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A B S T R A C T

Five recall-based structural priming experiments tested the predictions about dative structural priming derived
from a new theory of structure building in sentence production. When both prime and target sentences
contained direct object filler-gap dependencies, repeating a dative verb enhanced dative priming (the lexical
boost). In contrast, the lexical boost was not observed when only target sentences contained object filler-gap
dependencies. Additionally, the lexical boost was not observed when prime and target sentences contained
object filler-gap dependencies but had mismatching tenses/aspects. In contrast, when neither prime nor target
sentences contained object filler-gap dependencies, the lexical boost was observed despite prime and target
sentences having different tenses/aspects. These findings confirm the unique set of predictions of the proposed
theory, which posits that the size of compositional units is affected by the dependency structures of sentences.
1. Introduction

Humans can generate an indefinite number of sentences by combin-
ing a finite number of linguistic units. Given this combinatorial nature
of language, understanding sentence production requires a theory of
linguistic units and combinatorial mechanisms that speakers use to
compose sentences. This article aims to advance a theory of structure
building in sentence production that is explicit about the nature of
linguistic units and combinatorial mechanisms speakers use to compose
sentences, focusing on filler-gap dependencies. Filler-gap dependencies
occur when constituents are displaced from their canonical position.
For example, in Which ball did the boy give _ to the dog?, Which ball can
be analyzed as having been displaced from the object position of the
verb give. The displaced constituent is called the filler and the original
position of the filler (represented by _) is called the gap.

In the following, I argue that filler-gap dependencies expand the
size of compositional units in sentence production. Specifically, in
sentences without object filler-gap dependencies, verbs anchor a verb
phrase (VP)-sized structural unit. In contrast, in sentences with object
filler-gap dependencies, verbs anchor a complementizer phrase (CP)-
sized structural unit, which contains functional structures above VP,
including inflectional phrase (IP) heads such as tense/aspect heads. I
will present a formal theory that instantiates this claim and presents
a simple computational model that derives empirical predictions about
structural priming, speakers’ tendency to reuse the structures they re-
cently encountered (Bock, 1986; Levelt & Kelter, 1982; Mahowald
et al., 2016; Pickering & Ferreira, 2008), and the lexical boost, the
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increase in the magnitude of structural priming due to the repetition
of the head of the primed structure (Carminati et al., 2019; Cleland
& Pickering, 2003; Kantola et al., 2023; Pickering & Branigan, 1998;
Segaert et al., 2014; van Gompel et al., 2022 among many others).
I will then present five structural priming experiments that test the
predictions of the model.

1.1. Tree-Adjoining Grammar-based model of sentence production

The theory I advance here is grounded in Tree-Adjoining Grammar
(TAG, see Frank, 2002, 2004; Joshi et al., 1975; Joshi & Schabes, 1997;
Kroch & Joshi, 1985 among others), and it builds on previous models
of sentence production based on TAG, including Ferreira (2000), Frank
(2002), Momma (2021) and Momma (2022) (see also Demberg et al.,
2013; Ferreira et al., 2004; Sturt & Lombardo, 2005 for the use of TAG
in the comprehension literature).

In TAG, complex objects with internal hierarchical structures,
known as elementary trees, are units of composition. In principle,
elementary trees can be arbitrarily large or small. However, there
must be some principled constraints on the size of elementary trees.
There are various proposals, but here I provisionally adopt the proposal
by Frank (2002), which suggests that, roughly speaking, verb-headed
elementary trees correspond to an inflectional phrase (IP) or a CP
(roughly, a clause), and noun-headed elementary trees correspond to
a determiner phrase (DP) or a prepositional phrase (PP) (cf. extended
projection; see Grimshaw, 2000).
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There are primarily two ways of combining elementary trees: substi-
ution and adjoining. Substitution replaces a non-terminal frontier node,

phrasal category node without any daughters. For example, the
lementary tree headed by the verb root chase has two non-terminal
rontier nodes, one for its subject and the other for its object. These non-
erminal frontier nodes are substitution sites, conventionally indicated
y downward arrows. For example, DP elementary trees headed by dog
nd cat can be substituted into substitution sites of the tree headed by
hase(s), as in (1), resulting in the tree shown in (2).

(1) DP

the dog

IP

DP𝑖 ↓ I’

I VP

t𝑖 V’

V

chases

DP↓

DP

the cat

Substitution

Substitution

(2) IP

DP𝑖

the dog

I’

I VP

t𝑖 V’

V

chases

DP

the cat

Next, adjoining replaces any node of an elementary tree with a
pecial type of elementary tree known as auxiliary trees. The root and

the foot nodes (one of the leaf nodes, conventionally denoted by an
asterisk) must have the same syntactic category. Adjoining creates
recursive structures. For example, adverb phrases are introduced into a
structure by adjoining, as shown in (3). Because the root node and the
foot node of auxiliary trees must have identical categories, adjoining
preserves the structure above and below the adjoining site, and it can
be applied iteratively. For example, an auxiliary tree headed by often
an be adjoined to the derived tree the dog chases the cat preserving the
tructures above and below the adjoining site as in (3). The resulting
ree is shown in (4).

(3) IP

DP𝑖

the dog

I’

I VP

t𝑖 V’

V

chases

DP

the cat

V’

AdvP

often

V’∗

Adjoining
2

r

(4) IP

DP𝑖

the dog

I’

I VP

t𝑖 V’

AdvP

often

V’

V

chases

DP

the cat

Many versions of TAG share the basic idea that syntactic depen-
dencies should be expressed locally, that is, within a single elementary
tree. Frank (2002) codified this idea as the fundamental TAG hypothesis
(see also Frank, 2004). According to the fundamental TAG hypothesis,
even unbounded filler-gap dependencies must be expressed locally
within a single elementary tree.

But how can an unbounded dependency be expressed within a
finitely-sized elementary tree? To express unbounded dependencies
within a finitely-sized elementary tree, there must be some operation
that inserts material between the filler and the gap contained in a single
elementary tree. This is exactly what adjoining can do (Frank, 2002;
Kroch & Joshi, 1985). (5) shows how adjoining inserts structures in
between the filler and the gap to create the structure shown in (6),
making initially local filler-gap dependencies long distance.1

(5) CP

DP𝑖

Who

C’

C

that/𝜙

IP

DP𝑗 ↓ I’

I VP

t𝑗 V’

V

chase

t𝑖

C’

C

does

IP

DP𝑘 ↓ I’

I VP

t𝑘 V’

V

think

C’𝑡ℎ𝑎𝑡∕𝜙 ∗

Adjoining

1 Note that in this paper I use the empty category notation to express
iller-gap dependencies, following previous TAG theories like Frank (2002)
nd Kroch and Joshi (1985), but this can be replaced by some other repre-
entational devices that encode the information necessary to relate the filler
rgument and its predicate, such as the slash feature in HPSG, Pollard and Sag
1994). As long as the filler and whatever representational device that encodes
he filler-verb relation (such as gaps) co-exist in a single elementary tree in
ompliance with the fundamental TAG hypothesis, the current theory can be
eformulated without the empty category notation.
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(6) CP

DP𝑗

Who

C’

C

does

IP

DP𝑘 ↓ I’

I VP

t𝑘 V’

V

think

C’

C

that/𝜙

IP

DP𝑖 ↓ I’

I VP

t𝑖 V’

V

chase

t𝑗

Momma (2021) suggested that there is a transparent relationship
etween TAG derivation and structure-building processes in sentence
roduction. Initial empirical support for this view comes from the
inding reported in Momma (2021) that priming speakers to use the
nglish complementizer that (Ferreira, 2003) delayed the onset of

sentence-initial filler production in sentences with cross-clausal sub-
ject filler-gap dependencies (Who does the artist believe _ chased the
allerina?). Critically, the slow-down effect is absent in sentences like
ho does the artist believe the chef chased _?, where the initial filler

corresponds to the object position of the embedded clause. This se-
lective slow-down effect presumably arises from the conflict between
the priming of the complementizer that and the constraint that the
use of that is not possible when followed by a subject gap (cf. the
omplementizer-trace constraint ; Perlmutter, 1971; Pesetsky, 2017). This
attern of results suggests that speakers must minimally know the
tructural position of the gap and the complementizer structure of the
mbedded clause already before starting to speak the sentence-initial
ho. Momma (2021) also reported a finding that suggests that speakers

elect the lexical representation of the matrix subject noun intervening
etween the filler and the gap (e.g., artist in Who does the artist believe
hased the ballerina?) relatively consistently as they speak does the. That

is, speakers grammatically encode filler-gap dependencies spanning
clauses before selecting words between the filler and the gap. This
way of structure building for sentences involving cross-clausal filler-
gap dependencies resembles how TAG derives them via adjoining. This
similarity motivates the view that there is a transparent relationship
between TAG derivation and structure building in production.

1.2. An issue with TAG-based models of production

TAG is useful for modeling production processes for sentences in-
volving cross-clausal filler-gap dependencies. However, as already dis-
cussed by Ferreira (2000), TAG-based models are not easily compatible
with the relatively uncontroversial idea that speakers construct struc-
tures in a piecemeal fashion (cf. incrementality). In many versions of
3

TAG, including Frank (2002), Kroch and Joshi (1985) and Joshi and
Schabes (1997), verbs head clause-sized structures. If elementary trees
correspond transparently to structural units in production, this means a
verb (more specifically, the lemma of the verb; cf. Kempen & Huijbers,
1983) should be selected before the subject DP can be uttered as an
integrated part of a sentence.

However, previous studies failed to support the prediction that
speakers consistently select the lemma of a verb before starting to
speak its subject. Many studies investigating the timing of verb se-
lection using extended picture-word interference (ePWI) task (Damian &
Dumay, 2007; Meyer, 1996; Schriefers et al., 1998) in English (Momma
& Ferreira, 2019; Momma et al., 2018 cf. Hwang & Kaiser, 2014),
German (Schriefers et al., 1998), Japanese (Momma et al., 2016) and
Korean (Hwang & Kaiser, 2014) suggest that speakers do not consis-
tently select the lemma of a verb before starting to speak its subjects
(see Momma & Ferreira, 2019 for an overview). This is contrary to the
prediction that speakers consistently select the lemma of a verb before
starting to speak its subject.

1.3. A revised theory of elementary trees

Given the lack of evidence to support the prediction that speakers
do not consistently select verbs before starting to speak their sub-
jects, Momma (2021) proposed a revised theory of elementary trees,
which I will more fully develop here. This theory resembles the theory
proposed by Frank (2002) but with some important differences I discuss
below.

The revised theory incorporates the idea of a functional head known
as little v (or Voice), some version of which is widely accepted in modern
yntactic theories in the generative tradition (see especially Chomsky,
995; Kratzer, 1996, 2003). Little v is a functional head that introduces
xternal arguments, which are arguments that appear outside verb
hrases and are typically agentive. If little v introduces external argu-
ents, verb roots no longer hold a thematic relationship with external

rguments. This means that a verb root and its external argument may
ot (have to) be contained within a single elementary tree. Momma
2021) proposed that verb-headed elementary trees are VP-sized, and
he functional structures above VP (IP, and if there is a need for a com-
lementizer, CP) are included in the separate elementary tree headed
y little v. These elementary trees can be composed via substitution, as
hown in (7).

