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The present study tested the postulates of Strong Morphonotactic Hypothesis
(SMH; Dressler & Dziubalska-Kotaczyk 2006) and Beats-and-Binding (B&B)
phonotactics model (Dziubalska-Kotaczyk 2002; 2009). According to the SMH,
morphonotactic consonant clusters, which occur across morpheme boundary, are
acquired earlier and processed faster and more accurately than phonotactic clus-
ters, which occur within a morpheme. Research in several languages has corrob-
orated this (e.g. Kamandulyté 2006; Keli¢ & Dressler 2019; Zydorowicz 2010).
Within the B&B phonotactics model, a facilitatory role in the acquisition and
processing is attributed to preferability, a concept that refers to the language-
specific phonotactic preferences grounded in the acoustic features of neigh-
bouring phonemes. While many different types of linguistic and extralinguistic
information have been examined in the context of morphological processing, the
interaction of acoustic and morphonotactic information has not received compa-
rable attention. The aim of this study was to examine the role of morphonotactic
and preferability features of consonant clusters in the processing of morphologi-
cally complex words in a morphologically rich language, Croatian. Two experi-
ments were performed, an auditory sequence targeting experiment and a lexical
decision task, with 71 adult Croatian L1 speakers as participants. The results
indicate that the preferability of consonant clusters facilitates processing at the
sublexical level, while preferability and morphonotactic information play signifi-
cant facilitatory roles at the lexical level. To the best of our knowledge, this is
the first study that examined both morphonotactic and preferability features at
different levels of processing.
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1. Introduction

1.1. Theoretical background

The processing of derived words has been the subject of extensive psy-
cholinguistic and neurolinguistic research that mainly focused on determin-
ing whether derived words are processed and represented as whole forms
or whether their storage and processing requires morphological decompo-
sition. The general conclusion of the behavioural and electrophysiological
studies seems to be that derived words are stored both as whole-word units
and as compositional structures (Clahsen et al. 2003; Marslen-Wilson 2007;
Taft 2004) and that they are decomposed during processing (for review see
e.g. Leminen et al. 2019; Marslen-Wilson 2007). The question of whether
decomposition occurs during the early, prelexical phase of word process-
ing or during the later, lexico-semantic stage, has long been debated (e.g.
Giraudo & Grainger 2001). Numerous studies conducted within this line
of research have finally led to a consensus on the prelexical nature of mor-
phological decomposition (e.g. Beyersmann et al. 2011; Longtin & Meunier
2005; Marslen-Wilson et al. 2008; cf. Feldman et al. 2015). The influence
of various linguistic and psycholinguistic variables on morphological pro-
cessing has been investigated, such as whole-word/stem/affix frequency,
semantic transparency, affix productivity, family size, etc. (overview in
Amenta & Crepaldi 2012). The interplay between orthographic and semantic
information in morphological processing during visual word recognition has
been studied, too (review in Rastle & Davis 2008), as has the relationship
between phonological and semantic information during auditory word rec-
ognition (e.g. Bacovcin et al. 2017; Schwarz et al. 2023; for a comparison of
visual and auditory modalities, see Beyersmann et al. 2020). However, the
interplay between phonological and morphological information in the pro-
cessing of morphologically complex words has not yet received comparable
attention.

Morphonology is the area of interface between morphology and pho-
nology and has its origins in the theories of Natural Morphology and Natural
Phonology (Dressler 1985). Morphonotactics was also introduced as a sub-
area within this concept, the one that examines consonant combinations as
products of morphological operations at morpheme boundaries (Dressler
& Dziubalska-Kotaczyk 2006). Morphonotactics has been under a great
research focus, especially since the suggestion that the type of consonant
cluster within the words of a given language may significantly influence
language acquisition and processing (Dressler et al. 2019; Keli¢ et al. 2023;
Korecky-Kroll et al. 2014; Zydorowicz et al. 2016). In the context of morpho-
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notactics, the cluster type! refers to its function with respect to the infor-
mation it carries. Clusters that occur at a morpheme boundary are called
phonotactic clusters, and those that appear across the morpheme boundary
are morphonotactic clusters. Most of the work that focuses on the investiga-
tion of the effect of cluster type on language acquisition and processing is
grounded in Strong Morphonotactic Hypothesis (SMH) proposed by Dressler
& Dziubalska-Kotaczyk (2006). The SMH states that the interaction of mor-
phology and phonotactics facilitates language processing and acquisition
due to the significant morphological information that the morphonotactic
clusters carry, as opposed to purely phonotactic clusters.

Consonant clusters are often investigated also within other frameworks,
such as the sonority framework (Parker 2017) and the Beats-and-Binding
(B&B) phonotactics model established by Dziubalska-Kotaczyk (2002;
2009). As the latter model stems from the theory of Natural Phonology,
and has already been used in an acquisition study testing similar assump-
tions in Croatian, it was our model of choice in the current study. This
model accounts for the organisation of consonant clusters in a language,
which depends on acoustic features of neighbouring phonemes. As it is a
non-syllable model, it replaces the traditional terms for syllable components
with the terms beats and non-beats. Beats are best realised by vowels and
are generally more prominent, while non-beats are realised by consonants
and are less prominent. Bindings connect the two in a sequence (Dziubalska-
Kotaczyk et al. 2014). A certain combination of sounds may be more or less
marked, and according to Natural Phonology, there is a strong preference
for simple, unmarked phonotactic structures. This preference is determined
linguistically, but also non-linguistically, i.e. it requires less cognitive effort
and is easier to perceive and pronounce (Dziubalska-Kotaczyk 2002). The
model lists these phonotactic preferences, which indicate the required
phonological distances between cluster segments at each position within a
given word of a language, measured in terms of the Net Auditory Distance
(NAD; Dziubalska-Kotaczyk 2002). NAD stands for the measure of auditory
distances between neighbouring phonemes in terms of the manner of articu-
lation (MOA) and place of articulation (POA) as well as voicing, and allows
the construction of the hierarchy of preferences from the most preferred to
the least preferred cluster (Dziubalska-Kotaczyk 2002; see also Dressler &
Kononenko-Szoszkiewicz 2021). The medial cluster is considered preferred
if it conforms to the condition NAD (V1, C1) = NAD (C1, C2) < NAD (C2,
V2). The condition reads that, for word-medial double cluster, the NAD
between the two consonants should be less than between each of the conso-
nants and its respective neighbouring beat, and it may be equal to the NAD
between the first consonant and the beat preceding it. For clarification, we
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present the NAD calculation for the dispreferred cluster VdIV used in the
current study.
MOA for /d/ = 5; MOA for /1/ = 2.5; POA for /d/ = 2.3; POA for /1/
= 2.3; for vowels MOA is 0.
To calculate NAD, the following operation has to be performed:
1. /dl/ = |(MOA1 - MOA2| + |(POA1 - POA2)| + S/O= |5-2.5| + [2.3-2.3]
+1=25+0+1=35

