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ABSTRACT
Previous work suggests that adolescents are still refining acoustic-phonetic cue 
use in clear-speech perception. This study shows adolescents’ immature per
ception of reduced speech, in which speech sounds are naturally deleted and 
merged within and across words. German adults and 16-year-olds listened to 
either German reduced or unreduced (few or full cues) part- and full phrases 
(without and with context) in a phrase-intelligibility task. As expected, adoles
cents had lower scores when adequate perception required flexible acoustic- 
phonetic cue use most, i.e., when hearing reduced speech without context. 
Participants also listened to reduced and unreduced words and pseudowords 
(no context) in a lexical decision task. Here, 16-year-olds had poorer and slower 
responses than adults overall and particularly when hearing pseudowords. 
Explanations for the age effects are discussed. We conclude that experience 
continues to refine linguistic representations, at least until adulthood.

ARTICLE HISTORY 
Received 16 January 2019  
Accepted 20 April 2020  

1. Introduction

Natural speech is inherently different from written texts: Words are shortened or even deleted, instead 
of being spelled out, and words are merged with surrounding words, rather than being separated by 
pauses. For instance, an English speaker may say “nahpmeam” [nɑːpmiːm]1 for Do you know what 
I mean (Field 2003), and speakers of German, the target language in this article, may say “haspmmo
mentsait” [haspmmomεntsaɪt] for Hast du einen Moment Zeit [hasth duː ʔaɪnən moːmɛnth tsaɪth] ‘Do 
you have a moment?’ (Kohler 1998). Such “reductions” are intrinsic and abundant in natural speech 
across languages (e.g., German: Kohler 1990, 1998; Dutch: Ernestus 2000; English: Shockey 2003; 
Johnson 2004; Japanese: Maekawa & Kikuchi 2005).

The term reductions sometimes refers to (partial) deletions of speech sounds only (Brown & 
Kondo-Brown 2006). For the purpose of this study, we use it in a wider sense and include mergers 
or “assimilations” between speech sounds. The German example demonstrates both: the words du 
‘you’ and einen ‘a’ are shortened and merged with the next word Moment ‘moment.’ Specifically, the 
article einen [ʔaɪnən], which contains two alveolar nasals [n] in a full pronunciation, is reduced to [m]. 
This [m] has inherited the nasal feature but is articulated at a bilabial rather than alveolar place of 
articulation as a preparation for the subsequent bilabial [m] in Moment. The word du [du], which 
starts with an alveolar plosive [d] in a full pronunciation, is reduced to the plosive [p]. This [p] has 
inherited the plosive feature of [d] but is also articulated at a bilabial rather than alveolar place of 
articulation, thus expressing the rounding of the lips for [u] and preparing for the bilabiality of the 
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upcoming [m]. Reductions affect both function words, which are often highly reduced (such as the 
pronoun du in the example) and content words (such as the nouns Moment and Zeit in the example; 
Ernestus & Warner 2011; Kohler 1998).

It is useful to realize that words or phrases can be reduced to different extents. For instance, the 
[pm] in “haspmmomentsait” can be reduced further to just a glottalized [m̰] (Kohler 1998). Another 
example is the 50 different variants of the German word eigentlich [ʔaɪɡəntlɪç] ‘actually’ (which include 
eingklich [a̰ɪŋklɪç], eintlch [a̰ɪntlç], and eini [a̰ɪnɪ]) in the German Kiel Corpus of Spontaneous Speech, 
which we also use in this study (IPDS 1996, 1997, 1995; Niebuhr & Kohler 2011). Reductions are 
therefore a major source of variation in the speech signal, alongside other sources of variation that 
listeners have to deal with, such as variation due to different dialects or individual speakers.

Reductions are based partly on perceptual or articulatory constraints that hold across languages 
(Mitterer 2008; Mitterer et al. 2006) and partly on language-specific phonological rules (Darcy et al. 
2009; Mitterer & Tuinman 2012; Torreira & Ernestus 2011). Children must acquire this system to 
understand reduced speech in their native language. Our knowledge about how they do this and how 
long they need for this is limited.

For instance, in theoretical terms, it is not evident what children’s initial phonological representa
tions look like and how they develop. Evidence from the past decades shows that these representations 
probably emerge under the influence of experience, as we will also argue in the course of this 
Introduction. From the start of their lives, infants experience both unreduced (“full”) and reduced 
variants. Buckler, Goy & Johnson (2018) show that even in infant-directed speech, around 75% of the 
tokens is reduced. If experience influences children’s representations, this suggests that initial repre
sentations are relatively strongly influenced by full pronunciations (still 25% of the tokens in Buckler, 
Goy & Johnson 2018) and that early exposure to much variation in “reducedness” is needed for 
learning how to deal with this variation. Children’s early productions reflect this pattern: For instance, 
they contain relatively few assimilations between words initially (Thompson & Howard 2007). 
However, it is too simple to say that initial representations will always reflect the full pronunciation 
mainly, since the frequency distributions of variants differ between words. Indeed, early pronuncia
tions tend to be reduced when the reduced variant occurs frequently (Newton & Wells 2002; Zukowski 
& Larsen 2011). Hence, production studies show that early representations are probably influenced by 
full and reduced variants, and children need time to acquire reduction patterns as general regularities.

Hardly any studies examine children’s reduced-speech perception. Two studies show that toddlers 
already perceive simple assimilations adequately (e.g., when pen is realized as pem when followed by 
please, as in Can you find the pen please?; Skoruppa, Mani & Peperkamp 2013; Skoruppa et al. 2013). 
One other study (Smiljanic & Sladen 2013) reports difficulties with reduced-speech perception in 6- to 
13-year-olds: The children failed to use semantic cues to predict final words in sentences masked by 
noise when sentences were pronounced in “conversational” and hence reduced speech as opposed to 
“clear speech” (with acoustic-phonetic enhancements). Recently, van der Feest, Blanco & Smiljanic 
(2019) presented adults with the same sentences in three speaking styles (infant-directed speech was 
added) and two signal-to-noise ratios (a condition without noise was added) and found similar results: 
Adults had more problems with using semantic cues when sentences were presented in conversational 
speech than in the clearer speaking styles and failed to use these cues when sentences in conversational 
speech were masked by noise (we will discuss perception in noise further in the following).

In itself, a clear-speech advantage is not surprising: This speaking style generally improves 
intelligibility for adults (see Smiljanic & Bradlow 2009). Similarly, studies on adults’ reduced-speech 
perception report a “full-form advantage,” i.e., pronunciations without reductions are processed faster 
and better than reduced counterparts (Drijvers, Mulder & Ernestus 2016; Ernestus, Baayen & 
Schreuder 2002; Ranbom & Connine 2007), and at a more refined level, the more reduced a word 
pronunciation is, the less accurate participants’ recognition (Ernestus, Baayen & Schreuder 2002). The 
availability of more cues and more enhanced cues thus facilitates perception. Relatedly, studies on 
adults’ reduced-speech perception report a beneficial effect of different types of cues in the context, 
including phonetic and phonological cues (Mitterer 2011), semantic cues (van de Ven, Tucker & 
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Ernestus 2011), and also syntactic cues (Ernestus, Baayen & Schreuder 2002; Janse & Ernestus 2011). 
Particularly acoustic-phonetic cues in the reduced forms and their contexts appear to be important for 
reduced-speech perception (Janse & Ernestus 2011).

Taken together, studies on reduced-speech perception suggest that children learn to deal with at 
least simple reductions early in life; that word recognition in conversational (reduced) speech is more 
difficult than in clearer speaking styles both for children and adults; and that acoustic-phonetic cues 
play a special role in reduced-speech perception. Unfortunately, none of the studies compared 
reduced-speech perception across ages, so that possible developmental patterns remain concealed. 
Additionally, the reduced-speech perception experiments with children only featured simple reduc
tions, so that it also remains uncertain how children perceive more complex reductions.

Possible development in reduced-speech perception can also be analyzed in terms of how children 
learn competences needed for reduced-speech perception. At least two competences seem necessary. 
First, listeners must be sensitive to acoustic-phonetic detail (Janse & Ernestus 2011). For instance, 
when hearing [hasm̰omεntsaɪt] (mentioned previously; Kohler 1998), it benefits listeners if they are 
able to pick up the glottalization of the [m̰], which is the only remnant of the plosive phoneme in the 
word du. Second, listeners must be able to flexibly use the cues at hand. Irrespective of the absence or 
specific realization of phonemes and words (e.g., the absence of /d/ or its realization as [d], [p], or 
a glottalization in the example), the listener must be able to use and integrate the available cues to 
understand what was said. These “available cues” can be small-scale acoustic-phonetic cues (such as 
the glottalization) but also larger-scale “contextual cues” of different kinds (such as syntactic and 
semantic cues). Evidence shows that precisely these two competences (i.e., sensitivity to acoustic- 
phonetic detail and flexibility in using available cues) require time to develop (see also Werner 2007), 
as we will now discuss per competence.