(7) IP

DP𝑖 ↓ I’

I vP

t𝑖 v’

v VP↓

VP

V

chase

DP↓

Substitution

If verb-headed elementary trees are by default VP-sized, the TAG-
based model can capture ePWI results suggesting that speakers do not
consistently select verbs before starting to speak their external argu-
ments (Momma & Ferreira, 2019; Momma et al., 2016, 2018; Schriefers
et al., 1998). Because the slot for external arguments is provided by
a little v-headed elementary tree under the current proposal, external
arguments can be spoken without selecting verb roots, and in fact, any
other phonologically overt items.
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However, this proposal has an important qualification. When in-
ternal arguments (arguments that appear internal to VPs) end up
appearing outside verb phrases as a result of displacement, as in wh-
questions (Who did the dog chase _?) or passives (The cat was chased _
by the dog.), the elementary tree headed by that verb must expand to
contain the resulting filler-gap dependencies. This means that elemen-
tary trees for object wh-questions must be at least as large as CP, as in
(8). This qualification follows from the fundamental TAG hypothesis:
filler-gap dependencies cannot be contained inside a VP, meaning that
VP-sized elementary trees must expand to become CP-sized, to comply
with the fundamental TAG hypothesis.

This qualification is also psycholinguistically motivated. Many pre-
vious ePWI studies found that speakers select verb roots relatively
consistently before speaking unaccusative sentences (Momma & Fer-
reira, 2019; Momma et al., 2018), passive sentences (Momma, 2016),
and object wh questions (Momma & Yoshida, 2023). Thus, there is
convergent evidence that speakers select the lemma of a verb se-
lectively before the production of its internal argument that appears
sentence-initially. The current model straightforwardly captures the
results of these studies because internal argument slots, but not external
argument slots, are part of verb-headed elementary trees.2

(8) CP

DP𝑖 C’

C IP

I vP

DP v’

v VP

V

chased

t𝑖

Thus, under the current theory, elementary trees correspond to
inimal structures inside which all thematic and filler-gap depen-
encies are resolved. However, because filler-gap dependencies can
e arbitrarily long-distance, even minimal structures containing filler-
ap dependencies can be indefinitely large. Therefore, there must be
n independently imposed constraint on the maximum size of ele-
entary trees. Here I suggest that verb-headed elementary trees are
P- bounded, that is, they cannot grow larger than a single CP. This

2 In many theories of syntax, verb roots head-move to the little v position.
ecause verb roots and the little v are in two separate elementary trees under
he current proposal, this means that head-movement is not expressed in a
ingle elementary tree unlike in the system proposed by Frank (2002). In
his sense, the current proposal may seem to go against the spirit of the
undamental TAG hypothesis, which states that all syntactic dependencies
hould be expressed locally in a single elementary tree. However, head-
ovement is not easy to completely contain in a single elementary tree anyway

see Frank, 2002 for a discussion), and there are various reasons to believe
hat head-movement may best be treated differently from phrasal movement.
hus, here I adopt the position that head-movement is a post-compositional,
ossibly phonological, process that can span across multiple elementary trees
see Dékány, 2018 for a recent overview of the treatment of head-movement).
4

proposal can be construed as a formal version of perhaps the intuitive
idea that clauses (roughly, CPs) are units, a recurring idea in syntax
(Chomsky, 1999; Grimshaw, 2000, among many others) and production
research (Bock & Cutting, 1992; Cooper et al., 1978; Ford & Holmes,
1978; Garrett, 1975; Goldman-Eisler, 1968). This constraint forces
the system to use adjoining to construct structures with cross-clausal
filler-gap dependencies.

1.4. Deriving predictions about structural priming

To derive predictions about structural priming, Momma (2022)
implemented a simple connectionist-style model of structural decision-
making that reflects the basic assumption of the TAG-based theory
described so far. I adopt the same basic approach and extend the model
in Momma (2022) to build the current model. The current model is not
meant to cover structure building in sentence production in its entirety.
Instead, it is meant to provide a proof of concept that TAG-based theory
can capture structural priming and that stated predictions can indeed
be derived from it. The current model also should not be taken as the
uniquely correct way to implement the TAG theory presented above.
The model should be viewed more as a useful starting point.

Before introducing the details of the model, I provide a conceptual
description of the model’s general prediction that I aim to test in the
current study. The general prediction of the model is that the lexical
boost should occur selectively when prime and target sentences share
an elementary tree. Because filler-gap dependencies of certain types can
alter elementary trees under the current theory of elementary trees, this
means that the model predicts that the lexical boost can be modulated
by manipulating filler-gap dependency structures of prime and target
sentences.

There is already evidence supporting the general prediction of
the current model. Momma (2022) showed that the lexical boost to
the priming of the English complementizer that Ferreira (2003) from
repeating matrix verbs occurs when prime and target sentences both
contain a cross-clausal (object) filler-gap dependency (as in Who does
the girl think that the boy likes?), but not when only one of them
does. As explained above, because TAG derives cross-clausal filler-gap
dependency via adjoining as in (5), sentences with and without cross-
clausal filler-gap dependencies involve two distinct elementary trees
headed by think. In other words, Momma (2022) found the lexical boost
due to the repetition of elementary-tree-like units that are predicted
to exist only if the adjoining-like operation is involved in constructing
sentences with cross-clausal filler-gap dependencies. As far as I am
aware, no other theory of sentence production predicts this selective
pattern of the lexical boost.

To implement the model of dative priming, an explicit analysis
of dative structure is required. Here I adopt the analysis by Larson
(2014) (see also Bruening, 2010a; Marantz, 1993; Pylkkänen, 2008
for related proposals). This particular analysis of dative structures is
not the only theory that is compatible with the current approach. As
long as a theory posits distinct sets of functional elements between
DOs and PDs, which most relatively modern analyses do (e.g., Beck
& Johnson, 2004; Den Dikken, 1995; Harley, 1995; Pesetsky, 1995
see Harley & Miyagawa, 2018 for an overview), there is likely a
relatively straightforward way to recast the current model based on it,
although the details of the model probably must be adjusted to yield
the same quantitative predictions.

According to Larson (2014), the VP structure of DO (left) and PD
(right) constructions has the structures in (9).
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(9) VP

DP𝑖

goal

V’

V

Appl

VP

DP

theme

V’

V

give

t𝑖

VP

DP

theme

V’

V

give

PP

P

to

DP

goal

Under this analysis, the PD and DO elementary trees headed by give
re as shown in (10). The DO elementary tree is the same as the tree to
he left in (9), but the PD elementary tree does not contain the internal
tructure of the argument PP.

(10) VP

DP𝑖 ↓ V’

V

Appl

VP

DP↓ V’

V

give

t𝑖

VP

DP↓ V’

V

give

PP↓

Based on these representational assumptions, a simple model that
oes not consider filler-gap dependencies can be built first. I call this
odel the base model. A graphical representation of the base model

s shown in Fig. 1. The top layer, which I call the message layer, is
the layer that represents the message-level representation in the sense
of Levelt (1989). For current purposes, I assume this layer contains,
among other representations, lexical concepts (in the sense of Roelofs,
1992) for verbs like GIVE and SHOW and concepts associated with
the generalized thematic role GOAL or RECIPIENT (Gruber, 1965;
Jackendoff, 1985, see Levin & Rappaport Hovav, 2005 for an overview;
cf. Ziegler & Snedeker, 2018). Here, generalized thematic roles can be
conceived of as an abstract event role that is not yet bound to a specific
referent.

The message layer is connected to the layer I call the subtree layer.
In the base model, the subtree layer contains nodes of elementary trees
that are useful for discriminating between candidate elementary trees.
To discriminate between relevant dative elementary trees, this layer
should minimally contain the representations of the applicative head
(Appl), the representations of the lemmas of dative verbs (give and show
in this model), and the representation of a subtype of prepositional
phrase specifically compatible with dative verbs like give, which I label
as PP𝑔𝑜𝑎𝑙.3 Mutually exclusive nodes in this layer are connected with
symmetric inhibitory links. This inhibition mechanism is not strictly

3 Note that PP𝑔𝑜𝑎𝑙 does not refer to PPs bearing the goal role. Argument PPs
n dative sentences do not themselves bear the goal role, because the DP inside
hem, not the PPs themselves, bear the goal role (see, e.g., Neeleman, 1997).
hus, PP𝑔𝑜𝑎𝑙 refers to a sub-type of PP that is compatible with give-type verbs.
ote also that I am using the label goal here, but this label could be changed

o recipient without changing the critical predictions of the model, at least in
he context of the current study. This is an issue of how fine-grained thematic
5

oles should be, an issue that is beyond the scope of the current article (see,
Fig. 1. The base model of dative priming. Excitatory connections are drawn in solid
lines, and inhibitory connections are drawn in dotted lines.

necessary to derive the critical predictions that the current study aims
to test, but it is useful to prevent the model from misselecting non-
target elementary trees headed by wrong verbs. Additionally, it is
useful to capture the competitive nature of lemma selection (Cutting
& Ferreira, 1999).

The subtree layer is connected to the elementary tree layer. The
connections between nodes in the subtree layer and nodes in the
elementary tree layer express compositional relationships. That is, a
node in the subtree layer is connected to a node in the elementary
tree layer if and only if the elementary tree representation contains
the subtree representation as its part. To capture dative priming, we
need VP-rooted elementary trees encoding PD or DO structures for
each dative verb. To simplify, only two dative verbs, give and show are
included in this model (two verbs are necessary to model the lexical
boost to dative priming). Because each of the two verbs heads PD and
DO elementary trees, four elementary tree nodes are included in the
elementary tree layer: one encoding the DO structure and headed by
give (labeled as T1), one encoding the DO structure and headed by
how (labeled as T2), one encoding the PD structure and headed by
give (labeled as T3), and one encoding the PD structure and headed by
show. (labeled as T4).

Following Momma (2022), the current model assumes that lexi-
cally independent dative priming results from the strengthening of the
connection between the GOAL node and either the node representing
the applicative head or the node representing the PP𝑔𝑜𝑎𝑙 node in the
ub-tree layer. Thus, under the current model as well as in Momma
2022), lexically independent priming is viewed as resulting from
mplicit learning (e.g., Bock & Griffin, 2000; Chang et al., 2006). This
eans that, under the current model, lexically independent priming

s expected to be long-lasting (Bock & Griffin, 2000; Hartsuiker et al.,
008; cf. Bernolet et al., 2016). In contrast, lexically dependent dative
riming results from residual activation of an elementary tree node.
his means that the current model posits that the lexical boost involves
mechanism distinct from implicit learning, and is predicted to be

hort-lived, consistent with the results of Hartsuiker et al. (2008). Thus,
he current model is a type of dual mechanism account of structural
riming, following theories and models like (Chang et al., 2006; Pick-
ring & Ferreira, 2008; Reitter et al., 2011) among others. With these

e.g., Gruber, 1965; Jackendoff, 1985; Levin & Rappaport Hovav, 2005; Ziegler
& Snedeker, 2018).
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assumptions, the base model can capture the basic pattern of dative
priming, as already shown in the simulation results in Momma (2022).
The model can also be recycled to capture various types of structural
priming and lexical boost.

The current model leaves open the possibility that lexically indepen-
dent priming may also arise from residual activation of the applicative
head node or the PP𝑔𝑜𝑎𝑙 node. Thus, the model may predict that
he magnitude of lexically independent priming may become smaller
fter some intervening trials, contrary to the finding by Bock et al.
2007), Bock and Griffin (2000) and Hartsuiker et al. (2008). This
rediction, however, may be more consistent with Bernolet et al.
2016), which reported that the magnitude of lexically independent
riming indeed decreased after some intervening trials. However, in the
urrent implementation, I assume that residual activation of the sub-
ree level nodes is minimal for two reasons. First, the temporal window
f integration for sub-tree-level units is by definition narrower than
he temporal window of integration for elementary tree-level units.
hus, the activation of sub-tree level units involved in processing prime
entences may decay more rapidly than the activation of elementary
ree units. Even without intervening sentences between prime and
arget sentences, by the time the target sentence is produced, residual
ctivation of the sub-tree level unit from processing the prime sentence
ay be minimal. Second, under the current theory, elementary trees are
nits over which compositional operations (substitution and adjoining)
pply. This means that elementary trees but not their ingredients may
e actively maintained for processing. For these reasons, I assume no
esidual activation of sub-tree level nodes, but I leave open the possi-
ility that residual activation may contribute to lexically independent
riming under some circumstances.

