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The origin of tone, also known as tonogenesis, has long been a topic of great
interest in language evolution and human cognition studies. Several linguis-
tic studies of tonal languages have proposed various hypotheses that tonal
origin may be related to different changes of phonological structures. How-
ever, such hypotheses have not been quantitatively tested in an evolutionary
framework. Here, we conducted phylogenetic comparative analyses to
assess the likelihood of different hypotheses of tonogenetic mechanisms
across 106 Sino-Tibetan languages, of which approximately 70% are tonal.
Our results showed that the presence of tones has a strong phylogenetic pat-
tern and that Proto-Sino-Tibetan languages were most likely non-tonal. Our
findings identified that tonal origin was strongly associated with the evol-
ution of specific phonological structures, such as the loss of syllable-final
consonants and voice quality on vowels. Furthermore, we found that tonal
origin probably did not influence the diversification rates of Sino-Tibetan
languages. These findings enabled us to better understand that tone arose
as a compensatory mechanism for the structural organization and evolution
of languages.
1. Introduction
Human language can be regarded as a complex self-organized system. The nature
of its self-organization is demonstrated by the correlated evolution of linguistic
properties such as syntactic optimization [1], word formation [2] and sound
change [3]. These correlated evolutionary processes are generally motivated by
human communicative demands and cognitive development [1,4–6] and shape
the structural diversityof languages.Understanding thediversityof linguistic struc-
tures and the driving forces of their evolution would provide important insights
into language evolution [7]. Worldwide, spoken languages vary considerably in
the structures of sound inventories. Every language has phonological inventories
of consonants and vowels, but not all contain tones [8–10]. The tone is the use of
pitch registers and/or contours to distinguish the lexical meanings and the gram-
matical forms of words [11,12]. Tones are used to convey attitudinal and
emotional information during the communication process [10]. More than half of
the approximately 7000 worldwide languages are characterized by contrastive
tones [8,13]. Most tonal languages are geographically concentrated in East and
Southeast Asia and include Sino-Tibetan, Kra-Dai, Hmong-Mien, Austroasiatic
and Austronesian languages [8] (figure 1a). From the perspective of historical lin-
guistics, the evolution of tones generally comprises two phases: tonal origin and
tonal split. In particular, tonal origin is the process in which tonal contrast emerged
from earlier non-tonal contrast (i.e. tonogenesis [15,16]), while tonal split is the
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Figure 1. The geographical distribution of tonal contrasts and syllable structures. (a) The geographical heatmap of the tonal complexity in the world. The colour bar
shows the number of tones of 3756 language samples drawn from Everett et al.’s work [14]. Languages with more than eight tones are counted as eight. (b)
Diagram of a syllable structure in Sino-Tibetan languages. The colours show the models related to the tonal origin grouped by the phonological components of
syllable-initial consonants (blue), vowel and voice quality at the syllabic nucleus (red) and syllable-final consonants (green).
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process in which the number of tonal contrasts multiplied after
the tonal origin. Recent comparative studies have advanced
our understanding of the preconditions of tonal splits [10,17].
However, large-scale quantitative studies of tonal origin
remain limited due to the lack of comprehensive historical
accounts of languages [17]. Note that for tonogenesis, the
concept of the tonal origin was equivalent to the emergence
of early tonal contrast in this study. A glossary box containing
the key linguistic terms can be found in the electronic
supplementary material.

