
Back to roots: a phylogeographic assessment of
the refugial mosaic of Western Eurasian Fagus L.
(Fagaceae) in the Caucasus
Jana Ekhvaia 

Institute of Ecology, 45 Ilia Chavchavadze Avenue, Ilia State University
Tamar Jolokhava 

Institute of Ecology, 45 Ilia Chavchavadze Avenue, Ilia State University
Arsen Bakhia 

Institute of Ecology, 45 Ilia Chavchavadze Avenue, Ilia State University
Aleksandre Gavashelishvili 

Institute of Ecology, 45 Ilia Chavchavadze Avenue, Ilia State University
Marco Cosimo Simeone 

University of Tuscia, 4 Via Santa Maria in Gradi
Guido W Grimm 

No affiliation
Thomas Denk 

Department of Paleobiology, Swedish Museum of Natural History, Box 50007, 10405
Mariam Osepashvili 

Institute of Ecology, 45 Ilia Chavchavadze Avenue, Ilia State University
Tornike Pankvelashvili 

Institute of Ecology, 45 Ilia Chavchavadze Avenue, Ilia State University
Mariam Kikvidze 

Institute of Ecology, 45 Ilia Chavchavadze Avenue, Ilia State University
Natalia Togonidze 

Niko Ketskhoveli Institute of Botany, 1 Botanikuri Street, Ilia State University
Khabagin Aliev 

Mountain Botanical Garden of the Federal Dagestan Research Center of the RAN, 45 Gadzhieva Street
Oleksiy Yanchukov 

Institute of Ecology, 45 Ilia Chavchavadze Avenue, Ilia State University
Tsira Mikautadze-Pantsulaia 

Tbilisi Botanical Garden, 4 Sanapiro Street
James R. P. Worth 

Page 1/45

https://doi.org/10.21203/rs.3.rs-11207603/v1
https://doi.org/10.21203/rs.3.rs-11207603/v1


Department of Forest Molecular Genetics and Biotechnology, Forestry and Forest Products Research
Institute
Georgi Fayvush 

Department of Conservation of Genetic Resources of Armenian Flora, After Takhtajan Institute of
Botany, Armenian National Academy of Sciences
Lilit Khachatryan 

Department of Conservation of Genetic Resources of Armenian Flora, After Takhtajan Institute of
Botany, Armenian National Academy of Sciences
Annush Nersesyan 

Department of Conservation of Genetic Resources of Armenian Flora, After Takhtajan Institute of
Botany, Armenian National Academy of Sciences
Sergey Trepet 

Shaposhnikov Caucasian State Nature Biosphere Reserve

Research Article

Keywords: Fagus, Chloroplast DNA, Caucasus, Diversity, Evolution, Climate refugia, Isolation-by-
Environment

Posted Date: October 23rd, 2026

DOI: https://doi.org/10.21203/rs.3.rs-11207603/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

Page 2/45

https://doi.org/10.21203/rs.3.rs-11207603/v1
https://creativecommons.org/licenses/by/4.0/


Abstract
Assessing the refugial history of western Eurasian Fagus requires looking back to its roots in the
Caucasus – a key evolutionary crossroads and primary refugium. We used a fine-scale, multi-locus
plastid sequencing approach across highly dissected mountain terrain spanning the Black and Caspian
Sea drainage systems. Analyzing 252 beech populations (446 individuals), we investigated historical
isolation, secondary contact, and introgression to reconstruct maternal lineage evolution and
demographics. Our analysis revealed robust regional population structure and high divergence between
drainage systems. The plastid chronogram confirmed a pre-Pliocene maternal sequence divergence that
clearly separates Caucasian Fagus lineages from Quaternary-dominated European F. sylvatica, likely
reflecting a contemporary footprint of Miocene Paratethys vicariance. This demonstrates how ancient
cytoplasmic architecture can be preserved across complex landscapes, even as nuclear genomes
undergo more recent adaptive radiation and speciation. Our results resolved undocumented Species-
Level Plastome Types, including ancient Euxinian lineages linked to European types, a chimeric lineage
highlighting historical introgression, and a trans-regional lineage demonstrating a shared Euxinian-
Caucasian history. The Caucasus functions as a complex refugial mosaic; the Black Sea drainage
exhibited long-term demographic stability as an ancient melting pot, whereas the Caspian Sea drainage
underwent massive, recent post-glacial expansion with a founder effect. Driven by plastome sweeps,
environmental selection restricted gene flow across sharp altitudinal belts, reflecting chronological
divergence histories of distinct plastome types despite narrow secondary contact zones along low-
elevation rivers. Chloroplast DNA screening remains vital for identifying and conserving this complex
refugial mosaic, which preserved unique maternal lineages for millions of years.