The model makes three novel predictions about the lexical boost to
ative priming. As explained above, the current model suggests that
ative sentences without object filler-gap dependencies involve VP-
ized elementary trees while dative sentences with object filler-gap
ependencies involve CP-sized elementary trees. Thus, they should be
epresented separately in the elementary tree layer. Because the lexical
oost is assumed to be due to residual activation of elementary tree
epresentations under the current model, the model predicts that the
exical boost should occur only when both prime and target sentences
ontain object filler-gap dependencies or when neither does. This is the
irst unique prediction of the model.

To derive this prediction from an implemented model, the base
odel needs to be extended to include elementary trees with object

iller-gap dependencies. However, simply adding elementary trees for
entences with object filler-gap dependencies and connecting them
o appropriate subtree-level representations is not sufficient. There
ust be some mechanism that ensures the selection of an appro-
riate type of elementary tree. For example, if speakers have just
elected an elementary tree headed by little v, which combines with
VP-rooted elementary tree via substitution, they should select a VP-

ooted elementary tree next to ensure that two elementary trees can
rammatically combine. In contrast, if speakers are about to produce
wh-question, they should select a CP-rooted elementary tree with

eatures like [+Q(uestion), +wh]. That is, speakers must select an
lementary tree appropriate to the processing context.

To implement this contextual constraint on elementary tree selec-
ion, I adopt an idea that is in essence similar to the syntactic traffic
cop mechanism proposed in Dell et al. (2008), which regulates which
category of words should be selected next. Specifically, I propose that
there are nodes representing a phrasal category that regulates what
type of elementary trees should be selected next. These correspond to
root nodes of elementary trees, and I call these nodes context nodes.
For current purposes, I need two context nodes, one representing the
phrasal category VP, and the other representing CP. The VP node
inhibits all elementary trees that are not VP-rooted, and it boosts the
6

activation of all elementary trees that are VP-rooted. Similarly, the
CP[+Q, +wh] node has an inhibitory connection to all elementary trees
whose root category is different from CP[+Q, +wh], and an excitatory
connection to all elementary trees whose root category is CP[+Q, +wh].
This mechanism ensures that the production system selects the right
type of elementary tree at each processing step. The resulting model is
shown in Fig. 2.

As the simulation results in Fig. 3 show, the extended model predicts
that the lexical boost should be observed only when both prime and tar-
get sentences contain an object filler-gap dependency, or when neither
of them does. Note that verb-headed elementary trees are unaffected
by subject filler-gap dependencies because subjects, or more precisely,
external arguments, are not inside verb-headed elementary trees under
the current theory. Thus, the lexical boost should be observed between
a sentence with no filler-gap dependency and a sentence with a subject
filler-gap dependency.

The second prediction of the model can be derived from the claim
that verbs head CP-sized elementary trees in the presence of object
filler-gap dependencies. When prime and target sentences have differ-
ent tense or aspect heads, the lexical boost is predicted to be absent,
or at least weaker, but only when both prime and target sentences
contain object filler-gap dependencies. This is because the functional
head encoding tense/aspect information is part of a verb-headed ele-
mentary tree but only in the presence of object filler-gap dependencies.
This additional prediction is especially surprising given that when nei-
ther prime nor target sentences contain object filler-gap dependencies,
whether they have the same tense/aspect does not affect the lexical
boost (Pickering & Branigan, 1998). Pickering and Branigan (1998)
(Experiment 3) found that in a sentence-completion experiment, the
lexical boost was found between past tense prime sentences elicited by
fragments like The racing driver showed the torn overall... and present
ense target sentences elicited by fragments like The patient shows....

For this reason, models like (Pickering & Branigan, 1998) assume that
tense/aspect information is dissociated from the verbs’ lemma. Here
I will not simulate this prediction with the model that incorporates
elementary trees with various tenses and aspects, because how the
model should be extended further and how the prediction can be
derived is essentially the same as above.

Finally, the third prediction of the current model is that lexically in-
dependent dative priming should be observed across the board because
the applicative head or PP𝑔𝑜𝑎𝑙 nodes are involved in dative structures
regardless of the presence or absence of object filler-gap dependencies.
In other words, lexically independent dative priming is predicted to
be order-independent ; it should not be affected by whether the relative
order of theme and goal arguments is shared between prime and target
sentences (cf. Pickering et al., 2002; see General Discussion).

2. The overview of current experiments

I report five recall-based structural priming experiments with min-
imally different task structures. In all experiments, a recall-based task
is used because it is unclear how target sentences with desired prop-
erties can be elicited using, for example, picture stimuli. Recall-based
production tasks have been successfully used in a variety of sentence
production studies, including studies on structural priming (e.g., Chang
et al., 2003; Ferreira, 2003; Momma, 2022; Potter & Lombardi, 1998),
and have been shown to elicit dative priming (Ferreira, 2003 tested
dative priming in their filler sentences) and the lexical boost to the
priming of English complementizer structures (Momma, 2022). The
primary difference between Experiments 1–3 is whether prime or target
sentences contained object filler-gap dependencies. In Experiment 1,
both prime and target sentences contained object filler-gap dependen-
cies. The prediction is that there should be both lexically independent
priming and the lexical boost because elementary trees headed by da-
tive verbs are both CP-sized and thus shared between prime and target
sentences when a verb is shared. In Experiment 2, only target sen-

tences contained object filler-gap dependencies, and prime sentences
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a

Fig. 2. The extended model of dative priming. The newly added nodes and connections are drawn in red. Excitatory connections are drawn in solid lines, and inhibitory connections
re drawn in dotted lines.
Fig. 3. The results of model simulations. The panel titles indicates whether target and prime sentences contained object filler-gap dependencies (Obj. wh) or not (No obj. wh).
contained subject filler-gap dependencies. The prediction is that the
lexical boost should not be observed, because elementary trees headed
by dative verbs are distinct between sentences with and without object
filler-gap dependencies. In Experiment 3, target sentences were yes-no
questions while prime sentences were subject wh-questions, so neither
contained object filler-gap dependencies. The prediction here is that
the lexical boost should be observed despite prime and target sentences
being superficially different. Experiments 4–5 tested if the lexical boost
is affected by tense/aspect mismatch between prime and target sen-
tences. Experiment 4 tested the prediction that the lexical boost should
not be observed when prime and target sentences both contain object
filler-gap dependencies but have mismatching tense/aspect. Thus, in
Experiment 4 both prime and target sentences contained object filler-
gap dependencies but target sentences were in simple past tense while
prime sentences were in present perfect. Experiment 5 tested if the
lexical boost is insensitive to the tense/aspect mismatch when neither
prime nor target sentences contained object filler-gap dependencies.
7

The current model predicts that the lexical boost effect should
not be observed in Experiments 2 and 4. To evaluate this, analyses
directly comparing Experiment 1, Experiment 2, and Experiment 4 was
conducted. Experiment 1 provides a good baseline for both Experiments
2 and 4 because the target sentence structures are shared between
Experiments 1, 2, and 4. Thus, the current model predicts a three-
way interaction between Prime Type, Verb Type, and Experiment when
Experiments 1 and 2 are compared and when Experiments 1 and 4
are compared. These analyses are reported in the cross-experiments
analysis section below.

3. Experiment 1

Experiment 1 aimed to test if the lexical boost can be observed when
both prime and target sentences contain object filler-gap dependencies,
as in (11a) and (11b).
(11) a. Which ball did the boy give (to) the dog? [Target]
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b. Which specimen did the scientist give/ship (to) his col-
league? [Prime]

The model predicted that lexically independent priming and the lex-
ical boost should both be observed because prime and target sentences
share the same elementary tree when a verb is repeated.

3.1. Method

3.1.1. Participants
Sixty-six self-reported monolingual English speakers were recruited

using Prolific Academic. Each participant was paid five US dollars.

3.1.2. Materials
Twenty-four prime-target sentence pairs like (11a) and (11b) were

created. Those sentences were all headed by one of the twenty-four
dative verbs: bake, bring, build, buy, draw, find, get, give, hand, knit, lend,
make, offer, read, recommend, reserve, sell, send, serve, ship, show, teach,
throw, write. In experimental trials, each of these verbs was used once
in prime sentences, and once more in target sentences. In filler trials,
they were each used again once in prime sentences and once more in
target sentences. Thus, in the course of an experimental session, each
participant encountered each verb four times. The experimental items
were distributed into eight Latin Square lists. This means that across
participants, each verb was used equally often across all conditions.

There were a total of forty-eight filler sentence pairs, twenty-four of
which were structurally similar to experimental sentence pairs. In these
twenty-four filler sentences, recall cues corresponded to the second
sentences. In the remaining twenty-four filler sentences, recall cues
corresponded to the first and the second sentences equally often. Thus,
overall, participants were asked to recall the first and second sentences
equally often.

The full list of experimental and filler sentences is available in the
OSF repository (https://osf.io/5kbve/?view_only=ee8631d6bb9d4ded
982b685002bf4807).

3.1.3. Procedure
The experiment was conducted online using Penn Controller Ibex

(PCIBex; Zehr & Schwarz, 2018). Participants were first given the
following instructions before starting the experiment:

In each trial of this experiment, you will see two sentences, one at a time.
Your task is to read aloud and memorize both sentences for later recall. You
will have 5 s to read aloud and memorize each sentence. After you read and
memorize the two sentences, you will be prompted to recall one of them. The
prompt will consist of several words/phrases that appeared in one of the two
sentences. For example, if you memorized ’The boy went to the store’ and
’The dog chased the cat’, you may see ‘boy’ and ‘went’ as the prompt to
recall the sentence ’the boy went to the store.’ Please recite the sentence that
included the prompt words aloud.

Following this instruction, participants went through three practice
trials, which had the same task structure as the experimental trials.
Following the practice trials, the main experimental trials began, which
had the following sequence of events. First, a sentence (a target sen-
tence in critical trials) was presented for 5 s. After 2 s of a blank screen,
another sentence (a prime sentence in critical trials) was presented for
5 s. After another 2 s of a blank screen, recall cues were presented
on the screen, each word occupying one of the four positions on the
screen (see Fig. 4). In critical trials, recall cues consisted of a wh-phrase
with the theme role (e.g., Which ball), a subject noun head (e.g., boy),
a verb (e.g., give) and the noun head of a goal argument (e.g., dog).
The spatial positions of four cue words/phrases were random across
trials, but counter-balanced across items. Participants were given as
much time as they needed to recall the sentence, and recall cues were
kept on the screen until they pressed the space bar. Participants’ voice
responses were recorded using participants’ microphones. After a trial
8

was completed, participants pressed the ‘‘Next’’ button to move on to e
the next trial. The task structure is illustrated in Fig. 4. The experiment
lasted approximately 30 min.