As for the first competence (sensitivity to acoustic-phonetic detail), 1.5- to 2-year old infants are 
already sensitive to slight mispronunciations caused by single-feature alterations in familiar words, 
such as vaby versus baby, pronounced in slow, infant-directed speech (Swingley & Aslin 2000). Hence, 
infants can pick up acoustic-phonetic detail when speech is slow and clear enough and the words are 
familiar enough. Other evidence shows that this sensitivity develops throughout childhood and 
adolescence. A consistent observation is that children identify speech sounds as certain phonemes 
with increasingly sharper and more adult-like boundaries; this development extends well beyond 
infancy, at least until 12 years in Hazan & Barrett (2000), 15 years in Rigler et al. (2015), 17 years in 
Flege & Eefting (1986), and 18 years in McMurray et al. (2018).

It is commonly assumed that sharper phoneme boundaries reflect more mature representations of 
phonemes in the brain. Until recently, it was believed that such increasingly mature representations 
were also characterized by a diminishing sensitivity to within-category differences (Werker & Tees 
1984; Kuhl et al. 1992; Tsushima et al. 1994; Best et al. 1995). However, McMurray et al. (2018), who 
zoomed in on real-time processing by using eye tracking, observe that increasingly sharper phoneme 
boundaries are coupled with a rising sensitivity to within-category differences. They argue convin
cingly that sharper boundaries probably do not reflect the structure of phonemic representations but 
rather an increasing ability to deal with variability in the speech signal. As children grow more 
sensitive to acoustic-phonetic detail, they become more able to deal with such variability. Hence, 
a rising sensitivity to acoustic-phonetic detail, which in this view reflects the true structure of 
phonemic representations, enables the sharp identifications.

A rising sensitivity to acoustic-phonetic details matches another observation, namely children’s 
increasing attention to smaller units of speech. Initially, children focus on larger units than single 
speech sounds (Hirsh-Pasek et al. 1987; Jusczyk et al. 1992; Myers et al. 1996). In doing so, they pay 
particular attention to cues defining the syllable rather than the separate phonemes (Jusczyk & Derrah 
1987; Nittrouer & Miller 1997; Nittrouer et al. 2000). For instance, Nittrouer et al. (2000) presented 
5-year-olds with syllables consisting of a fricative and a vowel (FV) and syllables with the same 
acoustic material presented in the reverse order (VF). While adults weighted the acoustic cues 
differently depending on the order, no such difference was observed in the children. Hence, young 
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children may perceive syllables more as wholes than as a series of separate speech sounds. Of course, 
children will need to start differentiating between FV and VF syllables and also between equivalent 
syllables that represent the beginnings of different words. As the lexicon grows, the child will need to 
focus more on cues defining individual phonemes (Jusczyk et al. 1992; Metsala & Walley 1998; Walley, 
Metsala & Garlock 2003).

The growing lexicon not only stimulates the sensitivity to acoustic-phonetic details defining pho
nemes (or in theoretical terms “richer” representations) but also increases efficiency in word recognition 
(at the level of word representations) already at 2 years of age (Fernald et al. 1998; Hurtado, Marchman & 
Fernald 2008; Marchman, Fernald & Hurtado 2010). This efficiency reflects an increasingly efficient 
lexical competition process, which continues throughout adolescence (McMurray et al. 2018; see also 
Sekerina & Brooks 2007; Rigler et al. 2015). Lexical competition occurs while listening to ongoing 
speech. The brain supposedly activates all word representations that are possible at a certain time; these 
word candidates “compete” with one another and are considered as long as the acoustic information 
matches the listener’s (word) knowledge, until one candidate remains (Marslen-Wilson 1990; Marslen- 
Wilson & Welsh 1978; McClelland & Elman 1986). As children accumulate word knowledge, the 
number of competitors increases, thereby raising the need for making the competition process more 
efficient. A rising sensitivity to acoustic-phonetic detail probably facilitates this development, since it 
coincides with increased lexical efficiency (McMurray et al. 2018). Considering these findings, it is not 
surprising that adults are highly sensitive to acoustic-phonetic detail and that this sensitivity benefits 
their perception—for instance, through allowing them to predict upcoming speech (Andruski, 
Blumstein & Burton 1994; Kapnoula et al. 2017; McMurray, Tanenhaus & Aslin 2002). To summarize, 
children grow increasingly sensitive to acoustic-phonetic detail and use this ability to process phonemes 
and words more and more efficiently. In linguistic theory, these developments imply increasingly more 
mature phonemic and word representations in the brain.

We now turn to the second competence necessary for adequate reduced-speech perception (flexibility 
in cue use). Adults’ extensive (non-)linguistic knowledge allows them to recognize various cues (e.g., 
acoustic-phonetic, syntactic, and semantic cues) in the speech stream and use these flexibly to fill in 
missing parts and predict upcoming speech. This flexibility is particularly visible in adults’ adaptations of 
cue weightings to the clearness of speech. In experiments, such clearness is manipulated by changing the 
signal-to-noise ratio (Mattys, White & Melhorn 2005), or the speaking style (Bradlow & Alexander 2007), 
or both (van der Feest, Blanco & Smiljanic 2019). When changing the speaking style, acoustic-phonetic 
cues are either enhanced (as in “clear speech” or infant-directed speech; Bradlow & Alexander 2007; van 
der Feest, Blanco & Smiljanic 2019) or reduced (as in “conversational” speech; van der Feest, Blanco & 
Smiljanic 2019). Interestingly, manipulating the signal-to-noise ratio yields similar cue weighting 
adaptations in adults to manipulating the speaking style. In general, the clearer the speech is, the larger 
the weighting of larger-scale contextual cues (such as semantic cues; Bradlow & Alexander 2007) and 
conversely, the less clear it is (as in noisy or reduced speech), the larger the weighting of smaller-scale 
acoustic-phonetic cues (Mattys, White & Melhorn 2005; van der Feest, Blanco & Smiljanic 2019).

Children can also fill in missing information and predict upcoming words already at a young age 
(Cole & Perfetti 1980; Fernald et al. 1998; Fernald, Swingley & Pinto 2001). For instance, 18-month- 
olds were found to look at the correct picture (rather than another picture) before the depicted word 
was pronounced in full (Fernald et al. 2001). However, children are less flexible in adapting their cue 
weightings when the clearness of speech is reduced. In studies with children, this was done primarily 
through noise addition. When speech is presented in noise, children of different ages struggle more 
with perception than older children and adults, irrespective of whether the noise replaces or masks 
speech and irrespective of whether it masks (or replaces) a phoneme, word, or sentence. For instance, 
5- to 6-year-olds have more problems recognizing familiar single words in which a phoneme has been 
replaced by noise than adults, who generally experience a “phoneme restoration effect” (Warren 1970) 
in this case, i.e., an illusion that the word is complete (Newman 2004; Walley 1988); 11- to 13-year- 
olds are less competent than 15- to 17-year-olds in recognizing a final predictable word in a sentence 
presented in noise (Elliott 1979; similar results in Smiljanic & Sladen 2013); and children continue 
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having trouble with correctly repeating nonsense words that are degraded with reverberation and 
noise at least until the age of 15 (Johnson 2000; similar results in Taitelbaum-Swead & Fostick 2016).

Hence, children can use word and semantic knowledge to recover and predict words (even at 
a young age) but are less competent in this than adults when tested in noise (even at an older age). 
Although it has been hypothesized that this incompetence reflects predominantly lesser word and 
semantic knowledge, resulting in a smaller ability to use larger-scale contextual cues (which is 
definitely a possibility; Newman 2006; Nittrouer & Boothroyd 1990), adults’ behavior in speech-in- 
noise experiments highlight an additional possibility, namely an insufficient flexibility to switch 
attention to smaller-scale acoustic-phonetic cues (aforementioned competence 2). Relatedly, children 
may not be able to pick up these cues in all detail (competence 1), which would also hamper such 
flexibility.

