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Abstract The present study investigated auditory temporal processing in devel-

opmental dyslexia by using a vowel length discrimination task. Both temporal and

phonological processing were studied in a single experiment. Seven German vowel

pairs differing in vowel height were used. The vowels of each pair differed only

with respect to vowel length (e.g., /a/ vs. /a:/). In German, vowel length is char-

acterized by temporal and spectral information. Three types of differences between

long versus short vowels were varied: In the phonological condition, pairs of natural

vowels were used, differing in their temporal as well as in their spectral content. In

two temporal conditions, in contrast, a natural vowel was always combined with a

manipulated one to keep spectral content of long and short vowels identical. Thus,

the only distinguishing feature between the two vowels was temporal in nature.

Vowels were embedded into monosyllabic pseudo-words and presented succes-

sively in a speeded same–different task. Twenty dyslexics and twenty age-matched

controls participated in the experiment. In both groups, discrimination accuracy

decreased with increasing vowel height in the two temporal conditions. This result

is consistent with former findings on the relevance of temporal information for

vowel length identification in German and extends this topic to cover discrimination

demands. In the phonological condition, groups did not differ in discrimination

accuracy. In both temporal conditions, however, dyslexics performed worse than
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controls. These results suggest that developmental dyslexia is associated with

impairments in processing basic acoustic parameters of the speech signal, in par-

ticular, with a deficit in temporal processing.
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Introduction

Developmental dyslexia is a specific impairment in learning to read, which does not

reflect a general cognitive impairment, and does not result from sensory deficits and/

or inadequate schooling (American Psychiatric Association, 1994; Shaywitz, 1998).

Current models of literacy development state that reading and spelling develop

jointly, yet out of step with each other. In different phases of literacy development,

reading acts as a pacemaker for spelling, and vice versa (Frith, 1986). Thus, it can

be expected that spelling problems arise as a consequence of the primary reading

deficit in dyslexia. Indeed, it was found that dyslexia is characterized by poor

spelling abilities (Shaywitz & Shaywitz, 2005). Longitudinal studies indicate that

dyslexia is a persistent condition rather than one representing a ‘‘transient

developmental lag’’ (Shaywitz & Shaywitz, 2005; Svensson & Jacobson, 2006).

This definition of dyslexia is simply descriptive as, to date, consensus about the

etiological basis of dyslexia is still lacking. It is also unclear whether there is in fact

one and only one core deficit in dyslexia (Aaron, Joshi, & Williams, 1999; Heim

et al., 2008; Lachmann & van Leeuwen, 2008). There is, however, agreement that

the disorder has a neurobiological basis (see Démonet, Taylor, & Chaix, 2004,

Habib, 2000, for review). On the behavioural level, dyslexia is characterized by

phonological deficits (Ramus et al., 2003; Vellutino, Fletcher, Snowling, & Scanlon,

2004; Wagner & Torgesen, 1987). These deficits have been found for phonological
recoding in lexical access, as assessed by rapid picture naming (Denckla & Rudel,

1976; Fawcett & Nicolson, 1994; Swan & Goswami, 1997a), in phonological
awareness, that is, the ability to consciously access and manipulate the sound units

of language (Bradley & Bryant, 1983; Bruck, 1992; Elbro & Jensen, 2005; Swan &

Goswami, 1997b), and in phonological short-term memory, as assessed by

immediate serial recall of unrelated verbal items such as digits, words, or by

nonword repetition (Jeffries & Everatt, 2004; Nelson & Warrington, 1980;

Roodenrys & Stokes, 2001; Steinbrink & Klatte, 2008). Developmental dyslexia

is also associated with deficits in the perception of phonemes (Adlard & Hazan,

1998; Godfrey, Syrdal-Lasky, Millay, & Knox, 1981; Manis et al., 1997; Mody,

Studdert-Kennedy, & Brady, 1997). All of these aforementioned abilities are

accomplished on the basis of phonological representations. Thus, the phonological

deficit in dyslexia is assumed to result either from an underspecification of (Adlard

& Hazan, 1998; Boada & Pennington, 2006; Elbro & Jensen, 2005; Manis et al.,

1997; Mody et al., 1997; Swan & Goswami, 1997a, b) or suboptimal access to these

representations (Ramus & Szenkovits, 2008).
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Is there an auditory temporal processing deficit in dyslexia?

It is still debated whether phonological deficits constitute the core deficit of

developmental dyslexia (Snowling, 2000; Stanovich, 1988) or whether they are

secondary to more general auditory processing deficits (Ahissar, Protopapas, Reid, &

Merzenich, 2000; Lachmann, Berti, Kujala, & Schröger, 2005; Richardson, Thomson,

Scott, & Goswami, 2004; Steinbrink, Ackermann, Lachmann, & Riecker, 2009). The

auditory temporal processing deficit hypothesis (Tallal, 1980), for instance, argues

that phonological deficits in dyslexia are secondary to low level auditory temporal

processing impairments which affect the perception of acoustic elements character-

ized by rapid transitions or short durations. According to this view, the basic temporal

processing impairment leads to an inability to integrate sensory information entering

the central nervous system in rapid succession. This causes a cascade of effects,

starting with disruption of the normal development of the phonological system and

subsequent failure to read normally (Tallal, Miller, & Fitch, 1993).

Using non-speech stimuli, a number of psychophysical studies confirmed the

hypothesis of an auditory temporal processing deficit in dyslexic children (Cohen-

Mimran & Sapir, 2007; Heiervang, Stevenson, & Hugdahl, 2002; van Ingelhem

et al., 2001) and adults (Ben-Artzi, Fostick, & Babkoff, 2005; Laasonen, Service, &

Virsu, 2001; for a general review see Farmer & Klein, 1995). Others, however,

failed to find such evidence (Breier, Fletcher, Foorman, Klaas, & Gray, 2003;

Schulte-Körne, Deimel, Bartling, & Remschmidt, 1998).

