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1. Supplementary Methods
1.1. Preparation of sources for lexical cognate data of Kra-Dai languages

The linguistic data used in our study were compiled from a large-scale lexical database of more
than 100 Kra-Dai languages (hereafter Kra-Dai database). The Kra-Dai database synthesized several

data sources including Starostin’s cognate database (https://starling.rinet.ru/cgi-bin/main.cgi)

derived from the Kra-Dai etymological databases compiled by Ilya Peiros', several recent public
research reports (e.g., An introduction to the Kam-Tai languages (Chinese version)?), and the first-
hand language documents from the linguistic fieldworks conducted by authors (

). Our Kra-Dai database described the details for the lexicon of the 119 Kra-Dai languages at
varying levels and maintained data expansion now. Then, 100 languages were screened out based
on accuracy and coverage. Despite the heterogeneous data source in our Kra-Dai database, the
lexical items covered the traditional items of basic vocabulary such as the Swadesh 100-word list.
According to the Swadesh 100-word list, we integrated the lexical data into a big table in which
each row was a language entry, meanwhile, each column was the International Phonetic Alphabet
(IPA) transcription ( ) or lexical cognate trait
( ). Our database would be a valuable

reference for future linguistic studies across language families.

1.2. The summary of processing the lexical cognate identification

Following the historical linguistic definition®, we adopted the terminology of “cognates” or
“lexical cognates” in this study which referred to sets of words in different languages inherited in
direct descent from an etymological ancestor in a common parent language (i.e., a proto-language).
According to traditional linguistic views, there are five well-known branches in the Kra-Dai
languages and five corresponding proto-languages at the branch level, respectively. In particular,
the Proto-Tai language is considered the most recent common ancestor (MRCA) of Zhuang, Thai,
Saek, and other languages in the Tai branch*?. Proto-Kam-Sui is the MRCA of Kam, Sui, Mak,
Then, and other languages in the Kam-Sui branch >, Note that Proto-Lakkia'® including two child
languages of Biao and Lakkia is involved in the Kam-Sui branch in our study. Proto-Hlai is the
MRCA of Hlai, Ngan fon, Nadou, and other languages in the Hlai branch!'7-'. Proto-Ong-Be is the
MRCA of contemporary Ong-Be languages?®. And Proto-Kra is the MRCA of Gelao, Buyang, Lachi,
and other languages in the Kra branch 2. Proto-Kra-Dai language is defined as the MRCA of Proto-
Tai, Proto-Kam-Sui, Proto-Ong-Be, Proto-Hlai, and Proto-Kra languages'. This presents the
hierarchical structure of the Kra-Dai language family defined in our study. In line with the
requirements of the comparative method of historical linguistics, the linguistic evidence in these
previous studies provided not only identified lexical etymologies and shared morphology but also
regular sound correspondences in each of the five branches. Such evidence further helped us to
identify and label the lexical cognates across all Kra-Dai languages sampled in our study.

Accordingly, the regular sound correspondences of Kra-Dai languages involved four aspects:

consonant, vowel, coda, and tone. Then, we used the traditional comparative methods?? and internal
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reconstruction® in historical linguistics to compare the lexical items (especially morphemes) to find
out whether a corresponding group presents in given languages and identify the cognates of each
item in the Swadesh 100-word list. We separated the identified lexical cognates for each meaning
item into different lines where each line referred to a distinct cognate set. The IPA transcriptions of
lexical items of Kra-Dai languages were listed in the corresponding lines of a cognate set when
these languages shared the same cognate set (

). In this sheet, we left the cell blank if the lexical cognate was absent and labeled
28 cells with “provisional”. Finally, we obtained a raw data table including 100 languages (columns)
and 646 cognate sets (rows).

Then, the lexical cognate data of each language was transformed into a binary-coding table for
further computational analysis (

). Specifically, if a cognate existed in a language, we labeled this cognate set in this language as
“1”. If a cognate was not recorded in a language or was identified as a borrowing word, we
considered that the cognate did not exist in this language and we would label a “0”. When we could
not confidentially identify a cognate set and considered it as a provisional one for a language, the
codes of the cognate were labeled as ““?”. In the computational procedure, the “?”” would be randomly
taken as “0” and “1” with equal probabilities. To account for the fact that researchers tend not to
collect data that does not vary, we used the ascertainment bias correction?*. The first column for
each aligned lexical item was an ascertainment column. There all languages had the entry “0” except
the ones, where the data were missing, they have a “?723.

Here, we took the lexical item “eye” as an example. According to the regular sound
correspondences of “eye”, the consonants in Tai (/t/, /pr/, /p(j)/, /th/, /x(y)/, etc.)*, Ong-Be (/d7)%,
Kam-Sui (/t/, /I/, /"d/, /V/, ete.)'®!, Hlai (/ts"/, /h/, /t/)!7, and Kra (/t/, /d/, /8/, /¢/)?*! formed a diverse
regular sound corresponding group. Meanwhile, the vowels and tones were neatly corresponding
with each other, respectively. The vowels included /a/, /e/, /o/, their corresponding forms of vowel
raising and diphthongization (e.g., /au/, /ou/, /iu/ in Kra branch?'); whereas the tones were of tone 1
(A1), and the corresponding forms of tone divergence and merger (e.g., the change from 1 to 1’
(A1), 2 (A2), 6 (B2),3 (C1) in Tai branch*). These correspondences indicated that they could share
the same cognate set. However, only TnLianshan (Lianshan Zhuang dialect) was found to have the
phonetic form /phat.8/. In contrast to the absence of plosive coda in other languages, /phat.8/ had a
plosive coda and was of tone 8 (D2). These differences showed that /phat.8/ should be regarded as
another cognate set. Therefore, after transforming to binary coded sets, there were two cognate sets
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of “eye”. The first cognate set was for all languages except “0” for TnLianshan, and the second
was “1” for TnLianshan but “0” for other languages.

However, there are extra matters needed to be noticed in practice. The first one is to deal with
compound words. In some Kra-Dai languages, polysyllabic forms are used to represent specific
lexical items. As a result, a single word may be associated with two or more proto-roots. Thus, we
must distinguish each morpheme of every lexical item as a single etymon and then we could apply

linguistic comparative methods. For example, for each multi-morpheme compound word given a



language, firstly, we divided the word into distinctive morphemes and identify their etyma. Then,
we found out which etymon presented most in all Kra-Dai languages. If this etymon was not in the
Swadesh-100 core vocabulary list, it would substitute the original lexical item to be applied to
comparative methods. For example, “sun” was a single morpheme in Indo-European languages, but
a multi-morpheme compound word consisted of the etymon “day” in most Kra-Dai languages. As
“day” was not in the Swadesh-100 core vocabulary list, we replaced “sun” with “day” in most
languages. For cognate identification, for example, we first obtained the Proto-Tai root /*pwan/ for
the etymon “day” from the previous linguistic studies. In PuBiao, we observed the multi-morpheme
compound word /qa*? ta:n>*/ in our study of the lexical item of “sun”. In this word, /ta:n>/ could be
the core morpheme related to “sun” because /qa®3/ was probably the nominalization of “/ight”, which
was inconsistent with the etymon “sun”. Thus, we can linguistically compare the PuBiao’s form
Mta:n>/ with the Proto-Tai root /*nwan/, and then conclude that they were not the same cognate set.
The second matter is to connect the same morpheme shared by different lexical items with a single
etymon. For example, to study the etymon “night” in Tai languages, we extracted the corresponding
morphemes from the lexical items of “nighttime”, “evening” and “midnight” and then identified two
different proto-forms /*hwn®?/ and /*gamP?/. Thus, we obtained two entries of cognates for
/*hwnA?/ — night, and /*gam®?/ — night.

