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This study investigates cue-weighting differences in intonation perception between tonal and non-tonal languages,

specifically focusing on how native Spanish listeners and Mandarin learners of Spanish identify intonation cate-

gories using changes in multiple acoustic dimensions. Employing a relatively continuous response scale, we ana-

lyzed listener performance in two perceptual tests, in which stimuli were generated by manipulating the

suprasegmental cues in sentence-final positions. The results of data analyses indicate that while f0 and duration

cues are significant for intonation categorization in both Spanish and Mandarin listeners, intensity appears to be a

redundant cue that exerts limited effect only on native Spanish listeners. Contrary to the general claim of a tonal

language benefit in pitch perception, our two language groups showed similar sensitivities to f0 linear transitions

perceived as sentence intonation. Moreover, Spanish natives used higher f0 contours for question recognition

compared to Mandarin learners and relied more heavily on secondary cues in their auditory judgments. The study

also demonstrates that perceptual weighting varies across acoustic conditions and stress patterns, suggesting that

the dynamic mapping between acoustics and intonation is shaped by language background as well as specific

acoustic and word-level suprasegmental contexts.

� 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Speech categories typically are defined along multiple
acoustic dimensions, with continuous values along each
dimension serving as cues for identifying abstract linguistic
representations (Lisker, 1986; Holt & Lotto, 2006). Despite
multiple cues available in listeners’ estimation of category
identity, their perceptual weighting is not equivalent (Holt
et al., 2018). For example, fundamental frequency (f0) often
emerges as a primary cue for recognizing prosodic contrasts
across various languages, while duration and intensity are rel-
egated to a secondary status (Fry, 1955; Ma et al., 2008; Peng
et al., 2012). However, the extent to which duration and inten-
sity cues play a “secondary” role in intonation recognition, and
how they are integrated into the overall perceptual process
remain inadequately understood. The highly redundant nature
of speech signals (Carter, 2011) further amplifies this complex-
ity and raises an important question: Do listeners truly rely on
secondary cues for accurate perception when primary cues,
such as f0, which are highly correlated with intonation, are
already present in speech? Addressing this question is crucial
to understanding how listeners prioritize and integrate multiple
cues in intonation perception.

Perceptual weights are a function of the long-term statistics
of linguistic input (Holt et al., 2018). Hence, listeners from dif-
ferent language backgrounds tend to develop distinct cue-
weighting patterns for perceiving prosodic categories such as
stress, tone, and intonation (Feng et al., 2019; Tremblay
et al., 2021; Wiener, 2017). Moreover, the cue-weighting trans-
fer hypothesis posits that the use of auditory cues can transfer
from the first (L1) to the second language (L2) (Kim &
Tremblay, 2020; Tremblay et al., 2018, 2021), even across dif-
ferent types of linguistic contrasts (Kim & Tremblay, 2021,
2022; Qin et al., 2017). According to this hypothesis, tonal lan-
guage listeners, known for their acute sensitivity to f0 direction
changes in tones (Deroche et al., 2019; Hallé et al., 2004; Xu
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et al., 2006), should exhibit enhanced perception of f0 cues in
all pitch-related events, including sentence intonation, com-
pared to their non-tonal language counterparts. However,
empirical evidence from neurobehavioral studies have yielded
diverse outcomes, challenging this prediction. Determining
whether and in what specific conditions tonal language listen-
ers transfer their L1 perceptual strategies to L2 thus is a pivotal
question in the study of mechanisms underlying cross-
linguistic perception.

Additionally, extensive research indicates that listeners’ per-
ceptual weights can flexibly vary based on cue trade-off rela-
tions in dynamic acoustic environments (Kuang & Cui, 2018,
Repp, 1982). Yet, fewer studies have explored how word-
level suprasegmental elements impact the perception of
sentence-level prosodic categories that share similar acoustic
cues (e.g., Liu et al., 2022; Yuan, 2006, 2011; Ortega-Llebaria
et al., 2019). In Mandarin, for instance, the presence of over-
lapping acoustic coding space between question intonation
and the final Tone2 has been found to reduce the accuracy
of intonation perception (Yuan, 2006). A parallel situation is
hypothesized in Spanish, where stress and intonation are
encoded using identical suprasegmental cues (f0, duration,
and intensity) (Ortega-Llebaria & Prieto, 2011), whereas such
cues are often rendered secondary or even redundant in Eng-
lish stress, due to the high functional weight of vowel reduction
(Chrabaszcz, Winn, Lin, & Idsardi, 2014). Based on these
insights, our study focuses on examining how native Spanish
listeners and Mandarin learners of Spanish perceive intonation
contrasts under diverse acoustic and stress conditions, seek-
ing to elucidate the auditory mapping between acoustic details
and intonation categories, and to enhance current understand-
ing of the cue-weighting differences between tonal and non-
tonal languages.
1.1. Multiple cue weighting in L1 and L2 intonation perception

Question-statement contrast can be encoded by several
resources, other than intonation contour. In Peninsular Span-
ish, information-seeking yes/no questions differ from broad
focus statements typically in word order: the former follow a
verb-subject-object order, whereas the latter follow a subject-
verb-object order (Haverkate, 2006).1 In Mandarin Chinese, a
key characteristic of yes/no question is the presence of the
modal particle ma (Yuan, 2011). However, although syntactic
and lexical mechanisms encode sentence types, intonation
alone can achieve the same effect in both languages. Questions
that differ from statements only in prosodic contours are known
as “intonation questions,” which are the focus of this study. Sim-
ilar to other phonetic categories like vowels (Tillman et al., 2017)
and stress (Chrabaszcz, Winn, Lin, & Idsardi, 2014), intonation
is processed within a multidimensional acoustic space. Previous
empirical research across various languages including English
(Peng et al., 2012), Spanish (Romera Barrios et al., 2007), Can-
tonese (Ma et al., 2011), and Mandarin (G. Zhang et al., 2022;
Yuan, 2006), has identified diverse degrees of acoustic contrast
1 In other types of statements (e.g., narrow focus statements) and questions (e.g., echo
questions and wh-questions), Peninsular Spanish displays different word orders. There are
also differences across Spanish dialects. For a detailed discussion on this topic, please
see Brown & Rivas, 2011; Escandell-Vidal, 2002; Shang et al., 2021; Bosch & Fernández-
Soriano, 2013, and Zubizarreta, 1999.
in sentence-final f0, duration, and intensity values between
statements and yes/no questions. However, due to the selective
nature of human attention (Holt et al., 2018), the relative contri-
bution of these acoustic dimensions to listener perception var-
ies. Not all acoustic cues serve as significant predictors for the
identification of intonation contrasts.

The f0 dimension that reliably and saliently correlates with
intonation categorization typically carries greatest perceptual
weight in listeners’ auditory decision-making. The prominence
of f0 in intonation perception is recognized across various lan-
guages such as English (Peng et al., 2012), German (Niebuhr,
2007), and Cantonese (Ma et al., 2008; 2011). Bolinger’s
(1978) comprehensive analysis about 250 languages also
illustrates the significant role of f0 in intonation, noting that
roughly 70% of languages use a final rising pitch to signal
questions, while others utilize pitch range variations. Spanish
follows the former pattern, whereas Mandarin exhibits a com-
plex use of f0 due to the tone-dependent nature of its intona-
tion system (Liu et al., 2022). Specifically, in Mandarin,
question intonation is characterized by an expanded overall
f0 range (Wang et al., 2013) or a global upward f0 trend with
a locally accelerating f0 rise towards the utterance end
(Chen, 2022; Yuan, 2004). These cross-linguistic differences
regarding f0 use raise a pertinent question: Do speakers with
a tonal language background assign greater weight or show
increased sensitivity to f0 cues in prosodic categories com-
pared to those of non-tonal languages? Understanding this,
within the framework of cue-weighting transfer theory, is crucial
for predicting Mandarin listeners’ perceptual weight of f0 cues
in L2 Spanish intonation. Further discussion of this topic is pre-
sented in Section 1.2.

While f0 is a primary cue in intonation of most languages,
secondary cues like duration and intensity can also influence
listeners’ judgments by conveying important, even if less reli-
able information (Peng et al., 2012). In Spanish, for example,
it has been found that the perceptual weighting of intensity is
relatively low and influenced by vowel types, which is in con-
trast with the more robust cueing provided by f0 and duration
cues for stress perception (Ortega-Llebaria et al., 2007;
Ortega-Llebaria & Prieto, 2011). However, the extent to which
Spanish L1 listeners rely on non-f0 cues for recognizing into-
nation categories is not fully clear. Given the subtle and incon-
sistent nature of intensity contrasts in Spanish, particularly in
differentiating statements from questions compared to more
pronounced duration contrasts (Romera Barrios et al., 2007),
it is hypothesized that Spanish listeners may place less weight
on intensity than on f0 and duration cues in intonation
perception.

