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Abstract

Previous research has shown that US Spanish heritage speakers produce the tap-trill contrast with
varying manners of articulation and a non-canonical number of occlusions, while using duration as
a more robust cue to the contrast. This contrast is present in Spanish, the heritage language, and
absent in English, the majority language. In this paper, we examine the development of duration as an
acoustic correlate of the tap-trill contrast by analyzing semi-spontaneous productions from child and
adult heritage speakers as well as age-matched Spanish speakers from a monolingual environment.
The durations of phonetic taps and trills were fitted to Bayesian hierarchical models to examine how
these speaker groups differ with respect to their use of duration as an acoustic correlate. The results of
our analysis show that the average child heritage speaker produces a smaller durational contrast with
increased variability, and that some child heritage speakers show near-complete overlap in the dura-
tion of the two segments. Adult heritage speakers demonstrate a reduced difference in the tap-trill
contrast when compared to Spanish speakers raised in a monolingual environment, but maintain a
contrast between the two sounds. Developmental analyses within the child groups do not show signif-
icant differences in trill duration by age, but child Spanish monolinguals show a non-linear reduction
in tap duration by age that does not occur for heritage children. Overall, our results support a sce-
nario of protracted development in heritage children for the tap-trill contrast, as well as a potential
sound change in progress for US Spanish.
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I. Introduction

Heritage speakers are bilinguals who are exposed to a family language at home that differs
from the majority language in the community. A well-studied case is that of second-
generation speakers whose parents arrive in a host country with a different language and
decide to transmit their native language to their children (e.g., Benmamoun, Montrul &
Polinsky 2013; Valdés 2014; Montrul 2023). Heritage speakers, in their heritage language, are
shown to present quantitative and qualitative differences in several aspects of their speech
system compared to speakers raised in monolingual environments (e.g., speakers residing
in a monolingual environment or recent immigrants in the host culture) (Godson 2004;
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Willis 2005; Amengual 2012, 2016; Ronquest 2013; Colantoni et al. 2016; Elias, McKinnon &
Milla-Mufioz 2017; Kissling 2018; Repiso-Puigdelliura 2021). This is thought to result from
an early shift in language dominance, as heritage speakers become extensively exposed
to the majority language and experience decreased exposure to the heritage language.
Arguably due to this shift, the phonetic and phonological systems of heritage speakers show
a wide range of variability, from monolingual-like performance to performance similar to
other types of bilinguals (e.g., Pallier et al. 2003; Lukyanchenko & Gor 2011; Chang & Yao
2016; Repiso-Puigdelliura & Kim 2021; Rato & Machado 2024). The goal of the present study
is to add to this body of literature by examining duration as an acoustic correlate of the
tap-trill contrast in heritage Spanish.

The shift in language dominance during childhood constitutes a unique trajectory in
heritage language acquisition, which demands further investigation to better understand
the scenarios of child-to-adult speech system development. Some research has shown
that heritage speakers sound more accented in primary school (7-to-9-year-olds) than in
preschool (4-to-6-year-olds) (e.g., Kupisch et al. 2021), indicating early attrition of heritage
language sounds. Other research has shown instances of protracted development for some
sounds (e.g., Menke 2018; Repiso-Puigdelliura & Kim 2021) and attributed such development
to limited input, given that exposure to the heritage language is often restricted to the fam-
ily environment. These two possibilities are not mutually exclusive, as development is not
uniform for all sounds and depends on language-specific properties (e.g., Kehoe 2002; Lle6
2002), as well as the similarity of sounds and phonotactic constraints across the languages
of the bilinguals (see Bosch 2024 for discussion). In this paper, we examine the production
of two sounds in both child and adult heritage speakers, one of which is more articulatorily
complex (i.e., [r]) than the other (i.e., [r]) and absent in the sound system of the majority
language.

I.1 Phonetics-phonology of Spanish tap-trill

Spanish has two rhotic sounds: an alveolar tap [r] and an alveolar trill [r], which are con-
trastive in intervocalic position (e.g., /pero/ pero ‘but’ vs. /pero/ perro ‘dog’), and appear in
complementary distribution or free variation in other contexts (Catford 1977; Hualde 2005;
Proctor 2011). From a production standpoint, the trill demands greater articulatory control
than the tap. The tap is produced with a single rapid ballistic movement of the tongue tip
against the alveolar ridge and a secondary uvular gesture of the tongue body (Catford 1977;
Proctor 2011). The trill involves lingual trilling, realized by an initial pre-dorsal lowering
and post-dorsal retraction to release built-up air pressure, allowing the tip of the tongue
to vibrate against the alveolar region (Davis 1998; Recasens & Pallarés 1999; Solé 2002;
Dhananjaya, Yegnanarayana & Bhaskararao 2012). As a result of articulatory constraints,
Spanish trills are longer than Spanish taps. Studies examining rhotic duration have used
interviews and semi-spontaneous speech (i.e., wordless picture books) (Willis & Bradley
2008; Bradley & Willis 2012), reading tasks (Amengual 2016), spontaneous speech (Perry,
Kelly & Tucker 2024), or a combination of controlled, semi-spontaneous, and spontaneous
speech (Kissling 2018). The average length of a tap has generally been found to lie between
20-30 ms (Willis & Bradley 2008; Bradley & Willis 2012; Amengual 2016; Perry et al. 2024),
although Kissling (2018) reported an average duration of just over 40 ms. The average length
of a trill generally falls within the range of 70-90 ms (Willis & Bradley 2008; Bradley & Willis
2012; Kissling 2018), with Willis & Bradley 2008 reporting means for Dominican Spanish in
semi-spontaneous speech that document by-speaker variability in production.

