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2
Abstract

This paper investigates two questions: 1) does the presence of background noise lead to a
differential increase in the number of simultaneously activated candidate words in native and
non-native listening; 2) do individual differences in listeners’ cognitive and linguistic abilities
explain the differential effect of background noise on (non-)native speech recognition?
English and Dutch students participated in an English word recognition experiment, in which
either a word’s onset or offset was masked by noise. The native listeners outperformed the
non-native listeners in all listening conditions. Importantly, however, the effect of noise on
the multiple activation process was found to be remarkably similar in native and non-native
listening. The presence of noise increased the set of candidate words considered for
recognition in both native and non-native listening. The results indicate that the observed
performance differences between the English and Dutch listeners should not be primarily
attributed to a differential effect of noise, but rather to the difference between native and nonnative listening. Additional analyses showed that word-initial information was found to be
more important than word-final information during spoken-word recognition. When wordinitial information was no longer reliably available word recognition accuracy dropped and
word frequency information could no longer be used suggesting that word frequency
information is strongly tied to the onset of words and the earliest moments of lexical access.
Proficiency and inhibition ability were found to influence non-native spoken-word
recognition in noise, with a higher proficiency in the non-native language and worse
inhibition ability leading to improved recognition performance.
Keywords: non-native spoken-word recognition, noise, competitor space, proficiency,
inhibition ability.
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1

Introduction

A common observation is that communication in the presence of background noise is more
difficult in a non-native than in the native language - even for those who have a high
proficiency in the non-native language involved (see for experimental evidence, e.g., Bradlow
& Alexander, 2007; Brouwer, van Engen, Calandruccio, & Bradlow, 2012; Cooke, Garcia
Lecumberri, & Barker, 2008; Ezzatian, Avivi-Reich, & Schneider, 2010; Kilman, Zekveld,
Hällgren, & Rönnberg, 2014; Mayo, Florentine, & Buss, 1997; Meador, Flege, & Mackay,
2000; Van Wijngaarden, Steeneken, & Houtgast, 2002). The main reason for this problem
seems obvious: Imperfect knowledge of the non-native language and a degraded speech signal
due to the presence of background noise interact strongly to our disadvantage when we listen
to a non-native language (Bradlow & Pisoni, 1999; Garcia Lecumberri, Cooke, & Cutler,
2010; Mayo et al., 1997). A common observation is that some people have more difficulty in
such situations than others. The aim of this paper is to investigate the effect of background
noise on the processes underlying non-native spoken-word recognition, and why some
listeners cope better with non-native listening in noise than others.
Most influential models of spoken-word recognition assume that during spoken-word
recognition all words that partially overlap with the input are activated simultaneously (e.g.,
Allopenna, Magnuson, & Tanenhaus, 1998; Gow & Gordon, 1995; Luce & Pisoni, 1998;
Slowiaczek, Nusbaum, & Pisoni, 1987; Zwitserlood, 1989), and they subsequently compete
for recognition (for a review see, McQueen, 2005). So upon hearing the word ‘shape’,
partially overlapping words such as ‘shade’ and ‘cape’ will also be activated and compete for
recognition. Listening in a non-native language and the presence of background noise both
have a detrimental effect on this mapping process of the acoustic signal to a listener’s
segmental and word representations. Because of differences in phoneme inventories between
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languages (e.g., Dutch does not have the /æ/ as in English match), non-native listeners’ sound
categories are less well specified or even absent, resulting in inaccurate sound perception (see
for an overview the papers in Bohn & Munro, 2007). Consequently, there is an increase in the
number of words which partially overlap with the speech input, and the number of word
candidates that is simultaneously activated and considered for recognition increases due to the
inaccurate perception of non-native sounds (e.g., Broersma, 2012; Cutler, Weber, & Otake,
2006; Pallier, Colomé, & Sebastián-Gallés, 2001). Not only additional words from the nonnative language (e.g., mention) are spuriously activated but also words from the native
language can be activated (e.g., Dutch mes, English: knife; Spivey & Marian, 1999; Weber &
Cutler, 2004).
The presence of background noise interferes with the intelligibility of the speech signal
due to its masking of the available acoustic information. Consequently, similar to the situation
of non-native listening, the phonological match between the speech signal and the listener’s
segmental representations is decreased. This has been shown to lead to a decrease in phoneme
perception accuracy in noise for both native and non-native listeners, but more so for the latter
group (see for an overview, Garcia Lecumberri et al., 2010). The effect of this phonological
mismatch due to a degraded speech signal on spoken-word recognition is however not
entirely clear. Potentially, the number of simultaneously activated word candidates increases
due to the target word’s speech signal being a partial match with several other candidate
words (referred to as the many-additional-competitor scenario by Chan & Vitevitch, 2015).
Another possibility is that the target word is a good match to a different, erroneous word
(referred to as the single-strong-competitor scenario by Chan & Vitevitch, 2015), resulting in
the activation of one erroneous word candidate rather than the activation of many spurious
word candidates. Moreover, the effect of noise on the number of simultaneously activated
word candidates could be different for native and non-native listeners, in line with the
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differential effect of noise found for phoneme recognition (e.g., Cooke et al., 2010; Broersma
& Scharenborg, 2010). Since the effect of noise on phoneme perception seems to be more
detrimental for non-native listeners than for native listeners, the increase in number of
simultaneously activated candidate words might therefore be larger in non-native listening
than in native listening.
During spoken-word recognition, both candidate words that overlap with the onset of
the spoken word (onset competitor, ‘shade’ in the example above) and words that overlap
with the offset of the spoken word (offset competitor, ‘cape’ in the example above) are
activated. Native listeners thus use both word-initial and word-final information for candidate
word selection and word recognition (Slowiaczek, Nusbaum, & Pisoni, 1987; van der Vlugt &
Nooteboom, 1987), although word-initial information seems to be more important in
evaluating lexical candidates than word-final information, at least in clear listening conditions
(Allopenna, Magnuson, & Tanenhaus, 1998; Marslen-Wilson & Zwitserlood, 1989; McQueen
& Huettig, 2012). In the presence of background noise, the activations of candidate words
have been shown to change during competition in native listening (Ben-David, Chambers,
Daneman, Pichora-Fuller, Reingold, & Schneider, 2011; McQueen & Huettig, 2012), e.g.,
offset competitors have been found to be activated more compared to clean listening
conditions (Brouwer & Bradlow, in press; McQueen & Huettig, 2012). Background noise
thus modulates the competition process. There are indications that this debilitating effect of
noise on the competition process is increased in non-native listening (Drozdova, van Hout, &
Scharenborg, 2015).
This paper investigates the effect of background noise on the multiple activation process
in non-native and native listening, focusing on the effect of background noise on the
(spurious) activation of onset and offset competitors. In particular, the question we aim to
answer is whether the presence of background noise leads to a differential increase in number
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of simultaneously activated candidate words in native and non-native listening, even after
accounting for differences in recognition accuracy between the native and non-native
listeners. Moreover, despite there being considerable individual variation in performance in
non-native listening in noise, so far little attention has been paid to individual differences in
non-native listening in noise. A second question of this paper is therefore whether individual
differences exist in the effect of background noise on non-native speech recognition
depending on a non-native listener’s cognitive and linguistic abilities.
To address these questions, a free-response word identification experiment was
conducted with two listener groups, a group of English native listeners and a group of Dutch
non-native listeners of English. The set of answers provided by the English and Dutch listener
groups, respectively, then served as a proxy to the size of the competitor space for the
particular listener groups. In the experiment, words were presented in a clean listening
condition, and, crucially, in listening conditions where their onsets or offsets were masked by
noise at three increasingly difficult signal-to-noise ratios (SNRs) after which listeners had to
type in the word they thought they heard. When the word onset was masked, word-initial
information was no longer reliably available; while when word offset was masked, word-final
information was no longer reliably available. Word accuracies were analysed to investigate
the effect of background noise on native and non-native spoken word recognition. The size of
the set of misrecognised words, or misperceptions, was subsequently analysed to investigate
the effect of the presence of noise on the multiple activation process and the size of the
competitor space during native and non-native word recognition. Finally, individuals’
cognitive and linguistic abilities were entered as predictors in the statistical analyses of the
non-natives to investigate individual differences in the effect of noise on the cognitive
processes underlying non-native word recognition.
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We are aware of only one study with the particular aim to investigate the contribution of
proficiency in the non-native language and cognitive abilities on the level of individuals on
non-native speech perception in noise. Kilman and colleagues (2014) found that, in their
study, the proficiency in English of their Swedish participants was the most important factor
in explaining differences in non-native speech perception in noise. Moreover, the cognitive
skill they investigated, working memory, did not show a strong link with non-native speech
perception in noise. Other studies also found an effect of proficiency on non-native speech
perception in noise, although these studies did not investigate proficiency on an individual
level but rather through group comparisons between native and non-native listeners (e.g.,
Mayo et al.,1997; Cooke, Garcia Lecumberri, Scharenborg, & van Dommelen, 2010). In the
current study, individual listeners’ non-native proficiency was assessed by using the
LexTALE test (Lemhöfer & Broersma, 2012) and entered as a predictor of word recognition
performance in the statistical analyses.
Kilman and colleagues (2014) moreover found that listeners with a high proficiency in
English were better able to inhibit both native and non-native babble maskers (similarly,
native listeners with a larger vocabulary were shown to adapt better to accented speech in the
presence of background noise than listeners with a smaller vocabulary; Banks, Gowen,
Munro, & Adank, 2015), while Cooke and colleagues (2010) observed that the detrimental
effect of an informational masker (a competing talker) over an energetic masker (speech
modulated noise) was larger for non-native listener groups with a lower proficiency in
English compared to non-native listener groups with a higher proficiency in English. On the
basis of these findings, Kilman and colleagues (2014) speculate that a higher proficiency in
the non-native language improves listeners’ ability to inhibit speech from a competing talker
(in both the native and non-native language) in the background, and link this to simultaneous
bilinguals’ improved executive, and particularly inhibition, control (Bialystok, 2001;
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Bialystok, Craik, Klein, & Viswanathan, 2004). Kilman and colleagues thus seem to argue
that high-proficient non-native speakers might obtain the same improved inhibition ability as
simultaneous bilinguals. Inhibition has been described by Sikora and colleagues (Sikora,
Roelofs, Hermans, & Knoors, 2016) as the ability to reduce the activation of an unwanted
dominant or automatic response (Aron, Robbins, & Poldrack, 2004). Research has shown that
inhibition builds up over time (Ridderinkhof, 2002; Van den Wildenberg, Wylie, Forstmann,
Burle, Hasbroucq, & Ridderinkhof, 2010). Potentially, listeners with worse inhibition ability
are worse at inhibiting active candidate words during the competition process, resulting in
worse performance in non-native speech perception in noise, in contrast to listeners with a
better inhibition ability, who will be quicker in reducing their competitor space. We
investigate this by using non-native listeners’ inhibition ability, measured by the Flanker task,
as a predictor of the word recognition task.

