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Lexicalization of novel written words in university students

Orthographic learning, the process through which new word spellings are acquired, is key to academic
success. Full lexicalization, however, requires integration into the mental lexicon. Our study investigated
how skilled adult readers can form orthographic representations and integrate them into the mental lexicon,
as indicated by lexical competition. Hungarian-speaking university students (N = 35) were trained on
pseudowords paired with novel objects and tested 1—4 days later using a masked-priming lexical decision
task. In the first session, they showed Prime Lexicality Effect (PLE): word primes slowed target word
recognition compared to pseudoword primes, consistent with lexical competition. In the second session,
trained pseudowords showed reduced priming for word targets, suggesting emerging lexical engagement.
Our findings demonstrate that lexicalization can occur after a single training session if followed by a delay,
highlighting the role of offline consolidation.

Keywords: orthographic learning, lexicalization, prime lexicality effect, lexical competition, lexical
engagement

Acknowledgement: This research was funded by the Hungarian Research Funds (OTKA K-119365, PI:
V.Cs.). V.V. was funded by the Research Fellowship Programme (Code: 2024-2.1.1-EKOP) of the Ministry of Culture
and Innovation of Hungary from the National Fund for Research, Development and Innovation. The authors thank
Veronika Mak and Déra Fehér for their assistance in data collection.

1. Introduction

Reading and writing are central to academic achievement beyond early school years,
playing an important role throughout university education. In higher education,
students are often required to learn new, complex technical terms, especially in fields
with highly specialized language, such as medicine, law, or science. Since a large
portion of vocabulary is acquired incidentally through reading (Nagy et al., 1985),
the ability to accurately acquire, store, and retrieve written word forms becomes
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essential for academic success, especially in university contexts where students are
expected to process large volumes of written material and produce written outputs.

Previous research indicates that well-established orthographic representations
enable faster and more efficient word recognition, thereby reducing cognitive load
during reading and allowing students to focus on higher-level comprehension (Ehri,
2005; Share, 1995). The process of acquiring these representations at the individual
word level, by connecting a word’s main attributes like spelling, sound, and meaning
in memory, is called orthographic mapping (Ehri, 2014; Miles & Ehri, 2019). More
broadly, orthographic learning refers to the acquisition of knowledge about spelling
patterns and conventions (Ehri, 2014; Miles & Ehri, 2019), as well as the process by
which specific word spellings become permanently stored in long-term memory,
supporting accurate decoding and spelling across words (Castles & Nation, 2008;
Nation & Castles, 2017).

1.1. Acquisition of written word forms

Despite the fundamental role of orthographic learning in both reading and writing,
we still have little insight into how learning affects new word processing in print and
which cognitive mechanisms are involved in the process.

A substantial body of research has emphasized the role of phonology (Li & Wang,
2023; Meade, 2020; Share & Gur, 1999). The most prominent theory of orthographic
learning, the self-teaching hypothesis (Share, 1995), argues that children implicitly
acquire novel word forms during reading through phonological recoding. Each
attempt to decode a novel word serves as a “self-teaching” opportunity, allowing the
reader to form the word’s orthographic representation in their mental lexicon.

Indeed, a recent meta-analysis on orthographic learning in children (Li & Wang,
2023) confirmed that phonological recoding facilitates orthographic learning. The
researchers reported that enhanced phonological recoding improved orthographic
learning, whereas limiting phonological recoding impaired orthographic learning.
Meade (2019) extended the relevance of phonology to adult learners as well and
argued that phonological recoding remains a central mechanism in adult visual word
learning. As the author suggests, the ability to link visual word forms with their
phonological counterparts enhances both encoding and retention, supporting the
integration of novel orthographic forms into the adult reader’s mental lexicon.

In the acquisition of novel orthographic forms, the frequency of exposure is as
critical as the accuracy of phonological decoding. Repeated encounters with the same
word provide multiple opportunities to strengthen its orthographic representation;
thus, the more frequently a word is encountered, the more robust and stable its
representation becomes. Experimental studies have demonstrated that orthographic
learning can occur after as few as one to four exposures to a novel word (Ginestet et
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al., 2020; Nation et al., 2007; Share & Gur, 1999). For instance, Ginestet et al. (2020)
found that orthographic learning in skilled adult readers emerged from the very first
exposure and further improved with each additional exposure as revealed by the eye-
tracking data. However, spelling accuracy remained relatively low even after five
exposures, suggesting that while initial orthographic representations form quickly,
their full consolidation takes longer.

Orthographic learning typically occurs incidentally during natural reading, in
which words are embedded in a meaningful semantic context (Share, 1995). In
Share’s classic self-teaching paradigm, participants encounter novel words
embedded in short stories that they need to read aloud or silently (Bowey & Muller,
2005; de Jong & Share, 2007). Learning is assessed through a spelling-to-dictation
(production) task and an orthographic choice (recognition) task that includes both
homophonic and visual distractors. The key test for learning the orthographic form
1s whether participants correctly select the target orthographic form (e.g., yate) over
the homophonic distractor (e.g., yait) that shares pronunciation but not spelling with
the target. However, evidence suggests that semantic context is not strictly necessary
for learning to take place, as effective learning was reported for novel words when
presented in isolation, devoid of any broader linguistic or semantic context (Bosse,
2015; Ginestet et al., 2020; Nation et al., 2007; Share & Gur, 1999; Wang et al.,
2011).