Trills are among the latest developing sounds in Spanish (Bosch 1983; Acevedo 1993;
Fabiano-Smith & Barlow 2010), likely due to their articulatory complexity, as they present
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constraints in air stream properties, tongue-tip stiffness, coronal aperture, tongue body
placement, and inter-gestural timing (Solé 2002; Proctor 2011). Trills have also been docu-
mented to show a wide range of phonetic variation across dialects with respect to place and
manner of articulation (e.g., pre-breathy variants, assibilated variants, dorsalized variants)
(Lastra & Butraguefio 2006; Willis 2006; Colantoni 2006; Henriksen et al. 2022).

Compared to trills, alveolar taps exhibit a more limited range of variation, mainly in
their degree of articulatory closure, with realizations ranging from taps with continuous
formant structure to non-continuant taps (Bradley & Willis 2012; Perry et al. 2024). Based
on spectrographic analyses, these degrees of constriction have been coded in the literature
as true taps (i.e., stop closure and/or visible burst release), approximant taps (i.e., visible
occlusion on the spectrogram), or perceptual taps (i.e., no visible constriction but a drop in
intensity) (Bradley & Willis 2012; Amengual 2016; Kim et al. 2020; McKinnon 2023). Recently,
a corpus study of Madrid Spanish by Perry et al. (2024) found that variation in the intensity
drop during tap production was associated with changes in speech rate, lexical frequency,
and phonetic environment.

Pressures of lexical access may also influence the phonetic realization of this contrast,
as trills in word-medial position are produced with more occlusions than those in non-
contrastive positions (Lastra & Butraguefio 2006; Henriksen 2014). It is also possible that
cues other than the number of occlusions are involved in the production and perception
of the contrast. Duration has been found to be a secondary cue distinguishing taps from
trills (Willis 2006; Henriksen & Willis 2010; Bradley & Willis 2012; Henriksen 2015a). In
Kaqchikel-Spanish bilingual speakers, McKinnon (2023) showed that, despite variation in
the production of the trill (e.g., 28.3% of tokens produced as post-approximantized taps),
the duration of the phones was largely non-overlapping. Trills produced in rhotic minimal
pairs (e.g., /karo/ caro ‘expensive’ vs. /karo/ carro ‘car’) were more likely to be realized with
at least two occlusions. In perception, Melero-Garcia & Cisneros (2020) found that listeners
can use duration as a cue to distinguish between taps and trills, with longer segments more
likely to be perceived as trills.

However, some varieties of Spanish in contact with English show overlap in the duration
of taps and trills with a single occlusion (Henriksen et al., 2022). Thus, it is not clear to
what extent duration is used as a cue to maintain the tap-trill contrast, particularly in cases
in which primary canonical cues, such as number of occlusions, are not available to the
speakers or found in that specific variety of Spanish.

1.2 Monolingual development of rhotic sounds

When it comes to monolingual phonological development, rhotics are generally acquired
later than other consonants. Taps are typically acquired around four or five years of age
(Bosch 1983, 2004; Camargo 2006; Torres et al. 2016; Vivar & Alarcén 2019), while trills con-
tinue to be acquired until six or seven years of age (Bosch 1983; Jimenez 1987; Acevedo
1993). During acquisition, children use substitution strategies in words containing taps and
trills, replacing taps with [1], [n], or [0], and replacing trills with the liquids [1] or the tap
[r], or with the dentoalveolars [d] and [8]. For instance, Vivar & Alarcén (2019) showed that
2;0-to-3;0-year-olds replace taps at a rate of 42.4% and trills at a rate of 60.7%.

Some studies have reported different stages of rhotic acquisition depending on their
position in the word and syllable. Trills, for example, are acquired faster when they appear
in intervocalic positions than in word-initial or word-final positions. Acevedo (1993) found
slightly higher rates of trill production in intervocalic position (85%) compared to word-
initial position (75%) at age 4, with these rates increasing to 100% and 90% respectively
at age 5;6. Oropeza Escobar (2017) examined 55 Mexican Spanish-speaking children (2;0 to
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6;0 years of age) and found that the acquisition of trills and liquids in general is initially
restricted to word-medial contexts, where substitutions occur (e.g., [r] replaced by [1], [d],
or [0]), while word-initial or word-final positions show trill deletion.