2

2.1

Method

Participants

Fifty native English students (38 females; Mage = 20.9 years, SDage = 2.1, age range: 18-29
years) from the University of York, UK, and 61 native Dutch students (48 females; Mage =
21.4 years, SDage = 2.1, age range: 18-26 years) from the Radboud University, Netherlands,
participated in the experiment, and were paid for their participation. The Dutch participants
had an average of 7.9 years of formal English education (SD = 2.3; range: 6-16 years). None
of the participants reported to have a history of speech and/or hearing disorders. All
participants signed a consent form prior to the experiment. No participant took part in more
than one experiment.
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2.2

Materials

The stimuli consisted of 42 triplets of English words, each consisting of, what we refer to as, a
head-word (e.g., letter), a word which shared word-initial information with the head-word
(e.g., lettuce; referred to as matched-onset-word), and a word which shared word-final
information with the head-word (e.g., sweater; referred to as matched-offset-word). The
complete set consisted of (42 x 3 =) 126 words in total; an overview of all stimuli including
their word frequency and the overlap between target and competitors in terms of number of
phonemes is provided in Appendix A. Fifteen of the triplets consisted of bisyllabic words (45
words in total) and 27 triplets consisted of monosyllabic words (81 words in total). Seven sets
of bisyllabic words were taken from the study of Allopenna and colleagues (1998). The other
eight sets of bisyllabic words were based on stimuli from Shock and colleagues (2010). The
sets of the monosyllabic words were selected by searching through image databases
(Snodgrass & Vanderwart, 1980), online rhyme dictionaries (http://www.rhymezone.com),
and online scrabble dictionaries (http://www.scrabblefinder.com). All words within a triplet
had the same stress pattern according to Celex (Baayen, Piepenbrock, & van Rijn, 1993).
Word frequencies ranged from 14 (‘moose’) to 13,180 (‘life’) per million. The average
number of neighbours was similar for the head-word (average of 21.1 neighbours), matchedonset-words (average of 20.2 neighbours), and the matched-offset-words (average of 22.5
neighbours). The mean number of word-initial neighbours (defined as having an overlap of 2
or more phonemes) for the set of head-words was 9.4 and 9.0 for the set of onset-matchedwords. The mean number of word-final neighbours for the set of head-words was 9.1 and 9.0
for the set of off-set-matched words.
The stimuli were produced by a male native speaker of Southern British English. All stimuli
were recorded in a sound-attenuated booth at 44.1 kHz. Subsequently, the audio files were
down-sampled to 16 kHz to make them compatible with the noise file. Next, all stimuli were
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cut manually using Praat (Boersma & Weenink, 2013) into one-word audio files, and the
average (i.e., root-mean-square) intensity was set at 60 dB SPL.
2.2.1 Adding noise
In the next step, stationary speech-shaped noise (SSN) was added to all stimuli at three different
signal-to-noise ratios (SNRs). The SNRs used in the experiment were -12 dB, -6 dB, and 0 dB.
These values were based on a separate pilot test in which 12 Dutch non-native listeners of
English participated and chosen such as to avoid floor and/or ceiling effects. None of the
participants tested in the pilot study participated in the main experiment.
The onset and offset masking was tailored to each head-word and matched-onsetword/matched-offset-word pair, such that the stretch of speech where the head-word and the
matched-onset-word/matched-offset-word overlap phonemically remained unmasked. For
example, the head-word letter and its matched-onset-word lettuce share [lɛt], which is
consequently left unmasked, while [ə] of [lɛtə] and [əs] of [lɛtəs] are masked (this condition is
referred to as the offset-masked condition). Following the same logic, the head-word letter
and its matched-offset-word sweater share [ɛtə], which consequently remains unmasked,
while [l] and [sw] are masked (this is referred to as the onset-masked condition). The result of
this procedure is shown in the right-hand side of Figure 1 for two triplets: the shading of the
letters indicates the amount of masking for these three words (note that in the actual process
phonemes were used to determine the deviation point between the two words, not letters).