3.1.4. Scoring and analysis
All audio files were first transcribed and coded for scorability and

dative structure type. Responses were considered scorable as long as
they contain dative structures (either PD or DO) with the appropriate
dative verb (which was given as part of the recall cues). When partici-
pants recited sentences more than once, only the first scorable response
was counted. Scorable responses were then coded for dative structure
type by the author who was naive as to which prime conditions each
response belonged to. Responses with the DO structure were coded as
1, and responses with the PD structure were coded as 0.

Scorable responses were analyzed statistically. All analyses were
conducted in R (R Core Team, 2020), using the brms package (Bürkner,
2018). A Bayesian hierarchical model assuming the Bernoulli distribu-
tion was constructed with dative structure choice (1 for DO, 0 for PD)
as the dependent variable, and Prime Type (DO vs. PD) and Verb Type
(Different vs. Same) as fixed effects. In addition, whether the original
target sentence contained PD or DO structures (Target Type) and its
interaction with other factors were also included as fixed effects. By-
subject and by-item random intercepts and random slopes for the Prime
Type, Verb Type, Target Type, and their interactions were included
in the random effects structure (cf. Barr et al., 2013). For the overall
analysis, Prime Type (DO vs. PD), Verb Type (Different vs. Same), and
Target Type (DO vs. PD) were coded as −0.5 and 0.5.

For all analyses, 95% credible intervals (based on percentiles) were
used to make inferences. For each model, four Monte Carlo Markov
Chains with 5000 samples were run. The first 2500 samples were
discarded as a warm-up period. All priors were normal distributions
with a mean value of 0. The variance on the prior distribution was
set to 2 for all fixed effects, and 10 for the intercept. The prior on
the correlation matrix was an LKJ regularizing prior (Lewandowski
et al., 2009) with 𝜂 = 2 (Vasishth et al., 2018). For all models reported
below, the 𝑅̂ statistic was 1.0 for all fixed effects parameters, and no
divergences were observed.

3.2. Results

1.5% of the trials (23 out of 1584 trials) were identified as non-
scorable, so they were excluded from subsequent analyses. The rates
of non-scorable responses across four conditions were as follows: DO-
Different: 1.5%; DO-Same: 0.3%, PD-Different: 2.0%; PD-Same: 2.0%.

The rate of DO production across conditions is summarized in Fig. 5.
When prime and target sentences contained different verbs, speakers
produced 13.4% more DO targets after DO primes (47.3%) than after
PD primes (33.9%). In comparison, when prime and target sentences
contained the same verb, speakers produced 26.1% more DO targets
after DO primes (54.4%) than after PD primes (26.1%). Thus, the
priming effect was 14.9% larger with verb repetition than without verb
repetition.

As can be seen in Fig. 6, there was clear evidence for the two-way
interaction between Prime Type and Verb Type (𝛽 = −1.19, 95% CrI

[−1.98,−0.49], 𝑃𝑟(𝛽 < 0) > 0.99), with no interaction with Target
Type. There was also clear evidence for the main effect of Prime Type
(𝛽 = −1.67, 95% CrI = [−2.27,−1.08], 𝑃𝑟(𝛽 < 0) > 0.99). There was
also evidence for the main effect of Target Type (𝛽 = −3.33, 95% CrI
[−4.00,−2.72], 𝑃𝑟(𝛽 < 0) > 0.99), simply suggesting that speakers had

ome memory of whether original sentences contained the PD or DO
tructure. There was also evidence for the interaction between Prime
ype and Target Type (𝛽 = 0.94, 95% CrI = [0.17, 1.72], 𝑃𝑟(𝛽 > 0) >
.99), suggesting that the priming effect was larger in the DO target
ondition. There was no clear evidence for other effects.

To test if the priming effect was present with and without verb
epetition, nested models assessing the effect of Prime Type within

ach level of Verb Type were constructed. This analysis revealed the
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https://osf.io/5kbve/?view_only=ee8631d6bb9d4ded982b685002bf4807
https://osf.io/5kbve/?view_only=ee8631d6bb9d4ded982b685002bf4807
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Fig. 4. A schematic illustration of the task.
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effect of Prime Type without verb repetition (𝛽 = −1.01, 95% CrI
= [−1.67,−0.37], 𝑃𝑟(𝛽 < 0) > 0.99) and with verb repetition (𝛽 = −2.17,
95% CrI = [−2.85,−1.54], 𝑃𝑟(𝛽 < 0) > 0.99). Thus, dative priming
was observed regardless of whether verbs were repeated, though it was
stronger with verb repetition.

3.3. Discussion

In Experiment 1, lexically independent dative priming was observed
despite PD and DO sentences having the same relative order between
goal and theme arguments, suggesting that dative priming is unlikely
to reflect the priming of order-specific representations of DO or PD
structures (cf. Pickering et al., 2002; see General Discussion).

In addition, Experiment 1 established that the lexical boost can be
observed in the current task context with the current set of stimuli.

4. Experiment 2

Experiment 1 showed that dative priming is lexically boosted when
both prime and target sentences contained object filler-gap dependen-
cies. Experiment 2 tests the critical prediction that the lexical boost
should disappear when only target sentences contain object filler-gap
dependencies. To test this prediction, target and prime sentences like
the following were used in Experiment 2.

(12) a. Which ball did the boy give (to) the dog? [Target]
b. Which scientist gave/shipped the colleague the specimen/th

specimen to the colleague? [Prime]

Target sentences like (12a) were identical to those in Experiment 1.
(12b) is a wh-question, but the wh-phrase is associated with the subject
position, not the object position. Thus, the model predicts that prime
sentences like (12b) do not elicit the lexical boost to dative priming.
9

4.1. Method

4.1.1. Participants
Eighty self-reported monolingual English speakers were recruited

using Prolific Academic. Each participant was paid five US dollars. One
participant was replaced because they did not follow the instruction.

4.1.2. Materials
As discussed above, prime sentences contained subject filler-gap

dependencies, but they were otherwise maximally similar to those
used in Experiment 1 (e.g., Which specimen did the scientist give to
the colleague? was changed to Which scientist gave the specimen to the
colleague?). Target sentences were identical to those used in Experiment
1.

Filler sentence pairs were maximally similar to those in Experiment
1. The primary difference was that the filler sentence pairs that were
similar to experimental sentence pairs were modified in the same way
as critical sentence pairs. That is, in twenty-four filler sentence pairs,
the second sentences were changed to subject wh-questions similar to
(12b).

4.1.3. Procedures, scoring and analysis
The same procedures, scoring criteria, and analysis methods were

used as in Experiment 1.

4.2. Results

3.7% of the trials (71 out of 1920 trials) were identified as non-
scorable, and they were excluded from subsequent analyses. The rates
of non-scorable responses across the four conditions were as follows:
DO-Different: 2.0%; DO-Same: 4.6%, PD-Different: 4.0%; PD-Same:
3.8%.
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Fig. 5. Percentage of DO production by condition in Experiment 1.
Fig. 6. Fixed-effect estimates of the Bayesian hierarchical model in Experiment 1. Error bars represents 95% credible intervals.
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The rate of DO production by condition is summarized in Fig. 7.
hen prime and target sentences contained different verbs, speakers

roduced 16.4% more DO targets after DO primes (54.6%) than after
D primes (38.1%). In comparison, when prime and target sentences
ontained the same verb, speakers produced 16.8% more DO targets
fter DO primes (52.3%) than after PD primes (35.5%). Thus, the
riming effect was 0.4% larger with verb repetition than without verb
epetition.

Fig. 8 shows the results of a Bayesian hierarchical model analysis.
here was no evidence for the two-way interaction between Prime Type
nd Verb Type nor evidence for the three-way interaction between
rime Type, Verb Type, and Target Type. However, there was clear
vidence for the main effect of Prime Type (𝛽 = −1.25, 95% CrI =
10

o

[−1.91,−0.60], 𝑃𝑟(𝛽 < 0) > 0.99) and for the main effect of Target Type
(𝛽 = −3.33, 95% CrI = [−3.85,−2.84], 𝑃𝑟(𝛽 < 0) > 0.99). Additionally,
here was evidence for the interaction effect between Prime Type and
arget Type (𝛽 = 0.98, 95% CrI = [0.30, 1.67], 𝑃𝑟(𝛽 > 0) > 0.99),
uggesting that the priming effect was larger in the DO target condition.
here was no clear evidence for other effects.

To test if the priming effect was present with and without verb
epetition, nested models assessing the effect of Prime Type within
ach level of Verb Type were constructed. This analysis revealed the
ffect of Prime Type without verb repetition (𝛽 = −1.11, 95% CrI
[−1.77,−0.47], 𝑃𝑟(𝛽 < 0) > 0.99) and with verb repetition (𝛽 = −1.13,

5% CrI = [−1.78,−0.48], 𝑃𝑟(𝛽 < 0) > 0.99). Thus, dative priming was
bserved regardless of whether verbs were repeated.
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Fig. 7. Percentage of DO production by condition in Experiment 2.
Fig. 8. Fixed-effect estimates of the Bayesian hierarchical model in Experiment 2. Error bars represents 95% credible intervals.
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.3. Discussion

In Experiment 2, lexically independent dative priming was ob-
erved, as in Experiment 1. However, unlike in Experiment 1, the lexical
oost was not observed. This confirms the prediction of the current
odel.

Like Experiment 1, Experiment 2 suggests that dative priming is
ot reducible to the priming of constituent order. In Experiment 2,
rime sentences had theme-goal order in the PD prime condition and
oal-theme order in the DO prime condition. Target sentences always
ad theme-goal order. Thus, if lexically independent dative priming is
educible to the priming of constituent ordering, lexically independent
ative priming is not expected in Experiment 2, contrary to the results.
11

s

One potential concern is that the lexical boost may be conditioned
y a superficial structural similarity between prime and target sen-
ences. Due to the very nature of the critical manipulation, prime
nd target sentences in Experiment 1 were more structurally similar
o each other than those in Experiment 2, in the sense that they
hare the same filler-gap dependency structure. This difference might
ave caused the selective pattern of the lexical boost. Experiment 3
valuates this possibility by testing prime and target sentences that are
tructurally dissimilar but by the current hypothesis share the same
P-sized elementary trees.

. Experiment 3

Experiment 3 tested the possibility that the lexical boost was ob-
erved only in Experiment 1 because the structures of prime and target
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sentences were more similar in Experiment 1 than in Experiment 2. To
test this possibility, target sentences like the following were used in
Experiment 3.

(13) a. Did the boy give the ball to the dog in the backyard/the
dog the ball in the backyard? [Target]

b. Which scientist gave/shipped the colleague the specimen/th
specimen to the colleague? [Prime]

Prime sentences like (13b) were identical to those in Experiment 2.
Target sentences like (13a) were yes-no questions, and they did not
involve wh-phrases. Thus, neither the prime or the target sentences
contained object filler-gap dependencies. If the surface similarity be-
tween the prime and target drove the lexical boost in Experiment 1,
there should be no lexical boost in Experiment 3. In comparison, the
current model predicts the lexical boost in Experiment 3, because the
elementary tree is shared between prime and target sentences when
verbs are repeated.

In Experiment 3, unlike in Experiments 1 and 2, each target sentence
contained adjunct phrases in the sentence-final position (e.g., in the
ackyard). This is because, in a pilot study, it was found that speakers
ere too accurate in remembering the original structure of sentences
resumably because (a) sentences are not as complex (due to the
ack of filler-gap dependencies in Experiment 3) and (b) target PDs
nd DOs were more surface-distinct from each other in Experiment 3
han in Experiments 1 and 2. In Experiments 1 and 2, the difference
etween PD and DO was simply the presence or absence of to, while
n Experiment 3, the differences were both the presence or absence
f to and the relative order of theme and goal arguments. The worry
as that priming effects would be hard to detect because speakers
ould produce the original sentence structures accurately too often.
o increase the chance of speakers using structures different from the
riginal sentences, target sentences in Experiment 3 contained adjunct
hrases, which increased the complexity of target sentences and hence
he difficulty of accurately remembering the original target sentences.