Regarding trill duration, Carballo & Mendoza (2000) identified two trends: first, children
generally reduce the duration of trills as they age; second, the shortest trills are produced
by children who articulate trills with a single occlusion. It is important to note that, when
acoustic or articulatory data are not used, the criteria for determining consonant accuracy
may vary across studies, which affects the reported age of acquisition. For example, Torres
et al. 2016 showed that the age of liquid acquisition can differ by as much as two years
depending on the criteria used. For this reason, incorporating phonetic data is crucial in
studies of sound development in children.

1.3 Tap and trill development in Spanish heritage speakers

The phonetic and phonological characteristics of the Spanish rhotic sounds regarding their
articulatory complexity, limited positions of contrast, and a great deal of dialectal vari-
ation may render these sounds an area of vulnerability in heritage language acquisitional
trajectories. Seminal research on bilingual development of taps and trills, reporting rates of
consonant accuracy, showed that Spanish-English 3-to-4-year-olds demonstrate lower rates
of tap and trill acquisition compared to monolingual speakers (Fabiano-Smith & Barlow
2010). More recent studies with Spanish-English bilinguals have included acoustic mea-
sures and used cross-sectional designs to examine rhotic development in heritage speakers
of different ages (Menke 2018; Repiso-Puigdelliura & Kim 2021). Menke (2018) shows ear-
lier threshold rates of target-like production for the tap than for the trill, with tap duration
decreasing as children age, from a mean of 36.8 ms in 6;8-to-7;6-year-olds to 30.8 ms in 12;8-
to-13;5-year-olds, and trill duration increasing with age, from a mean of 75.3 ms to 84.65 ms.
This trend hints at a potentially different learning trajectory than that found in monolin-
gual speakers (Carballo & Mendoza 2000, see section 1.2). When directly compared to adult
heritage speakers, Repiso-Puigdelliura & Kim (2021) show that 9-to-10-year-old heritage
speakers produce lower rates of phonetic trills (i.e., with either strong or weak occlu-
sions; M = 12.84%) with fewer occlusions (M = 0.8, SD = 0.7) and shorter duration (M = 48.6
ms, SD =25 ms) compared to adults, whose mean rate of phonetic trill production was
43,69%, with an average of 1.39 occlusions (SD = 0.98) and a mean duration of 67.19 ms
(SD =29.66 ms).

Studies on the heritage bilingual speech system also find that heritage trills are produced
with a wide range of variants, such as segments with periods of frication noise or weakened
occlusions (Henriksen 2012; Amengual 2016; Kissling 2018; Kim & Repiso-Puigdelliura 2020;
Repiso-Puigdelliura & Kim 2021; Colgiu et al. 2024).

The production of these non-canonical variants has been associated with factors related
to bilinguals’ relative dominance in the heritage and majority languages. For example,
reduced dominance in Spanish has been linked to a preference for strong occlusions in
taps (Amengual 2016; Kim & Repiso-Puigdelliura 2020) and a higher number of occlusions
in trills (Amengual 2016). Age of acquisition (i.e., simultaneous bilinguals versus Spanish
speakers who arrived in the US after the age of 12) predicts both the number of occlu-
sions and the duration of the trill. Finally, self-identification with Latino-Hispano culture
has been associated with a higher rate of canonical trill production (Kissling 2018).

Given the observed wide range of phonetic variants for rhotic production, a relevant
question is whether heritage bilinguals maintain the tap-trill contrast in intervocalic posi-
tion with cues other than manner of articulation. Garza, Willis & Melero-Garcia (2024)
has recently examined this question with a perceptual design and using duration as a
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secondary cue. The study shows that, when presented with word-medial rhotic sounds
ranging between 22 ms and 85 ms, Spanish heritage speakers (HSs) are more likely to iden-
tify segments above 55 ms as trills. In addition, the category boundary between taps and
trills decreased as the age of English acquisition increased. Early bilinguals (AoA: 2-4 years)
were more likely to select tap in segments below 55 ms relative to late bilinguals (AoA: 5+
years). When compared to Melero-Garcfa & Cisneros’s (2020) findings on Spanish monolin-
guals, HSs require a greater duration to identify trills (60+ ms) in the absence of multiple
occlusions (Garza et al. 2024), suggesting a less robust tap-trill contrast in the heritage
group.