On the other side, compared to statements, Yuan (2006)
identified a distinctive acoustic profile for yes/no questions in
Mandarin, marked by higher intensity across all final tone types
and prolonged final syllables when ending in Tone3 and Tone4.
Similar acoustic distinctions are also observed by G. Zhang
et al. (2022), suggesting that Mandarin listeners may use dif-
ferential duration and intensity patterns for more accurate into-
nation recognition. Yet, empirical research has yield mixed
results for this prediction. For example, studies have shown
that duration and intensity cues in sentence-final positions
did not significantly impact intonation categorization for
Cantonese listeners and Mandarin learners of English
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(Feng et al., 2019; Ma et al., 2011), potentially due to the strong
representation of f0 in phonated speech. In contrast, Heeren
and van Heuven (2009) noted that, in whispered speech, dura-
tion can become an important cue for Dutch listeners’ intona-
tion perception. Therefore, the perceptual weighting of
secondary cues appears to be context-sensitive, raising ques-
tions about how variations in duration and intensity affect into-
nation perception in cross-linguistic contexts with acoustically
covarying cues.

A key aspect of this question involves the transferability of
secondary cue-weighting from L1 suprasegmental contrasts
to L2 intonation, an area where research has yielded mixed
findings. For example, while English L1 listeners heavily rely
on duration and intensity cues for differentiating questions from
statements, this auditory sensitivity is not found in Mandarin
learners of English (Feng et al., 2019). Conversely, Morrow
and Liu (2013) reported that Mandarin learners of English were
significantly influenced by the final word’s intensity in their per-
ception of English intonation, a finding not paralleled in native
English listeners. These contrasting results reveal the variabil-
ity of secondary cues in L1 and L2 intonation perception. Con-
sequently, exploring how Mandarin listeners auditorily assign
weights to duration and intensity cues in L2 Spanish intonation
emerges a significant yet complex task. This complexity is fur-
ther amplified by acoustic interplay between stress and intona-
tion in Spanish, which is discussed in the subsequent
Section 1.4.
1.2. Debate on f0 perception advantage and the scope of cue-
weighting transfer

Given that Mandarin Chinese is a tonal language, its strong
informational emphasis of f0 often leads to questions about
whether its native listeners exhibit superior f0 processing abil-
ities compared to listeners from non-tonal languages.
Research in this area has yielded mixed results, broadly falling
into three schools of thought. The first perspective aligns with
the traditional claim that speaking a tonal language enhances
listeners’ sensitivity to acoustic variations in f0. Supporting this
notion, Ortega-Llebaria et al. (2017) found that Chinese–Eng-
lish bilinguals detected f0 mismatches faster than speakers
of non-tonal language. They also observed that Chinese listen-
ers were more adept at utilizing the shape of f0 contours, espe-
cially falling f0 contours, to aid their perception of English
words’ intonation. Similar f0 advantages by tonal language
speakers in comparison with their non-tonal language counter-
parts have been reported in lexical decision tasks with word-
object pairs (Braun et al., 2014), as well as in the perception
of contour (specifically Tone1 and Tone3, Chandrasekaran
et al., 2007a) and level tones (Xu et al., 2006). Ortega-
Llebaria et al. (2017) therefore proposed that extensive expe-
rience with a tonal language refines perception of f0 contours
in general, irrespective of their association with tonal or intona-
tional meanings.

Conversely, the second viewpoint argues that tonal lan-
guage experience in one’s L1 does not necessarily improve
f0 perception in non-native tones and native intonations. So
and Best (2010) and Tsukada et al. (2018) provide evidence
for this position, showing that Hong Kong Cantonese and Bur-
mese speakers, despite their long-term tonal experience, did
not exhibit superior perceptual accuracy in non-native tone
pairs compared to other language groups. Additionally, some
researchers indicate that lexical-tone interference in tonal lan-
guages may be the primary factor in diminishing L1 listeners’
sensitivity to f0 cues in sentence intonation. Liang and
Heuven (2007), for example, found that Mandarin listeners
were consistently slower in discerning questions and state-
ments and less sensitive to f0 cues in intonation than non-
tonal L2 learners. This phenomenon, according to the authors,
arises from tonal language listeners primarily processing f0 at
the lexical level, which could impede their efficiency and sensi-
tivity in perceiving f0 cues at the sentence level.

The third perspective suggests that the f0 perception
advantage in tonal language listeners is domain-specific and
may not be applicable across all pitch dimensions. This view
was long been reflected in Gandour’ research (1983), which
demonstrated that tonal and non-tonal language listeners
relied on different pitch dimensions (e.g., height and direction)
for tone perception. Listeners with a tonal language back-
ground were more sensitive to pitch directions in distinct tone
pairs compare to non-tonal English listeners. Recent behav-
ioral studies over the past decade (e.g., Bidelman, Hutka, &
Moreno, 2013; Deroche et al., 2019; Krishnan, Gandour, &
Bidelman, 2010) have also highlighted a distinct f0 advantage
for tonal language speakers in perceptual tasks where f0 is
processed in a manner akin to the auditory demands of their
L1 pitch events, notably those involving specific curvatures
and directional changes. Complementarily, neurobehavioral
research (Chien, Friederici, Hartwigsen, & Sammler, 2020;
Doherty, West, Dilley, Shattuck-Hufnagel, & Caplan, 2004;
Gandour, 2009; Zatorre & Gandour, 2008) indicates that the
neural mechanisms for processing various pitch events are
not identical. Notably, f0 perceived as lexical tone activates
additional semantic areas only in Mandarin speakers, whereas
f0 perceived as intonation engages bilateral brain regions com-
mon to tonal and non-tonal language speakers, regardless of
the language-specific realization of intonation (Chien et al.,
2020). These findings may elucidate why certain previous
studies (e.g., Liang & Heuven, 2007; Gussenhoven & Chen,
2000; Tsukada et al., 2018) did not observe significant f0 pro-
cessing differences in intonation between listeners of tonal and
non-tonal languages.

The ongoing discussion on f0 perception not only reveals
complexities in perception but also challenges the scope of
the cue-weighting transfer hypothesis. Prior research (e.g.,
Francis & Nusbaum, 2002; Holt & Lotto, 2006) has shown that
the weight of a cue used to distinguish phonetic categories in
one’s L1 transfers to their L2. This transfer is suggested to
occur across different types of linguistic categories (e.g., Kim
& Tremblay, 2021: from Gyeongsang Korean lexical pitch
accents to English lexical stress; Kim & Tremblay, 2022: from
South Korean segmental contrast to English lexical stress).
However, applying this hypothesis to the transfer of f0 cues
from L1 Mandarin to L2 intonation reveals theoretical con-
straints. The distinct sensitivities of Mandarin listeners to f0
cues in lexical tone versus intonation (Chien et al., 2020) com-
plicate predictions regarding which prosodic category’ f0
weight in L1 is transferred to their L2 intonation. Moreover, find-
ings that Mandarin listeners prioritized vowel quality over f0
cues significant in their L1 when perceiving English lexical
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stress (Chrabaszcz, Winn, Lin, & Idsardi, 2014; Zhang &
Francis, 2010) also question the scope of cue-weighting trans-
fer. These findings underscore the need for more in-depth
exploration into the transfer of suprasegmental cues across dif-
ferent L1-L2 categories, especially in contexts involving tonal
and non-tonal language systems.
1.3. The dynamic nature of speech perception

The weight of input acoustic dimensions that serve for
object recognition is not fixed. Listeners can flexibly shift their
reliance on acoustic cues depending on their prior history of
experience and the demands of the listening environment
(Holt et al., 2018; H. Zhang et al., 2022). For instance, when
the primary cue of the stimulus was absent or weakened, lis-
teners could increase the weight of secondary cues to improve
the accuracy of identifying phonetic categories. (e.g., Feng
et al., 2019; Holt & Lotto, 2006; Peng et al., 2012; H. Zhang
et al., 2022). The way multiple cue weights are dynamically
adjusted or reweighted is frequently described using phonetic
trading relations—a phenomenon in which one acoustic cue’s
shift of values can be compensated by another cue’s opposing
changes, such that the original percept is preserved (see
Repp, 1982, for more details). This compensatory behavior
based on cue trade-off regularities has been observed in the
perception of various auditory objects, including lexical tones
(Liu & Samuel, 2004; H. Zhang et al., 2022) and intonation
(Feng et al., 2019; Peng et al., 2012).