In sum, two competences—a sensitivity to acoustic-phonetic cues (“rich” phonemic representa
tions) and an ability to use such cues flexibly (“stable” representations that facilitate phoneme 
identification and word recognition)—grow increasingly better throughout childhood and adoles
cence as language experience accumulates. Since the competences are vital for adequate reduced- 
speech perception, it is likely that reduced-speech perception also continues developing in this time 
and that hence reduced-speech perception is still not as proficient in adolescents as in adults. The 
present study is the first to examine this hypothesis. Specifically, we examine whether reduced-speech 
perception is still immature in 16-year-olds as compared to young adults whose native language is 
German. We target 16-year-olds rather than younger ages because we expect still immature perception 
at this age in late adolescence, when children continue learning new vocabulary and refining their 
language skills. Additionally, this study is part of a larger project that includes second-language 
learners in high school (in our case, Dutch adolescents learning German), and even simple reduced 
speech appeared too difficult for younger learners.

Given the aforementioned literature, we expect the adolescents to get in trouble particularly when 
the need for relying on subtle acoustic-phonetic cues is acute. For examining this, we use two 
manipulations: a manipulation of the speaking style (reduced and unreduced) and a manipulation 
of the amount of context surrounding the target stimuli (without and with). The need for proficient 
acoustic-phonetic cue use is most acute when participants hear reduced targets without context: In 
reduced speech, the cues are limited and subtle and vary with the specific pronunciation; in fragments 
without context, listeners must rely on whatever of these cues remains.

2. Method

2.1. Participants

Participants were 36 German adults and 38 German high school pupils. As mentioned in the 
Introduction, this study is part of a larger project on adolescents’ perception of German reduced 
speech, which includes nonnative adolescents (Wanrooij & Raijmakers, Under review). The German 
adolescents represent the control group in this larger project.

The adults were German students recruited at Leiden University (the Netherlands). The adolescents 
were recruited in the region of Hannover in northern Germany, which is a region where people tend to 
speak the most common variant of German. They attended a school type that prepares pupils for university; 
this was chosen to ensure comparable educational backgrounds. All participants were raised monolin
gually. The adolescents had not lived abroad at all, and the adults had not lived in a country where German 
is not the main language longer than 6 months before the age of 18. The length of residence in the 
Netherlands of the adults varied (range = 1 to 54 months) but was mostly short (median = 6 months, 
modus = 1 month) and did not differ between the two conditions, which are explained in the following 
(Bayes Factor expressing the odds of “no difference” versus “a difference” = 3.1). All participants signed 
informed consent forms, as did adolescents’ parents. The procedure was approved by the Ethical 
Committee of the Department of Educational Sciences of Leiden University.
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Each participant was randomly assigned to either the “Reduced” or “Unreduced” Condition (where 
they listened to either reduced or unreduced speech respectively). Table 1 lists their ages and sex 
distributions per Age Group and Condition. For the Condition, a between-subject design was 
preferred over a within-subject design to avoid nuisance factors that could influence intelligibility: 
Presenting the same participant with the same stimulus twice (once reduced and once unreduced) 
would elicit unwanted priming effects, and using dissimilar reduced and unreduced stimuli would 
evoke the risk of differences in intelligibility between reduced and unreduced stimuli such as more or 
less known words or shorter and longer fragments).

2.2. Phrase-intelligibility task

The main task used for examining an age effect in reduced-speech perception was a phrase- 
intelligibility task, in which participants were presented with speech fragments and then wrote 
down what they heard (Brown & Hilferty 1986; Ernestus, Baayen & Schreuder 2002; Ernestus, 
Dikmans & Giezenaar 2017; Henrichsen 1984; Norris 1995; Ten Bosch et al. 2016; Wong et al. 
2015). This format is well suited for studying reduced-speech perception because it is possible to 
present more than a single word and thus to include reductions that involve multiple words, which 
occurs frequently in natural speech.

The first goal was to confirm effects previously reported for adults, namely a full-form advantage 
(unreduced speech should be easier to perceive than reduced speech; Drijvers, Mulder & Ernestus 2016; 
Ernestus, Baayen & Schreuder 2002; Ranbom & Connine 2007) and a context effect (context should 
facilitate perception; Ernestus, Baayen & Schreuder 2002; Janse & Ernestus 2011; Mitterer 2011; van de 
Ven, Tucker & Ernestus 2011). For examining the influence of context, the task was divided in two 
subtasks (Table 2). In subtask 1, the first presentation was always a full phrase (e.g., schönen guten Tag) 
and the second presentation a simple twofold repetition (e.g., schönen guten Tag—schönen guten Tag). In 
subtask 2, the first presentation was limited to only a part-phrase (e.g., zusammen, without any further 
“context”), and the second presentation consisted of the full phrase (i.e., with more “context”) plus the 
part-phrase again (e.g., zusammen Kaffee trinken—zusammen). (The repetition of the part-phrase was 
added to remind participants that they only had to write down the part-phrase. To make the procedure in 
subtask 1 identical to that in subtask 2, a third repetition was added in this subtask too).

The second and primary goal was to examine an effect of experience with the native language 
(which we label “age effect”). As explained in the Introduction, an age effect was expected chiefly when 
listeners had to rely most on whatever subtle acoustic-phonetic cues were available. Generally, the 
reliance on acoustic-phonetic cues was expected to grow more urgent and an age effect more likely in 
going from unreduced (full cues) to reduced (partial cues) phrases and in going from presentation 1B 
(full phrase, second presentation) to 1A (full phrase, first presentation) and 2B (full phrase, first 
presentation; after hearing part-phrase) to 2A (part-phrase, first presentation). Hence, an age effect 
was expected chiefly in presentation 2A, where new information was presented “without context” in 
reduced speech; and least in presentation 1B, where old information was presented “with context” in 
unreduced speech.

Since we expected an age effect mainly for the part-phrases, one may wonder why we included 
subtask 1 at all, particularly because all full phrases were probably simple for native listeners (they had 
to be usable for nonnative adolescent listeners too; Wanrooij & Raijmakers, Under review, as 

Table 1. Number (N) of Adolescents and Adults in each Condition, their sex (F = female; M = male), and ages (years;months).

Age Group Condition N (sex) Age
Mean Range

Adolescents Reduced 19 (14 F; 5 M) 16;02 15;05–17;03
Unreduced 19 (11 F; 8 M) 16;02 15;09–16;08

Adults Reduced 18 (13 F; 5 M) 24;01 20;05–32;02
Unreduced 18 (14 F; 4 M) 23;09 18;03–28;09
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mentioned in the Introduction). We did not limit the task to subtask 2, to be able to (i) test for the full- 
form advantage irrespective of limited context, as is done in subtask 1 (this had not been attested 
before in adolescents); (ii) examine the context effect in two ways rather one way (Section 3.1.2); and 
(iii) compare the results to those of nonnative listeners, for whom subtask 1 was already considered 
challenging, later (Wanrooij & Raijmakers, Under review).

2.2.1. Stimuli
The stimuli were based on spoken fragments selected from the Kiel Corpus of Spontaneous Speech 
(IPDS (Institut für Phonetik und digitale Sprachverarbeitung der Christian-Albrechts-Universität zu 
Kiel) 1995, IPDS 1996, IPDS 1997). All selected fragments were reduced short phrases that were 
comprehensible as stand-alone units (e.g., schönen guten Tag). They had been produced by different 
male and female speakers. To prevent differences in intelligibility due to these speakers’ different 
voices rather than to differences in speaking style, the fragments were reproduced by a single male 
native speaker of German in a sound-proof booth. The speaker came from the region of Hannover and 
spoke with a “Standard German” accent. He was not a linguist and had experience as an actor. He was 
not informed about the phenomenon of reduced speech before the recordings. The speaker listened to 
several short fragments of German reduced speech and repeated each fragment immediately after 
hearing it. First, he was instructed to repeat the fragments as closely as possible to the original versions 
(yielding the “Reduced” stimuli). Then he was asked to repeat them as clearly as possible, as in formal 
speech (“Unreduced” stimuli). He produced almost all reduced versions with the intended reductions 
at first trial. Many unreduced versions required some additional recordings.

The duration of unreduced speech is usually longer than that of corresponding reduced speech, 
thus providing listeners not only with more cues but also with more processing and decision time. To 
clarify the influence of reductions separate from durational differences, the durations of the reduced 
and unreduced versions were equated by means of the PSOLA-procedure in the computer program 
Praat (Boersma & Weenink 1998–2018). In each pair of reduced and unreduced stimuli, the longer 
version was shortened and the shorter version lengthened (mean shortening factor = 0.94, standard 
deviation = 0.05). The adaptations did not result in strange sounding or unnatural stimuli: Two native 
listeners of German were asked to identify such stimuli, and no stimulus had to be removed. The 
shortness of the stimuli allowed us to avoid visual support (such as a written text presenting 
nontargets) and concomitant possible orthographic or other visual nuisance effects. Such support 
becomes necessary when presenting longer stretches of speech, which are more demanding to 
memorize (as in, e.g., Ernestus, Dikmans & Giezenaar 2017; Ten Bosch et al. 2016).