To sum up, the acquisition trajectory of Spanish rhotic sounds appears to differ between
heritage bilinguals and monolingual Spanish speakers. Moreover, the mature sound sys-
tems of heritage bilinguals continue to exhibit phonetic variability influenced by factors
such as language use, dominance, and identity. This suggests, in addition, that the input of
the second-generation heritage speakers could be different from that of the speakers raised
in monolingual environments, given that they could be exposed to an input with a higher
rate of phonetic variants of the trill through the members of their community. Lastly, recent
research on the perception of rhotic sounds has explored whether secondary cues help to
maintain the tap-trill contrast in intervocalic position. The evidence indicates that age of
exposure to the majority language modulates the extent to which duration serves as a cue
to this distinction, such that later bilinguals accept segments with shorter durations as
trills.

1.4 The present study

In the present study, we investigate how US Spanish heritage speakers employ duration as
an acoustic correlate of the tap-trill contrast in intervocalic position, where the sounds are
contrastive. Specifically, we are interested in second generation Spanish speakers whose
parents migrated from a predominantly Spanish speaking society, and who therefore are
likely exposed to Spanish input containing the contrast. The first goal of this paper is to
see whether Spanish heritage speakers use duration as a cue to robustly maintain the tap-
trill contrast in speech production and compare them to age-matched children raised in
monolingual environments. Our second goal is to compare the productions of child and
adult heritage speakers to see whether the development of the tap-trill contrast shows pro-
tracted development, with child heritage speakers producing a weaker contrast than adult
heritage speakers, or attrition, with adult heritage speakers showing a less robust contrast
than children. Our third research goal is to examine whether the development of duration
as a cue to the tap and trill contrast throughout childhood presents differences between
heritage and monolingual children.

2. Methods
2.| Participants

A total of 102 speakers participated in the semi-spontaneous speech task. The Spanish HSs
group consisted of 31 child participants (14 F, 17 M, mean age = 9;1 years, SD = 23 months,
range = 5;3-11;11 years) and 16 adult participants (13 F, 3 M, mean age = 20.3 years, SD=
28 months). The Spanish HSs were born in the US or arrived in the US before the age
of 3. With regard to their dialectal background, participants had at least one caregiver
whose country of origin was Mexico. As for the age of acquisition of the two languages, HSs
were exposed to Spanish since birth and to English before the age of five. The adult heritage
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speakers were university students at the University of California, Los Angeles. These partic-
ipants were recruited from courses at the Spanish and Portuguese Department. The child
Spanish heritage speakers were sampled from three Los Angeles primary schools that pro-
vide Spanish immersion instruction. Child heritage speakers were recruited through flyers
distributed to parents.

The control group (i.e., SpanMonoS) consisted of Spanish speakers raised in Mexico who
resided in Northern or Central Mexico at the time of testing. The group included 34 child
speakers (12 F, 22 M; mean age = 8;5, SD = 24.3 months; age range = 5;0-11;8) and 21 adults
(15 F, 6 M; mean age = 20.8 years, SD = 1.91 years). All SpanMonoSs were exposed to Spanish
at home and to both Spanish and English at school; however, only participants with at least
70% exposure to Spanish were included. These participants were recruited through a snow-
ball sampling approach, whereby existing participants referred to additional individuals.
Given that the study was conducted at the outbreak of the COVID-19 pandemic, data collec-
tion began in person and later continued online. The in-person recordings were conducted
in a quiet space at the primary schools or in a sound-attenuated room for the adult her-
itage speakers, using an AKG-520 head-mounted microphone and Zoom H4n handy portable
digital recorder with a sampling rate of 44.1 kHz and 16-bit quantization. For the online por-
tion of the study, recordings were made with the participants’ smartphone microphones
using the phone app Shure MOTIV™, positioned approximately 4 inches from the mouth
with a sampling rate of 44.1 kHz and 16-bit quantization. Our duration measurements
were not affected by differences in recording quality between the in-person and online
sessions.

2.2 Task and segmentation

Semi-spontaneous speech for this study was elicited using the wordless book Frog Where
Are You? (Mayer 1969). This task elicits taps (e.g., ahora ‘now’, era ‘was’, vieron ‘they saw’)
and trills (e.g., jarra ‘jar’, perro ‘dog’) in comparable environments across participants. In
addition, the frog story has been used in previous studies to elicit naturalistic rhotics in
Spanish (e.g., Henriksen 2015a; Repiso-Puigdelliura & Kim 2021). The resulting speech sam-
ples were forced aligned using Montreal Forced Aligner (McAuliffe et al. 2017). Boundaries
for all instances of intervocalic phonemic taps and trills were manually adjusted.

