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Patterns of Misperception of Arabic Consonants

Chelsea Sanker
Cornell University∗

1 Introduction

There has been much investigation into perception of speech sounds, demonstrating a range
of influences including listeners’ native language (e.g. Cutler et al. 2004), the sounds’
position in the syllable (e.g. Wang and Bilger 1973), and the presence of different types
of masking noise (e.g. Phatak, Lovitt, and Allen 2008). However, there is no data on
patterns of misperception of guttural consonants (uvulars, pharyngeals, and glottals); data
on consonant discrimination in Arabic (e.g. Kishon-Rabin and Rosenhouse 2000) and the
phonological characteristics of gutturals (cf. McCarthy 1994) suggest that they may pattern
distinctly from consonants with other places of articulation. The study introduced here will
investigate patterns in directionality of misperception of guttural consonants by presenting
syllables containing guttural and non-guttural consonants in noise to be identified by native
and non-native speakers of Arabic.

While there have been studies on how patterns of misperception of phonological structure
differ depending on whether the structure is licit or not within the listener’s native language
(e.g. Dupoux et al. 1999), there have been few studies on the patterns of misperception
that are present in identification of structures which are licit within a language. This study
investigates such patterns and how they differ between guttural and non-guttural consonants.

1.1 Phonetic and Phonological Background

The guttural consonants, which are produced by constriction at the back of the mouth or
in the throat, often exhibit shared characteristics, which are similar across languages with
these sounds; e.g. causing neighboring vowels to be lowered or retracted. They also can
share phonotactic restrictions that other consonants within a language do not have, such as
not occurring within clusters or word-finally, or not co-occurring within a word. A number of
features have been proposed to characterize the gutturals or certain sets of them, including
advanced tongue root and retracted tongue root (Rose 1996; Shahin 2002), and +pharyngeal
(McCarthy 1994; Esling 2005). However, the featural specifications used for gutturals do not
present a clear picture of the guttural class, because the features shared under such systems
often do not align with the physical gestures which these segments have in common.

During the past twenty years, there has been much progress towards clarifying the set of
articulatory gestures involved in producing the guttural sounds in a number of languages,
with data from laryngoscope (e.g. Esling, Fraser, and Harris 2005) and ultrasound (e.g.
Zeroual, Esling, and Hoole 2011) expanding the information available from earlier X-ray

∗I thank Michael Weiss, Sam Tilsen, Alan Nussbaum, and Abby Cohn for their insightful comments and
advice on earlier versions of this paper and Munther Younes for his help in designing the experiment. I
would also like to thank the audiences of the 41st annual meeting of the Berkeley Linguistics Society for
their thought-provoking questions and suggestions.
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work (e.g. Ghazeli 1977). Patterns of confusions can help elucidate the salient acoustic
features shared by consonants (Chang, Plauché, and Ohala 2001), so will be of particular
value for the guttural consonants.

1.2 Misperception Studies

There have been many perception experiments designed to test the stability and confusability
of consonants in English (e.g. Miller and Nicely 1955; Bell et al. 1989), some in other Indo-
European languages (e.g. Lecumberri and Cooke 2006), and very few in languages from
other families (e.g. Singh and Black 1966; Bradlow et al. 2010). To my knowledge, there is
no existing data on the misperception patterns of guttural consonants.

Misperception studies have looked at a range of influences. A number of studies have
demonstrated that listeners distinguish between phonemes less accurately in phonological
systems of languages which they do not speak natively (e.g. Mattys et al. 2010) and that
non-native listeners are more strongly influenced by challenging listening conditions (e.g.
Cutler et al. 2004). Other factors which can potentially influence results include the set of
sounds given which listeners can choose from (e.g. Chang, Plauché, and Ohala 2001) and
the phonological system which the sounds occur in (e.g. Shafiro et al. 2012).

The accuracy with which listeners identify segments is influenced by the type of masking
noise which is present (e.g. van Engen and Bradlow 2007; Phatak, Lovitt, and Allen 2008)
and the loudness of that noise relative to the speech stimuli (e.g. Miller and Nicely 1955).
Misperceptions are based on the acoustic cues which remain apparent in the degraded signal
(Soli and Arabie 1979), so the type of noise which most inhibits accurate identification varies
by segment (e.g. Phatak, Lovitt, and Allen 2008; Dubno and Levitt 1981).

Consonant identification can also be influenced by the vowel context; however, the pat-
terns of vowel effects are not consistent across studies, perhaps due to other differences in
the phonetic environment, in the language being investigated, or the consonants being in-
vestigated. In English, Dubno and Levitt (1981) found that consonants are more accurately
identified in the environment of /a/ than /i/ or /u/; Singh and Black (1966) found that
consonants’ place of articulation was identified less accurately before /i/ than before other
vowels in English but not in other languages. Redford and Diehl (1999) found consonant
identifications to be more accurate in cods after high vowels than after /a/, and Wang and
Bilger (1973) found that coda consonants, though generally identified less accurately than
onsets, were identified more accurately than onsets when the vowel was /i/.

Most perception studies use only single consonants, not clusters; this is probably in
part because the number of possible responses gets exponentially larger when there are
two consonants, which is prohibitive for the forced-choice design of many misperception
experiments. Within the existing work on cluster perception, listeners are more accurate
with identification of single consonants than clusters; most errors in clusters are due to
deletions (Meyer, Dentel, and Meunier 2013). Much of the identifying information for the
consonant not adjacent to the vowel is obscured in a cluster, based on the lack of formant
transition cues from the vowel; these are the consonants which are most frequently neglected
in complex syllables (Redford and Diehl 1999).

Much of the existing work on cluster misperception is based on perception of clusters
which are illicit in the listeners’ native language; such sequences are often poorly distin-
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guished from sequences with a vowel dividing the consonants. For example, Berent et al.
(2007) found that English speakers are less accurate in identifying number of syllables in
monosyllabic words beginning with clusters that are with falling sonority than onset clusters
with plateau sonority, which are themselves identified less accurately than onset clusters than
rising sonority. Russian speakers, for whom these clusters are all acceptable, can identify
onset clusters of all of these types with high accuracy. However, Russian speakers were slower
to identify the more marked clusters. In a discrimination task, Dupoux et al. (1999) found
that Japanese listeners had trouble distinguishing between VCCV and VCuCV sequences in
a discrimination task; they also frequently reported vowels within VCCV sequences in an
identification task, whereas French listeners distinguished between the presence or absence
of a vowel in the same stimuli with high accuracy.

The previous literature does not provide data on patterns of misperception of guttural
consonants or the interaction of place of articulation and noise type with accuracy of identifi-
cation of syllable structure. The aim of the present study is to determine which cues listeners
use for identifying guttural consonants by examining which other sounds these consonants
are confused with and how noise of different frequencies influences identification, comparing
these patterns in different phonetic environments and among native and non-native speakers
of Arabic.

If the primary cues used for identification of guttural consonants are the transitions from
neighboring vowels or the pseudoformants present within the consonants themselves, it is
expected that the gutturals will be less accurately identified in low frequency noise than
high frequency noise; if the primary cues for identification of gutturals are in the spectrum
of fricative noise, it is expected that they will be less accurately identified in high frequency
noise than in low frequency noise. Comparison of accuracy of consonant identification when
adjacent to a vowel or to a consonant may indicate whether that consonant is identified by
features within itself or more by transitions to adjacent vowels; however, some differences
will likely be due to patterns of differences in production of these consonants in different
environments.

