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The time and place of origin 
of South Caucasian languages: 
insights into past human societies, 
ecosystems and human population 
genetics
Alexander Gavashelishvili 1*, Merab Chukhua 2, Kakhi Sakhltkhutsishvili 3, Dilek Koptekin 4 & 
Mehmet Somel 4

This study re-examines the linguistic phylogeny of the South Caucasian linguistic family (aka the 
Kartvelian linguistic family) and attempts to identify its Urheimat. We apply Bayesian phylogenetics 
to infer a dated phylogeny of the South Caucasian languages. We infer the Urheimat and the reasons 
for the split of the Kartvelian languages by taking into consideration (1) the past distribution ranges 
of wildlife elements whose names can be traced back to proto-Kartvelian roots, (2) the distribution 
ranges of past cultures and (3) the genetic variations of past and extant human populations. Our 
best-fit Bayesian phylogenetic model is in agreement with the widely accepted topology suggested by 
previous studies. However, in contrast to these studies, our model suggests earlier mean split dates, 
according to which the divergence between Svan and Karto-Zan occurred in the early Copper Age, 
while Georgian and Zan diverged in the early Iron Age. The split of Zan into Megrelian and Laz is widely 
attributed to the spread of Georgian and/or Georgian speakers in the seventh-eighth centuries CE. Our 
analyses place the Kartvelian Urheimat in an area that largely intersects the Colchis glacial refugium in 
the South Caucasus. The divergence of Kartvelian languages is strongly associated with differences in 
the rate of technological expansions in relation to landscape heterogeneity, as well as the emergence 
of state-run communities. Neolithic societies could not colonize dense forests, whereas Copper Age 
societies made limited progress in this regard, but not to the same degree of success achieved by 
Bronze and Iron Age societies. The paper also discusses the importance of glacial refugia in laying the 
foundation for linguistic families and where Indo-European languages might have originated.

Based on the reconstructed proto-words of several Eurasian language families, proto-Kartvelian is suggested to 
have emerged over 12,500 BP (Before Present standing for years before 1 January 1950), predating proto-Indo-
European, proto-Uralic, proto-Altaic, proto-Inuit-Yupik and proto-Chukchi-Kamchatkan1. Currently, the Kartve-
lian language family (aka the South Caucasian language family) consists of only four extant languages: Georgian, 
Svan, Megrelian and Laz, with Georgian being the most widely spoken among them. The majority of Kartvelian 
speakers live in the country of Georgia and northeastern Turkey (Fig. 1). The Megrelian and Laz languages 
constitute a branch of the South Caucasian languages, which is termed Zan. Most scholars accept the South 
Caucasian family tree, in which Svan is sister to the clade of the remaining three languages. The application of 
lexicostatistics and glottochronology for the classification and timing of South Caucasian languages dates the 
split of the Proto-Kartvelian into Svan and Proto-Georgian-Zan (aka Proto-Karto-Zan) to 3950–4150  BP2–4, 
4750  BP5, 4400  BP6, 4190  BP7 and the further division into Georgian and Zan to 2550–2650  BP3,4, 2750  BP5, 
2000  BP6, 1850  BP7. Sergei Starostin’s unpublished model pushes dates further back to 4990 BP for the split 
between Svan and Proto-Georgian-Zan, 2730 BP for the split between Georgian and Zan, and 1330 BP for the 
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split between Laz and  Megrelian7. Notably, these studies do not provide measures of uncertainty or validation 
against known facts that are not used as prior information in model fitting. The split of Zan into Megrelian and 
Laz was caused by the massive spread of Georgian and/or Georgian speakers from the watershed of Mtkvari 
(Kura) River to those of Chorokhi and Rioni Rivers, which started in the mid-seventh century CE and peaked in 
the eighth century CE—that is, 1250—1150 years  BP8,9. Nowadays Bayesian phylogenetic inference is preferred 
over  lexicostatistics10–13. In contrast to lexicostatistics, Bayesian phylogenetic methods (1) consider the distinc-
tion between shared retentions and shared innovations, (2) account for rate variation between parts of the data, 
between lineages, and over time and (3) are robust to the effects of borrowing as they quantify the uncertainty 
in their estimates of parameters and tree  topologies14. To our knowledge Bayesian phylogenetic methods have 
never been applied to infer a dated phylogeny of the South Caucasian languages before.

On the basis of analyzing archaic lexical and toponymic data, Gamkrelidze and   Ivanov8 hypothesized that 
Proto-Kartvelian emerged in the western and central parts of the Lesser Caucasus in the 4th and 3rd millen-
nia BCE; the first wave of migrants from this homeland moved to the Black Sea basin in the South Caucasus 
(i.e. what is now western Georgia) in the 3rd millennium BCE and their language evolved into Svan; the next 
wave of migrations in the 2nd millennium BCE from the Kartvelian homeland to the Black Sea basin led to the 
formation of Zan that gradually displaced Svan to the north; dialects of the people remaining in the Kartvelian 
homeland evolved into Georgian, speakers of which spread across the South Caucasus in the historical times, 
largely displacing Zan and splitting it into Laz and Megrelian, as well as displacing Svan and Northeast Caucasian 
languages in some areas. According to historical records, from the eighth century BCE through the first century 
CE Svan was spoken in most of what is now western Georgia (aka Colchis in the past), Zan was spoken in the 
Chorokhi (Çoruh) River basin and much of what is now Turkey’s Black Sea Region, while Georgian was spoken in 
the Caspian Sea basin, mostly in what is now eastern  Georgia9,15. According to some theories, there is a probable 
association between the South Caucasian languages and a pre-Greek  substrate16. The proposed simple method, 
that only considers linguistic and geographical distances between languages to locate homelands of linguistic 
families, provides a very rough picture of point-based homelands of the Caucasian linguistic  families17.