The third one is to judge and exclude loanwords from the Kra-Dai database. The loanwords
are recognized to be confounding factors for any type of linguistic comparative method to
reconstruct the genealogical classification of a language tree and need to be identified and removed
before applying the linguistic comparative method?®. It is generally accepted that Kra-Dai languages
experience a strong horizontal influence on Southern Chinese dialects. Even, in the Swadesh 100-
word list, we could find that Chinese loanwords became replacing the indigenous words in some
Kra-Dai languages?’-*2. In our lexical data of Kra-Dai languages, the loanwords were classified into
two groups: one did not comply with regular sound correspondences; the others complied with
regular sound correspondences in specific branches or clades of Kra-Dai languages. In particular,
the former group should be excluded as it was clear to identify the source. For example, “mo:t5” of
lexical item “One” of TswNgheAn could be a loanword from Vietnamese; and “nak3” of lexical
item “Black” of TswAiton could be a loanword from Burmese.

In contrast, the latter group was much more complicated. In our study, the approach of
historical strata analysis** was performed to identify the lexical borrowings of Kra-Dai languages
from Middle Chinese and modern Chinese dialects. For example, there existed numeral systems of
Tai and Kam-Sui branches borrowed from that of Middle Chinese. Here, we took an example of the
lexical item “One” in the Hlai, Ong-Be, Tai, and Kam-Sui branches. In particular, Hlai languages
borrowed the phonetic form of “One” from the Hainan Min dialect; the Jizhao dialect of Ong-Be
languages borrowed from the Wuchuan Yue dialect®*-3%; Tai languages borrowed from the Guangxi
Pinghua dialect?’?%; and Kam-Sui languages borrowed from either Gunagxi Pinghua Dialects or
Southwestern Mandarin®. Although such systematic lexical borrowings between Kra-Dai

languages and Chinese could be traced back to Middle Chinese, these were still excluded from our



study due to the heterogeneous sources. In addition, the case of “Heart” in the Kam-Sui branch,
Central Tai and Northern Tai clades, and the case of “White” in the Central Tai clade were also
regarded as loanwords from Chinese dialects. Notably, Zhang?”?° pointed out that these loanwords
were mainly derived from Guangxi Pinghua dialect in the late stage of Kra-Dai language formation.
Despite the presence of systematical regular sound correspondences in several branches and clades,
we still excluded these loanwords in practice. Notably, although some words such as “head” and
“work” were alleged to be borrowed from Old Chinese, we should not exclude them because they
could be assimilated following the intrinsic sound changes within the Kra-Dai languages and form
regular sound correspondences. Therefore, these potential loanwords could be assimilated following
the intrinsic sound changes within Kra-Dai languages. It is also acknowledged that the source of
borrowings was not limited to Sinitic languages. Kra-Dai languages could borrow from other
regionally dominant languages distributed in South China and MSEA. These languages include
Austroasiatic languages (e.g., Khmer, Vietnamese), Tibetan-Burman languages (e.g., Burmese, Yi
language), Hmong-Mien languages (e.g., Hmong), and even other Kra-Dai languages (e.g., Bouyei,
Thai)**. However, the study on the influence of non-Sinitic languages on Kra-Dai languages was
lacking and was only at the initial stage, so we did not exclude these obscure loanwords. All in all,
we excluded the loanwords borrowed from Middle Chinese and Modern Chinese dialects but

maintained the obscure loanwords borrowed from Old Chinese and other non-Sinitic languages.

1.3. The classification and labeling of Kra-Dai languages

We labeled our Kra-Dai language samples followed by Glottolog, Ethnologue, and the
references listed in . With the accumulation of language documents, the
classifications of some Kra-Dai language samples required more detailed verification. For example,
above Swadesh 100, the arguments for the classification of Tai Ya (Honghe in Xing) and Tai la
(Yuanjiang in Zhou and Luo*¢®) were still matter in the view of historical linguistics. In our language
samples, TswYuanjiang (also named Tai Ya) was classified as a Dai dialect and was part of the
Southwestern Tai group. However, some linguistic materials inferred that Yuanjiang might share
more phonological innovations with Central Tai rather than Southwestern Tai, and thus should be
classified as Central Tai®37-*, For example, the /k"/ in the word “stream” and “laugh” of Yuanjiang
was consistent with that of Central Tai. The /ts"/ in the word “shower (n.)”, “six” and “ear” of
Yuanjiang were more similar to the /te"/ of Central Tai rather than the /h/ of Southwestern Tai. The
change of /h-/ in the word “eye” of Yuanjiang was distinct from /t-/ in Southwestern Tai*’. Despite
the evidence, in this study, we provisionally adopted the classification of Xing*} and Zhou and Luo3®
that Yuanjiang was classified in Southwestern Tai. Such classification was also adopted by the
widely-used linguistic database of Glottolog (Glottocode: taih1246) and Ethnologue (ISO 639-3
code: tiz).

In summary, several fundamental questions on Kra-Dai language classifications deserved
further examination based on more traditional linguistic comparative studies. Accordingly, it

allowed us to obtain more linguistic materials from diverse linguistic perspectives such as



phonology and grammar.

1.4. Model settings in BEAST

We used BEAST v2.6.3 to infer language phylogeny and divergence time. BEAST v2.6.3 is a
powerful tool with various models to perform Bayesian phylogenetic analysis on linguistic data. In
this study, we used two substitution models, two molecular clock models, and two site heterogeneity
models ( ). The first substitution model is the continuous-time Markov chain
model (CTMC)*#2, which assumes that every language can gain or lose a cognate at a state-specific
rate; the second substitution model is the binary covarion model***4, which allows the evolution
rate of cognates to vary between a slow rate during periods of stability and a fast rate when bursts
happen. Following our previous study®, we did not apply the Pseudo-Dollo model**#” because this
model assumes that once a cognate is gained, it could only be lost once and never be gained again,
which did not intrinsically agree with the complicated and contact-frequent language evolution
scenario in our Kra-Dai database. The first clock model is the strict clock model, which assumes
that substitutions happen at the same speed across the whole tree with a specific rate parameter; the
second is the uncorrelated relaxed model with a log-normal distribution, which permits the rate for
each branch in the tree to vary within the given log-normal distribution. The two site heterogeneity
models comply with the gamma distribution with one or four rate categories. These models allow

rate variation across cognate sets and were applied for the CTMC model.

1.5. Settings of discrete phylogeographic inference

To estimate the transitions among different areas and reconstruct the ancestral area of Kra-Dai
languages, we applied phylogenetic comparative approaches by using a reversible-jump Markov-
Chain Monte Carlo approach (RJ-MCMC)*#. The RJ-MCMC automatically evaluates which
transition rates between states can be set to zero, and which rate parameters can be equal to the
others*®. The possibility of an ancestral area for each internal node is also estimated (

). The RI-MCMC accesses the universe of all possible models of evolution visiting the
different models in proportion to their likelihood. Specifically, in this study, we evaluated five
different models for the regional transition of Kra-Dai languages ( ). In particular, the
FULL model allows state transition between every two regions even though they are not
interconnected with each other geographically. Model 1 disallowed the transition between
geographically no-adjacent areas, such as the transition between inland areas (Guizhou, Yunnan
province) and Hainan Island, and the transition between the non-border area (Guizhou province)
and MSEA. Model 1 is more reasonable for geographic inference in this study because the
intermediate area is requisite for demographic transition. Derived from Model 1, the other models
(Models 2, 3, and 4) further examine whether the transition between MSEA and one border area
(Hainan Island, coastal area, Yunnan province, respectively) is disallowed ( ). We used the
Bayes Factor (BF), which is the ratio of posterior to prior odds, as the indicator for determining the

optimal model. The RJ-MCMC was run 3 times to ensure the stability of the results (



1.6. Mitochondrial DNA sample collection and raw data processing

Genomic DNA, extracted from blood samples, were sheared to 200-250 bp length, fixed to
blunt-end, added with 3’-A tails, and ligated with barcode-linked Illumina paired-end adaptors. Then,
ligation products were amplified by PCR, and quantified for pooling together. The mitochondrial
DNA was enriched using custom designed bait. Finally, the pools were sequenced with HiSeq2000
sequencer.