Some studies used non-linguistic material in order to investigate temporal

processing as well as linguistic material to investigate phonological processing in

one and the same sample. These studies either found that temporal processing

deficits are not related to phonological processing impairments in dyslexia

(Bretherton & Holmes, 2003; Nittrouer, 1999) or that phonological deficits can

appear in the absence of temporal processing deficits (Boets, Wouters, van

Wieringen, & Ghesquière, 2007; Ramus et al., 2003; White et al., 2006) and are thus

in favour of the phonological theory of dyslexia. For testing the auditory temporal

processing deficit hypothesis, these studies used tasks such as temporal order

judgement or gap detection. To test the phonological processing deficit hypothesis,

tasks such as phoneme deletion, non-word repetition, or rapid automatized naming

(RAN) were used in order to measure phonological awareness, phonological short-

term memory, or phonological recoding in lexical access, respectively. If the

authors, then, found group differences for the latter set of tasks but not for the

former, they concluded that auditory processing deficits are not the core deficit of

developmental dyslexia.

This interpretation, however, does not consider that phonological versus temporal

processing tasks in these studies do not only differ in the linguistic nature of the

stimuli (linguistic vs. non-linguistic), but also in complexity. Stimulus and task

complexity are much higher in phonological conditions as compared to the auditory

conditions. This alone may explain why dyslexics showed deficits in the

phonological conditions only.

One way to minimize these methodological confounds is to study how the

temporal aspects of speech signals are processed. To date, few studies have used
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such an approach. Reed (1989) found that dyslexic children were impaired in the

identification of the order of stop consonant syllables when these were presented

with short inter stimulus intervals (ISIs). However, dyslexics’ performance was not

impaired when vowels were used instead of stop consonants. This pattern of results

was attributed to specific difficulties in processing very brief auditory cues in

dyslexia (Reed, 1989). Rey, De Martino, Espesser, and Habib (2002) found

evidence for a temporal processing deficit in dyslexia using temporal order

judgement tasks in which consonant clusters were presented. Dyslexics’ perfor-

mance was poorer than that of controls. When the stimuli were artificially slowed,

however, dyslexics’ performance improved to reach the normal controls’ level.

McAnally, Hansen, Cornelissen, and Stein (1997) compared the performance of

dyslexic children and controls in a consonant–vowel-consonant (CVC) syllable

identification task. The syllables were stretched or compressed within the time

domain. In both time manipulation conditions, response accuracy was found to have

deteriorated as compared with the baseline condition. Furthermore, the authors

found no group difference in any of the conditions, including baseline. Thus, in our

view, these results cannot be taken as evidence against the temporal processing

deficit hypothesis of dyslexia. The deterioration in accuracy suggests, rather, that

modifying the syllables in the time domain simply degraded the auditory signal,

which made it more difficult to match the perceived phoneme string to an

appropriate long-term representation. We may conclude that there are two major

problems with the method used by McAnally et al. (1997): Firstly, CVC syllables as

a whole were changed in the time domain leading to syllables consisting of sounds

which did not correspond to the phoneme system of the language under

investigation. And secondly, these syllables were used in an identification task

requiring a comparison of perceived phoneme strings with their long-term

representations which, in turn, did not correspond to the stimuli presented.

Therefore, in the present study we will introduce a discrimination setting in

which two speech stimuli (CVC syllables) are presented in succession and must be

compared immediately after presentation. The time structure of these syllables is

manipulated within the boundaries of the phoneme system of the German language.

Most importantly, this is accomplished by manipulating only the vowel portion of

the syllable, as the opposition of long versus short vowels is phonemic in German.

The German vowel system

In German, there are fourteen vowel monophthongs that can be grouped into seven

pairs, the members of which differ exclusively with respect to tenseness (tense vs.

lax; Wiese, 1996) or, synonymously, vowel length (long vs. short; Lühr, 2000). For

example, the vowels within the spoken word pairs Schiff (/$If/, [ship]) versus schief
(/$i:f, [askew]) or kann (/kan/, [can]) versus Kahn (/ka:n/, [barge]) differ in vowel

length. The seven German long–short vowel pairs are /i: - I/, /y:- Y/, /u:- /, /e: - e/,
/ø: - œ/, /o: - /, and /a: -a/.

The long and the short vowel of a pair differ in duration. Strange & Bohn (1998)

performed acoustical analyses of the seven German long–short vowel pairs spoken

in CVC syllables. They recorded the syllables either presented in citation form or
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embedded as a pseudo-word into sentences. Absolute durational differences

between the long and short vowel of a pair ranged in citation form from 45 to

106 ms (M = 69 ms) and in the embedded condition from 27 to 77 ms

(M = 35 ms).

The temporal differences between long versus short German vowels overlap with

the time window for which Tallal and Piercy (1975) found processing deficits in

children with specific-language-impairment. As compared to controls, these

children were impaired in the discrimination of both English vowels and consonants

when the discernible components were of brief (43 ms) duration, but unimpaired

when they were 95 ms or longer. This indicates that the temporal differences

between long versus short German vowels are in an appropriate range for the

investigation of auditory temporal processing.

Perception of vowel length in German

The two vowels of a German long–short vowel pair do not only differ in duration

(quantity), but also in terms of their spectral information (quality). The relevance of

durational versus spectral information for vowel length perception has been the

topic of several identification studies (Sendlmeier, 1981; Strange & Bohn, 1998;

Weiss, 1974). The authors found that the influence of these two cues on vowel

identification depends on vowel height (high vowels: /i:/, /I/, /y:/, /Y/, /u:/, and / /;

mid vowels: /e:/, e/, /ø:/, /œ/, /o:/, and / ; low vowels: /a:/ and /a/). To identify high

vowels, listeners rely more on spectral than on durational information. With

decreasing vowel height, the opposite pattern emerges; to identify low vowels,

listeners rely more on duration than on spectral information.

Regarding vowel length discrimination, the relevance of spectral and temporal

cues was, to the best of our knowledge, investigated in only one study: Bohn and

Polka (2001) found that German adults and even infants were able to use spectral

information to discriminate vowels. The removal of durational information

degraded discrimination performance only selectively. However, only two vowel

pairs in this study differed in vowel length (/e - I/ and /o - /) and these differed

additionally in vowel height. Thus, the specific contribution of temporal versus

spectral cues to discrimination performance remains unclear.