The inferred dates for the split between Svan and Proto-Georgian-Zan, the suggested location of the Kartve-
lian homeland and the proposed scenario of Kartvelian migrations fail to align with the timing of the emergence 
of vocabulary related to crop cultivation, herding and metallurgy in the Kartvelian languages. Cattle-breeding 
vocabulary and terms for wine are common to Svan and the other Kartvelian languages, whereas terms for crop 
cultivation, sheep-breeding and metallurgy, which are common to the other Kartvelian languages, are absent 
in  Svan4, (Supplementary Data 1). Both archaeological and genetic evidence suggest that crop cultivation and 
herding began approximately 12,000 BP in the Fertile Crescent and gradually spread across the Near East and 
the Caucasus by c. 8,000 BP. The domestication of cattle, specifically extinct Eurasian aurochs (Bos primigenius), 
occurred ~ 10,500 BP and subsequently spread throughout the Near East by the end of the Neolithic  period18,19. 
The wild ancestor of domestic sheep is thought to have been the Asian Mouflon (Ovis orientalis) whose manage-
ment and domestication began c.12,000–10,000  BP20. Crop cultivation and processing (e.g. emmer and einkorn 
wheat, barley, pea, lentil, legume) began to spread 12,000–11,000 BP through the movements of Neolithic Anato-
lian  farmers21,22. Both archaeological and genetic evidence also suggest that the earliest production of wine took 

Figure 1.  The distribution of South Caucasian languages in the twentieth and twenty-first centuries. Points 
depict human settlements whose dominant languages are identified by colors. The main ridge of the Greater 
Caucasus divides the Caucasus region into the South Caucasus and the North Caucasus. The map is generated 
using QGIS Desktop 3.22.7-Białowieża (https:// qgis. org).

https://qgis.org
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place in or near the South Caucasus c. 8000  BP23. Thus, the vocabulary of wine, cattle-breeding and metallurgy 
places the split between Svan and Proto-Georgian-Zan in the Chalcolithic period (i.e. 8000–5000 BP) in or near 
the South Caucasus. Consequently, this scenario proposes that the split between Svan and Proto-Georgian-Zan 
took place earlier than the dates inferred through the application of lexicostatistics and glottochronology (as 
mentioned above). However, the vocabulary of crop cultivation and sheep-keeping does not agree with this, 
implying that the split between Svan and Proto-Georgian-Zan occurred either before the Neolithic period or 
before these practices reached the Kartvelian homeland within the general area of the Near East and the Cauca-
sus. This is unrealistic because these practices began to spread from the Fertile Crescent slightly earlier than, or 
about the same time as, cattle-breeding did. The plausible scenario for this mismatch is that crop cultivation and 
sheep-breeding took much longer time to penetrate the Kartvelian homeland than cattle-breeding, and by the 
time crop cultivation and sheep-breeding did so, the linguistic split had already occurred. This difference in the 
rate of spread between farming practices could be explained by landscape heterogeneity, with some landscape 
types favoring cattle-breeding and some other landscape types favoring crop-cultivation and sheep-breeding. If 
this is true, then at least some part of the Kartvelian homeland initially was unsuitable for crop-cultivation and 
sheep-breeding, and the period between the split and the introduction of crop cultivation, sheep breeding and 
metallurgy was long enough to solidify the linguistic differences. Additionally, we assume that wildlife elements, 
whose current names can be traced back to proto-Kartvelian names without semantic changes, co-occurred in 
the Kartvelian homeland.

To analyze the validity of these assumptions, we attempt (1) to time the origin of Kartvelian languages by 
analyzing their phylogeny using Bayesian phylogenetic inference, (2) to locate the Kartvelian homeland by 
inferring the past geographic ranges of animals and plants whose names are reconstructible to proto-Kartvelian 
names, (3) to locate the Kartvelian homeland and infer the reasons for the split of the Kartvelian by analyzing the 
association of archaeological cultures with biomes, and (4) align past migrations as plausible vectors for linguistic 
changes with linguistic phylogeny by analyzing the genetic variations of past and extant human populations.

In addition to being the first to apply Bayesian phylogenetic inference to the Kartvelian language family, this 
paper demonstrates an innovative approach that combines linguistics, archaeology, landscape ecology, human 
population genetics and biodiversity studies to validate linguistic phylogenies and locate language homelands. 
Our approach provides an opportunity to re-examine and improve the existing models of such complex lin-
guistic groups as Northwest and Northeast Caucasian languages. There is linguistic evidence that points either 
to possible structural relationship or to prolonged contacts between Kartvelian and Indo-European languages 
in the South  Caucasus4,8. This is supported by recently discovered genetic evidence of a ghost population in 
or near the South Caucasus, which acted as the link connecting the Proto-Indo-European-speaking Yamnaya 
with the speakers of Anatolian  languages24. In this context our findings will help reduce the search area for the 
homeland of Indo-European languages and provide more clarity about the nature of ties between Kartvelian 
and Indo-European languages.

Materials and methods
Language data
We compared basic vocabulary of 254 meaning concepts (i.e. meaning classes) across the Kartvelian languages: 
Georgian, Old Georgian, Megrelian, Laz and Svan. Of these languages all but Old Georgian are spoken today. 
According to historical records Old Georgian existed until ~ 900 years  ago9,25–31. These meaning concepts were 
extracted from the merger of the Leipzig-Jakarta 200  list32 and the Jena 200  list33. We used most generic terms for 
the semantic specification of basic vocabulary concepts as defined in Savelyev and  Robbeets34. Meaning concepts 
for ‘go (v.)’, ‘come (v.)’ and ‘walk (v.)’ were combined because in the Kartvelian languages these verbs derive from 
the same roots for general movement, whose specific meanings vary with prefixes. Meaning concepts for ‘3SG 
pronoun’ and ‘That’ were also combined because they are the same in the Kartvelian languages. So, we ended 
up with 251 meaning classes for our analyses. More than one word was used to represent each meaning concept 
in a given language (i.e. more than one cognate set). So, we compiled synonymous cognate sets for each mean-
ing concept. Borrowings were eliminated using comparative etymological  dictionaries4,35,36, and knowledge of 
sound laws that reliably allows the detection of  borrowings2,37–39. Additional  dictionaries40–44 were scrutinized 
to minimize uncertainties in concept and cognate definitions. This yielded 736 cognate sets covering 251 basic 
vocabulary meanings across the Kartvelian languages. Each item of the cognate set was coded as present (1), 
absent (0) or uncertain (?) for all languages in the dataset (Supplementary Data 2).