Traditional linguistic surveys have qualitatively described
diverse tonogenetic potentials that interact with tones [17].
More specifically, phonetic manifestations of tone interact
with various phonological factors and other aspects of linguis-
tic properties, such as syllabic structures [18]. Based on
the review by Michaud & Sands [17], these tonogenetic
potentials can be categorized into four different components
of syllabic structure: syllable-final consonants, vowel and
voice quality at the syllabic nucleus, and syllable-initial
consonants (figure 1b). Among them, the most common one
related to tonal origin is the loss of syllable-final consonants
[16,17,19–25]. In the typical case of Vietnamese, the loss of syl-
lable-final consonants historically triggered the development
of a three-way tonal contrast of rising tone, falling tone and
level tone [26]. The contributions of syllable-final consonants
to tonal origin can also be observed in some Sino-
Tibetan languages (e.g. Chinese [20,24,27] and Tibetan [28]).
Alternatively, the loss of voicing contrast in syllable-initial
consonants could be another driving factor to arise in the
tonal contrast of language [21,22,29]. Commonly, voiced initial
consonants are phonetically associated with low tone, while
voiceless consonants are associated with high tone [8,22,30].
Note that the loss of voicing contrasts in syllable-initial conso-
nants can increase the number of tones if a language has
already produced tonal contrast from some other sources,
such as syllable-final consonants [26]. Moreover, there are
intriguing typological characteristics observed in Tibetan
languages, in that non-tonal languages are typically character-
ized by a complicated set of initial consonant clusters, whereas
tonal languages do not comprise consonant clusters [31,32].
This suggests that the reduction in complexity of syllabic struc-
ture could have a significant influence on tonal origin in Sino-
Tibetan languages. In summary, the consonant-based account
of tonal origin can be frequently observed in East and South-
east Asian languages and hence be suggested as a common
model of tonal origin [20,24,33].

In contrast with consonant-based accounts, other hypoth-
eses of tonogenetic mechanisms suggest that tone arises from
vocalic features such as the syllabic nucleus or whole-
syllable features such as phonation types. Accordingly, there
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are three tonogenetic potentials: vowel length (e.g. long and
short vowels) [34], vowel quality (e.g. vowel nasalization) and
voice quality (e.g. tense/lax vowel contrasts) of thewhole sylla-
ble [21]. In particular, vocalic phonationwith laryngeal contrasts
highlights the tonogenetic attribution of voice quality contrasts
of the whole syllable [21]. This phonation may also mediate
tonogenetic attributions of syllable-initial consonants [21].
Accordingly, voice quality has been argued to play a central
role in tonal origin. Synthesizing these tonogenetic potentials
mentioned above, we can roughly outline that the origin of
early tonal contrast was induced by the evolved structures
of syllables and their phonological systems of languages.

Despite substantial progress in discovering various
tonogenetic potentials, it is difficult to formally assess their con-
tributions during the evolutionary process of tonal languages.
In linguistics, the historical comparativemethod is a traditional
approach to reconstructing the earlier state of a language based
on comparing many words or other linguistic traits across
different languages. However, its accuracy and reliability are
limited by incomplete language surveys and discontinuous
historical records of languages, predominantly in East Asian
languages [35]. These limitations present a significant chal-
lenge in the large-scale linguistic comparisons of East and
Southeast Asian languages such as Sino-Tibetan languages.
Alternatively, recent advances in phylogenetic comparative
methods (PCMs) provide new opportunities to overcome
these limitations. These methods can incorporate phylogenetic
uncertainty, control for the effects of shared ancestry and ident-
ify evolutionary patterns and generalizations across different
taxonomic groups. PCMs have been used to assess several
known evolutionary hypotheses of languages worldwide,
such as reassessing the coevolutionary changes in linguistic
traits [1,6], estimating evolutionary rates [2,36–38] and recon-
structing ancestral states [39,40]. Furthermore, PCMs have
been applied to cultural evolution, such as social evolution
[41], human belief [42], political complexity [43] and music
evolution [44].

In this study, we used Bayesian phylogenetic approaches
to assess different hypotheses of tonogenetic mechanisms
across 106 Sino-Tibetan languages. The Sino-Tibetan language
family is the second-largest language family in the world,
spoken by approximately 1.5 billion native speakers [45]. Its
evolutionary history has recently received wide attention
[46–48]. This language family has rich tonal inventories, and
approximately 70% of Sino-Tibetan languages are tonal
(figure 2). We compiled binary-coded data on the presence/
absence of tonal contrast and 10 other linguistic traits that
have been reported as tonogenetic potentials comprising
syllable-initial and syllable-final consonants, vowel length,
vowel quality and voice quality (figure 2; electronic
supplementary material, dataset ‘Data.xlsx’). We used time-
calibrated phylogenies of Sino-Tibetan languages derived
from our previous work [46]. Using Bayesian PCMs, we
reconstructed the ancestral states of linguistic traits in the
Proto-Sino-Tibetan language and investigated the correlated
evolution of all 11 binary-coded linguistic traits. We then
used Bayes factors (BF) to quantify the evolutionary contri-
butions of tonogenetic potentials. Furthermore, we used
speciation and extinction model to examine the effects of
each linguistic trait on the diversification rate of Sino-Tibetan
languages, especially for the tonal contrast. Here, we assumed
that the origin of tonal contrast has little effect on the language
diversification rate of Sino-Tibetan languages, owing to
tonogenesis serving as the compensatory mechanism for the
phonological simplification [16,51].
2. Materials and methods
(a) Sino-Tibetan language phylogeny and linguistic