< Insert Figure 1 around here. >

Noise was added to the stimulus files using a semi-automatic method. First, boundaries
were manually placed in the audio files at positive-going zero-crossings between the
overlapping part of the word and the part that differed, e.g., lett|er - lett|uce for the offset-
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masked condition and l|etter – sw|eater for the onset-masked condition (where | denotes the
manually placed boundary). Subsequently, an X was put in the tier to mark the part of the
signal that had to be masked. A random stretch of speech-shaped noise was subsequently
added to the sound files on the marked part of the word using a custom-made Praat script. For
the onset-masked stimuli, 200 ms of leading noise was added to the stimuli; for the offsetmasked stimuli, 200 ms of trailing noise was added. A Hamming window was applied to the
noise, with a fade in of 10 ms for onset masking and a 10 ms fade out for offset masking. The
mean overlap between head-words and their matched-onset-words was 2.5 phonemes, and the
overlap between head-words and their matched-offset-words was 2.7 phonemes.
2.2.2 Lists
During the experiment, a listener would only receive one masked version of each head-word
and would not receive an matched-onset or matched-offset word with its corresponding headword. So, participants received either a head-word with word-initial masking and the
matched-onset-word from the same triplet, or the head-word with word-final masking and the
matched-offset-word from the same triplet.
To that end, the words from the triplets were first divided into four lists. Figure 1
visualises the procedure we followed for dividing the words over separate lists. The left hand
side of Figure 1 shows two example triplets. The word in bold is the head-word (e.g., letter),
the word in italics is its matched-onset-word (lettuce), and the underlined word is its matchedoffset-word (sweater). First, head-words and their matched-onset-words were divided over the
first two lists: the head-word with the highest frequency was put in the first list (letter in
Figure 1), the head-word with the second highest frequency in the second list (weather in
Figure 1), the word with the third highest frequency in the first list, and so on. The matchedonset-words were placed into these two lists, such that a head-word and its matched-onsetword were never in the same list (see also the left two columns of the middle part of Figure
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1). Subsequently, the (same) head-words and their matched-offset-words were divided over
the third and the fourth list following the same procedure. Lists 3 and 4 then only contained
head-words and matched-offset-words, as illustrated in the right two columns of the middle
part of Figure 1. The right-hand side of Figure 1 shows the parts that are obscured with noise,
indicated by the shading. During the experiment, each participant would then only, e.g.,
receive lists 1and 3 or lists 2 and 4, see the grey/white-coding for the lists.
Subsequently, each list (42 stimuli) was divided into three blocks which each received a
different SNR. The words were divided over the blocks on the basis of their word frequency
to ensure that each block contained words with similar word frequencies. First, in each list the
frequency of the words was ordered from high to low. Second, the list was divided in 14 sets,
in which the first set contained the highest frequency words, the second set the second highest
frequency words and the last set the lowest frequency words. Third, each word of a set was
randomly put in one of the three blocks. Then, a different SNR value was assigned to each
block in a list, such that each participant got all three SNRs per list (and thus got each SNR
twice in the experiment). For example, one participant would get list 1 and hear the first
presented block with a SNR value of -12 dB, the second presented block with a SNR value of
0 dB, and the last block with a SNR value of -6 dB. Next, in the second part of the experiment
that participant would get list 3, again with the first block with a SNR value of -12, the second
block with a SNR value of 0, and the last block with a SNR value of -6. Thus, the order of the
SNR values per block remained the same for both parts of the experiment for each participant.
A full counterbalance of, the block orders, SNR orders, and lists resulted in 144
different experimental lists : 6 possible block orders (1-2-3, 1-3-2, etc.) * 6 possible SNR
orders (-12, -6, 0; -12, 0, -6, etc.) * 4 possible list order (list 1-3, 3-1, 2-4, 4-2). For each of
the 50 participants we tested, a random number between one and 144 was generated, to avoid
selection bias, which corresponded to the experimental list number. The order of presentation
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of the block and SNR orders and the lists was fairly balanced. Nevertheless, variations
occurred in how often a stimulus was presented in a specific condition. This is controlled for
in the statistical analyses by including a Number-of-occurrences covariate. So, each
experimental list contained both an onset-masked list (list 1 or 2) and an offset-masked list
(list 3 or 4).

2.3

Procedure

Participants were tested individually in a sound-treated booth. The stimuli were presented
binaurally over closed headphones. The experiment consisted of three parts: the first two parts
consisted of two of the four experimental lists as described in the previous section. Part three,
which always came last, consisted of all 84 words (6 blocks) that were presented in the
previous two parts without masking. So, each participant heard 168 words in total. The order
of the words within each block was randomised. After every block there was a self-paced
pause. Before the start of the experiment, the participant was familiarised with the task
through four practice trials. Each trial began with a fixation cross which stayed on the screen
for 500 ms. Subsequently, an auditory stimulus was played after which participants had to
respond. Participants were instructed that they would be listening to English words that were
partially obscured with noise, and they were asked to type in the word they thought they had
heard followed by the return key to continue to the next trial.

2.4

Proficiency and inhibition background tests

After participation in the word recognition experiment, both the native and non-native listeners
were administered the Flanker test, while the non-native listeners were also administered the
LexTALE test (in that order). The word recognition experiment and the tests were administered
in one session. Test outcomes of three of the non-native participants (one with a missing
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LexTale score and two with missing Flanker scores) and three of the native listeners were not
recorded. These participants were left out of the individual differences analysis, leaving 47
native and 58 non-native listeners. Correlations between the two measures for the non-native
listeners were not significant.
Inhibition ability was assessed using the computerised version of the Flanker task
(Eriksen & Eriksen, 1974). During the task, participants had to indicate (by clicking either the
‘z’ or the ‘/’ key on the keyboard) which direction the middle symbol (a leftward or rightward
pointing arrowhead) in a row of 5 symbols points in three types of contexts, congruent
(>>>>> or <<<<<), incongruent (<<><< or >><>>), and neutral (==>== or ==<==). The
participants were instructed to maximise speed and accuracy. Six different stimuli were each
presented 12 times in the test part (order of trial presentation was randomised for each
participant) to make 72 trials. Prior to the test, six practice trials were presented. The
individual Flanker cost for each participant was determined by computing the Flanker
interference effect, i.e., each participant’s mean logRT (of the RT in ms) in the incongruent
condition was divided by that individual’s mean logRT in the neutral condition. The higher a
participant’s Flanker cost, the poorer was their selective attention. The mean Flanker cost of
the English native listeners was 1.024 (SD = .008) and for the Dutch non-native listeners was
1.032 (SD = .012).The difference between the native and non-native listeners was significant
(t(100)=3.44, p < .001).
LexTALE (Lexical Test for Advance Learners of English; Lemhöfer & Broersma,
2012) was used to assess individuals’ proficiency of English. LexTALE is an easy-to-use,
swift vocabulary knowledge task. It consists of a visual lexical decision task of 60 trials (40
English words and 20 nonwords). Listeners were presented with the items one-by-one on a
computer screen and were asked to make a word/nonword judgement. The task takes about 3
to 4 minutes to complete. The mean LexTALE score was 65.8 (SD = 13.7), which
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corresponds to an upper intermediate or B2 proficiency level of English (Lemhöfer &
Broersma, 2012).

3

Results

Three main analyses were carried out. We first carried out a general analysis of the word
recognition accuracies in the different noise conditions, preceded by an analysis of the
accuracies in the clean condition versus the easiest SNR condition. This general analysis does
not only provide a group comparison between the native and non-native results, it will also
highlight the extent to which background noise interferes with spoken-word recognition in
native and non-native listening. To that end, the accuracy scores for the two masking
conditions and the three SNR conditions (thus without the data for the clean condition) were
analysed for the native English and the non-native Dutch listeners experiments (first set of
analyses, Section 3.1). The second and third analyses go beyond the general group
comparison. The second analysis investigates the effect of noise on the size of the competitor
space and the role of stimulus characteristics (Section 3.2) in native and non-native listening.
The third analysis investigates individuals’ proficiency and inhibition ability (Section 3.3) on
(non-)native listening in noise.
All analyses were carried out using generalised linear mixed-effect models (Baayen,
Davidson, & Bates, 2008) in R (R Development Core Team, 2008) containing both fixed and
random effects, using the binomial (logit) and the Poisson family. The dependent variable in
the first and third sets of analyses was the correctness (binomial distribution) of the answer to
the auditory stimulus by the listeners. The dependent variable in the second set of analyses
was the number of different erroneous responses or misperceptions (Poisson distribution).
Fixed factors were SNR (-12, -6, 0, with -12 on the intercept), Position of Noise (onset-
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masked vs. offset-masked; the latter is the reference category), and Language (native English
vs. non-native Dutch, with the former as the reference category)1.
Obvious spelling mistakes and homophones were corrected such that they received the
same orthographic transcription (e.g., plain and plane were both treated as correct). The
stimulus horn was removed from all analyses since horn was recognised correctly less than
10% overall by the native and non-native listeners.
Each set of analyses started with building the most complex model, i.e., the model
containing all main effects and interactions. We included, as much as possible, the maximal
random slope and intercept structure for the random effects (cf. Barr, Levy, Scheepers, &
Tily, 2013). By-stimulus slopes and by-subject slopes for SNR and SNR by Language, and
by-subject slopes for Position of Noise were included in the first set of analyses. In the second
set of analyses, only by-stimulus slopes were relevant; by-stimulus slopes for SNR by
Language and SNR by Word Frequency were added. For the third analysis, by-stimulus
slopes for SNR, LexTale, and Flanker were included as well as by-subject slopes for SNR.
Subsequently, backward stepwise selection was applied in which the interaction and
predictors which did not reach the significance level (5%) were removed from the model oneby-one (from both the fixed and random structure), starting with the least significant
interaction or predictor. Each change in the fixed-effect and random-effect structure was
evaluated using the Akaike information criterion (AIC; Aikake, 1973) which measures the
relative adequacy of the model. The best model was retained, i.e., the model with the lowest