Phylogenetic linguistic inference
We inferred posterior distributions of phylogenetic trees using a Bayesian Markov-chain Monte Carlo (MCMC) 
approach applied to the binary data through BEAST 2 with the Babel  package45. We performed model fitting 
and optimization following Hoffmann et al. 14. We performed ascertainment correction for each meaning con-
cept to compensate for latent cognates (i.e. those not observed in any of the languages in our sample)46,47. More 
specifically, the ascertainment correction was done by adding a single all-zero cognate set to each meaning 
concept. We tested three different models of cognate evolution (i.e. models of cognate gain and loss) that have 
previously been applied to cognate data: binary continuous time Markov chain (CTMC), binary covarion (BC) 
and stochastic Dollo (SDollo). CTMC allows cognates to be gained and lost at the same rate, being analogous 
to the HKY simple nucleotide substitution  model48. BC allows each cognate set to remain relatively stable over 
time but occasionally switch into a faster rate of change on different branches, which implies that certain words 
may change faster across parts of the  tree49. SDollo allows cognates to appear once on a tree but get lost multiple 
 times12. We used the Fossilized Birth Death tree  prior50 appropriate for data in which some languages might not 
survive to the present. To calibrate the clock, we applied 900 years BP to Old Georgian, which is the last seen 
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date identified by  linguists9,25–31. A normal time constraint of 1200 −/ + 10 years BP was put on the Zan internal 
node—i.e. a prior for the split time between Laz and Megrelian (see the introduction). No time constraints were 
put on other internal nodes in the Kartvelian tree because reliable historical clues were not available to make any 
proper assumptions. Dated trees were then inferred under the strict clock model and the uncorrelated lognormal 
relaxed clock. The strict clock model assumes that every branch in the tree evolves at the same evolutionary 
rate, while the uncorrelated lognormal relaxed clock allows for variations in rates across branches. We tested 
evolution rate variations across sites that implied that each site (= cognate set) in a meaning concept had its rate 
shared with other sites in the same concept, but each concept had its own rate, thus allowing the rate variation 
between meaning concepts. CTMC and SDollo models were run both with and without gamma-distributed 
rate heterogeneity (four categories) across cognates. So, our procedure produced 10 models. To select the best 
model for our data, we estimated the marginal likelihood (ML) using the nested  sampling51 with 20 particles. 
From these estimates, we calculated Bayes factors (BF) to determine which model best fitted our data. A log-
transformed BF of at least 5, where BF is the ratio of marginal likelihoods of model 1 to model 2, indicates very 
strong support for model 1 over model  252.

We ran 200 million generations of MCMC chains, sampling trees every 5000 generations to minimize auto-
correlation, resulting in a sample of 40,000 trees. A burn-in of 10% of the iterations was removed leaving a pos-
terior sample of 36,000 trees. Autocorrelation, convergence and the estimated sample size (ESS) were checked 
using Tracer v. 1.653. ESS was well over 200 for the posterior and all the other important parameters, including 
the prior, the likelihood, and the tree height. The maximum clade credibility (MCC) tree was derived using 
TreeAnnotator v2.6.054.

Kartvelian homeland
The Kartvelian homeland must have been the area where before or at the time of the split of Proto-Kartvelian 
there was the overlap of the geographic ranges (i.e. co-occurrence) of animals and plants (hereafter the taxa), 
whose names are reconstructible to proto-Kartvelian names (i.e. to their common roots). To identify these ranges 
and their overlaps, we derived taxon habitat suitability models in relation to current climate, and projected these 
taxon-climate models onto rasterized climatic predictors reconstructed for the time span between 1500 and 
15,000 BP (hereafter the study time span) across the Near East, the Caucasus, the Balkans, the Pontic-Caspian 
steppe and part of the Central Asia (hereafter the study area). The study encompassed a temporal range extend-
ing from the Mesolithic/Epipalaeolithic period to the Iron Age.

For climatic predictors we used two variables: (1) mean annual temperature as a simple comparative measure 
of warmth and the length of the growing season and (2) annual precipitation as a measure of water availability. We 
used these two climate variables because they sufficiently explain global variation in vegetation  communities55,56 
that in turn account for animal communities. As climatic predictors for the development of taxon-climate habi-
tat suitability models, we used climatic raster layers downloaded from the CHELSA climatology data, a set of 
global climate layers with a spatial resolution of 1  km2, which provides various parameters of temperature and 
precipitation at a global scale for various time periods, ranging from the Last Glacial Maximum, to the present, 
to several future  scenarios57.

Taxon occurrence points, with coordinate uncertainty less than 50 m, were obtained from Georgia’s 2019–2021 
national forest inventory data (source: the National Forest Agency of Georgia), the Global Biodiversity Informa-
tion Facility data (GBIF.org, download 25 February 2023) and our fieldwork data. Taxon occurrence points in 
urban areas, museums, botanical gardens, parks, herbaria as well as duplicated ones were removed from these 
data sets to minimize sampling bias and human influence on the taxon distribution.

For our study, we selected 22 taxa, (1) whose names were reconstructible to their common roots, (2) whose 
distributions could be modeled in relation to climate, and (3) which did not occur widely across the study area 
and the study time span, and hence could be good for identifying linguistic homeland (Table 1). The selected 
taxa represented taxonomic groups with different life cycles, physiologies, reproduction and dispersal potential.

To model the distribution of all the taxa throughout the study area and the study time span, we used maximum 
entropy (MaxEnt)  modeling58. MaxEnt models the probability of species distribution or the species habitat suit-
ability by contrasting distributions of environmental predictors at taxon occurrence points with distributions of 
these predictors within the available landscape (i.e. at random background points), while using regularization 
parameters to prevent  overfitting59,60. MaxEnt generally outperforms concurrent algorithms and works better 
with a broad spectrum of  datasets61. We used MaxEnt v. 3.4.1 with a maximum of 2500 iterations, quadratic 
and hinge features only, and default settings for convergence thresholds and  regularization60,62. We generated a 
random sample of 10,000 background points across the study area. To avoid the repeated sampling of rasterized 
environmental predictors, occurrence points (Supplementary Data 3) and background points (Supplementary 
Data 4) were selected such that there was one point per pixel of the aligned raster layers of environmental predic-
tors. To map the spatial overlap of the distributions of the taxa, we first converted the resulting habitat suitability 
map of each taxon into a binary presence/absence map using the maximum training sensitivity plus specificity 
 threshold63 and then multiplied these binary maps.

