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Abstract:

The present study examines whether individual differences in second language (L2) learners’ perceptual cue
weighting strategies reflect systematic abilities. We tested whether cue weights indicate proficiency in percep-
tion using a naturalistic discrimination task as well as whether cue weights are related across contrasts for
individual learners. Twenty-four native Korean learners of English completed a two-alternative forced choice
identification task on /1/-/i/ and /¢/-/a/ contrasts varying orthogonally in formant frequency and duration
to determine their perceptual cue weights. They also completed a two-talker AX discrimination task on nat-
ural productions of the same vowels. In the cue-weighting task, we found that individual L2 learners varied
greatly in the extent to which they relied on particular phonetic cues. However, individual learners’ perceptual
weighting strategies were consistent across contrasts. We also found that more native-like performance on this
task — reliance on spectral differences over duration — was related to better recognition of naturally produced
vowels in the discrimination task. Therefore, the present study confirms earlier reports that learners vary in
the extent to which they rely on particular phonetic cues. Additionally, our results demonstrate that these in-
dividual differences reflect systematic cue use across contrasts as well as the ability to discriminate naturally
produced stimuli.
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1 Introduction

It is well known that second language (L2) learners have difficulties perceiving speech sound contrasts not
present in their native language. Some documented difficulties include the English /1/-/1/ contrast for
Japanese learners (Aoyama et al. 2004; Iverson et al. 2003) and the English /1/-/i/ contrast for Spanish (Es-
cudero 2000; 2005; Morrison 2008) and Korean learners (Flege et al. 1997; Tsukada et al. 2005). This may be
related to the observation that native listeners categorize speech sounds using multiple acoustic cues but that,
for any given contrast, they pay more attention to certain cues over others; this is referred to as perceptual cue
weighting (Dorman et al. 1977; Holt and Lotto 2006). Developmental studies of speech perception showed that
native listeners learn relevant cue weighting strategies as they gain more native language experience (Nittrouer
and Miller 1997). For example, English listeners attend to both formant frequency and vowel duration when
categorizing vowel contrasts but they attend more to the former than the latter (Escudero 2000; 2005; Francis et
al. 2008; Hillenbrand et al. 2000).

When acquiring a new contrast, part of the challenge for L2 learners is determining which cue should be
weighted most strongly. Indeed, previous research has shown that perceptual difficulties like those identified
above might be attributable to learners’ paying attention to less relevant acoustic-phonetic information present
in these speech sounds. For example, it has been reported that Japanese learners of English rely on second
formant (F2) frequencies instead of relevant third formant (F3) frequencies to distinguish English /1/ and /1/
(Iverson et al. 2003). Similarly, Spanish, Mandarin, and Korean learners of English attend to duration differences
rather than spectral differences for English front vowel categorization (Flege et al. 1997). These difficulties ob-
served in the use of phonetic cues by learners from different L2 backgrounds are likely to be overcome by
successful learning of the relevant cue weights in the course of acquisition (Escudero et al. 2011; Iverson et
al. 2005; Kondaurova and Francis 2010). However, research that has probed this issue has generally reported
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the challenges that learners experience at a group level while individual-level difficulties are less well studied.
The overarching goal of the present study is to investigate L2 cue weighting strategies in terms of successful
learning of non-native speech sound contrasts at an individual level.

It has been observed that native listeners exhibit a large amount of individual variability in cue weighting
and that overall group patterns tend to mask important differences across individuals (e.g., Idemaru et al. 2012;
Kong and Edwards 2011; Shultz et al. 2012). Individual differences in cue weights are especially evident, how-
ever, in L2 speech perception (Kong and Edwards 2015; Schertz et al. 2015; Wanrooij et al. 2013). For example,
Schertz et al. (2015) found that some Korean learners distinguish English stop categories primarily by VOT
while others use primarily f0. Furthermore, individual differences in cue weights are stable over time for both
L1 and L2 listeners (Idemaru et al. 2012; Schertz et al. 2015). However, little is known about whether individual
differences in cue weighting strategies are related across speech sound contrasts.

Moreover, there is a lack of evidence on whether individual differences in L2 cue weights are directly related
to success in perceiving L2 contrasts. A number of studies have found some evidence that individual differences
in sensitivity to sound contrasts predict success in L2 training studies (Chandrasekaran et al. 2010; Lengeris and
Hazan 2010; Perrachione et al. 2011) and in identification ability after naturalistic learning (Hattori and Iverson
2009).