To date, little is known about the relevance of vowel length perception for

disorders of reading and spelling. Correct spelling of vowel length is, however, a

major issue in German orthography (Klicpera & Gasteiger-Klicpera, 1998). In

German orthography, vowel length is not marked by the vowel letter itself, but by

the letters following the vowel. Short vowels are, for example, often marked by two

following consonants (e.g., Stall, /$tal/, [barn]), whereas a typical way to mark a

long vowel is to add a ‘‘silent h’’ (e.g., Stahl, /$ta:l/, [steel]). Thus, the ability to

perceive vowel length helps when deducing regularities of German orthography.

Indeed, results from a behavioural study indicate that in German, spelling disorders

at least might be characterized by deficits in the perception of vowel length: Landerl

(2003) used a vowel length categorization task in which word and non-word stimuli

were presented orally to 10 year old German-speaking poor spellers and age-

matched controls. Poor spellers performed less accurately and consistently slower
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than controls. These results suggest that deficits in vowel length perception might be

one causal factor for spelling disorders and thus for dyslexia in German.

Aims of the current study

The main aim of the current study was to investigate phonological and temporal

processing in developmental dyslexia using German vowels in a vowel length

discrimination task. The same task and the same stimulus material were used to

investigate phonological as well as temporal auditory processing. As vowel length is

phonemic in German, the discrimination of natural German vowels is a phonological

task. This task was performed on the basis of temporal as well as spectral information.

To specifically test temporal auditory processing, spectral information that differen-

tiates long and short German vowels was kept constant in our experiment. As a

consequence, participants were forced to discriminate vowel lengths purely on the basis

of temporal cues. Response accuracies of the phonological versus temporal vowel

length discrimination task were analyzed and compared between groups. A second aim

of the current study was to gain new insights on the relevance of spectral versus

temporal cues for vowel length processing in German. Previous studies have

investigated this question using identification tasks, but no study has yet systematically

explored the relevance of temporal versus spectral cues for vowel length discrimination.

Materials and methods

Participants

Twenty participants diagnosed with developmental dyslexia (15 males) and twenty

control participants (14 males) matched with respect to intelligence, sex, and age

took part in this study. Participants were aged between 14.3 and 23.7 years

(M = 17.9 years, SD = 2.7 years) and were monolingual native speakers of

German. None of the participants reported a history of neurological diseases,

psychiatric disorders, or hearing problems. Informed consent was obtained in line

with the Institutional Review Board of the University of Ulm.

Participants with dyslexia had been diagnosed in primary school. They had a

documented history of both reading and spelling difficulties across their entire

school career persisting to date. In order to validate the previously given diagnoses,

all participants, dyslexics and controls, were tested again up to 4 weeks before the

experiment. Inclusion in this study required an average or above average non-verbal

intelligence as measured by the Culture Fair Intelligence Test (German version,

Weiß 1997). All participants were given standardized tests of reading and spelling.

For the evaluation of reading abilities, a German reading test for adults was used

(Schulte-Körne, 2001) measuring reading time and reading errors for real words and

for pseudo-words. For all four reading measures, to qualify as dyslexic, participants

had to score below two standard deviations of the mean performance of the controls.

Spelling was measured by means of a standardized German spelling test for adults

(Kersting & Althoff, 2004). To qualify as dyslexic, participants had to score below
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one standard deviation of the mean performance of the reference population, while the

control participants had to show average or above average spelling skills. In total, the

diagnostic tests were performed with 21 dyslexics and 23 controls. One dyslexic

participant had to be excluded from the study because of an average spelling score.

Three controls had to be excluded due to substandard reading or spelling performance.

The remaining 20 dyslexics and 20 controls are those who participated in the study

(see Table 1 for participant characteristics and group differences).

Materials

Stimulus generation

In section ‘‘The German vowel system’’, we introduced fourteen German vowels

that can be grouped into pairs, the members of which differ exclusively with respect

to vowel length. All these fourteen vowels were used to create CVC pseudo-word

syllables of the following two formats: /fVp/ and /nVp/ (V = vowel). These CVC

pseudo-words were legal phoneme strings according to German phonotactic rules.

Syllables were spoken embedded in a sentence by a female trained speaker, with

normal speaking rate and without stress. The distance between the speaker and the

microphone (TAKSTAR SM-1A; Takstar Electronics Co., Guangdong, China) was

about 10 cm in order to guarantee consistent sound pressure. To ensure relatively

constant pitch over the whole stimulus set, an anchor stimulus was presented to the

speaker prior to the recording of each pseudo-word. Recording was performed in a

sound-attenuated room utilizing Adobe Audition 1.5 with a sampling rate of 44 kHz

and a resolution of 16 bit.

In order to check whether the chosen syllables fall within the aforementioned

CVC category boundaries, we asked ten adults, naı̈ve to the study purpose, to

perform an identification task. Syllables were presented via headphones and

participants were instructed to write them down in exactly the way they were

Table 1 Test scores and ages for dyslexics and controls

Dyslexics (n = 20) Controls (n = 20)

Mean SD Mean SD pa

Age (years) 17.94 2.78 17.92 2.77 .981

Non-verbal IQ 112.75 16.35 117.85 10.92 .253

Real-word reading

Errors (max. 48) 4.30 2.56 0.45 0.61 \.001

Reading time (s) 59.90 15.78 32.50 5.81 \.001

Pseudo-word reading

Errors (max. 48) 11.05 5.96 2.95 1.93 \.001

Reading time (s) 115.20 38.49 67.05 13.95 \.001

Spelling

Errors (max. 60) 40.70 8.20 12.80 6.88 \.001

a t-test for independent samples
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perceived, using the orthographic conventions of German vowel length marking

(e.g., ‘‘fahp’’ for /fa:p/ and ‘‘fapp’’ for /fap/). If more than 20% of the judgements for

a particular syllable did not fit into the intended category, this syllable was replaced

by an alternative stimulus for which the procedure started again. This was the case

for three of the 28 syllables: Two, because more than 20% of the listeners marked

vowel length or identity incorrectly, and one, because the consonantal onset was

systematically misinterpreted by the whole sample.