Additionally, to locate the Kartvelian homeland and infer the reasons for the split of the Kartvelian, we ana-
lyzed the association of archaeological cultures with biomes across the study area and the study time span. Data 
on 1229 dated archaeological sites (Supplementary Data 5) as well as data on 1134 dated sites of fossil pollen 
composition and land cover types (Supplementary Data 6) were obtained from various sources. We grouped 
the sites of archaeological societies into five cultures: Hunter-gatherers (HG), Neolithic (N), Copper Age (CA), 
Bronze Age (BA) and Iron Age (IA). Fossil pollen data and land cover sites were grouped into 8 biomes. Three 
of these biomes included the ones with < 5% arboreal pollen—i.e., Desert, Steppe, Tundra and Glacier. The rest 
(i.e.5 biomes) had >  = 5% arboreal pollen (AP): biome with 5–25% AP, biome with 25–50% AP, biome with 
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50–75% AP and biome with > 75% AP. The biomized sites were linked spatially and temporally to the two climatic 
predictors from the CHELSA climatology  data57. Multinomial logistic regression (MLR) was used to evaluate 
the relationships between the biomized sites and the climatic predictors using the nnet  package64 in R version 
4.2.265. We used multinomial logistic regression rather than discriminant analysis or random forests because the 
former is unable to find relationships without making assumptions and the latter is a "black box" method, and 
hence researchers have very little control of what the algorithm  does66. The derived biome-climate model was 
mapped by projecting it onto a time-series of CHELSEA-reconstructed climate raster maps. The past societies 
were plotted in relation to inferred biomes over the study time span, using the "ggplot2"  package67 in R version 
4.2.2. The inferred society-biome associations were mapped to visualize our hypotheses. All maps in this study 
were generated using QGIS Desktop 3.22.7-Białowieża (https:// qgis. org).

Population genetics
To align past migrations as plausible vectors for linguistic and technological changes with linguistic phylogeny, 
we analyzed the genetic variations of past and extant human populations using principal component analysis 
(PCA) of humans genotyped for genome-wide autosomal SNPs (single nucleotide polymorphisms). PCA is used 
to detect the presence of population structure, identify differences in ancestry among populations and samples, 
regardless of the history or processes underlying the structure, and provide evidence of migration  events68. We 
used the "smartpca" program version 18,140 of "EIGENSOFT" version 7.2.069 with "lsqproject:YES, numoutli-
eriter: 0" parameters to construct the principal components of modern West Eurasian populations from Human 
Origins SNP Array  dataset70. Ancient individuals from Koptekin et al.70 and linguistically explicit samples from 
Gavashelishvili et al.71 were projected onto the first two principal components of present-day genetic variance 
(Supplementary Data 7). To maximize the representativeness of the genetic signature of each language-speaking 
population, the linguistically explicit samples were collected from locals with no ancestors from outside of the 
respective language-speaking population at least over the last five generations.

Table 1.  Concepts of taxa used to identify the Kartvelian homeland (see Supplementary Data 1 for details). 
The list of Laz lacks some key terms because they have been replaced with Turkish terms since the Ottoman era 
before being recorded.

Concept Georgian Svan Megrelian Laz

Chamois (Rupicapra spp.) arčvi hersḳn erckemi

Yellow Azalea (Rhododendron luteum) hadra odi odi

Goat willow (Salix caprea)
poxvi pixvra purxi

bagvi bægwra buguʒiri

Cherry laurel (Prunus laurocerasus) c̣q̇avi, mc̣q̇avi c̣q̇aw, c ̣q̇ew c̣q̇ili, c̣q̇i, c ̣q̇ivi, c ̣q̇ovi, c̣q̇oi mc ̣ḳo, mc̣ḳoli, c̣u

Dwarf elder (Sambucus ebulus) anc̣li, anc̣liḳa ganč̣w, gænč̣w inč̣iria, inč̣ilia, inč̣iri inč̣ira, inč̣iri

Chestnut (Castanea sativa) c̣abli c̣ebeld č̣uburi č̣uburi, č̣ubui

Aspen (Populus tremula) verxvi werxw, werxwla, jerxwla vexi

Linden (Tilia spp.) cacxvi, cacx zæsxw, zesxa ducxu ducxu

Caucasian rhododendron (Rhododen-
dron caucasicum) zisxa zišxora žiške

Medlar (Mespilus germanica) zɣmart ̣li, žɣmart ̣li, zimarṭli, simarṭli, 
sxmarṭlin, simarṭl zunṭi, zunki, žuunṭu ckumunṭuri, cxumunṭuri ckirmut ̣uri

Colchic butcher’s-broom (Ruscus 
colchicus) ʒmerxli, ǯmerxli, ǯilmexi zəmex zormexi zermexi, zurmexi, zurmex

Sycamore (Acer pseudoplatanus) teḳera teḳra, teḳər taḳveri taḳveri

Ash (Fraxinus excelsior)
ipani, ipeni, ipni, ipna ip, ipar, ipnaj liponi

læǯra, lenǯ laǯi, lanǯi

Spruce (Picea orientalis) naʒvi nezwra, nenz nuzu nuzu

Birch (Betula spp.) ʒaxveli, ʒaqueli žaqwer, žæqwra, ǯaq̇varla

Yew (Taxus baccata) utxovari, urtxmela urtxa, utxa urtxeli urtxeli

Maple (Acer spp.)

meḳencxali, neḳerčxali, neḳerčxali, 
naḳerčxali, ḳemerčxali, ḳimerčxali, 
ḳenerčxali, meḳerčxali, leḳenčxali, 
leḳončxali, meḳenčxali, neḳuerčxal, 
leḳmaḳenčxa

biḳenčxal, biḳinčxal laḳinčxa

Pontic rhododendron (Rhododendron 
ponticum) šiari šgeri, šgoori pšḳeri, škeri mškeri

Hazel (Corylus spp.) txili šdix, šṭix, šdixənd, šdəxənd txiri mtxiri, ntxiri

Hornbeam (Carpinus spp.) rcxila, cxilai, cxumi, cxomi, cxemla, 
rcxemla, krcxila cxwim, cxəmra, cxum cxomi, cxemuri, cximuri cxomi, cxemuri, cximuri, mcxubri

Elm (Ulmus spp.) cvela cæjra, caajra cə

Beech (Fagus spp.) c̣ipeli c̣ip, c ̣ipra c̣ipuri c̣ipuri, eipra

https://qgis.org


6

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21133  | https://doi.org/10.1038/s41598-023-45500-w

www.nature.com/scientificreports/

Results
According to all of our Bayesian phylogenetic linguistic models, Svan was found to be sister to the clade of the 
other three languages. All models inferred the mean root age of > 4000 BP. Strict clock models inferred greater 
ages than relaxed clock models (Supplementary Fig. S1). The binary covarion cognate evolution model with a 
relaxed clock had the best fit for the dataset (Table 2). The model yielded high posterior probabilities for the root 
and all nodes (Fig. 2). In terms of chronology, our best-fit model estimated the mean root age to be 7641 BP (95% 

Table 2.  Comparison of the fit of different linguistic models by estimating the marginal likelihoods using 
nested sampling in Bayesian phylogenetic linguistics.