The present study aims to expand our understanding of individual differences in L2 speech perception by
examining (1) how individual cue weights are related across two difficult front vowel contrasts for Korean learn-
ers of English: /1/-/i/ and /¢/-/2/ (Tsukada et al. 2005), and (2) whether learners’ perceptual cue weighting
strategies (attention to formant frequency vs. attention to duration) are linked to their ability to discriminate
naturally produced words. We predict that cue weights are correlated across contrasts within an individual,
that is, that learners who attend more to, for example, duration in one vowel contrast will do the same for the
other contrast. Furthermore, we predict that learners who rely more on formant frequency cues to distinguish
the vowel contrasts in a controlled cue weighting task — consistent with native listeners’ strategies (Kondaurova
and Francis 2008; 2010; Liu and Holt 2015) — will show better discrimination abilities with naturally varying
vowels than those who rely more on duration. In other words, we will test whether individual cue weighting
strategies predict degree of successful perception of L2 speech sound contrasts.

The participants in this study were part of a larger longitudinal study that included both child and adult
learners. However, the effect of age on perceptual cue weighting is not the main research question in the present
study, which focuses on individual variability rather than on group-level differences. Indeed, we do not pre-
dict that overall cue weights will differ significantly between adults and children in a controlled immersion
environment although the rate of perceptual development may, of course, differ depending on age.

2 Methods

2.1 Participants

Twenty-four native Korean learners of English, 11 adults (KA, mean = 40.3 years, range = 36—46) and 13 children
(KC, mean =9.9 years, range = 7-13), participated in an identification task and a discrimination task after slightly
over one year of immersion in Canada (mean length of residence = 14.3 months, range = 13-17). All participants
were highly-motivated learners, who had come to Canada for the purpose of learning English, and none had
lived in an English-speaking country prior to their arrival. In Canada, KA and KC learners received relatively
comparable L2 input by taking full-time English language courses in language schools (mean = 22.7 hours a
week, range = 15-40) or by attending English-medium schools (mean = 30.3 hours a week, range = 20-40),
respectively. None of the participants reported speech or hearing impairments and all participants had little or
no knowledge of second languages other than English. Ten native listeners of Canadian English (NE, mean =
23.6, range = 18-30) also participated in the experiment as controls. Participants were compensated for their
participation in the experiment.

2.2 Stimuli

There were two tasks in this study, an identification task and a discrimination task, to be discussed in Section 2.3.
Stimuli in the identification task were created by resynthesizing speech continua based on natural recordings
of the endpoints of both /bit/-/bit/ and /bet/-/bat/ contrasts produced by a male native speaker of Cana-
dian English in his 20s. Five spectral continua for each vowel contrast from bit to beat and from bet to bat were
generated by TANDEM-STRAIGHT (Kawahara et al. 2009) and were fully crossed with 5 duration steps using
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the PSOLA method in Praat (ver. 5.3.55, Boersma and Weenink 2013), creating 25 tokens for each /1/-/i/ and
/¢/-/®/ continuum, respectively. Table 1 provides the 5 steps of F1 and F2 values and the 5 steps of duration
values for each continuum.

Table 1: F1, F2, and duration values in the /1/-/i/ and /¢/-/&/ continua for the identification task.

hi-fil [el-12e/
Step F1 (Hz) F2 (Hz) Duration (ms) F1 (Hz) F2 (Hz) Duration (ms)
1 437 1,938 70 654 1,710 100
2 366 2,202 110 670 1,684 140
3 333 2,323 150 697 1,677 180
4 312 2,409 190 756 1,674 220
5 269 2,463 230 850 1,704 260

To test learners’ ability to discriminate between L2 vowel contrasts, a set of 18 minimal pairs of monosyllabic
English words (6 pairs for /1/-/i/, 6 pairs for /e/-/a/, and 6 pairs of fillers) were recorded by two female native
speakers of Canadian English in their 20s.! Only frequently used English words were selected to ensure that
they are recognizable by all participants, as shown in Table 2.