2. NAD CC = 3.5
3. /Vd/ = |MOAI1 - MOA2| = [0-5| = 5
4.NADVC = 5

5. /IV/ = |MOAI - MOA2| = [2.5-0| = 2.5

6. NAD CV = 2.5
Since the condition NAD (V1, C1) = NAD (C1, C2) < NAD (C2, V2) is
not satisfied (5 = 3.5 %2.5), the cluster is dispreferred.

1.2. Previous studies

Studies on consonant clusters within the SMH framework refined the
hypothesis by suggesting that the earlier emergence or mastery of morpho-
notactic clusters in language development and the faster and more accurate
processing of morphonotactic clusters is mediated by the morphological
complexity of the language under study or, more specifically, by the com-
plexity of specific morphological subsystem, e.g. inflectional morphology,
derivational morphology, compound morphology (Calderone & Dressler
2021). In terms of acquisition, most studies have looked at the emergence
of words with different types of clusters in language acquisition, but also
at their mastery (see e.g. Calderone & Dressler 2021 for review; Keli¢ &
Dressler 2019). There is evidence for facilitated acquisition of morphono-
tactic clusters in Polish (Zydorowicz 2010) and Lithuanian (Kamandulyté
2006), languages with complex morphology, but not for German with less
rich inflectional morphology (Dressler et al. 2015). Morphonotactic prec-
edence was also shown in a Croatian developmental study that focused on
the mastery of word-initial clusters (Keli¢ & Dressler 2019). This study has
shown that Croatian children produce morphonotactic clusters correctly ear-
lier than homophonous phonotactic clusters. For example, morphonotactic
/sp/ in s+pustiti ‘to put down’ was consistently produced correctly by the
child earlier than phonotactic /sp/ in spavati ‘to sleep’, where /s/ was omit-
ted for a longer time. This was true even when homophonous phonotactic
clusters appeared first in the child’s production and morphonotactic clusters
emerged later. The lower lexical diversity and token frequency of morpho-
notactic clusters than the comparable phonotactic clusters shows that the
faster development of homophonous clusters in their morphonotactic func-
tion is not due to greater frequency, i.e. more practice. Rather, it shows
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that morphology apparently encourages children to favour morphonotactic
lemmas and to take into account the lexical change that the prefix has trig-
gered. A subsequent study by Keli¢ et al. (2023) on the emergence of word-
medial and word-final consonant clusters also partially confirmed the SMH,
although considerable individual differences in the complex acquisition pro-
cess were found, as well. For example, in one of the three subcorpora, i.e. in
one child in particular, a clear dominance of morphonotactic clusters was
observed. While Croatian word-initial consonant clusters tackled in Keli¢ &
Dressler (2019) were formed by prefixation, word-medial clusters examined
in Kelié et al. (2023) were also formed by a subtractive morphotactic opera-
tion leading to vowel deletion. Beside the differences between the mastery
and the emergence, also different morphological processes could lead to
slightly different results in the two studies. Large individual differences in
the three subcorpora suggest that this hypothesis needs to be further investi-
gated, not only in different languages, but also with respect to different mor-
phological components and using different approaches. Generally, that study
revealed interesting developmental changes in the preferability of early
emerging phonotactic and morphonotactic clusters, providing insights into
the mechanism of implicit learning based on subtle phonological differences
in the distribution of phonemes in clusters.

In the field of language processing, the idea that SMH might be restrict-
ed to languages or morphological components with a rich morphology is
best illustrated in a German study by Sommer-Lolei et al. (2021). The results
of their two psycholinguistic experiments showed no effect of cluster type
for inflection, which is relatively poor in German, a partial trend for deriva-
tion, but a positive effect for compounding which is a frequent and produc-
tive word formation pattern in all Germanic languages. To investigate pro-
cessing at the lexical level, the authors used a progressive demasking task
and a lexical decision task. Other studies in German focused on sublexical
processing and yielded mixed results. Korecky-Kroll et al. (2014) reported a
significant effect of morphology on processing in a visual sequence targeting
experiment in which they did not distinguish between inflection, derivation
and compounding. They obtained significant effects of morphology on reac-
tion time, but not on accuracy. The presence of a morpheme boundary was
found to be beneficial in a word modifying task (split-cluster task) in which
participants had to reshape a morphonotactic or phonotactic cluster by add-
ing a vowel between the consonants (Celata et al. 2015). This was found to
be easier for clusters that occur across the morpheme boundary, especially
for adolescent German speakers compared to adults. Developmental differ-
ences in sublexical processing were also evident in the second experiment
of the same study, in which participants had to compare an auditorily per-
ceived word with the letter sequences on the screen. The adolescent partici-
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pants were significantly less accurate, particularly on morphonotactic items,
whereas the presence of a morpheme boundary had no effect on the accu-
racy in adults.

The above studies aimed to investigate whether a morpheme bound-
ary between the consonants of a cluster facilitates or impedes processing, or
whether it makes no difference what type of cluster a word contains. While
they took into account the postulates of SMH, they disregarded the purely
phonological differences between clusters, which can be defined in terms of
the auditory distances between neighbouring phonemes, i.e. preferability.
This limitation has been addressed in the current study.