Based on the manner of articulation as it shows in the spectrogram we classified taps
and trills as true tap (i.e., stop closure and burst release), approximant tap (i.e., visible
drop in intensity but with a continuation of the formant structure), perceptual tap (i.e.,
perceptual rhotic sound with intensity drop but no visible presence of a constriction in
the spectrogram), true trill (i.e., segment with two or more occlusions), approximant trill
(i.e., segment with two or more occlusions presenting continuation of the formant struc-
ture), fricativized rhotic (i.e., frication noise in the spectrogram and no visible occlusion), or
other (e.g., lateral, retroflex, glides, voiced stops) (see Figure 1). We manually adjusted the
boundaries at the onset and offset of the visible occlusion (i.e., single occlusion for taps and
multiple occlusions for trills). An occlusion was defined as a disruption in the formant struc-
ture between flanking vowels, together with an intensity dip, occurring either between two
vowels or between a vowel and an aperture (e.g., see Figure 1a). For tokens that showed a
continuous formant structure, the boundaries were aligned at the point where the energy
visibly weakened and the intensity decreased between the consonant and the surrounding
vowels (e.g., see Figure 1b). For tokens containing frication noise, boundaries were placed
at the onset and offset of the aperiodic signal in the spectrogram (e.g., see Figure 1c). Both
true and approximant taps and trills were classified as phonetic taps and trills and included
in the analysis. Perceptual taps and fricative realizations were excluded.
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Figure 1. Examples of phonemic trills produced as true trill, approximant trill, trill with friction noise, and tap.
The first tier contains an IPA transcription of the word and the second tier indicates the segmentation of the
rhotic sounds. (a) True trill in garrafén ‘jug’. (b) Approximant trill in perrito ‘doggy’. (c) Fricative in jarra ‘jar’. (d)
Approximant tap (i.e., phonemic trill) in perro ‘dog’. (e) True tap in curioso ‘curious’. (f) Approximant tap in fuera
‘outside’.

2.3 Data analysis

In mapping our first two research objectives to a statistical model, we must define what
we mean by ‘robustly’ maintaining a contrast. In our models, we thought of two distinct
ways in which we could define a phonological contrast being maintained. First is the size
of the length difference between taps and trills (i.e., how much longer the average trill is
compared to the average tap), and second is how variable the durations of taps and trills
are in a phonological context where they can be contrastive.

The first model we built was a Bayesian hierarchical model highly similar to a linear
mixed-effects model and thus was only able to predict changes in the mean. However, we
had evidence from previous research on heritage speakers, as well as general research into
bilingualism, that supported the idea that there might also be differences in the variance
of duration, not just the means. Our first model assumed a constant variance for all ages,
segments, and speaker groups, which is a statistical assumption that does not map well to
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the reality of our data. We therefore fit a second model that relaxed this assumption. The
model of the mean duration was the same in this second model, but instead of having a con-
stant variance, we modelled the variance by the same three-way interaction that modelled
changes in the mean and allowed the variance to vary by speaker. We compared the predic-
tive performance of these two models using the Leave-one-out information criterion. Both
of these models were fit using the package brms (Biirkner 2017) in R (R Core Team 2021)
and used a lognormal likelihood predicting segment duration in milliseconds by the inter-
action between three sum-coded binary variables: age group (children vs. adults), speaker
type (heritage vs. monolingual), and segment (tap vs. trill). For predicting the mean dura-
tion, we controlled for speech rate as measured in syllables per second, so that comparisons
between groups could be made even though generally adults speak faster than children. We
had varying intercepts for participants for both the mean and variance and a varying effect
of segment by participant in predicting mean duration. All code and data used to fit these
models is detailed in the supplementary materials, along with additional details about our
weakly-informative priors which were chosen through prior predictive simulation.

Our third research question asked a question about developmental trajectories within
the child groups. We therefore fit a generalized additive mixed model using package mgcv
(Wood 2020) to allow for the fitting of non-linear developmental trends. This model pre-
dicted log-transformed duration by a separate smooth term for age for each of the four
possible combinations coming out of speaker group (heritage vs. monolingual) and seg-
ment (tap vs. trill) as well as a separate smooth term for speech rate. We also included a
random effect of participant. As with the previous models, all data and code used to fit and
interpret the model are included in the supplementary file.

3. Results

Here we report a summary of the findings from our modelling of the data. The data and
code used to fit the models, additional comparisons and visualizations, the saved model
files, and additional information about our prior predictive simulations are located in the
supplementary materials. All predictions and comparisons were made using the pack-
age marginaleffects (Arel-Bundock, Greifer & Heiss 2024). For plotting, we used ggplot2
(Wickham 2016), ggdist (Kay 2024), patchwork (Pedersen 2025), and ggpattern (FC & Davis
2022).

In our analyses, we only included tokens that were coded as phonetic taps or trills.
We also excluded taps without a measurable duration (e.g., excluding perceptual taps and
elided segments as in Perry, Kelly & Tucker (2023). In line with previous research (e.g.,
Henriksen 2015b; Kehoe and Girardier 2020; Repiso-Puigdelliura and Kim 2021), we also
found non-canonical variants, such as fricatives (both heritage and monolingual speak-
ers), lateral and retroflex segments (only child heritage speakers). These productions that
were not analyzed constituted less than 7% of tokens in an intervocalic environment.
Information regarding these segments is available in the supplementary materials.