Appendices A and B list the 48 stimuli with their phonetic transcriptions in each version (reduced 
and unreduced), for subtask 1 (24 stimuli) and 2 (24 stimuli) respectively. Each stimulus contained one 
to four targets, i.e., words that were reduced in the Reduced version and unreduced in the Unreduced 
version. The stimuli contained different types and degrees of reductions. The main type that occurred 
in almost every reduced stimulus (except in stimulus numbers 25, 35, 37, 41, 43, 44, and 46 in 
Appendix B) were reductions of unstressed consonant-schwa-nasal (CəN) combinations, which are 
frequent in German (e.g., brauchen [braʊxən] ‘to need,’ with CəN = [xən]). Among these, the most 
frequent type were reductions of unstressed plosive-schwa-/n/ sequences. The typical pattern that can 

Table 2. Trial examples in the two subtasks in the phrase-intelligibility task. In subtask 1, 
a full phrase was repeated three times. In subtask 2, a part-phrase was presented first, 
then the full phrase, and then the part-phrase again.a

Presentation Subtask 1 Subtask 2

A 1. schönen guten Tag 1. zusammen
B 2. schönen guten Tag 

3. schönen guten Tag
2. zusammen Kaffee trinken 
3. zusammen

aA reduced variant of each fragment was presented to participants in the Reduced 
condition, e.g., [ʃøːŋɡuntaːk] for schönen guten Tag, and an unreduced variant to 
those in the Unreduced condition, e.g. [ʃøːnənɡuːtəntaːk].
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be discerned when arranging tokens with such sequences from least to most reduced is as follows: (0) 
there is no reduction, e.g., Gelegenheit [ɡəleːɡənhaɪt] ‘occasion,’ where CəN = [ɡən]; (1) the schwa 
drops [ɡəleːɡnhaɪt]; (2) if the consonant’s place of articulation is bilabial or velar, i.e., differs from that 
of the nasal /n/, the nasal’s place of articulation shifts to that of the consonant [ɡəleːɡŋhaɪt]; (3) this 
consonant becomes a nasal resulting in a geminate [ɡəleːŋŋhaɪt]; (4) the geminate reduces to a single 
nasal [ɡəleːŋhaɪt] (Kohler 2001). The phonetic transcriptions in Appendices A and B demonstrate that 
all these degrees featured in the stimuli.

The stimuli also contained reductions in the form of further assimilations with surrounding speech 
sounds within and across words, beyond the four-step pattern just described. Particularly highly 
frequent words and phrases are prone to such extremely reduced patterns. For instance, the reduced 
variant of eigentlich ([ʔaɪɡəntlɪç] ‘actually’ (with CəN = [ɡən]) in the stimuli is not simply [ʔaɪŋtlɪç] 
(which would be the end product of the four-step pattern and which also occurs as a token in the 
corpus) but [aɪnɪ] (see Niebuhr & Kohler 2011 for a description of variants of eigentlich in the corpus). 
And the reduced version of haben wir ([haːbən viːɐ] (CəN = [bən]) is one step beyond [haːm ʋɐ] 
(which contains the end product of the four-step pattern for the verb), namely [haːmɐ]. Another 
reduction type in the stimuli was the nasalization of plosives in voiced nasal-plosive combinations 
where nasal and plosive have the same place of articulation (Kohler 2001). An example is Kalenner 
[khalɛnnɐ], a reduced variant of Kalender ‘calendar,’ in which /nd/ is realized as [nn]. We did not use 
the precise degree of reduction as a factor in the analyses but simply compared answers to reduced and 
unreduced speech. This was because most phrases were highly reduced (i.e., step 4), and the scoring of 
the precise “amount of reduction” was difficult due to the fact that tokens were natural (not 
synthetically controlled) and included complex reductions across words.

As visible in the Appendices (A and B), reduced targets included both function words (such as 
auxiliary verbs) and content words (such as adjectives, nouns, and verbs). The order of the stimuli was 
randomized for each participant separately, with one condition—if a word appeared more than once, 
it appeared first as a target and later appearances were not targets. For example, the word haben ‘have’ 
appeared first as a target (Appendix B, stimulus number 40) and later as a nontarget (stimuli 32 and 
41). Stimuli were presented with the software package E-prime (Version 2.0, Psychology Software 
Tools, Inc., 2012).

2.2.2. Procedure
In each trial, all participants wrote down their answers twice: once after the first presentation of 
a fragment (answer A) and once after the second plus third presentations (answer B; Table 2). Between 
writing down answers A and B, participants judged the intelligibility of the fragment on a 5-point 
scale. This intelligibility judgment was added to verify whether accuracies would reflect experienced 
difficulty. The task was self-paced.

Participants wore headphones. Before the task, the sound level was adjusted to each participant’s 
preferred level. Before each subtask, an explanation appeared on the screen, and participants per
formed a practice trial, which proceeded in precisely the same way as the subtask after it. Participants 
also received the explanation on paper and could ask questions before and after practising. They were 
informed how to write German umlauts on the laptops (i.e., the letters ä, ö, and ü): They could leave 
the dots out or write the basic letter plus an e (yielding ae, oe, and ue). They were also informed that 
they would not have to write capital letters and that the phrases that they were about to hear were taken 
from dialogs in which people make appointments with one another.

Testing took place in a quiet room, at a university (adults) and in a school (adolescents; in 
a classroom in a separate part of the school, not adjacent to other classrooms). The adolescents 
were tested during school hours. Participants were tested individually or in small groups up to four 
persons (adults) or seven persons (adolescents). When testing was done in small groups, the explana
tions were done simultaneously and individuals were seated behind nonadjacent desks.
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2.3. Auditory lexical decision task

After the phrase-intelligibility task, participants did an auditory lexical decision task (Holley-Wilcox 1977; 
McCusker, Holley-Wilcox & Hillinger 1979). This task is common in reduced-speech perception research 
because it allows for measuring processing speed, in addition to accuracies (e.g., Connine, Ranbom & 
Patterson 2008; Morano, Ernestus & Ten Bosch 2015; Pitt, Dilley & Tat 2011; Poelmans 2003; Tucker 
2011). Participants are presented with a list of words and pseudowords (or nonwords), and they indicate as 
quickly and accurately as possible if the just-presented item is a word or not. The reaction times are usually 
faster for words than pseudowords. The commonly given explanation is that the reaction times reflect how 
long listeners spend searching for a stimulus in the mental lexicon: Decisions for words can be made as 
soon as the word is found; for pseudowords, however, extra time elapses before listeners decide that their 
search is in vain. We will test for this “item effect” as one way of checking the validity of the task. We used 
this task so that we could measure processing speed (in addition to accuracies). Also, the task provided 
another “difficult listening situation,” in which sensitivity to subtle acoustic-phonetic cues and the ability to 
use such cues flexibly were required and hence where we expected an age effect. This is because the stimuli 
in this task are always isolated items (“without” context), which are presented under time and accuracy 
pressure. A reliance on subtle acoustic-phonetic cues was anticipated to be more urgent and consequently 
an age effect more likely for reduced items (only partial cues) than unreduced items (full cues) and also for 
pseudowords than words. This is because for pseudoword perception, cues cannot be mapped, and should 
also not be mapped accidentally, onto word representations. In other words, listeners have to weigh 
acoustic-phonetic cues more heavily than “larger-scale” cues (in this case word knowledge), an ability that 
children seem to struggle with (see Section 1).

2.3.1. Stimuli
Appendix C lists the stimuli in the lexical decision task. Stimulus creation and presentation were the same 
as in Task 1. There were 40 words and 40 pseudowords (22 two-syllable items and 18 three-syllable items 
for each of these item types) in each version. All words were German verbs, and all pseudowords were 
German pseudoverbs. All onsets (e.g., “bl” in bleiben ‘to stay’ and “ver” in versuchen ‘to try’; see Appendix 
C), and final syllables of the words were reused to create the pseudowords (on paper only; we did not 
resynthesize the sounds). The middle portion of the pseudowords was chosen as much as possible in such 
a way that the onset of the last syllable in each stimulus provided the cue to whether it was a real word or 
not. Since the stimuli were produced by a native speaker and not (re-)synthesized, the preceding speech 
sounds already probably contained cues hinting at the nature of these onsets. Listeners who can pick up 
these subtle cues well are thus at an advantage. In all unreduced versions, the final syllable consisted of 
a consonant–schwa–[n] sequence. In the reduced versions, this sequence was reduced according to the 
pattern described previously as the main reduction pattern used in the phrase-intelligibility task (Section 
2.2.1). The degree of reduction differed per stimulus but was similar in corresponding words and 
pseudowords. Stimuli were presented with the software package E-prime (Version 2.0, Psychology 
Software Tools, Inc., 2012). Chronos button boxes (Model PST-100430, Psychological Software Tools) 
were used to collect responses.