1.3. Croatian phonological and morphological system

Compared to other Slavic languages, Croatian is not a highly conso-
nantal language, with the ratio of consonants to vowels defined as moder-
ately high (Dryer & Haspelmath 2013). The majority of syllables in Croatian
consist of a single consonant followed by a vowel (Skari¢ 1991), while the
syllable structure in Croatian is typically described as moderately complex
(Maddieson 2013). Consequently, consonant clusters in Croatian are also
less complex than, for example, in Polish or Russian. Croatian syllables
typically have one or two consonants in the onset, and one consonant in the
coda (Jelaska 2004). Double consonant clusters in the onset of lexical words
are much more frequent than triple consonant clusters (Keli¢ 2017). Both
double and triple consonant clusters can be found in word-medial position.

Consonant clusters in word-initial and word-medial position can be
either morphonotactic or phonotactic, with the proportion of morphono-
tactic clusters being higher in word-medial position than in word-initial
position, which is a common feature across languages (Dressler et al.
2015). Unlike in other Slavic languages, consonant clusters in word-final
position are rare in Croatian (Turk 1992) and are exclusively phonotac-
tic. Unfortunately, the distribution of different types of consonant clusters
in word-medial position in Croatian has not yet been comprehensively
described in terms of morphonotactics.

Croatian exhibits a rather high level of morphological complexity, as
do other Slavic languages. The Croatian morphological system is character-
ised by rich inflectional paradigms and mostly synthetically marked inflec-
tional categories. In the nominal and adjectival paradigms, each inflectional
suffix carries information about the gender of the noun, the case and num-
ber in which it is used and, in the accusative case of masculine nouns, its
animacy. Pronouns are marked synthetically for person, number, gender and
case. In addition, the pronominal declensions comprise numerous supple-
tive and homophonous forms, which makes their declension rather opaque.
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Verbal inflectional suffixes are marked for tense, person and number, all
within a single morpheme. In some periphrastic verb constructions, e.g.
perfect, conditional or passive, the gender of the subject is marked on the
verbal adjective. While inflectional morphology in Croatian very rarely leads
to more complex phonotactics, derivational morphology results not only in
longer, but also in phonotactically more complex words.

Croatian derivational morphology represents a rich system as well,
especially for verbs. Verbs can be derived from nouns (e.g. hrana ‘food’ —
hraniti ‘to feed’) and adjectives (e.g. pun ‘full’ — puniti ‘to fill’), but also from
other verbs, either by prefixation or by suffixation (see, e.g., Babi¢ 2002;
§ojat et al. 2012). Prefixation is more productive than suffixation in the deri-
vation of the Croatian verbs (Babi¢ 2002). Addition of a prefix or a suffix
can change the meaning of the original verb (e.g. baciti ‘to throw’ — izbaciti
‘to throw out’), the aspect (e.g. kupiti ‘to buy.PFV’ — kupovati ‘to buy.IPFV’),
or both (e.g. pisati ‘to write.IPFV’ — prepisati ‘to copy.PFV by writing’).

In Croatian, derivation has non-trivial consequences at the phono-
logical level. The addition of a derivational morpheme to the word stem
can result in a combination of phonemes that is otherwise not frequent in
a language, which might influence the efficiency of the processing of the
derived word. This is captured by the term ‘morphonotactics’ introduced
in 1.1 (Theoretical background), and Croatian can serve as an excellent test-
ing ground for the predictions of the SMH. The Croatian verb derivation
paradigm contains several verbal prefixes that end in a consonant (iz-,
nad-, pod-, pred-, etc.). When a prefix that ends in a consonant is added to
a verb that begins with a consonant, e.g. is + puniti ‘fill.IPFV’ — ispuniti. PFV
‘to fill completely’, a medial consonant cluster is formed. Depending on the
articulatory features of the consonants within the newly formed cluster,
the cluster is more or less preferred in the Croatian language. At the same
time, the consonant cluster that results from a derivational operation is a
morphonotactic cluster, as explained in 1.1 (Theoretical background). On the
other hand, if a prefix that ends in a vowel is added to a verb that begins
with a consonant cluster, e.g. na + kriviti ‘slant.IPFV’ — nakriviti ‘slant.PFV’,
the consonant cluster in the derived verb remains phonotactic, as it was in
the original verb. One and the same consonant cluster can be found in the
medial position as morphonotactic or as phonotactic cluster, depending on
whether the first consonant in the cluster originally belonged to the prefix
or the stem (e.g. /sp/ in is-puniti ‘to fill completely’ vs /sp/ in o-sporiti ‘to
dispute’). According to the SMH, the processing should be facilitated in the
former case due to the morphological information that the cluster carries.
According to the B&B framework, the preferability of the consonant combi-
nations within the clusters should also play a role, but this assumption had
not yet been tested.
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Since Croatian is a morphologically rich and complex language, study-
ing acquisition and processing of this language may shed additional light on
the postulates of SMH and B&B framework. More specifically, it may help us
disentangle the exact stages of processing in such a rich system, i.e. the type
of information that is relevant on different processing levels.

1.4. Present study

The aim of the present study is to examine the role of cluster type
(phonotactic vs morphonotactic) and cluster preferability (preferred vs dis-
preferred) in sublexical and lexical processing. By addressing this aim we
wish to test the postulates of SMH and B&B in Croatian, i.e. to disentangle
the influence of the two cluster features on processing on different levels.

Thus, this study aims (i) to examine whether medial morphonotactic
clusters are processed faster and more accurately at the level of sublexi-
cal and lexical processing than phonotactic consonant clusters, and (ii) to
explore the role of preferability in processing clusters of different types, on
the sublexical and lexical level. To this aim, two experiments were designed,
one with auditory sequence targeting task (ASTE, Experiment 1), and anoth-
er with a lexical decision task (LDT, Experiment 2).

By tackling these questions, we wish to contribute to both frame-
works from two perspectives, crosslinguistic and methodological.
Crosslinguistically, by investigating Croatian we hope to shed additional
light on the SMH continuum and explore whether morphonotactic clusters
are processed faster than phonotactic clusters in a morphologically rich
system. Methodologically, by implementing experimental psycholinguistic
tasks to investigate sublexical and lexical processing of words containing
morphonotactic and phonotactic clusters of different preferability profiles
(preferred / dispreferred) in the medial position, we plan to enrich the cur-
rent approaches to this phenomenon and extend the existing corpus-based
findings on their acquisition.