Stimulus manipulation

In the following, we will refer to the natural vowels used in our study as original
vowels/stimuli. A second stimulus set was generated by manipulating the vowel

lengths of the 28 original stimuli. This generation was structured in the following way:

The length of the vowel in each original CVC-syllable was measured. For this purpose,

only the steady-state phase of the vowels was used. Transitions were not considered, as

the perceived manner of syllable-initial stop consonants shifts from stop to glide when

formant transitions are lengthened (Borden, Harris, & Raphael, 1994; Mody et al.,

1997). Vowel length was identified by visual inspection of spectrograms (formant

movements) and waveforms using the phonetics program ‘‘Praat’’ (Boersma, 2001).

Additionally, selected vowel parts were controlled acoustically to exclude possible co-

articulations. Table 2 presents the average long and short vowel durations within the

two pseudo-word syllables (i.e., /fVp/ and /nVp/). For each vowel pair, the long vowel

was 66–89% longer than its short partner vowel.

On the basis of the vowel lengths, ‘‘Praat’’ (Boersma, 2001) was used to

accomplish the manipulations of the vowel lengths in two ways: In one condition,

the duration of the short vowel of a pair was lengthened. This was done by adjusting

vowel length to the duration of its long original counterpart, while spectral

characteristics remained unchanged. This resulted in a manipulated vowel with the

length of a long original vowel but the spectral information of a short original

vowel. In the following, we will refer to this manipulated vowel type as lengthened
short vowel. In the other condition, the duration of the long original vowel was

shortened by adjusting vowel length to the duration of its short original counterpart,

while spectral characteristics remained again unchanged. This resulted in a

manipulated vowel with the length of a short original vowel but the spectral

Table 2 Average durations

(ms) of long and short vowels

produced in continuous speech

syllables (/fVp/ & /nVp/) and

grouped according to vowel

height

Vowel

height

Vowel

pair

Vowel duration (ms) Difference

(ms)

Long Short Long - Short

High /i: - I/ 91 51 40

/y: - Y/ 98 53 45

/u: - / 102 57 45

Mid /e: - e/ 110 66 44

/ø: - œ/ 121 70 51

/o: - / 128 75 53

Low /a: - a/ 142 75 67
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information of a long original vowel. In the following, we will refer to this

manipulated vowel type as shortened long vowel.

Procedure

We conducted an auditory two-alternative, forced-choice discrimination experiment. In

this same–different task, pairs of syllables were presented successively and participants

had to decide whether they were the same or different. In the category different, the

CVC-pairs only differed with respect to their vowel component. In particular, the two

vowels exclusively differed in vowel length, not in any other distinctive feature. This

resulted in the judgement of the following possible vowel combinations embedded in the

two syllables as different: /i: - I/, /y: - Y/, /u: - /, /e: - e/, /ø: - œ/, /o: - /, and /a: - a/.

Examples of CVC-different pairs are /fap – fa:p/ or /ni:p - nIp/.

There were three types of different trials: In the phonological condition an

original long vowel was combined with its original short counterpart. In these trials,

the vowel length difference was phonological in nature, i.e., vowels differed in

spectral as well as temporal content. In the other two conditions, the vowel length

difference was temporal in nature. In the temporal spectrally long condition
(temporal SL), an original long vowel was paired with a shortened long vowel. That

means that both vowels carried the spectral information of a long vowel, but

differed exclusively with respect to duration. In the temporal spectrally short
condition (temporal SS), an original short vowel was paired with a lengthened short

vowel. In this condition, both vowels carried the spectral information of a short

vowel but, again, differed exclusively with respect to duration.

In total, there were 42 different combinations: Three types of difference

(phonological vs. temporal SL vs. temporal SS), seven vowel types (/i: - I/, /y: - Y/,

/u: - /, /e: - e/, /ø: - œ/, /o: - /, and /a: - a/), and two pseudo-word contexts (/fVp/ vs.

/nVp/). Each combination was repeated four times, amounting to a total of 168 dif-
ferent trials used in the experiment. An equivalent number of same trials were used to

avoid response bias. For these, original and manipulated syllables with long and short

vowels were used at an equal rate. Altogether, the experiment consisted of 336 trials,

which were presented in pseudo-randomized order within four blocks of 84 trials.

The experiment was performed individually in a sound-attenuated room. For

stimulus delivery and experimental control, the software ‘‘Presentation’’ (Neuro-

behavioural Systems Inc., San Francisco, CA, USA) was used. The sound files were

presented using a sound box (RME Hammerfall DSP System Multiface) controlled

by a computer with a Centrino 1.6 GHz processor and a PCMCIA-card. Stimuli

were presented via closed headphones (Beyerdynamic DT 770).

Participants were asked to decide whether two pseudo-word syllables presented

in succession were the same or different. They were instructed to respond as quickly

and as accurately as possible. Responses were given via button press using a

separate response unit. The ISI between the two syllables of a pair was 250 ms. The

inter-trial-interval was 2,000 ms, starting with button press. Response latencies and

accuracy were measured.

To familiarize participants with the task and the material, a practice phase was

conducted prior to the experiment. The concept of vowel length was explained to
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the participants and clarified by means of real German words like Stahl (/$ta:l/)

versus Stall (/$tal/). Then, a first set of practice trials using real words with different

vowel lengths was presented. A second set of practice trials introduced the type of

pseudo-words used in the discrimination experiment. For this, the CVC-syllable

/pVm/, which was not part of the stimulus set of the experiment, was used. In all

practice trials, participants received auditory feedback (tone) if their response was

wrong. No feedback was given during the experiment. The whole experiment lasted

about 45 min, including instruction and practice.

Statistical analysis

Reaction times (RTs) were used to identify outliers and RTs of correct responses

were used to control for a possible speed-accuracy trade off. Trials with a RT over

3,000 ms were excluded from further analyses as outliers. As the focus of our study

was on discrimination accuracy, further analyses on RTs were not run. Error rates

were analyzed using repeated measures analyses of variance (ANOVAs). Post hoc

analyses were performed with follow-up ANOVAs, t-tests for independent samples

and/or paired t-tests. The significance level of all post hoc tests was Bonferroni-

corrected. For all group differences, effect sizes according to Cohen (Cohen’s d in

the context of t-tests, Cohen’s f in the context of ANOVAs) were calculated. Effects

can be considered as large with d [ .8 and f [ .4 (see Cohen, 1988).