The extent of auditory compensation by listeners through
cue weight adjustment is related to their sensitivity to the
acoustic dimensions that define the internal structure of pho-
netic categories (Hodgson & Miller, 1996). Studies have shown
that individuals with superior F1 (first formant frequency) dis-
crimination skills tend to show greater compensatory
responses to formant perturbations in English vowels (Nault
& Munhall, 2020; Villacorta et al., 2007). Notably, such com-
pensatory ability varies across linguistic backgrounds. For
example, English L1 listeners demonstrated greater suscepti-
bility to f0-duration trade-offs in question-statement identifica-
tion compared to Mandarin learners of English (Feng et al.,
2019). This observation might imply, in line with the established
link between perceptual compensation and auditory sensitivity
(e.g., Hodgson & Miller, 1996; Nault & Munhall, 2020), that
English L1 listeners were more sensitive to these cues. How-
ever, Feng et al. (2019) reported contradictory results, chal-
lenging this assumption. These inconsistencies highlight the
need for further cross-linguistic research to better understand
how listeners of tonal and non-tonal languages differentially
utilize cue weight adjustments in response to dynamic acoustic
changes in intonation.
1.4. Acoustic conflict between prosodic categories

Mandarin intonation, as outlined in Section 1.1, is suscepti-
ble to the lexical tone identity. Research has shown that Man-
darin yes/no questions with a final rising tone (Tone2) are
harder to recognize than those ending with other tone types
(Liu et al., 2022; Yuan, 2011; Yuan & Shih, 2004). This difficulty
in perception has been primarily attributed to the overlap of f0
contours in Tone2 and question intonation, leading to potential
conflicts in f00s functional use (Liu, 2018; Liu et al., 2022; Wu &
Ortega-Llebaria, 2017). Similar f0 conflicts in perceiving lexical
tone and intonation are observed in various Sinitic tonal lan-
guages, including Cantonese (Kung et al., 2014) and Tianjin
Mandarin (Zhang, 2018), with variations in their specific mech-
anisms (see Chen, 2022 for a comprehensive review).

However, such acoustic conflicts are not exclusive to these
specific categories and languages. Given that numerous pho-
netic objects can be conveyed through similar acoustic
resources, inevitable competition arises for the coding spaces
(Xu, 2004). In languages like Spanish, where stress and into-
nation both rely on f0 and duration cues, acoustic competition
is inherent (Ortega-Llebaria & Prieto, 2011). The overlap in
encoding these distinct prosodic events may impede the pro-
cessing of acoustic cues necessary for intonation, especially
when stress and intonation are present in the same phonetic
unit. Given the perceptual difficulty identified in Mandarin ques-
tions ending with a Tone2 (Liu et al., 2022; Yuan, 2006; 2011;
Yuan & Shih, 2004), we wonder if Spanish questions would
also be more difficult to discern when ending with an oxytone
word, where the functional load of f0 and duration in the final
stressed syllable is not unique. To explore this, we analyzed
the perceptual differences of intonation between one-word
sentences with and without stress in the final syllable.
1.5. The present study

Building on earlier discussions, this study aims to investi-
gate several key aspects of intonation cue weighting among
native Spanish listeners and Mandarin L2 learners of Spanish.
To achieve this, we have designed two perceptual tests, in
which the stimuli were generated by gradually manipulating
the final f0 contour from falling to rising directions, with concur-
rent adjustments in either duration (Test 1) or intensity (Test 2).
Our acoustic manipulations are strategically centered on the
sentence-final position. This choice is informed by prior
research (Face, 2005, 2007), which identifies the final intona-
tional contour as the primary indicator for perceiving Spanish
statements and questions. To exclude the potential influence
of the intonational prenucleus, we have used sentences with
a single stressed word to create the stimuli. Overall, by con-
ducting two perceptual identification tasks, our study sets out
to address the following research questions (RQs), with the
hypotheses for each question detailed thereafter:

RQ1 and Hypothesis 1: How do variations in f0, duration,
and intensity cues affect intonation perception among Spanish
L1 listeners and Mandarin L2 learners of Spanish, and are
there notable differences in perceptual weighting between
the two language groups? This question focuses on listeners’
cue-weighting strategies in intonation perception, emphasizing
the role of secondary cues which have received less attention
in prior research. Based on the literature reviewed in Sections
1.1 and 1.2, we hypothesize that Mandarin L2 learners will
show a sensitivity to f0 linear changes comparable to Spanish
L1 listeners. Additionally, we posit that Spanish L1 listeners
can use duration effectively in recognizing intonation, but their
reliance on intensity cues is expected to be limited. Con-
versely, for Mandarin L2 learners, both duration and intensity
cues are predicted to have minimal influence on their intona-
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tion perception, based on prior findings for Mandrin learners of
English (Feng et al., 2019).

RQ2 and Hypothesis 2: Do Spanish L1 listeners and Man-
darin L2 learners adjust their cue weights to compensate for
the fluctuating variations in intonation, and are there any differ-
ences between their compensatory strategies? This question
explores the perceptual trade-offs between L1 and L2 listen-
ers, exploring how their compensatory behavior correlates with
their sensitivity to the covarying acoustic cues. Drawing on the
discussions in Section 1.3, we hypothesize that L1 and L2 lis-
teners will exhibit varying degrees of auditory compensation
based on their respective sensitivities to the acoustic cues
under continuous changes.

RQ3 and Hypothesis 3: How does the stress pattern of the
one-word sentence influence listeners’ use of acoustic cues to
distinguish Spanish intonation contrasts? This question exami-
nes the interplay between stress and intonation processing
within a single-word context. The hypothesis tested is that
paroxytone words, with the stress on the penultimate syllable,
are more likely categorized as questions compared to oxytone
words under the same acoustic condition. This assumption is
based on the premise that paroxytone, being the most frequent
and unmarked stress pattern in Spanish, typically demands less
cognitive processing during perception (Defior & Serrano, 2017;
Roca, 2019). Conversely, in oxytone words, where both stress
and intonation are encoded through identical acoustic signals
in the final syllable, the processing of these overlapping cues
for lexical stress might occupy the acoustic space allocated
for identifying question intonation, hereby reducing listeners’
efficacy in processing the intonational cues.
2 The first test word, Sevilla, is the name of the largest city in the Spanish autonomous
community of Andalusia and is pronounced [seˈbiʎa] in Peninsular Spanish.

3 The second test word, Alcalá, is the name of a city in the Spanish autonomous
community of Madrid and is pronounced [alkaˈla] in Peninsular Spanish.
2. Methods

2.1. Participants

The participants were recruited by word of mouth or through
advertisements posted on social media accounts of the Pho-
netics Laboratory of the Universitat de Barcelona or else-
where. All participants gave informed consent electronically
before inclusion in the test, and the study design was approved
by the local ethics committee. Generally, but not always, partic-
ipants were compensated monetarily for their time. A total of
forty-eight Spanish-native (hereafter, SN) listeners and
ninety-five Mandarin-native (hereafter, MN) speakers of Span-
ish participated in the experiment. All SN listeners were born in
Spain and were living in Spain at the time of testing. In con-
trast, MN listeners were born in mainland China and confirmed
that Peninsular Spanish was the language variety to which
they had been predominantly exposed during the learning pro-
cess. To provide a detailed description of the language profile
of the L2 speakers, information on the MN listeners’ immersion
experience in the target language environment is given in
Table 1. However, in this study, we did not strictly control for
the MN listeners’ language immersion status and length of
immersion in the native language environment, as these two
variables have been reported to be poor predictors of L2
phonological and phonetic accuracy, especially when the
amount of L2 use and interaction with native speakers by
learners was unclear (Nagle, 2013; Shively, 2008;
Trofimovich & Baker, 2006).
We performed data cleaning before statistical modeling.
Data on two MN listeners who started studying Spanish before
the age of 16 were removed to control for the effect of age of
acquisition. Data on two SN listeners aged over 60 and on five
MN listeners with an A1 or A2 proficiency in Spanish were also
excluded. All MN listeners were reported to have an intermedi-
ate (B1), advanced (B2), or superior (C1) level of proficiency in
Spanish. The Spanish proficiency of most MN listeners
(roughly 60%) was assessed using the level information of
the last Spanish certificate DELE (Diploma of Spanish as a
Foreign Language) that they held. As for the rest of the MN lis-
teners who did not have such a diploma, they were asked to
self-evaluate their Spanish proficiency based on the Common
European Framework of Reference for Languages (CEFR).
The CEFR divides language proficiency into six levels, ranging
from A1 to C2, and provides detailed descriptions of the knowl-
edge and skills required at each level. Overall, in Test 1, there
were 39 SN listeners and 78 CN listeners, whose ages ranged
from 18 to 59 years (N = 117, 89 women, 28 men, M

age = 28.17, SD = 8.34). Test 2 had 33 SN listeners and 77
CN listeners, whose ages ranged from 19 to 58 years
(N = 110, 84 women, 26 men, M age = 28.03, SD = 8.49). No
participants reported any history of hearing or communication
disorders.

2.2. Stimulus synthesis

The intonation of Spanish yes/no questions and broad focus
statements differs in the intonational prenucleus and nucleus
(Face, 2011). Since the focus of this study is the utterance-
final position, we have only used sentences with a single
stressed word as source materials such that the prenucleus
effect could be excluded. Each sentence comprised one trisyl-
labic word: Sevilla2 (penultimate syllable stress—paroxytone)
and Alcalá3 (final syllable stress—oxytone). The original record-
ings of the two items were obtained using a discourse comple-
tion task (Félix-Brasdefer, 2010). A female native speaker of
Peninsular Spanish (age at the time of the recording: 31) was
required to produce the two one-word sentences in a broad
focus statement context. The speaker was asked to speak at
a normal rate. The recordings were done in a quiet room using
a Rode Smartlav + microphone connected to a Scarlett Solo
interface. Speech files were digitized at a sampling rate of
44.1 kHz with a quantization precision of 16 bits. The final sylla-
ble of the one-word sentences was chosen for acoustic manip-
ulation. The target stimuli were created by manipulating f0,
duration, and intensity. Prior to pitch manipulation, the non-
final segments of the two one-word sentences were normalized
at a 70 dB sound pressure level and used as a reference for the
parametric variation of intensity in Test 2.