2. Methods

2.1. Experiment 1 (ASTE)

2.1.1. Participants

In total, 71 adults participated in Experiment 1. All were students from
Croatia who acquired Croatian as their L1. None of them had a history of
neurological or language disorders. Participants were recruited at two uni-
versities, University of Zagreb and University of Rijeka, and were tested
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as part of the experimental seminars within two obligatory courses. Prior
to testing, all participants signed an informed consent, and later received
course credits for participation. All individual data were de-identified and
anonymised.

2.1.2. Materials

In the first step, all prefixes used in verb derivation in Croatian (Bari¢
et al. 2005) were listed. For each prefix ending in a consonant, all verbs
derived with this prefix were extracted from the Croatian web corpus
HrWac (Ljubesi¢ & Klubicka 2016), as well as their relative frequencies.
In the next step, the four-syllable verbs containing a consonant cluster
across or next to the prefix-stem morpheme boundary were identified and
included in the list. These verbs were then categorised according to the
type of medial cluster as verbs with morphonotactic or phonotactic clusters.
For some verbs the decomposition into prefix and stem does not yield a
stem that is an attested lexeme in Croatian (e.g. odbijati ‘refuse.IPFV’ = od
+ *bijati vs nadjacati ‘overpower.PFV’ = nad + jacati). However, this has no
consequences for classifying the cluster as morphonotactic or phonotactic.
For each verb the preferability of the cluster was determined using the NAD
calculator which calculates net auditory distance values between consonants
in the cluster in a given language and provides information on whether the
cluster is preferred (Dziubalska-Kotaczyk et al. 2014).

Forty verbs were included in the final list of stimuli (see the complete
stimulus list in the Supplementary materials). The number of verbs with mor-
phonotactic vs phonotactic clusters in the list was equal (i.e. 20 verbs with
morphonotactic clusters and 20 verbs with phonotactic clusters). Within
each group 10 consonant clusters were preferred, while the remaining 10
clusters were dispreferred. In order to exclude frequency as a potential con-
found, the difference between relative frequencies of the verbs across differ-
ent conditions was tested using the non-parametric Mann-Whitney test. No
statistically significant difference was found between relative frequencies
of the verbs with morphonotactic and phonotactic clusters (W = 257, p =
.126), nor between relative frequencies of the verbs with preferred and dis-
preferred clusters (W = 183, p = .655).

Materials for the ASTE were pre-recorded audio stimuli, recorded by
a native speaker of Croatian (third author) using the application for sound
recording on a mobile phone. The audio files were processed in DaVinci
Resolve video editor, whereby the beginning of each audio file was set to
correspond to the onset of the first phoneme in a word. The experiment con-
tained 40 items that appeared three times during the course of the experi-
ment (twice as target stimuli, once as filler items; for details see the follow-
ing section, Procedure).
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2.1.3. Procedure

Participants were tested in two psycholinguistic laboratories in
Croatia, Laboratory for Psycholinguistic Research, University of Zagreb and
Laboratory for Language and Cognitive Neuroscience, University of Rijeka.
The testing took place in a well-lit quiet room without distractors and was
conducted using a desktop computer. Both experiments were programmed
using E-Prime 3.0 software (Psychology Software Tools, Pittsburgh, PA,
2016) and performed during a single session. Every participant saw the full
list of stimuli in both experiments (fully crossed within-participant design),
but the order of experiments was counterbalanced and the order of the
stimuli within each experiment was randomised. Prior to testing, the par-
ticipants read and signed the informed consent. They were allowed to take
a break between the experiments. The entire session lasted from 15 to 20
minutes.

The experiment started with instructions and 6 practice items, and
ended with a Thank you screen. Participants heard a word (a pre-recorded
audio stimulus) via the headphones, after which either a single consonant
(the first or second consonant from the target cluster) or the entire cluster
was displayed on the screen. The three versions of the task were introduced
in order to minimise the monotony and learning effect in participants.
Participants’ task was to determine whether the auditorily presented word
contained the visually presented consonant / cluster. They responded by
pressing the left-most key on the CHRONOS response box for YES, and the
right-most key for NO. The keys were additionally marked with green and
red LED lights for YES and NO, respectively.

In two thirds of the stimuli, the visually presented consonant (a graph-
eme) or cluster was contained in the auditorily presented word (as a pho-
neme or a cluster), while in one third of the stimuli the auditorily presented
word did not contain the phoneme or a cluster that were visually presented
on the screen (as a grapheme or a cluster). The latter 40 stimuli were filler
items and were not included in the analysis. Accuracy and reaction times
(RT) were recorded in order to be compared across different conditions.

2.2. Experiment 2 (LDT)

2.2.1. Participants
The same group of students participated in Experiment 1 and
Experiment 2.

2.2.2. Materials
Forty verbs used as stimuli in Experiment 1 were used in Experiment
2 as well. For the LDT it was also necessary to create pseudowords. This
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was done using the web-tool Wuggy (Keuleers & Brysbaert 2010). The only
requirement set in the programme was that the pseudowords contained
the same medial consonant clusters as their word counterparts, and that
they had a form that resembled verbs in infinitive form (e.g. phonotactic
cluster /dl/ in the word predloZiti ‘suggest’ was also used in the pseudoword
prodlopiti; morphonotactic cluster /zr/ in the word razraditi ‘elaborate’ was
used in the pseudoword razgrebiti). The list of stimuli consisted of 40 words
and 40 pseudowords (see the complete stimulus list in the Supplementary
materials).

2.2.3. Procedure

Experiment 2 was performed under the same conditions as Experiment
1. The experiment started with the instructions screen followed by 6 prac-
tice items, and ended with a Thank you screen. Participants were presented
with visually displayed stimuli (words or pseudowords) on the screen
and had to decide whether the presented string of graphemes is a word in
Croatian. The stimuli were presented for 500 ms and participants had an
additional 1500 ms of blank screen to provide the response, making the
response window 2000 ms long. Participants responded using the CHRONOS
response box, in the same way as in Experiment 1. Participants’ accuracy
and reaction times (RT) were recorded for further analyses.