The extent to which there is a difference in accuracy of identifications in each noise
type furthermore indicates whether there are multiple cues at different frequencies which
listeners can use; similar accuracy in both noise types would suggest that listeners are able
to use multiple cue types and will focus on whichever cues are clearest in the signal. Non-
native listeners are likely to have more difficulty identifying guttural consonants than other
consonants, with a potentially larger effect of noise type, because most of these consonants
are not present within the phonological system of English and thus these listeners may not
have developed the same strategies that native listeners have for identifying these consonants.

2 Experiment Design

2.1 Participants

Participants were 9 native listeners of Arabic and 16 non-native listeners of Arabic, all
reporting normal hearing. The ages of participants were 18–43 years (mean 24.2 years).
Participants received monetary compensation for their participation.

Of the native Arabic listeners, six spoke a Levantine dialect, one a Maghrebi dialect, one
a Gulf dialect, and one an Egyptian dialect; all of them had spent the majority of their
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childhood in a country where Arabic was the primary spoken language.
The non-native listeners of Arabic were all native speakers of American English who had

been studying Arabic for 0.5–10 years. None of them had lived in any Arabic-speaking region
for more than one year nor had parents who spoke Arabic natively. Fluency in Arabic varied
across the participants, but all were comfortable reading Arabic orthography.

2.2 Materials

In the first task, stimuli were nonce words1 with syllables shapes of CV2 and PVC. In the
second task, syllable shapes were PVC, PVRC, PVRV, and PVR@C. Consonants were produced
in the context of each of the contrastive Arabic long vowels: /i:/, /a:/, /u:/. The stimuli
were elicited using a list of words written in the Arabic orthography and were produced
in isolation. Isolated productions were used because there is generally resyllabification in
running speech in Arabic (Ryding 2005).

There were no vowel-initial stimuli used in this experiment, as Arabic words never begin
with a vowel. Vowel-initial words resulting from borrowing or morphological processes end up
beginning with a glottal stop; this non-lexical glottal stop has little influence on surrounding
sounds (Ghowail 1987). The choice of [@] in PVR@C sequences was because this vowel has a
weaker effect on guttural formants than other vowels do and also because this is the lexical
vowel that is closest to neutral realizations of Arabic inter-consonantal epenthetic vowels.

The consonants included were the seven guttural consonants of Arabic: /q/, /X/, /K/,
/è/, /Q/, /h/, and /P/; 3 “emphatic” consonants (oral consonants with secondary uvular-
ization): /tQ/, /dQ/, and /sQ/; and 10 oral consonants for comparison: /w/, /t/, /d/, /s/,
/z/, /r/, /l/, /dZ/, /j/, and /k/.

Stimuli were produced in Modern Standard Arabic (MSA) by two male native speakers
of Arabic, recorded in a sound attenuated booth. Their dialects were Palestinian and Iraqi
Arabic, which have very similar standard phonetic realizations of consonants, but different
syllabification patterns. Their pronunciations in the stimuli were generally leveled towards
features of Modern Standard Arabic, which is the form of Arabic that is typically used in
reading aloud. The one salient idiosyncratic feature present was the Iraqi speaker’s pronun-
ciation of /dQ/, which was noticeably fronted. Speakers of the same gender were chosen to
avoid potential interactions of speaker gender and noise type, as noise weighted at different
frequencies is likely to affect voices of different fundamental frequencies unequally.

Each stimulus was mixed with one of two types of noise, which began 100 ms before
the stimulus and continued until 100 ms after the stimulus. The types of noise used were
pink noise, in which the intensity is inversely proportional to the frequency, and blue noise,
in which the intensity is proportional to the frequency. Because the perception of loudness
depends on frequency, the amplitude of the noise was calculated to have perceived loudness
approximately equal to the average perceived loudness of the stimuli.

Perceived loudness was calculated using the average of the values produced by the ANSI
S3.4 and DIN 45631 methods of calculating loudness, performed in Matlab. Although there
are differences between the results produced by each method, they have both been found
to correlate with listeners’ subjective evaluations of loudness (e.g. Schlittenlacher et al.

1Some combinations of segments happened to be real words. See Section 3.5 for a discussion.
2Here and in following discussions of structure, C = any consonant, V = any vowel, R = a liquid ([l] or [r]).
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2011). Having normalized loudness in this way, the effects of each type of noise can be more
meaningfully compared, as results should reflect differences in noise type and not differences
in perceived loudness.

2.3 Procedure

Each listener completed two experimental tasks, followed by a demographic questionnaire;
each task was divided into blocks. Instructions were given in English in order to not bias
responses based on exposure to a particular dialect during the experiment, as many Arabic
speakers show accommodation to features of dialects used by their interlocutors (Abu-Melhim
1995). The experiment was run in Matlab on a laptop computer with 13 inch screen and a
wireless mouse, with stimuli played over headphones in a quiet room.

In both tasks, the listeners saw an array of buttons of nonce words written in the Arabic
script, listened to stimuli, and clicked the button corresponding to the word which they
thought they heard. The order of stimuli was randomized within blocks.

The presentation of stimuli was self-paced. The next stimulus would not play until after
the listener had made a response. Button selection and response time, measured from the end
of the stimulus, were recorded in Matlab. The experiment lasted 40-60 minutes, depending
on the participant’s speed of responding.

In the first task, there were 20 buttons, each with a different consonant. The order
of consonants within the array remained constant, following the alphabetical order of the
consonants. There were 40 stimuli in each block, with each consonant presented twice, once
from each speaker. In this task, there was alternation between blocks of CV stimuli and
blocks of PVC stimuli; the vowel cycled between blocks among each of the three contrastive
Arabic vowel qualities: /i:/, /a:/, /u:/, producing six combinations of consonant position +
vowel. This was done to minimize possible carry-over effects between blocks based on sharing
shape or vowel with the previous block. Participants had one of six orders of blocks; in each
of these orders, the pattern was the same except for where in the order the experiment began,
in order to separate effects based on phonetic environment and effects based on when in the
task a stimulus was presented.

In the second set of blocks (mixed-structure blocks), there were 42 buttons. These blocks
included a mix of syllable structures, to test errors in identifying structure; options were
monosyllabic with a single coda consonant (PVC), monosyllabic with a coda cluster begin-
ning with a liquid (PVRC), disyllabic with an intervocalic liquid and no final consonant
(PVRV), and disyllabic with an intervocalic liquid and a final coda consonant (PVR@C). Due
to constraints of array size and time, a smaller set of consonants was used in these blocks:
/w/, /t/, /d/, /s/, /r/, /l/, /j/, /k/, /q/, /X/, /K/, /è/, /Q/, /h/, and /P/. The liquids (/l/
and /r/) and glides (/w/ and /j/) did not appear in biconsonantal forms.

To aid participants in finding buttons, each type of syllable shape was given a different
border color. There were 80 stimuli in each block in this task. As in the monosyllable blocks,
selection options were written in the Arabic script. All short vowels and absence of vowels
was marked in the script, to avoid ambiguity between written forms. In this task, there
was alternation between blocks in which biconsonantal forms had [l] and blocks in which
biconsonantal forms had [r]; as in the first task, the vowel cycled between blocks among each
of the three contrastive Arabic vowel qualities: /i:/, /a:/, /u:/.
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3 Results

There were differences between the two groups in accuracy of identifications, in which sounds
were most frequently confused, and in the directions of confusion, as well as effects of phonetic
environment, the consonant’s place of articulation, and the type of masking noise. The
lower accuracy among non-native listeners was most extreme for the guttural consonants.
In both groups, identifications were more accurate in the first task (consistent blocks of CV
or PVC stimuli) than in the second task (blocks with a mix of syllable structures) and were
less accurate in low frequency noise than high frequency noise. The difference in accuracy
between noise types was greatest for guttural consonants.