Table 2: Stimuli in the discrimination task.

nl-fil [el-1ze/ Fillers
sit-seat set-sat fool-full
dip-deep beg-bag pool-pull
chick-cheek dead-dad Luke-look
live-leave said-sad bowl-ball
chip-cheap pen-pan coat-caught
fit-feet bed-bad low-law

2.3 Procedure
2.3.1 Identification task

First, a two-alternative forced choice identification task was conducted to probe learners’ cue weighting strate-
gies. Pictures that represent the response words were used to avoid orthographic bias. Participants were in-
structed to press the left (<) or right (—) arrow on the laptop keyboard to identify the picture that corresponds
to the word they heard. Twenty-five stimuli were repeated 5 times for each contrast, trials were blocked by
contrast (i.e., 25 stimuli X 5 repetitions X 2 vowel contrasts = 250 trials), and all trials within a block were ran-
domized.

2.3.2 Discrimination task

After completing the identification task, listeners participated in a two-talker AX discrimination task to test
learners” ability to discriminate L2 vowels. In this task, participants heard natural recordings of isolated words
produced by two different talkers and judged whether they heard “same” (e.g., [bed];-[bed],) or “different”
(e.g., [bed];-[baed],) stimuli. “Same” words in each pair indicated the same lexical item produced by two differ-
ent talkers and “different” words in each pair indicated different lexical items produced by two different talkers.
The inter-stimulus interval between the two words in each pair was 1,200 ms to prevent participants from dis-
criminating the stimuli acoustically and to ensure phonological processing (Escudero et al. 2009; Werker and
Logan 1985).

Participants were informed that they would hear two words in a pair spoken by two different talkers. They
were instructed that they should click “same” on the computer screen if they heard the same word and “differ-
ent” if they heard two different words; they were told not to attend to subtle acoustic differences reflecting index-
ical properties of the two talkers. Four stimuli (2 same: [bed];-[bed],, [bed],-[bed]; and 2 different: [bed];-[baed],,
[baed],-[bed];) for each minimal pair were repeated 2 times in each block (i.e., 4 stimuli X 18 minimal pairs x
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2 repetitions = 144 trials). Participants were permitted to take a short break after the first block (i.e., 72 trials),
and all trials within a block were randomized.

3 Results

3.1 Perceptual cue weighting

To examine the extent to which each acoustic dimension (i.e., vowel formants vs. duration) contributes to learn-
ers’ vowel categorization, the participants’ responses in the identification task were first analyzed with a mixed-
effects logistic regression model, using the glmer() function from the Ime4 package (ver.1.1-11) in R (R Devel-
opment Core Team 2008). The model included fixed effects for Grour (adults vs. children), ContrAST (/1/-/1/
vs. /e/-/®/), SPECTRUM (spectral steps), and Durartion (duration steps), as well as interactions between Con-
TRAST and SpectrRUM and between Contrast and Durartion. All predictors were standardized prior to analysis
to reduce collinearity and make the intercept interpretable as an overall mean. Categorical variables, namely
Group and ConTrast, were centered (0.5 and 0.5), and continuous variables, namely Spectrum and Durarion,
were standardized by centering and dividing by 2 standard deviations. By-participant random intercepts and
random slopes for each participant were also included in the model. To measure individual differences in L2
learners’ perceptual cue weighting strategies, we built a series of separate logistic regression analyses fitted
to each learner’s vowel categorization responses to obtain individual learners’ perceptual weights () for each
acoustic dimension (Morrison 2005; Morrison and Kondaurova 2009). The beta-coefficients from the individual
models served as measures of the perceptual weights, and were used to test whether individuals’ cue weighting
strategies can predict their discrimination abilities (see Section 3.2).2

Figure 1 shows responses to each acoustic dimension for each contrast, as well as the overall responses to
spectral and duration cues averaged across the vowel contrasts in order to focus on the use of each acoustic
dimension by L2 learners. Overall, the cue weighting strategies show that the learners used both acoustic di-
mensions relatively similarly in their categorization of English vowels. However, these strategies differ from
those of native English listeners in that native listeners predominantly use spectral quality while duration has
a much weaker effect on their vowel categorization, consistent with previous studies (Kondaurova and Francis
2008; 2010; Liu and Holt 2015).
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Figure 1: Proportion of beat (solid lines) and bat (dashed lines) responses by native English listeners (NE, black) and Ko-

rean learners of English (KE, yellow) along the vowel spectral continuum (A) and vowel duration continuum (B), as well

as heatmap plots of overall responses averaged across the vowel contrasts for each combination of stimulus steps by the

native listeners (C) and the learners (D).