3. Results

Before the analysis, normality of data distribution was assessed using
the measures of skewness and kurtosis (skewness values between —2 and
+ 2 and kurtosis values between -1 and +1 were considered to indicate a
normal univariate distribution; see George & Mallery 2010). Given these
criteria, in Experiment 1 the dependent variable was normally distributed in
all conditions, while in Experiment 2 in some conditions standard kurtosis
values were minimally exceeded. To test the influence of different factors on
sublexical and lexical processing of words with different cluster features and
their pseudoword counterparts, several analyses of variances with repeated
measures (rmANOVAs) were performed in R (R Core Team 2021).

For the first experiment (ASTE) an ANOVA with a 2x2 factorial design
was computed, with cluster type (2) and preferability (2) as factors, and
reaction time as a dependent variable. In the subsequent analysis, target
type was also added as a factor, as the three different versions of the task
explained in the Procedure section may have affected participants’ RTs.
For the second experiment (LDT) another factor was introduced, namely
lexicality,? resulting in a 2x2x2 factorial design, with lexicality (2), cluster
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type (2) and preferability (2) as factors, and reaction time as a dependent
variable.

Although accuracy has been recorded, it reached ceiling for both
experiments (97-98% for the first and 90-99% for the second experiment).
The response accuracy in Experiment 2 was somewhat lower than in
Experiment 1. These error rates are similar to the results obtained in another
lexical decision task (cf. Meyer & Schvaneveldt 1971), i.e. error rates were
higher for the pseudoword conditions. Due to these ceiling effects, it has
been decided not to explore accuracy as a dependent variable, but rather to
remove all incorrect trials from the analyses.

During the first step of the analysis one verb was found to be incorrect-
ly coded as containing a morphonotactic cluster, and all RTs for this verb
were thus excluded from the analyses in both experiments, as well as RTs
for its pseudoword counterpart in Experiment 2. This resulted in an uneven
distribution of verbs among different conditions, with morphonotactic dis-
preferred clusters represented with 9 verbs, and each of the three other clus-
ter types represented with 10 verbs. The same was true for the pseudoword
verbs in Experiment 2.

3.1. Experiment 1: ASTE

With the aim of testing the role of cluster type and preferability in
language processing on the sublexical level, an auditory sequence targeting
experiment was conducted. Descriptive statistics representing the mean per-
formance of a group of native adult speakers (N = 71) and the distribution
of the results are outlined in Table 1 and Figure 1.

CLUSTER / CONDITION N MEAN SD
Morphonotactic dispreferred 71 558.70 103.58
Morphonotactic preferred 71 546.40 106.42
Phonotactic dispreferred 71 564.95 110.25
Phonotactic preferred 71 523.69 97.58

Table 1. Descriptive statistics for RT in each of the conditions (first experiment).
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Figure 1. Distribution of RT results (first experiment; ASTE).

Table 1 and Figure 1 show that, on average, participants made the
fastest choice in determining whether the visually presented consonant or a
cluster is (or is not) a part of the word they previously heard when the word
contained a preferred phonotactic cluster. They were the slowest when the
word contained a dispreferred phonotactic cluster. Their performance was
similar in the two morphonotactic conditions (preferred and dispreferred
morphonotactic clusters).

Next, rmANOVA revealed the main effects of cluster type and prefer-

ability, and an interaction between cluster type and preferability (Table 2;

Figure 2).

FACTORS RESULTS (RMANOVA)

Cluster type (2) F(1,70) = 7.80; p = 7.00e-03
Preferability (2) F(1,70) = 73.54; p = 1.59-12
Cluster type x preferability F(2, 69) = 27.58; p = 1.55e-06

Table 2. Main effects and an interaction obtained in Experiment 1 (significant results are

highlighted for clarity).
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Figure 2. Interaction between cluster type and preferability (based on RT measures).

Since the three different versions of the task explained in 2.1.3
(Procedure) may have affected participants’ RTs, we conducted one addition-
al analysis in which we included target type as a factor. A 3x2x2 ANOVA
(target type (3), cluster type (2) and preferability (2)) indeed revealed the
effect of target type, F(1,70) = 96.802; p = 4.01e-27, while the effect of
preferability, F(1,70) = 48.870; p = 1.30e-09, and the interaction between
preferability and cluster type, F(2,69) = 27.153; p = 1.81e-06, remained
statistically significant (Figure 3). We refer to these results in section 4
(Discussion).
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Figure 3. The effect of target type in Experiment 1 (based on RT measures).

3.2. Experiment 2: LDT
The next step was to investigate the influence of lexicality, cluster type
and preferability on language processing on the lexical level. For this a lexi-
cal decision task was designed. Descriptive statistics representing the mean
performance of a group of native adult speakers (N = 71) and the distribu-
tion of results are outlined in Table 3 and Figure 4.

LEXICALITY | CLUSTER TYPE / PREFERABILITY |N MEAN SD
Pseudoword |Morphonotactic dispreferred 71 695.62 153.32
Morphonotactic preferred 71 689.94 137.07
Word Morphonotactic dispreferred 71 579.00 93.79
Morphonotactic preferred 71 559.55 95.59
Pseudoword | Phonotactic dispreferred 71 694.43 142.90
Phonotactic preferred 71 685.83 144.54
Word Phonotactic dispreferred 71 596.77 105.48
Phonotactic preferred 71 590.34 103.84

Table 3. Descriptive statistics for RTs in each of the conditions (second experiment).
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Figure 4. Distribution of RT results (second experiment; LDT).

Next, rmANOVA revealed the main effects of all three factors: lexical-
ity, cluster type and preferability, and an interaction between lexicality and
cluster type (Table 4; Figure 5).