1

To test whether bisyllabic and monosyllabic words gave different results, a factor indicating

whether a stimulus word was bisyllabic or monosyllabic was included in the first and second
set of analyses. The results showed that this factor did not explain any additional variance in
the data, and the factor was consequently left out of all other analyses.
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AIC value or if two models did not significantly differ from one another (i.e., had a difference
in AIC of less than 2, see also Burnham & Anderson, 2004) the model with the fewest
parameters (degrees of freedom). We checked whether leaving out the random structure from
the analysis would have changed the outcomes. The changes in the fixed part turned out to be
inconsequential.

< Insert Table 1 around here. >

3.1

The effect of noise on word recognition accuracy

Table 1 presents the mean word recognition accuracies and ranges for the four listening
conditions for the two listener groups. Although there is quite a difference between the best
and worst performing individuals in each listening condition (see the columns denoted
‘Range’ in Table 1), overall, all participants obtained (fairly) good accuracies, even in the
worst listening conditions. Inspection of the given answers showed that basically all responses
were either existing words or word-like responses, indicating that even the worst listening
conditions did not result in a complete breakdown of the speech recognition process but
instead that listeners were still able to guess.
In order to investigate the extent to which background noise interfered with spoken-word
recognition, we first compared the accuracy scores of the clean condition to the accuracy
scores for SNR = 0 with Language and SNR Condition (SNR 0 versus clean) and their
interaction as fixed factors. The best model only contained random intercepts and by-subjects
and by-items slopes for SNR (including more random slopes gave non-convergent outcomes).
The statistical analyses showed, first, that the non-native listeners recognised significantly
fewer words than the native listeners (β = -2.024, SE = .221, p < .001). Second, our
manipulation of adding background noise resulted in a significant difference in the number of
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correctly recognised words between the clean and SNR 0 condition. Significantly more words
were recognised in the clean condition than in the SNR 0 condition (β = 2.099, SE = .337, p
< .001), and this difference was larger for the non-native listeners as shown by the significant
interaction between SNR and Language (β = -1.034, SE = .248, p < .001). So, listening in
noise is more difficult than when no background noise is present for both the native and the
non-native listeners.
Figure 2 shows the proportion of correct responses for the three SNR conditions for the
two noise positions and the clean condition separately. The line with squares shows the offsetmasking results, while the line with bullets shows the results for the onset-masking condition.
The diamonds indicate the results for the clean condition. As Figure 2 shows, the overall
results of the native English (Figure 2a) and non-native Dutch (Figure 2b) listener groups are
remarkably similar except for an overall downward shift of the proportion of correct
responses for the Dutch non-native listeners. The statistical analysis (see Table 2 for the
parameter estimates in the best-fitting model of performance, and for the random structure see
Appendix B – Table A) indeed confirmed that the Dutch non-native listeners gave
significantly fewer correct answers than the English native listeners (see the significant main
effect of Language in Table 2).

< Insert Figure 2 around here. >
< Insert Table 2 around here. >

Regarding our manipulations, the analysis showed that significantly fewer words were
recognised when the onset of a word was masked (bulleted line in Figure 2; see the significant
main effect of Position of Noise in Table 2) compared to when the offset was masked (line
with squares). Moreover, with increasingly better listening conditions, significantly more
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words were recognised by both the native English and the non-native Dutch listeners (see the
significant main effects of SNR 0 and -6 dB in Table2). The four significant two-way
interaction terms (see Table 2; all of them are ordinal, i.e., the interaction lines do not cross
each other) support these conclusions, as they do not drastically change the general picture of
similarity in the way Position of Noise and SNR have an impact on the two groups of listeners
(see again Figure 2).
There is a significant interaction of SNR 0 dB and Position of Noise, which shows that
the difference between the onset-masking and offset-masking conditions reduced significantly
from the worst to the best listening condition in background noise. At the same time, the
increase in proportion of correctly recognised words with increasingly improving SNRs was
significantly smaller for the English native listeners (difference between SNR 0 and SNR -12
was 15.8%) compared to the Dutch non-native listeners (difference between SNR 0 and SNR 12 was 20.3%). That effect turns out to be strong enough to give a significant SNR 0 dB by
Language interaction. In other words, the Dutch non-native listeners suffered more from
deteriorating listening conditions than the native English listeners. The third interaction effect
is Position of Noise by Language. This indicates that the detrimental effect of onset-masking
was relatively smaller for the non-native Dutch listeners than for the native English listeners.

3.2

The effect of noise on multiple activation process and the competitor space

The second set of analyses investigated listeners’ misperceptions in terms of the number of
different erroneous answers and the influence of stimulus characteristics on the number of
different erroneous answers. Importantly, the number of erroneous answers are an indication of
how many (and which) candidate words were activated during listening to the auditory stimulus
and how this differs for native and non-native listeners. The number of erroneous answers can
thus be used as a proxy to characterise differences in the size of the competitor space for native
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and non-native listeners and as such answer the question whether the presence of background
noise leads to a differential increase in number of simultaneously activated candidate words in
native and non-native listening. Considering the larger competitor space of non-native listeners
in clean listening conditions compared to native listeners and the typically larger effect of the
presence of noise on speech processing for non-native listeners compared to native listeners,
we would expect a larger increase in the competitor space for the non-native compared to the
native listeners, even after accounting for how often a word was misrecognised (error rate) and
the number of times a word was presented in the experiment (remember, due to the random
selection of stimulus lists, the different stimulus words had unequal presentation numbers in
the full experiment). More errors lead to more erroneous answers (tokens), which in turn (could)
lead to more different erroneous words (types), which could fully explain the distinction
between native and non-native listeners. If indeed the non-native listeners show a larger
increase in competitor space than the native listeners under the influence of the presence of
background noise, this would show itself as an interaction between Language and SNR.
The dependent variable in this analysis is the number of different erroneous answers given
to a specific word stimulus in a specific SNR condition and a specific Position of Noise
condition by the native and the non-native listeners. Since only existing words can be
considered as candidate words and be in competition for recognition, answers that were nonwords were left out of the analyses. Stimulus was added as a random factor. Word frequency
has been suggested to play an important role in native spoken word recognition in clean
listening conditions (Luce & Pisoni, 1998). The importance of word frequency in native and
non-native listening during the recognition of speech masked by noise was investigated by
entering Word Frequency (centred and Zipf-transformed) as a fixed effect in the analyses in
addition to Language, SNR, Position of Noise, Error Rate, and Times Presented, the latter two
varying for each word in each SNR x Position of Noise x Language condition.
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< Insert Table 3 around here. >
Table 3 lists the frequency counts of the number of different erroneous answers (i.e., the
dependent variable) for a certain word stimulus in all six Position of Noise by SNR conditions
for the native English and the non-native Dutch listeners. Different answers higher than ‘0’
give the number of different erroneous answers. The Dutch listeners recognised fewer stimuli
correctly than the native English listeners; moreover, their maximum number of different
responses is ‘10’, whereas the maximum for the English native listeners is ‘6’. The nonnative listeners thus seem to give more different erroneous answers than the native listeners.
Given the count distribution of the dependent variable, a Poisson analysis was used for the
subsequent analysis of the misperceptions data.