.1. Method

.1.1. Participants
Eighty self-reported monolingual English speakers participated in

xperiment 3. Each participant was paid five US dollars.

.1.2. Materials
Target sentences like (13a) were created by modifying the target

entences used in Experiments 1 and 2. All content words were iden-
ical, and the only difference was that target sentences in Experiments
and 2 were wh-questions, whereas target sentences in Experiment 3
ere yes-no questions. Prime sentences were identical to those used in
xperiments 1 and 2.

Filler sentence pairs were maximally similar to those in Experiment
. The primary difference was that the filler sentences that were
tructurally similar to experimental sentence pairs were modified in
he same way as critical sentence pairs. That is, in twenty-four filler
entence pairs, the second sentences were changed to yes-no questions
imilar to (13a).

Recall cues were also modified to reflect the change in target
entences. In Experiment 3, recall cues consisted of a subject noun
hrase preceded by Did (e.g., Did the boy), a verb (e.g., give), the noun
ead of a theme argument (e.g., ball) and the noun head of a goal
rgument (e.g., dog).

.1.3. Procedures, scoring and analysis
The same procedures, scoring criteria, and analysis methods were
12

sed as in Experiments 1 and 2. d
.2. Results

3.5% of the trials (68 out of 1920 trials) were identified as non-
corable, so they were excluded from subsequent analyses. The rates
f non-scorable responses across the four conditions were as follows:
O-Different: 3.5%; DO-Same: 3.9%, PD-Different: 4.2%; PD-Same:
.5%.

The rate of DO production in each condition is summarized in Fig. 9.
ig. 10 shows the fixed-effects estimates of the Bayesian hierarchical
odel. When prime and target sentences contained different verbs,

peakers produced 10.3% more DO targets after DO primes (55.7%)
han after PD primes (45.4%). In comparison, when prime and target
entences contained the same verb, speakers produced 21.4% more DO
argets after DO primes (61.4%) than after PD primes (40.0%). Thus,
he priming effect was 11.1% larger with verb repetition than without
erb repetition.

As can be seen in Fig. 10, there was evidence for the two-way
nteraction between Prime Type and Verb Type (𝛽 = −0.70, 95% CrI
[−1.29,−0.12], 𝑃𝑟(𝛽 < 0) > 0.99), with no interaction with Target

ype. There was also clear evidence for the main effect of Prime Type
𝛽 = −1.05, 95% CrI = [−1.45,−0.66], 𝑃𝑟(𝛽 < 0) > 0.99). In addition,
he main effect of Target Type was clearly present (𝛽 = −2.48, 95% CrI
[−2.99,−2.00], 𝑃𝑟(𝛽 < 0) > 0.99). There was no clear evidence for

ther effects.
To test if the priming effect was present with and without verb

epetition, nested models assessing the effect of Prime Type within
ach level of Verb Type were constructed. This analysis revealed the
ffect of Prime Type without verb repetition (𝛽 = −0.67, 95% CrI
[−1.12,−0.21], 𝑃𝑟(𝛽 < 0) > 0.99) and with verb repetition (𝛽 = −1.35,

5% CrI = [−1.83,−0.89], 𝑃𝑟(𝛽 < 0) > 0.99). Thus, dative priming
as observed regardless of whether verbs were repeated, though it was

tronger with verb repetition.

.3. Discussion

Experiment 3 showed that the lexical boost to dative priming was
bserved despite target sentences being yes-no questions (e.g., Did
he boy give the dog the ball/the ball to the dog?) and prime sentences
eing subject wh-questions (e.g., which scientist gave the colleague the
pecimen/the specimen to the colleague?). This addresses the potential
oncern that the selective lexical boost was due to prime and target
entences being more structurally similar in Experiment 1 than in
xperiment 2.

In addition, in Experiment 3, the lexical boost was observed despite
he dative verbs of prime and target sentences having different inflec-
ional forms. In prime sentences, dative verbs were in the past tense
orm (e.g., gave) while in target sentences they were in the bare form
e.g., give). Thus, the absence of the lexical boost in Experiment 2 is
nlikely to be due to the difference in the inflectional form of dative
erbs between prime and target sentences.

. Experiment 4

In Experiments 1–3, the lexical boost was observed selectively when
oth prime and target sentences contained object filler-gap depen-
encies (Experiment 1) or when neither of them did (Experiment 3),
onfirming one of the predictions of the current model. This predic-
ion derives mainly from the claim that object filler-gap dependencies
hange the size of verb-headed elementary trees from VP to CP. One
ore prediction follows from the same claim; when prime and target

entences both contain object filler-gap dependencies but have different
nflectional heads, the lexical boost should disappear. For example, the
exical boost is expected to be absent between present perfect sentences
nd past tense sentences if both sentences contain object filler-gap

ependencies. Experiment 4 aims to test this prediction, using present



Cognition 240 (2023) 105577S. Momma

p
a

6

6

w
U
i

Fig. 9. Percentage of DO production by condition in Experiment 3.
Fig. 10. Fixed-effect estimates of the Bayesian hierarchical model in Experiment 3. Error bars represents 95% credible intervals.
erfect sentences as primes, like (14b). Target sentences were the same
s in Experiment 1, an example of which is repeated here in (14a).

(14) a. Which ball did the boy give (to) the dog? [Target]

b. Which specimen has the scientist given/shipped (to) his
colleague? [Prime]

.1. Method

.1.1. Participants
A hundred and thirty-six self-reported monolingual English speakers

ere recruited using Prolific Academic. Each participant was paid five
S dollars. Two participants were replaced because they did not follow

nstructions.
13
6.1.2. Materials
Thirty-six prime-target sentence pairs, such as (14b) and (14a), were

created for Experiment 4. Among them, twenty-four pairs were taken
from Experiment 1 with minimal modifications to the prime sentences.
In Experiment 3, the prime sentences were in the past tense, but in
Experiment 4, they were in the present perfect aspect. For example,
the sentence Which specimen did the scientist give/ship (to) his colleague?
was changed to Which specimen has the scientist given/shipped (to) his
colleague?). The target sentences of these twenty-four pairs remained
the same as in Experiment 1.

The remaining twelve experimental sentence pairs were modified
versions of filler sentence pairs from Experiment 1. Because these
twelve filler sentence pairs from Experiment 1 were used as experi-
mental sentence pairs, in Experiment 4, there were twelve fewer filler
items. This decision was made to increase the statistical power without
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increasing the duration of the experimental sessions. The remaining
thirty-six filler sentence pairs were identical to those in Experiment 1.

Recall cues were nearly identical to those in Experiment 1, except
that they now included did after which NP. For example, in Experiment
1 (and in Experiment 2), recall cues included a fragment like which
ball, which was changed to which ball did. This change was introduced
to strongly encourage participants to use the past tense for target
sentences in experimental trials.

6.1.3. Procedure, scoring and analysis
The same scoring criteria and analysis methods were used as in

Experiment 3.
The procedure for Experiment 4 was nearly identical to that of

Experiments 1–3, with the exception that participants were no longer
required to spend 5 s memorizing each sentence. Instead, the task was
self-paced. This change was implemented to shorten the time it took
for participants to complete the experiment.

Also, in Experiment 4 (and in Experiment 5), when participants
used a non-target tense/aspect, their responses were counted as non-
scorable. As noted above, participants were given recall cues that
included the target tense in Experiments 4 and 5.

6.2. Results

A total of 2.9% of trials (126 out of 4352 trials) were deemed non-
scorable, and they were excluded from subsequent analyses. The rates
of non-scorable responses across the four conditions were as follows:
DO-Different: 2.3%; DO-Same: 3.9%, PD-Different: 2.6%; PD-Same:
2.9%.

The rate of DO production in each condition is summarized in
Fig. 11. Fig. 12 shows the fixed-effects estimates of the Bayesian hier-
archical model. When prime and target sentences contained different
verbs, speakers produced 18.2% more DO targets after DO primes
(54.5%) than after PD primes (36.3%). In comparison, when prime and
target sentences contained the same verb, speakers produced 20.1%
more DO targets after DO primes (51.2%) than after PD primes (31.1%).
Thus, the priming effect was 1.9% larger with verb repetition than
without verb repetition.

As shown in Fig. 12, there was no evidence for the two-way interac-
tion between Prime Type and Verb Type nor evidence for the three-way
interaction between Prime Type, Verb Type, and Target Type. There
was clear evidence for the main effect of Prime Type (𝛽 = −1.30, 95%
CrI = [−1.71,−0.91], 𝑃𝑟(𝛽 < 0) > 0.99). There was also evidence for
he main effect of Target Type (𝛽 = −2.61, 95% CrI = [−3.02,−2.23],
𝑃𝑟(𝛽 < 0) > 0.99) and the interaction between Prime Type and Target
Type (𝛽 = 0.61, 95% CrI = [0.18, 1.05], 𝑃𝑟(𝛽 > 0) > 0.99). There was no
clear evidence for other effects.

To test if the priming effect was present with and without verb
repetition, nested models were constructed to assess the effect of Prime
Type within each level of Verb Type. This analysis revealed the ef-
fect of Prime Type without verb repetition (𝛽 = −1.21, 95% CrI =
[−1.62,−0.80], 𝑃𝑟(𝛽 < 0) > 0.99) and with verb repetition (𝛽 = −1.31,
95% CrI = [−1.75,−0.88], 𝑃𝑟(𝛽 < 0) > 0.99). Thus, the dative priming
effect was observed regardless of whether dative verbs were repeated,
but it was stronger with verb repetition.

6.3. Discussion

The results suggest that when prime and target sentences with
object filler-gap dependencies have different tense/aspect, the lexical
boost is either absent or weak, as predicted by the current model.

One potentially noteworthy result in Experiment 4 is that the size of
the lexically independent priming was larger (18%) than in Experiment
1 (13%). The lexically independent priming was also larger in Exper-
iment 2 (16%) than in Experiment 1. This raises a potential concern.
14

The absence of the lexical boost in Experiment 4 may be because of
an increased lexically independent priming, not because of a reduced
lexical boost. This concern will be addressed in the cross-experiments
analysis section below.

7. Experiment 5

Experiment 4 showed that the lexical boost was not observed
between present perfect prime sentences and past tense target sentences
when both contained object filler-gap dependencies. The current model
predicts that the tense/aspect mismatch should only matter when
both prime and target sentences contain object filler-gap dependen-
cies. There is already some evidence along these lines; (Pickering &
Branigan, 1998) has shown that the lexical boost to dative priming
can be observed between prime and target sentences with different
inflectional heads. However, there are two potentially important dif-
ferences between (Pickering & Branigan, 1998) and Experiment 4. The
first is that Experiment 4 used a sentence recall task, unlike Pickering
and Branigan (1998), where a sentence completion task was used.
Second, Experiment 4 used present perfect prime sentences and past
tense target sentences, unlike Pickering and Branigan (1998), where
present tense prime sentences and past tense target sentences were
used. Experiment 5 aims to test if the lexical boost can be observed
between present perfect sentences and past tense sentences in the
current task when neither prime nor target sentences contain object
filler-gap dependencies. Thus, Experiment 5 used prime sentences like
(15b) and target sentences like and (15a).