2.2.1. F0 manipulation

The f0 contour of the word-final syllable was replaced by a
multi-step f0 continuum using the “to manipulation” function in
Praat (Boersma & Weenink, 2020). The f0 contour of the last
syllable was stylized into two pitch points (defined as A1 and



Table 1
Descriptive statistics of MN listeners’ language immersion status and living time in Spain.

Living in Spain
or not

Living time in Spain

Yes No < 3 months 3 � 8 months 6 months � 1 year 1 year � 2 years > 2 years

Test 1 51 27 4 2 14 17 41
Test 2 46 31 4 2 17 20 34
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A2), and the values between them were defined by interpola-
tion. The start point, A1, was fixed at the beginning of the final
syllable’s vowel, keeping the pitch height similar to the original
utterance. Thus, the value of A1 for Alcalá (see Fig. 1) and
Sevilla (see Fig. 2) was set at 196 Hz and 200 Hz, respectively.
The endpoint, A2, was anchored at the last regular glottal
pulse observed in the spectrogram and had an f0 value nearly
identical to A1 (difference less than 5 Hz). The f0 continuum of
A2 was manipulated upward nine times and downward once,4

with a 20 Hz step size (greater than the slightest pitch variation
normal-hearing adults can perceive). Thus, 11 f0 steps spanning
over 200 Hz were generated for the final syllable of each test
word. The 22 f0 stimuli (2 stress patterns*11 f0 steps) with differ-
ent offset frequencies were further used as the basis for manip-
ulating the duration and intensity.

In selecting the scale for f0 manipulation, we have opted for
linear Hertz because, compared to other logarithmic scales
(such as semitones or ERB-rate), a (close-to) linear scale
has proven to be a fairer and more reliable choice when
addressing perceived equivalence under conditions of con-
stant baseline for f0 height manipulation (Jeon & Heinrich,
2022). This approach is particularly relevant to our study,
where the f0 contour of the adjacent, non-manipulated contour
remains unchanged. Additionally, the linear Hertz provides a
finer representation of the mapping relationship between f0
variations and perceived intonation categories. This precision
stems from its ability to facilitate direct comparisons of different
f0 values without necessitating any additional scaling or trans-
formation. Moreover, the widespread use of linear Hertz in into-
nation perception research makes it a practical choice,
enabling more straightforward comparisons with prior studies
that have investigated cross-linguistic differences in f0 percep-
tion using this scale.
5 We applied a uniform duration treatment to both stress patterns for several reasons.
The first and most important is that this approach allows us to explore whether listeners
differ in their use of acoustic cues for question perception depending on stress patterns.
Second, the lack of empirical evidence in Spanish as to whether oxytone words require a
larger duration increase compared to paroxytone words for question perception renders the
2.2.2. Duration manipulation

In Test 1, the 22 f0 stimuli previously detailed in Sec-
tion 2.2.1 were used to add a duration manipulation. Three
duration levels were established for this study: short, medium
(original), and long. As shown in Fig. 1 and Fig. 2, the medium
duration was defined using the original final syllable vowel
duration for each word. To generate the long-duration stimuli,
we first extracted a sequence of glottal cycles with an interval
of 50 ms from the center of the final syllable’s original vowel
nucleus in each word. This 50-ms segment was then
appended to the end of the 5th glottal cycle of the original
4 Acoustic studies of Peninsular Spanish indicate that the average f0 change on the last
syllable of broad focus statements is usually between �20 Hz and +20 Hz from the
preceding adjacent syllable (Romera Barrios et al., 2007; Salamanca et al., 2005). Based
on these findings, we have implemented a single-step downward adjustment of 20 Hz in
the f0 contour of the word-final syllable. This approach aims to align our synthesized stimuli
more closely with the intonation patterns commonly observed in natural Spanish speech.
vowel, thereby lengthening the duration of both words.5 To
avoid clicks or spectral discontinuities when cutting or pasting
audio, segment boundaries were precisely placed at the zero
crossings of the acoustic signals. The choice of + 50 ms was
made based on previous acoustic evidence, which found the
final vowel in Spanish yes/no questions to be roughly 40–70 mil-
liseconds longer than that in statements, varying with the stress
position in the final word (Romera Barrios et al., 2007). The
short-duration stimuli were similarly constructed by extracting a
sequence of regular glottal cycles with an interval of 40 ms from
the corresponding position in the original vowel nucleus. This
reduced duration was determined based on the shortest produc-
tion of the statement by the same Spanish speaker. Schematic
representations of the duration manipulation are included in
Appendix A, and Table 2 lists the precise vowel lengths for the
two test words after the duration manipulation. Thus, in Test 1,
each duration level was paired with 11 different pitch contours,
culminating in a total of 66 stimuli (2 stress patterns*3 duration
levels*11 f0 steps).

2.2.3. Intensity manipulation

In Test 2, the same set of 22 f0 contours was used to manip-
ulate intensity. The intensity of the final syllable in each word
was altered using the “constant amplification” function in the
Cool Edit Pro 2.1 software (Syntrillium Software Corporation,
2003). We established three intensity levels by applying
changes of �7 dB, 0 dB, and + 7 dB to the final syllable’s
vowel. A schematic representation of this intensity manipula-
tion is included in Appendix A . The adjusted values were
based on the normalized intensity level of the sentence’s
non-final part (70 dB, as outlined in Section 2.1.1) as a base-
line. Hence, the low, medium (original), and high intensities
were set at 63 dB, 70 dB, and 77 dB, respectively. Therefore,
Test 2 comprised 66 auditory stimuli, categorized into 2 stress
patterns, 3 intensity levels, and 11 f0 steps.

2.3. Procedure

The data for the perceptual experiment were gathered
through an online survey, developed using the web-based tool
application of customized duration adjustments for each stress pattern impractical. In our
study, despite the uniform duration treatment, paroxytone words consistently had longer
final vowels than oxytone words across all conditions (see Table 2). Such design aligns
with previous acoustic observations in Spanish, which showed that the duration of the
vowel in stressed and accented syllables following an intonation phrase boundary was
longer than that in unaccented stressed syllables, both in declarative and interrogative
sentences (e.g., Ortega-Llebaria, 2006; Ortega-Llebaria et al., 2013; Ortega-Llebaria &
Prieto, 2011; Romera Barrios et al., 2007).



Fig. 1. Schematic representation of the f0 manipulation in the oxytone word Alcalá. The start point A1 was 196 Hz. The endpoint A2 was manipulated from 176 Hz to 376 Hz, with a
20 Hz step size. The original duration of the final vowel (184 ms) was set as the medium duration for the stimulus Alcalá.

Fig. 2. Schematic representation of the f0 manipulation in the paroxytone word Sevilla. The start point A1 was 198 Hz. The endpoint A2 was manipulated from 178 Hz to 378 Hz, with a
20 Hz step size. The original duration of the final vowel (171 ms) was set as the medium duration for the stimulus Sevilla.

Table 2
Detailed values of the final vowel length for the two test words across the three duration
levels.

Final vowel length Alcalá Sevilla

Short 144 ms 131 ms
Medium (original) 184 ms 171 ms
Long 234 ms 221 ms
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Alchemer. The survey was divided into three sections: the first
section collected socio-demographic information, while the
second and third sections presented the 66 auditory stimuli
for Test 1 and Test 2, respectively. Administered in the partici-
pant's preferred language (Mandarin or Spanish), the survey
randomized the order of stimuli in each test, and presented
them on-screen without punctuation marks. Participants had
the option to partake in either one or both tests, based on their
interest. Those opting for a single test were randomly assigned
to one of the two auditory tests. They were instructed to use
earphones in a quiet room and to listen to each stimulus once,
with the provision to replay if technical issues occurred. Prior to
the formal test, participants performed a practice trial to
acquaint themselves with the procedure. Diverging from the
binary choices (statement vs. question) typical in categorical
perception tasks, we adopted a five-point Likert response
scale for a more nuanced assessment of how multiple acoustic
signals map onto intonation categories. This approach can bet-
ter capture the rich internal structure in the representation of
phonetic categories (Holt et al., 2018).

During the test, participants were presented with five
response options for each stimulus: “statement,” “more state-
ment than question,” “either statement or question,” “more
question than statement,” and “question.” They were asked
to select the option that most closely matched their perception
of the stimulus. Fig. 3 illustrates the distribution of perceptual
responses for both tests, revealing a bimodal pattern with the
highest frequencies at the two ends of the scale.