Introduction
Species are dynamic entities, and the divergence and structure of their constituent populations are
moulded by both historical and contemporary population dynamics and gene flow (Schaal et al. 1998;
Widmer and Lexer 2001; Excoffier et al. 2009; Orsini et al. 2013). Historical fluctuations during the
Miocene orogenies, together with increasingly cool and dry Pliocene climatic conditions (Willis et al.
2000; Tiffney and Manchester 2001), followed by Quaternary glaciations (Amarilla et al. 2015), have
strongly shaped the population genetic structure of most western Eurasian tree and shrub species,
promoting population migrations that often resulted in primary and secondary contact events, triggering
hybridization and introgression (Xing and Ree 2017). Typical plant responses included adaptive evolution
and range shifts that altered geographic distributions and genetic combinations, as well as the
persistence of small populations within glacial refugia (Etterson and Shaw 2001; Petit et al. 2005). A
better understanding of the roles played by these processes in shaping the intraspecific genetic diversity,
evolutionary history, and biogeography of species and biomes is therefore necessary to inform forest
biodiversity conservation in the face of both habitat fragmentation and climate change (Milesi et al.
2024; Leroy and Heuertz 2026; Wang et al. 2026).
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In Europe, present-day temperate forest vegetation originated from the classical western refugia of the
Iberian, Italian, and Balkan peninsulas (Médail and Diadema 2009; Gavin et al. 2014), and multiple
eastern refugia surrounding the Black and Caspian Sea basins (Leroy and Arpe 2007). In this scenario,
the Caucasus Mountain system was an important area of eastern refugia likely functioning as a complex
refugial mosaic, generating multiple divergent lineages and triggering different expansion patterns
across the region (Tarkhnishvili et al. 2012). For instance, in the case of deciduous subtropical to
temperate tree species, several genetic studies, revealed unique genotypes and notable intraspecies
variability and interspecies divergence in Pontic-Caucasian-Hyrcanian oaks (Denk and Grimm 2010),
beeches (Denk et al. 2001, 2024; Cardoni et al. 2022; 2026), maples (Grimm et al. 2007; Grimm and Denk
2014), and zelkovas (Denk and Grimm 2005; Cozzolino et al. 2014), further highlighting genetically
distinct endemic species such as Acer orthocampestre G.W.Grimm & Denk (a cryptic ancient sister
species of A. campestre L.), Quercus castaneifolia C.A.Mey., (a Hyrcanian isolate of Q. subsection Cerris),
and Zelkova carpinifolia (Pall.) K.Koch.

The Caucasus is traditionally viewed as a ~ 800 km wide stretch of land situated between the Black and
Caspian Seas, including Armenia, Azerbaijan, Georgia, the North Caucasus region of the Russian
Federation (with the republics of Dagestan, Chechnya, Ingushetia, North Ossetia, Kabardino-Balkaria,
Karachay-Cherkessia and Adygea, and the Krasnodar and Stavropol administrative regions), northeastern
Turkey, and parts of northwestern Iran (Williams et al. 2006). The region lies at the crossroads of
different biogeographic regions and serves as a significant biogeographic corridor (Tarkhnishvili et al.
2014). Biogeographically, this complex landscape is fundamentally partitioned into distinct botanical
zones: the coastal, humid Euxinian Colchic and Hyrcanian provinces, and the expanded, continental
Caucasian province spanning the central and eastern territories of both the Greater and Lesser
Caucasus (Takhtajan 1986). Furthermore, the windward slopes of barrier mountains along the Black and
Caspian Seas have also retained relatively humid, thermally buffered microclimates since the Neogene.
This suggests that the Caucasus served as a shelter for thermophilous relicts during the Quaternary ice
ages (Nakhutsrishvili et al. 2013; Jacińca et al. 2015; Ekhvaia et al. 2018; Beridze et al. 2023), facilitating
the persistence of two major warm and humid refugia. The Colchic, with the Euxine-Colchic deciduous
forest, situated in the Black Sea drainage system and formed mainly since the end of the middle
Sarmatian, ca. 11–12 million years ago (Kolakovsky 1961; Shatilova et al. 2011), and the Hyrcanian
represented by the Caspian Hyrcanian mixed forests (Nakhutsrishvili et al. 2011), at the southeastern tip
of the Caucasus, surrounding the western slopes of the Alborz Mountains and the southern coast of the
Caspian Sea, for which a Late Miocene age has been proposed (Safarov 1979). The modern legacy of
these ancient refugia, combined with the region’s steep topography, has created sharp environmental
gradients. This suggests that spatial genetic structure is often driven not only by physical barriers and
geographic distance (Isolation-by-Distance, IBD) but also more strongly by ecological filtering along
steep environmental and altitudinal gradients – a process known as Isolation-by-Environment (IBE; Orsini
et al. 2013; Wang and Bradburd 2014).

Beeches are the dominant component of montane forest ecosystems in the temperate zones of Europe
and Western Asia, where they play a crucial role in the Temperate Broadleaf and Mixed Forests biome
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(Olson et al. 2001) and occupy the climax niche in many forest communities (Maycock 1994; Peters
1997; Denk and Grimm 2009). Among western Eurasian broadleaved deciduous trees, the Caucasian
beeches are probably the most ecologically important broad-leaved deciduous forest-forming taxa in the
region, covering extensive forested areas, especially in Georgia (51%; Dolukhanov 2010) and Azerbaijan
(32%; Hasanov et al. 2016). However, the number and classification of Fagus taxa have long been
debated. Deciphering their evolutionary relationships is like solving a genetic puzzle, as they are all
products of complex processes of divergent and reticulate speciation (Schulze and Grimm 2022; Cardoni
et al. 2022). These processes involved transcontinental vicariance, incomplete sorting of genetic and
morphological traits, and repeated secondary contacts accompanied by interspecies gene flow, all driven
by re-radiation and dynamic dispersal. Traditionally, most sources, including Flora Europaea (Tutin et al.
1993), treated all western Eurasian beech populations as a single species, Fagus sylvatica L., divided into
two subspecies: the European beech (F. sylvatica subsp. sylvatica), which is distributed throughout most
of Europe, and the Oriental beech (F. sylvatica subsp. orientalis), ranging from the southeastern Balkan
Peninsula (along the Black Sea coast of Bulgaria and northeastern Greece) through Turkey and the
Caucasus to Iran’s Alborz Mountains. This traditional view was challenged by floristic and ecological
observations (Gulisashvili et al. 1975; Mayer et al. 1986) and over the last two decades, an increasing
number of molecular studies (Renner et al. 2016; Gömöry et al. 2018) culminating in the formalization of
four species based on morphological and molecular evidence: the European F. sylvatica L., the chiefly
northeastern Greek to northwestern Turkish F. orientalis Lipsky, the Caucasian F. hohenackeriana Palib.,
and the Hyrcanian F. caspica Denk & G.W.Grimm (Denk et al. 2024).