There was a general trend of increase in accuracy over time, though the pattern of change
in accuracy differed between the listener groups listener groups in the two tasks; this increase
in accuracy perhaps indicates listener acclimatization to the dialectal and idiosyncratic fea-
tures of the stimuli, as well as the presence of the masking noise.

3.1 Structure Confusions

The accuracy of identifications of structure was higher in the native listener group (84.6%)
than in the non-native listener group (74%). Both listener groups made more errors that
involved not perceiving segments that were present than errors that involved perceiving
segments which were not present.

Table 1: Native Listeners’ Structure
Identifications (as percents)

item selected−−−−−−−→
PVC PVRC PVRV PVR@C

PVC 95 3 1 1
PVRC 8 82 1 8

st
im

u
lu
s

←
−−

−−

PVRV 5 9 67 19
PVR@C 0 14 8 78

Table 2: Non-native Listeners’ Structure
Identifications (as percents)

PVC PVRC PVRV PVR@C
PVC 91 6 1 3

PVRC 22 61 2 15
PVRV 3 9 70 18

PVR@C 2 20 12 67

Accuracy of structural identifications increased across blocks in both listener groups.
Among native listeners, mean structural identification accuracy increased from 81.5% to
86.6% from the first to the last block of the mixed-structure task (p = 0.0084); among
non-native listeners, structural accuracy increased from 71.8% to 75.2% (p = 0.057).

Response times were significantly faster for accurate responses than inaccurate responses.
For non-native speakers, the mean response time in the second task for structurally accurate
identifications was 4.3 seconds and for structurally inaccurate identifications was 5 seconds
(p < 0.0001); for native speakers, the mean response time in the second task for structurally
accurate identifications was 4.5 seconds and for structurally inaccurate identifications was
5.7 seconds (p = 0.00064).

Response times differed by type of error; inaccurate structural identifications that in-
volved perceiving segments which were not present had a higher mean response time than
identifications that involved not perceiving segments that were present. For native listeners,
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the mean response time was 7.2 s for errors of segment addition and 4.5 s for errors of seg-
ment loss (p < 0.0001); for non-native listeners, the mean response times were 6 s and 4.3
s, respectively (p < 0.0001).

In errors in which the listener failed to identify one of the consonants in the stimuli as
being present, the consonant neglected was most frequently the second consonant. Among
native listeners, 92% of the cluster simplification errors involved deleting the second conso-
nant. The identity of the first consonant, [r] or [l], was always preserved. Among non-native
listeners, 82% of cluster simplification errors involved deleting the second consonant. The
identity of the first consonant, [r] or [l], was preserved in almost all cases. In 6% of non-
native listeners’ cluster simplification errors, the second consonant was preserved and the
first consonant deleted. However, in 13% of cluster simplification errors made by non-native
listeners, the consonant selected did not match either consonant present in the stimulus; in
nearly half of these errors, the consonant selected was [K]. It is unclear whether these cases
are best characterized as neglect of one consonant and misperception of the other or an
interaction between features of the liquid and the following consonant.

Response times varied by the type of structure as well as the set of options available
within a block; responses were faster in blocks of consistent structure than in blocks of
mixed structure. The slower response times in mixed-structure blocks could be in part
due to the larger set of options to select from and in part due to the greater complexity
of the stimuli in the number of segments present and the need to attend to structure in
addition to consonant quality, whereas listeners did not need to consider structure within
the consistent-structure blocks. Response times also differed among identifications for each
type of structure present among the stimuli of the mixed-structure blocks, as presented in
Table 3, which demonstrates that the response latency was influenced both by the structure
of the stimulus and by the options present in the block.

Table 3: Response Times by Structure Type (in seconds)

Mixed-Structure Blocks

Native Non-native
PVC 4.5 4.2

PVRC 4.6 4.4
PVRV 6.9 5.4

PVR@C 4.6 4.6

Consistent-Structure Blocks

Native Non-native
CV 2.8 2.4
PVC 2.6 2.6

3.1.1 Effects of Phonetic Environment on Structural Accuracy

Some features of the phonetic environment influenced accuracy in structure identifications –
in particular, which vowel was present in the word. There was no effect of liquid environment
on accuracy of structure identifications in either listener group, but there was a significant
effect of vowel environment, which was stronger among native listeners than non-native
listeners.

The vowel whose quality is being considered here is the first vowel of the word; in se-
quences with a subsequent vowel between consonants, this vowel was always [@]. Among
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native listeners, accuracy was much lower following [a:] (77.8%) than following [i:] (86.9%);
p < 0.0001. Accuracy was also lower following [a:] than following [u:] (89.1%); p < 0.0001.
The difference in accuracy following [i:] vs. [u:] was not significant (p = 0.2). Among non-
native listeners, there was a significant difference between accuracy following [a:] (72.1%)
and accuracy following [u:] (76.2%), p = 0.022. The accuracy following [i:] (73.6%) was not
significantly different from either [a:] (p = 0.42) or [u:] (p = 0.13).

The difference in structure identification accuracy following high vowels and the low
vowel may in part be due to coarticulatory effects of a later [@] being attributed to the prior
vowel, as the largest difference between these environments was greater frequency of errors
neglecting inter-consonantal [@]. There were also many more errors in stimuli starting with
[a:] of neglecting word-final vowels, particularly [u]; most such errors were for stimuli with
trilled [r], perhaps because the [r] itself is very short but strongly influences the following
vowel; the mix of trilled and bunched r stimuli may have allowed this r-colored [u] to be
interpreted as a bunched [r]. This effect was weaker with [i], perhaps due to its more distinct
F2. Word-final [a] was never neglected, but was more prone to interpretation as a consonant.

3.1.2 Effect of Consonant Place on Structural Accuracy

There are different patterns of structure identification errors based on the region of the
consonant’s place of articulation; the confusion matrices for structure separated by place of
articulation are presented in Tables 4-7. Perception errors for stimuli with guttural con-
sonants involved proportionally more segment insertion errors than for stimuli with non-
gutturals, particularly among native listeners, as well as a greater number of identifications
of consonants as vowels and loss of these consonants following vowels.

Non-native listeners had lower accuracy for identifying structure than native listeners;
the difference was larger for sequences with gutturals (69.8% and 84.6% respectively, p <
0.0001) than for sequences without gutturals (83.1% and 88% respectively, p = 0.00067),
but both reached significance.

Non-guttural consonants were identified with significantly higher accuracy than guttural
consonants in both listener groups, though the difference was much larger among non-native
listeners. Native listeners identified structure with 88% accuracy for words without gutturals
and 84.6% for words with gutturals (p value = 0.025), and non-native listeners identified
them with 83.1% and 69.8% accuracy, respectively (p < 0.0001).

Table 4: Native Listeners’ Guttural
Structural Identifications

PVC PVRC PVR@C PVRV
PVC 97 2 1 1

PVRC 9 80 10 2
PVR@C 0 13 77 10

Table 5: Native Listeners’ Non-Guttural
Structural Identifications

PVC PVRC PVR@C PVRV
PVC 97 1 0 1

PVRC 8 86 5 1
PVR@C 0 18 79 4

Non-native listeners frequently did not perceive a final consonant following another con-
sonant or perceived a vowel between the two consonants, particularly when the second con-
sonant was guttural. The difference between the number of errors with guttural and non-
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Table 6: Non-native Listeners’ Gut-
tural Structural Identifications

PVC PVRC PVR@C PVRV
PVC 92 6 2 0

PVRC 25 54 18 3
PVR@C 2 20 63 15

Table 7: Non-native Listeners’ Non-
Guttural Structural Identifications

PVC PVRC PVR@C PVRV
PVC 95 3 1 1

PVRC 17 73 11 0
PVR@C 3 20 73 4

guttural consonants, compared with a χ2 test, is significant: for vowel insertion p < 0.0001,
and for consonant deletion p < 0.0001.