2.4. Statistical analysis

The perceptual responses were fitted using a logistic sig-
moid model, as shown in Eq. (1). This approach was chosen
considering the probabilistic distribution of the results and the
close-to S-shaped curve observed in the question-statement
identification function. The five response options in the percep-
tual tests were assigned values of 0, 0.25, 0.5, 0.75, and 1,
which represented the probability from 0 to 1 that a stimulus
was perceived as a yes/no question. Then, the identification
results from each participant at each duration and intensity
level were modeled as a function of the f0 contour, using the
following equation:



6 x0 and b are independent parameters that contribute uniquely to the model’s behavior.
As shown in the subsequent Section 3.1, altering the value of x0 results in a horizontal shift
of the sigmoid function along the x-axis, thereby modifying its location but not its slope or
overall shape. Conversely, varying the value of b affects the steepness of the sigmoid
curve’s slope, without impacting its x-axis positioning. This independence is further
supported by our internal consistency analysis. The analysis, revealing a Cronbach’s alpha
of less than 0.5 in both Tests 1 and 2, suggesting that x0 and b do not have a consistent
relationship and they may represent different underlying construct. Given their independent
nature and the absence of a consistent correlation (detailed in Appendix A), we justify the
inclusion of x0 and b as separate dependent variables in our LMMs.

Fig. 3. Frequency distribution of participants’ perceptual responses in Tests 1 and 2.

Table 3
Linear mixed models built for the curve fitting data in Tests 1 and 2.

Test 1 Model 1 < lmer(x₀ � Duration*Language group*Stress pattern
+ (1|Subject), data = Test1, REML = F)

Model 2 < lmer(b � Duration*Language group*Stress pattern
+ (1|Subject), data = Test1, REML =F)

Test 2 Model 3 < lmer(x₀ � Intensity*Language group*Stress pattern
+ (1|Subject), data = Test2, REML = F)

Model 4 < lmer(b � Intensity*Language group*Stress pattern
+ (1|Subject), data = Test2, REML = F)
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p ¼ 1
1þ e � x�x0ð Þ=bð Þ ð1Þ

In this model, p represents the probability of perceiving a one-
word sentence as a yes/no question. The variable x denotes
the degree of f0 change applied to the final f0 contour, which
varied from �20 Hz to 180 Hz in increments of 20 Hz. The
parameter x₀ indicates the point at which the question-
statement boundary was at 50% identification. Higher x₀ values
suggest a higher f0 contour needed for question recognition
and vice versa. The parameter b is a steepness indicator which
is inversely related to the slope of the identification curve. The
smaller the b, the steeper the identification curve and the more
sensitive listeners to f0 linear changes in intonation. Model fit-
ting was executed in MATLAB (The Mathworks, 2022), utilizing
the Levenberg-Marquardt algorithm (Moré, 1978), a hybrid
technique widely employed for extracting model parameters,
especially in nonlinear least-squares curve-fitting problems
(Gavin, 2022). Through an iterative process, the algorithm
sought to determine the optimal values for the fitting parame-
ters x₀ and b in relation to the independent variable x, thereby
minimizing the objective function F(x₀, b). This function repre-
sents the sum of squared deviations between N pairs of actual
data points (p) and their corresponding model predictions, as
specified in Eq. (2). The code used for this data modelling pro-
cess is provided in Appendix A .

x0; b½ �� ¼ argmin
x0 ; b

F x0;bð Þ ¼ argmin
x0 ;b

XN

i¼1
kp� 1

1þ e� x�x0ð Þ=b k
2

ð2Þ

To enhance the reliability of our curve fitting results, we
excluded any instances where the Root Mean Square Error
(RMSE) exceeded 0.03, as this indicated a less accurate model
prediction. Additionally, we built four linear mixed models
(LMMs, see Table 3) using the lme4 package for R (R Core
Team, 2021) to further examine the hypotheses of the study.
Mandarin learners with varying proficiency levels in Spanish
(B1, B2, and C1) were grouped together for analysis. This deci-
sion stemmed from the results of a backward elimination pro-
cess, detailed in Appendix A , which revealed statistically no
significant differences among the three proficiency levels of
Mandarin learners in the outcomes of the perceptual tests (all
p values > 0.1). Thus, the current study did not categorize Man-
darin participants into subgroups based on their L2 proficiency.
Table 3 shows that the dependent variables of the four LMMs
were the question-statement identification boundary x₀ or the
steepness indicator b.6 The fixed effects included acoustic con-
dition (Duration: short < medium < long; Intensity:
63 dB < 70 dB < 77 dB), language group (MN vs. SN), stress
pattern (oxytone vs. paroxytone), and all their interactions. To
account for individual variability among participants, each sub-
ject was included as a random effect. For analyzing the main
effects, Type III ANOVA was employed, and the emmeans pack-
age (Lenth et al., 2019) facilitated multiple comparisons of inter-
action effects.

Specifically, to test Hypothesis 1, we first examined the
weighting of duration and intensity by analyzing their interac-
tion with language group in all models, especially in models
1 and 3. Significant changes in x₀ and b, ranging from lower
to higher levels of duration and intensity within a particular
group, would indicate a strong reliance on these cues for into-
nation recognition, while minimal variations would suggest a



P. Shang et al. / Journal of Phonetics 102 (2024) 101294 9
lower perceptual weight of the secondary cues. Then, we ana-
lyzed the outputs of models 2 and 4. If the variable b shows no
significant differences between language groups under diverse
conditions, this would support a similar level of sensitivity to
intonational f0 cues among SN and MN listeners. In testing
Hypothesis 2, we compared the compensatory behaviors of
SN and MN listeners, focusing on their extent of changes in
x₀ and b in response to secondary cue variations. The hypoth-
esis would be confirmed if the group exhibiting higher sensitiv-
ity to these covarying cues also shows greater adjustments in
x₀ or b. Finally, Hypothesis 3 was evaluated by analyzing the
impact of stress pattern on x₀ and b under different conditions.
A significantly lower x₀ value when perceiving paroxytone
words would confirm our predictions that words with penulti-
mate stress require lower f0 contours for question recognition,
compared to those with final stress. Additionally, a notably
lower b value when perceiving paroxytone words would sug-
gest greater sensitivity among listeners to f0 linear transitions
in paroxytones as opposed to oxytones. Further details for
the data analysis can be found in Section 3.
3. Results

3.1. Results of Test 1

The results of Model 1 showed a statistically significant
three-way interaction between duration, language group and
stress pattern [v2(2) = 6.20, p <.05], and a significant two-
way interaction of duration with language group [v2(2) = 8.55,
p <.05] and stress pattern [v2(2) = 14.62, p <.001]. In contrast,
there was no significant interaction between stress pattern and
language group [v2(1) = 0.21, p >.1].

The post-hoc test of the two-way interaction between dura-
tion and language group (see Table 4) indicated that SN listen-
ers had a significantly higher question-statement boundary (x₀)
than MN listeners over the three duration levels, implying that
SN listeners needed higher f0 contours to identify one-word
sentences as questions than MN listeners. Moreover, as
revealed by the three coefficients of the contrast in Table 4, dif-
ferences in the value of x₀ between MN and SN listeners grad-
ually decreased as the duration of the word-final syllable
increased to the highest level (see Fig. 4). This is mainly due
to that SN listeners strongly lowered the f0 threshold for ques-
tion identification when listening to stimuli with a long duration
compared to those with a short or medium duration (see
Table 5). A similar effect of duration on x₀ was observed in
the MN group. For example, Table 5 shows that MN listeners
exhibited a significantly lower x₀ for stimuli with a long duration
compared to those with a short duration. However, the magni-
tude of change in x₀ value was less pronounced for the MN
group than for the SN group when comparing the longest to
the shortest durations, as indicated by the contrast coefficients
in Table 5. This suggests that MN listeners made fewer audi-
tory f0 compensations in response to decreased duration
and were less sensitive to duration cues than SN listeners.

On the other side, the post-hoc analysis of the two-way
interaction between stress pattern and duration revealed that
paroxytone words were perceived with significantly lower
question-statement boundary (x₀) than oxytone words across
the three duration levels (all ps < 0.001). The three-way inter-
action analysis indicated that the simple interaction between
stress pattern and duration was different across language
groups. Specifically, Fig. 5 shows that the question-statement
boundary (x₀) for SN listeners was significantly lower in parox-
ytone words at the three duration levels compared to oxytone
words (all ps < 0.001). In contrast, the effect of stress pattern
was significant for MN listeners only at the short duration level
[t(579) = 4.03, p <.001].