3.1 Age group analysis

Here we review the results from the analysis comparing child and adult productions of taps
and trills. Before interpreting the model, we report the comparison between the model
with a constant variance to the model which allowed the variability of productions to
change according to our variables of interest (known as a location-scale model). The pre-
dictive power of our location-scale model was an improvement over our model of means
(elpd diff = —125.0, se diff = 21.4), indicating a high probability (>99.99%) that dropping
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Figure 2. (a) Posterior distributions for the model’s predicted duration, in milliseconds, for the two segments
according to age and speaker group for a theoretical average participant. The steps on the whiskers indicate the
50% and 89% credible intervals. (b) The posterior distributions for the difference in milliseconds between the tap
and trill according to age and speaker groups for a theoretical average participant. The red dashed line at zero
indicates the point on the x-axis where taps and trills would be the same length.

the assumption of constant variance improved the out-of-sample predictive power of our
model. We therefore report only our location-scale model here, although the reader will
find the constant variance model reported in the supplementary file.

We will start by interpreting differences in mean duration according to our three vari-
ables of interest. Figure 2a visualizes the predicted durations of taps and trills by age and
speaker group. However, our first research question wasn’t concerned with specific dura-
tion values, but instead with how the duration is employed as an acoustic correlate of the
tap-trill contrast. To aid the reader in comparing the size of the tap-trill contrast across
groups, Figure 2b plots the posterior distributions for the tap-trill contrast, with the dashed
red line indicating the place on the x-axis where the two sounds would be the same length.
Our interpretation of the model is that an average monolingual produces trills around 40-60
ms longer than the tap (95% CI is 42.3-58.1 ms for children and 39.1-56.6 ms for adults). This
is a longer difference in duration than an average heritage speaker adult (95% CI = 23.6-
39.9 ms), who in turn has a larger difference between taps and trills than the average child
heritage speaker (95% CI =12.3-23.2 ms).

In addition to interpreting changes in the mean, our location-scale model allows us
to look at changes in how variable productions of the two segments are in our age and
speaker groups. Figure 3a visualizes the predicted scale parameter of our model according
to our three variables of interest, with higher values meaning a wider range of duration
values being modeled for that group. Some general patterns emerge. First, the average
heritage speaker child produces trills more variably than taps (95% CI=0.0135-0.0892),
while the two segments are more similar for all other speaker groups, with strong evi-
dence that the contrast is different for heritage children compared to adult monolinguals
(95% CI= 0.023-0.119) and somewhat weaker evidence that this pattern is more extreme
compared to heritage speaker adults (95% Cl= —0.008-0.0937) and monolingual children
(95% C1=—0.014-0.0937). The consequences of these differences in variability around the
mean can be seen in Figure 3 B, where we output predicted values of taps and trills from
the model. These are not predictions of mean values but incorporate the sigma variable to
generate the entire distribution of segment durations. So, whereas the tap-trill contrast in
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Figure 3. (a) Posterior distributions for the sigma parameter for a theoretical average participant according to
segment type, age group, and speaker group. This sigma parameter is how variable durations were around the
means shown in Figure 2a. (b) The entire predictive distribution for tap and trill durations according to age and
speaker group.

average durations was similar for monolingual children and adults, the increased variabil-
ity of child productions leads to increased overlap between the tap and trill distributions
in the lower left panel compared to the lower right panel. We can also see that an average
child heritage speaker has a large degree of overlap in the durations of their taps and trills.

So far, we have been following the standard practice of reporting the conditional effects
from the hierarchical model, i.e., the effect for an average participant. This puts aside the
variation taken into account by the group-level (random) effects. However, our model con-
tained a varying slope for the tap-trill contrast by participant, allowing us to model the
possibility that not all speakers in our data implement this contrast in the exact same way.
Figure 4 visualizes the distributions of individual counterfactual comparisons between the
tap and trill for each row in our data, taking into account the nature of how each participant
instantiates the contrast. We can see that all of the comparisons for monolingual speakers
are positive, meaning that trills are always predicted to be at least 25 ms longer than taps.
Much different to this is the predicted contrasts for the heritage group. Predictions for
adults are much closer to zero, and many predictions for children fall in on the other side
of zero. Thus, while an average child heritage speaker might employ duration as an acoustic
correlate of this phonemic contrast in production, there are some who do not. This pattern
can also be seen in the raw data, plotted for the readers’ convenience in the supplementary
material.

3.2 Development analysis

Here we review the main findings of the non-linear regression model that was fit to explore
how tap and trill productions changed according to children’s ages. The estimated average
duration for an average child according to age in months is visualized in Figure 5a. The
overall differences between the tap-trill contrast and the length of the trill are similar to
the analysis in the previous section, so we will not reiterate that information here. We will
discuss the differences (or lack thereof) according to the ages of children within our sample.
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Figure 5. (a) Predicted segment duration in milliseconds for an average participant based on the segment (tap
or trill), speaker group (HS or Mono) as well as the child’s age in months. (b) The difference in duration (log ms)
between a tap produced by an average heritage child vs a tap produced by an average monolingual child. Horizontal
dashed line in red is where the two segments are equal in length. Vertical dotted lines in grey at 93 and 122 months
indicates approximate start and stop of area where 95% Cl does not include zero.