Two recent studies sketched the main patterns of genetic diversity of Caucasian beech at the nuclear
genome level. Thirty-two natural populations of F. hohenackeriana and likely F. caspica (“F. orientalis”)
from Georgia, Armenia, and Azerbaijan, investigated with nuclear microsatellites (Sękiewicz et al. 2022),
revealed a west-east gradient of genetic differentiation strictly corresponding to the Colchis and
Hyrcanian glacial refugia, suggesting that the species’ post-glacial recolonization history is the most
important driver of its current genetic diversity. Capblanq et al. (2024) also identified two genetic
clusters corresponding to the same glacial refugia (Colchis in the west and Hyrcanian in the east)
through whole-genome sequencing of 165 beech individuals (33 populations), with a secondary contact
zone in the eastern Greater Caucasus.

The plastid genome is a key marker in angiosperm phylogenetics (Ruhfel et al. 2014; Shaw et al. 2014).
Because it is haploid, predominantly maternally inherited, non-recombinant, and has a relatively low
effective population size, chloroplast DNA (cpDNA) is particularly susceptible to haplotype fixation
through genetic drift (Pham et al. 2017). Seed-mediated dispersal is generally more restricted than
pollen- and seed-mediated nuclear gene flow, allowing cpDNA to retain strong phylogeographic signals
and making it especially valuable for tracing maternal lineages, identifying glacial refugia, and
reconstructing postglacial colonization routes (Petit and Excoffier 2009). In European Fagus, cpDNA
markers have played an important role in elucidating spatial genetic structure and historical migration
patterns, as supported by the integration of palaeobotanical and genetic evidence (e.g., Magri et al.
2006). Recently, Worth et al. (2025, work in progress), using a whole-plastome phylogeny integrated with
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nuclear genomic data and fossil calibrations, revealed five deeply divergent chloroplast lineages within
the genus, appearing poorly sorted among East Asian species, and including an exclusive western
Eurasian lineage (‘Lineage V’) formed by two so-called “Species-Level Plastome Types” (SLPTs): one
shared by all currently available F. sylvatica complete plastomes (V-Sy) markedly different to that of F.
caspica (V-EO; no data available on F. hohenackeriana and F. orientalis). Three further SLPTs, two unique
to F. hohenackeriana and one to F. caspica from the Talysh Mountains, were subsequently detected in an
extended western Eurasian plastome dataset extracted from the total DNA data of Capblancq et al.
(2024) (Worth et al., 2025, work in progress; cf. Figure 1). Gaining momentum from this evolutionary and
phylogeographic background, the present study aims to improve our understanding of the
phylogeography and genetic structure of western Eurasian Fagus distributed across the Caucasus and
adjacent regions. Specifically, we expanded the number of species and populations analyzed to
document all relevant taxonomic and regional diversity and used cpDNA sequence analyses to integrate
previous assessments. Our objectives were to: (i) investigate the relative contributions of historical
isolation, secondary contact, and introgression in western Eurasian maternal lineages; (ii) reconstruct
the evolutionary history of western Eurasian Fagus and assess the signatures of past demographic
events preserved in contemporary patterns of genetic diversity; (iii) evaluate the role of the Caucasus as
a long-term center of persistence, evolutionary diversification, and lineage differentiation in Fagus.

Material and Methods

Sampling material and molecular analysis
A total of 252 beech populations from four (notho-)species, including F. orientalis s.str. Lipsky, F.
hohenackeriana Palib., F. caspica Denk & G.W.Grimm, and F. x taurica Popl., were collected across the
Caucasus (spanning the Georgian, Armenian, Azerbaijani, Turkish, and Russian Federation parts of the
Greater and Lesser Caucasus), the Crimean Peninsula, and the Black Sea and Caspian Sea coastal
regions of Georgia, the Russian Federation, Turkey, Azerbaijan, and Iran (Fig. 2). Additionally, data for 25
European beech (F. sylvatica L.) were extracted from the complete plastome sequence dataset of Worth
et al. (2025, work in progress) and used as an outgroup. Data on four F. caspica and nine F.
hohenackeriana individuals included in the emended complete plastome data were added for
comparison and correlation with SLPTs (Species-Level Plastome types) identified by Worth et al. (2025,
work in progress; cf. Figure 1). Detailed information for the newly studied and added samples is provided
in Supplementary File S1 (worksheet “Dataset”).

Five trees (> 100 meters apart) were sampled in each population. One to three individuals per population
—usually the first, third, and fifth trees—were selected for DNA extraction, PCR amplification, and
sequencing. In populations showing multiple haplotypes or a unique haplotype restricted to that
population (‘private’ haplotype), all five samples were analyzed to capture full genetic diversity. Total
genomic DNA was extracted from silica-gel-preserved leaf tissues of 446 trees using the DNeasy Plant
MiniKit (Qiagen) according to the manufacturer’s instructions. Based on mutational patterns observed in
their Western Eurasian Fagus samples (two identical F. caspica plastomes, F. sylvatica plastomes
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covering the species’ range), two plastid intergenic spacers (trnK-trnQ and petA-psbJ) were selected from
a whole plastome alignment (Worth et al. 2025, work in progress). Primers for these cpDNA loci were
designed using PrimerBLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Since the expected
length of trnK-trnQ exceeded 2 kb, it was split into two overlapping fragments, which were amplified as
separate markers. Detailed information on selected plastid primers and PCR amplification protocols is
provided in Supplementary File S1 (worksheet “PCR primers and conditions”). PCR product purification
and sequencing were performed at BGI Genomics (Hong Kong, China). Electropherograms were edited
with Chromas ver. 2.3 (http://www.technelysium.com.au) and checked visually. Multiple sequence
alignments (MSAs) were generated with MEGA ver. 12.0 (Kumar et al. 2024). In the final MSA, all indel
events were recoded as single binary characters, whereas indels with internal nucleotide variation were
represented as ternary characters to capture the additional mutational state (Supplementary File S1,
worksheet “Mutations”).