In Model 2 fitted for the steepness indicator b, we observed
significant simple main effects of language group [v2(2) = 5.30,
p <.05] and stress pattern [v2(1) = 6.38, p <.05], as well as a
significant two-way interaction between language group and
stress pattern [v2(1) = 12.03, p <.001]. Our further analysis of
the effect of language group across each level of duration
and stress pattern (Table 6) reveals that compared to MN lis-
teners, SN listeners exhibited significantly smaller b values,
which correspond to steeper question-statement identification
functions and higher f0 sensitivities, specifically when perceiv-
ing oxytone words with a short duration. For other duration and
stress conditions, the results showed no significant variance in
b between the SN and MN groups. Additionally, pairwise com-
parisons of the stress patterns across each category of lan-
guage group indicated that MN listeners had significantly
stepper identification functions (i.e., smaller b) when perceiving
paroxytones compared to oxytones [t(581) = 6.45, p <.0001],
whereas SN listeners had similar steepness of identification
curves in the two stressed words [t(579) = -1.25, p >.1].
3.2. Results of Test 2

The analysis of Model 3 with the question-statement identi-
fication boundary (x₀) as the dependent variable revealed a
statistically significant main effect of language group
[v2(1) = 31.46, p <.001]. However, the effects of intensity,
stress pattern and other interactions did not reach statistical
significance. We performed pairwise comparisons between
language groups across each level of intensity and stress pat-
tern. Table 7 illustrates that SN listeners consistently exhibited
a significantly higher question-statement boundary (x₀) than
MN listeners in each assessed condition, aligning with the find-
ings from Test 1.

Furthermore, our examination of multiple comparisons of
intensities across language groups and stress patterns,
despite the main effect of intensity being non-significant, is
depicted in Fig. 6. It reveals a statistically marginal trend for
both MN [t(532) = 0.81, p >.05] and SN [t(532) = 1.84,
p >.05] listeners to assign lower question-statement bound-
aries (x₀) to the perception of paroxytone words when the
intensity of word-final syllables was altered from 63 dB to
77 dB. Specifically, the contrast coefficients between 63 dB
and 77 dB for each language group indicated a relatively stron-
ger intensity effect on the perception of paroxytone words for
SN listeners (b = 6.57, SE = 3.58) compared to their MN coun-
terparts (b = 1.91, SE = 2.36). Additionally, our interactional
analysis concerning stress pattern by language group showed
that both MN and SN listeners tended to exhibit higher



Table 4
Pairwise comparisons of the effect of language group on the question-statement identification boundary (x₀) across each level of duration (t-stat. ***p <.001; ** p <.01; * p <.05; ‘.’ p <.1).

Duration Contrast Estimate SE df t p

Short MN – SN �27.3 4.23 179 �6.44 < 0.001***
Medium MN – SN �25.7 4.23 179 �6.08 < 0.001***
Long MN – SN �12.1 4.23 179 �2.85 < 0.001**

Fig. 4. Average curve fitting results for listeners’ question-statement identification as a function of the f0 change in the word-final syllable across the three duration levels.

Table 5
Pairwise comparisons of the effect of duration on the question-statement identification boundary (x₀) at each level of language group (t-stat. ***p <.001; ** p <.01; * p <.05; ‘.’ p <.1).

Language Group Contrast Estimate SE df t p

MN Short – Medium 1.65 1.86 580 0.89 0.65
Medium – Long 3.29 1.87 580 1.76 0.18
Short – Long 4.94 1.86 580 2.64 < 0.05*

SN Short – Medium 3.19 2.60 579 1.23 0.44
Medium – Long 16.96 2.60 579 6.52 < 0.001***
Short – Long 20.15 2.59 579 7.78 < 0.001***

Fig. 5. Effect displays for the three-way interaction between duration, language group and stress pattern on the question-statement identification boundary (x₀).
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Table 6
Pairwise comparisons of the effect of language group on the steepness indicator (b) at each level of duration and stress pattern (t-stat. ***p <.001; ** p <.01; * p <.05; ‘.’ p <.1).

Stress pattern Duration Contrast Estimate SE df t p

Short
Medium
Long

MN – SN 9.74 4.27 296 2.28 < 0.05*
Oxytone MN – SN 2.67 4.29 301 0.62 0.53

MN – SN 4.15 4.27 297 0.97 0.33

Short
Medium
Long

MN – SN �4.51 4.27 296 1.23 0.29
Paroxytone MN – SN �3.68 4.25 293 6.52 0.39

MN – SN �1.88 4.26 295 7.78 0.69

Table 7
Pairwise comparisons of the effect of language group on the question-statement boundary (x₀) at each level of intensity and stress pattern (t-stat. ***p <.001; ** p <.01; * p <.05; ‘.’ p <.1).

Intensity Stress pattern Contrast Estimate SE df t p

63 dB Oxytone MN – SN �24.5 4.41 294 �5.56 < 0.001***
paroxytone MN – SN –23.1 4.39 290 �4.65 < 0.001***

70 dB Oxytone MN – SN –22.3 4.36 283 �5.13 < 0.001***
paroxytone MN – SN �20.4 4.39 290 �4.65 < 0.001***

77 dB Oxytone MN – SN �30.1 4.34 281 �6.93 < 0.001***
paroxytone MN – SN �18.5 4.33 278 �4.27 < 0.001***

Fig. 6. Average curve fitting results for listeners’ question-statement identification as a function of the f0 change in the word-final syllable at the three intensity levels.

Fig. 7. Effects display for the three-way interaction between intensity, language group and stress pattern on the question-statement identification boundary (x₀).
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Table 8
Pairwise comparisons of the effect of language group on the steepness indicator (b) at each level of intensity and stress pattern (t-stat. ***p <.001; ** p <.01; * p <.05; ‘.’ p <.1).

Stress pattern Intensity Contrast Estimate SE df t p

63 dB
70 dB
77 dB

MN – SN 1.92 3.65 290 0.53 0.60
Oxytone MN – SN 2.42 3.60 280 0.67 0.50

MN – SN 5.85 3.60 278 1.63 0.11

63 dB
70 dB
77 dB

MN – SN 0.76 3.64 287 0.21 0.83
Paroxytone MN – SN 5.65 3.63 286 1.56 0.12

MN – SN 2.54 3.58 275 0.71 0.48
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question-statement boundaries (x₀) in recognizing oxytone
words compared to paroxytone words. Notably, this perceptual
difference between stress patterns was significant only for SN
listeners at an intensity of 77 dB [t(530) = 3.24, p <.01], as
shown in Fig. 7.

On the other side, our analysis of Model 4 with the steep-
ness indicator (b) as the dependent variable revealed a mar-
ginally significant main effect of stress pattern [v2(1) = 3.61,
p =.057]. While the overall main effect of language group on
the steepness indicator (b) was not statistically significant, a
closer examination of the contrasts between SN and MN listen-
ers demonstrates a consistent yet non-significant trend in into-
nation perception. As outlined in Table 8, positive coefficients
across all intensities and stress patterns were observed, sug-
gesting a tendency for SN listeners to display steeper identifi-
cation curves for question-statement perception. This pattern
may indicate a potential for enhanced sensitivity in SN listen-
ers to intonational f0 cues relative to their MN counterparts.
Nevertheless, this observed trend did not reach the threshold
of statistical significance, and thus, any interpretations drawn
should be considered as indicative rather than conclusive.

We also performed pairwise comparisons between intensity
conditions across each level of the other variables, aiming to
assess the intensity weighting in intonation perception. SN lis-
teners were observed to consistently exhibit a steeper slope
for the identification function (i.e., smaller b) when the intensity
of word-final syllables increased from 63 dB to 77 dB. How-
ever, this intensity effect was marginally significant only for per-
ceiving oxytone words [t(531) = 2.06, p =.09], as depicted in
Fig. 6. In contrast, for MN listeners, the impact of intensity on
the steepness indicator (b) was irregular and not statistically
significant (all ps > 0.1). Furthermore, when comparing stress
patterns at each level of intensity and within each language
group, MN listeners were found to show a marginally steeper
identification curve for paroxytone words as opposed to oxy-
tone words in the 63 dB condition [t(533) = 1.88, p =.06]. Con-
versely, for SN listeners, the identification curve’s steepness
did not differ significantly between the two stress patterns
across all intensity levels (all ps > 0.1).
4. Discussion

The aim of this study was to examine the dynamic multi-cue
weighting in the perception of statements and yes/no ques-
tions in context situations involving tonal and non-tonal lan-
guages. The overall findings provide valuable insights into
the cross-linguistic differences between L1 and Mandarin L2
speakers of Spanish in their utilization of fine-grained acoustic
details across multiple dimensions to perceive intonation
categories.
4.1. The role of f0 cue in cross-linguistic intonation perception