The results of the overall mixed-effects logistic regression model are summarized in Table 3. The results
show that both spectral (8 = 1.67, p = 0.003) and duration dimensions (8 = 1.58, p = 0.001) significantly con-
tribute to participants’ categorization responses. A corresponding model for the native listeners (Table 5 in
the Appendix) also found significant effects of both dimensions on vowel categorization, but a much stronger
influence of spectral quality than duration (8 = 8.45, p < 0.001 vs. § = 2.07, p < 0.001). There was also a signifi-
cant interaction between ContrasT and SpectruM (8 = 1.36, p = 0.01), suggesting that the L2 learners weighted

spectral quality more for /1/-/i/ than for /e/-/a/.

Table 3: Summary of fixed effects in a mixed-effects logistic regression model in the identification task by the learners.
Model coefficient estimates (8), standard errors, corresponding z-values, and p-values. Reference level is provided in

parentheses.
Predictor Estimate (pB) Std. Error z P
Intercept 0.38 0.09 3.85 <0.001
Group (KC) -0.28 0.19 -1.43 0.15
Contrast (/I/-/1/) 0.18 0.25 0.73 0.46
Spectrum 1.67 0.57 2.90 0.003
Duration 1.58 0.50 3.13 0.001
Contrast x Spectrum 1.36 0.57 2.35 0.01
Contrast x Duration 0.90 0.92 0.97 0.32
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Figure 2: Heatmap plots of overall responses averaged across the vowel contrasts of two learners with the largest re-
liance on a particular acoustic dimension (spectrum for Learner 106 and duration for Learner 107), and one learner who
weighted both dimensions relatively equally in vowel categorization (Learner 114).

Figure 2 shows the categorization responses of three L2 learners employing different strategies averaged
across the two contrasts. The plots display considerable differences in individual learners’ cue weighting strate-
gies, including the largest differences observed between cue weights for vowel quality and duration (i.e., Learn-
ers 106 and 107), as well as a learner who gave relatively equal weight to both acoustic dimensions (i.e., Learner
114). That is, to categorize the vowel contrasts, some learners weighted spectral quality to a greater degree,
while others predominantly relied on vowel duration; still others used both dimensions. Clearly, the overall
group patterns displayed in Figure 1 mask substantial individual differences in learners’ use of spectral qual-
ity and duration, much like what was observed in Schertz et al. (2015). Since native listeners rely mostly on
spectral cues, these individual cue weighting strategies are expected to lead to differential abilities in L2 vowel
discrimination, as will be discussed in Section 3.2.
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Figure 3: Correlation between individual L2 learners’ perceptual weights for spectral quality and duration (KE, filled
black). Individual learners from Figure 3 (filled red) and cue weights from NE listeners (hollow) are also plotted for refer-
ence.

Compared to the individual patterns in Figure 2, the overall cue weighting patterns shown in Figure 1
may suggest that most L2 learners use both spectral and duration cues to relatively similar degrees in vowel
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categorization in English, that is, that most learners have a profile similar to Learner 114 in Figure 2. In order to
examine whether the overall group pattern also holds true for individual learners, we performed a correlation
analysis of individual weights between spectral and duration cues. As shown in Figure 3, the analysis revealed
that there was no significant correlation between the two dimensions (r = -0.15, p = 0.29). This indicates that
most L2 learners attended to one acoustic dimension or the other, but not to both simultaneously.
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Figure 4: The relation between individual L2 learners’ perceptual weights across contrasts.

The results from individual cue weights exhibit considerable variability within individual L2 learners, indi-
cating differential cue weighting strategies at the level of the individual. To determine whether these differen-
tial cue weighting strategies for individual learners indicate consistent reliance on a particular cue, correlation
analyses were conducted to examine the relation between individual learners’ cue weights across different
contrasts.

