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Abstract 
This artificial language learning (ALL) study investigates how 
multiple sublexical cues contribute simultaneously to lexical 
segmentation in French.  Previous research [9] has explored 
segmentation in lexical identification by presenting conflicting 
sublexical cues in the same experiment. We argue that this 
method of pitting conflicting cues against each other pairwise 
does not allow the researcher to discover interactions in cue 
use. We can obtain a more accurate view of speech 
segmentation by focusing on how French listeners exploit 
convergent rather than conflicting sources of segmentation 
information. To this end, acoustic-phonetic, phonological and 
prosodic cues were manipulated and combined across 
conditions. The data clearly showed that the combined effects 
of multiple sublexical cues are more complex than expected 
based on previous results. Moreover, phonological cues did 
not supersede prosodic cues as previously shown for English 
but rather have cumulative and synergistic effects. Two 
explanations can be given for these differences in the observed 
results. First, the processes of lexical segmentation in lexical 
identification [9] and lexical acquisition studied here may not 
be the same. Second, the hierarchy of segmentation cues is 
probably not universal, but rather depends upon the specific 
phonological and prosodic properties of the language studied.  

Index Terms: lexical segmentation, sublexical cues, 
prosodic cues, phonotactics, acoustic-phonetic cues, artificial 
language learning.  

1. Introduction 
Learning words in a foreign language is probably one of 

the most important and time-consuming parts of learning a 
language. One of the main reasons for this is that segmenting 
words from the continuous speech stream is particularly 
difficult. Lexical acquisition requires the listener to locate the 
boundaries of unknown lexical units that are to be stored in the 
mental lexicon.  

The characterisation of this process involves determining 
the nature of the information sources used in lexical 
segmentation. Previous studies have shown that the phonetic 
and phonological structures of speech provide listeners with 
different relevant sources of information. Many signal-derived 
sublexical regularities have been shown to inform listeners as 
to the likely position of word boundaries [1]. Listeners indeed 
exploit their tacit knowledge of a wide range of patterns in 
their native language such as phonotactic rules [2,3,4], fine-
grained acoustic-phonetic regularities [5,6] and prosodic 
regularities, particularly rhythmic regularities [7]. Moreover, a 
growing body of evidence has recently suggested that the 
statistical learning ability of humans is involved in lexical 
segmentation. Accordingly, listeners exploit statistical cues 
such as transitional probabilities (TP) between syllables [8] or 
transitional probabilities between phonemes in order to 
segment an artificial language (AL).  

However, each individual source of information is only 
probabilistically associated with word boundaries and is 
therefore only partially reliable. Moreover, in natural speech, 
listeners have to deal with multiple boundary cues, whereas 
only the separate contributions of these cues to lexical 
segmentation have been investigated. A more complete view 
of lexical segmentation would thus require studying the 
multiple segmentation cues not only in isolation but also in 
combination/conjunction.  

Few studies have investigated how multiple cues 
contribute simultaneously to lexical segmentation. The most 
complete model of multiple segmentation cues integration is 
that for English [9]. Constructed on the basis of cross-modal 
fragment priming experiments, this model proposes that 
segmentation strategies are hierarchically structured from Tier 
I to Tier III. Higher-order information--- semantic and lexical 
information (Tier I) - outweighs sublexical cues (Tier II) when 
the two sources are in conflict. Moreover, when segmental and 
metrical cues (Tier III) are in conflict, hypotheses guided by 
segmental information (coarticulation and phonotactics) take 
precedence over those based on metrical cues [9].  

Despite the innovative nature and the theoretical 
importance of this model, it leaves several questions 
unanswered. First, it is not clear whether this hierarchy is 
universal or language-specific. Because of wide cross-
linguistic differences in sublexical cues to word boundaries, it 
is possible that the proposed hierarchy reflects language-
specific properties of word boundaries. An alternative 
hypothesis would be that the hierarchy of sublexical cues does 
not vary across languages despite large cross-linguistic 
differences in the frequency and distribution of these cues.  To 
tackle this question, cross-linguistic comparisons are required.  