For native listeners there was not a significant difference in the number of consonant
deletion errors in sequences with gutturals and sequences without gutturals (p = 0.45). The
difference in relative frequency of vowel deletion errors between sequences with gutturals and
without gutturals approaches significance (p = 0.058).

3.2 Segment Confusions

The patterns of confusions among segments and the directions of these confusions indicate
perceptual similarity and potentially also which acoustic cues are being used to make identifi-
cations. The largest number of confusions among non-native listeners involved errors in place
of articulation, while confusions among native listeners were more evenly balanced among
place, manner, and voicing. The pattern of confusions among native listeners varied more
between the blocks with simple vowel environment and the blocks with mixed structures.

Tables 8-9 present the matrix of confusions between consonants present in the stimuli.
For space reasons, only a selection of segments is included: the consonants which appear
in all environments, all of the vowels, and /r/. Responses for ∅ include only cases in which
options were available with and without a segment i.e. with PVR and PVRV forms in the
mixed-structure blocks. Cells with a value of 0 have been marked with a dash, for ease of
reading. Responses have been pooled across all phonetic contexts.

The results for confusions are influenced by the selection options; errors were restricted
by what competing options with similar were present in the array and in the phonological
inventory of Arabic. The consonants included in the experiment were chosen to include
all of the guttural consonants and a selection of non-guttural consonants for comparison.
Confusions for a larger number of consonants for English have been presented in a number
of previous studies, e.g. Miller and Nicely 1955.

Based on results of previous work on native vs. non-native speakers’ patterns of misper-
ception, it is expected that native Arabic listeners would be more sensitive to distinctions
between sounds in their language, and thus make identifications faster and with a smaller
percent of errors than other listeners, while native English listeners who have studied Arabic
as a second language will be less sensitive to the distinctions between Arabic sounds, making
decisions more slowly, less accurately, and with a potentially different set of typical errors.
It is accordingly also expected that the non-native listeners will have the highest accuracy
for phonemes which are also present within English.

This hypothesis is borne out, as presented in Table 10; while non-native listeners per-
form with significantly lower accuracy than native listeners for many of the consonants, the
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Table 8: Native Listeners’ Segment Identifications

a i u t d s r k q X K è Q P h ∅ other
a 69 6 - - - - - - 3 - 9 - - - 12 - -
i - 83 - - 2 - - - - - 4 - - 2 2 4 4
u - - 85 - - - - - - - 6 - - - 6 2 -
t - - - 68 2 1 - 12 3 3 3 - - 2 1 3 -
d - - - 4 78 - - 1 - 2 4 - - 1 - 4 4
s - - - 3 - 85 - 1 - 3 1 - - - - - 6
r - - - - - - 82 - 1 - 10 - 3 3 - - 2
k - - - 6 1 1 - 66 8 4 3 - 1 3 2 2 3
q - - - 2 - - - 6 71 5 3 - 1 4 - - 5
X - - - 1 1 1 - - 5 77 3 2 - - 4 2 2
K - - - - 2 - 4 - 1 1 79 - 2 - 1 3 5
è - - - - 1 - - 1 3 3 - 74 6 3 5 4 -
Q 1 - - - - - - 1 4 2 1 1 67 16 3 4 -
P 1 - - 1 1 - - - 2 1 1 - 2 77 4 6 2
h 1 - - 2 1 1 - 1 3 7 2 16 2 5 52 6 1
∅ - - - - 2 - - 1 1 1 1 - 1 2 6 85 -

Table 9: Non-native Listeners’ Segment Identifications

a i u t d s r k q X K è Q P h ∅ other
a 71 - 2 - - 2 - - - - 6 3 5 9 2 2 -
i 1 88 - - - 1 - - 1 - 1 - 2 - - - 6
u - - 87 1 - - - - - - 3 - - - 4 3 3
t - - - 55 1 2 - 10 4 5 1 2 1 6 1 4 8
d - - - 4 65 - 1 1 - 1 4 - - 2 1 8 13
s - - - 4 1 73 - - 1 1 1 - - 1 - 1 15
r - - - - - - 76 - 1 1 12 - - 2 1 - 5
k - - - 8 2 - - 46 18 9 1 3 1 5 1 4 2
q - - - 3 1 - - 14 49 9 7 2 1 5 - 2 3
X - - - 3 1 1 - 4 4 62 3 8 1 4 3 3 1
K - - 1 - 3 - 7 - 1 3 59 2 3 3 2 5 9
è 1 - - 3 1 - 1 4 4 8 2 36 3 8 16 8 4
Q 1 - - - - - 1 2 5 3 2 5 35 31 3 10 -
P 1 - - 3 - - - 2 2 1 2 5 8 59 4 12 1
h 1 - - 3 1 - - 2 2 7 3 24 3 16 21 11 4
∅ - - - - - - - - - 1 2 2 2 5 3 - 85
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difference is very large for all of the Arabic consonants which are not present within English.
There are also several other sounds that are present within English that were identified
with significantly lower accuracy among non-native than native listeners, some of which
likely show this difference because there is no sound in English that is acoustically similar,
whereas Arabic has a phonological neighbor; e.g. although [s] exists in English, Arabic also
has [sQ], which shares many acoustic features with [s]. Other confusions may be due to at-
tention to different cues; for example, in English the contrast between [t] and [d] in many
environments is aspiration, while in the dialects of Arabic represented in the stimuli, the
difference is consistently voicing.

Table 10: Native and Non-native Listeners’ Segment Identification Accuracy Compared

Native Accuracy Non-native Accuracy p-value
w .91 .92 0.61
t .68 .55 0.00026***
d .78 .65 0.00072***
s .85 .73 < 0.0001***
l .61 .64 0.57
r .82 .76 0.17
j .87 .82 0.14
k .66 .46 < 0.0001***
q .71 .49 < 0.0001***
X .77 .62 < 0.0001***
K .79 .59 < 0.0001***
è .74 .36 < 0.0001***
Q .67 .35 < 0.0001***
P .77 .59 < 0.0001***
h .52 .21 < 0.0001***

The lower accuracy of non-native listeners for identifying particular sounds suggests that
they are less sensitive to the cues used to identify these sounds, such that the presence of noise
inhibits their ability to distinguish them. However, at least some aspects of their strategy
seems to be similar to native listeners, as they show some of the same patterns in influence
of phonetic environment. Cues from the vowel are particularly important for identifying
consonant place of articulation, though the formant transitions for guttural consonants are
less familiar to native speakers of English.