The first thing we point out is that the smooth terms for the trill were not statistically
significant for either the heritage group (p=0.538) or the monolingual group (p=0.075). As
this corresponds to an absence of evidence, we will not be interpreting how the length of
the trill may vary as a function of age. We do see, however, that the smooth term for the
tap is predicted by age for both heritage speakers (p=0.008) and monolinguals (p<0.001).
The pattern predicted for heritage speakers is a linear decrease in tap duration, whereas
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monolingual speakers show a non-linear pattern. An average monolingual and heritage
speaker child is not significantly different from one another at the youngest or oldest ages
observed, but differ between approximately 93 and 122 months as shown in Figure 5b.

4. Discussion

Research on the Spanish rhotic system of heritage speakers has shown that these bilin-
guals produce trills varying in manner of articulation and number of occlusions (Henriksen
2015b; Amengual 2016; Kissling 2018; Cummings Ruiz & Montrul 2020; Repiso-Puigdelliura
& Kim 2021) and taps with varying degrees of constriction (Henriksen 2015b; Amengual
2016; Kim & Repiso-Puigdelliura 2020). The present study investigates how duration, as a
secondary cue in the rhotic system, develops in Spanish heritage speakers to support the
maintenance of the tap-trill contrast in semi-spontaneous speech. To do so, we examined
tap-trill production in a population of child and adult heritage speakers and compared it
to that of age-matched Spanish speakers raised in a monolingual environment. Along with
comparisons of mean durations, in this study, we modeled variation in segment duration
using a location-scale model. We interpret variability in the production of rhotic duration
as the degree of articulatory stability of the tap and the trill in the sound system.

We first asked whether adult Spanish heritage speakers and adult Spanish speakers
raised in a monolingual environment use duration as an acoustic correlate of the tap-
trill contrast to the same extent. We found that, compared to adult monolingual Spanish
speakers, adult heritage speakers demonstrate a reduced tap-trill contrast with higher
variability, but present largely non-overlapping durations between the two segments. The
reduced durational contrast arises from a shorter trill rather than a longer tap. Our results
align with previous studies showing shorter trills for heritage bilinguals compared to long-
term immigrants or native speakers (Bradley & Willis 2012; Henriksen 2015b; Kissling 2018;
Cummings Ruiz & Montrul 2020; Colgiu et al. 2024). We show that, despite differences
between groups, heritage speakers maintain the tap-trill contrast using duration as a sec-
ondary cue (Amengual 2016; Cummings Ruiz & Montrul 2020). Our study expands on the
body of research demonstrating that, even though heritage language learning trajectories
affect the specific nature of the contrast, the majority of adult Spanish heritage speakers
continue to use duration as an acoustic correlate of the tap-trill contrast.

Our next question asked whether the development of the tap-trill contrast demonstrates
a scenario of protracted development, in which child heritage speakers show a weaker con-
trast than the adult heritage speakers, or a scenario of attrition, where the adult heritage
speakers show a weaker tap-trill contrast than the child heritage speakers as a result of
shifting language dominance. Our results show child heritage speakers exhibiting a smaller
and more variable tap-trill contrast compared to our adult heritage speakers; a pattern
not found in our monolingual data. In addition, an average child heritage speaker shows
a large overlap between the tap and the trill, and a non-aggregated analysis shows that
many child heritage speakers are predicted to produce taps and trills with nearly identical
durations. Therefore, similar to previous results (Menke 2018; Repiso-Puigdelliura and Kim
2021), our findings do not support a hypothesis of attrition in which child heritage speakers
produce a robust tap-trill contrast and then fail to maintain it as a result of a shift in lan-
guage dominance during childhood and adolescence. Instead, our results indicate that, in
particular, the trill segment in the bilingual population of US heritage bilinguals develops
at a later age than that in homeland speakers. This highlights the importance of consid-
ering sound-specific properties that may impact development in reduced input situations
(e.g., as discussed by Bosch 2024). Tap production was more similar across groups, while trill
production was more variable, with the latter being a late-developing sound with unique
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articulatory demands (Acevedo 1993; Carballo & Mendoza 2000; Fabiano-Smith & Barlow
2010). Our data indicate that child heritage speakers often produce phonemic trills with a
single occlusion, which could be due to failing to trill or to attempting a target tap, as while
duration could be employed to distinguish the two sounds in the presence of a single occlu-
sion this does not appear to be the case in our data. Visualizations in the supplementary
materials show virtually identical distributions of duration for phonemic taps and trills
when both have a single occlusion.