Figure 4 shows correlations between cue weights across vowel contrasts for each of the cues. The correlation
analysis revealed that the learners’ cue weights were correlated across contrasts for both cues (Spectrum: r =
0.60, p =0.001, Duration: r =0.55, p = 0.004). That is, learners who showed greater spectral reliance on the /1/-/i/
contrast also relied more on that same cue for the /&/-/&/ contrast. The same pattern was also observed for the
duration cue. This suggests that individual learners” perceptual weighting strategies are stable across contrasts.
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Figure 5: The relation between individual L2 learners’ cue weights and discrimination abilities across contrasts.

3.2 Relation between cue weights and discrimination abilities

To examine whether individual learners’ discrimination abilities in the discrimination task are predicted by
their cue weighting strategies, linear mixed-effects models were built using the Imer() function from the lme4
package (ver.1.1-11) in R. Individual learners’ discrimination abilities were computed based on perceptual sen-
sitivity as indexed by d-prime (d), which is a measure of discrimination ability (Macmillan and Creelman 2005).
As in the previous model for perceptual cue weighting, the model included fixed effects for Grour (adults vs.
children), ContrasT (/1/-/1/ vs. /¢/-/&/), SPECTRUM (spectral weights), and Durartion (duration weights), as
well as interactions between ConTrAsT and SpectruM and between CoNTrAsT and DuraTioN. Grour and Con-
TRAST were centered, and Spectrum and Duration were standardized by centering and dividing by 2 standard
deviations to reduce collinearity and make the intercept interpretable as mean perceptual sensitivity. Random
intercepts for each participant were included in the model. Figure 5 illustrates relations between cue weights
and discrimination performance. Native English listeners performed at ceiling on the discrimination task (/1/-
/i/:97 % correct, /e/-/&/: 94.1 % correct).

The results of the linear mixed-effects model are summarized in Table 4. There was a significant effect of
Conrrast (B = 0.45, p = 0.01), suggesting that the learners’ discrimination abilities were overall better for the
/1/-/1/ contrast than the /e/-/®/ contrast. A significant effect of SpEcTruM was found (8 = 1.03, p < 0.001);
that is, learners who attended more to spectral information in categorizing vowels were more sensitive to the
phonological contrast. However, individual learners’ vowel duration weight was not correlated with discrimi-
nation performance (8 =0.13, p = 0.61), suggesting that attending to vowel duration (which is a non-primary cue
for native listeners) did not affect discrimination performance. A marginal interaction effect of ConTrasT and
SpectrRUM suggests that the learners’ spectral weight may have had a greater influence on their discrimination
performance for the /e/-/2/ contrast than for the /1/-/i/ contrast (8 =—0.62, p = 0.08), but this effect may have
been due to a few exceptional learners.

Table 4: Summary of fixed effects in a linear mixed-effects regression model in the discrimination task. Model coefficient
estimates (), standard errors, corresponding t-values, and p-values. Reference level is provided in parentheses.

Predictor Estimate (B) Std. Error t P
Intercept 2.38 0.20 11.64 <0.001
Group (KC) 0.16 0.42 0.39 0.69
Contrast (/I/-/1i/) 0.45 0.16 2.83 0.01
Spectrum 1.03 0.28 3.61 <0.001
Duration 0.13 0.27 0.50 0.61
Contrast x Spectrum -0.62 0.34 -1.82 0.08
Contrast x Duration -0.17 0.33 -0.52 0.60
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4 Discussion and conclusion

As has previously been observed, our group analyses masked a large amount of individual variability in learn-
ers’ use of phonetic cues in L2 speech perception. Although there were no group-level differences between adult
and child learners in their overall cue weights, individual learners’ cue weighting strategies varied considerably
such that some learners, both adults and children, used spectral differences to distinguish the vowel contrasts
while others used duration differences. The magnitude of cue weights also differed substantially across L2
learners. However, individual learners” use of spectral and duration differences as cues to the vowel contrasts
were systematic in two ways.

First, cue weights were correlated across contrasts. Our results showed that learners who weighted spectral
differences for one vowel contrast tended to rely more on spectral differences for the other vowel contrast. The
same pattern also held true for the duration dimension. These findings extend results from previous studies
which observed that individual cue weights are stable over testing sessions in native listeners (Idemaru et al.
2012) and in L2 learners (Schertz et al. 2015) to show that cue weights are also stable across contrasts.