< Insert Figure 3 around here. >

Figure 3 shows the mean number of different erroneous answers for the three SNR
conditions and the clean conditions plotted for the onset-masking (light grey, top line) and
offset-masking (darker grey, bottom line) conditions separately. The black bullet point
indicates the results for the clean condition. The results for the native English listeners are
plotted in Figure 3a, those for the Dutch non-native listeners in Figure 3b.

< Insert Figure 4 around here. >

Figure 4 shows the relation between error rate and the number of different responses for
the native listeners (white bars) and the non-native listeners (grey bars), respectively. The
error bars indicate one standard error above and one standard error below the mean. The
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error rates are binned into bins of .2 proportion of errors. Figure 4 shows increasing error
rates in combination with an increasing number of different erroneous answers in both
listener groups. The first bin does not include the cases where no misperceptions occurred.
Please note that, unlike for the calculation of the number of different erroneous answers,
misrecognitions that did not result in an existing word were taken into account when
calculating the error rate.

< Insert Table 4 around here. >

Table 4 shows the fixed effect estimates for the best-fitting model of performance for the
native versus non-native analysis of the number of different answers (see Appendix B – Table
B for the random structure). All main effects were significant, including Language, with an
upward shift for the Dutch non-native listeners. The Dutch non-native listeners gave
significantly more different answers than the English native listeners (see the factor Language
in Table 4). For example, the word beetle was recognised as beetle, beaten, and people by the
native English listeners. These responses were also given by the Dutch non-native listeners,
but their responses also included beacon, beat, and peter.
The analysis of the misperception data showed that the number of different answers is
dependent on Position of Noise and SNR and that their impact did not differ between the
native and non-native listeners (no interactions with Language). Significantly more different
answers were given when the onset of the word was masked compared to when the offset of
the word was masked. In other words, the number of competitors was significantly higher
when onset information was no longer reliably available compared to the number of
competitors when offset information was no longer available. This result is in line with the
results of the previous main analysis, and suggests that word-initial information is more
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important for successful word recognition than word-final information. Moreover, the number
of different erroneous answers increased significantly (main effect: SNR) with deteriorating
listening conditions.
The effect of word frequency was the same for both listener groups: overall, a higher
word frequency of the word stimulus led to significantly fewer different misperceptions. The
significant two-way interaction between Position of Noise and Word Frequency showed that
the size and direction of the effect of word frequency on the number of different answers was
dependent on the position of the noise masker. Further inspection of the interaction showed that
where for the offset-masked words a higher frequency led to a decrease in the number of
different misperceptions for SNR -6 and SNR -12, a higher word frequency led to an increase
in the number of different erroneous answers for the SNR -6 and SNR -12 conditions when the
onset of the word was masked. This suggests that when word-initial information is less reliable
due to the presence of noise, listeners are less able to use word frequency to reduce the number
of activated candidate words during spoken-word recognition.
Importantly, Table 5 clearly shows the pervasive effect of error rate. It has a strong main
effect, and is also involved in many interaction effects. An increasing error rate (due to
increasingly more difficult listening conditions) leads to an increase in the number of different
answers, thus an increase in the number of competitors. The number of times presented has
only a main effect and is not involved in any interactive relationship with one of the other
predictors. Although both covariates modulate the number of different erroneous answers in
native and non-native listening, they do not take away the language effect (as there is also a
strong Language main effect). Moreover, the language effect is strengthened by the error rate
by language interaction, meaning that the number of competitors increase more rapidly with an
increasing number of errors in non-native than in native listeners. Thus, the non-native
competitor space expands more rapidly with worse listening conditions, an effect moderated by
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more erroneous answers. The competitor space between native and non-native listeners thus is
different (as indicated by the main effect of Language), with a larger competitor space for the
non-native listeners even after accounting for the non-natives’ higher error rate.

3.3

Individual differences

In order to investigate whether inhibition ability and non-natives’ proficiency influence the
effect of noise on (non-)native spoken word recognition, the third analysis was carried out. The
analysis is similar to the analysis in the first analysis in which the data of the native English and
the non-native Dutch listeners were analysed. However, here the data of the native English and
non-native Dutch listeners are analysed separately. Moreover, in addition to the previously used
factors Position of Noise, SNR, and Language, Flanker Cost was added to the analyses. For the
non-native analysis, also LexTale was added. Both additional variables were scaled and centred
to the mean. Three native and three non-native participants were excluded from the analysis
due to missing data in some of the individual differences measures.
The results of the native analysis showed no significant effect for Flanker Cost. The
results of the individual differences analysis of the non-native Dutch listeners are displayed in
Table 5 (for the random effects structure, please see Appendix B – Table C).

<Insert Table 5 around here. >

The effects of Position of Noise and SNR remain the same as those reported in Table
2. It means that we can focus on those findings that are related to individuals’ proficiency and
inhibition ability. There was a simple effect of LexTale: non-native listeners with a higher
proficiency in English recognised more words (see factor LexTale in Table 5). In contrast to
what was found for the native listeners, inhibition ability also influenced word recognition
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performance for the non-native listeners. The interaction between Position of Noise and
Flanker Cost showed that when word-initial information was masked, listeners with poorer
inhibition ability (i.e., higher Flanker Cost) recognised more words correctly than listeners
with better inhibition ability. When word-final information was masked, the role of inhibition
ability is much smaller, and actually goes slightly in the opposite direction compared to that
for the word-initial masking condition. This effect is shown in Figure 5 where the solid line
indicates the offset-masking condition and the dashed line indicates the onset-masking
condition. So, listeners who have better inhibition abilities (= lower scaled Flanker scores)
have a lower proportion of correct answers than listeners with worse inhibition abilities (=
higher scaled Flanker scores). The maximal random slope structure included a by-stimulus
random slope for SNR and LexTale indicating that the effects of SNR and proficiency level
vary over the stimuli.

4

General discussion

This paper investigates two questions: 1) does the presence of background noise lead to a
differential increase in the number of simultaneously activated candidate words in native and
non-native listening; 2) do individual differences in listeners’ cognitive and linguistic abilities
explain the differential effect of background noise on (non-)native speech recognition? We
will discuss our findings regarding these two research questions in the subsections below.
Although not the main goal of our work, the results of this study also inform theories on the
role of word-initial and word-final information in spoken-word recognition. Existing evidence
primarily focuses on native listening. Our results provide new insights into the role of wordinitial and word-final information in non-native listening, which we discuss in a separate
subsection below.
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4.1