Model of cognate evolution
Site model Gamma rate 
categories Clock model Marginal likelihood SD Bayes factor log BF

Binary Covarion 1 Relaxed clock Log Normal  − 2034.34 1.92 1 0.00

Binary Covarion 1 Strict clock  − 2062.58 1.96 1.84E + 12 28.24

binary CTMC 1 Relaxed clock Log Normal  − 2070.56 2.46 5.37E + 15 36.22

binary CTMC 4 Relaxed clock Log Normal  − 2071.89 2.24 2.04E + 16 37.56

binary CTMC 4 Strict clock  − 2082.68 2.29 9.89E + 20 48.34

binary CTMC 1 Strict clock  − 2091.45 2.53 6.39E + 24 57.12

SDollo 1 Relaxed clock Log Normal  − 2532.24 1.43 1.72E + 216 497.90

SDollo 4 Relaxed clock Log Normal  − 2545.32 1.60 8.30E + 221 510.99

SDollo 1 Strict clock  − 2546.02 1.27 1.66E + 222 511.68

SDollo 4 Strict clock  − 2561.48 1.61 8.62E + 228 527.14

Figure 2.  Maximum Clade Credibility tree of Kartvelian languages, inferred using the Bayesian phylogenetic 
model driven by binary covarion cognate evolution and a relaxed clock. Posterior probabilities (%) and average 
split ages (in years BP) of internal nodes are shown.
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highest posterior density (HPD): 18,626–1169 BP) for the split between Svan and Karto-Zan. The mean age for 
the split between Georgian and Zan was estimated at 2617 BP (95% HPD: 4323–1178 BP). The mean age for the 
split of Zan into Megrelian and Laz was estimated at 1200 BP (95% HPD: 1219–1180 BP). Increase in sigma on 
the Zan prior to values of 50, 100, 200 only increased uncertainty and did not affect the mean root and node ages 
sufficiently to question our conclusions made in relation to other components of our study.

The projection of the MaxEnt taxon-climate models onto a time series of climatic predictors generated the 
habitat suitability maps of the 22 taxa across the study area and the study time span. The subsequent binarization 
and multiplication of these maps identified the areas where wildlife elements, whose names are reconstructible 
to proto-Kartvelian names, co-occurred (Fig. 3; Supplementary Fig. S2). Notably, these areas were primarily 
concentrated in the mountainous regions of the Caucasus, Pontic Alps, Alborz, Zagros, Taurus, Mount Lebanon, 
Dinaric Alps, Pindus, Stara Planina, Rhodopes, and the Carpathians. However, throughout the entire study 
time span, they were consistently present in the Western Caucasus, Pontic Alps, Alborz, Zagros, Taurus, Mount 
Lebanon, Dinaric Alps, and Pindus. These areas appeared in the Eastern Caucasus, Stara Planina, Rhodopes and 
the Carpathians after 8000 BP.

The MLR biome-climate model correctly classified 76% of all sites, with a Kappa value of 0.717 (P < 0.0001). 
All biomes were correctly classified between 37.92 and 93.70% of all sites (Supplementary Table S1). The model 
worked best with 5–25% AP and worst with Steppe that is in line with other similar  studies72. The correctly 
classified frequency of each category was the highest. The analysis of the association between archaeological 
cultures and the inferred biomes revealed substantial differences in the rate of technological expansions in rela-
tion to biomes (Fig. 4). From 15,500 to 11,000 BP, there were only hunter-gatherers and they occurred in steppe 
and all forests. From 11,000 to 8000 BP, hunter-gatherers were mainly present in all forests, and those in steppe 
were soon replaced by Neolithic societies. The distribution of Neolithic societies covered steppe and forests with 
less than 50% arboreal pollen. Between 8000 and 6000 BP, hunter-gatherers were only present in forests with 
greater than 75% arboreal pollen. Neolithic societies remained in the same biomes as before and overlapped 

Figure 3.  Co-occurrence of wildlife elements, whose names are reconstructible to proto-Kartvelian names, 
and the distribution of the past human societies. The taxa co-occurrence is inferred by mapping each of the 
MaxEnt taxon-climate habitat suitability models, and subsequently binarizing and multiplying these maps. The 
co-occurrence areas were identified across CHELSA climatology time series, and then combined for each of the 
5 time periods. The distribution of the past human societies is inferred from their associations with biomes (see 
Table 3 for details). The past societies are as follows: HG: Hunter-gatherers, N: Neolithic societies, CA: Copper 
Age societies, BA: Bronze Age societies, IA: Iron Age societies. The past human societies are mapped from 
biomes that are modeled across CHELSA climatology time series, and then aggregated for each of the 5 time 
periods using the mode value. The acronym of BP, denoting “Before Present”, stands for years before 1 January 
1950. The maps are generated using QGIS Desktop 3.22.7-Białowieża (https:// qgis. org).

https://qgis.org
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with Copper Age societies, which were also present in forests with less than 75% arboreal pollen. From 6000 to 
4000 BP, hunter-gatherers continued to occupy forests with greater than 75% arboreal pollen, and the remaining 
Neolithic societies were soon replaced by Copper Age societies. Copper Age and Bronze Age societies occupied 
steppe and forests with less than 75% arboreal pollen. Finally, from 4000 to 1500 BP, hunter-gatherers and Copper 
Age societies disappeared, while Bronze Age and Iron Age societies occupied almost all biomes. We used these 
associations (Table 3) in order to map the geographic distribution of these societies, more precisely the habitat 
suitability of these societies (Fig. 3; Supplementary Fig. S2).