Our study aligns with existing research (Chandrasekaran
et al., 2007b; Feng et al., 2019; Peng et al., 2012; Shang
et al., 2022) in establishing a robust positive correlation
between f0 and question perception within specific pitch inter-
vals, as illustrated in Fig. 4 and Fig. 7. Both SN and MN groups
displayed an increased likelihood of identifying questions as
the f0 level elevated at sentence-final positions. Specifically,
regarding RQ1, our analysis of the curve fitting results
revealed no significant differences in the slope of the identifica-
tion curves between SN and MN groups across most condi-
tions, supporting our initial hypothesis that MN listeners,
despite of their long-term experience with a tonal language,
exhibit sensitivity to f0 linear modulations in Spanish intonation
comparable to that of SN listeners from a non-tonal language
background. Thus, the superior f0 sensitivity typically shown
by Mandarin listeners to contrastive tone patterns with particu-
lar curvatures and direction changes (e.g., Deroche et al.,
2019; Hallé et al., 2004; Ortega-Llebaria et al., 2017; Xu
et al., 2006) did not extend to their processing of f0 linear tran-
sitions in L2 intonation. Similarly, Bildelman et al. (2013) noted
that Cantonese listeners’ enhanced ability to discriminate large
f0 incongruences did not transfer to their perception of subtle f0
deviations smaller than the f0 differences between Cantonese-
level tones. These findings challenge the traditional claim of
tonal language benefit in f0 perception and diverge from exist-
ing cue-weightings studies that suggested an auditory transfer
of L1 cue weights to L2 across prosodic categories (e.g., Kim &
Tremblay, 2021, 2022). The disparity in auditory skills neces-
sary for processing different pitch events is thought to underlie
why MN listeners did not consistently show enhanced sensitiv-
ity in f0 perception. (Bidelman et al., 2011; Deroche et al.,
2019; Krishnan et al., 2010). Neurobehavioral studies support
this view, showing distinct neural processing pathways for tone
and intonation. While f0 processing as lexical tone activates
semantic areas specific to tonal language listeners (Chien
et al., 2020; Friederici, 2011; Kreitewolf et al., 2014), f0 pro-
cessing as intonation engages bilateral cortical areas in both
tonal and non-tonal language listeners, regardless of their L1
intonation realizations (Chien et al., 2020). These insights sup-
port our findings on the perception of f0 cues, prompting future
research to carefully assess the scope and conditions under
which cue-weighting transfer occurs, particularly across differ-
ent prosodic categories and contrast types.

Furthermore, it is important to note that SN listeners, albeit
not reaching statistical significance, tended to show steeper
identification functions (thus, higher f0 sensitivities) than MN
listeners. This trend was consistently observed in the percep-
tion of different stimuli in Test 2 as well as in the perception
of short-duration oxytone words in Test 1. Although the
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applicability of this trend to a larger population remains uncer-
tain, it has led us to consider why, despite sharing similar neu-
ral networks for intonational f0 processing (Chien et al., 2020),
MN listeners displayed relatively lower f0 sensitivity compared
to SN listeners. In our study, we have proposed several factors
might contribute to this phenomenon. The first reason for the
diminished f0 sensitivity observed in MN listeners stems from
their exposure to a non-native language context where they
possessed less experience in processing specific f0 contours
along the lines of language-specific and well-defined intonation
categories, unlike SN listeners. Additionally, previous studies
indicated that tonal language listeners’ inclination to initially
decode f0 information related to word meanings could reduce
their sensitivity to f0 variations in sentence intonation
(Gussenhoven & Chen, 2000; Liang & Heuven, 2007). This
leads us to speculate that MN listeners’ primary focus on pro-
cessing L2 stress, crucial for word recognition in Spanish, may
hinder their ability to effectively discern f0 cues vital for L2 into-
nation categories. Moreover, the divergent reliance of tonal
and non-tonal language listeners on different f0 dimensions
for expressing and identifying intonation categories could also
contribute to varying f0 performance. In Spanish, intonation
types are distinguished by the shape of the f0 contour,
whereas in Mandarin, intonation is mainly conveyed by pitch
range and register, especially in sentences without final parti-
cles (Wu & Ortega-Llebaria, 2017; Yuan, 2006, 2011). The
multidimensional manipulation of the synthesized f0 contours
in our study, encompassing f0 slope, f0 range, and f0 direction,
limits our ability to pinpoint the specific dimension where the
differences in f0 sensitivity primarily manifest. Therefore, fur-
ther research incorporating controls for characteristic pitch
parameters, such as shape, height, slope, and range, is neces-
sary to delineate the cue-weighting distinctions in specific f0
dimensions between MN and SN listeners.

Beyond findings on f0 sensitivity, our research revealed an
unexpected contrast in the way MN and SN listeners map f0
contours onto Spanish intonation categories. Compared to MN
listeners, SN listeners showed a significantly higher f0 threshold
for the question-statement identification boundary (x₀), consis-
tent across all durations, intensities, and stress patterns. This
implies that SN listeners required a higher f0 contour to catego-
rize an utterance as a yes/no question than MN listeners. While
Feng et al. (2019) encountered similar results, they did not pro-
vide an explanation for the disparity in f0 levels used by English
L1 and Mandarin L2 speakers to perceive yes/no questions.
Our study suggests this perceptual discrepancy could be influ-
enced by the categorization norms for f0 contours in Peninsular
Spanish, which presents a nuanced three-way contrast in into-
national phrase (IP) final boundary tones—namely, low (L%),
high (H%), and two mid-level tones (!H% for uncertainty state-
ments and L!H% for statements of obviousness) (Estebas-
Vilaplana & Prieto, 2010). Therefore, the unique mapping
between f0 levels and intonation specific to SN listeners may
have prompted them to preferentially employ the highest bound-
ary tone (H%) to distinctly identify questions, as opposed to
statements—whether they are broad focus statements encoded
with L%, or epistemically biased statements encoded with!H%
or L!H%. Conversely, in Mandarin, intonation does not rely on
surface f0 movements, which may lead MN listeners to general-
ize any IP-final boundary tone that is not strictly low as high,
thereby categorizing it as a question. Put simply, MN listeners,
perhaps owing to their limited experience in differentiating the
subtle f0 variations for L2 intonation categories, tended to relate
both mid- and high-level f0 contours with question intonation,
thereby displaying a lower question-statement identification
boundary (x₀) than SN listeners.
4.2. The role of secondary cues in cross-linguistic intonation
perception

Contrary to our partial assumptions for RQ1, the results
demonstrated that both language groups, including Mandarin
L2 learners of Spanish, significantly depended on duration
cues for distinguishing statements from yes/no questions.
Long-duration patterns significantly decreased the final f0 con-
tour levels required for question identification, thereby increas-
ing the probability of question responses compared to stimuli
with short durations. Notably, this duration effect was more pro-
nounced in the SN group, indicating a relatively higher sensitiv-
ity for SN listeners to duration variations compared to MN
listeners. Similar cross-linguistic differences in duration weight-
ing are observed in Feng et al. (2019), which showed that Man-
darin learners of English were less sensitive to duration cues in
intonation compared to English L1 listeners. Furthermore,
unlike f0 and duration cues that reliably contributed to intona-
tion perception in both language groups, intensity emerged
as a non-significant cue in MN listeners’ auditory assessment
of L2 intonation. Conversely, SN listeners showed a marginally
significant response to intensity variations based on the final
stress pattern of the sentence. Particularly, SN listeners
demonstrated steeper identification functions at 77 dB com-
pared to 63 dB, but this trend was significant only for the per-
ception of oxytone words. They also made greater perceptual
adjustments to the final f0 contour levels in response to inten-
sity changes compared to MN listeners, although this effect did
not reach statistical significance. These observations align with
the phonetic cue weighting of Spanish stress (Ortega-Llebaria
et al., 2007; Ortega-Llebaria & Prieto, 2011), suggesting that
intensity weighting is limited in SN listeners’ intonation percep-
tion and influenced by the sentence’s internal prosodic struc-
ture. As for MN listeners, the finding that intensity is an
unnecessary cue in perceiving intonation seems to provide evi-
dence for cue redundancy in speech perception (e.g., Carter,
2011; Jiao & Xu, 2019 for cue redundancy perception of stop
consonants and intonation, respectively).

One possible explanation for the perceptual differences in
secondary cues between SN and MN listeners is related to
their ability to compensate for f0 deviations between the linear
f0 contours synthesized in this study and the actual intonation
patterns of Spanish statements and questions produced in nat-
ural speech, which are not entirely linear at the utterance end.
We posit that SN listeners, due to their extensive exposure to
the f0 distributions in Spanish intonation, are more adept at
increasing the salience of other concurrent secondary cues
(e.g., duration or intensity) to compensate for the loss of f0
information in resynthesized stimuli. Beyond compensatory
strategies, listeners’ prior history of experience about how
informative these input acoustic dimensions are in their L1 cat-
egories can shape their perceptual weighting in a new lan-
guage environment (Holt et al., 2018). Therefore, the
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reduced reliance MN listeners place on duration and intensity
cues, compared to SN listeners, may stem from the over-
whelming weight of f0 in Mandarin prosody (Lin, 1988;
Ortega-Llebaria et al., 2017; Wang & Xu, 2011). This
cue-weighting practice in their L1 may lead MN listeners to
overlook other less informative acoustic cues in L2 intonation
perception (Feng et al., 2019). Overall, these findings
corroborate previous studies demonstrating that listeners from
different languages utilize multiple acoustic cues differently
when recognizing the best exemplar of a phonetic category
(e.g., Feng et al., 2019; Holt & Lotto, 2006; Holt et al., 2018;
Kuang & Cui, 2018; Peng et al., 2012).
4.3. The cue weight adjustment as a compensatory strategy for
intonation perception

Regarding RQ2, it is generally found that the weight of
acoustic dimensions in the auditory processing of intonation
was not constant across different contexts. This observation
aligns with previous studies (e.g., Gussenhoven & Zhou,
2013; Holt et al., 2001; Holt & Lotto, 2006; Holt et al., 2018;
Kuang & Cui, 2018; Peng et al., 2012), which showed that indi-
viduals could adaptively shift their reliance on multiple cues
based on a general compensation mechanism in both produc-
tion and perception. Such compensatory behavior in speech is
often explained using phonetic trading relations, whereby
changes in one acoustic dimension can be compensated for
by making opposite changes to other important dimensions
of the target speech category so that the phonetic quality could
be preserved (Repp, 1982). In support of this notion of percep-
tual compensation and our second hypothesis, we observed
that MN and SN listeners significantly up-weighted the f0 cues
by increasing the question-statement identification boundary
(x₀) when the duration of word-final syllables was decreased
to the lowest level. SN listeners, in addition, were able to flex-
ibly adjust their cue weights to compensate for the continuous
acoustic fluctuations between f0 and intensity cues. In con-
trast, MN listeners did not demonstrate significant compen-
satory adjustments in response to dynamic changes between
f0 and intensity. This finding provides evidence for our predic-
tion that SN and MN listeners perceptually compensated for
acoustic variations in intonation to varying degrees.