FACTORS RESULTS (RMANOVA)

Lexicality (2) F(1,70) = 112.80; p = 3.08e-16
Cluster type (2) F(1,70) = 17.88; p = 6.99e-05
Preferability (2) F(1,70) = 7.22; p =9.00e-03
Lexicality x cluster type F(2,69) = 18.91; p = 4.57e-05
Lexicality x preferability F(2,69) = 0.52; p = 4.72e-01
Cluster type x preferability F(2,69) = 0.50; p = 4.82e-01
Lexicality x cluster type x preferability |F(3, 68) = 1.41;p = 2.38e-01

Table 4. Main effects and an interaction obtained in the second experiment (RT measure;
significant results are highlighted for clarity).
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Figure 5. Interaction between lexicality and cluster type in words and pseudowords with
preferred and dispreferred clusters (based on RT measures).

4. Discussion

This study, grounded in the Strong Morphonotactic Hypothesis (SMH;
Dressler & Dziubalska-Kotaczyk 2006) and Beats-and-Binding (B&B) pho-
notactics model (Dziubalska-Kotaczyk 2002; 2009), aimed to examine how
speakers of a morphologically rich language process consonant clusters of
different type and preferability features on the sublexical and lexical level.
To address this aim, two experiments were performed, employing different
paradigms. In both experiments the accuracy reached ceiling effect, so only
RTs were analysed.

In Experiment 1, the auditory sequence targeting experiment (ASTE),
the main effects of cluster type and preferability were obtained. However,
overall, the sublexical processing of a cluster was not facilitated by the
presence of the morpheme boundary within a cluster. This finding is not
in line with the studies performed within the SMH framework, in which
a facilitation effect of morphonotactics was observed for the sublexical
processing level (Korecky-Kroll et al. 2014; Giraudo et al. 2021). In those
studies, however, the stimuli were presented visually, whereas in our
Experiment 1 and in Celata et al. (2015) the stimuli were presented audi-
torily. In the latter study, no facilitation effect of morphonotactics was
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found at the sublexical level; on the contrary, phonotactic clusters were
processed faster than morphonotactic ones by the adolescent and adult
German L1 speakers. The authors proposed that the morpheme bound-
ary within the cluster induced an inhibitory effect due to an increase in
the processing cost during phonological processing (Celata et al. 2015:
103). However, morphological decomposition in general has been shown
to have a facilitatory effect, at least at the lexical level (see e.g. Sommer-
Lolei et al. 2021). Given that in Celata et al. (2015) and in the present
study the modality of the stimulus presentation was auditory, we presume
that this might have influenced the results. A recently performed study by
Beyersmann et al. (2020) indeed suggests that this might be the case. The
authors compared morphological processing in visual and auditory modal-
ity in two languages, German and French, and the results revealed that the
morphological structure impacted processing more in the visual than in
the auditory modality. The authors suggested that this might be due to a
more consistent representation of morphological structure in written than
in spoken language. In French, for example, morphological information
included in the spelling is not available in the speech (e.g. verb forms in
present tense in third person singular and third person plural are some-
times homophonous: Elle danse. [€l(3) dds] ‘She is dancing.’ / Elles dansent.
[€l(3) dds] ‘They.F are dancing.”). While this might be a valid reasoning
for languages with deep orthographies, for Croatian, a language with
shallow orthography and mostly one-to-one mappings between phonemes
and graphemes, this seems less likely. Direct comparison of the effects of
cluster type and preferability in the two modalities and processing levels
remains to be performed in future studies.

The main effect of preferability observed in Experiment 1 suggests that
higher preferability facilitates the processing of both morphonotactic and
phonotactic clusters, which was expected at the sublexical level of process-
ing. This hypothesis was based solely on theoretical assumptions, given that
the influence of preferability on RTs for words with consonant clusters has
not been previously examined. In Baroni (2014) — the only study in which
the role of NAD was experimentally tested, but only via the accuracy of
the consonant cluster recognition — the results demonstrated that the word-
initial obstruent clusters in non-words were recognised more accurately if
their NAD value was higher (Baroni 2014). To the best of our knowledge,
the results of Experiment 1 are the first experimental confirmation of the
facilitating effect of preferability on the speed with which consonant clusters
are processed.

Furthermore, the interaction between cluster type and preferability
was also significant in this experiment, in a way that preferability played
a bigger role in processing phonotactic consonant clusters than in pro-
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cessing morphonotactic clusters, and the preferred phonotactic clusters
were processed the fastest. This is not surprising since acoustic differences
between consonants in preferred phonotactic clusters are smaller than
those in dispreferred clusters, which makes the former easier to process.
This is specific for clusters in the medial position, while the opposite is
true for word-initial and word-final clusters (Dziubalska-Kotaczyk et al.
2014). Interestingly, a previous study on the acquisition of words contain-
ing different medial clusters in Croatian (Keli¢ et al. 2023) showed that the
first emerging phonotactic clusters tended to be preferred, with their pref-
erability decreasing over time as the vocabulary developed. On the con-
trary, the first emerging morphonotactic clusters tended to be dispreferred,
which made them more salient. In other words, the non-preferability of
consonant clusters enhanced the transparency of the morphological bound-
ary, making it easier to be detected and acquired. Current results point
to the similar pattern of processing on the sublexical level, but only with
respect to the phonotactic consonant clusters. For the morphonotactic con-
sonant clusters, the preferability feature does not play such an important
role on this processing level.

The ANOVA performed with target type as a third factor reveals that
the RTs differed for the three versions of the auditory sequence targeting
task, as indicated in Figure 3. Overall, the participants were the fastest in
recognising the first consonant, which is due to the high salience of the first
element in the cluster. No difference was found regarding the speed with
which the participants recognised the second consonant vs the cluster as a
whole, which is rather interesting. If a consonant cluster is located across
the morpheme boundary, the cluster is split during the morphological
decomposition, as each of the consonants belongs to a different morpheme.
One would argue that this might facilitate the recognition of each of the
consonants, and at the same time impede the recognition of the cluster as
a whole. However, the results do not support this view. It seems that the
level of processing demanded by the task did not encompass a true morpho-
logical decomposition, i.e. the one that would result in splitting the cluster.
Nevertheless, the morphological information did play a role, as shown by
the effect of cluster type in the 2x2 ANOVA and by the interaction between
cluster type and preferability. On the other hand, the morphonotactic clus-
ters are salient as phonotactic units due to the morphological information
they carry, which means that participants may have recognised the clusters
faster than the individual consonants they consist of. The analysis showed
that this was not the case either, because the only statistically significant
difference was the one between the RTs for recognising the first consonant
and the RTs for the two other variations of the task. This was found for both
morphonotactic and phonotactic clusters, in which morphological decompo-
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sition undisputedly had no consequences for the cluster itself. The fact that
the main effect of cluster type disappeared when target type was added as
a factor, and was ‘replaced’ by the main effect of target type, also indicates
that the pattern of RTs for the three variations of the task did not differ for
morphonotactic and phonotactic clusters. The other two effects, that of pref-
erability and the interaction between cluster type and preferability, were
significant in both ANOVAs.