Second, it is also not clear whether and how various types 
of sublexical cues interact with each other. In [9], acoustic 
cues due to coarticulation and phonotactics from transitional 
probabilities between phonemes are both in Tier II but have 
not been manipulated independently. Hence, the relative 
contribution of these two types of information has not been 
established despite the fact that they can contribute differently 
to speech segmentation. Further experiments are required to 
disentangle the relative contribution of these cues in speech 
segmentation.  

Using an artificial language paradigm (AL) with a forced-
choice task, recent research [10] has partially addressed this 
question with phonetically intact and noisy speech. They have 
shown that coarticulation is an efficient segmentation cue and 
more importantly, that coarticulation overrules phonotactic 
information when both cues are conflicting in intact speech. 
However, as in [9], the relative contribution of both cues was 
evaluated when each cue guided listeners towards conflicting 
segmentation hypotheses. For example, when target word 
segmentation was phonotactically favoured, it was 
rhythmically disfavoured. Defining a hierarchical framework 
by evaluating the relative weight of multiple cues only when 
pitted against each other is a simplification of normal listening 
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conditions. In natural speech, multiple segmentation cues are 
more likely to work together. Further experiments are required 
to establish how listeners deal with redundant cues and to 
examine how different sublexical cues collaborate in lexical 
identification.  

Finally, previous studies investigated the segmentation 
process through word identification or lexical acquisition tasks 
and assumed that the use of segmentation cues in these tasks is 
very similar, if not identical. It is obvious, however, that the 
contribution of lexical knowledge to segmentation differs in 
these two processes. In word identification, lexical knowledge 
is already present, and its contribution has often been 
demonstrated (see [11] for a review). Recent studies have even 
revealed the primacy of lexical knowledge over sublexical 
segmentation cues in word identification [9]. In lexical 
acquisition, the lexical knowledge is initially absent and 
subsequently becomes progressively constructed. Hence, 
initial segmentation in lexical acquisition cannot be driven 
lexically. It is thus crucial to determine how the arrival of 
lexical knowledge as the novel words become more familiar 
relegates initially efficient sublexical cues to the lower 
position of being optional cues. Hence, an interesting question 
is to establish whether and how the relative contribution of 
sublexical cues to segmentation also changes from lexical 
acquisition to lexical identification [9]. 

Using an artificial language learning paradigm (ALL), the 
present study aims to investigate how French listeners use 
multiple converging sublexical segmentation cues in lexical 
acquisition. Statistical cues, i.e., transitional probabilities 
between syllables within words (TP), were controlled across 
conditions. Moreover, three types of segmentation cues were 
orthogonally manipulated and combined with statistical cues:  
(1) phonotactic cues that required (or not) a syllable boundary 
before word-onsets; (2) prosodic cues i.e., final primary stress, 
were added (or not) to the last syllable of the artificial words; 
and (3) Acoustic-Phonetic cues i.e., syllables were either 
coarticulated or not through concatenation.  

2. Experiment 
2.1. Method 

Using ALL allowed us to (1) eliminate semantic and 
lexical information; (2) manipulate the linguistic and acoustic 
properties of the artificial words; (3) control the subject's 
exposure to the language; and, more interestingly, (4) allow 
adults to acquire a language of which they have no linguistic 
knowledge. 

2.1.1. Procedure and task 
The experiment was divided into two phases: a learning 

and a test phase. In the learning phase, participants had to 
extract and remember artificial words from a continuous 
sequence of concatenated artificial words with no intervening 
pauses. In the test phase, participants’ storage of the artificial 
words was assessed by an auditory lexical decision task. 
Participants heard artificial words, part-words or non-words 
and had to decide whether the item was a word from the 
artificial language. 