traits
To examine the tonogenetic models in Sino-Tibetan languages, we
performed phylogenetic comparative analyses given phylogenetic
trees and tonogenesis-related linguistic traits. We adopted the
Sino-Tibetan phylogenies from our previouswork [46], which con-
tained 109 language samples across a vast region of East Asia and
mainland Southeast Asia. According to the 109 names of these
language samples, we manually compiled a total of 11 linguistic
traits taken from 10 source bibliographies [49,52–60] (figure 1b;
details in the electronic supplementary material, dataset
‘Data.xlsx’). These traits were tonal contrast, syllable-initial conso-
nant clusters, voicing contrast on syllable-initial fricatives, voicing
contrast on syllable-initial stops, contrastive nasal vowels, contras-
tive vowel length, tense/lax vowel contrast, syllable-final nasals,
syllable-final plosives, syllable-final glottal stops and syllable-
final fricatives. We manually coded the presence or absence of
each linguistic trait from the descriptions of the phonological
system for each language sample, and the dataset was repeatedly
checked by the authors. These traits were coded into binary
states in which 1 represents a trait that is present in the language
and 0 represents a trait that is absent. Note that these traits
have been reported to be related to tonal origin in previous linguis-
tic studies [8,17,21]. After quality control, we excluded three
languages, Matu, Ngmüün and Marma, which showed pro-
portions of missing data on traits over 50%. Finally, we retained
the 106 Sino-Tibetan language samples and 11 linguistic traits.
We pruned the original tree structure of 109 Sino-Tibetan
languages provided in the previous study [46]. In the previous
study, the phylogenies were reconstructed by BEAST2 software
(v. 2.4.8) [61] with the Babel package (URL: https://github.com/
rbouckaert/Babel). Nine hundred and forty-nine lexical root-
meanings were used for phylogenies reconstruction according to
the items in the Swadesh 100-word list [62]. The best-fitting
model of phylogenetic reconstruction is the covarion model, and
we chose one rate category for the gamma rate heterogeneity.
Ten thousand Bayesian posterior sampling trees have been gener-
ated. Considering the convergence of Markov chain Monte Carlo
(MCMC), we retained the final 900 Bayesian posterior sampling
trees and generated the consensus tree of 106 Sino-Tibetan
languages for further analyses using BayesTrees program (http://
www.evolution.reading.ac.uk/BayesTrees.html).

(b) Phylogenetic signals of linguistic traits
Phylogenetic signals show the tendency for closely related
languages to display similar linguistic trait values as a conse-
quence of their phylogenetic proximity [63]. Here, we calculated
the D-statistic to examine the phylogenetic signals of each linguis-
tic trait on the consensus tree [64]. The common rationale of the
D-statistic is that the linguistic traits in phylogenetically related
languages should be more similar to each other than those
drawn randomly from the given phylogeny. In particular, the
D-statistic indicator aims to measure the strength of phylogenetic
signals for binary-coded traits given a phylogeny. It scales the
observed sum of sister-clade differences by the mean values of
the distributions of Brownian motion and random processes [64].
A D-statistic close to 1 indicates a random process of trait evol-
ution, whereas a D-statistic close to 0 indicates that trait
evolution follows Brownian motion. A negative D-statistic rep-
resents the conservatism of the traits. To obtain the statistical
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Figure 2. Phylogenetic relationships and geographical locations of 106 Sino-Tibetan languages. Tips on the ultrametric tree denote the presence (hot-pink) or
absence (aqua) of the extant tonal contrast. Pie charts at the internal nodes indicate proportional levels of its reconstructed ancestral states. The ancestor of
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of tonal languages in the Sino-Tibetan languages.
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significance of this indicator, we employed the permutation test of
which the number is 1000. The calculation of the D-statistic is
implemented by the phylo.d() function in the caper package in R.

