investigated the research question regarding lexical effects in the
learning of relative clause attachment preferences at two levels. First, at the
group level, we tested adaptation in two participant groups, who were both
exposed to the same number of sentences that contained the same grammatical
information. Crucially, between the two groups, these sentences differed in
the type of disambiguating verb. In one exposure group (the copula group),
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the lexical item encoding the cue toward the resolution of the relative clause
was a high-frequency, semantically light copular verb (be) that clearly marks
agreement via suppletive forms (is/are). In this group, the disambiguating mor-
phosyntactic information should be retrieved rapidly and should be processed
easily. In the other exposure group (the lexical group), relative clauses were
disambiguated via lower frequency lexical verbs, for which lexical retrieval is
slower and agreement is marked only by the presence or absence of suffixation
at the end of the verb (e.g., naps/nap). Thus, the design of the study allows us
to test whether two conditions that differed substantially in the ease and speed
of lexical retrieval and processing would yield differences in learning. This
proof-of-concept approach involves the intentional selection of conditions that
differ in various respects (e.g., word frequency and type, semantic weight) to
maximize these differences in lexical processing. Second, at the individual
participant level, we investigated what psycholinguistic (lexical) and neu-
rocognitive (learning and memory) variables moderate syntactic adaptation.
Specifically, we tested whether individual differences in lexical knowledge
and decoding as well as in (nonverbal) declarative and procedural learning
affected the degree of adaptation to relative clause attachment preferences. We
formulated our predictions in the context of the two models introduced earlier.

From a psycholinguistic perspective, the LBH (Hopp, 2016a, 2016b, 2018)
assumes that syntactic processing requires lexical processing to have been at
least partially completed during sentence comprehension. As a consequence,
syntactic structure building may be curtailed in L2 users with less lexical
knowledge and with slower lexical retrieval relative to L1(-dominant) users.
Consistent with this account, L2 users with smaller and “patchy” lexical knowl-
edge (e.g., Hopp, 2016a) or slower lexical access (e.g., Hopp, 2014) may fail
to show targetlike syntactic processing. Likewise, L2 users show less targetlike
syntactic processing when lexical retrieval becomes more effortful with low-
frequency words (Hopp, 2016b). The LBH makes the following predictions
about lexical effects on the learning of relative clause attachment:

1. At the group level, adaptation to the target N2 attachment preference
should differ between the copula group and the lexical group. The copula
group should show more adaptation, since the lexical items that disam-
biguate the attachment of the relative clause demand less lexical retrieval
effort than the lexical verbs in the lexical group.

2. At the individual level, and independently of between-group differences,
the degree of adaptation to the target preference should be modulated by
individual differences in lexical knowledge and/or processing between
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learners in the lexical group. In this group, demands on lexical process-
ing are high, so learners with larger lexicons and concomitant higher
lexical processing skills should be better able to extract morphosyntactic
information about grammatical structure from the lexical items on which
it is marked, leading to better learning. For learners in the copula group,
the LBH predicts that there should be no effects of lexical processing,
since demands on lexical processing are generally low with copulas.

According to the neurocognitive DP model (Ullman, 2020; see especially
pp. 139–141), lexical effects on syntactic adaptation should be moderated sub-
stantially by differences in the memory systems underlying grammatical learn-
ing. Specifically, the model makes the following predictions for the study:

1. At the group level, procedural learning is more likely in the copula
group than the lexical group, since processing the copula should yield
faster lexical feedback to signal the relative clause resolution. Therefore,
the copula group should show more adaptation than the lexical group.
In contrast, declarative memory might not contribute substantially to
syntactic adaptation in either group, for various reasons. For example,
even the lexical group is learning under incidental (rather than explicit)
conditions, which disfavors (though does not preclude) learning in
declarative memory. Moreover, learning chunks of items in declarative
memory during the exposure phase should not lead to improved perfor-
mance between pretest and posttest, since different items were used in
the exposure phase and the posttest, respectively.

2. At the individual level, and over and above group-level differences, the
degree of adaptation should be moderated by procedural rather than
declarative learning abilities in the copula group. In contrast, in the
lexical group, neither procedural nor declarative memory is expected
to substantially moderate adaptation, although both may support some
learning.

Seen in conjunction, the two models overlap in predicting group differ-
ences in syntactic adaptation. They differ in which individual differences
they expect to impact learning across the groups. Whereas the LBH predicts
that lexical variables will modulate learning in the lexical group, but not the
copula group, the DP model predicts that neurocognitively based learning
abilities will affect grammar learning differently across groups. We emphasize
that although the two models make somewhat different predictions, these
nonoverlapping predictions are not contrary to the respective other model.
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Methods

Materials and Tasks
The experimental materials consisted of ambiguous sentences in the pretest
and posttest, and unambiguous sentences in the exposure phase.1

Pretest and Posttest
For the pretest and posttest, we constructed 32 ambiguous relative clauses, as
in (1), to elicit attachment preferences in sentence interpretation. Of the 32 rel-
ative clauses, 16 had a lexical verb, as in (1a), and the other 16 had the passive
auxiliary be as the verb, as in (1b). All sentences used only past tense forms.

(1) a. Sylvia e-mailed the translator of the manager who worked in the
Pittsburgh office.
b. Lawrence disliked the nephew of the friend who was raised in the
US.

In addition, we constructed 16 control and 16 filler sentences. The control
sentences, illustrated in (2), contained instrument phrases (e.g., with the [x])
that were ambiguous in terms of their association with the referent of either
the subject (N1) or the object (N2); for example, (2) is ambiguous as to whether
the pensioner or the widower had the stick. In this way, we could test whether
the interpretation of ambiguous sentences with structures that were not in-
cluded in the exposure phase changed from pretest to posttest. The filler sen-
tences, illustrated in (3), contained temporal adverbials that were ambiguous in
terms of their association with one or the other of two actions performed by the
referent of the subject; for instance, yesterday afternoon in (3) may indicate the
timing of the florist’s action of watering the plants or of her action of putting
them into the greenhouse. See Appendix S1 in the Supporting Information on-
line for a list of all experimental, control, and filler sentences.