Principal component analysis (PCA) of genome-wide SNP genotypes indicated that PC1 correlated with the 
north–south differentiation, whereas PC2 correlated with the east–west differentiation across different periods. 
Most of the modern Kartvelian speakers fell within the range of genetic variation of modern South Caucasians, 
being surrounded by modern North Caucasians, Iranians, Anatolians and Levantines (Fig. 5, Supplementary 
Fig. S3, Supplementary interactive PCA plot). Laz speakers were within the range of variation of Georgian 
speakers, particularly those inhabiting eastern Georgia, which falls within the watershed of Mtkvari (Kura) 
River. Notably, Laz speakers currently inhabit the Black Sea coastal regions of NE Turkey and south-western 
Georgia. Svan speakers, which currently inhabit mountainous parts of north-western Georgia, were largely out 
of the range of Georgian-Laz variation. Megrelian speakers were mainly where Svan and Georgian-Laz clusters 
overlapped. Thus Kartvelian language speakers could be grouped into two major clusters: Georgian-Laz and 
Svan, with some overlap between these two. The Georgian-Laz group largely overlapped with modern Anatolians, 
while the Svan group was between modern North Caucasians and Iranians, but barely overlapped with them. 
Ancient South Caucasian genotypes dating from Neolithic, Copper, Bronze and Iron Ages were only available 
from the watersheds of Mtkvari and Araxes Rivers. The Georgian-Laz group was within the range of variation 
of these ancient South Caucasians. The Svan group kept almost the same distance from both these ancient South 
Caucasians and the Georgian-Laz group. The modern Kartvelian speakers were closer to Caucasus and Iranian 
hunter-gatherers than to hunter-gatherers from elsewhere. The Svan group was closer to the Caucasus hunter-
gatherers than the Georgian-Laz group was. Bronze Age North Caucasians were far from the modern North 
Caucasians, and they rather clustered with the Neolithic, Bronze Age and modern South Caucasians from the 
watersheds of Mtkvari and Araxes Rivers.

Discussion
Our best-fit phylogenetic model of Kartvelian languages, obtained through Bayesian phylogenetic inference, 
had a high posterior support and aligned with the widely accepted topology suggested by previous studies. 
However, in contrast to these studies, our model indicated earlier mean split dates in the evolutionary history of 
the languages. According to the mean split dates estimated by the phylogenetic model, the divergence between 
Svan and Karto-Zan occurred prior to or at the beginning of the introduction of metallurgy in the study area, 
while Georgian and Zan diverged in the Iron Age, specifically during the Urartian period. The mean age for the 
split of Zan into Megrelian and Laz was estimated at 1200 BP, which scholars attribute to the spread of Georgian 

Figure 4.  The distribution of the past human societies in relation to biomes and time across the Near East, the 
Caucasus, the Balkans, the Pontic-Caspian steppe and part of Central Asia. The past societies are as follows: 
HG: Hunter-gatherers, N: Neolithic societies, CA: Copper Age societies, BA: Bronze Age societies, IA: Iron Age 
societies. Biomes are inferred from fossil pollen sites and climate variables (see details in the text). AP stands 
for arboreal pollen, while BP, denoting “Before Present”, stands for years before 1 January 1950. The mean split 
ages between Svan and Karto-Zan and between Georgian and Zan, inferred through the best-fit model of the 
Bayesian phylogenetic linguistic method, are plotted on the x-axis.
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and/or Georgian speakers from the watershed of Mtkvari (Kura) River to those of Chorokhi and Rioni  Rivers8,9. 
The mean split time between Svan and Karto-Zan agrees with one of our assumptions that the split took place 
prior to the introduction of metallurgy, in an unidentified Kartvelian homeland. While we found considerable 
uncertainty in the inferred split dates of the best-fit Bayesian linguistic model, its average estimates are in better 
temporal agreement with past society and population genetic models than our other Bayesian linguistic models 
and those of previous studies are.

Co-occurrence of the wildlife elements, whose names are reconstructible to proto-Kartvelian names, largely 
coincided with the Upper Paleolithic refugia of woodlands and  humans72. Assuming both the validity of our 
assumptions and Bayesian inference suggesting that the Svan and Karto-Zan split occurred around 8000 BP, the 
search for the Kartvelian homeland should be narrowed down to the Western Caucasus, Pontic Alps, Alborz, 
Zagros, Taurus, Mount Lebanon, Dinaric Alps, and Pindus. This is because the other areas of the taxa co-
occurrence identified throughout the MaxEnt taxon-climate models appeared in the study area after 8000 BP.

The analyses of associations between the past human societies and biomes indicated that farming societies 
began their expansion in the study area around 11,000 BP, initiating a gradual displacement of hunter-gatherer 
communities. However, it was not until approximately 4000 BP that farming and metallurgical societies com-
pletely replaced hunter-gatherers. These technologically advanced societies exhibited a greater rate of expansion 
in regions with lower forest density, resulting in the displacement of hunter-gatherers towards more densely 
forested areas. Remarkably, only the middle-late Bronze Age and Iron Age societies were able to fully replace 
hunter-gatherers in their final stronghold located in the most densely forested areas, specifically those with 
a predominant presence of arboreal pollen exceeding 75%. The distribution of hunter-gatherers and farmers 
only overlapped in forested areas with less than 50% arboreal pollen until 8000 BP. However, from that point 
until 4000 BP (approximately 4000 years), there was minimal to no overlap between the two groups. Lifestyle 
differences and the prolonged absence of shared geographic areas between hunter-gatherers and farmers may 
have resulted in linguistic and genetic differences. Interestingly, these final strongholds of hunter-gatherer com-
munities were located adjacent to the inferred areas of co-occurrence of the wildlife elements, whose names are 
reconstructible to proto-Kartvelian names (Fig. 3). Therefore, in search of the Kartvelian homeland, we also 
focused on these transboundary areas between hunter-gathering and farming communities.