Native listeners’ segment identifications increased in accuracy over the consistent-structure
blocks, primarily over the first three blocks, from 73.7% to 79.4%, though this did not reach
significance (p = 0.078); they also increased in accuracy over the mixed-structure blocks,
from 66.8% to 71.9% (p = 0.034). Non-native listeners’ mean segment accuracy increased
over the consistent-structure blocks, from 54.3% to 66.7% (p < 0.0001); however, non-native
listeners’ mean accuracy did not change over mixed-structure blocks. This may indicate that
they reached a plateau of familiarizing with the speakers’ idiosyncrasies and learning to com-
pensate for the masking noise, or were unable to adapt their expectations to the differences
in pronunciation in the new phonetic contexts of the second section of blocks.
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3.2.1 Segment Identification Accuracy by Phonetic Environment

There was only a significant effect of the consonant’s position within a syllable on accuracy
during the first task among native listeners; the trend among non-native listeners followed
the inverse pattern. Among native listeners, segment identification accuracy was higher in
codas (81.2%) than in onsets (77.1%); the difference is significant (p = 0.021). Among
non-native listeners, accuracy was higher in onsets (61.5%) than in codas (60.2%), but the
difference is not significant (p = 0.4). Patterns of responses and accuracy in onsets and
codas also varied by individual segment.

Consonants were more accurately identified in blocks with consistent structure than in
blocks with mixed structure. Among native listeners, the mean segment identification ac-
curacy in consistent-structure blocks was 79.1% and in mixed-structure blocks was 70% (p
< 0.0001). For non-native listeners, the mean segment identification accuracy in consistent-
structure blocks was 60.8% and in mixed-structure blocks was 51.1% (p < 0.0001).

However, this difference in accuracy was not consistently the case for all consonants.
For example, [q] was identified more accurately in the mixed-environment contexts than in
simple contexts, with 53.1% vs. 43.8% accuracy among non-native listeners (p = 0.047) and
78.6% vs. 60.7% accuracy among native listeners (p = 0.0022). The explanation for this
may lie in production differences, as the speakers tended to produce a longer and louder
release burst for this sound in clusters than in simple codas.

The vowel environment also influenced accuracy of identification of segments. For native
listeners, the mean accuracy in simple syllables with [a:] was 81.6%, with [i:] was 80.6%, and
with [u:] was 75.2%. The difference between [u:] and each of the other vowels was significant
(p = 0.0042 and p = 0.017, respectively). For non-native listeners, the mean accuracy in
simple syllables with [a:] was 63.2%, with [i:] was 62%, and with [u:] was 57%. As with
native listeners, the difference between [u:] and each of the other vowels was significant (p
= 0.0025 and p = 0.015, respectively).

However, in blocks of mixed structure, the effect of the vowels differed. For native
listeners, the mean segment identification accuracy in complex structures with [a:] was
61.6%, with [i:] was 70%, and with [u:] was 75.2%. All of these differences reach significance:
for [a:] vs. [i:], p = 0.00071; for [u:] vs. [i:], p = 0.031; for [a:] vs. [u:], p < 0.0001. Among
non-native listeners, the mean accuracy in complex structures with [a:] was 45.2%, with [i:]
was 53%, and with [u:] was 55.1%; for [a:] vs. [i], p = 0.00011; for [u:] vs. [i:], p = 0.3; for
[a:] vs. [u:], p < 0.0001.

Not all consonants were equally influenced by the phonetic environment. [Q] exhibited the
greatest difference in accuracy for native listeners between simple and complex environments,
with 89.8% accuracy in simple blocks and 51.5% accuracy in mixed-structure blocks (p <
0.0001); [t] was identified with 88% and 55.3% accuracy, respectively (p < 0.0001). This
large effect of environment for these segments may suggest that cues in the adjacent vowel
are important for identifying these consonants. Stops in general showed the largest effect
of environment on accuracy of identification. The manner of articulation of [Q] in Arabic is
debated; it is most often described as a fricative, but has also been called a stop or a glide.
Within these stimuli, it was most frequently realized as a voiceless stop, which is consistent
with this effect of environment.

The segments for which non-native listeners showed the greatest difference in accuracy
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between the simple environments and the mixed-structure environments were [k] (60.3% and
36.5%, respectively, p < 0.0001) and [Q] (56.3% vs. 21.1%, respectively, p < 0.0001). The
similar pattern in different environments between native and non-native listeners for this
pharyngeal may indicate that the cues which non-native listeners are trying to identify are
the same ones which the native listeners are attending to, even though non-native listeners
do so with lower accuracy.

3.2.2 Effect of Consonant Place on Segment Identification Accuracy

The accuracy of segment identification differed by the region of the consonantal constriction.
Non-native listeners had significantly lower accuracy in identifying guttural consonants than
consonants with other places of articulation; in simple syllables, mean accuracy was 49.9%
for gutturals and 74.1% for other consonants, p < 0.0001. For native listeners, this difference
was also apparent in simple syllables: mean accuracy was 74.8% for gutturals and 84.5% for
other consonants, p < 0.0001.

In mixed-structure blocks, the region of consonantal constriction influenced accuracy for
non-native listeners but not for native listeners. For non-native listeners, mean accuracy for
gutturals was 43.5% and for other consonants was 63.5% (p < 0.0001); for native listeners,
mean accuracy for gutturals was 68.8% and for other consonants was 71% (p = 0.28).

Native listeners’ lower accuracy identifying gutturals than other sounds in simple envi-
ronments seems to be largely due to lower accuracy of identifications of other consonants in
mixed-structure blocks, while guttural consonants are less strongly influenced by phonetic
environment; perhaps the lack of difference in accuracy for guttural and non-guttural conso-
nants in mixed-structure environments is because vowel transitions are important for many
of the other consonants, many of which were stops, while most gutturals can be identified
by their own features. Most of the gutturals were identified with similar accuracy in simple
and complex environments, with the exception of [Q].

3.2.3 Accuracy by Feature

There were strong patterns in the relative accuracy of identification of different features across
sounds. However, some of the sounds do not fall into clear categories due to the combinations
of features present in them or the presence of several realizations of the phoneme in different
environments; e.g. [P] is sometimes realized a creaky vowel, and the pharyngeal transcribed
as [Q] appears both as a voiceless stop and a voiced fricative.

Manner of articulation was maintained in consistent-structure blocks with 88.7% accuracy
by native listeners and with 79.2% accuracy by non-native listeners. In mixed structure
blocks, manner was maintained with 80.8% accuracy by native listeners and with 70.5%
accuracy by non-native listeners.

Voicing was maintained in consistent-structure blocks with 95.5% accuracy by native
listeners and with 89.7% accuracy by non-native listeners. In mixed-structure blocks, voic-
ing was maintained with 84.7% accuracy by native listeners and with 77.9% accuracy by
non-native listeners. Within the mixed-structure blocks, both groups of listeners made sig-
nificantly more errors identifying voiced segments as voiceless than the converse: native
listeners had 81.6% accuracy identifying voiced consonants as voiced and 89.4% accuracy
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identifying voiceless consonants as voiceless (p < 0.0001); non-native listeners had 71.1%
accuracy identifying voicing of voiced consonants and 84.2% accuracy identifying voicing of
voiceless consonants (p < 0.0001). This effect may be the result of attributing voicing to
the preceding liquid. Within the simple structure blocks, there was no significant difference
among non-native listeners (90% accuracy for voiced consonants, 89.4% accuracy for voice-
less consonants, p = 0.53); among native listeners the difference was marginally significant
(96.5% accuracy for voiced consonants, 94.6% accuracy for voiceless consonants, p = 0.042).

Place of articulation was maintained in consistent-structure blocks with 84% accuracy by
native listeners and with 73.3% accuracy by non-native listeners. In mixed-structure blocks,
place of articulation was maintained with 73.5% accuracy by native listeners and with 59%
accuracy by non-native listeners. The pattern of place identifications for glottals is similar
to that of other places of articulation, which suggests that at least within Arabic, glottals
do indeed have a place feature, instead of being placeless, as has been suggested for glottals
in some phonological systems (e.g. Rose 1996).