(2) The pensioner pointed at the widower with the stick in the middle of
the street.

(3) The florist watered the plants she put into the greenhouse yesterday
afternoon.

The sentences were visually presented to the participants. Below each
sentence, there was a relevant question asking for the participant’s interpreta-
tion. For the experimental sentences (e.g., 1a/1b), the question targeted their
relative clause attachment preference. For example, for (1a), the question was
Who worked in the Pittsburgh office?, and participants were presented with
the choice of selecting N1 (translator) or N2 (manager), presented below the
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question. The sentences were distributed across the pretest and the posttest,
with half of the sentences allocated to the pretest and the other half to the
posttest. Across four lists, we counterbalanced the order of N1 (transla-
tor/pensioner) and N2 (manager/widower) in the sentences in (1) and (2)
as well as the left–right order of the N1 and N2 answer choices for the
comprehension questions.

In order to check whether the sentences would elicit relative clause attach-
ment preferences, we piloted the pretest on a group of native English speakers
(n = 22; age range: 18–45 years). As expected, these participants showed a
strong N2 preference for the ambiguous relative clauses in (1), with a mean of
73.0% N2 choices (SD = 26.2%).

Exposure Phase
For the exposure phase, we constructed 50 pairs of experimental sentences,
illustrated in (4), with relative clauses whose attachment was disambiguated
via subject–verb agreement, marked either on the copular verb be in a subject
predicative (copula group) or on a lexical intransitive verb (lexical group). For
the lexical verbs, we chose verbs in the lower frequency range, with a mean
frequency of 11.1 per million words in the SUBTLEX-UK corpus of subtitles
(Van Heuven et al., 2014); see Appendix S2 in the Supporting Information
online for a full list of the lexical verbs. By choosing low-frequency lexical
verbs, we aimed to further maximize the differences in lexical retrieval speed
and effort between the copula group and the lexical group. Otherwise, the
sentences were identical across the groups, as illustrated in (4). Unlike in the
pretest and posttest sentences, all verbs were in the present tense, minimizing
form overlap between the verbs in the exposure phase and the test phases.

(4) John liked the secretary of the professors who are/nap in the office on
Tuesdays.

Of the 50 experimental sentence pairs, 25 were disambiguated by singular verb
agreement, and 25 were disambiguated by plural verb agreement, as in (4). Of
the 50 relative clauses, 44 (88%) were disambiguated to N2 attachment, and
six (12%) were disambiguated to N1 attachment, so as to skew the exposure to
the target preference. We chose not to present solely N2 attachment sentences,
in order to reflect the fact that both attachment options are possible in English
and to reduce the risk of participants noticing the direction of the manipulation.

In addition, we constructed three types of filler sentences. Twenty-five filler
sentences contained relative clauses with only one possible antecedent; see ex-
ample (5). Another 25 contained complex noun phrases, but no relative clauses,
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as in (6). The final set of 25 contained coordinated main clauses in which the
pronouns in the second main clause were coreferential with the two nouns in
the first main clause, as in (7).

(5) Bethany hollered at the lady who crosses the street on red every
morning.

(6) Mike forgave the drivers of the duke for forgetting to service the car
regularly.

(7) Winston looked for the physiotherapist and he found her sitting at the
desk in the office.

All 125 sentences in the exposure phase (50 experimental sentences
and 75 fillers; see Appendix S3 in the Supporting Information online) were
recorded by a female native speaker of General American English, speaking at
a moderate pace with neutral intonation. Participants listened to each sentence
individually. After the auditory presentation of each sentence, the screen
changed to display two pictures, for example, of a garden and of an office
for example (4). The participants pressed a key to select the picture that best
matched the content of the sentence they had just heard. The purpose of these
questions was twofold: (a) to ensure that the participants paid attention to the
sentences, and (b) to distract them from the actual goal of the task, that is,
grammar learning. Half of the experimental sentences and a quarter of the filler
sentences were followed by a comprehension question. For the experimental
sentences, the question targeted the interpretation of the relative clause; for the
fillers, the question targeted different aspects of the content of the sentence.

Participants
Overall, 105 L2 speakers of English (mean age = 21.8 years, SD = 2.7; 74
female, 2 nonbinary) took part in the study. The participants were randomly
assigned to the copula group or the lexical group. They were 1st-year students
at German universities in the north of Germany at the time of testing, had L2
skills of at least the B2 level of the Common European Framework of Refer-
ence for Languages (CEFR) as per the admission requirements of the degree
programs, and were strongly dominant in German as per self-report. Nine par-
ticipants were excluded from analysis because they indicated that German was
not one of their first languages (n = 6) or because they did not complete all
experiments (n = 3). After these exclusions, 48 participants remained in the
copula group and 48 in the lexical group. See Table 1 for information on age,
language background, and performance in the lexical and memory tasks for
this final set of 96 participants.
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As seen in Table 1, nonparametric Mann–Whitney tests, which were
used due to nonnormally distributed data, confirmed that the groups did not
differ significantly in their mean age, age of onset of English learning, or
length of residence in English-speaking countries (all ps > .05). For these, the
confidence intervals of the effect sizes crossed zero. Since age and length of
exposure to English showed marginally significant or significant differences
between groups, we include them as covariates in the models reported below.
We also assessed whether the groups differed in their English skills, using
self-ratings from the Language Experience and Proficiency Questionnaire
(LEAP-Q), whose criterion-based validity has been established by means of
high correlations with standardized measures of proficiency (e.g., Marian
et al., 2007). The participants rated their English proficiency across different
dimensions, that is, listening, reading, speaking, and writing. We collapsed the
scores into a global proficiency score, as shown in Table 1. The two groups
did not differ in their global proficiency in English.