2.1.2. AL construction 

Two basic ALs, one for each phonotactic condition, 
resulted from the association of 20 syllables respecting French 
phonotactic rules. Syllables were recorded by a French female 
speaker and resynthesized by using the PSOLA resynthesis 

routine of PRAAT at 210 Hz, the mean fundamental frequency 
(f0) of the speaker. Four bisyllabic and four trisyllabic words 
beginning with a liquid were constructed with the 20 syllables.  
For the phonotactically unfavorable AL version, each word 
ended with a stop consonant to form a cluster with the 
following liquid word-onset. Inversely, for the phonotactically 
favorable version, each word ended with a fricative or a nasal 
to prevent the formation of a cluster with the following liquid 
word-onset.  

2.1.3. Experimental conditions 
Four versions of each basic AL were constructed. TPs 

between syllables were equal to 1 within words but varied 
from .1 to .4 between words. Eight different learning 
conditions were created depending upon the availability of 
three specific sublexical cues in the speech signal (Table 1). 
The contribution of phonotactic cues was evaluated by 
comparing conditions in which word onsets were aligned with 
a syllable boundary (Pho versions) with conditions in which 
word-onsets were misaligned with syllable boundaries. 
Moreover, the contribution of prosodic cues was evaluated by 
comparing conditions in which final syllables received a final 
primary stress (Pro versions) with conditions in which there 
was no rhythmic prominence before the word to be learned. 
Prominence was marked by increasing the syllable’s intrinsic 
duration by 30% and the f0 of the syllable nucleus by 30 Hz. 
Finally, the role of acoustic-phonetic cues was tested by 
comparing conditions in which syllables were coarticulated 
with the preceding syllable in the sequence (Ac versions) with 
conditions in which syllables were not coarticulated but rather 
concatenated.  

Table 1. Implicit learning conditions depending upon 
sublexical cues provided by the artificial language 

 

2.1.4. Test: auditory lexical decision task 

Participants performed an auditory lexical decision task on 
48 items: 24 artificial words and 24 non-words or part-words. 
Part-words shared either initial or final syllables with words 
while non-words were constructed with syllables that never 
occur contiguously in the AL. To match the number of words 
and non-words, each artificial word was repeated three times.   

156 students at the University of Geneva participated in 
the experiment for course credits. All were French native 
speakers and reported no hearing disorders. They were split 
into eight groups of 16 to 25 participants. 

2.2. Results 
Different analyses were run for accuracy and lexical 

decision latencies (RT) by means of generalized linear mixed 
models and mixed-effects regression models [12]. By 
assigning different intercepts to participants and items, mixed 
models combine standard fixed-effects predictors but also 
random-effects predictors that is, the variation due to 
participants and items. Only fixed predictors that were 
statistically significant or figured in statistically significant 
interactions were retained in the models.  

Phonotactic 
cues

Prosodic 
cues

Acoustic-
Phonetic cues

samples of AL

Stat unfavorable unfavorable unfavorable { uns Otf Eb#. { yf d ap # . { Ebny vzak#

Stat_Pho favorable unfavorable unfavorable { un s O n#{ yf zaSf Em#{ Ebny n#{ a)f g ipliS#

Stat_Ac unfavorable unfavorable favorable { uns Otf Eb#{ y f dap#{ Ebnyv zak#

Stat_Pro unfavorable favorable unfavorable { uns Ot
f Eb

#{ y f
dap

#{ Ebnyv
zak

#

Stat_Pho_Pro favorable favorable unfavorable { un
s O n

#{ yf zaS
f Em

#{ Eb
nyn

#

Stat_Pro_Ac unfavorable favorable favorable { uns Ot
f Eb

#{ y f
dap

#{ Ebnyv
zak

#

Stat_Pho_Ac favorable unfavorable favorable { un s O n#{ yf zaSf Em#{ Ebnyn#

Stat_Pho_Pro_Ac favorable favorable favorable { un
s O n

#{ yf zaS
f Em

#{ Eb
nyn

#
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2.2.1. Analyses on accuracy 
A generalized linear mixed model with accuracy as the 

dependent variable and items and participants as crossed 
random effects was run. The number of data on which further 
analyses were conducted totaled 7488 (156 participants 
listening to 48 items). The availability of phonotactic, prosodic 
and acoustic-phonetic cues was entered as factorial predictors. 
Since no effect of task familiarization was found, it was not 
included in the final model that contained three fixed-effects 
predictors and two random-effects: random intercepts for 
items (STD= 1.02) and for participants (STD=.48). Table 2 
summarizes the fixed-effect structure of the final model, 
including β weights (estimate), standard errors, z-scores and p-
values.  Results are presented in Figure 1. 