Same and different trials were analyzed separately (cf. Farell, 1985). Same trials

were analyzed via two-factorial ANOVAs with the between-subject factor Group

(dyslexics vs. controls) and the within-subject factor Stimulus type (original long

vowel vs. original short vowel vs. manipulated long vowel vs. manipulated short

vowel). Different trials were analyzed using a three-factorial omnibus ANOVA with

the between-subject factor Group (dyslexics vs. controls) and the within-subject

factors Type of difference (phonological vs. temporal SL vs. temporal SS) and

Vowel type (/i: - I/, /y: - Y/, /u: - /, /e: - e/, /ø: - œ/, /o: - /, and /a: - a/).

Results

Speed-accuracy correlation

Pearson correlations between discrimination accuracy and RT were not significant.

This was the case when both groups were analyzed together, r = -.09, p = .57, as

well as when both groups were analyzed separately (dyslexics: r = -.15, p = .52;

controls: r = .02, p = .93). Thus, there was no indication of a speed-accuracy trade

off in our data.

Discrimination accuracy for same responses

The two-factorial ANOVA revealed no significant main effects and no interaction of

response accuracy of same trials as measured in percentage correct, i.e., no Group

effect (dyslexics: M = 94.53%, SD = 4.51%, controls: M = 94.91, SD = 6.91%)
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nor Stimulus type effect was found (M = 95.40%, SD = 6.12% for original long

vowels; M = 94.69%, SD = 6.55% for original short vowels; M = 94.07%,

SD = 5.92% for lengthened short vowels; M = 94.73%, SD = 7.28% for short-

ened long vowels).

Discrimination accuracy for different responses

The three-factorial ANOVA revealed three main effects: Firstly, a main effect of

Group, F(1, 38) = 9.42, p \ .01, effect size f = .49, with dyslexics performing worse

(M = 74.93%, SD = 11.59%) than controls (M = 84.81%, SD = 8.54%). Sec-

ondly, a main effect of Type of difference, F(2, 76) = 118.84, p \ .001, with

pairwise comparisons revealing that performance in the phonological condition

(M = 97.95%, SD = 2.38%) was better than in the temporal SL condition (M =

68.58%, SD = 16.38%, p \ .01) as well as in the temporal SS condition (M = 73.01,

SD = 17.54%, p \ .01) and that performance was also better in the temporal SS

condition than in the temporal SL condition (p \ .01). Thirdly, a main effect of

Vowel type, F(6, 228) = 37.83, p \ .001, with declining mean values from M =

94.35% (SD = 6.79%) for /a: - a/, M = 83.84% (SD = 12.97%) for /o: - /,

M = 81.90% (SD = 13.48%) for /ø: - œ/, M = 79.98% (SD = 16.07%) for /e: - e/,
M = 76.46% (SD = 14.43%) for /u: - /, M = 72.13% (SD = 13.86%) for /y: - Y/

to M = 70.42% (SD = 15.54%) for /i: - I/ was found. Here, pairwise comparisons

showed that the low vowel pair /a: - a/ was discriminated better than all other vowel

pairs (p \ .05 for all t-tests) and that the high vowel pair /i: - I/ was discriminated

worse than all other vowel pairs except /u: - / and /y: - Y/ (p \ .05, for all t-tests).

Four more of the remaining pairwise comparisons were significant (/e: - e/ vs. /y: - Y/,

/o: - / vs. /u: - /, /o: - / vs. /y: - Y/ and /ø: - œ/ vs. /y: - Y/), indicating decreasing

performance with increasing vowel height (p \ .05 for all t-tests).

Additionally, an interaction of Type of difference 9 Group, was found to be

significant, F(2, 76) = 8.56, p \ .001. The post hoc test revealed that in the

phonological condition, groups did not differ in accuracy (see Fig. 1a), whereas in

both the temporal SL and the temporal SS condition, controls showed a higher

response accuracy as compared with dyslexics, t(38) = -3.42, p \ .01, effect size

d = 1.08, and t(38) = -2.74, p \ .05, effect size d = .87, respectively (see

Fig. 1b, c).

The interaction of Type of difference 9 Vowel type was also found to be

significant, F(12, 456) = 19.40, p \ .001. Post hoc examination of this interaction

showed that accuracy was better in the phonological than in the two temporal

conditions for all vowel types (p \ .01 for all paired t-tests) except /a: - a/ for which

accuracy in the phonological condition was only superior to that in the temporal SL

condition (p \ .05), but not to that in the temporal SS condition. One-factorial post

hoc ANOVA revealed that in the phonological condition, accuracy was equal for all

vowel types (see Fig. 1a). In the temporal SL and SS condition, however, accuracy

depended on vowel type (see Fig. 1b, c). In the temporal SL condition,

discrimination accuracy of the vowel pair /a: - a/ was better than that of all other

vowel pairs (p \ .05 for all paired t-tests). The accuracy of the /y: - Y/-pair was

worse than that of all other vowel pairs (p \ .05 for all paired t-tests), and accuracy
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of the /i: - I/-pair was worse than that of /a: - a/-, /o: - /-, and /ø: - œ/-pairs (p \ .05

for all paired t-tests, respectively). In the temporal SS condition, the /a: - a/- pair

again was more accurately discriminated than all other six vowel pairs (p \ .05 for

all paired t-tests), and the /o: - /- pair reached a higher accuracy than /u: - /-, /y:

- Y/-, and /i: - I/-pairs (p \ .05 for all paired t-tests). Finally, the vowel pair /i: - I/

was less accurately discriminated than all other vowel-pairs (p \ .05 for all paired

t-tests). To summarize, in both temporal conditions, accuracy tended to decline from

the low vowel-pair /a: - a/ to the high vowel-pair /i: - I/. In the phonological

condition, in contrast, discrimination accuracy did not depend on vowel type.