The effect of noise on native and non-native listening

In line with previous results (e.g., Bradlow & Alexander, 2007; Brouwer et al., 2012; Cooke
et al., 2008; Ezzatian et al., 2010; Kilman et al., 2014; Mayo et al., 1997; Meador et al., 2000;
Van Wijngaarden et al., 2002), we found that the recognition of spoken words in the presence
of background noise was more difficult in a non-native language than in one’s native
language. Moreover, we observed the differential effect of noise on native and non-native
listening previously observed (e.g., Cooke et al., 2008; Mayo et al., 1997; Meador et al.,
2000): non-native listeners gave significantly more and more different erroneous answers than
native listeners when noise was present in the background. Using the number of different
responses of the listener groups as a proxy of the size of the competitor space, we can then
observe that the competitor space is larger during non-native listening compared to native
listening when listening in the presence of background noise. The observed differences in
recognition accuracy and the size of the competitor space, however, do not seem to be caused
by a differential effect of the presence of background noise on the mechanisms underlying
spoken-word recognition as evidenced by the overall strong similarities in response patterns
and factors that play a role in native and non-native spoken-word recognition in background
noise.
The presence of noise in the speech signal decreases the phonological match between
the to be recognised word and the candidate words in the native and non-native listeners’
mental lexicon. This decrease in phonological match can, e.g., be due to a masking of parts of
the speech signal by the noise or to the reallocation of acoustic cues from the background
signal to the speech signal (see e.g., Cooke, 2009). Similar to what has been observed for the
effect of imperfect sound perception on the multiple activation process in non-native
listening, the decrease in phonological match between the acoustic signal and the candidate
words results in an increase in the number of words with which the acoustic signal has a
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partial match (referred to as a many-additional-competitor scenario by Chan & Vitevitch,
2015) rather than an increase in the activation of one erroneous word (referred to as the
single-strong-competitor scenario by Chan & Vitevitch, 2015). This finding persists even
after controlling for error rate and the number of times a stimulus was presented in the
experiment, suggesting that the phonological mismatch due to a degraded speech signal
increases the competitor space in both native and non-native listening; although, it seems to
be larger for non-native listeners.
There are several possible explanations, which are not necessarily mutually exclusive,
for the observed differential effect of the presence of background noise on native and nonnative listeners, and the difference in magnitude of the effect of the different factors
influencing native and non-native spoken-word recognition in the presence of background
noise. It is likely that the native speech perception system is relatively more robust against the
presence of background noise due to native listeners’ better ability to use low-level and highlevel contextual information to compensate for a loss of information at the sound processing
levels during speech recognition (see e.g., Bradlow & Alexander, 2007; Cutler, Garcia
Lecumberri, & Cooke, 2008) compared to non-native listeners. Secondly, non-native listeners
have been shown to activate a larger number of spurious word candidates than native listeners
(e.g., Cutler et al., 2006; Spivey & Marian, 1999; Weber & Cutler, 2004). Using a visualworld eye-tracking paradigm these studies showed that due to inaccurate sound perception,
non-native listeners not only look at the picture of the target word but also to distractor
pictures of words with sounds that are confusable for the non-native listener (e.g., /ɛ/-/ æ/ for
the Dutch non-native listeners of English in Weber & Cutler, 2004 or /l/-/r/ for the Japanese
non-native listeners of English in Cutler et al., 2006), while native listeners were not found to
look at those distractor pictures. A third possible explanation for the larger effect of noise
during non-native listening could be that the competition process is less efficient and slower
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in suppressing these spurious, incorrect word candidates. For instance, due to non-native
listeners simply being less certain in the different processes underlying the spoken-word
recognition chain under all condition (not just noisy ones) and this uncertainty could be
exacerbated by noise more for the non-native listeners than the native listeners. For instance,
an increased uncertainty due to a decreased phonological match or a delay in resolving the
competition might lead to an increase in the number of activated word candidates resulting in
a less efficient competition phase. This explanation would be in agreement with the
accumulating evidence that noise has a deteriorating effect on all speech processing levels
during non-native listeners (see e.g., Bradlow & Alexander, 2007). All these explanations,
though, suggest that the observed difference between native and non-native listeners in our
study should then not be primarily attributed to differences in the effect of noise on spokenword recognition, but rather that it is primarily caused by a basic difference between native
and non-native listening. This conclusion ties in with findings for bilingual listeners: Early
bilinguals with near-native proficiency perform equally well as monolingual listeners in quiet
but they suffer more than monolingual listeners from the presence of background noise (e.g.,
Krizman, Bradlow, Lam, & Kraus, 2016; Shi, 2010), due to improved language-dependent
processes for native listeners compared to non-native listeners (Krizman et al., 2016). It is
likely this finding extends to late bilinguals and non-native listeners.

4.2

The effect of listeners’ cognitive and linguistic abilities on (non-)native speech
recognition in the presence of background noise

We observed differences within the group of non-native listeners regarding the effect of
masking on word recognition accuracy which seem to be related to individuals’ proficiency in
English and, to a lesser extent, their inhibition ability. As expected, non-native Dutch listeners
who had a higher proficiency in English made fewer recognition errors. There is considerable
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evidence showing the importance of proficiency in the non-native language for successful
non-native spoken-word recognition. These studies however typically use group comparisons
in which low and high proficient and/or native listener performances are compared (see, e.g.,
Brouwer et al., 2012; Mayo et al., 1997). As far as we are aware, our study is only the second
study (Kilman et al., 2014, being the first) which investigated individuals’ proficiency in a
non-native language on the effect of background noise. Our results are in line with those of
Kilman and colleagues (2014), (again) showing the importance of listener’s proficiency in the
non-native language on successful non-native spoken-word recognition. We agree with
Kilman and colleagues that future investigations into the effect of background noise on nonnative listening should thus always include objectively measured individuals’ non-native
proficiency levels. Proficiency in the non-native language however did not explain any
variation related to the accuracy of spoken-word recognition in the presence of background
noise (as shown by a lack of an interaction between proficiency and SNR or the position of
the noise masker).
We hypothesised listeners with poorer inhibition abilities to be worse at inhibiting
active candidate words during the competition process than listeners who are better inhibitors,
resulting in poorer performance in speech perception in noise for poorer inhibitors in
comparison to better inhibitors who will be faster in reducing their competitor space. This is
not what we found. We found no effect of inhibition abilities on native spoken-word
recognition in noise. For the non-native listeners, our results showed that when word-initial
information was masked, listeners with poorer selective attention were found to have higher
word recognition accuracies than listeners with better selective attention abilities. A possible
explanation might be as follows. Inhibition builds up over time (Ridderinkhof, 2002, Van den
Wildenberg et al., 2010). Possibly, as hypothesised, listeners who are poorer inhibitors need
more time to remove competitors from the active set of candidate words compared to better
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inhibitors. Poorer inhibitors thus have a larger competitor set than better inhibitors. This
might actually be beneficial when listening in degraded listening conditions. If the onset of a
word is less reliably available, for instance due to the presence of background noise, better
inhibitors might already have filtered the target word from their competitor space, while
poorer inhibitors, who keep their options open for a longer period of time, might still have the
target word in their competitor space. This allows poorer inhibitors to compare the later
(intact) incoming input with the activated candidate words, including the target word,
increasing their chance of recognising the target word. This reasoning also explains the lack
of an effect of inhibition abilities for the native listeners. The analysis of the competitor space
of native listeners versus non-native listeners indicated that native listeners have a smaller
competitor space than non-native listeners. In line with the earlier argument explaining the
difference in the effect of masking of word-initial information, possibly the correct word has
already dropped out of the smaller competitor space of the native listeners. Consequently, it is
less likely to find an effect of inhibition control on native word recognition performance as
the correct word has already disappeared from the competitor space. Our finding ties in with
that of Banks and colleagues (2015), who investigated the role of inhibition on the adaptation
to accented speech in the presence of background noise by native listeners. Although they
found an effect of inhibition abilities on adaptation this effect could not be linked to speech
recognition in noise. In short, individuals are differently impacted by the presence of noise as
observed through the role of inhibitory abilities for the non-native listeners on speech
recognition in noise. This will have its implications for estimating the listening capacities of
second language learners but also for the interpretation of the results of audiological tests
when taken in a non-native language.
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4.3

The role of lexical information on (non-)native speech recognition in the presence of
background noise