Original sequencing reads were exported to Fastq files, and then bwa*® was used to align reads
to revised Cambridge Reference Sequence to generate binary sequence alignment/map (BAM) files
of mtDNA genomes>. The duplicate reads were removed by MarkDuplicates, implemented in
Picard (http://broadinstitute.github.io/picard/) and the mtDNA sequences were locally realigned by
GATK?S!. Pileup files were generated by SAMtools*®. Consensus sequences were then obtained
based on the pileup files and indels were checked manually afterward. Additional published mtDNA
genomes of Dong and Zhuang people were also included>3. We also collected mtDNA genomes
of Dai people from Yunnan Province of China, and Kra-Dai-speaking populations in Laos, Vietnam,
and Thailand in the previous literature’*>7,

Complete sequences were aligned to rCRS by MUSCLE v3.8.31°® and manually checked, and
they were then assigned to haplogroups according to PhyloTree Build 17°°. An mtDNA phylogeny
was reconstructed using PhyML v3.1 with an HKY+G model®®, of which the main topology was
consistent with that of PhyloTree Build 17. We identified the mtDNA lineages representing the
expansion of the Kra-Dai languages based on the following principles. The mtDNA lineages should
include at least four derived haplotypes which were composed of at least three regions of Kra-Dai-
speaking populations and should include either Hunan Dong or Guangxi Zhuang people. Then, these
lineages, usually star-like lineages, included considerable Kra-Dai-speaking individuals,
representing the Kra-Dai-speaking population expansion, and range diffusion throughout different
regions in East and Southeast Asia. In addition, we have provided detailed information on the
mtDNA data in , including sample names, accession codes, sources (whether
newly generated or derived from published references), haplogroups, locations, population

information, and selection status for BSP analysis.

1.7. Description of archaeological, paleoecologic, and paleoclimatic data
The time ranges and geographic locations of the archaeological sites were from the study of

Hosner et al.' (URL: https://doi.pangaea.de/10.1594/PANGAEA.860072). Hosner’s data contains

a total of 51,074 archaeological sites from the early Neolithic to the early Iron Age (about 10,000 —
2,000 years before the present (BP)) with a spatial extent covering most regions of China. The
information on each site included the cultural name (e.g., Liangzhu and Tanshishan cultures), time
range (max, min, average), and geographical location (province, longitude, and latitude). Their data

were integrated from three major campaigns of systematic archaeological surveys waged by the
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Chinese government in 1956, 1981, and 2007. These data shed light on the spatiotemporal patterns
of archaeological site distribution in China from the early Neolithic to the early Iron Age. We derived
the available data from archaeological sites covering the geographic regions of Fujian, Guangdong,
Hunan, Yunnan, and Zhejiang provinces from 9,000 to 2,000 years BP. These areas are located in
the vast region of southern China where the present Kra-Dai-speaking populations lived.
Accordingly, the chronological change in archaeological site numbers can be used as a proxy
indicating the demographic background of Southern Chinese populations including the Kra-Dai-
speaking populations.

The palacoecological data were from the study of Gutaker et al% (URL:
https://doi.org/10.1038/s41477-020-0659-6). Gutaker’s data contains the percent probability of

tropical rice being in the thermal niche (assuming a requirement of 2,900 GDD at 10 °C base) during
5,500 — 1,000 years BP. These data were derived from their calculation by constructing a thermal-
niche model®, which estimates the probability of tropical rice cultivation in different areas.
According to their work®?, they concluded that “survival probabilities of tropical japonica between
approximately 4,400 and 3,500 yr bp dropped substantially in eastern China and high-altitude
southwestern China (survival probability<50%) compared with Southeast Asia (survival
probability>90%)”. They profiled a scenario that the collapse of tropical rice cultivation caused by
the 4.2k event® coincided with the southward migration of farmer communities. Accordingly, the
paleoecologic data used in this study can approximately reflect the prehistoric agricultural
development in South China and MSEA.

The paleoclimatic data were from the study of Fang et al.® and Hou ef al.®®. Fang and Hou’s
data contain the Holocene temperature series in China, with both the quantification and the higher
temporal resolution continuously. They collected 1140 effective temperature records from previous
references. Then, they reconstructed the Holocene temperature series in China with a synthesis
reconstruction method, named the converted single sample from local to regional, and averaged it
by the multiple samples. Their data could be regarded as good representative temperature series on
a hemispherical scale. However, their study did not include the temperature records in MSEA.
Therefore, the paleoclimatic data used in this study approximately reflect the changing trend of the

global temperature in China.

1.8. Description of 4.2K event

The 4.2K event has been reported as a global cooling event that occurred around 4,200 years
BP. Walker et al.®* pointed out that the likely onset and termination of the 4.2k event might be 4,200
years BP and 3,900 years BP, respectively. Gutaker ez al.%? provided a broader range that suggested
the 4.2k event might start at 4,400 years BP and end at 3,500 years BP. Fang and Hou®% did not
give an accurate range for the 4.2k event but discovered several warm events, two of which occurred
around 4,700 years BP and 3,500 years BP. In other words, these two points in time could be used
as the upper and lower limit for the 4.2k event. Finally, we adopted the range used by Gutaker that
the 4.2k event might start at 4,400 years BP and end at 3,500 years BP.
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2. Supplementary Discussion
2.1. Disputations on the internal classifications of Kra-Dai languages

Kra-Dai languages consist of five well-known branches named Kra, Hlai, Ong-Be, Kam-Sui,
and Tai%’. However, the internal relationships among these five branches have been controversial
for a long time.

The first controversy is the position of Kra. Most linguists are in favor of Kra as a primary
branch in the Kra-Dai language phylum such as Liang and Zhang?, Edmondson and Solnit®, Diller®,
Chamberlin”, Ostapirat’!, and Li’>. However, Ostapirat®” proposed an original bifurcation between
the Northern and Southern groups at an early stage, which demoted Kra to the subbranch of the
Northern group. This classification was further revised by Norquest’?, who demoted Kra to the
position below the Kam-Sui group and as a sister of the Hlai-Tai branch.

The second controversy is the position of Hlai. Several scholars like Liang and Zhang?,
Edmondson and Solnit®, Diller®®, and Chamberlin? asserted that Hlai is also a primary branch like
Kra. Notably, all of them were in favor of a trifurcation structure for the initial divergence. Therefore,
according to their opinions, both Kra and Hlai could be the primary branches of the Kra-Dai phylum.
In contrast, Ostapirat®” and Norquest'® proposed that Hlai should be demoted to a sister of Be-Tai.
Ostapirat’! also suggested a bifurcation structure for the whole Kra-Dai phylum which places Hlai
as the sister of a monophyletic group consisting of Ong-Be, Kam-Sui, and Tai.

The genealogical relationship of Ong-Be to other branches has not yet reached a consensus.
Several linguistic scholars asserted that Ong-Be should fall outside of Tai but be closer to it than
other branches (e.g., Hansell”, Liang and Zhang?, Edmondson and Solnit®®, and Norquest'?). The
Proto-Be-Tai was a daughter language of Proto-Kam-Tai whereas the other is Proto-Kam-Sui.
However, Ostapirat’' suggested that Ong-Be should be a sister to a monophyletic group consisting
of Tai and Kam-Sui. The two daughter languages of Proto-Kam-Tai in a narrow sense were Proto-
Kam-Sui and Proto-Tai.