Tasks Probing Individual Differences
Lexical Tasks
To assess vocabulary size, we gave all participants the Lexical Test for Ad-
vanced Learners of English (LexTALE; Lemhöfer & Broersma, 2012), an
untimed standardized 60-item vocabulary-size test for English. As seen in
Table 1, the copula and lexical groups did not differ in vocabulary size. To
assess lexical processing speed and automaticity, we also asked participants
to complete a 192-item timed lexical decision task in English. This test com-
prised all verbs used for disambiguation in the lexical group, as well as an
equal number of higher frequency verbs. Half of all items were English pseu-
dowords, derived from a different set of high- and low-frequency real words
by changing one or two letters. As a basic measure of lexical processing skill,
we computed the overall coefficient of variance (Segalowitz et al., 1998) for all
items with correct responses. Again, there was no group difference in lexical
processing automaticity; see Table 1. For the low-frequency verbs, the lexical
decision task also allowed us to confirm that the participants showed robust
knowledge of these verbs (M = 82.2%, SD = 10%).

Nonverbal Learning and Memory Tasks
Participants completed two nonverbal learning and memory tasks, one de-
signed to probe learning in declarative memory and the other designed to
probe learning in procedural memory. We used nonverbal tasks to facilitate
the interpretation of correlations with our language measures, since any such
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correlations could not be due simply to shared verbalness (Morgan-Short
et al., 2022). In all conditions of both tasks, participants were asked to respond
as quickly and accurately as possible. As seen in Table 1, the two groups did
not differ in their learning abilities in either task.

Learning in declarative memory was assessed with a nonverbal recogni-
tion memory task with incidental encoding. Recognition memory tasks are
very commonly used to probe declarative memory and are closely tied to its
medial temporal lobe substrates, as shown in both lesion and neuroimaging
studies (Eichenbaum et al., 2007; Squire et al., 2007), suggesting that the task
has high construct validity, given the neurocognitive conceptualization of this
memory system. Additionally, the task’s criterion validity is revealed by evi-
dence indicating that performance at the task correlates with that in a distinct
declarative memory task and loads on the same factor as that task in a factor
analysis (Buffington et al., 2021). Furthermore, the task minimizes the involve-
ment of functions other than declarative memory, including working memory,
recall, and phonological processing (Hedenius et al., 2013; Reifegerste et al.,
2021); thus, the task is also relatively process-pure.

Here, we summarize the task. For more details, see Hedenius et al. (2013)
and Reifegerste et al. (2021). During the incidental encoding phase, partici-
pants were asked to indicate whether each of 64 objects was real or made-up
(in an object decision task). Half the objects were real, and half were made-
up. Participants pressed one of two keys on the computer keyboard (A or L)
to indicate whether an image represented a real or made-up item. There was a
delay of 6 to 7 minutes between the encoding and recognition phases, during
which time participants completed the serial reaction time task (see just be-
low). During the recognition phase, participants were shown the same 64 real
or made-up objects from the encoding phase, together with 64 matched real or
made-up foils, and were asked to indicate via button press (A or L) whether or
not they had previously seen each item. To index individual performance on
the recognition memory task, we calculated the d′ score for each participant
from their responses in the recognition phase of the task.

We used the nonverbal serial reaction time (SRT) task to assess procedural
memory (Nissen & Bullemer, 1987; modified as in the study by Lum et al.,
2012). The SRT task is a widely used task that probes sequence learning in
procedural memory. Sequence learning in the task is closely tied to the neu-
ral substrates of procedural memory, in particular the basal ganglia, as shown
in both lesion and neuroimaging studies (Clark et al., 2014; Janacsek et al.,
2020), suggesting that the task has high validity (i.e., learning is closely tied
to the basal ganglia). Here, we summarize the task; for more details, see Lum
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et al. (2012) or Earle and Ullman (2021). Participants saw a display on the
screen in which a target stimulus (a yellow smiley face) appeared in one of
four horizontally aligned locations, which mapped onto four keys on the key-
board (S, F, J, L). They were asked to press the corresponding key as soon as
the target stimulus appeared on the screen, using the middle and index fingers
of both hands. Items remained on the screen until the correct response was
registered, followed by a 100-ms interstimulus interval. Reaction times (RTs)
for accurate responses constituted the dependent variable. After a brief prac-
tice session, participants were presented with 360 experimental trials in six
blocks of 60. In Blocks 1 and 6, the stimuli were presented in a pseudorandom
sequence. In Blocks 2–5, an identical sequence of 10 locations (1342314214,
where 1 = S, 2 = F, J = 3, and 4 = L) was repeated six times in each block.
Following Juhasz et al. (2019), we computed the sequence learning effect by
first dividing the median RT of each block by the median RT of the first pseu-
dorandom block (i.e., Block 1), and then subtracting this normalized value for
the last sequence block (i.e., Block 5) from the normalized value for the final
random block (i.e., Block 6). That is, we used the following formula: ([Block 6
median RT]/[Block 1 median RT]) − ([Block 5 median RT]/[Block 1 median
RT]).

General Procedure
Participants were tested individually in a designated laboratory after giving
informed consent to take part in the study, and they received course credit
for their participation. All experiments were programmed in Open Sesame
(Mathôt et al., 2012) and were presented via the OSWeb interface on desktop
PCs with 21-in. screens. The participants were told that they were taking
part in an experiment testing the comprehension of simple sentences. After
giving informed consent, the participants first completed the pretest. There
was no time constraint on responding in the pretest. After the pretest (ap-
proximate duration: 6 min), the participants completed the lexical decision
task (7 min), the LexTALE (the vocabulary-size task; 3 min), and a language
background questionnaire (8 min). After a short break, the participants pro-
ceeded to the exposure phase (23 min). Following the exposure phase, the
participants immediately took the posttest, which was identical in setup to
the pretest. Afterwards, the participants completed the two nonverbal learning
and memory tasks (recognition memory task: encoding: 3 min; recognition:
5 min; SRT task: 6 min). In all, each testing session took between 60 and
75 min.
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Results