Different places of articulation were identified with different accuracy. Among non-native
listeners, the place of articulation which was maintained with the lowest accuracy was pha-
ryngeal (39.3%), with low accuracy also for the glottals (49.8%), uvulars (66.4%), and velars
(45.8%). Velars and uvulars were most often confused with each other. Pharyngeals were
most often confused with glottals (28.8%), followed by uvulars (12.2%). Glottals were most
often confused with pharyngeals (20.2%).

Among native listeners, the lowest accuracy of place identification was for velars (65.7%),
followed by glottals (69.5%); velars were most often confused with uvulars (14.7%) and
dentals (10.9%), and glottals were most often confused with pharyngeals (10.1%) and uvulars
(7.9%). In both listener groups, glottals were the consonants most frequently not perceived
in clusters and after vowels.

3.2.4 Response Time

Response times showed a number of patterns in relation to overall accuracy, as well as
in relation to accuracy by participant and accuracy by segment. Non-native listeners made
identifications more rapidly than native listeners, with a mean response time of 3.5 s vs. 3.7 s.
Non-native listeners’ response times decreased over time, with starting latencies longer than
those of native listeners; native listeners’ response times changed less during the experiment.

In both listener groups, the mean response time for segmentally accurate responses was
faster than the mean response time for inaccurate responses: in consistent structure blocks,
native listeners’ mean latency for accurate responses was 2.4 s and for inaccurate responses
was 3.7 s, p < 0.0001 (in mixed structure blocks, means were 4.4 s and 5.4 s, respectively; p <
0.0001); non-native speakers’ mean accurate response time was 2 s and the mean inaccurate
response time was 3.3 s, p < 0.0001 (in mixed structure blocks, means were 4.2 s and 4.7 s,
respectively; p < 0.0001).

Figures 1-2 present plots of accuracy vs. response time among native listeners and non-
native listeners, respectively, by segment. Response times and proportion of accurate iden-
tifications were z-scored by participant, to compensate for large individual variation in raw
speed and accuracy of identifications. These calculations include only data from consistent-
structure blocks, as certain consonants did not appear in all environments.
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Figure 1: Native Listeners’ Accuracy vs. Response Time, z-scored by Listener
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Figure 2: Non-native Listeners’ Accuracy vs. Response Time, z-scored by Listener
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The mean response times for segments had a strong inverse correlation with the mean
accuracy of identification for each segment, pooled across all trials in consistent-structure
blocks; among non-native listeners: R = -0.62 (p = 0.00046). This pattern of correlation
was weaker among native listeners: R = -0.28 (p = 0.21).

For both listener groups, [dQ] stands out as an outlier to the general pattern. This is
the result of the Iraqi speaker’s pronunciation, in which this sound was fronted, producing
a segment which did not align with listeners’ expectations, as there were no interdental
or labial obstruents present among the selection options. The long response time seems to
reflect listeners’ lack of confidence in identifying this sound; several listeners asked about this
sound after the task was over, wondering whether all of the sounds present in the stimuli
were also provided as options in the button array. The moderate accuracy can be attributed
to the same lack of strong competing selection options.

In the other direction, [sQ] was identified relatively rapidly but with low accuracy among
non-native listeners, which may suggest a low awareness among listeners of the confusability
between this segment and [s], or at least little awareness of the presence of features in the
stimulus that would make them wonder whether a token might be uvularized, such that they
were confident in their identifications of this segment as [s] instead of deliberating about the
choice. In contrast, trials in which [sQ] was the selected response had a very long response
latency. Uvularized consonants were relatively infrequent choices, within both listener groups
but particularly in the non-native listener group.

Among native listeners, there was a positive correlation between each participant’s mean
response time and mean accuracy of identifications, R = 0.38; among non-native listeners,
the correlation was negative: R = -0.34. However, neither of these correlations reached
significance (p = 0.28 and p = 0.17, respectively).

3.2.5 Discriminability

In additions to the patterns of accuracy for each segment, there were patterns in the frequency
with which each segment was selected as a response. Because some segments were selected
as responses much more frequently than others, the percents of accurate responses are not all
equally meaningful. The d’ statistic was calculated for a sample of guttural and non-guttural
sounds for native and non-native listeners, to evaluate the discriminability of these sounds,
based on comparing the number of correct and incorrect identifications of each sound to the
number of times stimuli without that sound were identified as having it or not; results are
given in Table 11.

The discriminability of glottal and pharyngeal sounds was much lower among non-native
listeners than among native listeners; some of these consonants were misidentified more
frequently than they were correctly identified,3 resulting in very low d’ values.

Most non-guttural sounds showed greater similarity in discriminability among native
and non-native listeners, though native listeners consistently had higher d’ values across
consonants, all even for consonants which are also present in English and which non-native
listeners identified with high accuracy. Discriminability also depended on the number of
other selection options which shared many features with a sound: the lower discriminability

3However, they were still significantly above chance levels of identification, which in a set of 20 selection
options would be 5% accuracy.
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of [k] compared to other oral obstruents among is largely due to the high number of confusions
between [k] and [q].

Table 11: D’ Scores for a Selection of Segment Confusions

Native Listeners Non-native Listeners
h 2.03 1.1
P 2.64 1.74
Q 2.7 1.7
è 2.84 1.39
K 2.67 2.07
X 2.75 2.12
q 2.46 1.77
k 2.51 1.78
t 2.67 2.05
d 2.94 2.44
s 3.54 2.81
w 3.77 3.73

3.2.6 Patterns of Directionality

The patterns of consonant confusion among native listeners showed strong directionality for
many consonants. Directionality is examined in Table 12, which gives the p-values produced
by a χ2 test for accurate identifications and confusions within each pair of sounds; the sounds
included present a sample of confusions of guttural and non-guttural consonants. Where
there were significantly more errors in one direction than the other for a pair of sounds, it
was consistently the same direction for both native listeners and non-native listeners.

Table 12: P-values for Contingency Table Directionality, Selected Sound Pairs

Native Listeners Nonnative Listeners directionality
h∼è 0.00097*** 0.049* h > è
Q ∼P 0.69 < 0.0001*** P < Q
X∼è 0.5 0.48 none
X∼h 0.47 0.049* X < h
K∼Q 0.21 0.77 none
K∼l 0.0003*** 0.018* K < l
q∼tQ 0.11 0.00018*** q < tQ

t∼tQ 0.023* 0.0059** t < tQ

s∼sQ 0.015* < 0.0001*** s < sQ

t∼k 0.73 0.5 none
l∼d4 < 0.0001*** < 0.0001*** l > d

4Confusion between these sounds only occurs in syllable onsets.
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One of the strong cases of directionality represented in several pairs of consonants was
uvularized consonants identified as their non-uvularized counterparts. Other patterns of
directionality were less consistent; between the pharyngeals and the glottals, the voiceless
segments had a significant direction of glottals identified as pharyngeals in both listener
groups, while the direction of the voiced segments, which was only significant among the non-
native listeners, was of pharyngeals identified as glottals. None of the pairs of sounds have
significantly different mean response times for each direction of confusion, which suggests
that the errors in each direction are the result of the same decision process.

Several of these patterns go against the generally posited directionality of diachronic
place of articulation change among guttural consonants, that the most likely pathways of
change are from uvulars to pharyngeals, from pharyngeals to glottals, and glottals being lost
(Kümmel 2007; Simpson 2002). However, this is not incompatible with the observed sound
changes, as Simpson (2002) has observed that these characterizations of directionality hold
most strongly when the sounds being produced by the change are not already present within
a language’s phonological inventory.