The noise manipulation of the stimuli that was used in this study allows us to analyse the
results in terms of the importance of word-initial and word-final information for native and
non-native spoken-word recognition in the presence of background noise. In line with
previous studies (e.g., Allopenna et al., 1998, Coumans, van Hout, & Scharenborg, 2014;
McQueen & Huettig, 2012; Scharenborg, Coumans, Kakouros, & van Hout, 2016;
Slowiaczek et al., 1987; van der Vlugt & Nooteboom, 1986), word-initial information seems
to be more important for successful word recognition than word-final information. The results
showed that the masking of word-initial information was more detrimental to spoken-word
recognition than the masking of word-final information, leading to lower word recognition
accuracies and higher numbers of different erroneous answers. This finding cannot be
explained by a difference in the number of neighbours (words with a higher neighbourhood
density are typically recognised slower and less accurate than words with a less dense
neighbourhood, Luce & Pisoni, 1998) as the words with word-initial masking and those with
word-final masking had on average a similar number of neighbours. Nor can this difference
be explained by differences in the number of word-initial or word-final competitors for the
stimulus words: potentially, if the word-initially masked words had on average more wordfinal competitors than the word-finally masked words had word-initial competitors, then
masking the word-initial information would leave more possibilities for making an error than
when word-final information is masked. However, the number of word-initial and word-final
competitors for the stimuli in our experiment was highly similar. This explanation is therefore
unlikely. The decreased intelligibility of word-initial information due to the presence of noise
seems to result in the activation of more candidate words than when word-final information is
less intelligible. This suggests that word-initial information is more important than word-final
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information in restricting the number of activated lexical candidates or word-initial
information is weighted more heavily than word-final information during the later stages of
spoken-word recognition in degraded listening conditions. This is in agreement with
phonological theory and findings from phonetic studies. Van Son and Pols (2003) showed
using a large corpus of Dutch speech that word onsets are more clearly articulated and that
word-initial segments have a higher “segmental information content”, i.e., they contribute
more to word-disambiguation than segments later in the word. Segments later in the word are
more often reduced and carry less segmental information content, these segments are often
redundant and are not needed for word recognition. Moreover, according to phonological
theory, the ‘sonority profile’ states that the sonority of the syllable increases from the start of
the syllable onwards (Clements, 1990; Gussenhoven & Jacobs, 2011). Consequently the onset
of syllables is maximally salient. Gussenhoven and Jacobs (2011) argue that the prominence
of the onset of syllables (or words) attracts the attention of the listener probably for perceptual
ease. Although we did not pit word-initial and word-final information directly against one
another using a visual-world eye-tracking paradigm, our results did show a change in the
dynamics of the multiple activation and competition processes. Our results show a decrease in
word recognition accuracy and, importantly, a clear increase in the number of different
erroneous answers when listening conditions deteriorate compared to the clean condition. So,
not only do we observe an increase in the number of onset competitors (in line with BenDavid et al., 2010), we also observed an increase in the number of offset competitors (in line
with the older listeners in Ben-David et al., 2010; Brouwer & Bradlow, in press; McQueen &
Huettig, 2012). The presence of background noise thus not only seems to increase the
activation levels of competitor word candidates, it also increases the number of candidate
words.
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Although the native listeners outperformed the non-native listeners in all listening
conditions, the size of the detrimental effect of the masking of word-initial information was
found to be larger for the native English listeners than for the non-native Dutch listeners: the
difference between the onset and offset masking conditions increased more with deteriorating
listening conditions for the English native listeners than for the Dutch non-native listener
group. In line with the reasoning above, possibly, non-native listeners keep more candidate
words that match with either the word’s onset or its offset alive than native listeners do when
noise is present in the background. As the correct word might still be kept active and thus can
still be retrieved at a later point in time, the effect of noise on word-initial information,
although worse than the effect of noise on word-final information, does not further deteriorate
during non-native listening.
The number of different erroneous answers was modulated by word frequency in both
native and non-native listening: a higher word frequency led to significantly fewer different
misperceptions, and thus words with higher frequencies were easier to recognise than words
with lower word frequencies. This finding adds to ample evidence that word frequency plays
an important role in native spoken word recognition in clean listening conditions (e.g.,
Marslen-Wilson, 1987; Luce & Pisoni, 1998) and in degraded listening conditions (Luce,
1986; Goldinger, Luce, & Pisoni, 1989). The role of word frequency has been found to be
smaller in non-native listening compared to that in native listening (Bradlow & Pisoni, 1999;
Imai, Walley, & Flege, 2005). Our results, however, show that the role of word frequency in
non-native listening is similar to that in native listening. These differences might however be
due to differences in the range of word frequencies and selection of the materials used in our
study compared to the other studies.
There is however a differential effect of word frequency on the recognition of words
with onset-masking versus words with offset-masking. When word-initial information is less
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reliably available due to the presence of noise, listeners are less able to use word frequency to
reduce the number of activated candidate words during spoken-word recognition, suggesting
that word-frequency information is (more strongly) tied to word onset. This finding ties in
with theories on the locus of word frequency in speech processing. Dahan and colleagues
(Dahan, Magnuson, & Tanenhaus, 2001) found, using a visual-world eye-tracking paradigm,
that listeners were faster to fixate a picture of a high-frequency word than a picture of word
with an identical onset but with a lower frequency. They concluded that word frequency has
its effect right at the earliest moments of lexical access. Word onset thus not only contains a
lot of information, it is also highly important for word frequency to affect lexical activation. If
word-initial information is masked, word frequency information is not readily available to the
spoken-word recognition process, which will slow down the winnowing of the competitor set.
Our results seem to suggest that if word-initial information is not reliably available, the word
frequency information can no longer be (properly) used as an information source to guide
lexical access and restrict the number of activated candidate words. This is the case for both
native and non-native listeners.

4.4

Concluding remarks

Taking all results together, a clear picture emerges of the effect of the presence of background
noise on native and non-native spoken-word recognition. The presence of noise in the speech
signal seems to result in a change in the dynamics of the multiple activation and the
competition and recognition processes underlying spoken-word recognition. This noise effect
seems to be fundamentally similar for native and non-native listeners (and probably also
early-bilinguals and late-bilinguals, see e.g., Krizman et al., 2016), the difference being one of
degree: the observed lower performance of non-native listeners compared to native listeners is
caused by a difference in magnitude of the effect of the different factors influencing native
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and non-native spoken-word recognition in the presence of background noise. In addition to
an effect of background noise on the multiple activation process, background noise also has
an effect on the competition process. Listeners are able to flexibly adjust their reliance on
word-initial and word-final information when a change in listening conditions demands it. So
the extent to which candidate words are considered for recognition is dependent on the
listening conditions. This finding adds to earlier, similar findings by, e.g., Brouwer, Mitterer,
& Huettig (2011), Farris-Trimble, McMurray, Cigrand, & Tomblin (2014), and McQueen &
Huettig (2012). These flexible adaptations to the processes underlying spoken-word
recognition enable native and non-native listeners to partially overcome the degrading effect
of background noise at various levels of the spoken-word recognition process.
It is expected that current (computational) models of spoken-word recognition (such
as Cohort (Marslen-Wilson & Tyler, 1980), TRACE (McClelland & Elman, 1986), Shortlist
(Norris, 1994), and Fine-Tracker (Scharenborg, 2010)) are able to model the reduced
phonological matching due to the presence of noise. The effect of background noise on the
competition process could be modelled by a slowing down of the build-up of the word
activations of the candidate words considered for recognition over time, and a less strict
elimination process for the removal of candidate words from the set of activated words (e.g.,
by a less strict mismatch parameter as in Shortlist). Follow-up visual-world eye-tracking
experiments and computational modelling studies can shed light onto the question what the
mechanisms are underlying the enhanced phonological competition, e.g., whether the
observed enhanced phonological competition can be explained by a slowing down of the
build-up of word activation over time, a less efficient elimination of candidate words that no
longer have a good enough fit with the speech signal or that other mechanisms are at play.
To summarise, native listeners outperformed non-native listeners in all listening
conditions. Nevertheless, the effect of background noise on the multiple activation process is
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remarkably similar in native and non-native listening. The presence of noise reduces the
phonological match between the input and the stored candidate words and consequently
increases the set of candidate words considered for recognition during spoken-word
recognition in both native and non-native listening. The results indicate that the observed
performance differences between the English and Dutch listeners should not be primarily
attributed to a differential effect of noise, but rather to the difference between native and nonnative listening. Possibly, during non-native listening not only more candidate words are
activated compared to native listening, but also non-native listeners might have more
difficulty eliminating possible word candidates early during the recognition process.
Proficiency and inhibition ability have been found to influence non-native spoken-word
recognition in noise with a higher proficiency in the non-native language and worse inhibition
ability leading to improved non-native spoken-word recognition in noise.
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Table 1. Word recognition accuracies for the two listener groups in clean and in the three
SNR condition. Range indicates the worst and best individual’s scores.
Clean
Mean