Molecular data analysis
Sampling material was divided into the two main catchments: the Black Sea drainage basin, which
includes populations distributed across the gorges of key river systems, including the Ajaristskali, Bziphi,
Chorokhi, Enguri, Filyos, Kodori, Kuban, Machakhela, Natanebi, Rioni, and Uzen rivers, and the Caspian
Sea drainage basin, covering populations from the gorges of the Alazani, Aragvi, Aras, Dzhalganchai,
Gamri-Ozen, Gorganrud, Iori, Lenkeran, Mtkvari, Samur, Sulak, and Terek rivers (Supplementary File S1,
worksheet “Dataset”).

DnaSP ver. 6 (Rozas et al. 2017) was used to calculate the main haplotype and nucleotide diversity
parameters and standard deviations (SD) for the two joined cpDNA IGS regions across the whole dataset
and separately for the Black Sea and Caspian Sea drainage systems, including the total number of
haplotypes (H), haplotype (gene) diversity (Hd), nucleotide diversity (π), the number of singleton variants
(SVs), the average number of nucleotide differences (k), and the stochastic, sampling, and total
variances of k. Further, to investigate signals of demographic dynamics of Fagus populations in the
Black Sea and Caspian Sea drainage systems, mismatch distribution analysis was used to compare
observed distributions with expectations under a model of sudden population expansion, and graphs
were generated to show distribution patterns across drainage basins. The smoothness of the model was
evaluated using the raggedness statistics (r; Harpending 1994) and the more powerful Ramos-Onsins
and Rozas’s R2 statistics (Ramos-Onsins and Rozas 2003) across 1000 parametric bootstrap replicates.
Discrimination of a mutation/drift equilibrium and evaluation of the hypothesis of population expansion
through the significant excess of low-frequency haplotypes were assessed with Fu and Li’s (Fu and Li
1993) D and F neutrality test statistics. Analysis of genetic differentiation and gene flow between
drainage basins was also evaluated with DnaSP using the �2 test (Hudson et al 1992a) with the degrees
of freedom (df) equal to 13 for a total of 14 haplotypes, haplotype-based estimates between populations
within (Hs) and among basins (Hst), sequence-based estimates showing the proportion of nucleotide
divergence between populations (Kst, Kst*), and rank-based estimates via comparison of average
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difference within vs between populations among basins (Z, Z*) together with the nearest-neighbor
statistic (Snn). Gene flow was assessed using indirect estimates of the effective number of migrant
chloroplasts per generation (Nm), and coefficients of gene differentiation between drainage systems
relative to total genetic variation were computed in both haplotype-based (Gst) and sequence-based (γst)
analyses, as well as distance-based approaches (Fst).

To estimate maternal lineage divergence and visualize relationships among cpDNA haplotypes, an
unrooted haplotype network was initially created using the median-joining algorithm in NETWORK ver.
10.2 (Bandelt et al. 1999). This network served as the starting topology for reconstructing a weighted
(quasi-)full median network, as described by Bandelt et al. (2000), identifying ancestral states of SNPs
and length polymorphisms and subsequently the direction of point mutations (transitions,
transversions), indels (insertions, deletions, duplications, inversions; each one treated as a single
mutational events), and polynucleotide length polymorphisms (PNLPs) on the background of the
emended complete plastome phylogeny of Worth et al. (cf. Figure 1; 2025, work in progress). PNLPs
were given lower weight, being more susceptible to convergence, backmutations, and incomplete
phylogenetic sorting (Supplementary File S1, worksheets “Pivot Summary” and “Mutations”). Among the
fourteen haplotypes obtained, H01 showed a chimeric (mosaic) structure and was excluded from the
divergence-time analysis because it combines clearly distinct sequence patterns characteristic of two
different plastome lineages; its placement within a strictly bifurcating phylogenetic framework would
have thus resulted in incorrect or ambiguous placements. However, the H01 haplotype was retained in
the median network to illustrate its intermediate position and potential role in historical plastome
exchange between the lineages.