All analyses were performed in R (Version 4.2.2; R Core Team, 2018). At
pretest, neither of the two participant groups showed an attachment preference
for relative clauses, with N2 choices as the referent of the relative pronoun
being statistically indistinguishable from chance for both the copula group,
M = 48.6%, SD = 25.3%; t(47) = −0.449, p = .655, d = 0.065, 95% CI
[−0.348, 0.219], and the lexical group, M = 53.0%, SD = 25.7%; t(47) =
0.963, p = .340, d = 0.139, 95% CI [−0.146, 0.423]).2 Follow-up one-sample
equivalence tests using the two one-sided tests procedure as implemented by
the TOSTER package (Lakens et al., 2017), based on a smallest effect size of
interest at d = 0.30, were significant at t(95) = −2.59, p = .006, 95% CI
[−0.466, −0.716], which indicates that the difference was equivalent to zero.

Between-Group Differences in Learning
We first assessed the groups’ comprehension accuracy for the questions that
followed the sentences in the exposure phase. For the filler sentences, accu-
racy was high, and no participant scored lower than chance (range: 55%–
95%). Mixed-effects logistic regression on accuracy for the filler sentences,
with group as a fixed effect and participant and item as random intercepts, did
not yield a significant difference in comprehension accuracy between the cop-
ula group (M = 75.6%, SD = 10.1%) and the lexical group (M = 76.6%, SD
= 8.8%; Estimate = 0.065, SE = 0.120, z = 0.539, p = .539). For the exper-
imental sentences with ambiguous relative clauses, accuracy was lower, with
participants ranging in accuracy from below chance (33.3%) to above chance
(79.2%). Here, the copula group had somewhat higher comprehension accu-
racy (M = 59.5%, SD = 8.9%) than the lexical group (M = 55.9%, SD =
8.1%; Estimate = 0.213, SE = 0.103, z = 2.069, p = .039).3

We next turn to findings relating to the key prediction about differences
between pretest and posttest, that is, evidence related to the learning of attach-
ment preferences. Table 2 lists the proportions of N2 attachment choices for
ambiguous relative clauses by test (pretest vs. posttest) and group (copula vs.
lexical). As can be seen in the table, for the copula group there was an 8.4%
increase of N2 choices for ambiguous relative clauses, owing mainly to an in-
crease in N2 choices for relative clauses with be as the verb. In contrast, the lex-
ical group showed no increase in N2 choices. Figure 1 illustrates the changes
in N2 choices from pretest to posttest by group and verb type. It shows that the
copula group consistently increased their N2 choices from pretest to posttest,
with the N2 interpretation being preferred for both verb types at posttest. In
contrast, the lexical group reduced their N2 choices somewhat. For the control

439 Language Learning 75:2, June 2025, pp. 424–457



Hopp, Reifegerste and Ullman Lexical Effects on L2 Grammar Acquisition

T
ab

le
2

P
ro

po
rt

io
n

of
N

2
ch

oi
ce

s
in

pr
et

es
ta

nd
po

st
te

st
fo

r
th

e
co

pu
la

an
d

le
xi

ca
lg

ro
up

s

P
re

te
st

Po
st

te
st

C
ha

ng
e

fr
om

pr
et

es
t

G
ro

up
Te

st
ed

it
em

s
M

(S
D

)
M

(S
D

)
to

po
st

te
st

C
op

ul
a

gr
ou

p
(n

=
48

)
A

ll
ex

pe
ri

m
en

ta
ls

en
te

nc
es

48
.6

%
(2

5.
2)

57
.0

%
(3

3.
4)

+8
.4

%
R

el
at

iv
e

cl
au

se
s

w
it

h
be

42
.5

%
(2

4.
0)

57
.8

%
(2

8.
1)

+1
5.

3%
R

el
at

iv
e

cl
au

se
s

w
it

h
le

xi
ca

lv
er

bs
54

.7
%

(2
5.

2)
56

.3
%

(3
3.

4)
+1

.6
%

C
on

tr
ol

am
bi

gu
it

y
se

nt
en

ce
s

42
.7

%
(1

7.
5)

38
.8

%
(2

0.
7)

−3
.9

%
L

ex
ic

al
gr

ou
p

(n
=

48
)

A
ll

ex
pe

ri
m

en
ta

ls
en

te
nc

es
53

.0
%

(2
5.

7)
51

.6
%

(3
0.

1)
−1

.4
%

R
el

at
iv

e
cl

au
se

s
w

it
h

be
51

.8
%

(2
2.

3)
48

.7
%

(3
0.

4)
−3

.1
%

R
el

at
iv

e
cl

au
se

s
w

it
h

le
xi

ca
lv

er
bs

54
.2

%
(2

5.
7)

54
.4

%
(3

0.
1)

+0
.2

%
C

on
tr

ol
am

bi
gu

it
y

se
nt

en
ce

s
43

.5
%

(1
8.

9)
39

.3
%

(1
7.

7)
−4

.2
%

Language Learning 75:2, June 2025, pp. 424–457 440



Hopp, Reifegerste and Ullman Lexical Effects on L2 Grammar Acquisition

Figure 1 Change in N2 choices from pretest to posttest for the copula and lexical
groups for all sentences and by verb type. Solid black lines mark mean proportion
of N2 choices at pretest, and colored bars indicate change from pretest to posttest. The
dotted line at 50% marks chance N2 choices. Error bars show standard errors of the
means.

ambiguity sentences there was actually a small decrease in N2 choices in both
groups from pretest to posttest.