The north–south and east–west gradients in the genetic variation of West Eurasian and Siberian populations 
across different periods implies some degree of geographic structure and regional continuity over time. Prin-
cipal component analysis (PCA) of genome-wide SNP genotypes revealed two distinct linguo-genetic groups 
among the Kartvelian speakers, namely the Svan and the Georgian-Laz. The clusters of these groups were situ-
ated between the Caucasus hunter-gatherers on one end and the Neolithic-Copper Age Anatolians on the other. 
The Svan cluster exhibited a closer genetic affinity with the Caucasus hunter-gatherers, while the Georgian-Laz 
cluster displayed a stronger genetic resemblance to the ancient Anatolians. These observations are further cor-
roborated by the studies of extant and Mesolithic/Epipalaeolithic  populations71. Megrelian speakers seemed to 
be admixture between Svan and Georgian-Laz speakers. This genetic pattern aligns with the Bayesian linguistic 
tree such that the Georgian-Laz genetic group is the vector of the Karto-Zan linguistic branch and the Svan 
group is that of the Svan linguistic branch. Of all gene contributors, Caucasus hunter-gatherer-related ances-
try has always been the major component of the South Caucasians over the last 8000 years—that is, since the 
Neolithic  times24,70. Based on genetic studies, the arrival of Anatolian Neolithic farmers in the South Caucasus 
started ~ 8500  BP73. Subsequently, during the Copper Age, pastoralists from the Pontic-Caspian steppe arrived 

Table 3.  Associations between the past human societies and biomes across the Near East, the Caucasus, the 
Balkans, the Pontic-Caspian steppe and part of Central Asia over the study time span. The acronym of BP (i.e. 
Before Present) stands for years before 1 January 1950. Biomes are inferred from fossil pollen sites and climate 
variables. AP stands for arboreal pollen (see details in the text).

Time BP Hunter-gatherers Neolithic societies Copper age societies Bronze age societies Iron age societies

15,000–11,000

Steppe
5–25% AP
25–50% AP
50–75% AP
 > 75% AP

None None None None

11,000–8000
5–25% AP
25–50% AP
50–75% AP
 > 75% AP

Steppe
5–25% AP
25–50% AP

None None None

8000–6000  > 75% AP
Steppe
5–25% AP
25–50% AP

Steppe
5–25% AP
25–50% AP
50–75% AP

None None

6000–4000  > 75% AP None
Steppe
5–25% AP
25–50% A

Steppe
5–25% AP
25–50% AP
50–75% AP

None

4000–2000 None None None

Steppe
5–25% AP
25–50% AP
50–75% AP
 > 75% AP

Steppe
5–25% AP
25–50% AP
50–75% AP
 > 75% AP
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and established themselves in the Middle-to-Late Bronze Age period, laying the foundation for the emergence 
of the Armenian  language24. The arrival of Anatolian farmers aligns more closely with our assumed timeframe 
for the divergence between Svan and Proto-Georgian-Zan and the assumed reasons behind this split related to 
the neolithization of the region. Following similar studies, we interpret our PCA outcome, assuming that all or 
most SNPs are neutral. On the contrary, the scrutiny of this assumption shows that many SNPs are functional 
or under selection (e.g.74,75). Nevertheless, even assuming that selection signatures are true and widespread, we 
are currently unaware of any theoretical models or practical demonstrations of positive or negative selection 
causing systematic shifts in genome-wide allele frequencies among human populations, of the type observed 
in our PCA figure. Instead, it is more likely that genetic drift and admixture, which operate on a genome-wide 
scale, offer a more plausible explanation for this pattern, which is also supported by archaeological evidence.

Here, we present a comprehensive scenario that effectively reconciles our findings, archaic lexical and topo-
nymic data, as well as historical records. Prior to the neolithization of steppe and sparsely wooded areas in the 
Caucasus (i.e. prior to 8000 BP), which appears synchronous with the emergence of Neolithic Anatolia-related 
ancestry in the Caucasus, proto-Svan-Karto-Zan was spoken by hunter-gatherers around Rioni River—that is, 
an area between Mtkvari, Chorokhi and Enguri Rivers (Fig. 3). From 8000 BP until 4000 BP (approximately 
4000 years) farming and metallurgical societies completely replaced hunter-gatherers in the Mtkvari watershed 
and most of the Chorokhi watershed, while hunter-gatherers remained in the Rioni and Enguri watersheds 
and some parts of the Chorokhi watershed, in what is now most of western Georgia (aka Colchis in the past). 
Archaeological evidence also confirms that during this period hunter-gatherers dominated in western Georgia, 
while farming and metallurgical societies thrived in eastern  Georgia76 because these technologically advanced 
societies took a longer time to colonize dense forests typical of western Georgia (this study  and77). Due to the 
4000-year-long differences in lifestyle and environment, linguistic differences accumulated between societies 
inhabiting the Mtkvari and Chorokhi watersheds and those inhabiting the Rioni and Enguri watersheds. The 
language of the Rioni-Enguri group (i.e. hunter-gatherers) evolved into Svan, while that of the Mtkvari-Chorokhi 
group (i.e. farmers) evolved into Karto-Zan. This scenario explains why crop cultivation and sheep-breeding 
vocabulary differs between these groups. However, it fails to explicitly address the shared cattle-breeding vocabu-
lary between the two groups. During prehistoric times, cattle inhabited not only lush grasslands but also forests, 

Figure 5.  Principal component analysis (PCA): (a) all data points and (b) a close-up of speakers of modern 
Kartvelian languages. The plot shows the first two principal components calculated using genomes of 969 
individuals from modern West Eurasian  populations70, onto which a total of 478 ancient individuals from 
the Mesolithic/Epipalaeolithic period to the Iron  Age70 and 85 linguistically explicit modern  individuals71 are 
projected. Data point colors differentiate geographic regions, while shapes identify archaeological periods (HG: 
Hunter-gatherer, N: Neolithic, CA: Copper Age, BA: Bronze Age, IA: Iron Age, PR: Present-day and speakers 
of 4 modern Kartvelian languages. PC1 correlates with the north–south differentiation, whereas PC2 correlates 
with the east–west differentiation across different periods. This plot can be explored more easily using the 
supplementary interactive PCA plot.
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where they thrived near rivers and at forest edges, particularly in sedge  beds78. In contrast, sheep dominated 
regions with drier conditions and less forest  cover79. This suggests the possibility of some degree of cattle herding 
occurring in the Rioni-Enguri watersheds in the Neolithic, thus contributing to the shared vocabulary related to 
cattle breeding. Another explanation could be that the Kartvelian languages feature shared terms for cattle and 
red deer (Cervus elaphus), which might account for the commonality in cattle breeding terms. Thus, placing the 
Kartvelian homeland 8000 BP between Mtkvari, Chorokhi and Enguri Rivers supports our assumptions that part 
of the Kartvelian homeland initially was unsuitable for crop-cultivation and sheep-breeding, and the introduc-
tion of these practices in this part took long enough to cause and solidify the linguistic differences between this 
more forested part (i.e. the Rioni-Enguri watersheds) and the other less forested part (i.e. the Mtkvari-Chorokhi 
watersheds) of the Kartvelian homeland. Even today sheep-husbandry and the cultivation of predominant cereal 
crops (e.g. wheat, barley, rye, and oats) continue to be notably less prevalent in the Rioni-Enguri watersheds than 
in the Mtkvari-Chorokhi watersheds. This discernible disparity in farming practices is due to the persistently 
wetter climatic conditions characterizing the Rioni-Enguri watersheds.