Bayesian molecular clock analysis was performed with BEAST ver. 2.7.7 (Bouckaert et al. 2014). To build
a time-calibrated phylogeny (chronogram), we used a single fossil calibration for the root age, treating
the European F. sylvatica as the outgroup. The root age was constrained to ≥ 28 Ma based on the earliest
fossil cupules and nuts of F. castaneifolia Unger, considered an ancestor of the western Eurasian Fagus
lineage (Denk and Grimm 2009; Worth et al. 2025, work in progress). A log-normal distribution prior was
chosen for this calibration node because it is the most commonly used for fossil-based minimum age
constraints (Ho and Phillips 2009). To simplify computation and take into account the complete
plastome phylogeny (cf. Figure 1), in addition to the fossil-calibrated age prior, three topological priors
were used: (i) a clade comprising individuals of Caucasian F. hohenackeriana - Crimean F. x taurica
complex (H06-H10), and Hyrcanian F. caspica (H04-05); (ii) Caucasian F. hohenackeriana - Crimean F. x
taurica complex (H06-H10), and Hyrcanian F. caspica from the Talysh Nature Reserve (H04); and (iii)
Caucasian F. hohenackeriana - Crimean F. x taurica complex (H06-H10). The HKY + I substitution model
(Hasegawa et al. 1985) was selected in MEGA ver. 12.0 based on the Akaike Information Criterion (AIC;
Possada and Crandall 1998), which accounts for non-variable positions and improves estimates of
branch lengths and divergence times. Due to the limited number of cpDNA loci and sequence variation, a
strict molecular clock was employed, as it is more appropriate and statistically stable for datasets with
limited phylogenetic signal (Drummond et al. 2006; Ho and Duchêne 2014). Additionally, a Birth-Death
speciation process (Gernhard 2008) was used to model lineage diversification within western Eurasian
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Fagus. The Markov Chain Monte Carlo (MCMC) was run for 100 million generations, sampling every
1000th generation, resulting in 100 000 trees, of which 10 000 trees were kept using a burn-in of 90% to
generate a lineage maximum- credibility tree with median heights in TreeAnnotator ver. 1.8.2. BEAST log
files were checked in Tracer v1.6 (http://tree.bio.ed.ac.uk/software/tracer) to ensure adequate sampling
and convergence to stationarity (Supplementary File S1, worksheet “BEAST Trace log”). The
chronograms were visualized in FigTree ver. 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree). Moreover,
to evaluate the mosaic structure of haplotype H01 (which shows contrasting phylogenetic signals
across the trnK-trnQ IGS region), two strict-clock chronograms were constructed: one based on 13 of the
14 haplotypes (excluding H01) and another including all 14 haplotypes. In the latter, H01 was partitioned
into 5′ and 3′ regions, which were represented as distinct operational taxonomic units (OTUs; ‘tips’), each
with its own independent priors, within a single BEAST analysis. Missing regions were coded as missing
data ('?'), allowing each sequence partition to be placed independently in the phylogeny.

Additionally, to address inflated 95% Highest Posterior Density (HPD) intervals for internal nodes in the
BEAST chronogram from the initial Bayesian MCMC analysis, which indicated significant uncertainty in
the divergence time estimates due to limited polymorphic sites and reliance on a single fossil calibration
point, we applied a semiparametric Penalized Likelihood (PL) method (Sanderson 2002). To achieve this,
the maximum clade credibility (MCC) tree from TreeAnnotator ver. 1.8.2 was analyzed in R ver. 4.6.1
using the packages “treeio” (Wang et al. 2020) and “ape” (Paradis 2013). The original Bayesian topology
and posterior probabilities were strictly retained and mapped onto the nodes, while the branch lengths
were re-estimated in absolute time units using the “chronos” function. To conduct the divergence dating,
we used a single reliable fossil calibration solely to the root node (defined as the MRCA of Sy1 and H11
from the first chronogram, and the MRCA of Sy1 and H12 for the second chronogram) within a strict
interval of 28.52 to 30.18 Ma, avoiding secondary calibrations or internal node priors from the BEAST
analysis. We used the "correlated" rate model in 'chronos' to evaluate rate variation across branches. The
smoothing parameter (lambda) was optimized through cross-validation to balance the parametric clock
and non-parametric rate-smoothing models. This method used the sequence alignment length (2487 bp)
and a fixed root constraint to effectively smooth and resolve internal-node ages, addressing over-
parameterization in fully Bayesian methods under data-limited conditions.

Ecological data analysis
Differences among environments based on forest-type composition were quantified using R ver. 4.5.2.
The “ggplot2” package was used to assess ecological differentiation among species-level plastome
types (SLPTs) along the altitudinal and annual precipitation gradients. A nonparametric analysis was
conducted using chi-square (χ2) and Kruskal-Wallis (K-W) tests, followed by a median test to evaluate
shifts in central tendency relative to the overall grand median. Altitudinal (m a.s.l.) and annual
precipitation (mm) data for each sampled population were extracted from the georeferenced CHELSA
bioclimatic datasets (1981–2010, ver. 2.1, https://www.chelsa-climate.org/datasets/chelsa_bioclim)
using study-site coordinates in QGIS 3.4 (Supplementary File S1, worksheet “Samples Stands for
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Mapping”). This approach has higher accuracy under mountain-specific conditions (Brown et al. 2018)
and allowed us to reduce the effects of the complex Caucasian topography on microclimate. The
distributions of environmental variables were visualized through violin plots, accompanied by a summary
table that included the number of populations, mean values (± SD), ranges (min–max), and medians for
each SLPT, illustrating distributional patterns, overlap, and ecological amplitude among plastome types.
Differences among plastome types along ecological gradients of altitude, annual precipitation, and
forest type were further examined using principal coordinates analysis (PCoA) based on the Bray-Curtis
dissimilarity metric, implemented in the “vegan” package. Graphical representations of forest-type
composition among SLPTs were generated using the “ggplot2” and “scales” packages in R ver. 4.5.2.
Vegetation data were obtained from phytosociological surveys following the Braun-Blanquet (1964)
method. The resulting syntaxa were subsequently grouped into broader forest-type categories for
ecological analyses, including Colchic humid and hyper-humid forests, low-mid beech and beech-
hornbeam forests, montane beech and beech-hornbeam forests, montane conifer forests, and
secondary and thermophilous forests (detailed information provided in Supplementary File S1,
worksheet “Ecological Profile Data”), to facilitate comparisons among plastome types. Ecological data
analysis was limited to natural stands of F. hohenackeriana totaling 229 stands where phytosociological
surveys were conducted.

Results
Genetic diversity, demographic patterns and population structure in Fagus populations

The final dataset comprised two chloroplast intergenic spacer (IGS) regions, trnK–trnQ and petA–psbJ,
from 468 western Eurasian Fagus individuals (446 individuals from the Caucasus and adjacent regions,
and 25 European F. sylvatica sequences). The Caucasus and adjacent regions included data for
individuals from the Greater and Lesser Caucasus (409), Northwestern Anatolia (8), the Crimean
Peninsula (6), and the Hyrcanian forests (23), all of which are part of the Black and Caspian Sea drainage
systems (Fig. 2; Supplementary File S1, worksheet “Dataset”).