Table 2. Summary of the mixed-effects model for accuracy. 
The intercept represents artificial words presented with 
favorable phonotactic, prosodic and acoustic-phonetic cues. 
For categorical variables the statistical values correspond to 
the contrast between the intercept and the level of the variable 
indicated in round brackets. 

 

 
Figure 1a and 1b: Accuracy as a function of the availability of 

phonotactic and prosodic cues (a) and as a function of the 
availability of prosodic and acoustic-phonetic cues (b) 

Analyses revealed significant effects of phonotactic, prosodic 
and acoustic-phonetic cues suggesting that acquisition 
performance depends upon the availability of these particular 
sublexical cues in the speech signal. Hence, the presence of 
final primary stress and/or the alignment of word onsets and 
syllable boundaries improved lexical acquisition. A significant 
interaction between phonotactic and prosodic cues (see Figure 
1a) showed that alignment between word onsets and syllable 
boundaries (favorable phonotactic cues) improved lexical 
acquisition when prosodic cues were present. Similarly, the 
presence of final primary stress (favorable prosodic cues) 
improved lexical acquisition when word onsets were aligned 
with syllable boundaries.  
Moreover and somewhat surprisingly, the presence of 
favorable acoustic-phonetic cues impaired participants’ 
performance, thus suggesting that coarticulation between 
syllables improves lexical acquisition instead of preventing it. 
A significant interaction between prosodic and acoustic cues 
(Figure 1b) suggested that this surprising effect of acoustic-
phonetic cues was modulated by the presence of final primary 
stress. Additional analyses showed that participants’ 
performance was enhanced by coarticulation (unfavorable 

acoustic-phonetic cues) when prosodic cues were provided 
while no effect of the acoustic-phonetic cues was found when 
prosodic cues were not available.  

2.2.2. Analyses on RT 
A mixed-effects regression model was run with RT as the 
dependent variable and items and participants as crossed 
random-effects. The number of data points on which the 
analyses were conducted totaled 3,897. The availability of 
phonotactic, prosodic and acoustic-phonetic cues was entered 
as factorial predictors. Moreover, the effect of task 
familiarization (Trial) was entered as an additional fixed-effect 
predictor since it was significant in RT analyses. The final 
model thus included four fixed-effects and two random-
effects: random intercepts for items (STD= 116.6) and for 
participants (STD=202.5). Table 3 summarizes the fixed-effect 
structure of the final model, including β weights (estimate), 
standard errors, F and p-values.  Results are presented in 
Figure 2. 

Table 3. Summary of the mixed-effects model for RT. The 
intercept represents artificial words presented with favorable 
phonotactic, prosodic and acoustic-phonetic cues. For 
categorical variables, the statistical values correspond to the 
contrast between the intercept and the level of the variable 
indicated in round brackets. 

 

 Figure 2: RT as a function of the availability of phonotactic 
and prosodic cues 

Contrary to the analyses of accuracy, RT analyses did not 
reveal any effect of acoustic-phonetic and prosodic cues. 
Neither the presence of final primary stress nor the acoustic-
phonetic properties of word-onsets speeded participants’ 
lexical decision. However, a main effect of phonotactic cues 
suggested that participants were faster when word-onsets were 
aligned with syllable boundaries (favorable phonotactic cues) 
than when they were misaligned. This effect was modulated 
by the prosodic structure of the artificial language. The 
significant interaction between prosodic and phonotactic cues 
showed that the effect of phonotactic cues was only significant 
when prosodic cues were provided. However, prosodic cues 
did not improve participants’ performance when word-onsets 
were misaligned with syllable boundaries.  