(15) a. Did the boy give the dog the ball / the ball to the dog in
the backyard? [Target]

b. Which scientist has given/shipped his colleague the speci-
men/ the specimen to his colleague? [Prime]

7.1. Method

7.1.1. Participants
Eighty four self-reported monolingual English speakers were re-

cruited using Prolific Academic. Each participant was paid five US
dollars.

7.1.2. Materials
Thirty-six pairs of prime and target sentences, such as (15b) and

(15a) were created for Experiment 5. Among these, twenty-four pairs
were taken from Experiment 3 with minimal modifications to the
prime sentences. For example, prime sentences like Which scientist
gave/shipped his colleague the specimen/the specimen to his colleague?
were changed to Which scientist has given/shipped his colleague the spec-
imen/the specimen to his colleague?). The remaining twelve pairs were
modified versions of filler sentence pairs from Experiment 3.

Recall cues were identical to those in Experiment 3. Note that this
means that participants were given an explicit cue to use the past tense
because recall cues included a fragment like Did the boy.

The filler sentence pairs were the same as in Experiment 4, except
that in twelve filler sentence pairs that were similar to experimental
sentence pairs, the first sentences were modified to yes-no questions
similar to (15a).

7.1.3. Procedure, scoring and analysis
The procedures, scoring criteria, and analysis methods were identi-

cal to those of Experiment 4.

7.2. Results

3.2% of the trials (87 out of 2688 trials) were identified as non-
scorable, so they were excluded from subsequent analyses. The rates
of non-scorable responses across four conditions were as follows: DO-

Different: 3.7%; DO-Same: 3.1%, PD-Different: 3.9%; PD-Same: 2.2%.
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Fig. 11. Percentage of DO production by condition in Experiment 4.
Fig. 12. Fixed-effect estimates of the Bayesian hierarchical model in Experiment 4. Error bars represents 95% credible intervals.
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The rate of DO production in each condition is summarized in
ig. 13. Fig. 14 shows the fixed-effects estimates of the Bayesian hier-
rchical model. When prime and target sentences contained different
erbs, speakers produced 10.7% more DO targets after DO primes
51.7%) than after PD primes (41.0%). In comparison, when prime and
arget sentences contained the same verb, speakers produced 22.0%
ore DO targets after DO primes (59.7%) than after PD primes (37.7%).
hus, the priming effect was 11.3% larger with verb repetition than
ithout verb repetition.

As can be seen in Fig. 14, there was evidence for the two-way
nteraction between Prime Type and Verb Type (𝛽 = −0.69, 95% CrI
= [−1.19,−0.20], 𝑃𝑟(𝛽 < 0) > 0.99), with no interaction with Target

ype. There was also clear evidence for the main effect of Prime Type
𝛽 = −1.02, 95% CrI = [−1.33,−0.71], 𝑃𝑟(𝛽 < 0) > 0.99). The main effect
15

o

of Target Type was also present (𝛽 = −2.15, 95% CrI = [−2.53,−1.78],
𝑟(𝛽 < 0) > 0.99). There was no clear evidence for other effects.

To test if the priming effect was present with and without verb
epetition, nested models assessing the effect of Prime Type within
ach level of Verb Type were constructed. This analysis revealed the
ffect of Prime Type without verb repetition (𝛽 = −0.65, 95% CrI
[−1.00,−0.31], 𝑃𝑟(𝛽 < 0) > 0.99) and with verb repetition (𝛽 = −1.32,

5% CrI = [−1.71,−0.95], 𝑃𝑟(𝛽 < 0) > 0.99). Thus, the dative priming
ffect was observed regardless of whether dative verbs were repeated,
ut it was stronger with verb repetition.

.3. Discussion

In Experiment 5, unlike in Experiment 4, a clear lexical boost was

bserved. This suggests that the lexical boost is present when neither
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Fig. 13. Percentage of DO production by condition in Experiment 5.
Fig. 14. Fixed-effect estimates of the Bayesian hierarchical model in Experiment 5. Error bars represents 95% credible intervals.
rime nor target sentences contain object filler-gap dependencies re-
ardless of whether they share the same inflection head. This finding
s consistent with an earlier finding by Pickering and Branigan (1998),
nd confirms one of the predictions of the current model.

. Cross-experiments analysis

The current model predicted that the lexical boost should not be
bserved in Experiments 2 and 4. To evaluate this, the results of Ex-
eriments 1, 2, and 4 were directly compared. A maximally structured
ierarchical Bayesian model with Prime Type, Verb Type, Sentence
ype, and Experiment and their interactions as fixed effects was con-
tructed. All two-level factors (Prime Type, Verb Type, Sentence Type)
ere sum-coded (i.e., −0.5, 0.5). The three-level factor Experiment
as (reverse) Helmert-coded so that Experiment 2 was compared with
16
Experiment 4, and Experiments 2 and 4 were together compared with
Experiment 1. This analysis revealed the predicted three-way inter-
actions between Prime Type, Verb Type, and the second contrast of
Experiment. That is, the lexical boost was bigger in Experiment 1 than
in Experiments 2 and 4 (𝛽 = −0.38, 95% CrI = [−0.65,−0.11]), but
they did not differ between Experiments 2 and 4 (𝛽 = 0.06, 95% CrI
= [−0.31, 0.44]). This suggests that the lexical boost was stronger in
Experiment 1 than in Experiments 2 and 4, as predicted.

As briefly mentioned above, the lexically independent priming effect
was numerically larger in Experiments 2 (16%) and 4 (18%) than in
Experiment 1 (13%), despite them sharing the same target structures.
This raises a potential concern; the absence of the lexical boost in
Experiments 2 and 4 may be because of an increased lexically inde-
pendent priming, not because of a reduced lexical boost. To assess
this possibility, a maximally structured hierarchical Bayesian model
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Table 1
Priming effects across experiments with the information about the type of prime and
target sentences in each experiment. An example sentence of each type: Which ball did
the boy give (to) the dog? (Object Wh); Which boy gave the ball to the dog/the dog the
ball? (Subject wh); Did the boy give the ball to the dog/the dog the ball? (Yes-no); Which
ball has the boy given (to) the dog? (Object Wh, perfect), Which boy has given the ball to
the dog/the dog the ball? (Subject wh, perfect).

Exp. # Prime Target Verb type

Different Same

1 Object Wh Object Wh 13.4% 26.1%
2 Subject Wh Object Wh 16.4% 16.8%
3 Subject Wh Yes-no 10.3% 21.4%
4 Object Wh, perfect Object Wh 18.2% 20.1%
5 Subject Wh, perfect Yes-no 10.7% 22.0%

with Prime Type, Verb Type, Sentence Type, and Experiment and
their interactions as fixed effects was constructed. In this model, the
factor Experiment was a three-level reverse Helmert-coded factor like
in the analysis reported above. Because the goal of this analysis is
to assess whether the lexically independent priming varies between
experiments, the factor Verb Type was coded as 0 (different) and 1
(same), so the magnitude of priming in the different verb conditions
was directly compared across experiments. This analysis revealed no
evidence that the magnitude of lexically independent priming differed
between Experiment 1 and Experiments 2 and 4; that is, there was no
interaction between Prime Type and the second contrast of Experiment,
where Experiments 2 and 4 were compared with Experiment 1 (𝛽 =
.07, 95% CrI = [−0.12, 0.26]).

In addition, another model comparing Experiments 1, 2, and 4 was
onstructed to evaluate the concern that the absence of the lexical
oost in Experiments 2 and 4 may be because of an increased lexically
ndependent priming, not because of a reduced lexical boost. The model
as identical to the model that evaluated the magnitude of lexically

ndependent priming, except that the factor Verb Type was coded as
(Different) and 0 (Same) so the magnitude of the priming effect in

he same verb condition can be assessed. This analysis revealed that,
n the same verb condition, the magnitude of the priming effect was
arger in Experiment 1 than in Experiments 2 and 4; that is, there
as evidence for the two-way interaction between Prime Type and

he second contrast of Experiment, where Experiments 2 and 4 were
ompared with Experiment 1 (𝛽 = −0.29, 95% CrI = [−0.49,−0.09]).

This interaction effect is unexpected if the absence of the lexical boost
in Experiment 2 and Experiment 4 was simply because of an increased
lexically independent priming rather than because of a reduced lexical
boost.

9. General discussion

There are three primary findings in the current study. First, the
lexically independent dative priming effect was observed in all ex-
periments. This means that lexically independent dative priming is
likely not due to the priming of constituent order. Second, the lexical
boost was observed selectively when both prime and target sentences
contained object filler-gap dependencies (Experiment 1) and when
neither of them did (Experiment 3), but not when only target sentences
contained object filler-gap dependencies (Experiment 2). Third, when
prime and target sentences with object filler-gap dependencies had
mismatching inflectional heads, no clear lexical boost was observed
(Experiment 4). In comparison, when prime and target sentences with-
out object filler-gap dependencies had mismatching inflectional heads,
a clear lexical boost was observed (Experiment 5). These results support
the unique predictions of the current model. Table 1 summarizes the
priming effects across all experiments.

Before discussing these primary findings, one more potentially note-
worthy finding is that lexically independent priming was larger given
DO target sentences than given PD target sentences across experiments.
17
This was especially the case in Experiments 1, 2, and 4. In Experiments
1, 2, and 4, there was clear evidence for the two-way interaction
between Prime Type and Target Type. This pattern may be due to
PD structures being relatively easier to encode in memory than DO
structures, especially in Experiments 1, 2, and 4. In Experiments 1, 2,
and 4, the only difference between PD and DO target sentences was
the presence or absence of a dative preposition (to/for). I suspect that
because PD target sentences contained an overt cue (to/for), speakers
encoded PD structures in memory better than DO structures when
memorizing target sentences. The priming effects may be smaller when
the memory of the original structure is stronger, so speakers may be
more susceptible to priming in the DO target condition than in the
PD target condition. Additionally, the reason this pattern was less
pronounced in Experiments 3 and 5 may be that in Experiments 3
and 5, DOs and PDs differed both in the presence/absence of a dative
preposition and the relative order of goal and theme arguments. This
means that PD structures and DO structures may be nearly equally easy
or difficult to encode in memory, so speakers may be relatively equally
susceptible to priming.

9.1. Order independent priming

The current experiments suggest that lexically independent dative
priming is not reducible to the priming of constituent order. In Ex-
periments 1 and 4, the dative alternation did not affect the relative
order of theme/goal arguments. In Experiment 2, DO prime sentences
had the goal-theme order while DO sentences participants produced
had theme-goal order. Nevertheless, lexically independent priming of
a comparable magnitude was observed across these experiments. I call
the observed pattern order-independent dative priming. Note that this
phenomenon is unlikely to be explained in information structural or
prosodic terms (cf. Ziegler et al., 2019) because, to the best of my
knowledge, prime and target sentences in Experiment 2 do not share
relevant information or prosodic structure.

The current model proposes that dative priming occurs due to
the strengthening of the connection between a message-level feature
and either appl or 𝑃𝑃𝑔𝑜𝑎𝑙. Appl and 𝑃𝑃𝑔𝑜𝑎𝑙 are involved in DO and
PD structures respectively. Because the applicative head or 𝑃𝑃𝑔𝑜𝑎𝑙 is
involved in dative structures irrespective of constituent order, that is,
regardless of the presence or absence of object filler-gap dependency,
the current model predicts a lexically independent priming effect across
all experiments.