The multiple alignment of the two concatenated loci resulted in a matrix of 2610 characters, reduced to
2487 bp after coding indels as single characters. Nucleotide and haplotype diversity statistics were
estimated for the total dataset (N = 446 individuals/252 populations) and separately for the Black Sea (N 
= 260 individuals/142 populations) and Caspian Sea (N = 186 individuals/110 populations) drainage
systems (Table 1). A total of 14 haplotypes were identified across both drainage systems, yielding high
overall haplotype diversity (Hd = 0.804) and moderate nucleotide diversity (π = 0.0017), with a mean
number of pairwise nucleotide differences (k) of 3.985. Within the two basins, the Black Sea drainage
system, with 10 haplotypes, showed higher genetic variability and variance than the Caspian Sea
drainage system, with 9 haplotypes (Table 1).
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Table 1
Chloroplast DNA (cpDNA) sequence nucleotide and haplotype diversity parameters of Fagus populations

from the Caucasus and adjacent regions for the Black Sea and Caspian Sea drainage systems. H -
number of haplotypes, Hd - haplotype (gene) diversity, π - nucleotide diversity, SVs - number of singleton

variants, k– average number of nucleotide differences, Vst(k)– stochastic variance of k under the no-
recombination model, Vs(k)– total variance of k, V(k) – stochastic variance of k.

Nucleotide and Haplotype
variation parameters

Black Sea drainage
system

(# of individuals/

populations)

260/142

Caspian Sea drainage
system

(# of individuals/

populations)

186/110

Total

(# of
individuals/

populations)

446/252

H 10 9 14

Hd 0.752 ± 0.016 0.585 ± 0.042 0.804 ± 0.009

π 0.0019 ± 0.0000 0.0009 ± 0.0000 0.0017 ± 
0.0000

SVs 0 6 6

k 4.54 2.078 3.985

Vst(k) 4.98 1.349 3.97

Vs(k) 0.039 0.016 0.018

V(k) 5.018 1.365 3.989

In terms of haplotype composition, the Black Sea drainage system was dominated by haplotypes H02
(16.15%), H06 (27.31%), and H08 (38.09%), whereas the Caspian Sea drainage system was characterized
by the predominance of haplotype H14, which accounted for 62.9% of all samples (Fig. 2). The two
basins also differed significantly in their unique haplotypes’ composition: H01, H03, H07, H11, and H12
were restricted to the Black Sea basin, whereas H04, H05, H09 and H13 were exclusively found in the
Caspian Sea basin. Additionally, five haplotypes were shared between the both drainage systems: H02
predominated in the Black Sea system, with only a single individual crossing into the Caspian drainage
via the Mtkvari River main system in the Lesser Caucasus adjacent to the Zekari Range near Ajara in
western Georgia; H06 primarily covered river gorges within the Black Sea basin but extended into the
Caspian Sea basin along the slopes of the central-eastern and northern Greater Caucasus (representing
17 individuals out of 88); H08 also predominated in the Blacks Sea drainage system with 5 Caspian
individuals recorded on the eastern and northern slopes of the Greater Caucasus; H10 belonged mostly
to Caspian Sea drainage system (11 individuals) but converged into the Black Sea basin (6 individuals)
within the central-western Greater Caucasus; and H14, though highly dominant in the Caspian Sea
drainage system, was found in the Black Sea drainage system for 14 out of 202 individuals, localized
along the slopes of the western Lesser Caucasus and the central-eastern Greater Caucasus (Fig. 2;
Supplementary File S1, worksheet “Dataset”). Furthermore, we identified stands with diverse internal
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haplotypes across both drainage systems, confirming the presence of secondary contact zones. This
pattern occurred in the Greater Caucasus populations, specifically in Imereti and Racha-Lechkhumi
(central-western Georgia, the Black Sea basin), Kakheti (eastern Georgia, the Caspian Sea Basin),
Ingushetia and Dagestan (the Russian Federation, the Caspian Sea basin), and the Lesser Caucasus
population in Guria (south-western Georgia; the Black Sea Basin). For example, Racha-Lechkhumi-Kvemo
Svaneti harbored three diverse stands with H06/H08, H08/H10, and H08/H14 haplotype combinations.
Single diverse stands were recorded in Imereti (H08/H14) and in Guria (H02/H08), while Kakheti
contained two stands (H06/H14 and H08/H14). In Dagestan and Ingushetia, isolated stands were also
found exhibiting H10/H14 and H08/H10 haplotype combinations (Fig. 2; Supplementary File S1,
worksheet “Dataset”).

Mismatch distribution analysis showed contrasting patterns between the two drainage systems. The
Caspian Sea drainage system shows lower genetic diversity and a smoother, unimodal distribution than
the Black Sea drainage system (Fig. 3a). The observed distribution showed a dominant low-divergence
peak and reduced variance in pairwise differences, closely approaching the expected value under
demographic expansion (Table 2). Similarly, the observed coefficient of variation was moderately higher
than expected. Furthermore, the low Ramos–Onsins and Rozas R² statistic, together with significantly
negative Fu and Li’s neutrality test values, support the hypothesis of recent demographic expansion and
reduced phylogeographic structure. In contrast, the Black Sea drainage system population exhibited a
clearly ragged, multimodal mismatch distribution (Fig. 3b). The observed variance of pairwise
differences was much higher than expected under the expansion model (Table 2). The observed
coefficient of variation was also nearly twice the expected value. The relatively high Ramos–Onsins and
Rozas R² statistic, together with significantly positive Fu and Li’s test statistics, suggested that the
mismatch distribution is more consistent with historical population structure, admixture, or the survival
of distinct maternal lineages in multiple refugial areas. Additionally, these results were accompanied by
an absence of singleton variants (SVs) in the Black Sea drainage system (Table 2) and, in contrast, an
excess of SVs in the Caspian Sea drainage system (6 SVs), indicating different demographic histories for
the two drainage systems
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Table 2
Summary of demographic parameters inferred from observed and expected mismatch distribution