In addition, debates on low-level branches of the Kra-Dai phylum remain ongoing. For
example, there is a controversy about whether the division between the Central and Southwestern
branches is on par with its Northern branch. Previous linguistic studies from Li*, Liang and Zhang?,
Edmondson and Solnit%, and Diller®, etc. supported the tripartite schema for Tai languages which
divided the Tai languages into three branches: Northern Tai, Central Tai, and Southwestern Tai. In
contrast, other studies (e.g., Gedney’, Haudricourt’®, Chamberlin?’, Strecker’®, and Ferlus”)
suggested that the southwestern and Central languages should be placed into one group. Moreover,
Edmondson®® showed a much more diversified Central Tai phylogeny with computational
phylogenetic analysis, suggesting that CT is not monophyletic and is split up into multiple branches,

which was in agreement with the Pittayaporn’s preliminary classification®.

2.2. Phylogenetic topology of the Kra-Dai languages

Here, we performed a Bayesian phylogenetic analysis on 646 lexical cognates of 100 Kra-Dai



language samples to reconstruct the phylogenetic relationships among Kra-Dai languages. A
moderately reliable phylogeny of the Kra-Dai languages was described by the best-fitting
combination of the Covarion model with the Relaxed Lognormal clock model. The Bayesian
phylogenetic tree showed five monophyletic groups of Kra, Hlai, Ong-Be, Kam-Sui, and Tai
languages. Each of the five monophyletic groups possessed a posterior probability of 1, which
strongly supported Ostapirat’s classification 7!, Kra languages diverged from the proto-Kra-Dai
language as the earliest branch indicating that the Kra language was the primary branch of the whole
Kra-Dai languages. The other four branches of languages formed a monophyletic group with a
posterior probability of 0.7. Our results supported the opinion of previous studies that Kra should
be the primary branch in Kra-Dai languages (e.g., Liang and Zhang?, Edmondson and Solnit®8,
Diller®®, Chamberlin”, and Ostapirat™").

The Hlai branch became the sister of a monophyletic group that consists of Ong-Be, Kam-Sui,
and Tai languages. The rest three branches of languages formed a monophyletic group with a
posterior probability of 0.95. Therefore, Hlai languages should be placed in the second diverged
branch, which was consistent with Ostapirat’s view 7'

The Ong-Be languages fell outside of the narrow sense of Kam-Tai languages, which only
comprised Kam-Sui and Tai languages. Kam-Sui and Tai languages consisted of a monophyletic
group with a posterior probability of 1, respectively. These branching patterns were in line with
Ostapirat’s view 7',

In contrast to the high-level relationships, the low-level branches showed a more complicated
phylogenetic relationship that was not completely consistent with traditional linguists’ expectations.
In particular, the Kra languages majorly conformed to Ostapirat’s view?! which classified Buyang
languages and Pubiao in a monophyletic group; while Gelao languages, Lachi and Laha in another.
However, the Paha language (KraBuyangBH) was estimated to be more related to Lachi and Laha
languages in our results, whereas Ostapirat suggested that the Paha language should be related to
the Buyang-Pubiao group. The Hlai languages majorly conformed to Norquest’s classification'®,
which suggested that Cun and Nadou languages should be a sister group to Meifu dialects
(HlaiChangjiang, HlaiXifang) and supported a monophyletic group of Qi dialects (HlaiBaoting,
HlaiQiandui, and HlaiTongza). However, Run (Bendi) dialects (HlaiBaisha and HlaiYuanmen) were
placed as a sister group of Qi dialects in our results but not a sister group of Meifu dialects in
linguists’ view. The Ong-Be languages were completely consistent with Ostapirat’s view®!, which
suggested that the Jizhao dialect branched first and the other Ong-Be languages were split into
western and eastern groups. In contrast, in the Kam-Sui branch, we could not confidently determine
the relationships among Mulam, Then, Mak, Jin, Maonan, and Chadong languages due to the low
posterior values of the internal nodes. However, the place of Biao and Lakkia in our result supported
Solnit’s view® regarding Biao and Lakkia as a monophyletic group coordinated with Kam-Sui.
Finally, the Tai languages were split into two parts roughly based on their locations. The Northern
Tai languages were grouped with Yongnan dialects of Central Tai languages (TcFusui, TcShangsi,

TcLongAn, TcQinzhou, and TcYongning), whereas the Southwestern Tai languages were grouped



with the other Central Tai languages. The inexistence of monophyletic Central Tai languages was
advocated by Edmondson®®" and Pittayaporn®’. In addition, we found that six Shan varieties
(TswAiton TswHsipaw, TswTaunggyi, TswMangshi, TswMenglian, and TswKhuen)?3¢-83-85
collectively consisted of a paraphyletic group, a lower-level clade of Southwestern Tai languages.
Despite other non-Shan varieties included in this clade, this node implied that a Proto-Shan language
might yet be present. However, note that the low posterior value of this node (= 0.31) suggested that
this internal node should not be robust in our results. In addition, the Saek language as a Northern
Tai language seemed to be misplaced into the Southwestern Tai languages supported by a posterior
value of 0.52.

There were some reasons for such misplacements observed in our phylogenetic tree. First, to
give a straightforward display, we presented the maximum clade credibility (MCC) tree based on
the posterior samples calculated from the MCMC method. The MCC tree could be interpreted as a
global optimum tree for clade credibility. For a given node, a lower posterior value represented a
less stable structure. Thus, we could not avoid the misplacements that might occur in several clades.
Second, our work was solely relying on lexical cognates while most traditional linguistic
classifications were based on both phonology and morphology. Third, the Swadesh 100-word list
could not provide sufficient resolutions to distinguish the low-level relationships among Kra-Dai
languages, especially when these languages experienced rapid differentiation in a short period and
substantial language contacts (e.g., lexical borrowings) especially occurring during the period of
initial language divergence. Fourth, the borrowing-prone languages were difficult to evaluate their
linguistic relatedness, because it would be difficult to determine which linguistic traits were
inherited from a common ancestor and which were borrowed from other languages.

Here, we took Saek as an example. Saek is a minority language of Northern Tai in Thailand
but is the substantial contact-induced change from its surrounding Southwestern Tai languages (e.g.,
Thai and Lao languages)®®47. To explore which reason has led to the misplacement of Saek and
address the authentic genealogical classification of Saek, Northern Tai, and Southwestern Tai, we
performed the four-point analysis which could provide the possibilities of a specific two-to-two
partition directly estimated from the linguistic data given the sub-tree structure. As this method
examined all the cognate sets one by one, the possibility for a given structure could be considered
to be the proportion of potential cognate sets (inheriting from a common ancestor or borrowing from
other languages) in the tested language and its nearest language in the given structure®®. Following
the computational procedure in our previous study®, the results of the four-point analysis showed
that the possibility for (Saek, Tsw)-(Tn, Others) was 0.3716, for (Saek, Tn)-(Tsw, Others) was
0.6275, and (Saek, Others)-(Tn, Tsw) was 9.2593x10. The subtree structure for (Saek, Tn)-(Tsw,
Others) was moderately supported, indicating that Saek should belong to the Northern Tai group
rather than the Southwestern Tai. However, the subtree structure for (Saek, Tsw)-(Tn, Others) was
weakly supported, indicating that Saek might have considerable borrowings (37.16%) from
Southwestern Tai languages. Such a vast number exceeded the 20% limit of the Bayesian

phylogenetic methods for borrowing words®, which could potentially twist the tree structure.