To statistically assess lexical effects on learning at the group level, we fitted
a logistic mixed-effects regression model to the data, with the fixed variable test
(pretest/posttest; treatment coded with reference: pretest) and the deviation-
code variables of group (copula group, −0.5, vs. lexical group, 0.5) and verb
(be, −0.5, vs. lexical verb, 0.5). We used the buildmer function to identify the
maximal model that converged (Version 2.7; Voeten, 2020).4 Table 3 shows
the output of the omnibus model as well as the outputs of subsequent models
fitted to subsets of the data, where licensed by higher-order interactions (for
full model outputs, see Appendix S4 in the Supporting Information online).
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Table 3 Outputs of models examining effects of test (pretest/posttest), group (cop-
ula/lexical), and verb (be/lexical)

Estimate SE z p

A) Omnibus model (across both participant groups; n = 96)
Intercept 0.024 0.127 0.190 .849
Test 0.175 0.114 1.542 .123
Group 0.195 0.208 0.935 .350
Verb 0.346 0.183 1.889 .059
Test × Group −0.563 0.228 −2.475 .013
Test × Verb −0.231 0.334 −0.693 .489
Test × Group × Verb 0.878 0.327 2.684 .007
Formula: N2choice ∼ 1 + Verb + Test + Verb:Test + Group + Test:Group +
Verb:Group + Verb:Test:Group + (1 + Test | Participant) + (1 | Item)

B) Model for copula group (n = 48)
Intercept −0.072 0.159 −0.449 .653
Test 0.457 0.170 2.688 .007
Verb 0.579 0.194 2.991 .003
Test × Verb −0.670 0.323 −2.073 .038
Formula: N2choice ∼ 1 + Test + Verb + Test:Verb + (1 + Test | Participant) + (1 |
Item)

B1) Model for copula group: copular verbs only
Intercept −0.382 0.217 −1.756 .079
est 0.765 0.228 3.350 <.001
Formula N2choice ∼ 1 + Test + (1 | Participant) + (1 | Item)

B2) Model for copula group: lexical verbs only
Intercept 0.218 0.167 1.309 .191
Test 0.167 0.252 0.664 .507
Formula: N2choice ∼ 1 + Test + (1 + Test | Participant)

C) Model for lexical group (n = 48)
Intercept 0.122 0.173 0.703 .482
Test −0.104 0.152 −0.683 .494
Verb 0.110 0.244 0.450 .653
Test × Verb 0.210 0.440 0.478 .633
Formula: N2choice ∼ 1 + Verb + Test + Verb:Test + (1 + Test | Participant) + (1 |
Item)

Note. Effects in boldface are statistically significant at α = .05.

The three-way interaction between test (pretest/posttest), group (cop-
ula/lexical), and verb (be/lexical verb) in the omnibus model (Model A)
suggests that the two groups showed differences in the amount of learn-
ing between pretest and posttest as a function of the type of verb in the test
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sentences. In the follow-up model for the copula group (Model B), the analyses
revealed an interaction between test and verb, indicating that learners in this
group developed an N2 attachment preference for ambiguous relative clauses
with the verb be (see Model B1), but not for relative clauses with lexical verbs
(Model B2). In contrast, the lexical group did not show any changes in relative
clause attachment preferences from pretest to posttest (Model C).

In contrast, for the control ambiguity sentences, which were not included in
the exposure phase, there were no increases in N2 attachment between pretest
and posttest; rather, there was somewhat of a decrease (Estimate = −0.228,
SE = 0.119, z = −1.921, p = .055), suggesting that any increases in N2
attachment in the experimental sentences did not reflect a general (task) effect.
Crucially, there were no main effects of group or any interaction between test
and group (all ps > .350). Overall, then, the analysis bears out that learning
in the exposure phase was specific to relative clause attachment preferences in
the copula group for relative clauses with the verb be.

Individual Differences in Learning
Next, we investigated whether individual differences affected the extent
of adaptation to N2 attachment choices. To this end, we included three
sets of individual difference predictors in our models. First, as general pre-
dictors of L2 comprehension, we included the participants’ global proficiency
scores (Table 1) as well as their comprehension accuracy on the relative
clauses in the exposure phase. These variables reflect how well participants
understand English in general and, in particular, how well they comprehended
the sentences in the exposure phase. Second, we included predictors of lexical
knowledge and processing. Specifically, we included measures of participants’
vocabulary size (LexTALE scores) and of their general lexical processing
automaticity (i.e., lexical processing: coefficient of variance); see Table 1.
Third, as predictors of nonverbal learning and memory, we included the
scores from the recognition memory task as a measure of learning ability in
declarative memory, and the sequence learning score from the SRT task as a
measure of learning ability in procedural memory (Table 1).

To examine individual predictors of learning, we fitted a mixed-effects
logistic regression model for N2 choices, with the fixed effects of group (cop-
ula/lexical) and all of the individual difference variables as scaled and centered
fixed effects. In assessing their effects on learning, we were interested in inter-
actions with the fixed effect of test (pretest/posttest), which reflects learning.
The significant interactions with test from the maximal model identified by
the “order” function in buildmer are displayed in Table 4; for the full model
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Table 4 Significant interactions with test in the final model examining effects of indi-
vidual difference variables on learning

Estimate SE z p

Intercept 0.009 0.139 0.063 .950
Test × Group −0.413 0.169 −2.444 .015
Test × Vocabulary Size 0.333 0.107 3.115 .002
Test × Procedural Learning 0.257 0.110 2.325 .020
Test × Group ×

Comprehension Accuracy
in Exposure

−0.557 0.197 −2.827 .005

Note. All interactions are significant at α = .05. LexTALE = Lexical Test for Advanced
Learners of English.

output, including the formula, see Appendix S5 in the Supporting Information
online.

The final model yielded three significant two-way interactions between test
and other predictors: for group, vocabulary size (LexTALE), and learning abil-
ity in procedural memory (sequence learning effect); see Table 4. In addition,
there was a significant three-way interaction between test, group, and compre-
hension accuracy, that is, accuracy in answering the comprehension questions
for relative clauses in the exposure phase. In light of the three-way interaction
with group, and given our hypotheses about group differences, we examined
individual differences within the two groups by fitting linear regression mod-
els to each, using the set of predictors that had significant two-way interactions
with test in the omnibus model.