(c) Phylogenetically and geographically distributed
properties of linguistic traits

To compare the phylogenetic and geographical patterns of linguis-
tic traits, we estimated two statistical indicators named the
consistency index (CI) [65] and the retention index (RI) [66],
which are indices of the fitness of a trait to a tree. For the phylo-
genetic tree, we used the consensus tree of 106 Sino-Tibetan
languages. For the geographical tree, we calculated the great
circle distance between pairwise languages using their geographi-
cal coordinates of latitude and longitude and then established a
geographical tree using the neighbour-joining (NJ) algorithm
[67]. Therefore, the CI and RI of each trait were calculated given
the phylogenetic and geographical trees. These computations
were implemented by theCI() andRI() functions in R, respectively.

(d) Ancestral state reconstruction
We employed ancestral state reconstruction [68] to estimate the
states of linguistic traits and show their posterior probabilities at
the internal nodes given the phylogeny. Reconstruction using the
‘Most-Recent-Common-Ancestor’ method was implemented
by the addMRCA command in BayesTraits v. 3.0.2. We used the
MCMC method, where the number of iterations to run the chain
was 100 000 000 with a sampling frequency of 1000 per iteration.
The first iterations of 50 000 000 were discarded as burn-in. We
also rescaled the branch length by 0.0001 for Sino-Tibetan trees
because the branch length is recommended with a mean of 0.1.
The sample of 900 phylogenetic trees was adopted from previous
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work [46] with considerations of phylogenetic uncertainty. Based
on the consensus from historical documents [49,50], we identified
the ancestor of the Tibetan subclade to be non-tonal. Thus,we fixed
this node using the Fossil command. We reconstructed the
ancestral states of all linguistic traits in the internal nodes of
phylogenetic trees and showed the mean values of posterior
probabilities (see electronic supplementary material, figure S3).

(e) Evolutionary correlations among linguistic traits
We used the Discrete algorithm [69] to examine the evolutionary
correlation between two binary-coded linguistic traits by compar-
ing the fit of two continuous-time Markov models. One of these is
an independent model in which the two traits evolve indepen-
dently on the tree. The other is a dependent model in which the
evolution of two linguistic traits is correlated with each other.
In other words, the state of one binary trait influences the transi-
tion rate of the other trait in the dependent model. We used the
reversible-jump Markov chain Monte Carlo (RJ-MCMC) method
[70] to perform the Discrete algorithm. The RJ-MCMC method
visits each model in proportion to their posterior probabilities
across the phylogenetic tree, together with estimating the posterior
distribution of the rate parameters. To compare these two models,
we used the stepping-stone sampler [71] to estimate the marginal
likelihood of each model and converted it into log BF as follows:

log BF ¼ 2log
LInd
LDep

� �
,

where a value of log BF greater than 2 indicates positive evidence
for the dependent model over the independent model. A log BF
greater than 5 and less than 10 indicates strong evidence for the
dependent model, while a log BF greater than 10 indicates very
strong evidence for the dependent model [72]. We set a prior
exponential distribution of all parameters with a mean of 10. We
set the number of chain iterations to 100 000 000 and the burn-in
to 50 000 000. The stepping-stone sampler [71] was used with 100
stones and ran each stone for 1000 iterations. A sample of 900 phy-
logenetic treeswas adopted for uncertainty. The branch lengthwas
also rescaled by 0.0001 for Sino-Tibetan trees. Each run was
repeated five times in both dependent and independent models
for stability considerations, and the median value was chosen.
This computational processwas implemented by theDiscretepack-
age in BayesTraits v. 3.0.2 [69,70] (http://www.evolution.reading.
ac.uk/BayesTraitsV3.0.2/BayesTraitsV3.0.2.html).