analysis and neutrality tests based on cpDNA sequence nucleotide and haplotype variation observed in
Fagus populations from the Caucasus and adjacent regions for Black Sea and Caspian Sea drainage

systems.
Nucleotide and haplotype variation

parameters

Caspian Sea drainage
system

Black Sea

drainage
system

Observed variance of pairwise differences k 4.01 17.69

Observed coefficient of variation (CV) of k 0.96 0.93

Expected variance of k under no-recombination
model

1.36 5.02

Expected CV of k under no-recombination model 0.56 0.44

Raggedness statistic, r 0.26 0.23

Ramos-Onsins and Rozas R2 statistics 0.08 0.14

Fu and Li’s F -3.46, p ≤ 0.02 1.6, p ≤ 0.05

Fu and Li’s D -2.76, p ≤ 0.05 2.04, p ≤ 0.02

Genetic differentiation between drainage systems was highly significant across all estimates and
strongly supported by a chi-square test (χ² = 27.16, df = 13, p < 0.001). Haplotype-based statistics
showed significantly higher haplotype diversity between populations within drainage systems (Table 3)
and lower, still significant, diversity among them, with up to 15% of haplotype diversity that might be
explained by differences between the Black and Caspian Sea drainage systems. Further, both sequence-
based and rank-based statistics were also statistically significant (Table 3) and showed pronounced
separation between populations in sequence space. Additionally, the nearest-neighbor estimates (Snn = 
0.82, p < 0.001) confirmed the strong geographic structuring and genetic divergence (Hudson 2000).
Gene flow analysis using both haplotype and sequence data based on indirect estimates (Whitlock and
McCauley 1999) of the effective number of migrant chloroplasts per generation (Nm) ranged from 1.83
to 3.99 (Table 3). Coefficients of gene differentiation between drainage systems relative to total genetic
variation in both haplotype- and sequence-based analyses were low (Table 3), with relatively high gene
diversity, indicating that most genetic diversity is found within drainage systems rather than between
them. Distance-based approaches yielded higher differentiation estimates (Fst) and a lower number of
migrant chloroplasts per generation (Nm), indicating moderate historical gene flow over evolutionary
time.
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Table 3
Estimates of genetic structure

and gene flow in Fagus
populations from the Caucasus

and adjacent regions for the Black
Sea and Caspian Sea drainage

systems. Hs– haplotype diversity
within populations, Hst–

proportion of total haplotype
diversity due to differences

between populations among
basins, Kst– proportion of

nucleotide divergence between
populations, Kst*– corrected

version of Kst, Z– average
divergence within vs between

populations among basins, Z*–
corrected version of Z, Snn–

nearest-neighbor statistic, Gst –
genetic differentiation among

populations based on haplotype
frequencies, γst– genetic

differentiation among populations
based on nucleotide sequence

data, Fst– sequence-level
differentiation between basins

based on genetic distances
between haplotypes, Nm–

effective number of migrant
chloroplasts per generation.

Haplotype-based estimates

Hs 0.69, p < 0.0001

Hst 0.15, p < 0.001

Sequence-based estimates

Kst 0.11, p < 0.001

Kst * 0.14, p < 0.001

Rank-based estimates

Z 41337.89, p < 0.001

Z* 10.3, p < 0.001

Snn 0.82, p < 0.001

Gene flow estimates

Gst/Nm 0.15/2.86

γstNm 0.11/3.99
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Haplotype-based estimates

Fst/Nm 0.21/1.83

Phylogeography of Fagus in the Caucasus and adjacent regions

To estimate maternal lineage divergence and visualize relationships among cpDNA haplotypes of
western Eurasian Fagus, including European F. sylvatica, we constructed a weighted (quasi-)full median
network (Fig. 4) following Bandelt et al. (2000), and conducted a Bayesian strict-clock analysis followed
by divergence time estimations modified using the Penalized Likelihood method (Figs. 5, 6).

A clear phylogeographic structure emerged among the main Fagus Species-Level Plastome Types
(SLPTs; as defined in Worth et al. 2025, work in progress) in the Caucasus and adjacent regions. Our
data allowed us to map the distribution of the previously identified SLPTs within the eastern sublineage
of Lineage V: ‘(V-)HoA,’ ‘HoB,’ ‘CaA,’ and ‘CaB’ (Fig. 5; Table 4; cf Fig. 1). In addition, we found several
potentially new SLPTs with different phylogenetic affinities (Figs. 4, 5) and distribution areas (Fig. 2, 5).
The potential SLPT ‘(V-) Or’ differs from all other beeches by two unique mutational patterns, one PNLP
and one transition (Fig. 4, Supplementary File S1, worksheet “Mutations”). It is restricted to the studied
Western Pontic populations of F. orientalis and resolved as an early-diverged (Early Miocene; ≥ 18 Ma)
sister type of the eastern SLPTs (Fig. 5). The plastome types ‘EuA’ and ‘EuB’ form an Euxinian lineage
closer to the SLPT of F. sylvatica than any other haplotype found in the Black Sea and Caspian Sea
drainage systems (a possible ‘Sy’ sister type). Within this group, ‘EuB’ has drifted further from the
common ancestor than ‘EuA’. In our penalized-likelihood strict clock-rooted-dated tree (Fig. 5), ‘EuA’ and
‘EuB’ are resolved as a Miocene-diverged (≥ 14 Ma) sister lineage to the F. sylvatica (Sy) plastomes. The
‘HoX’ is recognized here as a potentially new SLPT within the ‘CaB-HoB’ sublineage. It consistently lacks
mutations diagnostic of either ‘CaB’ or ‘HoB’, while showing a genus-unique transversion (Fig. 4); it may
have been isolated during the Late Miocene (≥ 6 Ma).