3. Discussion 
This artificial language learning study examined the relative 
contribution of acoustic-phonetic, prosodic and phonotactic 

Variable β (Estimate) Std. Error z value Pr(>|z|)    

Prosodic cues (unfavorable)                               
i.e., without final primary stress -0.52994    0.20551  -2.579 <.01**
Phonotactic cues (unfavorable)                           

i.e., word onsets and syllable boundaries are misaligned -0.82660    0.24133  -3.425 <.001***
Acoustic-Phonetic cues (unfavorable)                     

i.e., syllables are coarticulated 0.59225    0.23397   2.531 <.01**
Prosodic cues by Phonotactic cues 0.64389    0.22841   2.819 <.01**

Prosodic cues by Acoustic-Phonetic cues -0.53311    0.26643  -2.001 <.05*

Phonotactic cues by Acoustic-Phonetic cues -0.04015    0.27854  -0.144 >.1 ns

Prosodic  by Phonotactic  by Acoustic-Phonetic cues 0.28238    0.30853   0.915 >.1  ns
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Phonotactic cues Favorable Phonotactic cues Unfavorable
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Variable β (Estimate) Std. Error F value p
Trial  -1.40805 0.59135 5.0673 <.001**

Prosodic cues (unfavorable)                  
i.e., without final primary stress

63.37529 75.27242 2.2074 >.1 ns

Phonotactic cues (unfavorable)               
i.e., word onsets and syllable boundaries 

are misaligned
359.30175 80.35924 23.1488 <.0001***

Acoustic-Phonetic cues (unfavorable)         
i.e., syllables are coarticulated

-66.47162 69.21620 0.0793 >.1 ns

Prosodic cues by Phonotactic cues -214.88528 102.16906 11.4517 <.05*
Prosodic cues by Acoustic-Phonetic cues 143.73070 96.39653 4.0294 >.1 ns

Phonotactic cues by Acoustic-Phonetic cues -57.21280 102.61241 0.6180 >.1 ns
Prosodic  by Phonotactic  by Acoustic-

Phonetic cues
0.02986 141.62789 0.0000 >.1 ns
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cues to lexical segmentation in French. Results confirmed the 
relevance of these three individual sublexical cues to the 
process of lexical segmentation. More interestingly, data 
strongly confirmed that a complete view of speech 
segmentation requires the investigation of the interaction of 
multiple cues rather than the separate contribution of each 
individual cue. Analyses of both RT and accuracy clearly 
showed that performance was improved by phonotactic and 
prosodic cues when both cues were provided but not when 
only one cue was available. Therefore, the effect of one cue 
depends on the presence of the other.  Moreover, since the 
combined effect of two cues was greater than their individual 
effects, phonotactic and prosodic cues thus have synergistic 
effects on speech segmentation.  

The interaction observed between acoustic-phonetic and 
prosodic cues is surprising. The amount of coarticulation 
between adjacent segments conveys, in principle, information 
about local coherence versus segregation in connected speech 
[13, 14]. Accordingly, the concatenated versions of the AL 
should provide participants with more lexical segmentation 
cues than the coarticulated version. Consequently, we 
predicted better performance in the concatenated than in the 
coarticulated versions of the AL. However, contrary to our 
expectations, results showed that coarticulation cues had no 
effect when prosodic cues were not available and even 
improved performance when prosodic cues were provided. 
Prosodic and coarticulation cues thus have cumulative and 
synergistic effects on speech segmentation since their 
combination produces a greater effect than their individual 
effects. 