3.3 Effects of Individual Speaker and Listener

3.3.1 Effects of Speaker

The speaker had effects on accuracy of responses. As there were only two speakers repre-
sented in the stimuli, it is not clear whether differences between the speakers were based
on dialect differences or idiosyncratic differences. The interaction between speaker and lis-
tener dialect for segment identification, with Levantine listeners performing with significantly
higher accuracy on stimuli from the Palestinian (Levantine) speaker, may suggest that the
differences were at least in part based on dialectal differences. However, non-Levantine lis-
teners’ greater accuracy in structure for stimuli produced by the Palestinian speaker suggests
that features of this speaker’s productions not related to dialect were important.

Native listeners as a group did not have significantly higher structure identification accu-
racy with stimuli from the Iraqi speaker (83.2% accuracy) or the Palestinian speaker (86%
accuracy); the p-value for the difference was 0.076. There was also no significant interaction
between listener dialect and speaker dialect. Native Levantine listeners identified structure
in stimuli produced by the Palestinian speaker with only slightly higher accuracy (86.9%)
than stimuli from the Iraqi speaker (85.5%), p = 0.48. Among non-Levantine listeners, the
difference was greater but also not significant (84.9% vs. 80.4%, respectively; p = 0.07).

There was no significant difference in accuracy of structure identification among non-
native listeners between stimuli from each speaker (73.1% accuracy and 75% accuracy, re-
spectively, p = 0.2). All of the non-native listeners except one had learned the Levantine
dialect, so there was not enough data to investigate potential interaction between speaker
dialect and dialect studied on accuracy of identifications made by non-native listeners.

Native listeners performed with significantly higher segment identification accuracy with
stimuli from the Palestinian speaker (76% accuracy) than the Iraqi speaker (72.1% accuracy);
the p-value for the difference was 0.0034. This difference was largely due to significant
interaction of speaker and listener dialect on segment identification: the mean segment
accuracy of Levantine listeners with the Palestinian stimuli was 75.9% and with the Iraqi
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stimuli was 70.8% (p = 0.0055); the mean segment accuracy of non-Levantine listeners with
the Palestinian stimuli was 83% and with the Iraqi stimuli was 78% (p = 0.18).

The non-native listeners also performed with higher segment identification accuracy with
stimuli from the Palestinian speaker (57.7% accuracy) than the Iraqi speaker (54.1% accu-
racy); the p-value for the difference was 0.0022. Differences between the two speakers did
not hold for all segments, however; for example, [P] as produced by the Iraqi speaker was
identified with significantly higher accuracy both among native listeners (82.9% accuracy
vs. 71.2% accuracy, p = 0.023) and among non-native listeners (70.8% accuracy vs. 46.2%
accuracy, p < 0.0001).

3.3.2 Effects of Listener

In mixed-structure blocks, both listener groups had a large range of individual participants’
mean accuracy, though the range was larger among non-native listeners (36.1%–70%) than
native listeners (53.6%–82.5%); in consistent-structure blocks, native listeners had a smaller
range (67.7%–88.4%) than in the mixed-structure blocks, though non-native listeners had
an equally large range (40.7%–76.2%). The correlation between mean segment identification
accuracy by listener in simple contexts and mixed-structure contexts was 0.85 for non-native
listeners and 0.65 for native listeners. The lower correlation among native listeners is likely
because environment had a greater influence, while for non-native listeners, errors were more
based on listeners’ familiarity with the features of Arabic consonants.

The variation among listeners’ structure identification accuracy was greater among non-
native listeners than among native listeners; among the native listeners, mean accuracy for
structure identification ranged from 77.3% to 94.9%, while for non-native listeners it ranged
from 55.5% to 91.5%. The correlation of accuracy in structure identifications with segment
identification accuracy from simple contexts, by listener, was 0.73 (p < 0.0001) and with
segment identification accuracy in mixed-structure blocks was 0.84 (p < 0.0001) for non-
native listeners; among native listeners, the correlation was 0.52 with accuracy from simple
contexts (p = 0.1) and 0.77 with mixed-structure blocks (p = 0.0016).

An individual listener’s accuracy could vary widely among different segments, but there
was a positive correlation for sound identification accuracy across many pairs of sounds,
with more consistently positive correlations among non-native listeners (mean correlation
0.27, p < 0.0001) than native listeners (mean correlation 0.19, p < 0.0001). This indicates
that among non-native listeners, some listeners were more able to accurately identify Arabic
consonants than other listeners, though there was also variation for individual sounds.

There were some noteworthy patterns of high correlations among the native listeners;
all of the correlations between accuracy for uvularized sounds were positive and at least
moderately high. There is also a cluster of positive correlations among the velars and uvulars.

Among the non-native listeners, almost all of the uvulars and pharyngeals had very high
correlations, though the correlations between the accuracy of identifications of the glottals
and accuracy of any of these sounds was lower and less consistent; accuracy of identifications
of the glottal stop were not strongly correlated with accuracy of identifications of any other
sound. There was also a strong correlation among accuracy of identifications of the uvularized
consonants with each other and with the uvulars [q] and [K], though not [X], which may be
due to the more forward position of this consonant relative to the other uvulars.
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Listener dialect did not have any overall significant effect on segment identification ac-
curacy; the mean segment identification accuracy of Levantine listeners was 73.4% and the
accuracy of non-Levantine listeners was 74.7% (p = 0.31).

There was a significant difference in overall structure accuracy based on listener dialect;
the mean structure identification accuracy of Levantine listeners was 86.2% and the accuracy
of non-Levantine listeners was 82.6% (p = 0.026). Higher accuracy of structure identifications
by Levantine listeners is consistent with the phonetic permissibility of consonant clusters
within Levantine dialects, while many other dialects do not permit them. This trend suggests
that native speakers of Arabic may be influenced by knowledge of phonotactic constraints
on structure that exist within their dialect, even when listening to Modern Standard Arabic.

3.4 Effect of Noise Type

Within the experiment, each listener was either in a condition of pink noise (weighted towards
lower frequencies) or blue noise (weighted towards higher frequencies). Both native and non-
native listener groups had a higher mean accuracy of identifications in the higher frequency
noise than in the lower frequency noise.

Structural identification among native listeners was 79.1% in low frequency noise and
88.9% in high frequency noise (p < 0.0001); among non-native listeners structural accuracy
was 71.5% in low frequency noise and 76.5% in high frequency noise (p = 0.00061).

Both listener groups identified segments with better accuracy in higher frequency noise
than lower frequency noise: among native listeners, accuracy was 59.8% in low frequency
noise and 76.1% in high frequency noise (p < 0.0001); among non-native listeners, accuracy
was 47.4% in low frequency noise and 54.8% in high frequency noise (p < 0.0001). This
interacted with the region of the consonantal constriction.

Table 13: Accuracy by Noise Type
and Consonant Place for Native Lis-
teners (percent accurate)

blue pink
guttural 77 64

non-guttural 82 74

Table 14: Accuracy by Noise Type and
Consonant Place for Non-native Listen-
ers (percent accurate)

blue pink
guttural 51 41

non-guttural 70 68

Low frequency noise hindered identification more for gutturals than non-gutturals. Among
native listeners, the difference in accuracy in high frequency vs. low frequency noise for gut-
turals is highly significant (p < 0.0001); the difference is smaller but still significant for
non-gutturals (p < 0.0001). Among non-native listeners the difference in accuracy in high
frequency vs. low frequency noise for gutturals is highly significant (p < 0.0001); the differ-
ence for non-gutturals was not significant (p = 0.17). The difference in accuracy between
gutturals and non-gutturals was significant in both listener groups in both noise types.