When compared to Spanish speakers raised in a monolingual environment, Spanish
heritage speakers are exposed to less input that is more variable and have fewer oppor-
tunities to produce speech in Spanish. In addition, a pattern of asymmetrical input-output
interactions, in which child heritage speakers are addressed in Spanish but continue the
communication in English may impact these opportunities to practice trilling, which, in
turn, could impede the refinement of motor control skills associated with trill production.
The difference in the development of tap duration between monolingual and heritage chil-
dren could be an instance of a similar situation in which monolingual children shorten taps
at a faster pace due to increased speech output. Due to the relative simplicity of this seg-
ment, the differences are minimal for the older children in our sample, but the increased
complexity of the trill means that the production of this segment is not mastered until
later. This is supported by our preliminary evidence that heritage children show increased
variability in trill production compared to the other groups.

In addition to articulatory complexity and reduced Spanish input and output, the tap-
trill contrast likely has a low functional load, as it is contrastive only in intervocalic
position and creates just 30 minimal pairs in this phonetic context (Willis & Bradley 2008).
Neutralizing this contrast is therefore unlikely to lead to communication breakdowns, as
top-down information can disambiguate the intended message (e.g., Daidone & Darcy 2014
find large differences in frequency between words in such minimal pairs). A potential sce-
nario can be envisioned in which phonemic trills are initially produced as taps due to
articulatory constraints. During this stage, a lack of error signal in communication could
delay phonetic category updating and promote neutralization of the contrast for some
speakers under specific conditions. In this scenario, phonetic variants of the trill could
also gain traction as sociolinguistic variants in US Spanish, aligning with findings of low
rates of trilling in US Spanish, such as Albuquerque (Lease & Marchesi 2022), Taos (Vigil
2018), and Los Angeles (Repiso-Puigdelliura & Kim 2021). We suggest that exploring poten-
tial interactions between language-level properties, such as functional load, and variation
in the quantity and quality of input could help explain some of the heterogeneity of speech
production in heritage language populations.

With respect to child to adult monolingual differences, we do not observe the same trend
as in the heritage speakers. When comparing our group of child monolinguals to our group
of adult monolinguals, we found greater variability in the production of the two sounds in
the children than in the adults. However, our results do not show that child Spanish mono-
linguals produce a reduced tap-trill contrast, as in the case of the child heritage speakers.
At the ages we collected in our sample, it appears that child monolingual productions are
approximating their adult target on average, but that children are more variable as they
refine their motor skills related to speech production.

Given that our design is cross-sectional, we cannot rule out the alternative explanation
that the differences between adult and child heritage speakers are due to divergencies in
the nature of the input received. A longitudinal design would be necessary to confirm that
these differences reflect protracted development. Quality of input is a relevant factor when
examining children with dual input, as these speakers are exposed to language communi-
ties influenced by the majority language (Stoehr et al. 2019; Brehmer & Treffers-Daller 2020;
Bosch 2024). Recent studies have also found a relationship between the type of input and
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the acquisition of sounds in bilingual contexts (Stoehr et al. 2019; Ramon-Casas et al. 2023).
Thus, an open possibility is that the weakened tap-trill contrast observed in child heritage
speakers, relative to adult heritage speakers, reflects an ongoing change in the rhotic sys-
tem of US Spanish. That is, child heritage speakers may have been exposed to input with
a less stable tap-trill contrast. For this reason, recording child-caregiver interactions could
provide insight into the types and frequencies of phonetic variants to which children are
exposed.

5. Conclusion

Previous research has shown that the production of the tap-trill contrast by Spanish her-
itage speakers demonstrates variability with respect to the manner of rhotic production
and the number of occlusions. In this study, we examined duration as an acoustic correlate
of the tap-trill contrast in child and adult US Spanish heritage bilinguals and we compared
the productions of heritage speakers to those of age-matched Spanish speakers raised in a
monolingual environment. Our study contributes to previous literature by modeling devel-
opment of duration as an acoustic correlate of the tap-trill contrast in Spanish heritage
bilinguals.

Our results show that the child heritage speakers produce the smallest tap-trill contrast
among the four groups of speakers, with some speakers showing complete overlap between
the tap and the trill. Adult heritage speakers produce a larger contrast than child heritage
speakers, with both groups of heritage speakers realizing a smaller contrast than mono-
linguals. Despite producing shorter trills than the Spanish monolinguals, the majority of
adult heritage speakers maintain a tap-trill contrast using duration. These results support
a scenario of protracted development by which the child heritage speakers continue to
acquire the Spanish trill beyond the age of monolingual trill development. In addition, the
child heritage speakers show the greatest variability in trill duration, which we attribute to
the articulatory complexity of the trill and decreased language use. As such, this result
of protracted development may not be generalizable to sounds that show less complex
articulation and decreased variability in the input.
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