This result is unexpected but can, nevertheless, be 
explained if one considers the informational value of the two 
types of acoustic-phonetic cues in the experiment. In the AL 
that was made up of concatenated syllables, the acoustic-
phonetic properties of the between-word and within-word 
syllables were in fact identical and both presumably favored 
segmentation. For the condition in which the prosodic cues 
were available, and for which we had predicted better 
acquisition performance, the prosodic boundary cues and 
between-word acoustic-phonetic cues did converge to signal 
word boundaries. However, in this condition, the within-word 
syllables were also marked as being between word boundaries 
by the presence of the concatenated syllables. The presence of 
multiple conflicting segmentation cues probably could help 
explain the poor observed performance in the concatenated 
condition. In contrast, when syllables were coarticulated in the 
AL, the acoustic-phonetic properties of the between-word and 
within-word syllables both signaled local coherence within 
artificial words defined by prosodic cues. Syllables were 
therefore acoustically consistent with the hypothesis of being 
integrated within a same prosodic unit. In that case, 
coarticulation cues did not over-ride segmentation hypotheses 
guided by prosodic cues. This might explain why prosodic 
cues facilitated lexical acquisition in coarticulated conditions 
only.  

The favorable/unfavorable labels used to qualify 
concatenated and coarticulated syllables in this experiment 
should probably be clarified and further investigated. 
Conditions in which syllables are only concatenated could be 
compared to conditions in which only the first syllable of the 
artificial words are concatenated. In addition, within-words 
syllables could vary from weakly coarticulated (e.g., 
/{E.bny.vzak/) to strongly coarticulated (e.g., /{E.b{y.v{ak/)  
 

depending on the frequency of the clusters. In this latter case, 
the combination of prosodic boundary cues with highly 
coarticulated within-words syllables would provide listeners 
with a useful additional information source of segmentation. 
Therefore, we would expect that acoustic-phonetic cues would 
facilitate lexical segmentation and extraction.  

Our results revealed cumulative and synergistic effects of 
prosodic and phonotactic cues to lexical segmentation. This is 
clearly inconsistent with the conclusions of [9] who showed 
that phonotactic cues outweigh prosodic cues in lexical 
segmentation. There are at least three differences between our 
study and that of [9] that may help explain these divergent 
results. First, lexical segmentation in lexical identification was 
studied in [9] while we examined lexical segmentation in 
lexical acquisition. We [15] have observed that the status of 
segmentation cues differs in these two processes. Further 
systematic comparisons of both processes are required to 
determine how the relative contribution of sublexical cues 
evolves across lexical acquisition as well how the contribution 
of lexical knowledge in segmentation progressively increases.   

Second, differences in the relative strength of the cues 
could depend upon the specific sound structures of the 
language studied. Since acoustic-phonetic cues to word-onsets 
- such as the aspiration of voiceless stop consonants - are 
particularly obvious and regular in English, it is perhaps not 
surprising that such segmental information (Tier II in [9]) is 
highly weighted in the segmentation process. Moreover, since 
stress placement varies in English, it is expected to be less 
reliable than in French. The linguistic properties of English 
thus explain why segmental cues are more weighted than 
prosodic cues in English as suggested by [9]. However, the 
picture is quite different in French since its prosodic and 
segmental structures differ considerably from those of English. 
Even if some acoustic-phonetic cues to word boundaries are 
available in French [e.g., 16, 17], perceptual studies showed 
that fine-grained phonetic cues are not always used to 
differentiate between sequences varying in these cues  [e.g., 
18]. Moreover, stress is typically word-final and its placement 
is highly regular in French. Consequently, stress is expected to 
be heavily weighted in lexical segmentation, while acoustic-
phonetic cues are expected to be less informative than in 
English. The linguistic properties of French would therefore 
suggest an inverted rank-ordered hierarchy of segmentation 
cues compared to English or, at least, more complex 
interaction effects between segmental and prosodic cues such 
as those suggested by our data.  

Finally, we can point to differences in the experimental 
design used in our study and in the others [9; 10] which 
involved confronting listeners with conflicting segmentation 
cues. Pitting multiple cues pairwise against each other does 
not allow the researcher to discover the interactions in cue use 
that we observed. Further, in natural speech, although multiple 
cues may sometimes conflict, they generally converge on a 
single segmentation. We assume that investigating how 
listeners exploit convergent rather than conflicting sources of 
segmentation information is closer to the process engaged in 
natural speech processing.   
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