Therefore, we suggested that the given lexical cognate data were sufficient to distinguish the fine-
scale relationship among similar languages under given circumstances. The misplacement of Saek
in the Bayesian phylogenetic tree resulted from methodological inadaptability for distinguishing
borrowing-prone languages. This was also supported by linguistic views that Saek could experience
substantial borrowings or replacements from its surrounding Southwestern Tai languages 887,

In summary, our reconstruction of the phylogeny of Kra-Dai languages mostly conformed to
previous linguists’ views, especially in the high-level branches. However, we could also observe
several misplacements due to the deficiencies of Bayesian phylogenetic methods (more discussion
regarding these methods see the section “Bayesian phylolinguistics, proper-used or misused?”
below).

2.3. The divergence time of the Kra-Dai languages

After calibrating several internal nodes ( ), we estimated the divergence
times of all internal nodes on the Kra-Dai phylogenetic tree. The estimations for the average root
ages were approximately 4,000 years BP, and they were compatible with each other in all the tested
model combinations ( ). In the best-fitting model with the
maximum marginal likelihood ( ), the average time estimation for the initial
divergence of the Kra-Dai languages was 4,041 years BP (95% HPD: 2,741 - 5,550 years BP). The
MCC tree with node bars of 95% HPD denoted on all internal nodes was also shown ( ).
Notably, we estimated the average divergence time of Proto-Kra to be 2,435 years BP (95% HPD:
1,967 - 2,909 years BP); the estimated average divergence time of Proto-Hlai was 1,155 years BP
(95% HPD: 443 - 2,035 years BP); the estimated average divergence time of Proto-Ong-Be was
1,750 years BP (95% HPD: 1,299 - 2,226 years BP); the estimated average divergence time of Proto-
Kam-Sui was 1,222 years BP (95% HPD: 1,044 - 1,410 years BP); the estimated average divergence
time of Proto-Tai was 1,360 years BP (95% HPD: 873 - 1,903 years BP) ( ).

2.4. Discrete phylogeographic inference

For the NULL hypothesis of the phylogeographic model, we could observe 20% for each
distinct area which was inferred as a dispersal center equiprobably. Here, our phylogeographic
reconstructions indicated that the most likely dispersal center of Kra-Dai languages was in the
coastal areas of China with a maximum probability of 47.0%, which was much higher than 20%, as
shown in . In addition, we used the paired one-side Wilcoxon signed rank test
to find that the probability of the coastal area was significantly higher than those of the other four
distinct areas. Accordingly, we suggested that the coastal area should be the homeland of Kra-Dai
languages with a significantly higher probability than other areas ( ). Meanwhile, our
analysis suggested that the Proto-Kra language diverged from the Proto-Kra-Dai language around
4,000 years BP and spread northwestward into inland South China, specifically Yunnan and Guizhou
provinces. The Proto-Hlai language diverged later and spread to Hainan Island at approximately

3,200 years BP, followed by the origin of the Proto-Ong-Be language around 2,600 years BP, which



also spread to Hainan Island. Notably, the “into the island” scenario was supported by the transition
rates estimated in this study, while the “out of the island and back to the mainland” scenario occurred
less frequently. The Proto-Kam-Sui and Proto-Tai languages likely remained in the coastal area for
a considerable period until around 1,300 years BP. Then, the Kam-Sui languages might have spread
northwestward to mountainous Guizhou, while the Tai languages spread throughout the vast region
of South China and MSEA. Additionally, the transition rates suggested that most of the Kra-Dai
languages in MSEA might have first reached Yunnan province and then spread southwestward into
MSEA, while only a small portion might have spread directly from the coastal area ( ).

In conclusion, the Coastal Origin Hypothesis is strongly supported by our analysis, indicating
that the most likely dispersal center for the Kra-Dai languages was coastal South China (

. The dispersal routes of the Kra-Dai languages followed an “out of China” scenario®,
with higher transition rates from China to MSEA than in the inverse direction. Moreover, we
identified north-south and east-west dispersal routes for the Kra-Dai languages > (

), which also reflect the history of human population migration since languages

are carried by people °'.

2.5. Bayesian phylolinguistics, proper-used or misused?

Recent advances in Bayesian phylogenetic methods from evolutionary biology provide
alternative opportunities to permit flexible evolutionary models to reconstruct more reliable
genealogical relationships. Over the last two decades, computational linguists have incorporated
these methods into linguistic research and made significant progress in reconstructing the
prehistories of well-known language families worldwide**3%92-%5  Consequently, Bayesian
phylolinguistic methods that employ Bayesian phylogenetic methods to evaluate linguistic datasets
and reconstruct language phylogenies have become a potent tool for inferring the tempo and mode
of change in language families.

However, Pereltsvaig and Lewis*® raised several specific critical comments for the flaws of
Bayesian phylolinguisitc methods. In particular, we summarized these flaws as three major issues:
(1) examining only lexical material; (2) inadequately identifying borrowings; (3) ignoring the
misplacement of individual languages on the family tree.

Regarding issue (1), different language subsystems should experience distinct evolutionary
processes from the past to the present. For example, phonology and lexicon exhibit different
evolutionary patterns®’, and linguistic features evolve at various rates’®. Furthermore, there are
varying degrees of horizontal influence on phonological, grammatical, and lexical subsystems®. As
a result, investigating language relationships using different linguistic features could lead to
different classifications due to these evolutionary processes. However, grammatical, phonological,
and even phonetic traits may not be suitable for dating as they tend to vary more freely and rapidly
than core vocabulary items®. Additionally, cognate judgments of lexical data involve phonological
and morphological knowledge'®. Moreover, lexical data is universally available and can be

identified in a large number of cognate sets in lexical meanings'®. In contrast, grammar, phonology,



and morphology offer limited data characters and can only define a few controversial subgroups
within a family, which hardly contribute to higher-order subgrouping!?-192, Therefore, we suggested
that lexical data remained crucial for establishing linguistic relatedness because of the stability,
comprehensiveness, availability, and size advantage.

Regarding issue (2), we acknowledged that even the core lexicon could be borrowed during
language contact. In practice, we have made every effort to identify definite borrowings in Kra-Dai
languages, but it was possible that a small number of undetectable borrowings still existed.
Fortunately, computational simulations of phylogenetic methods in several previous studies have
given us confidence that without any linguistic constraint on the phylogenetic reconstruction, the
number of undetected borrowings would need to be substantial (>20%) to significantly bias either
the tree topology or date estimates®®2. Additionally, the tree structure emphasizes the vertical
process of language diversification rather than horizontal contacts and admixture. The extent of
language contact can be measured by delta score and Q residual value, which were discussed in the
section "The homoplasy in the Kra-Dai language phylogeny" in the Supplementary Information.

Regarding issue (3), it should be noted that the phylogenetic tree is only a hypothetical
representation of language diversification, and its topology is dependent on the input data. The
uncertainty of the topology is shown by the posterior value of each internal node, where higher
values indicate more robust evidence for grouping downstream languages as a monophyletic group.
In our study, the maximum clade credibility (MCC) tree was used to represent the relationships
among Kra-Dai languages, which is interpreted as the global optimum tree. However, it was possible
that some internal nodes in the MCC tree did not appear in other posterior samples, suggesting that
some languages would be monophyletic in the MCC tree but paraphyletic in reality. These
uncertainties are represented by the web structure in DensiTree'% ( ). The posterior values
of higher-order internal nodes in our MCC tree were mostly higher than 0.9, indicating strong
support for the relationship of the five major branches of Kra-Dai languages.

In our study, we indeed observed low posterior values and misplacements for several low-level
internal nodes (mentioned in the section “Phylogenetic topology of the Kra-Dai languages” before).
The Swadesh 100-word list, for example, may not provide sufficient resolution to distinguish low-
level relationships among similar languages within a whole language phylum, especially when they
have experienced rapid differentiation in a short recent period and substantial language contacts.
Moreover, traits derived from horizontal language influence could be another factor affecting the
robustness of the phylogenetic structures of languages. Additionally, as mentioned in issue (1),
grammatical, phonological, morphological, and other linguistic features, which could be effective
in distinguishing similar languages, were mostly excluded from the reconstruction of phylogenetic
trees. These limitations could result in minor misplacements of individual languages, especially at
the low-level branches. Therefore, to reconstruct a more robust and fine-scale structure for low-
level branches, it was necessary to collect more comprehensive and detailed linguistic data and to
improve Bayesian phylolinguistic methods to account for the heterogeneity of various linguistic

traits.