Discussion

The aim of the present study was to investigate phonological versus temporal

aspects of vowel length processing in developmental dyslexia. In a behavioural

same–different experiment, pairs of German vowels, each embedded into mono-

syllabic pseudo-words were compared. The accuracy of vowel length discrimination

was analyzed. The discrimination of vowel lengths is a phonological task, as vowel

length is phonemic in German. Long and short German vowels differ with respect to

Fig. 1 Percentage of correctly discriminated vowel pairs in different trials: a discrimination accuracy in
the phonological condition (original long vowel paired with original short vowel; both vowels differ in
spectral and temporal content); b discrimination accuracy in the temporal SL condition (original long
vowel paired with shortened long vowel; both vowels are spectrally long and differ only on the temporal
dimension); c discrimination accuracy in the temporal SS condition (original short vowel paired with
lengthened short vowel; both vowels are spectrally short and differ only on the temporal dimension)
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both their temporal (quantity) and spectral (quality) content. There were three types

of difference. In the phonological condition, both temporal and spectral information

was available for discrimination. In the temporal SL and SS conditions, spectral

information was kept constant between the two vowels, thus the two vowels within

the syllables differed only with respect to their temporal content.

Both control and dyslexic groups had no problems with same trials, no matter

whether the two syllables contained original, manipulated, long or short vowels.

This was expected as same vowels were always matched in both their temporal and

their spectral content, making the information relevant for decision redundant and

thus the task easier (e.g., Lachmann & Geissler, 2002). This also explains the

missing group effect, because a possible temporal information processing deficit is

expected to lead to incorrect same responses during different trials but not vice

versa.

Concerning different trials, both groups performed better in the phonological

condition than in the temporal conditions. This was expected because in the

phonological condition, as in the same trials, spectral and temporal information call

jointly for the response category required. The groups performed equally across

vowel types. In the phonological condition, discrimination accuracy was the same

for all seven vowel pairs. As a result, we can conclude that when both temporal and

spectral information (quantity and quality) are available, the vowel type does not

matter. In the temporal conditions, response accuracy generally gets worse. This

indicates that spectral information is an important cue for vowel length discrim-

ination. Most importantly, in the temporal conditions, accuracy changed with vowel

type. This may be explained by vowel height. The high vowel pair /i: - I/ had a lower

accuracy than most other vowel pairs and the low vowel pair /a: - a/ had a higher

accuracy than all other six vowel pairs. In other words, accuracy increased from the

high vowel pair /i: - I/ to the low vowel pair /a: - a/. This is in line with the findings

in vowel length identification experiments (Sendlmeier, 1981; Strange & Bohn,

1998; Weiss, 1974).

We can summarize that, for the discrimination of low vowels, temporal

information (quantity) is more relevant than spectral information, whereas for the

discrimination of high vowels spectral information (quality) has a higher relevance.

How can this be explained? The low vowels /a:/ and /a/ are very similar with respect

to spectral characteristics (Sendlmeier, 1981; Strange & Bohn, 1998; Weiss, 1974),

but show larger temporal differences than the other vowel pairs. This explains why,

in low vowels, vowel length discrimination is predominantly accomplished by

temporal cues. Weiss (1974) has stated that quantity becomes more important as a

cue for vowel length perception, the closer the long and short vowel of a pair are in

quality. Thus, it seems that the acoustic cue with the higher saliency is

predominantly utilized for vowel length discrimination in a particular vowel pair.

There was no group effect found in the phonological condition: When temporal

as well as spectral information was available for vowel length discrimination, as is

the case in natural German language, accuracy was equivalent in dyslexics and

controls. Thus, dyslexics are not impaired in phonological vowel length processing.

This result contradicts the finding by Landerl (2003), who investigated vowel length

identification in German-speaking children with poor spelling abilities and found
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these children to perform less accurately than controls. Our results also do not

corroborate those of Lieberman, Meskill, Chatillon, and Schupack (1985), who

found deficits in adult dyslexics performing English vowel identification. These

contrasting results can be explained by methodological differences. Discrimination

of vowel length is accomplished via direct comparison of the two stimuli presented

and does not rely on access to long-term phonological representations. Vowel length

identification, on the contrary, requires matching the perceived vowel with its long-

term representation.

Thus, in certain tasks, such as vowel length identification, deficits in the access to

phonological representations (Ahissar, 2007; Ramus & Szenkovits, 2008) or

underspecifications of long-term phonological representations (Boada & Penning-

ton, 2006; Elbro & Jensen, 2005; Swan & Goswami, 1997a, b) might be responsible

for the deficits in dyslexics.

In both temporal conditions, when only temporal information was available for

vowel length discrimination, dyslexics performed less accurately than controls. This

finding can be interpreted as evidence for a temporal auditory processing deficit in

dyslexia. Auditory temporal processing is impaired in dyslexics, leading to

increased error rates when vowel length discrimination is based only on temporal

information.

In our experiment the temporal difference between the long and short vowel of a

pair increased from 40 ms for the high vowel pair /i: - I/ to 67 ms for the low vowel

pair /a: - a/. Assuming a temporal processing deficit to be responsible for the group

effect in discrimination accuracy, one might expect group differences to increase

with decreasing temporal differences between the two vowels of a pair, if the deficit

is not all-or-none in nature. There was, however, no interaction found between

group and vowel type. The reason for this is that the discrimination accuracy of both
groups deteriorated with decreasing durational difference between the long and

short vowel of a pair. Dyslexics’ temporal processing deficit is characterized by

consistently inferior performance to that of controls over all seven vowel pairs.

In the present study, evidence for a temporal processing deficit in dyslexia was

found using a same–different design. Banai and Ahissar (2006) argued that the

sensitivity of an experimental design to auditory processing impairments depends

mainly on task complexity rather than on material. Their findings show the

importance of task design in the study of auditory processing and thus might explain

the contradicting results in the field. Using the same material, they varied the task

demand for auditory processing from rather simple tasks, such as identification and

same–different comparison, to more difficult ones requiring parametric comparisons

or judging the ordinal position of a repeated stimulus. They found group effects only

for the latter set of tasks, independent of stimulus material (tones vs. speech

sounds). Our design was similar to what they called a ‘‘simple same–different
discrimination’’. Nevertheless, clear group differences appeared, and in our study

their appearance depended on the stimulus manipulation. This shows that using

experimental manipulations of acoustic cues inherent in speech stimuli, auditory

processing deficits can be revealed also via rather simple experimental paradigms.