1.2. Lexicalization of written word forms

While orthographic learning ensures that a word’s spelling can be recognized and
reproduced, the establishment of a lexical representation alone is not sufficient to
ensure full lexical acquisition. The novel word must also be integrated into the mental
lexicon; this process is known as lexicalization. According to Leach and Samuel
(2007), lexicalization typically occurs in two stages. The first stage, lexical
configuration, involves the initial encoding of the novel word’s form, including its
spelling, pronunciation, and meaning. At this point, the word representation is still
fragile. Spelling and orthographic choice tasks provide evidence for lexical
configuration.

Lexical configuration establishes the foundation upon which the second stage of
word acquisition begins (Leach & Samuel, 2007). With repeated exposure, the novel
word becomes integrated into the lexicon. Lexical engagement refers to the way in
which a lexical representation interacts with other lexical representations. This shift
from fragile, isolated representations to dynamic, interacting lexical representations
marks the transition from lexical configuration to lexical engagement, and thus
reflects full lexicalization.
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1.2.1. Prime lexicality effect (PLE)

An example of lexical engagement is lexical competition, in which newly acquired
words begin competing with existing words during word recognition. According to
the Interactive Activation model (McClelland & Rumelhart, 1981), successful visual
word recognition relies on the lexical selection of the appropriate lexical
representation from a set of competing candidates. A written word activates not only
its lexical representation (e.g., “trial”), but also its orthographic neighbors (e.g.,
“triad”, “triol”, “trill”, “urial”), as well. To select the appropriate lexical
representation, non-target orthographic neighbors should be suppressed. This is
achieved through lateral inhibition between the lexical items.

Evidence for this comes from masked priming lexical decision tasks (Andrews &
Hersch, 2010; Andrews & Lo, 2012; Davis & Lupker, 2006; De Moor et al., 2007;
Forster & Veres, 1998; Segui & Grainger, 1990). In these tasks, orthographically
related pseudoword primes (e.g., triaf) facilitate recognition of real word targets
(e.g., trial) due to sublexical overlap, but in the absence of lexical representation, no
competition arises (Andrews & Hersch, 2010; Davis & Lupker, 2006; Forster &
Veres, 1998; Segui & Grainger, 1990).

In contrast, orthographically related word primes (“triad”) usually interfere with
target processing, since co-activated lexical competitors, including the target word
(“trial”, “trill”, “urial) must be inhibited to achieve lexical selection. This leads to
both facilitation (faster reaction times) due to sublexical overlap between prime and
target and inhibition (slower reaction times) due to lexical competition. This lateral
inhibition at the lexical level usually cancels out the orthographic facilitation at the
sublexical level, resulting in a negative priming effect (Andrews & Hersch, 2010a;
Andrews & Lo, 2012a; Davis & Lupker, 2006). This phenomenon is referred to as
the Prime Lexicality Effect (PLE).

The PLE is particularly strong when the target word is of low frequency, as low-
frequency words are more susceptible to inhibition from higher-frequency or more
strongly represented competitors (Segui & Grainger, 1990). Moreover, the degree of
inhibition elicited by a word prime reflects the quality of its lexical representation:
well-established, precisely coded word forms result in stronger and faster lateral
inhibition (Andrews & Lo, 2012).

For a novel word to engage in such lexical competition, it must be sufficiently
well-specified and integrated into the mental lexicon. Thus, the emergence of lexical
competition can be taken as evidence that a newly learned word is fully lexicalized
(Gaskell & Dumay, 2003). The idea of using PLE as an index for lexicalization was
first proposed by Elgort (2011), who found a strong PLE for newly learned words.

In a further study, Qiao and Forster (2013) taught the meanings of novel words
that were orthographic neighbors of existing words. During the learning session,
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participants completed three blocks of presentations of the novel words with their
corresponding pictures and definitions, two blocks of a word—picture matching task,
one block of a picture—word matching task, and one block of a word—definition
matching task. The testing session followed immediately with a masked priming
lexical decision task. The results showed no PLE. However, in their second
experiment, in which 4 training sessions were spread over 2 weeks, resulting in 30
exposures to the novel words, a significant PLE was obtained in the testing session.
Similarly, Tamura, Castles, and Nation (Tamura et al., 2017) reported that children
exhibited PLE for low-frequency words after 12 exposures distributed across 3 days.
These results suggest that not only the quantity (Lindsay & Gaskell, 2013) but also
the temporal distribution of exposures (Dumay & Gaskell, 2007) contribute to the
lexicalization of new words.

1.2.2.Role of sleep in the lexicalization process

Emerging evidence indicates that sleep-facilitated memory consolidation processes
between learning episodes might explain why lexical engagement effects were
observed only following repeated, temporally distributed learning (Dumay &
Gaskell, 2007; Palma & Titone, 2021; Wang et al., 2017).