Meanwhile, these misplacements would further challenge the robustness of the whole language
phylogenetic tree. Fortunately, a previous study indicated that minor misplacements of individual
languages at lower levels would not affect the high-level relationships among language branches,
nor the overall shape of the tree'®. To test whether these minor misplacements would impact our
main results on linguistic relatedness of the five language branches, time depth, and dispersal center,
we conducted four different settings during the reconstruction of language trees: (1) default settings
(version in the manuscript); (2) constraining the languages of the same groups as monophyletic
groups, respectively (i.e., Kra, Hlai, Ong-Be, Kam-Sui, Southwestern Tai, Central Tai, and Northern
Tai); (3) excluding the Sack language from our data; and (4) constraining the six varieties of the
Shan language as a monophyletic group. The first setting had no prior constrains and was the version
used in this study. The second setting ensured Kra, Hlai, Ong-Be, Kam-Sui branches, and the three
Tai groups to be monophyletic respectively and constraining Saek into the Northern Tai group
according to traditional linguists’ views*7>8087 The third setting excluded Saek because it was
suggested as a borrowing-prone language that would undermine the overall shape of the
tree*>8687.104 The fourth setting ensured the presence of Proto-Shan by constraining the Shan
varieties®®#3%5 Since Shan populations were influential in MSEA8®1%5| the varieties of Shan
language would experience substantial contacts with other languages and failed to form a
monophyletic group. These four different settings would generate four sets of trees with different
low-level branching patterns, which would be then used for further analysis to compare linguistic
relatedness, time-depth, and dispersal center. The model used for tree reconstruction was a
combination of the Covarion model and the Relaxed Lognormal clock model, which was the best-
fitting one under default settings. The studies for discrete phylogeographic inference were also
consistent with those in the section “Discrete phylogeographic inference” in Methods. The results
were illustrated in . All results supported
Ostapirat’s linguistic relatedness hypothesis’!; agreed on the time depth (around 4,000 years BP),
as well as other high-level internal nodes; and suggested that the coastal area was most likely to be
the dispersal center of Kra-Dai languages. Therefore, our replications confirmed the robustness of
our main conclusions on Kra-Dai languages using Bayesian phylolinguistic methods.

In summary, Bayesian phylogenetic methods are a powerful tool that can supplement
traditional linguistic scholarship but not replace it. As a cutting-edge and promising computational
approach, Bayesian phylogenetic analysis and other developing methodological variants (e.g.,
Neureiter et al., 2022'%; Koile et al., 2022'°7) can shed light on investigating vertical transmissions,
including the traditional task of reconstructing linguistic classification. It is crucial to continue the
amelioration of these methods and to integrate them with traditional linguistic analysis to achieve a

more comprehensive understanding of language evolution and diversity.

2.6. Genetic evidence of Kra-Dai population expansion
To investigate the genetic evidence of Kra-Dai language expansion, we inferred the

demographic history reconstructed by the mitochondrial DNA (mtDNA) sequences of Kra-Dai-



speaking people with a Bayesian Skyline plot (BSP) ( ). We found two expansion phases
of these Kra-Dai representative lineages, of which the former was an approximately 17-fold
demographic increase during 6,400 — 4,200 years BP and the latter was also an approximately 16-
fold demographic leap from 3,500 years BP till now. Genetic evidence for Kra-Dai expansion in the

late Holocene could be temporally aligned with the evidence from other disciplines.

2.7. The prehistoric cultures in coastal Southeast China ~ 5,000 years ago

To shed light on the demographic activities in coastal Southeast China around 5,000 years ago,
we have synthesized interdisciplinary evidence from climate, agriculture, and genetics ( ).
Generally, the early rice farmers were the indigenous people in Lower Yangtze Valley, where rice
domestication occurred before 6,000 years BP!%%110, Although mixed farming was also present, the
primary focus of labor was rice cultivation'''!'2, Paleoclimatic data revealed that the global
temperature decreased with fluctuation between 6,000 and 4,400 years BP®, making it reasonable
for people to migrate towards warmer regions. The contemporaneous global sea-level rise of ~3m
might have destroyed coastal settlements and further facilitated migration''3. Then, coastal South
China was an appropriate destination for the rice-based mixed farming people living in Lower
Yangtze Valley, where they might have migrated southwards along the coastal line with their
crops'#!13, Ethnologists and archaeologists suggest that these Lower Yangtze Valley farmers were
the common ancestry of both Kra-Dai and Austronesian people, based on shared culture!!6!!7,
archaeological materials''®, and ancient DNA studies''*!?!. The cool climate between 6,000 and
4,400 years BP might have continuously compelled the southward migration, leading to the
separation of the rice-based mixed farming peoples into two different populations. During this
period, people who migrated along the coastal line on land became the ancestry of Kra-Dai speakers,
while those who adopted a maritime lifestyle became the ancestry of Austronesian speakers®’.

According to ethnological and archaeological views!?>123 the Kra-Dai-Austronesian multi-
ethnic populations can be traced back to the people of the Hemudu culture (7,000 — 5,300 years BP)
and the Majiabang culture (7,000 — 6,000 years BP). These ethnic groups were named Bai Yue by
ethnologists, who regarded Kra-Dai-Austronesian people as their descendants'?*!?. In ancient
China, the term "Bai Yue" referred to the "hundreds of tribes", which were collectively known as
ancient indigenous Kra-Dai-speaking populations living in present-day coastal southeast
China'?2126, A recent genetic study confirmed that Bai Yue ancestry was widely distributed in Kra-
Dai-speaking populations in South China and MSEA.!?. Their study found that although other
genetic components were present, the Bai Yue lineage was dominant in contemporary Kra-Dai-
speaking populations. In other words, the diverse present-day Kra-Dai-speaking populations
descended from their common ancestor, the ancient Bai Yue lineage, which underwent different
migration, admixture, and isolation over time.

In summary, we have presented a scenario for demographic activities in coastal Southeast
China between 6,000 and 4,400 years BP ( ). The Bai Yue lineage of rice-based mixed

farmers in the Lower Yangtze Valley migrated southward with their crops along the coastal line,



eventually splitting into two populations: the Kra-Dai people and the Austronesian people.

2.8. The history of the Kra-Dai-speaking populations in the past 4,400 years

The ethnolinguistic diversity in Southeast Asia obscures the history of the region's nationalities
and languages. Since human population activities are closely linked to language divergence,
studying linguistic evolution can offer new insights into human history®!. This study focused on the
history of the Kra-Dai people over the past 4,400 years, which could be divided into two distinct
periods. The first period occurred before the Qin Dynasty (4,400-2,300 years BP) while the second
period took place after the Qin Dynasty (2,300 years BP to present), with the latter period being
defined by the Han people's political domination of South China. Based on the interdisciplinary
alignment, we proposed a plausible historical scenario for the Kra-Dai people in these two periods,
as illustrated in

In the first period (4,400 - 2,300 years BP, which was also referred to as the “contraction period”
and the “recovery period”), there were dramatic fluctuations in the climate that led to the collapse
of agriculture. This, along with increasing cultural pressure in the form of competition for natural
resources (such as copper and pastoral grounds) and even the spread of plague epidemics, indicated
that the semi-sedentary agro-pastoral populations had to expand to more suitable habitats'?%!2%. Qur
study supported this scenario, as evidenced by the number of archaeological sites and the effective
maternal population size. The number of archaeological sites first decreased due to the contraction
and migration, and then increased due to the population expansion. Meanwhile, the population size
continued to grow steadily. These demographic changes indicated that people were likely to migrate
first and then settle down during this period, which further contributed to a discontinuous language
divergence pattern ( ). Specifically, we observed that the Hlai and Ong-Be languages,
spoken by the migrants from the mainland to Hainan Island, successively split from the Kam-Tai
languages during this period. Notably, interactions between the Han and Kra-Dai peoples were weak
because the Han people’s political domination was limited to the Middle and Lower Yellow River
basin during the Xia, Shang, and Zhou Dynasties'??. Therefore, we concluded that climate was the
primary factor that drove the migration and settlement of the Kra-Dai people during the first period.