In our opinion, the advantage of using such simple designs is that the influence of

confounding factors such as attentional or short-term memory limitations can be
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minimized. Nevertheless, these factors should still be taken seriously (Ahissar,

Lubin, Putter-Katz, & Banai, 2006). For our study, however, we can rule out

memory impairments as an explanative factor for the group effects, because the

phonological and temporal processing conditions were equivalent in task complex-

ity and dyslexics were impaired in one condition only. Attentional differences

should also be considered (Rüsseler, Kowalczuk, Johannes, Wieringa, & Münte,

2002), as the temporal conditions can be viewed as somewhat more demanding than

the phonological one. However, we found that, for both groups, accuracy remains

the same across the course of all four experimental blocks.

In the temporal conditions of the present study, a natural speech sound is always

combined with a manipulated one. Blomert and Mitterer (2004) used a categorical

perception task in which synthetic sounds ranged perceptually from /ba/ to /da/, and

‘‘naturally sounding speech’’ ranged from /ta/ to /ka/. Group differences were only

found for the former set of stimuli. Blomert and Mitterer (2004) argued that group

differences found in the processing of synthetic speech sounds between dyslexics

and controls do not generalize to the processing of natural speech sounds. Thus, the

difference between our phonological and our temporal conditions could be

attributed to the difference in naturalness. However, none of the vowels in any

condition were produced synthetically in the present study. The manipulated vowels

subjectively sounded as natural as the original ones. They were generated by

manipulating natural vowels using special computer software. Thus, these

manipulated vowels correspond to the ‘‘natural sounding speech sounds’’ used by

Blomert and Mitterer (2004). Moreover, other studies (e.g., Lachmann et al., 2005)

used the natural syllables /ba/ and /da/ in different designs and found impairments in

dyslexic participants. Thus, it seems that dyslexics’ deficits in the processing of

speech are not principally confined to synthetic stimuli.

We may conclude that neither task nor stimulus restrictions alone can explain the

findings of auditory processing deficits in dyslexia or the lack thereof. It seems

rather that the interaction between task and stimulus determines the sensitivity of

the experimental design to the detection of auditory impairments. Thus, none of the

aforementioned studies can deny the interpretation of our results in terms of a

temporal processing deficit in dyslexia.

That dyslexics performed relatively normal when both spectral and temporal

information was accessible for vowel length discrimination, but failed when only

temporal information was available, is evidence for the existence of a temporal

processing deficit in dyslexia. As only temporal manipulations were applied in the

present acoustic task, it can, however, not be excluded that dyslexics are also

impaired in tasks varying other acoustic parameters. A study by Amitay, Ahissar

and Nelken (2002), for instance, investigated various fundamental psychoacoustic

functions in dyslexia, and found a large portion of disabled readers to suffer from

diverse difficulties in auditory processing. With respect to our stimulus material, it

must be considered as possible that dyslexics succeed when a combination of

temporal and spectral cues is present for vowel length discrimination, as in our

phonological condition, but that they fail when only one of these cues is available,

be it spectral or temporal. Indeed, a number of psychophysical experiments have

suggested that temporal as well as spectral auditory processing is impaired in
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dyslexia (Ahissar et al., 2000; Caccace, McFarland, Ouimet, Schrieber, & Marro,

2000; King, Lombardino, Crandell, & Leonard, 2003; Montgomery, Morris, Sevcik,

& Clarkson, 2005; Walker, Givens, Cranford, Holbert, & Walker, 2006). We should

generally consider that dyslexia is unlikely to represent a single core deficit. On the

one hand, only children with multiple deficits might develop manifest literacy

impairments leading to developmental dyslexia (Bishop, 2006; Snowling, 2008). On

the other hand, there might be diagnostic subgroups of dyslexic individuals that are

characterized by different core deficits (Aaron et al., 1999; Heim et al., 2008;

Lachmann et al., 2005; Lachmann & van Leeuwen, 2008). Interesting enough, a

subject by subject analysis of the data revealed that 65% of our dyslexic sample

showed a significant deficit in vowel length discrimination in the temporal

conditions. This indicates that the identified deficit might indeed reflect a major

impairment in the dyslexic population.

In the introduction we argued that, in German, vowel length processing is

especially important for spelling accuracy, because vowel length is marked in

orthography. With respect to the experimental data, we found that (1) dyslexics’

general abilities in the spelling test were related to their abilities in orthographic

vowel length marking (r = .61, p \ .01), that (2) there is a correlation on 10%-level

between discrimination accuracy in temporal conditions and general spelling

abilities (r = -.41; p = .08), indicating that dyslexics’ temporal processing

abilities are indeed influencing their spelling abilities, and that (3) there is no

relation between vowel length marking abilities and discrimination performance

(r = -.11, p = .66). The latter result might be due to a relatively small range of

error rates in vowel length marking.

To summarize, the present study shows that even rather simple same–different
tasks reveal auditory processing impairments in dyslexia: Dyslexics are not

impaired in vowel length processing when both spectral and temporal cues are

available for discriminating long versus short vowels. They are, however, impaired

when only temporal information is available for vowel length discrimination. This

strongly suggests a temporal auditory processing deficit in dyslexia, but does not

exclude the possibility of a deficit in the processing of spectral information in vowel

length discrimination.
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Lühr, R. (2000). Neuhochdeutsch (Current standard German). Germany, München: Wilhelm Fink.

Manis, F. R., McBride-Chang, C., Seidenberg, M. S., Keating, P., Doi, L. M., Munson, B., et al. (1997).

Are speech perception deficits associated with developmental dyslexia? Journal of Experimental
Child Psychology, 66, 211–235.

McAnally, K. I., Hansen, P. C., Cornelissen, P. L., & Stein, J. F. (1997). Effect of time and frequency

manipulation on syllable perception in developmental dyslexics. Journal of Speech Language and
Hearing Research, 40, 912–924.