According to the Complementary Learning Systems (CLS) account (Davis &
Gaskell, 2009; McClelland et al., 1995; Norman & O’reilly, 2003), the brain utilizes
two interdependent systems for learning: a fast-learning hippocampal system and a
slow-learning neocortical system. When encountering a novel word, initial encoding
(lexical configuration) occurs rapidly in the hippocampus, enabling immediate
episodic memory storage. However, these early traces are context-dependent and
fragile. Consolidation is an offline process that predominantly occurs during sleep,
during which hippocampal representations are gradually reactivated and replayed,
allowing the formation of generalized, semantic representations in the neocortex
(McClelland et al., 1995). In the case of novel words, this process supports the
transition from fragile, context-dependent episodic memory traces to stable,
lexicalized representations that are integrated into the mental lexicon and can
compete with and influence the processing of existing words (Davis & Gaskell,
2009).

Supporting evidence for this idea comes from behavioral studies showing that
lexical competition effects emerge only after sleep, not during immediate post-
learning assessments (Bakker et al., 2014; Dumay & Gaskell, 2007; Gaskell &
Dumay, 2003; Wang et al., 2017). Indeed, research has shown that PLE is
significantly stronger after a night of sleep than during an equivalent period of
wakefulness (Wang et al., 2017).
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Overall, the above findings highlight the importance of both repeated exposure
and sleep-related consolidation in lexicalizing novel words. They also highlight the
value of examining lexical engagement phenomena, such as PLE, as indicators of
successful integration of novel words into the mental lexicon.

1.3. The present study

The current study aims to investigate orthographic learning in skilled adult readers,
with a specific focus on both lexical configuration (the formation of orthographic
representations) and lexical engagement (the integration of novel words into the
mental lexicon).

To this end, we examined the learning and lexicalization of novel written words
in a sample of university students. Participants were exposed to novel words
presented visually in isolation, each paired with a novel object. The training phase
employed the presentation and picture-word matching task, modeled after Qiao and
Forster (2013), though we used novel objects to avoid associations with familiar
semantic features.

Testing occurred 1-4 days after the initial learning session, allowing for offline
consolidation processes. During the Test session, we assessed participants’
orthographic knowledge and lexical processing through three key tasks. First, in the
delayed Picture-Word Matching Task, we assessed the retention of orthographic-
semantic associations developed during the Study session. Second, in the Spelling
Recognition Task, we measured lexical configuration. In this task, participants
identified the correct orthographic form of each learned word from among plausible
foils. Third, lexical engagement, more specifically lexical competition, was assessed
by the Masked Priming Lexical Decision Task. If a novel word has become
lexicalized, it should begin to interfere with the recognition of similar real words,
reducing the priming benefit typically observed with pseudoword primes. The
Masked Priming Lexical Decision Task was administered twice: once during the
study session, before learning the novel words, and again during the test session. This
design allowed us to examine the evolution of lexical engagement and competition
effects over time.

This study contributes to our understanding of how skilled adult readers form and
consolidate new lexical representations from written input alone. First, we expected
to obtain PLE in the masked priming decision task, showing that word primes are
lexicalized items. If episodic memory traces solely drove priming, we would expect
similar effects from both pseudoword and word primes. However, since lexical
engagement requires the formation of stable lexical representations, we expected to
see a clear difference in priming effects, with word primes producing reduced or no
priming effects, as compared to pseudoword primes. Second, we hypothesized that
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participants would successfully acquire orthographic representations of the novel
words, as evidenced by above-chance performance in the spelling recognition and
picture-word matching tasks during the delayed Test session. In addition, we further
hypothesized that lexical competition effects (PLE) would emerge during the testing
session in the masked priming lexical decision task for newly learned words
(pseudowords used as primes). We expected to observe a competition effect during
the testing session, even after a single learning session, given that testing was delayed
by 1 — 4 days. Thus, we expected to obtain facilitatory priming for untrained
pseudoword primes but a vanished or inhibitory priming effect for trained
pseudoword primes reflecting the transition from episodic memory to stable,
lexicalized representation.

2. Method

2.1. Participants

Forty Hungarian-speaking university students were recruited for the experiment in
exchange for course credit. Five participants had to be excluded due the following
reasons: one participants had a mother tongue other than Hungarian, one because of
technical problems occurring during the lexical decision task (due to timing error,
prime was visible to the participant), one due to a below average IQ as measured by
the Raven Standard Progressive Matrices (Raven, Raven, & Court, 2003), one due
to an unusually high number of incorrect responses in the lexical decision task
(21.88%), and one due to an extraordinarily high number of outlier responses in the
lexical decision task (58.33% of the responses were more than 2 standard deviations
slower than the participant's average response time, see Data analysis section). Thus,
data from 35 participants (Mage = 21.629, SD,e. = 4.159, 4 male, 5 left-handed) were
analyzed. Participants reported no hearing loss, neurological, psychiatric, or learning
problems, and had normal or corrected-to-normal vision.