Order-independent priming may appear to contradict a study by
Pickering et al. (2002). They found that PD prime sentences involving
heavy NP shift do not prime PD sentences. For example, they found that
the sentence the driver showed to the mechanic the overalls does not cause
PD priming. One way to interpret their results is that PDs with goal-
theme order did not prime PDs with theme-goal order, which seems
to contradict the results of Experiment 2 in the current study, where
PDs with goal-theme order were shown to prime PDs with theme-goal
order.

However, given an independently supported analysis of dative struc-
tures with shifted prepositional phrases, this conflict is only appar-
ent. Bruening (2010b) suggested that prepositional dative constructions
with shifted prepositional phrases (henceforth, shifted PDs) are not
PDs at all. For example, Bruening (2010b) showed that two quantifiers
contained in two object arguments in PDs usually allow the inverse
scope reading, but not in DOs or in shifted PDs, suggesting that shifted
PDs resemble DOs more than PDs in terms of underlying hierarchical
structure. Under this analysis, shifted PDs and genuine PDs are not
expected to prime each other simply because shifted PDs and genuine
PDs have distinct hierarchical structures.

Of course, there are other ways to capture order-independent prim-
ing, but only given a specific set of representational assumptions.
First, the model presented by Pickering and Branigan (1998) can cap-

ture order independent priming under the assumption that underlying
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phrase structures between PD/DO with and without object filler-gap
dependencies are shared. In their model, the lexically independent
structural priming is explained by residual activation of combinato-
rial nodes, which represent phrase structure rules like VP → V NP
P for the PD structure and VP → V NP NP for the DO structure.

Thus, the model predicts no lexically independent structural priming
unless the same phrase structure rules are assumed to be involved
between prime and target sentences. In Experiment 2, there was clear
lexically independent priming from sentences with subject filler-gap
dependencies (e.g., Which girl gave the book to the boy/the boy the book)
to sentences with object filler-gap dependencies (e.g., which book did
the girl give (to) the boy.). Therefore, the model proposed by Pickering
and Branigan (1998) does not predict the lexically independent priming
effect in Experiment 2 unless the underlying phrase structures for the
two sentences are assumed to be shared.

Second, the computational model of structural priming by Reitter
et al. (2011) can capture order-independent priming under the as-
sumption that the syntactic properties of lexical categories for dative
verbs are unaffected by filler-gap dependencies. Reitter et al. (2011)
proposed that lexically independent priming arises from the increased
baseline activation level of a syntactic chunk in declarative memory,
defined in terms of attribute-value structures that encode combinatorial
properties of a lexical category for the head of a primed construction in
the combinatorial category grammar (CCG). In CCG, the combinatorial
properties of a lexical category heading a construction are usually
assumed to be unaffected by filler-gap dependencies (cf. the Principle
of Head Categorial Uniqueness; Steedman, 2001). Thus, the CCG-based
model by Reitter et al. (2011) can relatively straightforwardly capture
order independent priming if the assumption of CCG is inherited.

Third, it remains to be tested whether the dual-path model like Chang
et al. (2006) can capture order-independent priming. Whether it can
depends on whether the model generalizes what it learns from PD/DO
sentences with object filler-gap dependencies to PD/DO sentences
without them. Because Chang et al.’s model posits that prediction
error triggers structural priming, the question is whether it can use
error signals when comprehending PD/DO sentences with an object
filler-gap dependency to update weights relevant for producing PD/DO
sentences without an object filler-gap dependency. One suggestive
piece of evidence that the dual-path model may be able to do this
comes from Chang et al. (2015). They found that lexically independent
priming between prime and target sentences that do not share verb
position. They also showed that the dual-path model, when trained
on German sentences, can predict this pattern. This suggests that the
dual-path model can generalize across surface-distinct structures when
two structures are associated with similar message-level representations
(see also Fitz & Chang, 2017 for further evidence). Given this capac-
ity, the dual-path model may capture order-independent priming in
the current study. Ultimately, however, evaluating whether the dual-
path model can capture order-independent priming requires a careful
simulation study, which is beyond the scope of the current paper.

In addition to these models, there are at least four broad ap-
proaches to capturing order-independent priming in the framework
of modern production research (Bock & Levelt, 1994; Ferreira et al.,
2018). The first approach, which I call the phrase-structural approach,
is to treat order-independent priming as the priming of constituent
structures. The combinatorial node approach by Pickering and Branigan
(1998) discussed above can be construed as a version of the phrase-
structural approach. Thus, like the combinatorial node approach, the
phrase structural approach can explain order-independent priming but
only under the assumption that phrase structures of dative sentences
with subject and object wh-phrases are underlyingly shared. A slightly
different account can be provided if one assumes that speakers repre-
sent the dominance relations between constituents before precedence
18

relations (Hartsuiker & Westenberg, 2000; Vigliocco & Nicol, 1998). c
However, wh-movement is usually assumed to change dominance rela-
tions, meaning that, to capture order independent priming, dominance
relations must be defined over underlying structures shared between
dative sentences with and without an object wh-movement. This is tan-
tamount to assuming something like empty categories, which provide
information about the underlying position of displaced constituents
(but see Bock et al., 1992 for an argument against the use of empty
categories in modeling production).

The third approach, which I call the thematic-functional approach,
is to treat order independent priming as the priming of the mapping
between thematic roles and grammatical functions. For instance, in
Lexical Functional Grammar (Bresnan, 1982; Bresnan et al., 2015), the
mapping between thematic roles and grammatical functions is distinct
between PD and DO sentences. This mapping can be shared between
sentences that have different constituent orders, so order-independent
priming may reflect the priming of the mapping between thematic roles
and grammatical functions. This approach appears to be incompatible
with Bock and Loebell (1990), which showed that transitive sentences
with goal PPs (e.g., The wealthy widow drove her Mercedes to the church)
prime PDs as much as PDs prime PDs. However, more recent studies
suggest that structural priming may be sensitive to thematic structure
after all (e.g., Potter & Lombardi, 1998; Ziegler et al., 2019; Ziegler
& Snedeker, 2018). For example, Potter and Lombardi (1998) and
Ziegler and Snedeker (2018) both showed that priming from transitive
sentences with goal PPs to genuine PDs was smaller than the priming
from genuine PDs to PDs. In light of these findings, the idea that dative
priming arises from the priming of a mapping between thematic roles
and grammatical function may be revisited.

The fourth approach, which I call the conceptual approach, is to
treat order-independent priming as the priming of conceptual-semantic
representations rather than syntactic representations. DO and PD struc-
tures have long been noted to invoke different meanings (Beck & John-
son, 2004; Goldberg, 1995; Green, 1973; Gropen et al., 1989; Oerhle,
1976), so dative priming may arise from the priming of some meaning
specifically associated with PD or DO constructions. Because the mean-
ings of PD or DO constructions are presumably not affected by filler-gap
dependencies, this approach can naturally capture order-independent
priming. Often, the finding by Bock and Loebell (1990) that structural
priming is not sensitive to thematic structural differences has been
used to argue against this conceptual-semantic account of structural
priming (e.g., Pickering & Branigan, 1998; Pickering & Ferreira, 2008).
However, as noted above, more recent studies challenge the original
findings and their interpretations (Potter & Lombardi, 1998; Ziegler
et al., 2019; Ziegler & Snedeker, 2018). Thus, the conceptual-semantic
approach may also be revisited. In summary, multiple approaches
can capture order-independent dative priming, but order-independent
priming imposes theoretical constraints on each approach.

9.2. The selectivity of the lexical boost

The current study shows that the lexical boost to dative priming was
observed only when the prime and target sentences contained object
filler-gap dependencies (Experiment 1) or when neither of them did
(Experiment 3). In contrast, when only the target sentences contained
object filler-gap dependencies (Experiment 2), the lexical boost was not
observed.

Some existing models of sentence production and structural priming
struggle to capture both the selective lexical boost and the non-selective
lexically independent priming simultaneously. The model proposed
by Pickering and Branigan (1998) assumes that the lexical boost arises
from residual activation of the link between a combinatorial node and
a verb lemma.4 To capture the selective lexical boost, Pickering and

4 In the standard connectionist modeling framework, there is no parameter
orresponding to residual activation of links between nodes. Therefore, this
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Branigan (1998)’s model must assume distinct combinatorial nodes
for PD/DO structures with and without object filler-gap dependencies.
However, if distinct combinatorial nodes for PD/DO structures with
and without object filler-gap dependencies are assumed, the model pre-
dicts no lexically independent priming effect between prime sentences
without object filler-gap dependencies and target sentences with object
filler-gap dependencies, which is contrary to the results of Experiment
2.

Second, Chang et al. (2006) proposed that the lexical boost is due
to the explicit (episodic) memory of prime sentences (see also Chang
et al., 2012). According to their account, when participants produce
a target sentence, the repeated word (especially verbs) serves as a
cue to the memory of the prime sentence, which biases the speaker
to reuse the associated prime structures. Whether this account can
capture the selective lexical boost depends on the nature of the explicit
sentence memory. The simplest version of this account may predict
that the lexical boost should be observed in all experiments, which
contradicts the results. However, the explicit memory of a sentence that
is structurally dissimilar to a target sentence may not cause the lexical
boost, if the memory of a structurally dissimilar sentence does not cause
priming.

Thus, the explicit memory account may be compatible with the
current results, when combined with a representational theory of what
pairs of sentences count as structurally similar or dissimilar. However,
note that a simple conception of similarity is not sufficient here. What-
ever the theory that provides a metric of structural (dis)similarity, it
needs to provide a principled explanation of why object wh-questions
and yes-no questions count as dissimilar, but subject wh-questions
and yes-no questions count as similar. It also needs to provide a
principled explanation of why perfect aspect subject wh-questions and
past tense yes-no questions count as similar, but perfect aspect object
wh-questions and past tense object wh-questions count as dissimilar
(see the next section). The theory of elementary trees presented here
does provide such explanations. In this sense, the current TAG-based
theory is not necessarily in conflict with the explicit memory account
if the explicit sentence memory has internal syntactic structures as
described by the current TAG theory. It may even be that the ele-
mentary tree layer in the current model describes the explicit memory
system in change (Chang et al., 2012). For example, Change et al.
posits that verb-structure associations are conjunctively coded in the
hippocampal system (Chang et al., 2012). Under this view, the el-
ementary tree layers may describe in what representational format
verb-structure association are conjunctively coded in the hippocampal
memory system.

Finally, the model proposed by Reitter et al. (2011) faces a sim-
ilar challenges as the simple version of the explicit memory account
provided by Chang et al. (2006). Reitter et al. (2011) suggests that
the lexical boost is a result of the spreading activation from words
to associated structures. However, the simplest version of this account
predicts that the lexical boost should be observed in all experiments,
which is contrary to the current results. However, this account may
be modified or augmented to capture the current results, just like the
explicit memory account.

It is worth noting that the prediction of the simple version of the
accounts like Chang et al. (2006) and Reitter et al. (2011) was initially
supported by the results of Scheepers et al. (2017). They found that
repeating any content words, not just heads, causes the lexical boost
o dative priming, according to the prediction of Chang et al. (2006)
nd Reitter et al. (2011). Based on this result, they argued that the lex-
cal boost should not be used as evidence for a privileged relationship

claim may have to be re-construed as the claim that the lexical boost arises
from the temporary strengthening of the link between a combinatorial node
and a verb lemma.
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between a repeated word and a primed structure. However, more recent
studies provide convergent evidence against this view (Carminati et al.,
2019; Huang et al., 2023; Kantola et al., 2023; van Gompel et al.,
2022), showing that the lexical boost occurs only when the head word
of a primed structure is repeated or that the lexical boost from non-
head repetition can only be observed under specific task conditions.
The current study provides further evidence against the view that the
repetition of any content words boosts structural priming.