As for the split of Karto-Zan, the speakers of this language most likely inhabited the watershed of Mtkvari 
(Kura) River, and that of Chorokhi (Çoruh) River before the Iron Age. Therefore, it is highly likely that Karto-Zan 
was spoken by pre-Kura-Araxes and Kura-Araxes farmers that thrived in the watershed of Mtkvari (Kura) River 
during the Copper and Bronze Ages. Over time, limited migration and communication between the Mtkvari 
and Chorokhi river watersheds caused the development of two distinct branches of Karto-Zan: Georgian in the 
Mtkvari watershed and Zan in the Chorokhi watershed. Although at present Georgian is spoken in most of the 
Chorokhi watershed, the pre-Georgian substrate in this region is  Zan9. This divergence may have been a result 
of geographical barriers, such as the inclement mountain steppe and dense forests that separated these regions. 
Another factor that may have contributed to this communication impedance was the arrival of pastoralists, 
adapted to the cold steppe environment, from the Pontic-Caspian steppe. This coincided with the decline of the 
Kura-Araxes culture (aka Mtkvari-Araxes culture) and the emergence of the "Early Kurgan"  culture24,70. These 
pastoralists likely entered the region through the western flank of the Caspian Sea, which provided a feasible 
corridor for ancient movements from the north of the Greater Caucasus  ridge71. They subsequently settled in 
the mountain steppes of Armenia and north-eastern Turkey. Another plausible explanation for the lack of com-
munication between these two groups is the rise of states such as the Iron Age kingdom of Urartu, the northern 
flank of which was situated between the Mtkvari and Chorokhi watersheds. Additionally, dense forests separated 
the watersheds from the north. Overall, the split of Karto-Zan into Georgian and Zan can be attributed to a 
combination of geographical barriers, the arrival of pastoralists from the Pontic-Caspian steppe, and the emer-
gence of states like Urartu that linguistically was not Kartvelian. These factors contributed to the development 
of distinct linguistic and cultural branches within the region. Our scenario further suggests that Zan speakers 
from the Chorokhi watershed expanded to what now consists of Turkey’s Black Sea coastal regions and much of 
western Georgia. By the first century CE, their expansions gradually displaced Svan to the north, specifically into 
the upper reaches of Kodori, Enguri, Tskhenistskali, and Rioni Rivers. Subsequently Georgian and/or Georgian 
speakers spread from the Mtkvari watershed across the Pontic-Caspian divide in the seventh-eighth centuries 
CE, largely displacing Zan and splitting it into Laz and Megrelian, as well as further displacing Svan.

In summary, our estimation of mean split dates through Bayesian phylogenetic inference challenges the 
earlier conclusions drawn through lexicostatistical and glottochronological methods. Our analysis proposes 
that the split between these languages could have occurred earlier than it was thought before. We associate the 
divergence of Kartvelian languages with the interaction between landscape heterogeneity and important cultural 
and technological changes in the South Caucasus, such as the introduction of agriculture, metallurgy and state-
run communities. Across the study area and the study time span Neolithic societies could not colonize dense 
forests, whereas Copper Age societies made limited progress in this regard, but not to the same degree of success 
achieved by Bronze and Iron Age societies.

The actual homeland of Indo-European languages has long been a mystery. Our findings may contribute sig-
nificantly to narrowing down the search area for this homeland. Linguistic and population genetic studies point 
towards south of the Caucasus as the inferred  location4,8, 24,80. Glacial refugia, where human populations sought 
shelter during the last glacial period, are believed to have significantly influenced the evolution and distribution 
of not only genetic but also linguistic  diversity72. Glacial refugia appear to have a strong impact on linguistic fam-
ily level differences prior to the Copper Age in our study area. Genetic and linguistic evidence suggests that the 
spread of Hattic and Hurrian languages are associated with ancient Anatolians and Levantines,  respectively24,81. 
The geography of these ancient populations are strongly associated with the refugia, specifically the Anatolian 
and Levantine  refugia71. The current study also suggests the importance of glacial refugia. Our analyses place 
the Kartvelian homeland in an area that intersects the Colchis glacial refugium in the South Caucasus. If refugia 
truly are sources of linguistic families and Indo-European languages originated somewhere south of the Cauca-
sus, then the homeland of Indo-European languages can be refined to the Zagros or Hyrcanian (Alborz) refugia 
(Supplementary Fig. S4). These refugia are geographically closest to the South  Caucasus71,72. The proposition 
of placing the Indo-European homeland in the Zagros and/or Hyrcanian refugia sheds light on the structural 
relationships or prolonged contacts between Kartvelian and Indo-European  languages4,8.

Our study of genetic affinities using principal component analysis (PCA) indicates that Bronze Age North 
Caucasians were within the range of genetic variation of Bronze Age South Caucasians. Since then, North Cau-
casians appear to have shifted out of this range towards populations of Eurasian steppe and Siberia. This suggests 
substantial gene flow from Eurasian steppe and Siberia into the North Caucasus after the Bronze Age. Other 
studies also confirm this genetic shift due to post-bronze age admixture with populations from the Eurasian 
Steppe/Siberia82. This gene flow may explain some traces of Siberian languages in the North Caucasian, which 
led some linguists to propose that the North Caucasian, Yeniseian, Na-Dené and Sino-Tibetan languages are 
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 related83,84. Our multidisciplinary approach offers a unique opportunity to re-examine and enhance the exist-
ing genealogical models of intricate linguistic groups, such as Northwest and Northeast Caucasian languages.

Data availability
All data generated or analyzed during this study are included in this article (and its Supplementary Information 
files). Any additional data related to this study are available from the corresponding author on request.
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