2.2. Tasks and materials

2.2.1. Lexical decision task

To assess lexical engagement via the PLE, we employed a lexical decision task using
the stimuli and procedures described in Varga et al. (2022). Thirty-six words and 36
pseudowords with 4-6 letters served as target stimuli (mean frequency (MF)
according to the Hungarian National Corpus (HNC, Varadi, 2002): 14.83/million,
SD = 18.72; mean bigram frequency (MBF) = 13.83, SD = 0.95). In addition, the
original stimulus list included 24 three-letter word pairs. However, word length is
known to influence the emergence of PLE, as short words typically have more
neighbors and show less orthographic overlap between prime and target (Andrews
& Hersch, 2010; Davis & Lupker, 2006). Since most studies have used words of four,
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five, six, or more letters, we excluded the three-letter words from our analysis
because their primes are less effective at producing PLE. All word targets had a one-
letter different word prime pair (an orthographic neighbor, e.g., bomba-GOMBA,
MF = 92.55/million, SD = 128.95, MBF = 13.71, SD = 0.97) and a one-letter
different pseudoword prime pair (e.g., fomba-GOMBA, MBF = 13.71, SD = 1.14).

The pseudoword targets were created by changing a single letter in 4-to 6-letter-
long words (MBF = 13.92, SD = 0.55). Thus, all pseudoword targets had a one-letter
different word pair (e.g., kenyér-NENYER, MF = 66.5/million, SD = 69.73, MBF =
14.02, SD =0.8), and a one-letter different pseudoword pair (e.g., penyér-NENYER,
MBF = 13.81, SD = 1.01). Stimulus lists were counterbalanced so that each target
appeared once per participant and was paired with either its word or pseudoword
prime.

Stimuli were presented in black (RGB: 0, 0, 0) Courier New font at the center of
the screen (coordinates: x =0, y = 0). Font size was set to 17 pt for primes and 18 pt
for both masks and targets. Each trial began with a blank grey-blue background
(RGB: 187, 224, 227) shown for a randomly jittered interval between 800 and 1200
ms. This was followed by a forward mask composed of hash marks (#) displayed for
500 ms. The prime appeared next in lowercase letters for 50 ms, followed by the
target in uppercase letters for 2000 ms. The mask, prime, and target within each trial
were matched in string length.

Participants were instructed to classify the target stimulus as either a word or a
pseudoword by pressing designated buttons on a Cedrus response box (Cedrus
Corporation, RB-540). The mapping of response buttons was counterbalanced across
participants. After 8 practice trials, the experimental trials were presented in two
blocks, with a short break provided at halftime. For additional information regarding
stimulus preparation and the exact stimulus list, refer to Varga et al. (2022).

2.2.2. Orthographic learning task

In the subsequent orthographic learning task, participants received training on half
of the pseudoword primes shown earlier during the masked priming lexical decision
task. This resulted in 18 novel words, 9 that served as pseudoword primes preceding
word targets and 9 that served as pseudoword primes preceding pseudoword targets
in the lexical decision task. The assignment of pseudowords to the trained and
untrained conditions was counterbalanced across participants.

For the learning phase, we designed a picture—pseudoword pairing task involving
18 written pseudowords paired with 18 colored images of novel, concrete objects,
selected from the NOUN database (Horst & Hout, 2016). Each pseudoword was
consistently associated with a single image throughout the learning phase.
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The learning phase began with three blocks of self-paced demonstration, during
which a pseudoword and its corresponding image were presented simultaneously on
the screen. Participants pressed a button to proceed to the next pairing. Each picture-
word pairing was presented once per block, resulting in three exposures per item
during the demonstration phase.

Following the demonstration phase, participants completed five training blocks of
picture-word matching. In each trial, an object image was shown in the middle of the
screen, with two pseudowords displayed below it. One of the pseudowords was the
correct label for the object, while the other was the trained label of a different object,
serving as a distractor. Participants indicated their choice by pressing the
corresponding button on the response box. Participants were instructed to focus on
accuracy rather than speed, with no time constraints imposed. Each pseudoword
appeared twice in every training block: once as the correct label for the presented
object and once as a distractor. Across the five training blocks, this resulted in 10
exposures per pseudoword: five as the correct label and five as a distractor. In total,
each pseudoword was presented 13 times: 3 times during the demonstration phase
and 10 times during the training phase.

2.2.3. Spelling recognition task

To assess participants' recognition of newly learned orthographic forms (lexical
configuration), a four-alternative forced-choice recognition task was administered.
On each trial, participants were presented with one target pseudoword (e.g., fomba)
alongside three orthographic distractors. These distractors were systematically
manipulated to vary in orthographic similarity to the target and included (1)
pseudowords with a letter transposition (fobma), (2) pseudowords with a letter
substitution (fonba), or (3) pseudowords with two letter substitutions (fonka).

All four pseudowords appeared simultaneously on the screen, one under the other
in randomized order. Participants were instructed to identify the pseudoword they
had learned during the picture—pseudoword training task by clicking on it with the
mouse.