Furthermore, when comparing the extent of cue weight
adjustments between the two language groups, we found that
SN listeners were more adept at compensating for acoustic–
phonetic variations in Spanish intonation than MN listeners.
This superior compensatory behavior in SN listeners may stem
from their relatively enhanced sensitivity to modulations in the
three acoustic dimensions correlated with target intonation cat-
egories, making them more responsive to the perceptual trad-
ing relations between f0, duration, and intensity cues.
Empirical research supports a positive correlation between
perceptual sensitivity and compensatory ability (e.g.,
Hodgson & Miller, 1996; Nault & Munhall, 2020; Villacorta
et al., 2007), suggesting that the degree to which listeners
can make auditory compensations depends on their sensitivity
to the input acoustic dimensions, which should be consistently
correlated with the perception of the phonetic object. These
insights, along with our study’ findings, may exemplify how per-
ceptual compensatory strategies can be effectively utilized as
tools for assessing listeners’ auditory sensitivity to multiple
acoustic cues within specific linguistic categories.
4.4. The role of stress in cross-linguistic intonation perception

In accordance with our hypothesis for RQ3, the results indi-
cated that the perception of Spanish intonational cues was
influenced by the final stress position of the sentence. Listen-
ers, especially those in the SN group, perceived paroxytone
words as questions using significantly lower f0 contours com-
pared to oxytone words. That is, paroxytone words were more
likely to be identified as yes/no questions than oxytone words
at the same f0 level in sentence-final positions. This perceptual
distinction can be partly attributed to the principle of least effort
(Zipf, 2016), which holds that humans naturally gravitate
towards the course of action that’s the least cognitively
demanding even though our minds are capable of processing
complex patterns. Paroxytone, being the most common and
unmarked stress pattern in Spanish (and certainly the most fre-
quent and familiar stress for Mandarin learners), typically
demands less effort in both production and perception (Defior
& Serrano, 2017; Roca, 2019). Consequently, it is not surpris-
ing that SN and MN listeners were more inclined to categorize
paroxytone words as questions rather than oxytone words
when presented under identical pitch conditions.

Another factor contributing to the differences observed
between both stress patterns relates to their required duration
cues in intonation processing. As depicted in Fig. 1 and Fig. 2,
the final vowel in the oxytone word “Alcalá” had a longer dura-
tion (184 ms) than that in the paroxytone word “Sevilla”
(171 ms) in the statement context. This observation aligns with
prior studies that noted longer durations of accented stressed
syllables at the IP boundary compared to unaccented stressed
counterparts (e.g., Navarro-Tomás, 1974; Ortega-Llebaria,
2006; Ortega-Llebaria et al., 2013). This discrepancy in dura-
tion further increased in our yes/no questions, with the final
vowel length reaching 190 ms in the oxytone word and
decreasing to 154 ms in the paroxytone word (see Appendix
A). While direct empirical examination of this pattern is cur-
rently lacking, our data suggest that oxytone words require a
more significant duration increase to encode both stress and
question intonation in the sentence-final syllable effectively. A
possible effect of this is that the same amount of duration
changes in “Alcalá” is perceived as less salient compared to
those in “Sevilla”. Thus, to ensure the perceived salience of
the oxytone word “Alcalá”, our listeners may have increased
the f0 levels of the sentence-final syllable based on the percep-
tual trade-offs between acoustic cues.

On the other side, when comparing the slopes of the identi-
fication curve across stress patterns, it is observed that MN lis-
teners exhibited less sensitivity to f0 modulations in words with
final stress compared to those with penultimate stress, espe-
cially in Test 1. This discrepancy, again, can be interpreted in
the context of the principle of least effort in human behavior
(Zipf, 2016). Specifically, we propose that the preference of
MN listeners for processing word-level meanings in their L1
(Gussenhoven & Chen, 2000; Liang & Heuven, 2007) might
transfer to their perception of L2 Spanish intonation, leading
them to prioritize or put extra efforts on decoding f0 cues for
L2 lexical stress. This negative transfer from L1 was thought
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to be a relevant factor for MN listeners’ reduced efficiency in
processing the intonational f0 cues in oxytone words. In con-
trast, the processing of f0 cues in paroxytone words seems
to be less complicated because, in these cases, the f0 conflict
at the sentence-final syllable is minimal, and the primary func-
tion of the final f0 contours is to signal intonation contrasts.
However, despite positing that stress interference could be
an important factor in the perceptual differences observed
between the two stressed words, the exact mechanisms of
how stress and intonation are encoded simultaneously through
changes in the same acoustic dimensions, and how stress pro-
cessing might influence the cue-weighting functions in intona-
tion perception, are yet to be fully understood.
4.5. Limitations and future directions

This study leaves several important questions open for fur-
ther investigation, stemming from both its limitations and the
insights it provides. A methodological limitation constraint is
the psychophysically unbalanced perceptual impact of our
manipulation in the three acoustic cues: f0, duration, and inten-
sity. The magnitude of changes applied to these dimensions
did not have equivalent perceptual salience, which may restrict
our ability to draw definitive conclusions about the relative
weights of the three intonational cues. However, it is important
to note that this limitation does not invalidate our findings
regarding the perceptual differences between SN and MN lis-
teners, as both groups were consistently exposed to the same
amount of acoustic variations in intonation. This ensures that
any cross-linguistic differences in perceptual cue sensitivity
can still be accurately compared and analyzed. To address this
limitation, future studies should adopt perceptually comparable
measures when manipulating acoustic properties across multi-
ple dimensions. This can be achieved, for instance, by estab-
lishing perceptually equivalent units based on the just
noticeable difference (JND) for each acoustic parameter of
intonation (see Koffi, 2019, 2020, 2021; Long, 2014, for a
detailed understanding of f0, duration, and intensity JNDs).

Furthermore, our results indicating differential reliance on f0
cues for intonation processing of various stressed words are
interpreted as auditory compensation for the less prominent
duration changes in oxytone words compared to paroxytone
words. This interpretation presupposes that in Spanish, oxy-
tone words exhibit more pronounced duration increases in
the final vowel than paroxytone words, particularly in encoding
yes/no questions. While our study confirms this duration dis-
crepancy in the two test words (in both statement and question
forms) uttered by a native speaker, it remains unclear if this
feature is a widespread characteristic of Spanish intonation.
Consequently, future studies are warranted to investigate the
acoustic properties of Spanish intonation further. Such
research would enhance our understanding of the perceptual
interplay between stress and intonation at the IP-final bound-
ary of Spanish questions.
5. Conclusion

This study reveals important cross-linguistic commonalities
and distinctions in the perceptual processing of acoustic
details across multiple dimensions relevant for categorizing
Spanish intonation. It is found that both f0 and duration cues
were significant in intonation perception among MN and SN lis-
teners, while intensity emerged as a redundant cue, exerting
limited influence on SN listeners’ auditory judgements. The
perceptual weighting of duration and intensity differed between
L1 and L2 listeners from distinct language backgrounds.
Specifically, SN listeners demonstrated a heightened sensitiv-
ity to variations in secondary cues compared to MN listeners.
Contrary to the cue-weighting transfer hypothesis, our findings
do not support the notion of MN listeners with a tonal language
background transferring their f0 perception advantage from
lexical tones to the processing of f0 linear transitions in L2 into-
nation. Instead, tonal and non-tonal language listeners showed
similar perceptual sensitivities to f0 cues processed as sen-
tence intonation. Additionally, the variability in perceptual
weighting across different acoustic conditions suggests that
listeners are capable of flexibly adjusting their reliance on var-
ious cues to accommodate modulations in speech. The dis-
parate performances of listeners in perceiving oxytone and
paroxytone words also indicate that the cue-weighting func-
tions in intonation are influenced not only by prior linguistic
experience and acoustic environment but also by word-level
suprasegmental constituents.
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