Mody, M., Studdert-Kennedy, M., & Brady, S. (1997). Speech perception deficits in poor readers:

Auditory processing or phonological coding? Journal of Experimental Child Psychology, 64,

199–231.

Montgomery, C. R., Morris, R. D., Sevcik, R. A., & Clarkson, M. G. (2005). Auditory backward masking

deficits in children with reading disabilities. Brain and Language, 95, 450–456.

Nelson, H. E., & Warrington, E. K. (1980). An investigation of memory functions in dyslexic children.

British Journal of Psychology, 71, 487–503.

Nittrouer, S. (1999). Do temporal processing deficits cause phonological processing problems? Journal of
Speech Language and Hearing Research, 42, 925–942.

Ramus, F., Rosen, S., Dakin, S. C., Day, B. L., Castellote, J. M., White, S., et al. (2003). Theories of

developmental dyslexia: insights from a multiple case study of dyslexic adults. Brain, 126, 841–865.

Ramus, F., & Szenkovits, G. (2008). What phonological deficit? The Quarterly Journal of Experimental
Psychology, 61, 129–141.

Reed, M. (1989). Speech perception and the discrimination of brief auditory cues in reading disabled

children. Journal of Experimental Child Psychology, 48, 270–292.

Rey, V., De Martino, S., Espesser, R., & Habib, M. (2002). Temporal processing and phonological

impairment in dyslexia: Effect of phoneme lengthening on order judgement of two consonants.

Brain and Language, 80, 576–591.

Richardson, U., Thomson, J. M., Scott, S. K., & Goswami, U. (2004). Auditory processing skills and

phonological representation in dyslexic children. Dyslexia, 10, 215–233.

Roodenrys, S., & Stokes, J. (2001). Serial recall and nonword repetition in reading disabled children.

Reading and Writing: An Interdisciplinary Journal, 14, 379–394.

302 K. Groth et al.

123



Rüsseler, J., Kowalczuk, J., Johannes, S., Wieringa, B. M., & Münte, T. F. (2002). Cognitive brain

potentials to novel acoustic stimuli in adult dyslexic readers. Dyslexia, 8, 125–142.

Schulte-Körne, G. (2001). Lese-Rechtschreibstörung und Sprachwahrnehmung (Dyslexia and speech
perception). Germany, Münster: Waxmann.

Schulte-Körne, G., Deimel, W., Bartling, J., & Remschmidt, H. (1998). Role of auditory temporal

processing for reading and spelling disability. Perceptual and Motor Skills, 86, 1043–1047.

Sendlmeier, W. F. (1981). Der Einfluss von Qualität und Quantität auf die Perzeption betonter Vokale des

Deutschen (The influence of quality and quantity on perception of stressed German vowels).

Phonetica, 38, 291–308.

Shaywitz, S. E. (1998). Dyslexia. The New England Journal of Medicine, 338, 307–312.

Shaywitz, S. E., & Shaywitz, B. A. (2005). Dyslexia (specific reading disability). Biological Psychiatry,
57, 1301–1309.

Snowling, M. J. (2000). Dyslexia. Great Britain, Oxford: Blackwell.

Snowling, M. J. (2008). Specific disorders and broader phenotypes: The case of Dyslexia. The Quarterly
Journal of Experimental Psychology, 61, 142–156.

Stanovich, K. E. (1988). Explaining the differences between the dyslexic and the garden-variety poor

reader: The phonological-core variable-difference model. Journal of Learning Disabilities, 21,

590–604.

Steinbrink, C., Ackermann, H., Lachmann, T., & Riecker, A. (2009). Contribution of the anterior insula to

temporal auditory processing deficits in developmental dyslexia. Human Brain Mapping, 30,

2401–2411.

Steinbrink, C., & Klatte, M. (2008). Phonological working memory in German children with poor reading

and spelling abilities. Dyslexia, 14, 271–290.

Strange, W., & Bohn, O.-S. (1998). Dynamic specification of coarticulated German vowels: Perceptual

and acoustical studies. Journal of the Acoustical Society of America, 104, 488–504.

Svensson, I., & Jacobson, C. (2006). How persistent are phonological difficulties? A longitudinal study of

reading retarded children. Dyslexia, 12, 3–20.

Swan, D., & Goswami, U. (1997a). Picture naming deficits in developmental dyslexia: The phonological

representations hypothesis. Brain and Language, 56, 334–353.

Swan, D., & Goswami, U. (1997b). Phonological awareness deficits in developmental dyslexia and the

phonological representations hypothesis. Journal of Experimental Child Psychology, 66, 18–41.

Tallal, P. (1980). Auditory temporal perception, phonics, and reading disabilities in children. Brain and
Language, 9, 182–198.

Tallal, P., Miller, S., & Fitch, R. H. (1993). Neurobiological basis of speech: A case for the preeminence

of temporal processing. Annals of the New York Academy of Sciences, 682, 27–47.

Tallal, P., & Piercy, M. (1975). Developmental aphasia: The perception of brief vowels and extended stop

consonants. Neuropsychologia, 13, 69–74.

van Ingelhem, M., van Wieringen, A., Wouters, J., Vandenbussche, E., Onghena, P., & Ghesquière,

P. (2001). Psychophysical evidence for a general temporal processing deficit in children with

dyslexia. NeuroReport, 12, 3603–3607.

Vellutino, F. R., Fletcher, J. M., Snowling, M. J., & Scanlon, D. M. (2004). Specific reading disability

(dyslexia): What have we learned in the past four decades? Journal of Child Psychology and
Psychiatry, 45, 2–40.

Wagner, R. K., & Torgesen, J. K. (1987). The nature of phonological processing and its causal role in the

acquisition of reading skills. Psychological Bulletin, 101, 192–212.

Walker, M. M., Givens, G. D., Cranford, J. L., Holbert, D., & Walker, L. (2006). Auditory pattern

recognition and brief tone discrimination of children with reading disorders. Journal of
Communication Disorders, 39, 442–455.

Weiss, R. (1974). Relationship of vowel length and quality in the perception of German vowels.

Linguistics, 123, 59–70.

Weiß, R. H. (1997). Grundintelligenztest Skala 2 (CFT 20), (Culture fair intelligence test), 4.,
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