Range

(SD)
Native

99.3

listeners

(8.2)

Non-native

92.2

listeners

94.0-100.0

SNR 0
Mean

Range

(26.8)

Mean

(SD)

(SD)

95.7 81.5-100.0

87.8

(20.2)
75.9-98.8

SNR -6
Range

(36.8)

74.1

Mean

Range

(SD)
64.3-100.0

(32.7)

83.8 64.3-100.0

SNR -12

79.9 63.0-96.4
(40.1)

48.1-96.4

(43.8)

63.5 37.0-82.1
(48.2)

Table 2. Fixed effect estimates for the best-fitting models of performance for the native
English (on the intercept) and non-native Dutch listeners on the stimuli presented in noise, n =
9211 observations.
Β

SE

P

Intercept

2.665

.206

< .001

Position of Noise

-1.219

.155

< .001

SNR 0 dB

2.149

.275

< .001

SNR -6 dB

.826

.195

< .001

Language

-1.448

.154

< .001

Position of Noise × SNR 0 dB

.455

.209

.029

Position of Noise × SNR -6 dB

.275

.169

.104

Position of Noise × Language

.389

.144

.007

SNR 0 dB × Language

-.734

.201

< .001

SNR -6 dB × Language

-.167

.161

.300

Fixed factor
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Table 3. Frequency counts of the number of different responses for all distinct stimuli (83)
in all six Position of Noise by SNR conditions for the native English and the non-native
Dutch listeners.
#different

Native English

Non-native Dutch

0

326

197

1

116

146

2

30

79

3

16

39

4

7

15

5

1

15

6

2

3

8

0

2

10

0

2

erroneous answers

Table 4. Fixed effect estimates for the best-fitting model of performance for the analysis of
the number of different answers for the English and Dutch listeners, with error rate and the
number of times the stimulus was presented as covariates, n = 996 observations.
Β

SE

p

-1.884

.184

< .001

.342

.126

.007

SNR 0 dB

-1.017

.157

< .001

SNR -6 dB

-.274

.133

.040

Error Rate

2.924

.293

< .001

Language

.623

.132

< .001

Fixed factor
Intercept
Position of Noise
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Word Frequency

-.390

.127

.002

Times Presented

.067

.012

< .001

Error Rate × Position of Noise

-.557

.268

.038

Error Rate × SNR 0 dB

1.280

.299

< .001

Error Rate × SNR -6 dB

.246

.227

.278

Error Rate × Word Frequency

.554

.191

.004

Error Rate × Language

.763

.216

< .001

Position of Noise × Word Frequency

.315

.127

.013

Table 5. Fixed effect estimates for the best-fitting model of performance for the individual
differences analysis of the non-native listeners, n = 4812 observations.
β

SE

P

Intercept

1.165

.179

< .001

Position of Noise

-.728

.113

< .001

SNR 0 dB

1.790

.196

< .001

SNR -6 dB

.851

.125

< .001

Flanker Cost

-.009

.074

.904

LexTale

.194

.066

.004

Position of Noise × Flanker Cost

.170

.082

.037

Fixed factor
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Triplet

Feather

Figure 1. Noise-masking procedure and division of the stimuli over the lists.
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a

-12

b

-6

0

clean

-12

-6

0

clean

Onset-masking
Offset-masking


Clean

Figure 2. Proportion of correct responses for the SNR conditions and the clean condition, for
the two masking conditions separately. Figure 2a shows the native English results; Figure 2b
shows the Dutch non-native results.
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a

b

Figure 3. The number of different erroneous responses for the SNR conditions and the
clean condition plotted for the onset- and offset-masking separately. Figure 3a: native
English data. Figure 3b: non-native Dutch data. Error bars indicate one standard error
above and one standard error below the mean.
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9

6

Native
Non-native

3

0

.01-.20

.20-.40

.40-.60

.60-.80

.80-1.00

Figure 4. Bar plot of the relation between error rate and the number of different responses
by the native listeners (grey bars) and the non-native listeners (yellow bars). Error bars
indicate one standard error above and one standard error below the mean. The bins
represent proportions error rate.
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.85
Offset
Onset

.80

.75

-2

-1

0
(Scaled) Flanker score

1

2

Figure 5. Interaction between (scaled) Flanker and Position of Noise for the non-native
listeners. The solid line indicates the offset-masking condition; the red dashed line
indicates the onset-masking condition.
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Appendix A

The target, matched-onset-word, and matched-offset-word sets used in this study, with their
word frequencies. The columns #ph overlap denote the number of phonemes overlapping
between the competitor and head-word.
Head-word

Matched-onset-word

Matched-offset-word

Word

Word

#ph

Word

#ph

freq

freq

overlap

freq

overlap

Letter

2166

lettuce

115

3

sweater

196

4

Weather

1185

weapon

431

2

feather

99

4

measure

872

melon

38

2

treasure

186

4

Dollar

263

dolphin

24

3

collar

327

4

pardon

148

party

6669

2

garden

1998

3

Pillow

247

pillar

171

3

willow

65

3

soccer

67

socket

87

3

locker

90

4

Bunny

19

bucket

237

2

money

7226

3

Pickle

46

picture

1905

3

nickel

37

3

Carrot

45

carriage

231

3

parrot

45

4

Poster

105

postman

42

4

toaster

11

5

Casket

35

castle

424

3

basket

320

5

Paddle

31

padlock

24

3

saddle

160

3

Beaker

21

beetle

84

2

speaker

308

4

Sandal

19

sandwich 191

3

candle

140

4

Life

13180

line

3920

2

knife

663

2

Lane

635

lake

718

2

chain

585

2

55
Nose

1307

note

1479

2

rose

1356

2

dog

1285

doll

312

2

frog

74

2

Shape

1204

shade

415

2

cape

278

2

gun

1138

gum

92

2

sun

2689

2

Bag

1122

bat

183

2

flag

356

2

Bridge

1034

brick

498

3

fridge

70

3

store

1015

storm

502

3

door

5891

2

Boat

1000

bone

478

2

coat

936

2

Plane

815

plate

656

3

crane

39

2

Cat

739

cap

489

2

rat

156

2

Wing

585

wind

1945

2

ring

1188

2

Shell

518

shed

399

2

bell

507

2

cave

491

cake

383

2

wave

811

2

Grain

466

grail

24

3

brain

1214

3

Rail

413

rain

1279

2

tail

571

2

Ghost

351

goat

209

2

coast

861

3

Seal

216

seat

1396

2

wheel

514

2

Throne

175

throat

770

3

stone

1542

2

Horn

166

horse

1518

2

corn

445

2

Robe

156

road

3791

2

globe

184

2

Clown

58

cloud

560

3

down

21923

2

Clip

57

cliff

264

3

ship

793

2

Peach

47

peak

412

2

beach

1060

2

Snail

46

snake

263

3

whale

104

2

56
Yarn

24

yard

637

2

barn

186

2

Moose

14

moon

951

2

goose

107

2
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Appendix B

Table A. Random effects structure of the best-fitting models of performance for the native
English (on the intercept) and non-native Dutch listeners on the stimuli presented in noise, n =
9211 observations.
Random factor

SD

Stimulus (intercept)

1.650

Stimulus × SNR 0 dB

1.376

Stimulus × SNR -6 dB

.750

Subject (intercept)

.400

Table B. Random effects structure for the best-fitting models of performance for the
analysis of the number of different answers for the English and Dutch listeners, with error
rate and the number of times the stimulus was presented as covariates, n = 996
observations.
Random factor

SD

Stimulus (intercept)

.034

Stimulus × Language

.077

Table C. Random effects structure for the best-fitting models of performance for the
individual differences analysis of the non-native listeners, n = 4812 observations.
Random factor

SD

Stimulus (intercept)

1.639

Stimulus × SNR 0 dB

1.429

Stimulus × SNR -6 dB

.668
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Stimulus × LexTale

.203

Subject (intercept)

.339