2.3.2. Procedure
The task was performed after the phrase-intelligibility task, in the same session. Before the task, the 
sound level was adjusted to each participant’s preferred level again, and participants received instruc
tions in the same way as in the previous task.

In each trial, participants first saw a star on the screen (1,000 ms), and then they heard either 
a German verb or a pseudoverb, while the screen showed NEIN ‘no’ in the left corner and JA ‘yes’ in 
the right corner. Their task was to indicate as quickly and as accurately as possible whether they 
considered the just-heard stimulus a German word or not by clicking on either the left button on the 
button box, which was labeled “N” for NEIN, or on the right button labeled “J” for JA. Participants 
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were informed that all words were German verbs and all pseudowords were German pseudoverbs. 
A next trial appeared after a participant clicked a button or after 3,000 ms after stimulus onset.

Before the task, participants did two practice exercises. The aim of the first exercise (20 practice 
trials) was to practice that the “no-button” was on the left and the “yes-button” on the right of the 
button box. For this, either NEIN or JA appeared in blue in the middle of the screen (500 ms), and 
participants had to click the correct button as quickly as possible (i.e., the left button after NEIN and 
the right button after JA). During the decision time, the screen showed NEIN ‘no’ in the left corner and 
JA ‘yes’ in the right corner, just as in the later real task. There was no sound in this exercise, and the 
next trial would only appear after the participant had clicked a button. The eight trials in the second 
exercise proceeded in exactly the same fashion as the trials in the subsequent task.

3. Analyses and results

We used nonparametric tests for ordinal measures and whenever distributions of ratio measures were 
nonnormal and could not be transformed. Bonferroni corrections for multiple testing were applied; 
the resulting alpha is reported per analysis. Whenever the p value is reported to be one-sided, we test 
for a specific direction of an effect.

3.1. Phrase-intelligibility task

Two dependent variables were measured: (i) accuracies and (ii) intelligibility judgments (“judg
ments”). Accuracies were the primary dependent variable. For the accuracies, participants’ answers 
were analyzed with a script (written in the computer program Praat; Boersma & Weenink 1998–2018), 
which disregarded small spelling mistakes (e.g., full points were given for the target hervorragend 
‘excellent’ when written with only one r and for the target noch mal ‘again’ when written without 
a space as “nochmal”). Points were given only for targets. The maximum accuracy for each stimulus 
(which consisted of one to four targets; see Appendices A and B) was 1 point. Hence, a participant 
could obtain a maximum accuracy of 48 points. (The maximum accuracy for each target was 
calculated as 1 divided by the number of targets in the stimulus). The judgments were ordinal 
measures on a 5-point scale (Section 2.2.2). In the following, the numbers 1 and 2 refer to subtasks 
1 and 2 respectively; the letters A and B to the first and second answers respectively.

3.1.1. Accuracies per stimulus
To check the validity of the stimuli, we first inspected how many participants had each stimulus 
correct (the “stimulus accuracy”). Since the stimuli had been developed to be also usable for nonnative 
listeners, it was expected that participants would find it relatively easy to give the right answers, at least 
for the second presentation of the stimulus. Consequently, it was relevant to reconsider any stimulus 
with a “low” stimulus accuracy, which was operationalized as follows: If less than half of the 
participants gave the correct answer for a stimulus, the assignment of points for this stimulus would 
have to be adapted (if possible) or the stimulus would have to be removed. The former option was 
necessary for only one stimulus (ganz hervorragend passen; Appendix A, stimulus number 12): Many 
participants in the Reduced condition (i.e., for A: 4 Adolescents and 4 Adults; for B: 6 Adolescents and 
3 Adults) responded “fassen” instead of passen. This is not surprising in view of the bilabiality of both 
/f/ and /p/. Additionally, some participants (i.e., for A: 5 Adolescents and 1 Adult in the Unreduced 
condition and 2 Adolescents and 1 Adult in the Reduced condition; for B: 1 Adolescent and 1 Adult in 
the Unreduced condition and 3 Adults in the Reduced condition) responded “passend” instead of 
passen. This is not surprising either: /n/ and /d/ are both alveolar (stop) consonants. In view of these 
considerations, “fassen” and “passend” were also counted as correct answers in both conditions. After 
these adaptations, not a single stimulus had to be removed.

Overall, the stimuli seemed easy to comprehend for the German participants. This held in 
particular for the unreduced versions, where minimally 34 out of 37 participants gave the correct 
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answer to the second stimulus presentation (answer B). A Wilcoxon signed-rank test for paired 
samples (each pair consisting of a reduced and the corresponding unreduced version) confirmed 
that the reduced versions (median across subtasks = 35.7) were harder to comprehend than the 
unreduced versions (median = 36.60; T = 54.50, z = 4.3, p = 1.027e-9, r = .44; the effect size r is 
calculated as: r = z/√N = 4.3/√96; Rosenthal 1991).

3.1.2. Accuracies per participant
The distributions of the accuracies as measured per participant were nonnormal, due to the fact that 
participants, particularly those in the Unreduced condition, tended to score at ceiling (which confirms that 
the stimuli were relatively easy for the native listeners; see previous section). Therefore, we report medians 
and ranges per Age Group and Condition (Table 3) and show the accuracies per participant (Figure 1).

First, we tested whether the data would support earlier findings of the “context effect”, i.e., that 
stimuli are easier to process with than without context. Since all participants heard both phrases with 
and phrases without context, the effect was analyzed within subjects, and it was analyzed in two ways: 
by comparing the accuracies of answers 2A (part-phrases, i.e., “without context”) versus 2B (corre
sponding full phrases, i.e., “with context”) and versus 1A (other full phrases, “with context”; Table 2). 
Two Wilcoxon signed-rank tests were performed per Age Group (α = 0.05/4 tests = 0.0125; one-sided 
ps): one testing for Context1 (2A vs. 2B) and one for Context2 (2a vs. 1A). Participants’ accuracies 
were indeed significantly lower for 2A than 2B and for 2A than 1A (Adults 2A vs. 2B: median 
2A = 22.33, median 2B = 24.00, T = 3.00, z = –4.221, p = 1.334e-05, r = –.70; Adolescents 2A vs. 2B: 
median 2A = 21.33, median 2B = 23.00, T = 21.00, z = –4.154, p = 1.641e-5, r = –.67; Adults 2A vs. 1A: 
median 1A = 23.25, T = 52.00, z = –2.805, p = .003, r = –.47; Adolescents 2A vs. 1A: median 1A = 23.08, 
T = 61.50, z = –3.788, p = 7.894e-5, r = –.61). Thus, the context effect is replicated for adults and now 
also established for adolescents.

Second, we tested whether the data would support earlier findings of the “full-form advantage”. 
Since participants heard either reduced or unreduced phrases, the effect was analyzed between 
subjects. Eight Mann-Whitney tests (α = 0.05/8 = 0.00625; one-sided ps) for independent samples 
(Reduced vs. Unreduced) were conducted, one for each Age Group, subtask (1 and 2) and answer (A 
and B). Reduced accuracies were indeed lower than Unreduced accuracies (Adolescents 1A: U = 26.5, 
z = –4.533, p = 2.91e-6, r = –.74; Adolescents 1B: U = 44.0, z = –4.004, p = 3.11e-5, r = –.65; Adolescents 
2A: U = 6.5, z = –5.118, p = 1.54e-7, r = –.83; Adolescents 2B: U = 79.5, z = –3.022, p = .001, r = –.49; 

Table 3. Median accuracies and ranges for adolescents and adults per condition (Reduced and Unreduced), 
subtask (1 and 2), and answer (A and B) in the phrase-intelligibility task.