For the copula group, the only significant two-way interaction with test as
a significant predictor of learning gains was with the procedural learning mea-
sure from the SRT task (Estimate = 0.339, SE = 0.168, z = 2.02, p = .043;
Figure 2a); vocabulary size was not associated with the amount of learning
(Estimate = 0.116, SE = 0.174, z = 0.669, p = .503). For full model output,
see Appendix S5 in the Supporting Information online. Note that the interac-
tion between test and procedural learning remained significant after removal
of the participant with a high procedural learning score (far right in Figure 2a;
Estimate = 0.346, SE = 0.158, z = 2.192, p = .028; see also Appendix S6 in
the Supporting Information online).

For the lexical group, the model yielded a significant two-way interaction
with test only for the vocabulary size measure, the LexTALE score (Estimate
= 0.497, SE = 0.143, z = 3.475, p < .001; Figure 2b); procedural learning was
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Figure 2 Changes in N2 choice from pretest to posttest as predicted by procedural
learning in the copula group (a), and by vocabulary size in the lexical group (b). Error
bands show 95% confidence intervals. SRT = serial reaction time; LexTALE = Lexical
Test for Advanced Learners of English.

not associated with the degree of learning in this group (Estimate = 0.120, SE
= 0.138, z = 0.873, p = .383).5 In addition, for the lexical group, the inter-
action between test and accuracy of comprehending relative clause attachment
sentences in the exposure phase was significant (Estimate = −0.339, SE =
0.141, z = −2.399, p = .016), indicating that comprehension of the exposure
sentences modulated the pretest–posttest learning effect, in turn underscoring
the conclusion that learning indeed occurred as a consequence of being pre-
sented with the exposure sentences.

In sum, the between-group analyses revealed that only the copula
group—and not the lexical group—showed significant learning of attachment
preferences between pretest and posttest. Moreover, within the copula group,
learning appears to have been specific to relative clauses with be as the verb.
The individual difference analyses revealed that learners with better procedural
memory showed larger learning gains, but only in the copula group. Although
the lexical group did not show adaptation at the group level, learners with
larger vocabularies within this group tended to show larger learning gains.

Discussion

Lexical Effects on Grammar Learning
The present study investigated whether and how aspects of L2 lexical knowl-
edge and processing impact incidental L2 grammar learning. We examined
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whether adult German native speakers exposed to English sentences with rel-
ative clauses that are disambiguated to the target English N2 (low) attach-
ment would show syntactic adaptation to the English attachment preference
(e.g., the secretaries of the professor who is/naps in the office). In the pretest,
learners did not show any structural preferences in their interpretation of fully
ambiguous relative clauses, suggesting that prior to training they had not
learned subtle grammatical L2 preferences, even after many years of exposure.
From pretest to posttest, we found group differences in syntactic adaptation.
Specifically, learners who were exposed to relative clauses disambiguated by
copular verbs (is/are) showed significant learning of the target N2 attachment
preference, whereas learners exposed to the same sentences disambiguated by
lower frequency lexical verbs (e.g., naps/nap) did not. Moreover, learning of
the N2 preference in the copula group was limited to relative clauses with cop-
ular verbs; that is, they did not generalize to relative clauses with lexical verbs.
These findings suggest that syntactic adaptation to attachment preferences may
be lexically specific in two ways. First, only the group that received copular
verbs showed significant adaptation. Second, learners in this group appeared to
adapt predominantly to relative clauses that were disambiguated by the same
verbs that they encountered in the exposure phase.

Thus, at the group level, the study found that learners in the copula group
adapted to N2 attachment as a function of exposure. These basic learning ef-
fects are in line with prior studies on adaptation in relative clause attachment
preferences (e.g., Beatty-Martínez & Dussias, 2018). However, we observed
between- and within-group differences in syntactic adaptation. At the group
level, adaptation was only observed in the copula group. Moreover, in this
group syntactic adaptation was specific to the verb be. Hence, the learners
adapted their attachment preferences for a specific category of verbs. As noted
in the section on materials, the verbs used differed both in syntactic category
and in form between the exposure phase and the pretest/posttest. Specifically,
whereas the relative clauses in the copula group in the exposure phase were
subject predicatives in the present tense (who is/are in the office), the relative
clause verbs in the pretest and posttest also contained passive auxiliaries and
were always used in the past tense (who was/were raised in India). As a conse-
quence, the learners must have abstracted away from form-specific realizations
of the verbs in the exposure phase, in that they showed syntactic adaptation
for a verb category to attachment preferences in the posttest. However, this
abstraction did not extend further to the category of lexical verbs, for which
there was no significant change from pretest to posttest. Conversely, the lexical
group—though exposed to the same syntactic structures and sentences in the
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exposure phase—did not show significant syntactic adaptation as a group. Fur-
ther, in this group, there was no asymmetry in changes from pretest to posttest
between relative clauses with the verb be and those with lexical verbs. Thus,
unlike the copula group, the lexical group did not adapt to category-specific
instances of relative clause attachment.

This contrast indicates that the groups differed in syntactic adaptation as a
function of the type of verb. Copular and lexical verbs differ in their demands
on lexical retrieval in processing, which, in turn, affect how fast and well L2
learners can process the inflectional marking realized on them that signals
structural disambiguation. This difference may be due to a combination of
several aspects. First, the copula is of much higher frequency than lexical
verbs. Second, agreement on the copula is realized with suppletive free forms,
whereas on lexical verbs it is realized through the absence or presence of
suffixes; due to its greater salience, subject–verb agreement on copular verbs
should thus be easier to process. Third, copulas are generally shorter and
have less complex semantics than lexical verbs. As a result of these aspects,
the lexical retrieval of copulas, including the morphosyntactic information
realized on them, should be completed faster as compared to lexical verbs.
Indeed, the copula group showed somewhat higher comprehension accuracy of
the relative clauses in the exposure phase, whereas, crucially, the two groups
showed no differences in their comprehension of the filler sentences. This
asymmetry suggests that easier lexical processing of the copula facilitated
the structural disambiguation of temporarily ambiguous relative clauses in the
exposure phase. In turn, this led to greater learning of the L2 target attachment
in the copula group than the lexical group.