( f ) Directions of trait evolution
We examined the transition rate between pairwise linguistic traits
whose evolutionary correlation was satisfied with the dependent
model in the RJ-MCMC method. We calculated the posterior
mean value of each transition rate. To examine the statistical
significance of transition rates, we calculated the prior odds and
posterior odds based on the frequency for all the potential
models in the prior expectation and those in the posterior
distribution of RJ-MCMC samples.

To compute prior odds, we used Stirling numbers [70] to
calculate the total number of potential evolution models. For
eight parameters, the number of combinations with unrestricted
transition rates is 4140. With transition rates set to zero, we
multiplied the number of possible positions that zeros can take
with the number of combinations that the remaining non-zero
rates can take to obtain 17 006 restricting models. Together with
4140, the total number of possible combinations of transition rates
is 21146 (see electronic supplementary material, table S6). Based
on the RJ-MCMC samples, we can compute posterior odds, and
the posterior odds can be divided by the prior odds to calculate
BF to examine how the transition rates are significantly biased to
zero. BF < 1 indicates evidence against the model, 1 < BF < 3 indi-
cates positive support, 3 < BF < 10 indicates substantial evidence,
10 < BF < 30 indicates strong evidence, 30 < BF < 100 indicates
very strong evidence and BF > 100 indicates decisive evidence [42].

(g) Examination of the effects of linguistic traits on the
diversification rate

To examine whether the evolution of linguistic traits affected
the speciation and extinction rates, we performed binary state
speciation and extinction (BiSSE) [73] and hidden state specia-
tion and extinction (HiSSE) [74] tests. These tests fit various
trait-dependent models and trait-independent models. HiSSE
incorporates hidden/unmeasured factors that could affect the
estimation of diversification rates of the observed trait.

All the phylogenetic linguistic traits were tested by 24 different
models that were employed in Beaulieu et al. [74]. These 24 models
incorporate four BiSSEmodels, four trait-independentmodels (CID
models), and 16 HiSSE models in which a hidden factor associated
with the observed state affects the diversification rate. The dual tran-
sitions were disallowed. Due to high incidences of false-positive
results in SSE models, we compared the BiSSE and HiSSE models
with considerations of hidden states. The consensus tree was
forced into an ultrametric tree, due to which the ‘Old Chinese’
language was deleted. All the models were evaluated based on
the Akaike information criterion (AIC) scores. Detailed parameter
settings of 24 differentmodels can be found in the electronic supple-
mentary material, table ‘Diversification.xlsx’. The analyses were
implemented by the hisse.old() and hisse.null4.old() functions in the
hisse package v. 2.1.6 in R.
3. Results
(a) Phylogenetic signals and ancestral states of tones

and other linguistic traits
Following the recommendations of Evans et al. [75], we first
calculated the phylogenetic signals for all the 11 linguistic
traits using the D-statistic to determine how well the linguistic
trait would fit a phylogenetic tree. The results of the D-statistic
showed strong phylogenetic signals for all linguistic traits
except for the contrastive vowel length (a median D estimate
for 10 traits is 0.1 and D for contrastive vowel length is 0.582,
P(D = 0) = 0.024, see electronic supplementary material, table
S2). Thus, this linguistic trait was excluded from all further
analyses. Among the remaining traits, three traits exhibited
phylogenetic conservatism with a negative D-statistic, includ-
ing the voicing contrast on syllable-initial fricatives, voicing
contrast on syllable-initial stops and tense/lax vowel contrast
(see electronic supplementary material, table S2). These traits
with negative D-statistics suggested the strong tendency of
Sino-Tibetan languages to retain the phylogenetic clustering
of these traits. Moreover, we performed ancestral character
reconstruction and showed that the Proto-Sino-Tibetan
language was probably non-tonal supported by a posterior
probability of 79.9% (figure 2; electronic supplementary
material, table S3). This result supports the conjecture of his-
torical linguists [76]. In addition, the ancestral states of the
other nine linguistic traits were also in linewith traditional his-
torical linguistics knowledge (see electronic supplementary
material, figure S3 and table S3).