In the Experiment 2, a lexical decision task (LDT), the participants
were faster to recognise words than pseudowords. The effect of lexicality
on processing (superiority of words in comparison to non-words) is a well-
known and frequently observed phenomenon (e.g. Gathercole et al. 2001),
although a different pattern can be found in some persons with atypical
language processing, depending on the type of their language-related prob-
lems (e.g. Reilly et al. 2012). As expected, the lexicality advantage has been
obtained in the current study, too.

The main effects of cluster type and preferability were also found, in
the sense that morphonotactic and preferred clusters were processed faster
in the word condition. These findings are consistent with the predictions
formulated within the SMH and B&B frameworks. Faster and more accu-
rate processing of words with morphonotactic clusters has been confirmed
previously for compounds in German, but not for derived words, which
were shown to be processed faster than monomorphemic words regardless
of whether they comprised a consonant cluster or not (Sommer-Lolei et al.
2021). This has led the authors to conclude that in German, due to a lower
degree of morphological richness in derivation compared to compounding
subsystems, the morphonotactics plays a less important role in the process-
ing of the former than the latter. In the present study, all words contained
consonant clusters and were products of derivation, which enabled us to
pinpoint the role of the cluster type in the processing of derived words.

The facilitatory effect of morphonotactic compared to phonotactic
clusters found in Experiment 2 provides support for the claim that the inter-
play between morphological and phonological information influences word
processing to varying degrees, depending on the richness of the phonologi-
cal and morphological systems (even subsystems) of a language (review in
Calderone & Dressler 2021). Derivation is a morphologically rich subsystem
in all Slavic languages; as a consequence, the number of morphonotac-
tic clusters produced by affixation operations is higher in Slavic than in
Germanic languages (Dressler et al. 2019). The comparison of the results
from Sommer-Lolei et al. (2021) and from the current study indicates that
this distributional property is parallelled by the differences in processing
mechanisms. The language-specific nature of the processing of derivational
morphology was explicitly tested outside the SMH framework, as well. For
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example, the aforementioned Beyersmann et al.’s (2020) study demonstrated
that the efficiency with which the participants processed morphologically
complex words depended on the productivity of the morphological subsys-
tem that was considered most relevant for processing the stimuli in a given
language. This was reflected in a higher efficiency of stem extraction in the
speakers of a language with greater morphological richness in the subsystem
of compounding, i.e. German.

The results of the Experiment 2 represent the first experimental confir-
mation of the facilitatory role of morphonotactic status of consonant clusters
in word processing in Croatian. The same is true for the role of cluster pref-
erability. The processing of derived verbs containing medial consonant clus-
ters was faster when the cluster was preferred, which emphasises the role of
phonotactic information in word processing. The speed with which speakers
process different consonant combinations depends on the preferability of
these combinations in their language. This naturally affects the processing
speed of the word as a whole, as the results of both experiments show. As
subtle as the differences in the NAD may seem, the speakers are clearly sen-
sitive to them in their word processing, regardless of whether the word is
processed only at the sublexical or at the lexical level, too.

The preferability of consonant clusters had a facilitating effect in both
lexicality conditions, indicating that the effect is not limited to real words.
This pattern of results was expected given the facilitatory effect of preferabil-
ity observed in Experiment 1, and provides further support for the claim that
the specific type of acoustic and phonological information, subsumed under
the notion of cluster preferability, influenced the ease with which a consonant
cluster, and subsequently, a word/pseudo-word that contains the cluster, was
processed. Moreover, it shows that the preferability affects the processing in
both auditory and visual modality, which represents a novel insight. Based on
these findings, a stronger effect of preferability might have been expected for
pseudowords than for real words, since the decoding of the former relies more
strongly on the phonological processing. However, our results do not seem
to support this hypothesis. Whether this is due to a high transparency of the
Croatian orthography, which facilitates the reading of pseudowords in gen-
eral, or to some other factor, remains to be examined in the future.

The most important finding that clearly corroborates SMH in Croatian
is the significant interaction between lexicality and cluster type, which points
to the fact that healthy adult speakers of Croatian process derived verbs faster
when they contain morphonotactic consonant clusters. Being sensitive to the
phonotactic patterns of their language, speakers know that an infrequent com-
bination of phonemes is unlikely to occur within a linguistic unit, i.e. a word
stem or a morpheme. The consonant clusters are therefore quickly interpreted
as probable places of juncture of different linguistic units. This accelerates the
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recognition of morpheme boundaries and consequently the morphological
decomposition, a mandatory stage in the processing of morphologically com-
plex words (McCormick et al. 2009). In contrast, when a consonant cluster
is positioned next to a morpheme boundary, morphological decomposition
does not occur as quickly because there are no phonotactic cues that could
facilitate the identification of the morpheme boundary. In this case, the speed
of processing of a consonant cluster depends solely on its preferability, as the
results of the two experiments in the present study show.