Age group Condition Median Range (Range in %)

Answer 1A
Adolescents Reduced 21.75 18.00 ~ 23.50 (75.00 ~ 97.92)

Unreduced 23.75 21.92 ~ 24.00 (91.32 ~ 100)
Adults Reduced 22.00 20.50 ~ 23.50 (85.42 ~ 97.92)

Unreduced 24.00 21.50 ~ 24.00 (89.58 ~ 100)
Answer 1B
Adolescents Reduced 21.50 16.50 ~ 24.00 (68.75 ~ 100)

Unreduced 23.25 22.67 ~ 24.00 (94.44 ~ 100)
Adults Reduced 22.33 20.33 ~ 23.25 (84.72 ~ 96.88)

Unreduced 24.00 23.50 ~ 24.00 (97.92 ~ 100)
Answer 2A
Adolescents Reduced 20.00 16.33 ~ 22.00 (68.06 ~ 91.67)

Unreduced 23.00 20.33 ~ 24.00 (84.72 ~ 100)
Adults Reduced 21.83 16.67 ~ 23.00 (69.44 ~ 95.83)

Unreduced 24.00 22.00 ~ 24.00 (91.67 ~ 100)
Answer 2B
Adolescents Reduced 22.00 17.00 ~ 24.00 (70.83 ~ 100)

Unreduced 24.00 20.33 ~ 24.00 (84.72 ~ 100)
Adults Reduced 23.83 22.17 ~ 24.00 (92.36 ~ 100)

Unreduced 24.00 23.00 ~ 24.00 (95.83 ~ 100)
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Adults 1A: U = 12.0, z = –4.934, p = 4.03e-7, r = –.82; Adults 1B: U < 0.001, z = –5.292, p = 6.05e-8, 
r = –.88; Adults 2A: U = 7.0, z = –5.040, p = 2.33e-7, r = –.84; Adults 2B: U = 97.0, z = –2.524, p = .006, 
r = –.42). This replicates the full-form advantage for adults and establishes it for adolescents.

Subsequently, the main research question was addressed: We tested whether adolescents score 
worse than adults, particularly when listening to reduced part-phrases (answers 2A). Eight Mann- 
Whitney tests (Adolescents vs. Adults) were conducted (α = 0.05/8 = 0.00625), one for each Condition 
(Reduced and Unreduced), subtask (1 and 2), and answer (A and B).

As expected, Adolescents listening to reduced speech scored significantly lower than Adults listening to 
reduced speech for the part-phrase answer 2A (U = 77.0, z = –2.888, p = .003, r = –.47). Additionally, they 
scored significantly lower for the subsequent full-phrase answer 2B (U = 49.5, z = –3.756, p = 1.73e-4, 
r = –.62). Hence, adolescents seem more confused than adults by reduced forms presented out of context 
and continue having trouble with these forms even after being presented subsequently with the forms in 
context.

As expected, accuracies did not differ significantly between the Age Groups listening to unreduced 
speech with one exception: An age effect appeared when unreduced full phrases were repeated, i.e., 
precisely in the most unexpected case when acoustic-phonetic cue use was considered easiest (1A: 
U = 111.5, z = –2.122, p = .034; 1B: U = 76.0, z = –3.152, p = .001, r = –.52; 2A: U = 118.5, z = –1.746, 
p = .083; 2B: U = 112.0, z = –2.294, p = .021). However, this age effect should be disregarded: When 
inspecting Adolescents’ answers, we noticed many perfect (i.e., ceiling) answers to the first presenta
tion. Therefore, we suspect that they considered it unnecessary to give the same answer to a simple 
stimulus for a second time.

Nonparametric tests do not yield interactions. Therefore, we inspected a possible interaction between 
Age Group and Condition differently: We calculated the accuracy per stimulus for each Age Group 

Figure 1. The accuracies in subtasks 1 (left) and 2 (right) in the phrase-intelligibility task, for answers A (top) and B (bottom), per 
Adolescent and Adult (see top titles) in the Reduced (blue discs) and Unreduced (black circles) conditions. Horizontal lines represent 
the medians.
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x Condition (i.e., Adolescents Reduced, Adolescents Unreduced, Adults Reduced, Adults Unreduced). 
Then we computed the difference between the accuracy in the Unreduced condition and the accuracy in 
the Reduced condition per Age Group. One Wilcoxon signed-ranks test per answer (A and B) showed 
a larger difference for Adolescents (A: median = 1.00, range = –3.00 to 18.00; B: median = 0.50, range = – 
2.00 to 9.00) than Adults (A: median = 0.00, range = –1.00 to 17.00, T = 199.00, z = – 2.317, p = .019, 
r = –.33; B: median = 0.00, range = –1.00 to 8.50, T = 204.50, z = –2.236, p = .024, r = –.32). This reflects 
that adolescents have more trouble with reduced speech in particular than adults.

3.1.3. Intelligibility judgments
Judgments were first inspected for consistency. Judgments of two Adolescents in the Unreduced 
condition were removed because a comparison with their own accuracies and those of other 
Adolescents revealed that they most likely judged the stimuli reversely (i.e., the most difficult stimulus 
as the most intelligible and vice versa; for instance, they had higher accuracies in subtask 1 than 2, as 
expected, but judged the stimuli in subtask 1 as more difficult). Table 4 displays participants’ median 
intelligibility judgments (disregarding these two participants).

Two Wilcoxon signed-rank tests (α = 0.05/2 = 0.025; one-sided ps), one per Age Group, showed 
that Adolescents and Adults judged isolated targets (subtask 2) to be less intelligible than those 
embedded in a phrase (subtask 1) (Adults 2 vs. 1: median 1 = 4.25, median 2 = 4.00, T = 17.00, 
z = –2.680, p = .003, r = –.45; Adolescents 2 vs. 1: median 1 = 4.00, median 2 = 4.00, T = 10.00, z = – 
3.255, p = 6.187e-4, r = –.54). Hence, the context effect is not only reflected in participants’ accuracies 
(see previous) but also in their intelligibility judgments.

Participants in the Reduced condition judged the stimuli to be less intelligible than participants in the 
Unreduced condition in both Age Groups in subtask 2 and in the Adolescent group in subtask 1; Adults’ 
judgments in subtask 1 approached ceiling judgments in both conditions (four Mann-Whitney tests, one 
per Age Group and subtask, α = 0.05/4 = 0.0125; Adolescents 1: U = 60.50, z = –3.363, p = 7.71e-4, 
r = –.56; Adolescents 2: U = 51.00, z = –3.644, p = 2.68e-4, r = –.61; Adults 1: U = 118.50, z = –1.536, 
p = .167; Adults 2: U = 54.00, z = –3.622, p = 2.92e-4, r = –.60). Hence, the full-form advantage is not only 
reflected in participants’ accuracies (see previous) but also in their intelligibility judgments.

Four Mann-Whitney tests (α = 0.05/4 = 0.0125) checked whether Adolescents and Adults in each 
Condition differed significantly in their intelligibility judgments. This was the case only for the Reduced 
condition in subtask 1 (Reduced 1: U = 86.00, z = –2.724, p = .006, r = –.45; Reduced 2: U = 121.50, z = – 
1.562, p = .123; Unreduced 1: U = 151.50, z = –0.057, p = 1.0; Unreduced 2: U = 128.00, z = –0.923, 
p = .328). Hence, adolescents judge reduced full phrases to be less intelligible than adults.

3.2. Auditory lexical decision task

Left-handed participants were removed from the data set (1 from Adolescents Reduced; 3 from 
Adolescents Unreduced; 2 from Adults Reduced, and 2 from Adults Unreduced). All analyses were 

Table 4. Intelligibility judgments: medians and ranges for Adolescents and Adults per 
Condition (Reduced and Unreduced) and subtask (1 and 2) in the phrase- 
intelligibilitytask.a

Adolescents Adults

Condition Median Range Median Range

Subtask 1
Reduced 3.5 3 ~ 5 4 4 ~ 5
Unreduced 5 4 ~ 5 5 4 ~ 5
Subtask 2
Reduced 3 1 ~ 4 3.75 2 ~ 5
Unreduced 4 3 ~ 5 5 4 ~ 5

aJudgments are those without the two participants who probably judged the stimuli 
reversely (see text).

446 K. WANROOIJ AND M. E. J. RAIJMAKERS



performed on the log-transformed (base 10) values of the reaction times, which had been measured 
from stimulus onset. Undefined answers, which occurred when a participant did not click the button 
for an item, were removed from the data set, as were excessively short or long reaction times, i.e., 
items with log-transformed reaction times that lay outside the range of plus or minus 2 standard 
deviations from the mean of each Group’s answers to each Item Type (following e.g., Poelmans 
2003; Item Types are: Words and Pseudowords; Groups are: Adults Reduced, Adults Unreduced, 
Adolescents Reduced, and Adolescents Unreduced). Inaccurate answers were also removed from the 
data set.

Two mixed-design ANOVAs (i.e., analyses of variance with between-subjects and within-subjects 
independent variables; α = 0.05/2 = 0.025) were performed, one with the accuracies (i.e., the number of 
correct responses) and the other with the log-transformed reaction times as the dependent variable. 
Both had Age Group (Adolescents vs. Adults) and Condition (Reduced vs. Unreduced) as between- 
subjects variables and Item Type (Words vs. Pseudowords) as within-subjects variable. Both included 
all possible interaction effects and used Type-III Sum of Squares.