2.3. Procedure

The experimental procedure was approved by the United Ethical Review Committee
for Research in Psychology (EPKEB-2017/56). All participants provided written
informed consent prior to the start of the experiment. Participants were tested
individually in a laboratory setting. Participants were seated at a comfortable distance
from a Dell P2213 monitor with a resolution of 1680x1050 pixels and a refresh rate
of 60 Hz. Stimuli were presented, and responses were recorded using Presentation
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software (version 19.0, Build 12.20.12; Neurobehavioral Systems Inc., Berkeley,
CA, USA).

The study consisted of two sessions, completed in a fixed order. In the first session
(Study session), participants completed the masked lexical decision task to establish
baseline data for the prime lexicality effect. Next, participants underwent the
orthographic learning task, which included a demonstration phase and a picture-word
matching training phase.

The second session (7est session) took place between 1 and 4 days after the first
session (M = 2.229, SD = 0.910). First, participants completed the masked lexical
decision task again to measure the lexical engagement of the newly learned words.
This was followed by the spelling recognition task for assessing lexical
configuration. Finally, they completed another block of the picture-word matching
task (delayed picture-word matching) to determine retention of the learned picture-
word associations.

3. Results

3.1. Data analysis

For each task, incorrect responses and reaction times (RTs) shorter than 200 ms (or
longer than 2000 ms in the lexical decision task) were discarded from the RT
analysis. Subsequently, RTs that deviated more than +2 SD from a participant’s mean
RT within each condition were also removed. To better approximate a normal
distribution, RTs were log-transformed prior to analysis, based on visual inspection
of QQ plots. Reaction time data were analyzed using linear mixed-effects models
with the Imer function from the Ime4 (version 1.1.35.1; Bates et al., 2015) and afex
packages (version 1.3.1; Singman et al., 2019) in R (version 4.3.1; R Core Team,
2014). Accuracy data were analyzed using generalized linear mixed-effects models
(glmer) with a binomial link function. Mixed-effects models are particularly well-
suited for psycholinguistic research involving repeated measures, as they account for
both fixed effects and random effects (i.e., variability across participants and items).
This statistical approach improves statistical power and allows for more
generalizable conclusions by capturing individual differences and item-level
variance (Baayen et al., 2008). We always started model selection with the maximal
random-effects structure, in line with the recommendations of Barr et al. (2013); if
the maximal model failed to converge, we systematically simplified the random
structure, comparing nested models using maximum likelihood estimation and model
comparison criteria.
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3.2. Prime lexicality effect (PLE) in the study session

First, as we hypothesized that skilled readers would exhibit a Prime Lexicality Effect
(PLE), 1.e responses to word targets would be slower when preceded by word primes
compared to pseudoword primes, due to lexical competition (Forster & Veres, 1998;
Davis & Lupker, 2006), we tested whether lexical competition and therefore PLE
was present in the skilled readers in the Study session. To this end, we compared the
effectiveness of word versus pseudoword primes in facilitating responses to word
targets. Thus, word and pseudoword targets from the Study session were analyzed
separately, and for each target type, the model included a fixed effect for Prime
Lexicality (word vs. pseudoword) and random intercepts for participants and items.
Random slopes for Prime Lexicality were included to account for by-participant
variability.

3.2.1. Word targets
The model for accuracy data (ACC ~ primelex + (1+primelex|ID) + (1]item))
revealed no significant effect for the factor Prime Lexicality [z= - 0.188, p = .851],
indicating no difference in accuracy between word- and pseudoword-primed trials
for real-word targets.

The model for RT data (IogRT ~ primelex + (1+primelex|ID) + (1|item)) revealed
a significant effect for the factor Prime Lexicality [t=2.165, p =.034], indicating that
targets preceded by word primes elicited significantly slower responses compared to
those preceded by pseudoword primes.

3.2.2. Pseudoword targets

The model for accuracy data could not be run due to the ceiling effect (100%
accuracy for all pseudoword targets). The model for RT data showed no effect of
prime lexicality [t =1.217, p = .23], indicating that prime lexicality did not influence
RTs to pseudoword targets. See Table 1 for descriptive statistics of the lexical
decision task data.
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Table 1. Raw lexical decision reaction times (RTs in milliseconds) means, standard deviations (in
parenthesis), and mean accuracy (%) for word and pseudoword targets in the masked lexical decision task
in the Study session

Word target Pseudoword target
Accuracy RT Accuracy RT
word prime 99.6 % 706.912 100 % 769.183
(5.92) (153.764) (0) (136.919)
pseudoword prime  99.3 % 674.982 100 % 762.607
(8.43) (141.156) (0) (147.862)
PLE -31.930 - 6.676

Note. Prime Lexicality Effect (PLE) was calculated as the difference of RTs for pseudoword (pw) and word
(W) primes (pw—w). Negative values indicate lexical competition.