Beyond and over and above these group-level differences, individual dif-
ferences modulated syntactic adaptation. Importantly, they did so differently
in each group. In the copula group, learners’ procedural memory learning
scores predicted the degree of syntactic adaptation. In the lexical group, even
though the group as a whole did not show learning, learners’ vocabulary sizes
predicted syntactic adaptation. These learning effects were smaller than for
individuals in the copula group (see Figure 2). Overall, syntactic adaptation
occurred—at least to some extent—among individuals in both groups, but it
was affected by different individual-level variables. We argue that the effects
in both groups reflect effects of lexical retrieval.

On the one hand, the significant effects of vocabulary size in the lexical
group suggest that the L2 lexicon has direct effects on syntactic adaptation
in the lexical group, in that learners with larger vocabulary sizes showed more
learning of the N2 attachment preference. Learning was affected by differences
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in overall vocabulary size, rather than by differences in the comprehension of
relative clauses in the exposure phase or lexical knowledge or processing facil-
ity with the specific verbs used in the exposure phase. The finding that vocab-
ulary size rather than lexical processing facility modulated learning suggests
that incidental learning is not constrained by the specific effort of integrating
the disambiguating information into the unfolding parse. Rather, the effect of
vocabulary size indicates that learners’ overall lexical facility delimits learn-
ing. We interpret these effects to mean that learners with larger vocabularies
generally integrate words in the L2 faster and more efficiently in real-time sen-
tence comprehension. As a consequence, they are better able to extract the
morphosyntactic information marked on them. Such greater facility becomes
relevant when greater lexical retrieval effort to extract morphosyntactic infor-
mation is necessary with (lower frequency) lexical verbs. Conversely, with cop-
ular verbs, individual differences in vocabulary size do not matter, since lexical
retrieval effort is low.

On the other hand, lexical retrieval has indirect effects on syntactic adap-
tation in appearing to favor one type of neurocognitive learning system over
the other. Copular verbs can be rapidly retrieved and processed, and thus they
can yield rapid feedback for their prediction, favoring learning of attachment
preferences in procedural memory. Accordingly, we found that learners with
better procedural learning skills demonstrated greater adaptation in the copula
group. The finding that learning abilities in declarative memory did not predict
learning of attachment preferences in either the copula or lexical group is
consistent with the characteristics of the memory systems, given the incidental
learning conditions in the study (which favor procedural memory and disfavor
declarative memory) and the difficulty of learning (e.g., via chunking) attach-
ment preferences in the declarative memory system (see the Introduction).6

Theoretical Implications
The present study goes beyond previous research on the incidental learning
of L2 grammar, which has focused on how learning is affected by differences
in the amount of input for a particular structure, or in linguistic complexity
or salience between different grammatical structures (for review, see Williams
& Rebuschat, 2023). The learners in both groups in this study were exposed
to the same grammatical structure, which was presented at identical frequen-
cies. However, subtle differences in the lexical encoding of grammatical infor-
mation (copula vs. lexical verb), and their consequences for lexical retrieval
and processing, modulated whether and how much L2 learners could learn the
grammar from exposure. These effects follow from the predictions of the two
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theoretical frameworks examined here, regarding the role of lexical effects in
L2 sentence comprehension or learning.

According to the LBH, the integration of morphosyntactic detail in sen-
tence comprehension is contingent on successful lexical processing of the
items on which grammatical information is realized. As lexical retrieval sub-
serves syntactic processing, the staging of lexical decoding and syntactic struc-
ture building and resolution imposes constraints on the ability of learners to
extract grammatical information from the input during real-time comprehen-
sion. Consistent with the LBH, the between-group differences in learning and
the effects of individual differences in vocabulary size on syntactic adapta-
tion found in this study underline that the L2 lexicon not only constrains the
processing of L2 syntax (Hopp, 2018; Kaan, 2014), but also limits the learn-
ing of L2 grammar. As for individual differences in the lexical group, the
LBH would predict that lexical processing facility with the verbs carrying
the disambiguating morphosyntactic information should modulate learning,
over and above vocabulary size. It is not clear why these more specific ef-
fects did not arise. One reason may be that the lexical decision task that in-
cluded these verbs was administered before the exposure phase, which then
increased the overall frequency with which they were encountered during the
study.

The DP model predicts that both incidental learning and rapid feedback
should promote grammatical learning in procedural memory. This is consis-
tent with the findings in this incidental learning study. First, learning occurred
only in the copula group, which likely received faster feedback than the lexi-
cal group, due to faster lexical retrieval and processing of the copula than the
lexical verbs. Second, learning abilities specifically in procedural memory pre-
dicted learning of the target attachment preference specifically in the copula
group. Previous work on the role of declarative and procedural memory has
implicated declarative and/or procedural memory in L2 grammar learning as
a function of a range of variables (Morgan-Short & Ullman, 2023; Ullman,
2001, 2020; Ullman et al., 2020). However, this is the first study to examine
whether lexical variables that affect the speed of lexical retrieval and process-
ing and thus feedback for grammatical predictions indeed impact L2 incidental
grammar learning.

At a broader level, the present study demonstrates that both psycholin-
guistic and neurocognitive variables jointly modulate the incidental learning of
L2 grammar. Specifically, lower-level processes of lexical knowledge and re-
trieval interact with syntactic structure building in sentence comprehension,
on the one hand, and with the engagement of procedural learning mecha-
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nisms, on the other. By revealing these relations, this study highlights that re-
searchers need to consider how linguistic and neurocognitive processing mech-
anisms interact in sentence comprehension in order to arrive at a more com-
prehensive understanding of the scope and limits of incidental L2 grammar
learning.