3.2.1. Accuracies
The top row of Figure 2 shows the accuracies in response to Words and Pseudowords for Adolescents 
and Adults in each Condition. The top half of Table 5 presents the corresponding means and 95% 
confidence intervals (henceforth CIs).

The ANOVA showed a grand mean of 35.10 with a CI (+34.58 ~ +35.62) that did not include 20 
(the chance level). This supports the validity of the test: It shows that German participants, irrespective 
of Age Group or Condition, score significantly above chance level in this task. The ANOVA also 
showed main effects of Age Group (mean difference Adolescents–Adults = –1.42, CI = –2.45 ~ –0.38, F 
[1,64] = 7.472, p = .008), Condition (mean difference Reduced–Unreduced = –1.89, CI = –2.93 ~ –0.86, 
F[1,64] = 13.35, p = 5.236e-4), and Item Type (mean difference Words–Pseudowords = 4.13, 
CI = +3.22 ~ +5.04, F[1,64] = 82.54, p = 4.022e-13). As for Age Group, Adults (mean = 35.81, 
CI = +35.08 ~ +36.54) had more items correct than Adolescents (mean = 34.39, CI = +33.66 ~ +35.13), 
thus showing an age effect. As for Condition, participants in the Unreduced condition (mean = 36.05, 
CI = +35.31 ~ +36.79) had more items correct than participants in the Reduced condition 
(mean = 34.16, CI = +33.44 ~ +34.88), thus replicating the full-form advantage for isolated items. 
As for Item Type, participants had more correct responses to Words (mean = 37.16, CI = +36.69 ~ 
+37.64) than Pseudowords (mean = 32.97, CI = +31.99 ~ +33.95), thus demonstrating an item effect.

Additionally, the ANOVA yielded significant interactions between Age Group and Item Type (F 
[1,64] = 5.87, p = .018) and between Condition and Item Type (F[1,64] = 10.15, p = .002). Hence, 
differences in accuracy between responses to words and responses to pseudowords in a lexical decision 
task depend on age and speaking style. For the former interaction (Age Group x Items Type; Figure 3, 
left), a post hoc independent-samples (Adults vs. Adolescents) t-test showed that the accuracy 
difference between responses to Words and responses to Pseudowords (= dependent variable) was 
smaller for Adults than Adolescents (mean difference Adolescents – Adults = 2.32, CI = +0.38 ~ +4.27, 
t[66] = 2.39, p = .020). Since Adults and Adolescents had very similar accuracies for Words (Figure 2), 
adolescents seem to have more problems in particular with pseudowords than adults. For the second 
interaction (Condition x Item Type; Figure 3, right), a post hoc independent-samples (Reduced vs. 
Unreduced) t-test showed that the accuracy difference between responses to Words and responses to 
Pseudowords (= dependent variable) was larger for the Reduced condition than for the Unreduced 
condition (mean difference Reduced–Unreduced = 2.96, CI = +1.07 ~ +4.85, t[66] = 3.12, p = .003). 
This implies that listeners are more eager to recognize a word in a pseudoword when the item is 
reduced (and presented in isolation). The other interactions were not significant (Age Group 
x Condition: F[1,64] = 0.97, p = .330; Age Group x Condition x Item Type: F[1,64] = 1.72, p = .195).
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3.2.2. Reaction times
The bottom of Figure 2 shows the mean log-transformed reaction times that Adolescents and Adults 
had when responding correctly to Words (left) and Pseudowords (right). Table 5 (bottom) lists the 
corresponding means and CIs for each Age Group in each Condition.
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Figure 2. The mean number of correct answers (top row) and log-transformed reaction times (bottom row) in response to Words 
(left) and Pseudowords (right) in the lexical decision task, for Adolescents (green) and Adults (black) in each condition (see bottom 
titles). Bars show 95% confidence intervals.

Table 5. Accuracies (i.e., the number of correct answers; top) and log-transformed reaction times (with nontransformed equivalents 
between brackets; bottom; in milliseconds) in response to Words and Pseudowords in the lexical decision task, for Adolescents and 
Adults per condition (Reduced and Unreduced): means and 95% confidence intervals (CIs).

Age Group Condition Words Pseudowords

Accuracies Mean CI Mean CI

Adolescents Reduced 36.83 +35.90 ~ +37.77 29.56 +27.92 ~ +31.20
Unreduced 37.19 +36.19 ~ +38.18 34.00 +32.26 ~ +35.74

Adults Reduced 37.06 +36.09 ~ +38.02 33.18 +31.49 ~ +34.87
Unreduced 37.59 +36.62 ~ +38.55 35.41 +33.72 ~ +37.10

Reaction times Mean CI Mean CI

Adolescents Reduced 2.93 (847.23) +2.91 ~ +2.95 3.03 (1069.05) +3.01 ~ +3.05
Unreduced 2.94 (870.96) +2.92 ~ +2.96 3.01 (1030.39) +2.99 ~ +3.04

Adults Reduced 2.88 (762.08) +2.86 ~ +2.90 2.97 (937.56) +2.95 ~ +2.99
Unreduced 2.90 (796.16) +2.88 ~ +2.92 3.00 (993.12) +2.98 ~ +3.02
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The ANOVA (see Section 3.2) produced main effects of Age Group (mean difference Adolescents– 
Adults = 0.040, CI = +0.021 ~ +0.059, F[1,64] = 17.37, p = 9.414e-5) and Item Type (mean difference 
Words–Pseudowords = –0.090, CI = –0.097 ~ –0.082, F[1,64] = 541.57, p = 6.153e-33). As for Age 
Group, Adolescents (mean = 2.978, CI = +2.96 ~+2.99; in nontransformed reaction times: 
mean = 951 ms, CI = +912 ~ +977 ms) had longer log-transformed reaction times than Adults 
(mean = 2.938, CI = +2.92 ~+2.95; in nontransformed reaction times: mean = 867 ms; CI = +832 ~ 
+891 ms), thus demonstrating an age effect in reaction times. As for Item Type, participants had 
shorter log-transformed reaction times to Words (mean = 2.91, CI = +2.90 ~ +2.92; in nontrans
formed reaction times: mean = 813 ms; CI = +794 ~ +832 ms) than Pseudowords (mean = 3.00, 
CI = +2.99 ~+3.01; in nontransformed reaction times: mean = 1,000 ms; CI = +977 ~ +1,023 ms). 
Hence, the reaction times also reflect the item effect. The other effects in the ANOVA were not 
significant (Condition: F[1,64] = 1.096, p = .299; Age Group x Condition: F[1,64] = 1.590, p = .212; Age 
Group x Item Type: F[1,64] = 0.703, p = .405; Condition x Item Type: F[1,64] = 2.206, p = .142; Age 
Group x Condition x Item Type: F[1,64] = 4.894, p = .031).

4. Discussion

The present study is the first to examine reduced-speech perception in adolescents. It demonstrates 
less proficient speech perception in German 16-year-olds than young adults (in their twenties) in 
general and particularly when reduced speech is presented “without context.” In that case, successful 
perception forces listeners to detect and flexibly use remaining acoustic-phonetic cues. Reduced 
speech is difficult in this respect, due to deletions of speech sounds (fewer cues), shortenings of speech 
sounds (less salient cues), and assimilations of speech sounds within and across words (cues end up in 
the context and thus become unavailable when the context is removed). Overall, both age groups 
perceived unreduced speech better than reduced speech and speech with context better than without 
context, which is in line with previous work (e.g., Ernestus, Baayen & Schreuder 2002; Section 1). The 
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Figure 3. The significant interactions with Item Type (Words vs. Pseudowords) of Age Group (Adult vs. Adolescent; left) and 
Condition (Reduced vs. Unreduced; right), for the number of correct answers (dependent variable) in the lexical decision task.
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“age effects,” which we interpret as reflecting differences in experience with the native language, 
appeared in a phrase-intelligibility task and an auditory lexical decision task, as follows.

In the phrase-intelligibility task, we presented listeners with part-phrases (without context) and full 
phrases (with context) in either reduced (limited subtle cues) or unreduced (full clear cues) speech. 
Overall, accuracies were high. This was not surprising, since the phrases had to be usable for nonnative 
listeners too (Wanrooij & Raijmakers, Under review) and thus were simple for our native listeners. 
Although we had to use nonparametric tests for dealing with ceiling scores (particularly for the adults), 
the outcomes matched the predictions: Adolescents had consistently lower accuracies than adults 
precisely when proficient acoustic-phonetic cue use was most required, namely when listening to part- 
phrases in reduced speech. Subsequently, their accuracies remained lower than those of adults when 
hearing the corresponding reduced full phrase. This situation can still be hard in terms of acoustic- 
phonetic cue use because cues picked up in the part-phrase must now be integrated with those in the 
full phrase. Adolescents seem to struggle more with this than adults. Additionally, an analysis based on 
accuracies per stimulus (which we used as a way to inspect the interaction between age group and 
speaking style, in the absence of a direct possibility to examine this interaction in nonparametric tests; 
Section 3.1.2) confirmed that adolescents have more problems than adults specifically with reduced 
speech (more than with unreduced speech).