3.3. Orthographic learning

3.3.1. Study session

Demonstration phase: Participants observed the novel words paired with their
corresponding novel pictures in a self-paced format. Overall, mean RT was 3832.385
ms (SD = 3829.387) for the three blocks (Block 1: M = 4877.389, SD = 5141.04;
Block 2: M =3762.278, SD = 3268.77, Block 3: M = 2857.488, SD = 2207.06).
Picture-word matching task: Accuracy for the picture-word matching task was
generally high (Block 1: 96.6% (SD = 18.3); Block 2: 95.5% (SD = 20.8); Block 3:
95.9% (SD = 19.7); Block 4: 94.6% (SD = 22.6); Block 5: 95.8% (SD = 20.1)) with
the generalized linear mixed effect analysis showing no significant effect of block
on accuracy (p-values ranging from 0.0674 to 0.5429) indicating that performance
remained consistent across blocks.

RTs across the blocks became faster as indicated by the linear mixed-effects analysis
with significant decreases compared to Block1 (Block2: t = 8.859, p <.001; Block3:
t=12.397, p <.001; Block4: t = 13.104, p < .001; Block5: t = 13.432, p < .001).
Additionally, pairwise comparisons revealed significant differences between Block
2 and Block 3, 4, and 5 (p-values of .0037, .0002, and <.0001, respectively). Note
that here inverse RT values were analyzed, as this distribution approximated the
normal distribution more closely than log-transformed RT.
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3.3.2. Test session:

Then, we hypothesized that participants would successfully acquire orthographic and
semantic representations of novel words during the Study session, as evidenced by
good performance in the picture-word matching and spelling recognition tasks.
Picture-word matching task: One block of the picture-word matching task was
repeated during the Test session to assess retention of the picture-word associations.
Thus, we compared performance on the Test sessions' picture-word matching task
with that shown in the Study session’s last block (Block 5).

Accuracy in the Test session (90%, SD = 30) decreased relative to the Study
session (95.8%, SD = 20.1) as indicated by the generalized linear mixed-effects
model [z = - 4.456, p <.001].

RT analysis showed a significant effect of Session, too [t =-13.67, p <.001] due
to RTs being slower in the Test session (M = 1494.181 ms, SD = 735.251) than in
the Study session (M = 1186.517 ms, SD = 566.767). Note that here inverse RT
values were analyzed, as this distribution approximated the normal distribution more
closely than log-transformed RT. These results suggest moderate forgetting of the
picture-word associations between the sessions.

Spelling recognition: To measure lexical configuration, participants' recognition of
newly learned orthographic forms was assessed in a four-alternative forced-choice
recognition task. Mean accuracy was relatively high (92.54%, SD = 26.296) with a
mean RT of 3488.146 ms (SD = 2118.207). Thus, participants demonstrated a strong
ability to recognize orthographic forms, although there was considerable variability
in both accuracy and reaction time.

Lexical decision task:

According to our hypothesis, in the Test session, we expected to see a dissociation
in priming patterns between trained and untrained pseudoword primes, such that
trained pseudowords would engage in lexical competition and thus show reduced or
inhibitory priming for word targets, while still facilitating responses to pseudoword
targets. This pattern would indicate lexicalization of the novel words and the
emergence of lexical competition following a delay. Each analysis in the Results
section directly tests one or more of these hypotheses.

To assess whether lexical competition emerges for newly learned words, we analyzed
targets preceded by pseudoword primes and compared responses for targets preceded
by trained pseudowords (novel words) and untrained pseudoword primes. The
mixed-effect model included fixed effects for Target lexicality (word/pseudoword),
Session (Study/Test), and Training (trained/untrained).

Only RT data were analyzed due to the ceiling effect in accuracy. Raw RT data
for the conditions are presented in Table 2.
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Table 2. Raw lexical decision reaction times (RTs in milliseconds) means and standard deviations (in
parentheses) for word and pseudoword targets in the masked lexical decision task in the Study and Test
sessions separately by training status.

Word target Pseudoword target

Study Test Study Test
RT (SD) RT (SD) RT (SD) RT (SD)

word prime
untrained 708.195 640.103 768.568 689.142
(153.661) (138.409) (136.424) (129.835)

pseudoword prime

untrained 679.627 624.275 761.957 696.261
(135.778)  (130.668)  (149.633)  (149.862)
trained 671.558 630.625 762.835 672.392

(146.495)  (137.559)  (146.069)  (129.668)

For the RT data, the maximal model that converged (logRT ~ targetlex * session
* trained + (1/ID) + (1]item)) showed a significant fixed-effect of Target Lexicality,
a significant interaction between Target Lexicality and Session, and between Target
Lexicality*Session*Training (see statistical results in Table 3).
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Table 3. Regression coefficients for the fixed effects of target lexicality, session, training, group, and their
interactions on log-transformed reaction times (logRT). The table includes estimates, confidence intervals

(CD), t-values, and p-values for each factor and interaction term, based on the linear mixed-effects model.

logRT
Predictors Estimates [ Statistic )=
(Tntercept) 6620 6.577-006064 297.093 <0.001
Target Lexicality -0.126  -0.162—--00%0 -6.855 <0.001
Session -0.128 -0.155—--0.101  -9316 <0.001
Training -0.002  -0029-0025 -0.124 0902
Target Lexicality x Session 0064  0026-0.101 3356 0,001
Target Lexicality x Training 0.011 -0.026-0.048 0586 0.558
Session x Training 0034 -0003-0072 1785 0.074