(b) Evolutionary relationships between tonal contrast
and other linguistic traits

To identify the evolutionary relationships between tonal con-
trast and other linguistic traits, we then used a Bayesian

http://www.evolution.reading.ac.uk/BayesTraitsV3.0.2/BayesTraitsV3.0.2.html
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Figure 3. Summary of evolutionary dependencies among linguistic traits and their inferred transition rates. (a) All paired coevolutionary linguistic traits (defined as
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show the directions of the evolutionary transitions, and arrow widths are proportional to inferred transition rates (see electronic supplementary material, table S5).
Dashed arrows indicate transition rates are not significantly different from 0. Detailed values can be found in the electronic supplementary material, tables S7–S10.

Table 1. Log BF between tonal contrast and the other nine linguistic traits.

linguistic trait

the median value of log marginal likelihood

log BFindependent model dependent model

⑩ syllable-final fricatives −99.41 −87.30 24.22

⑥ tense/lax vowel contrast −94.00 −90.14 9.72

⑧ syllable-final plosives −112.08 −107.85 8.47

⑦ syllable-final nasals −116.63 −113.41 6.44

① syllable-initial consonant clusters −119.47 −119.06 0.83

⑤ contrastive nasal vowels −120.86 −121.25 −0.77
③ voicing contrast on syllable-initial stops −102.24 −103.23 −1.98
⑨ syllable-final glottal stops −113.63 −115.67 −4.07
② voicing contrast on syllable-initial fricatives −109.98 −112.35 −4.74
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phylogenetic method implemented in the program BayesTraits
v. 3.0.2 (figure 3; electronic supplementary material, table S4).
The log BF was used to compare the difference in the marginal
likelihoods between dependent and independent evolutionary
models for each pair of linguistic traits (table 1). The compari-
sons showed that the tonal originwas evolutionarily correlated
with the specific traits of voice quality and syllable-final
consonants. These traits are the tense/lax vowel contrast
(log BF = 9.72) and three syllable-final consonants: final frica-
tives (log BF = 24.22), plosives (log BF = 8.47) and nasals (log
BF = 6.44). By contrast, there was no correlation between
tonal origin and syllable-initial consonants. These results
supported the views of traditional linguists on trigger
mechanisms of tonal origin that both voice quality [77] and
syllable-final consonants [17,19,20,23–25] played important
roles in tonal origin.

According to the evolutionary correlations between tonal
contrast and the four linguistic traits, we further investigated
their evolutionary directions in Sino-Tibetan languages, and
the results of the BayesTraits analysis are summarized in
figure 3. In general, we found both common and specific
patterns. Commonly, we found that the transitions from the
state of both correlated trait and tonal contrast absent to the
state of the correlated traits absent and tonal contrast present
existed in all four patterns (figure 3b–e). This suggests that
tonal contrast should arise as a compensatory mechanism
for the loss of syllable-final consonants and voice quality.
Specifically, we found various patterns of evolutionary direc-
tions, indicating the different coevolutionary histories of
linguistic traits. In particular, the transition rates estimated
in the evolutionary direction analyses were statistically
significant evidence that the loss of syllable-final fricatives
could precede the emergence of tonal contrast, as the
syllable-final fricatives present and tonal contrast absent
were reconstructed for the Proto-Sino-Tibetan language
(figure 3b; electronic supplementary material, figure S3).
This was consistent with the evolutionary mechanism that
the loss of syllable-final consonants served to induce tonal
origin. It was noted that the bivariate state with syllable-
final fricatives absent and tonal contrast present should be
evolutionarily stable, as the transitions away from this state
were both inferred to be zero (see electronic supplementary
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material, table S7). According to the syllable-final plosives
present and tonal contrast absent estimated in the Proto-
Sino-Tibetan language, there were two paths for the emer-
gence of tonal contrast resulting from the evolution of
syllable-final plosives. One was that the tonal contrast
appeared with syllable-final plosives present, and the other
was that the emergence of tonal contrast followed the loss
of syllable-final plosives (figure 3c; electronic supplementary
material, figure S3). By contrast, the absence of both tonal
contrast and syllable-final nasals was an unstable state
where the Sino-Tibetan languages maintained the presence
of tonal contrast, syllable-final nasals or both (figure 3d ).
In addition, the inferred evolutionary directions illustrated
that the transitions of tense/lax vowel contrast from absent
to present were impossible, as these transition rates were esti-
mated to be zero (figure 3e; electronic supplementary
material, table S10). This implied that tense/lax vowel con-
trast is easy to lose. Under this circumstance, the origin of
tonal contrast can also be used to compensate for the loss
of tense/lax vowel contrast. Accordingly, all these results pro-
vided quantitative evidence that the tonal origin should be a
compensatory mechanism for the loss of specific syllable-final
consonants and voice quality.