In the auditory lexical decision task, we presented listeners with words and pseudowords (both 
“without” context) in either reduced or unreduced speech. A uniform age effect emerged: 
Adolescents had consistently lower accuracies and slower reaction times than adults generally. 
Also, they tended to hear words in pseudowords more than adults and thus seemed to make their 
word knowledge prevail over acoustic-phonetic cues signaling the pseudoword status more. This 
finding resembles earlier observations that nonnative listeners struggle with increasing the weight 
of acoustic-phonetic cues relative to larger-scale semantic cues when this is required in noise 
(Bradlow & Alexander 2007).

The lexical decision task did not provide evidence that adolescents had more trouble than 
adults specifically with reduced speech because it did not yield significant interactions involving 
the age groups (adolescents versus adults) and the speaking styles (reduced versus unreduced). 
This could mean different things. First, it could be that in fact there was an interaction, but the 
task did not reveal it. This possibility is suggested by the graphical display of accuracies and 
reaction times (Figure 2), where an age effect is visible for reduced and not for unreduced 
pseudowords (if tested separately, the former will be significant, the latter will not). A second 
possibility is that there were no interactions involving age groups and speaking styles because all 
items in this task can be considered more difficult for adolescents than adults in terms of 
acoustic-phonetic cue use. After all, context was always absent, and the task was performed 
under time and accuracy pressure. Even a slightly better ability to pick up subtle acoustic- 
phonetic cues that signaled the content of the final syllable before this syllable started in full 
(participants could only make a word or pseudoword decision when recognizing the onset of the 
final syllable) would give listeners a crucial advantage for all items. A third possibility is that 
there were no interactions involving age groups and speaking styles because the age effects were 
based on other factors than experience with the native language. We will now consider such 
other explanations.

For instance, it could be suspected that the adolescents were more tired, were concentrating less, or 
were less motivated to participate than the adults. Although we cannot rule out these possibilities, we 
do not have reasons to believe they were the case: Testing took place during school hours in a quiet 
classroom, and participation was voluntary. Similarly, there are no indications that the tasks were too 
demanding for adolescents. As mentioned, the stimuli were simple for native listeners, and scores were 
rather high. It could also be argued that the results were affected by the fact that the adults were tested 
in the Netherlands and the adolescents in Germany. However, if this were true, the age effects should 
have been smaller rather than larger, since adults’ exposure to and use of Dutch and English at the time 
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of testing more likely hampered than facilitated their performance in German, particularly as 
compared to the adolescents, who were immerged in a German environment at the time of testing.

An alternative explanation for the faster processing of speech in adults than adolescents in the lexical 
decision task is a domain-general increase in processing speed that can be observed until adulthood (Kail 
1991). In adolescence, this increase in processing speed is probably related to brain maturation in the 
prefrontal cortex and the development of executive functions (Crone & Steinbeis 2017; Diamond 2013), 
which can be separated into the monitoring and updating of information in working memory, inhibitory 
control, and cognitive flexibility (Miyake et al. 2000). However, tasks that measure domain-general 
inhibitory control and cognitive flexibility largely yield adult-like levels before the age of 15 (Huizinga, 
Dolan & van der Molen 2006). Also, as pointed out by McMurray et al. (2018), measures of domain- 
general inhibitory control do not correlate well with measures of speech processing efficiency (Kapnoula 
et al. 2017; Kong & Edwards 2016; see also Fernald, Perfors & Marchman 2006), and successful models of 
speech processing also implement inhibition at a local rather than a domain-general level (McClelland & 
Elman 1986). Hence, speech perception does probably not involve domain-general inhibitory control. 
Similarly, working memory does probably not exist as a domain-general mechanism in speech percep
tion; rather, differences in processing capacity are tied to linguistic knowledge and experience (Andringa 
et al. 2012; MacDonald & Christiansen 2002). Hence, if inhibition and processing capacity (“working 
memory”) play a role in our age effect in reaction times, they more likely reflect differences in linguistic 
experience than a domain-general rise in processing speed. An additional counterargument against such 
a domain-general explanation is that this cannot clarify why apart from being slower in the lexical 
decision task, adolescents were also less accurate than adults in both tasks and judged reduced phrases in 
the phrase-intelligibility task as less comprehensible.

A direct argument in favor of an experience-based explanation is that the relative immature 
perception in our adolescents as compared to the adults is similar to the relative immature perception 
that we observed in another study (Wanrooij & Raijmakers, Under review) in nonnative as compared 
to native listeners. The former reflects a difference in experience related to age, the latter a difference in 
experience irrespective of age. Specifically, in the larger project where this study was part of, we 
observed increasingly better accuracies and faster reaction times in response to reduced-speech 
fragments in the same tasks as in this study, for listeners in the following order: nonnative adolescents 
(little experience), native adolescents (more experience), native adults (most experience; Wanrooij & 
Raijmakers, Under review). Nonnative listeners have also shown perceptual patterns similar to 
younger listeners when listening to speech in noise (Bradlow & Alexander 2007; Erickson & 
Newman 2017; Mayo, Florentine & Buus 1997).

Finally, an experience-based explanation for the age effects fits in well with diverse linguistic 
theories that view representations as gradually emerging with experience, e.g., the Gradual Learning 
Algorithm (Boersma 1998), the Native Language Magnet theory (Kuhl et al. 2008), neuroconstructivist 
approaches (Karmiloff-Smith 2006) and usage-based approaches (Tomasello 1992, 2009; Bybee 1999).

Based on this, we believe that the age effects in this study should not be attributed to nonlinguistic 
causes but to better linguistic capabilities in the adults than the adolescents, which are related to more 
linguistic experience. In line with the literature discussed in the Introduction (e.g., McMurray et al. 
2018; Section 1), this study supports the idea that, as experience accumulates, listeners grow more 
sensitive to subtle acoustic-phonetic cues (implying “richer” phonemic representations) and are more 
able to use these cues flexibly depending on available information (“more stable” representations and 
more efficient lexical competition). These are two competences vital for reduced-speech perception. 
As also discussed in the Introduction, a major driving force behind these advances is probably the 
growth of the vocabulary in breadth and depth, which still continues in adolescence. As children know 
more words (breadth), the need for an efficient word recognition process increases. This puts pressure 
on the child to identify phonemes competently (Fernald et al. 1998; McMurray et al. 2018; Rigler et al. 
2015; Sekerina & Brooks 2007) and thus to know the acoustic-phonetic details that define the various 
ways in which phonemes appear in natural speech. Experience with reduced variants (depth) probably 
helps them to learn these details. That children are exposed to reduced variants from the start of their 
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lives (Buckler, Goy & Johnson 2018) and that age effects are observed in adolescence in this study 
suggest that this is a protracted and dynamic process.
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Appendix A

Table A1. Overview of stimuli in subtask 1 of the phrase-intelligibility task. 

aThe word combination noch mal in the fragment noch mal folgendes überlegen was assigned 1 point at maximum: only 8 German 
natives (2 Adolescents and 6 Adults) wrote this combination correctly as two separate words; the other 66 natives considered it to 
be one word.
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Appendix B

Table B1. Overview of stimuli in subtask 2 of the phrase-intelligibility task. 
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Appendix C

Table C1. Overview of stimuli in the auditory lexical 
decision task.

Nr Words Pseudowords

2 syllables
1 bleiben bleffen
2 brauchen brufen
3 fassen fagen
4 fehlen falchen
5 finden fauben
6 fragen frocken
7 geben gachen
8 gehen gelchen
9 halten hehen
10 helfen hinsen
11 klappen kaffen
12 kucken klanen
13 legen lalen
14 machen muchen
15 melden mählen
16 planen plappen
17 rufen relen
18 sagen saffen
19 schaffen scheigen
20 treffen trehen
21 wollen welben
22 wählen weten

3 syllables
23 anbieten ankongen
24 anfangen anschreichen
25 aufschreiben aufreigen
26 ausreichen ausfaggen
27 ausschlafen aussuden
28 beeilen bekrielen
29 beenden benüten
30 bekommen beschlaren
31 besprechen bezichten
32 eintragen einfagen
33 genügen gesteden
34 hinkriegen hinschlaben
35 losfahren losschiegen
36 verschieben verbieben
37 verstehen vereigen
38 versuchen verspreffen
39 verzichten vertramen
40 vorschlagen vorenden
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