Target Lexicality X Session X Tramng  -0.055 -0.107—--0003 -2081  0.038

ICC 0.37
Np 35

N jtem 72
Observations 2190
Marginal R2 / Conditional R2 0.114/0441

To uncover the Target Lexicality*Session*Training interaction (see Figure 1), we
conducted separate analyses for word and pseudoword targets. Neither for word
targets [t =- 1.179, p = .239], nor for the pseudoword targets [t = 1.810, p = .071]
did the Session*Training interaction reach significance; however, the opposing
directions of the effects suggest a potential decrease in RTs for trained pseudowords,
while the reverse pattern was observed for word targets (see Figure 1).

In addition, analysis by session revealed no effect of Training [t = - 0.090, p =
.928] nor an interaction between Training and Target Lexicality [t=-1.207, p=.227]
in the Study session. In contrast, in the Test session, there was a significant effect of
Training [t = -2.382, p = .017], and a significant interaction between Training and
Target Lexicality [t =2.101, p=.036].

The follow-up analysis revealed that the Training effect was only present for
pseudoword targets [t = -2.763, p = .006], indicating facilitation for pseudowords
preceded by trained pseudowords (novel words). In contrast, the training effect was
not significant for word targets [t = 0.61, p = .542], indicating that novel words did
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not have a facilitatory effect when preceding word targets, potentially due to lexical
competition.

Indeed, Figure 1 illustrates that overall RTs improved from the Study to the Test
session across all conditions, reflecting general practice effects. However, word
targets preceded by trained pseudoword primes (novel words) showed less
improvement compared to other conditions. This pattern suggests that the trained
pseudoword primes reduced the typical practice-related gains when participants
responded to word targets, presumably because lexical competition started to
emerge, slowing down processing and limiting the extent of RT improvement.

Figure 1. Relative reaction time (RT) improvement in the Study and Test sessions. The plot shows the
proportional improvement (ratio) in RT (RT[Study] / RT[Test]) separately for Target lexicality
(pseudoword vs. word), Prime lexicality (pseudoword prime vs. word prime), and training status (Trained
vs. Untrained). This ratio shows how much faster or slower participants responded in the Test session
relative to the Study session. A value greater than 1 indicates improved performance (faster RTs in the
Test session), while a value less than 1 indicates a decline (slower RTs in the Test session). Error bars

represent the standard error of the proportion.
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4.  Discussion

The present study investigated whether orthographic learning of novel written words
in skilled adult readers leads not only to lexical configuration, but also to full
lexicalization, as indexed by the lexical competition effect. First, we examined
whether skilled adult readers exhibit the Prime Lexicality Effect (PLE), a measure of
lexical competition, in a masked priming lexical decision task. Second, we
investigated whether newly learned word forms begin to compete with existing
lexical items during visual word recognition, indicating their integration into the
mental lexicon. To this end, we used a picture—pseudoword matching task for
training novel words. A novel aspect of our study is that we focused not only on the
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formation of orthographic representations but also on the lexical integration of these
newly learned words. To assess lexical configuration, we used a spelling recognition
task. Lexical engagement was measured via the emergence of the Prime Lexicality
Effect (PLE).

A key strength of our experimental design is the within-subject baseline
established by administering the masked priming lexical decision task both before
and after training. This allowed us to observe changes in priming patterns indicative
of lexicalization directly. Moreover, the use of novel objects and controlled exposure
reduced confounds related to prior knowledge or word familiarity.

Our results demonstrate that (1) university students with high-quality lexical
representations show strong PLE, (2) adult skilled readers can easily form novel
orthographic representations, and (3) newly learned written words begin to engage
in lexical competition with existing words already after a single training session.

First, we demonstrated that highly skilled readers show a strong PLE. In line with
several previous reports on university students (Andrews & Hersch, 2010; Andrews
& Lo, 2012; Davis & Lupker, 2006; Forster & Veres, 1998), we found that target
words preceded by neighbor word primes elicited slower reaction times as compared
to target words preceded by neighbor pseudoword primes in a lexical decision task.
Previous studies were conducted primarily on deep orthographies (Japanese:
Nakayama, Sears, Hino, & Lupker, 2014; Nakayama, Sears, & Lupker, 2011);
Andrews & Hersch, 2010; Andrews & Lo, 2012; Davis & Lupker, 2006; De Moor et
al., 2007; Forster & Veres, 1998; Massol, Grainger, Dufau, & Holcomb, 2010;
Meade et al., 2019; Nakayama et al., 2014, 2011). In less consistent orthographies,
the picture is mixed. De Moor et al. (2007) found a quite strong PLE in Dutch (in the
order of 35 ms), whereas Massol et al. (2010) found only a small (around 5 ms)
difference between word and pseudoword primes in Spanish adults. Hungarian
orthography is characterized by highly consistent (almost one-to-one) grapheme-
phoneme mapping (Borgwaldt et al., 2005; Ziegler et al., 2010); thus, our result
extends previous findings demonstrating that lexical competition is a fundamental
process in visual word recognition in highly transparent orthographies as well.