In the second period (2,300 years BP to the present, which was also referred to as the
“prosperity period”), the environmental context, including climate and agriculture, was relatively
more stable than that in the first period. However, the effective population size increased
considerably, and language diverged rapidly. These results suggested that population interactions
might have been the dominant factor shaping the history of the Kra-Dai people in the second period.
Our conclusion was supported by historical records of the Kra-Dai people provided by Chinese
scholars. The interactions between the Kra-Dai people and the central Chinese people greatly
intensified since the Qin Dynasty'**. The southward expansion of political power not only
accelerated the assimilation of the Kra-Dai people but also impelled their emigration, such as the
migration to the Yunnan-Guizhou Plateau or even out of China?**. For example, during the Qin

Dynasty, a war was waged to conquer Bai Yue after unifying six states (around 2,200 years BP)>.



The war forced many Bai Yue populations to migrate, which later resulted in the increasing
divergence rate ( ) and the divergence of Kam-Tai languages (around 1,950
years BP). Subsequently, the second migration wave occurred in the Tang Dynasty, when the Zhuang
ancestors resisted the reign of the Tang Dynasty for nearly one hundred years (around 1,200 years
BP)%. However, the rebels of Zhuang ancestors were suppressed and could only migrate to MSEA,
resulting in a rapid divergence in this period ( ). This was followed by the
divergence of the Southwestern Tai languages and their sister group of Central Tai languages
(around 1,179 years BP). During the Song Dynasty (around 950 years BP)?, the third migration
occurred as a result of the failure of the uprising led by minority leader Nungz Cigauh. This led to
another large-scale migration southwestward into MSEA, which coincided with a rapid increase in
the language divergence rate ( ) and the divergence of Southwestern Tai
languages (around 824 years BP). This migration might have contributed to the unification of
Thailand in the following decades. Our analysis, combined with reliable historical documents,
suggested that political power was a major influence on the demographic activities of the Kra-Dai
people during the second period.

In summary, we provided a brief overview of the history of the Kra-Dai people and proposed
that environmental factors were a major driving force in the first period, while political power played

an alternative significant role in shaping human activity in the second period.

2.9. Language/Farming Dispersal Hypothesis for Kra-Dai languages

The language/farming dispersal hypothesis has been proposed to explain the worldwide
distribution of languages'3*!13!. According to this hypothesis, prehistoric population expansions may
have led to the spread of agriculture and languages to other areas.

In our study, we found evidence to support the idea that the dispersal of Kra-Dai languages was
linked to the spread of agriculture in prehistoric times. According to previous studies''*!13, the Kra-
Dai people were the descendants of rice-based farmers who initially settled in the Lower Yangtze
Valley and then migrated southward along the coast, spreading both rice-based agriculture and millet
farming!!4115:132.133 ( ). Our analysis also revealed that the early dispersal center of Kra-
Dai languages was in coastal South China ( ). However, in
contrast to the common view that the language and agriculture expansion was driven by increased
population size, high agricultural yields, and suitable ecological niches for farming'3°, the
language/farming dispersal of the Kra-Dai languages conformed to another scenario. According to
our interdisciplinary analysis, the early-stage divergence of Kra-Dai languages coincided with the
4.2K event. During this event, we could find dramatic changes in the number of archaeological sites,
a slowly growing population size, decreasing survival probability of rice, and climate fluctuation
( ). These indicated that Kra-Dai people were impelled to migrate to find suitable land for
farming due to climate change and agricultural recession. Therefore, we concluded that the
prehistoric dispersal of Kra-Dai languages and agriculture in South China conformed to the

language/farming dispersal hypothesis. Importantly, the driving force behind this dispersal appeared



to be the collapse of agriculture caused by paleoenvironmental change.

In contrast, the language/farming dispersal hypothesis might not apply to the early history of
the Kra-Dai people in MSEA. The archaeological evidence suggested that the earliest agriculture
records could be traced back to earlier than 4,000 years ago!3>134 ( ). However,
the initial Kra-Dai language diverged around 4,000 years BP in South China, and the spread of Kra-
Dai languages in MSEA might have happened within the last 2,000 years. This inconsistency did
not support the idea that the dispersal of Kra-Dai languages could be related to agricultural dispersal
in MSEA. Furthermore, genetic evidence strongly suggested that the (Proto-) Austroasiatic-
speaking migrants from south China were likely the ones who introduced agricultural innovations
to MSEA!!4135_ Therefore, the farming/language dispersal hypothesis might not be applicable to
explain the co-dispersal of agriculture and Kra-Dai languages in MSEA.

Nevertheless, it is essential to consider the impact of coastal expansion on agricultural
development in MSEA. In coastal Southeast Asia, evidence of rice and millet plant remains has been
found dating back over 4,000 years ago, predating those found in inland Southeast Asia'**. This
suggested that the rice and millet dispersal in MSEA might not have occurred solely through the
north-south inland dispersal route but also through a possible maritime route originating from
coastal South China!3®137, This prehistoric marine trade network, which surrounded the South China
Sea, was supported by abundant excavated material remains!?%!33, Since the genetic component of
Kra-Dai people in MSEA was only observed in the past 2,000 years'3, it seemed that the early
maritime route of agricultural dispersal was driven by cultural communication rather than demic
diffusion. However, we could not rule out the possibility that cultural interaction also occurred in
MSEA and South China through the inland or coastal route. In that case, we must re-evaluate the
language/farming dispersal pattern in MSEA: cultural interaction could also have promoted the
dispersal of agriculture without demic diffusion and language dispersal.

To summarize, we have examined the farming/language dispersal hypothesis of Kra-Dai
languages and proposed a scenario for the dispersal of agriculture, the ancestral Kra-Dai people,

and their languages from coastal South China to MSEA from a macroevolutionary perspective.

2.10. The prehistoric agricultural strategies in South China and MSEA
As previously discussed, the Kra-Dai people played a significant role in the agricultural
development of South China and MSEA through their demographic activities. They likely
introduced both millet and rice to these regions. However, when agricultural populations migrate to
new environments, they must maintain a productive agricultural system in a new place, which leads
them to adopt new and sustainable agricultural strategies!*3. As shown in
, despite similar crop varieties (japonica rice and Asian millets) in South China and
MSEA, there were significant differences between the archaeobotanical assemblages found at sites
in both areas during the prehistoric period. It appeared that populations living in relatively high
latitude, high elevation, and hilly dryland areas of South China cultivated more risk-oriented millet

crops than those living in MSEA!3%140.141 Tn contrast, populations living in the relatively low



latitudes with a wetland environment of MSEA opted for rice-based cultivation'3%14°, This suggested
that temperature, latitude, altitude, and water supply could be the most critical factors that determine

human agricultural strategies.

2.11. The genetic and cultural admixture patterns of Kra-Dai and surrounding
populations

The history of Kra-Dai-speaking populations and their language culture is far from clear. Since
Kra-Dai populations lived at the crossroads where five main language families have spread and
diversified'*?, Kra-Dai populations could not be simply modeled as inheriting directly from Bai Yue
lineage and culture.