3.5 Nonce Word vs. Real Word Stimuli

While most of the stimuli were nonce words, some of them are real lexical items within Arabic.
Previous work has found that phonemes are identified more accurately in meaningful words
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than in nonce words (Boothroyd and Nittrouer 1988); differences have also been found in
how native and non-native listeners are influenced by whether stimuli are real words; native
listeners are more likely to make use of lexical information in identifying sounds in context
(e.g. Mattys et al. 2010).

Among the native listeners, there was no significant difference in accuracy of identi-
fications of real words (75.3%) than non-words (72.6%), p = 0.16. However, among the
non-native listeners, there was a significantly higher accuracy of identification of real words
(62.4%) than non-words (54.2%), p < 0.0001. This effect can largely be attributed to the
higher relative frequency of real-word responses. Among non-native listeners the ratio of
stimuli heard to responses clicked for real words was about 14:15, while the ratio for non-
words was about 33:32. For the number of responses compared to the number of stimuli in
each category, the χ2 statistic = 4.3 (p = 0.038). Among the native listeners there was no
significant difference between the relative number of responses in each category.

4 General Discussion

Patterns of confusions varied based on a number of factors; most errors were based on
acoustic features, either intrinsic to the consonant or due to the obscuring effect of the
masking noise or phonetic environment, while certain patterns of responses were due to
language background and phonological knowledge.

4.1 Acoustics

Most common confusions were based on confusion of a single feature, sometimes two; among
non-native listeners, the feature which was most commonly misidentified was place, partic-
ularly among consonants with a place of articulation not found in English.

The primary cues which listeners seem to be using for many of the consonants are the
formant transitions in the neighboring vowels. These cues are obscured by environments in
which there is no vowel adjacent to the consonant; in these environments many consonants
were identified with much lower accuracy than in vowel-adjacent environments. The vowel
cues are also partially obscured by low frequency noise, which is strongest at the same
frequencies as the formants; this would explain why accuracy was lower for listeners who
heard the sounds presented in low-frequency noise.

For guttural consonants, there are also pseudoformants present in the consonants them-
selves, which is likely why the phonetic environment does not have as strong an effect on
accuracy of gutturals as for other consonants among native listeners. The low frequency
noise obscures these cues, particularly F1, which is one of the clearest features associated
with the identity of guttural consonants; this leaves only weaker cues for identification, such
as duration and spectrum of the frication. However, native listeners are less influenced by
noise type and phonetic environment than non-native listeners are, suggesting that they are
better able to shift their attention to different cues for identification depending on which
parts of the signal are obscured.

There are also differences in identification which result from acoustic differences present
in the stimuli; part of the process of identifying stimuli is learning the cues being pro-
vided by individual speakers, who have subtle idiosyncrasies and sometimes very noticeable
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idiosyncratic features that can be used for identification. Native listeners more rapidly ac-
commodate to the features of the speakers whom they are listening to, as shown by their
rapid increase in identification accuracy over the first three blocks of the first task and again
in the new environments of the second task; non-native listeners’ accuracy of identifications
also increased, but more slowly and only during the task with simple syllable structures,
suggesting that they are less able to acclimate to the speech characteristics of individual
speakers across phonetic environments.

4.2 Phonological Knowledge

Listeners have a bias towards perceiving sounds which are not present in their native phono-
logical system as sounds which are. For example, voiced pharyngeal consonants are often
heard as a low vowel by individuals who do not have pharyngeals in their native language
(Bessell 1992); the vowel [A] is identified as one of the outcomes of Arabic pharyngeals among
bilingual speakers of Jaffa Palestinian Arabic and Modern Hebrew, perhaps also originating
in misperception by late bilinguals (Horesh 2014).

Subconscious phonological knowledge from one’s native language interacts with conscious
knowledge of the phonological system of a second language. Thus, non-native listeners
do not always make errors of identifying sounds as those which are present within their
system if they are aware that there are additional sounds within a foreign system. However,
the acoustic features which they have associated with an orthographic symbol may not be
a reliable representation of the sound which that symbol represents for native listeners,
which complicates interpretation of non-native listeners’ responses in identification tasks.
For example, for many non-native listeners, the symbol meant to represent [è] seems to be
more salient than [h] as a voiceless fricatives with low peak frequency, but it is not certain
that its phonetic representation for them is a pharyngeal.

We might expect that the accuracy of identifications of a sound will be related to its
frequency within a language. Speech errors have been associated with phoneme frequency
(e.g. Levitt and Healy 1985), but accuracy of responses also depends on the consonants
present in the system, how acoustically similar they are, and thus how much competition
there is for identification. While not frequently reported within misperception studies, the
correlation between phoneme frequency and identification accuracy can be calculated from
the reported results; in some studies there was a weak correlation (e.g. R = 0.37 in Cutler
et al. 2004), and not in others (e.g. R = 0.06 in Miller and Nicely 1955).

Based on the number of distinct occurrences of each consonant in Greenberg’s (1950)
collection of 3775 verbal roots, the order by frequency of the Arabic consonants used in this
experiment is: r w l Q j d è q s dZ P k h X tQ sQ z t K dQ. The frequency of these segments
has a positive correlation with accuracy of identifications among non-native listeners, which
approaches significance (R = 0.35, p = 0.11), and a positive but small correlation with
accuracy among native listeners (R = 0.12, p = 0.61). The stronger correlation among non-
native listeners may be the result of greater practice with the more frequent consonants in
a variety of environments, which may improve individuals’ mental categories of these new
sounds, whereas native listeners have clear categories for all of these sounds.

Non-native listeners also seem to be influenced by their knowledge of the lexicon, more
frequently selecting response options which are real words; this may reflect a strategy used by
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non-native listeners in conversation also, using knowledge of the lexicon to guess the identity
of words when they are uncertain about the phonetic form they have heard. This strategy
may be particularly common among non-native speakers of a language with a phonological
inventory very different than their native language, such as English speakers using Arabic.

5 Conclusion

Native listeners identified stimuli more accurately than non-native listeners both in structure
and segment identity; this difference was strongest for the guttural consonants, but was also
present for other consonants. There is much more variability in the identification accuracies
among individual non-native listeners than among native listeners, probably reflecting the
wide range of how established the Arabic phonological categories are for non-native speakers.

The higher accuracy of identifications in higher frequency noise than in lower frequency
noise suggests that the pseudoformants of guttural consonants as well as the vowel transitions
for both gutturals and non-gutturals are the most important cues used for identification,
particularly of place. The similar effect of noise on both native and non-native listeners
suggests that both groups are listening for the same main cues; the smaller effect of noise
types and different phonetic environments on native listeners suggests that they have more
flexibility in attending to different acoustic cues, based on which parts of the signal are
accessible in different phonetic environments and noise contexts, while native listeners may
be more limited in what cues they have learned to attend to.

Patterns of misperception provide data which may be useful in considering possible path-
ways of diachronic sound change. Directional asymmetries of misperception in experimental
tasks parallel historical changes, because they are caused by some of the same processes
(Garrett and Johnson 2013; Blevins and Garrett 2004). Data from misperception studies
are not sufficient to make absolute conclusions about sound change, but may provide a useful
line of additional evidence in reconstructing changes involving sounds for which there is little
typological data.
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