Finally, we note that the overall degree of learning found in this study was
small, with no overall learning in the lexical group. Even the copula group
shifted their attachment resolution to the N2 target by only 8.4%, to 57% N2
attachment at posttest. Within this group, 22 of the 48 participants did not
show any adaptation toward N2 attachment from pretest to posttest, despite
exposure to a clear N2 attachment preference. Such variability suggests that
syntactic adaptation in comprehension, though observed in this study, may
not constitute a primary learning mechanism in the L2 acquisition of relative
clause attachment preferences (for discussion, see, e.g., Kaan & Chun, 2018).
One of the general influences mitigating adaptation—beyond the lexical ef-
fects studied here—may be that L2 learners engage less in prediction during
comprehension (e.g., Kaan, 2014). According to error-based learning accounts
of syntactic adaptation (e.g., Dell & Chang, 2014), learners adapt because they
experience prediction errors in the input. However, if L2 learners generally
rely less on predictive processing than native speakers, they are bound to expe-
rience fewer prediction errors, so that encountering changing statistics in the
input would not automatically induce a change or update in their expectations
(for discussion, see Hopp, 2021). Alternatively, the slower speed with which
L2 learners typically generate predictions (e.g., Dijkgraaf et al., 2019) may
have compromised participants’ learning from prediction error. By the time
the participants in our study had built up predictions about the resolution of
the ambiguous relative pronoun who, they might have already encountered the
disambiguating information realized on the following verb (is), so that the pre-
diction error could not register. Future studies could manipulate the distance
between the elements giving rise to the ambiguity and resolving it in order to
test this account.

Limitations and Future Research

The current study is but a first step toward assessing how lexical variables
constrain grammatical learning. As such, it has several limitations. First,
we tested attachment preferences only in offline interpretation and did not
collect any real-time data with online measures of comprehension. It may
be that learners already showed some subtle effects of adaptation during the
exposure phase that our study failed to capture. In the present study, sentences
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in the pre- and posttests were presented in written text, whereas sentences in
the exposure phase were presented auditorily. In this way, we could be sure
that any learning shown in the posttest would not just reflect modality- and
task-specific speedup or facilitation. However, it also meant we could not
tap into cumulative and gradual effects of adaptation. Future studies could
employ time-sensitive measures such as eye tracking during reading to test
the direct effects of lexical processing speed and the uptake of grammatical
information. Additionally, from pretest to posttest, we tested the learning
of grammatical preferences with globally ambiguous sentences in untimed
interpretation tasks; future studies could investigate whether learning effects
can also be detected in shifts in reading times of temporarily ambiguous
sentences. Relatedly, future studies could examine whether the observed
learning effects might also arise from one trial to the next in a priming study,
and thus disentangle immediate from cumulative learning effects (e.g., Kaan
& Chun, 2018). Conversely, studies could employ delayed posttests to assess
the retention of the learning effects found in this study.

Second, while our study was designed to emphasize differences in the
ease and speed of lexical processing by contrasting the copula and lower
frequency lexical verbs, by its nature this confounds verb frequency and
verb type. Future studies could build on our findings by comparing higher
and lower frequency lexical verbs, which could differentiate between the
effects of verb frequency and verb type. Third, we tested only one L1 group
(German). Thus, our study could not take into consideration crosslinguistic
differences in the L1–L2 overlap between lexicon, grammar, or script, which
may further affect the degree of syntactic adaptation. Finally, it would be
interesting to test whether the degree of adaptation observed here under inci-
dental learning conditions might be comparable to the effects of explicit rule
instruction.

Conclusion

In conclusion, this study finds that lexical variables impact the incidental
learning of L2 grammar during L2 sentence comprehension. More broadly,
the study shows that insights from both psycholinguistic models and neu-
rocognitive models of sentence processing and learning can explain group
and individual differences in the learning of grammar. In this respect, the
study highlights how interdisciplinary research across sentence processing
and cognitive neuroscience can elucidate L2 learning.

Final revised version accepted 19 June 2024
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Notes

1 All data, materials, and scripts are available via the Open Science Framework, at
https://osf.io/vg2yd

2 Typically, Cohen’s d effect sizes around or below 0.2 are interpreted as small
effects, those around 0.5 as moderate effects, and those around 0.8 as large effects.
If their confidence intervals cross zero, effects are statistically nonsignificant.

3 The advantage for the copula group is predicted by the assumptions of the models
that syntactic structure building is faster and more successful if lexical retrieval
demands are lower, as is the case for copular verbs versus low-frequency lexical
verbs. In other words, the group difference in their comprehension follows from the
design of the study. To assess the degree to which differences in the accurate
comprehension of the relative clauses in the exposure phase contribute to learning,
we include the comprehension score in the individual difference analyses.

4 As noted in the Methods section, we initially also added to the model the
interactions between test and age and between test and length of exposure, since the
two groups showed significant or marginally significant differences for both age and
length of exposure. However, since neither the interaction of test and age (z =
0.041, p = .967) nor the interaction of test and length of exposure (z = −0.074, p
= .941) emerged as a significant predictor, we removed them from the model to
avoid overfitting. The pattern of results for the other effects did not change between
this initial model and the omnibus model reported in Table 3.

5 We checked for collinearity of the predictors, in particular between the declarative
memory task and lexical abilities (for discussion, see, e.g., Murphy et al., 2021).
Correlations between the variables did not suggest collinearity (declarative memory
d′ score and LexTALE: r = .286; declarative memory d′ score and coefficient of
variance: r = .073). Further, in the regression models, the variance inflation factor
(VIF) as a measure of collinearity was also low (declarative memory d′ score and
LexTALE: VIF = 1.089; declarative memory d′ score and coefficient of variance:
VIF = 1.005).

6 Note that the finding that vocabulary size, but not declarative memory abilities,
predicted learning of attachment preferences in the lexical group suggests that the
actual size of the vocabulary is important, rather than the various variables that
influence vocabulary size, including not only declarative memory but also variables
such as education.
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