In South China, Kra-Dai populations have experienced substantial contact with the aboriginal
Hmong-Mien populations deeply from the beginning of the late Holocene!!'>!43. Specifically, for
several geographically close ethnic groups of two language families, extensive genetic admixture
was observed, and no clear genetic barrier existed among them!'#+!%>, These admixture scenarios
formed a “Hmong-Mien Cline” showing that Hmong-Mien-speaking individuals from west to east
roughly have a decreased proportion of Hmong-Mien-related ancestry component and an increased
proportion of Kra-Dai-related ancestry component'#®, The Tibeto-Burman populations were another
ethnic group that came to South China in the late Holocene. In contrast to the Hmong-Mien people,
however, Tibeto-Burman people contributed little genetic influence to Kra-Dai people!3:144,
Moreover, Sinitic populations created powerful empires and expanded their political and military
influences to South China in the last 2,000 years''*. Their dominant political power has greatly
contributed to the population admixture in South China'?"!*3, In addition, Sinitic people also
dominated cultural admixture and shift. These could be reflected in the presence of loanwords®,
variations in phonetic structures®¥, and grammatical system?. Therefore, the admixture history of
Kra-Dai-speaking populations in South China was related to frequent gene flow and their cultural
communications with surrounding people, especially Hmong-Mien and Sinitic populations.

In MSEA, Austroasiatic-speaking populations were the main local people whereas Kra-Dai-
speaking populations expanded to this region in the last 2,000 years!3*142, The genetic study
revealed that heterogeneity in admixture with local Austroasiatic groups and geographic proximity
primarily shaped the genetic structure of Kra-Dai people'#’. In addition, Sino-Tibetan, Hmong-Mien,
and Austronesian groups which also migrated to MSEA contributed limited genetic ancestry to Kra-
Dai people!#4>147, Therefore, the extensive contact between the groups of different language families
resulted in cultural diffusion and even a cultural shift in MSEA 48,

In summary, extensive contact with surrounding populations collectively shaped present-day
Kra-Dai-speaking populations and their languages. Meanwhile, we expected more detailed studies

to shed further light on their complex history.

2.12. The homoplasy in the Kra-Dai language phylogeny

To measure the extent of homoplasy or horizontal influence (e.g. lexical borrowing) which is



against the tree-like topology, we calculated the delta score!'* and Q-residual'>® value for each
language sample. We performed the calculation in SPLITSTREE v4.17.1 (http://www.splitstree.org/)
using Gene Content distance'®!. Higher values of Delta score and Q-residual indicate a higher degree
of reticulation'*°, As shown in , the delta score of the Kra-Dai languages was
the lowest among all the languages. The value of the delta score is significantly correlated with the
linguistic isolation of individual languages within their respective phylogenies'>2. This was
consistent with the high support of the internal nodes of the five well-established branches in the
Kra-Dai language phylum. According to our inferred history of the Kra-Dai people, linguistic
isolation could result from their early geographical isolation and population migration'>.
Accordingly, we could observe a tree-like structure for Kra-Dai languages based on the delta score.
In contrast, the Q-residual score of Kra-Dai languages was the third highest in the column. Since

the Q-residual score is sensitive to the age of language phyla!*?

, we should compare the Q-residual
score among the language phyla with the similar range of divergence time of other languages such
as Dravidian languages. Among the seven language phyla, the divergence time of Dravidian
languages was estimated as the closest one to that of Kra-Dai languages® . The Q-residual value of
Kra-Dai languages was slightly higher than that of Dravidian languages. In contrast to the evolution
of Dravidian languages, we thus speculated that Kra-Dai languages could have experienced more
considerable potential horizontal influence, as well as the formation and break-up of dialect
chains'® in the low-level branches. In addition, the low-level branches were mainly
contemporaneous with the appearance of an international trade network in East Asia'4’. This
suggested that the core lexical items might change with the borrowing of trade terms and then a high
Q-residual was observed. This was also in accordance with the linguistic ecology that the present
Kra-Dai languages are distributed in the extensive ethnolinguistic regions surrounded by Sino-

Tibetan, Hmong-Mien, Austronesian, and Austroasiatic languages.
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Figure S1. The two possible dispersal routes of Kra-Dai languages. (a) the dispersal routes of
Inland Origin Hypothesis. The green oval is the possible dispersal center of Proto-Kra-Dai. (b) the
dispersal routes of Coastal Origin Hypothesis. The blue oval is the possible dispersal center of Proto-
Kra-Dai. The colored small dots are the geographical locations of language samples used in our
study. The base maps were derived from an R package rnaturalearth (URL:

https://github.com/ropensci/rnaturalearth).
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Figure S3. The maximum clade credibility tree of 100 Kra-Dai languages with node bars of
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Covarion + Relaxed LogNormal clock model. This model was run for 50,000,000 generations, in a

sampling frequency of 5,000, with a burn-in of the first 10% of samples.
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Figure S5. The clade ages of Proto-languages under Covarion + Relaxed Lognormal clock
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predicted root age for the Proto-Kra-Dai language of the traditional mainstream view (5,000-6,000
years BP)>72, (b) The distribution of ages of Proto-languages.
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Figure S8. Models of dispersal routes tested in this study. The FULL model allows transitions
between any two of the areas. Model 1 disallows transitions between geographically isolated regions.
Models 2, 3, and 4 are defined with more constrains based on Model 1. Model 2 disallows the
transitions between MSEA and Hainan Island. Model 3 disallows the transitions between MSEA
and the coastal area. Model 4 disallows the transition between MSEA and Yunnan inland. Bayes
Factor is the ratio of posterior to prior odds of each model in the RIMCMC analyses. The optimum
model is Model 2 with the maximum Bayes Factor. The base map was derived from the vector map
data from https://www.naturalearthdata.com.
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Figure S9. Estimated instantaneous rates of change between areas from the RIMCMC
analysis. Only the transitional direction allowed in model 2 was labeled here. Histograms show the
posterior distribution of estimated values of the rate parameters. Arrow width is divided into four
groups according to Z (the percentage of samples in which each rate parameter is estimated as zero):
Z < 10% is the widest; 10% <Z < 20% is the second widest; 20% < Z < 50% is the third widest;
Z > 50% is the thinnest.
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Figure S10. The variation rate of the number of nodes of Kra-Dai phylogeny. The first-order
differential curve of language diversification originally in Figure 3a was shown. The three intervals
marked by dark bands in the 2nd period were three important historical events that related to Kra-
Dai-speaking populations, respectively.
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Figure S11. Comparison of linguistic relatedness of the five language branches among versions
of different settings. The maximum clade credibility trees under four versions of settings were
shown with the posterior values of every high-level node. Trees were reconstructed under the
Covarion model and the Relaxed Lognormal clock model. (a) default settings (version in the
manuscript); (b) constraining the languages of the same groups as monophyletic groups,
respectively (i.e., Kra, Hlai, Ong-Be, Kam-Sui, Southwestern Tai, Central Tai, and Northern Tai);
(¢) excluding Saek from our data; (d) constraining the six varieties of Shan language as a
monophyletic group.
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Figure S13. Agriculture spread pattern in South China and Mainland Soutl-least Asia. The
median age of the archaeological site is used. Hundreds of sites dated to 9,000 - 3,000 years BP are
illustrated as an entirety in the Lower Yangtze region, where rice was originally domesticated before
6,000 years BP and intensive agriculture continuously developed'®!'°, The two thick arrows
reflected a north-to-south and east-to-west pattern for the land routes of agricultural dispersal. The
dashed line indicated a possible maritime route. The base map was derived from the vector map data

from https://www.naturalearthdata.com.
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