The same pattern was not found for the pseudoword condition (Figure
5). Previous research has shown that morphologically complex pseudowords
are morphologically decomposed during processing, just like real morpho-
logically complex words, thus supporting the view of morphological decom-
position as an early, prelexical process (review in Amenta & Crepaldi 2012).
This was evidenced by longer RTs for pseudowords with real derivation
affixes than for pseudowords with non-existent affixes (Burani et al. 1997;
Crepaldi et al. 2010). It has also been found that pseudowords with higher
frequency affixes are processed more slowly than pseudowords with lower
frequency affixes (e.g. Burani & Thornton 2003). Morphological decomposi-
tion in pseudowords triggers a futile search of the mental lexicon, which is
ultimately unsuccessful as it cannot result in successful lexical access and
retrieval. Importantly, the search seems to be more persistent when the
affixes are real, more frequent or more salient, which translates into longer
RTs. In a way, these pseudowords are more wordlike than the ones with
non-existent, low-frequency or low-salience affixes, which is why a longer
time is needed for them to be rejected as possible real words. In the present
study, all pseudowords are morphologically complex and thus decomposed
during the processing; however, this process cannot rely on the morphono-
tactic information as the morphonotactic or the phonotactic feature of these
clusters is arbitrary, i.e. inherited from their real word counterparts. Since
the present study is the only study grounded in SMH in which the RTs for
pseudowords are reported, a comparison with the results of other studies
is not possible. Interestingly, the results obtained for the pseudowords fol-
low the pattern observed for sublexical processing in Experiment 1, in that
the presence of a morphonotactic cluster fails to facilitate the processing, or
even hinders it, while preferability exhibits (moderately) facilitating effect.
This is in line with the prelexical nature of processing triggered by both
ASTE and pseudo-word processing.

The results of the two experiments conducted in the present study sug-
gest that the extent to which preferability and cluster type each influence
processing may depend on the experimental paradigm, i.e. on the depth of
processing required by the task. When the task did not require full lexical
access, as in the first experiment (ASTE), the RTs were the shortest for the
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verbs with preferred phonotactic clusters. In the second experiment (LDT),
on the other hand, participants were the fastest to recognise verbs with the
preferred morphonotactic clusters.

The results of the present study fit nicely with the results from previ-
ous studies on the roles of cluster type and preferability in acquisition in
Croatian, and an analogy can be put forward between the two L1 acquisition
stages and the two processing stages. Interestingly, similar to the first L1
acquisition stage, preferability, and not so much the morphological bound-
ary, facilitates sublexical processing. At the stage where word meaning is
not required or available due to the limited, undeveloped vocabulary at the
earliest stage of language development (Keli¢ et al. 2023), listeners rely on
the predicted distributions, unmarked and intuitively plausible. As Natural
Phonology and Natural Morphology (Dressler 1985) emphasise, the rare and
deviant language input must be motivated, so the first dispreferred clusters
in child language are morphonotactic, making them more salient and facili-
tating morphological development. These less preferred morphonotactic
clusters become a cue for characterising a sound sequence in the input as
a word in the next stage of lexical development. This precedence of mor-
phonotactics, once established, persists and influences word processing. In
adults with a functional and interconnected mental lexicon, the interaction
of lexicality and cluster type, but not preferability, shows that full lexical
access is greatly facilitated by the morphological boundary.

5. Contributions and limitations

The current study sheds light on the way different consonant clus-
ters are processed in a morphologically rich language, and thus has
important cross-linguistic and theoretical implications with regard to the
recent postulates of the SMH. The contributions are also methodologi-
cal, as different experimental psycholinguistic tasks were implemented
to investigate sublexical and lexical processing by controlling and
manipulating different features of the clusters. Finally, in this study we
decided to include the preferability component in addition to the clus-
ter type, in order to extend the existing findings on cluster features that
affect processing on each level in different languages. To the best of our
knowledge, this is the first study that examined not only the morphono-
tactic features of consonant clusters, but also their preferability and how
both affect processing at different levels. This is also the first study that
experimentally tested and confirmed the effect of preferability on word
processing, and in both modalities.
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Despite the gained insights, the study has some limitations that should
be addressed in the future. They mainly relate to a relatively small sample
size, which consisted exclusively of university students. In addition, the
stimuli were isolated words and not a connected text, which does not reflect
real-life language processing. In the future, the same phenomena should be
investigated at the sentence and above sentence level, possibly using also
some other methods. Finally, as the results of some previous studies suggest
(e.g. Celata et al. 2015; Marshall & Van der Lely 2007; Marshall et al. 2010),
it would be interesting to include typically developing children and children
with developmental language disorder in the study, to test whether the same
advantage in processing morphological information can be found in younger
L1 Croatian speakers, especially those with profound difficulties in process-
ing phonological and morphological information.

6. Conclusions

The two experiments conducted in this study confirm the Strong
Morphonotactic Hypothesis (SMH; Dressler & Dziubalska-Kotaczyk 2006)
showing a powerful interplay between phonotactics and morphology,
where different information is used at different stages of word process-
ing. Focusing on verbal derivational morphology in a morphologically rich
language, Croatian, ensured phonotactic complexity as a consequence of
morphological operations and thus provided a suitable context for testing
the SMH.

In this study, in addition to the SMH, we addressed another theoretical
framework, Beats and Binding phonotactics model (B&B; Dziubalska-Kotaczyk
2002; 2009), and the combination of the two led to interesting results. While
morphological decomposition already takes place at the level of sublexical
processing as the first step towards word meaning, at this stage the preferabil-
ity of consonant clusters is the main facilitator of processing. However, in the
next processing stage, at the lexical level, morphonotactic information starts
to play a significant facilitatory role.
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Notes

! In phonotactic and corpus-based research, the term ‘cluster type’ is typically used with

reference to a consonant sequence with a unique phonological composition, and stands
in contrast to tokens (repetitions, occurrences in a given corpus or resource). Throughout
this paper the term ‘cluster type’ is reserved for the distinction of phonotactic as opposed
to morphonotactic sequences, and not for the traditional understanding of the term.

2 Lexicality (superiority of processing words in comparison to non-words) is a
well-known and frequently observed phenomenon in psycholinguistic studies (e.g.
Gathercole et al. 2001), usually tested with a lexical decision task in which a person has
to decide whether a stimulus (presented visually or auditorily) is or is not a real word.

3 The verb usvojiti ‘adopt’ was initially erroneously classified as a verb with mor-
phonotactic cluster, whereas in fact it contains a phonotactic cluster (u-svojiti). The
verb and its pseudoword counterpart were therefore removed from the analysis.
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