(c) Tonal contrast and Sino-Tibetan language
diversification

To examinewhether the tonal contrast affected the diversifica-
tion rates of Sino-Tibetan languages, we employed two kinds
of state-dependent branching process models: BiSSE [73]
and HiSSE [74]. Among the 24 models tested, CID-4
(character-independent) with two parametric restrictions
was the best-fitting model with the minimum AIC values
(AIC = 1674.049, see details in the electronic supplementary
material, table ‘Diversification.xlsx’). Under this model,
mean diversification rates (speciation-extinction; r = 0.00155
events per year) were equal between Sino-Tibetan lineages
with and without tonal contrast (electronic supplementary
material, Dataset ‘Diversification.xlsx’). This result indicated
that the presence of tonal contrast could not significantly
affect the diversification rates across the phylogenetic tree of
Sino-Tibetan languages. In other words, the gain or loss
of tonal contrast could have been independent of Sino-Tibetan
diversification. In contrast with the tonal contrast, three other
linguistic traits could have accelerated the diversification of
Sino-Tibetan languages, including the presence of tense/lax
vowel contrast, contrastive nasal vowels and syllable-final
plosives, while the presence of syllable-final nasals could
have decelerated the diversification of Sino-Tibetan languages
(see electronic supplementary material, figure S4 and Dataset
‘Diversification.xlsx’). In addition, we found that the influence
of syllable-final plosives and syllable-final nasals was not
direct on the diversification rates but mediated by hidden
traits that were unobserved. In summary, the gain or loss of
different linguistic traits played different roles in shaping the
evolution of Sino-Tibetan languages.
4. Discussion
Studying the correlated evolution among linguistic traits is
essential for understanding the evolutionary mechanisms
underlying language diversity [7]. Explaining tonal origin is
an intriguing topic and remains a mid- to long-term goal in
studies of language evolution and human cognition. Here,
we employed Bayesian PCMs to examine the tonogenetic
potentials mentioned in different linguistic hypotheses and
investigated the mechanisms of tonal origin in the Sino-
Tibetan language family. Our results showed that tonal
contrast was phylogenetically patterned, and the Proto-Sino-
Tibetan language was probably non-tonal. The results of
evolutionary correlation analyses quantitatively showed that
tonal originwas strongly associatedwith evolved phonological
structures such as loss of final consonants and voice quality on
vowels. Furthermore, inspired by evolutionary biologists, we
wanted to explore the role of tonal contrast in language diver-
sification. We identified that tonal origin had little influence on
the diversification rates of Sino-Tibetan languages.

In Sino-Tibetan languages, the tonal contrast exhibited
phylogenetic patterns that suggested the tendency for closely
related languages to display similar tonal patterns as a conse-
quence of their phylogenetic proximity [63]. This finding was
consistent with the known linguistic conclusion drawn from
cross-language comparisons that phylogenetically related
languages showed more shared values [16,26,78]. Moreover,
the areal diffusion [79] of linguistic traits cannot be ignored
on account of the geographical influence of language sampling
bias. Accordingly, to compare the phylogenetic and geographi-
cal patterns of linguistic traits, we calculated consistency (CI)
[65] and retention (RI) [66] indices for 10 traits based on the
Bayesian phylogenetic tree and the geographical NJ tree,
respectively. These two indices showed that the phylogenetic
dependence of all traits was stronger than their geographical
dependence, except for the voicing contrast on syllable-initial
fricatives (see electronic supplementary material, figure S2).
In addition, our results showed that the Proto-Sino-Tibetan
language was non-tonal, which is consistent with previous
studies of historical linguistics that the tone system could be
of late origin [20].