The second type of systematic variability we observed was the correlation between cue weights and per-
formance on the natural vowel discrimination task at an individual level. In other words, more native-like
performance in the cue weighting task, namely the use of spectral differences over duration, was associated
with better recognition of naturally produced vowels. In contrast, duration cue weight, which is not a primary
cue to the English vowel contrasts, did not predict learners’ discrimination performance. This means that the
ability to attend to phonetic dimensions in general does not improve discrimination. Rather, only increased
attention to the relevant acoustic dimensions of a phonological contrast entails better discrimination. Surpris-
ingly, however, a few individuals achieved good discrimination without having strong cue weights for either
dimension. Either these individuals were able to make use of some other source of information not captured
by the two dimensions manipulated in the cue weighting task, or their performance in the cue weighting task
did not adequately reflect their abilities to use the cues we varied.

Remarkably, most L2 learners in the present study attended to one acoustic dimension or the other, but
not to both simultaneously. This mirrors the patterns observed by Schertz et al. (2015) for Korean learners of
the English stop voicing contrast and by Escudero (2000), Morrison (2008) for Spanish learners of the English
/1/-/1/ contrast. This might suggest that L2 learners differ from native listeners in terms of patterns of multiple
cue use. That is, most L2 learners in this study did not exhibit the combined use of cues, which is commonly
described for native listeners (e.g., Coleman 2003; Hillenbrand et al. 2000; Lisker 1986). Note, however, that
there is relatively little evidence as to whether or not all native listeners use multiple cues for a given contrast.
There is some evidence that for the English voicing contrast, only a subset of native listeners use both cues (VOT
and f0) while all use the primary cue (VOT) (Kong and Edwards 2011; Llanos et al. 2013). Llanos et al. (2013)
also found that all L2 learners used the primary cue while the present study and Schertz et al. (2015) found that
many did not. More research is required to explore the effects of using a single cue or multiple cues and their
roles in speech perception at the level of the individual.

The findings of this study indicate the importance of learning relevant cue weighting strategies in L2 speech
perception. In other words, our results suggest that successful learning of the relevant acoustic dimension for
target categories predicts L2 learners’ abilities to perceive naturally produced contrasts, in line with Hattori
and Iverson (2009). However, the current study also opens up possibilities for further research on the source of
individual differences in L2 learners’ perceptual abilities. Notably, this study controlled many factors that have
previously been found to correlate with individual variability in L2 speech perception including motivation,
amount of input, and length of residence in an L2-speaking environment (see Piske et al. 2001). Future work
should consider how cognitive and social factors interact with linguistic factors in individual differences in L2
speech perception.

In conclusion, the present findings confirm earlier reports that individual L2 learners vary greatly in the
extent to which they rely on particular acoustic-phonetic cues in the perception of L2 sound contrasts (Kong and
Edwards 2015; Schertz et al. 2015; 2016). However, we further demonstrated that these individual differences
are not random. Instead, they are systematically associated with how well L2 learners discriminate contrasts
and reveal that successful learners use a stable cue weighting strategy across contrasts.
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Appendix

Table 5: Summary of fixed effects in a mixed-effects logistic regression model in the identification task by the native lis-
teners. Model coefficient estimates (), standard errors, corresponding z-values, and p-values. Reference level is provided
in parentheses.

Predictor Estimate (pB) Std. Error z P
Intercept -0.56 0.29 -1.91 0.05
Contrast (/I/-/1i/) -1.35 0.65 -2.05 0.04
Spectrum 8.45 0.71 11.79 <0.001
Duration 2.07 0.17 12.11 <0.001
Contrast x Spectrum 3.18 1.53 2.07 0.03
Contrast x Duration 0.064 0.34 1.87 0.06

Notes

! An anonymous reviewer pointed out that /#/ is raised and sometimes diphthongized as a result of a sound change in some North
American dialects of English. The raising and fronting of /&/ are particularly associated with the Northern Cities Shift, but Canada is the
region with the least raising of /&/ (Labov et al. 2006). The two speakers who recorded the stimuli in the discrimination task are from
Eastern Canadian regions and their /a2/ was not raised or diphthongized.

2There were a few participants who showed negative values for cue weights. However, the present study used the magnitude of cue
weights, rather than the direction, to assess the weight of a particular acoustic dimension that contributes to L2 learners’ vowel categoriza-
tion.
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