Second, we demonstrated robust learning of novel written word forms in skilled
readers. University students demonstrated relatively high accuracy in the spelling
recognition task, confirming successful acquisition and retention of the orthographic
forms. This held true even though some decline in retention of picture—word
associations was observed between the study and test sessions. Our findings are
consistent with prior studies suggesting adults can establish stable orthographic
representations after relatively few exposures (Share, 1999). In our study, this was
evident even though the learning context was explicit and involved repeated
exposure to novel written forms paired with visual referents. Importantly, we
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extended prior paradigms (e.g., Qiao & Forster, 2013) by pairing pseudowords with
entirely novel objects, rather than familiar ones. This reduced the influence of pre-
existing semantic associations and ensured that learning was driven by orthographic—
semantic mapping formed during the experiment. Overall, the high accuracy in the
spelling recognition task (~93%) indicated robust lexical configuration of the novel
words.

Significantly, our study goes beyond lexical configuration by assessing lexical
engagement. In line with the literature on novel-word lexicalization (Qiao & Forster,
2013; Tamura et al., 2017; Wang et al., 2017), we observed that trained pseudoword
primes interfered more with target-word recognition than untrained pseudowords. In
fact, during the Test session, trained pseudowords elicited significantly faster
responses to pseudoword targets than to word targets. This pattern suggests that
trained pseudowords began to function as lexical competitors, leading to lexical
inhibition that counteracted any sublexical facilitation. Thus, we propose that the
lack of priming effect of trained (vs. untrained) pseudowords in the word target
condition, contrasted with the facilitation observed for pseudoword targets, reflects
the emergence of lexical competition which counteracts facilitation due to sublexical
overlap. This interpretation is supported by the significant interaction between
Training and Lexicality during the Test session and by the fact that training effects
were evident only for pseudoword targets. Therefore, the observed absence of
facilitation from trained pseudoword primes for word targets is consistent with the
idea that these novel words had begun to function as lexical entries.

Although we did not observe a significant inhibitory effect of trained primes on
word targets, the opposing effects on word and pseudoword targets across sessions
are consistent with the emergence of lexical competition. A purely episodic memory
account would predict similar facilitation across both target types, regardless of
training. Instead, the fact that trained primes facilitated pseudoword processing but
not word recognition suggests that, in addition to sublexical facilitation, inhibition
was selectively enhanced for word targets, likely due to emerging lexical
competition. Notably, the absence of a clear inhibitory effect does not rule out
lexicalization; rather, the reduced facilitation can itself be seen as an early sign of
lexical status emerging (Elgort, 2011).

It is important to note that overall reaction times improved in the Test session,
reflecting general practice effects across all conditions. This means that experimental
manipulations do not solely shape the observed priming effects but are also
influenced by underlying shifts in baseline RTs. As a result, the final RT patterns
reflect a combination of multiple, and at times opposing, factors, including episodic
memory, practice effects with the task, and the emerging lexicalization of trained
pseudowords.
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Specifically, the data suggest that trained pseudoword primes reduced the typical
practice-related gains for word targets, likely because lexical competition began to
emerge, slowing responses or limiting further improvement. In contrast, pseudoword
targets showed greater benefit from trained pseudoword primes, consistent with a
facilitation effect driven by prior training.

Overall, our results are consistent with earlier findings by Qiao and Forster (2013)
and Dumay and Gaskell (2007), who reported that inhibitory priming effects (or the
lack of facilitation effects) only emerge after repeated exposure and sufficient time
for consolidation. In addition, our study shows that lexicalization can occur even
after a single learning session if testing is delayed. Since our Test session took place
1-4 days after training, our findings demonstrate that it is not the number of learning
sessions per se, but the temporal delay and opportunity for consolidation that play a
critical role in enabling newly learned words to become lexically integrated.

These findings also carry potential implications for second language (L2) learning.
The ability of adult readers to rapidly acquire and integrate novel orthographic forms
suggests that similar mechanisms may support the lexicalization of new written
vocabulary in L2 contexts. Training methods that emphasize repeated exposure,
orthographic precision, and delayed testing could enhance long-term lexical
integration. Future research should explore whether incorporating PLE as an
assessment can serve as a sensitive tool for tracking lexicalization progress in L2
learners, potentially guiding effective vocabulary instruction.

5.  Conclusion

In sum, our findings provide evidence that skilled adult readers can rapidly form
stable orthographic representations of novel words and that these representations
begin to engage with the existing lexicon after a short period of offline consolidation.
The observed reduction in priming for trained items supports the emergence of
lexical engagement. These findings not only inform models of lexicalization in
skilled readers but may also have important implications for L2 vocabulary
acquisition, particularly for reading-based learning contexts. Overall, our study
offers a valuable experimental framework for future research on written word
lexicalization in adult populations.
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