We found that tonal origin was correlated with evolved
phonological structures such as loss of final consonants and
voice quality on vowels. In linguistics, tonal origin can be
explained by two distinctive models named the segmental-
driven model and the laryngeal-based model [21]. The
segmental-driven model suggests that the tonal origin is
induced by evolved syllabic segments, while the laryngeal-
based model emphasizes the essential contribution of
phonation to tonogenesis. In this study, our findings reconciled
the conflict between these twomodels. In particular, the loss of
syllable-final consonants, including plosives, fricatives and
nasals, [16,17,24] could have induced the emergence of tonal
contrast, which was supported by Haudricourt’s claims on
tonal origin observed in Vietnamese [19] and Chinese
[20,24,26]. From the phonetic perspective, specific syllable-
final consonants may affect the pitch of preceding vowels.
Then, the pitch difference can shape the tonal contrast when
the syllable-final consonants disappear [21]. For example,
from Old Chinese to Middle Chinese, the ‘departing’ tone
appeared in syllables ending in /-h/, which had originated
in /-s/ before the tone arose [26]. In addition, tonal contrast
can linguistically be generated from the tense/lax vowel con-
trast in Sino-Tibetan languages [77]. The lax vowel in a
syllable has a lower tone, while the tense vowel exhibits
together with a higher tone [21]. However, their evolutionary
pathway remains uncertain according to the ambiguous
ancestral state of tense/lax vowel contrast in the Proto-Sino-
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Tibetan languagewith a posterior probability close to 50% (see
electronic supplementary material, figure S3), and no statewas
stable in the transition rate estimation (figure 3e). In summary,
we quantitively identified that tonal contrast arose as a com-
pensatory mechanism for the structural organization and
evolution of languageswhichwas consistent with previous lin-
guistic studies [16,51].

Since tonal origin could be a compensatory mechanism
for the evolution of syllabic structures, it may not serve as a
primary driving force for changing diversification rate of
languages. However, such suggestions have not been exam-
ined rigorously. In this study, we found that the tonal
origin indeed contributed little to shaping the diversification
rates of extant Sino-Tibetan languages. By contrast, four lin-
guistic traits are correlated with the Sino-Tibetan language
diversification rates, including tense/lax vowel contrast, con-
trastive nasal vowels, syllable-final nasals and syllable-final
plosives. Both the presence of tense/lax vowel contrast and
contrastive nasal vowels accelerated the diversification rates,
especially in the Nusu clade (see electronic supplementary
material, figure S4). In the Burmish clade, the presence of syl-
lable-final plosives accelerated the diversification rates, while
the presence of syllable-final nasals decelerated the diversifi-
cation rates. Our results showed that linguistic traits played
various roles in shaping the evolutionary processes of specific
language subclades.

In addition, our study illustrates how PCMs can be
applied in quantitatively investigating the evolutionary
mechanism of tonal origin in Sino-Tibetan languages. Differ-
ent from the comparative method in historical linguistics,
PCMs provide quantitative insights into the evolutionary
process of linguistic traits controlling for shared language his-
tory [80]. These methods solved the well-known Galton’s
problem of drawing inferences from cross-cultural data
[80–82]. The problem can be described as making statistical
estimates when the elements sampled are not statistically
independent. By overcoming this difficulty, PCMs have
been recently used, for example, to examine the lineage-
specific trends in word-order universals [1], to explore the
origins of sortal numeral classifiers [6] and to assess the cog-
nitive development of colour terms [36]. Therefore, these
quantitative methods are powerful tools that have been
widely employed to help us understand the language evol-
ution given phylogenies [83] controlling for the genetic
relatedness of samples. Overall, PCMs facilitate us to better
understand that tone arose as a compensatory mechanism
for the structural organization and evolution of languages.
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