The current study also shows that the lexical boost was not observed
when prime and target sentences with object filler-gap dependencies
have different tense/aspect heads (Experiment 4). In contrast, when
neither the prime nor the target sentences contained object filler-gap
dependencies, the lexical boost was observed despite the prime and
target sentences having different tense/aspect heads (Experiment 5).

This pattern is predicted by the current model, which suggests
that VP-sized elementary trees become CP-sized in the presence of
object filler-gap dependencies. Because tense/aspect heads are usually
assumed to be structurally higher than VPs but lower than CPs, VP-sized
elementary trees do not include them, but CP-sized elementary trees
do. Thus, the current model predicts a tense/aspect mismatch between
prime and target sentences should reduce or eliminate the lexical boost
but only when both prime and target sentences contain object filler-gap
dependencies. To the best of my knowledge, no other existing models
or theories of sentence production predicts this pattern of results.

As briefly discussed in the introduction, the specific model I pre-
sented in the introduction is one of many ways to implement the aspects
of the TAG-based theory. What, then, are the claims of the current
theory essential for deriving the relevant set of predictions about the
lexical boost? The critical predictions are primarily due to the claim
that the production system uses verb-headed elementary trees that
change their size from VP to CP in the presence of object filler-gap
dependencies. This representational claim was implemented by postu-
lating a localist node for each elementary tree in the current model.
This implementational decision perhaps invites the impression that I
am arguing that elementary trees are items stored in long-term memory
because localist units are naturally construed as representing items
stored in long-term memory. This is not my intention. If elementary
trees are viewed as items stored in long-term memory, the current
model would struggle to capture the previous finding that speakers can
be primed with an ungrammatical verb-structure combination (Ivanova
et al., 2012, 2017). In fact, it would struggle to capture the basic fact
that humans are able to produce novel verb-structure combinations.

Thus, the implementational decision to use localist units to rep-
resent elementary trees is not responsible for deriving the critical
set of predictions and it should not be taken as a central aspect of
the current model. There are alternative frameworks for embedding
TAG-based theories. For example, elementary trees can be represented
using binding by synchrony (Hummel & Holyoak, 1997) instead of the
localist coding approach. Under this approach, elementary trees can be
construed as objects stored in short-term, not long-term, memory, and
the lexical boost arises when a set of sub-tree level units representing an
elementary tree can stay firing in synchrony after a prime sentence has
been comprehended. Certainly, the resulting model resembles existing
accounts, especially the explicit memory account (Chang et al., 2012),
in the sense that the explicit memory account also posits that the lexical
boost arises from short-term (explicit) memory of prime sentences.
However, the current set of predictions is derived not from the claims
about which memory system is used to encode elementary tree-like
objects, but from the representational claims about what constitutes
elementary trees. These representational claims, as far as I am aware,
are unique to the current proposal, and the theory of which memory
mechanisms encode elementary tree-like objects is orthogonal to the
critical predictions tested in the current study.

Finally, I discuss one potential alternative account within the gen-

eral framework of the cueing approach to production choice, which the
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explicit memory account is a species of (see also Dell et al., 2021 for its
application to the phonological domain).5 The general idea is that, at
choice points (e.g., at target verbs in current experiments), words in tar-
get sentences, especially verbs, serve as cues for retrieving information
about preceding sentences. Retrieved information influences speakers’
choices at choice points in target sentences, potentially yielding the
lexical boost effect. In principle, lemma representation and word form
representation can serve as cues for retrieving different aspects of prime
sentences. Assume that the lemma representation of a verb serves as
an effective cue for retrieving information about the relative order of
theme and goal NPs in prime sentences. Assume further that the word
form representation of a verb serves as an effective cue for retrieving
information about whether the preposition to was present right after the
verb in prime sentences. Under these assumptions, the cueing account
can predict that the lexical boost associated with the relative ordering
of theme and goal arguments will occur only when constituent order
distinguishes between PD and DO in both prime and target sentences
and when verb lemma is shared (as in Experiment 3 and Experiment 5).
Meanwhile, the lexical boost associated with the presence or absence of
to right after the verb will occur only when the presence or absence of to
distinguishes between PD and DO in both prime and target sentences
and the verb form is shared (as in Experiment 1). These predictions

atch the current results. The assumption that verb lemmas serve
s selective cues for constituent order and the additional assumption
hat verb forms serve as selective cues for the presence or absence
f to right after the verb are post-hoc, and the plausibility of these
ssumptions can be questioned. However, the general point is the
ueing approach may capture the current pattern of results given the
ight set of assumptions.

.3. Broader implications

The current study has four broad theoretical implications. First, the
urrent model proposes that structural representations are two-layered.
ne layer represents individual nodes of elementary trees and the other

ayer represents elementary trees themselves. Because elementary trees
ust be composable from their parts, this two-layered architecture is
natural consequence of adopting a system that manipulates com-

lex symbols, like TAG. This two-layered architecture may provide a
ay of integrating two major approaches to sentence production that
re traditionally treated as oppositional. Some theories, such as Bock
nd Levelt (1994), Chang et al. (2006), Dell (1986), Ferreira et al.
2018), and Garrett (1975) assume relative independence of structural
epresentations from lexical representations. These theories are often
haracterized as oppositional to lexically-driven models, such as Levelt

(1989) (see also Ziegler et al., 2019), which assume that structure
building is driven by specific lexical representations. In the current
model, structural representations that are not tied to specific (phono-
logically overt) lexical items, such as the applicative head and PP𝑔𝑜𝑎𝑙,
participate in the construction of elementary trees, which can in turn
be headed by a phonologically overt lexical item. That is, the current
model instantiates both approaches simultaneously in a single model in
the form of two-layered structural representations.

Second, the current model contributes to the development of lin-
guistically adequate theories of sentence production. Theories of sen-
tence production should be based on good theories of grammatical
knowledge, but many existing theories of sentence production assume
rudimentary theories of linguistic units and combinatorial mechanisms,
assuming words (lemmas) as basic units of composition and phrase
structure rules as rules for composition (Bock & Ferreira, 2013; Bock
& Levelt, 1994; Ferreira et al., 2018; Levelt, 1989; Levelt et al., 1999;
Pickering & Branigan, 1998). Meanwhile, contemporary linguistic the-
ories offer much more sophisticated theories of linguistic units and

5 I thank Gary Dell for this idea.
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combinatorial mechanisms. In the current study, TAG and contem-
porary theories of functional projections proved useful in modeling
production phenomena. Updating the linguistic basis of production
models may be necessary to develop an adequate theory of sentence
production.

Third, together with Momma (2022), the current results suggest that
comprehension and production may share the same mechanisms for
building sentence structures. In the current study as well as in Momma
(2022), prime sentences were read aloud. Of course, reading aloud
involves production, but the process starts from form-based inputs just
like in comprehension, so the structure building processes in reading
aloud are likely to be similar to those in comprehension. In con-
trast, sentence recall arguably involves message-driven production pro-
cesses. Based on these assumptions, both lexically independent and
lexically dependent priming in the current study and Momma (2022)
can be considered as instances of comprehension-to-production prim-
ing (Bock et al., 2007). This means that whatever was primed in the
current study must be shared between comprehension and production.
Thus, the lexically independent priming effect suggests that an order-
independent representation of PD and DO structures is shared between
comprehension and production, and the selective lexical boost suggest
that elementary tree-like units, whose size is modulated by filler-gap
dependencies, are shared between comprehension and production.

Finally, in the current study, I proposed a formal theory that speci-
fies how grammatical dependencies, production units, and comprehen-
sion units are related, based on the notion of elementary trees in TAG.
Given that TAG has proven useful in modeling comprehension (Dem-
berg et al., 2013; Sturt & Lombardo, 2005), production (Ferreira,
2000; Frank, 2002), and grammatical knowledge (Frank, 2002; Kroch
& Joshi, 1985), this approach may provide a unifying framework for
understanding grammatical knowledge, language comprehension, and
language production.
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Appendix. Implementational details of the priming model

The models illustrated in Figs. 1 and 2 were implemented as a
simple feedforward network. The simulation was run by clamping the
activation of the GIVE unit and the GOAL unit at 1 throughout the
simulation, and allowing the activation to spread through the network
until the activation value of an elementary tree unit reached 1. In
addition, depending on the processing context, the activation of either
the VP node or the CP[+Q, +wh] node was clamped at 1. All excitatory
connection weights were by default set to 0.15 and all inhibitory
connection weights were set to −0.45 (the same setting as in Cutting &
Ferreira, 1999).

Lexically independent priming was simulated by increasing the
weight of an appropriate connection by 0.005. Specifically, in the DO
prime conditions, the connection weight between the GOAL node and
the appl node was increased by 0.005. In the PD priming condition, the
connection weight between the GOAL node and the 𝑃𝑃𝑔𝑜𝑎𝑙 node was
ncreased by 0.005.
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The lexical boost was simulated by increasing the initial activation
level of an appropriate elementary tree node. Specifically, in the Same-
DO condition, the unit representing the DO elementary tree headed
by give had the initial activation of 0.35 (instead of the default 0). In
the Same-PD condition, the unit representing the PD elementary tree
headed by give had the initial activation of 0.35. In the Different-DO and
Different-PD conditions, the unit representing the DO/PD elementary
tree headed by show had the initial activation of 0.35. Critically, which
DO/PD elementary trees receive higher initial activation depends on
the filler-gap dependency structure of prime sentences. When prime
sentences contain no object filler-gap dependencies, VP-sized elemen-
tary trees receive higher initial activation. Meanwhile, when prime
sentences contain object filler-gap dependencies, CP-sized elementary
trees receive higher initial activation.

In the current model, activation spreads following the following
activation function, bounded by 0 and 1:

𝑎𝑐𝑡𝑖(𝑡) = 𝑑 ∗ 𝑎𝑐𝑡𝑖(𝑡 − 1) +
∑

𝑗
𝑤𝑖𝑗 ∗ 𝑎𝑐𝑡𝑗 (𝑡 − 1)

where 𝑎𝑐𝑡𝑖(𝑡) is the activation of the unit in question, 𝑑 is a decay rate,
which is set to 0.8 (the same setting as in Ferreira, 1996), 𝑎𝑐𝑡𝑖(𝑡 − 1)
is the activation of the same unit on the previous time step, 𝑤𝑖𝑗 is the
weight to unit 𝑖 from unit 𝑗, and 𝑎𝑐𝑡𝑗 (𝑡− 1) is the activation of the unit
that sends activation to the unit in question on the previous time step.
The calculated activation of a unit did not affect the activation of other
units until all the units in the model had been updated.

For each simulated subject, random noise was added to the connec-
tion weights. The random noise was normally distributed with a mean
of 0 and a standard deviation of 0.01. In addition, to create variability
across simulated trial of each simulated subject, random noise was
added to the initial activation value of each node in the network. The
random noise was normally distributed with a mean of 0 and a standard
deviation of 0.1.

At the end of a simulation, an elementary tree is selected. This
selected elementary tree was coded as either 0 (the PD response) or 1
(the DO response), depending on whether that elementary tree encodes
PD or DO. To compute the average proportion of DO or that production
that can be intuitively compared to human data, 8 simulations were
run for each condition to calculate percentage DO production. These 8
simulations can be thought of as repeated trials of a given participant.
Because there were sixteen conditions total, this means that the total of
128 simulations were run for each simulated participant with a fixed
set of weights. This procedure was repeated 100 times, that is, 100
‘‘participants’’ were simulated to calculate the standard errors used in
Fig. 3.
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