Additionally, Euxinian SLPT ‘Eu×’ shows a chimeric trnK-trnQ sequence, with the 5’ part showing
mutations unique to ‘EuB’ (and ‘EuA’) but a 3’ part indistinguishable from the (reconstructed) ancestral
sequence of the ‘HoB(-HoX)-CaA-CaB’ sublineage (Fig. 6).

Within the focal area of our study, the F. hohenackeriana SLPT ‘HoA’ is predominantly associated with the
key river gorges of the Caspian Sea drainage system throughout the central and eastern parts of the
Greater Caucasus and the Lesser Caucasus. SLPT ‘HoB’ is chiefly Caucasian and brackets ‘HoA’ to the
west and east while overlapping with it locally in the central Greater Caucasus and central Georgia.
Within ‘HoB’, the ancestral and most common haplotype H08 is predominant in the western-central
Greater Caucasus, centered on the Colchis-facing slopes, and extending locally onto the adjacent
northern slopes of key river gorges in the Black Sea drainage system, while its satellite haplotypes H09
and H10 are more peripheral. Westwards, ‘HoB’ is subsequently replaced by its potential sister SLPT
‘HoX’. ‘HoX’ is distributed across the northern and southern slopes of the central and western Greater
Caucasus, extending from the far west through the central regions into the interior Caucasian highlands,
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and, notably, also occurs in F. × taurica from the Crimean Mountains, indicating a broader Euxinian-
Caucasian distribution. In contrast, ‘EuA’, ‘EuB’ (and ‘Eu×’) are restricted to the Ajaristskali, Chorokhi,
Machakkhela, and Natanebi river system. Within F. caspica plastomes, a clear split is seen between the
Talysh Mountains (‘CaB’, more closely related to ‘HoB’ and ‘HoX’) and the eastern Alborz Mountains
(‘CaA’; Table 4; Fig. 2).
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Table 4
Composition and distribution of earlier (Worth et al., 2025) and newly found Species-Level Plastome

Types (SLPTs) in the Caucasus and adjacent regions, sorted by estimated divergence ages.
Abbreviations: Ma- million years, Lat – Latitude, Long – Longitude, BS – Black Sea drainage system, CS –

Caspian Sea drainage system.
SLPTs Age

(Ma)
Comprised
haplotypes

Distribution
range:

Lat/Long (in
decimals)/

Altitude (m
a.s.l.)

Mountain
Chain

Main river system/Sea
Drainage System: BS, CS

(# of individuals)

Lineage Va

‘Or’ 18.48 H11, H12 41.0466–
41.4974 N/

31.6644-
31.71739 E/

162–1246

Western
Pontides

Filyos/BS (8)

‘HoA’ 14.27 H13, H14 39.06506–
43.03033 N/

42.76781-
48.13265E/

401–1851

Greater
Caucasus,
Lesser
Caucasus

Alazani-Iori/CS (35);
Aragvi/CS (12); Aras/CS
(4); Dzhalganchai/CS (3);
Gamri-Ozen/CS (3);
Mtkvari/CS (56); Rioni/BS
(12); Samur/CS (3);
Sulak/CS (6); Terek/CS (3)

‘CaA’ 9.38 H05 36.70711–
36.683 N/

54.111131
E/

740, 1606

Eastern Alborz Gorganrud/CS (7)

‘CaB’ 7.84 H04 38.63846-
38.75741N/

48.37886-
48.69906E/

229–1432

Western Alborz
(Talysh
Mountains)

Lenkeran/CS (16)

‘HoB’ 6.48 H08- H10 41.68429-
43.22432N/

41.83449-
45.08444E/

91-2170

Greater
Caucasus,
Lesser
Caucasus

Alazani/CS (6); Enguri/BS
(23); Natanebi/BS (18);
Kintrishi/BS (14), Rioni/BS
(42); Terek/CS (1)

‘HoX’ 6.48 H06, H07 41.35851–
44.82532 N/

Central
Pontides,
Crimean

Alazani-Iori/CS (3);
Aragvi/CS (3), Bziphi/BC
(6); Kodori/BC (5);
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SLPTs Age
(Ma)

Comprised
haplotypes

Distribution
range:

Lat/Long (in
decimals)/

Altitude (m
a.s.l.)

Mountain
Chain

Main river system/Sea
Drainage System: BS, CS

(# of individuals)

Lineage Va
34.92765-
45.60841E/

193–1968

Mountains,
Greater
Caucasus,
Lesser
Caucasus,

Kuban/BS (39); Mtkvari/CS
(8); Rioni/BS (17); Terek/BS
(3); Ulu-Uzen/BS (6)

Lineage Vb

‘EuA + 
EuB+Eu×’

14.94 H01, H02,
H03

41.35403–
41.87864 N/

41.50796–
42.57853 E/

104–1731

Eastern
Pontides,
Lesser
Caucasus

Ajaristskali/BS (24);
Chorokhi/BS (18);
Machakhela/BS (6);
Mtkvari/CS (1);
Natanebi/BS (7)

In the network, the placement of the putative ancestral node (indicated by the black arrow, Fig. 3) near
the split between the Western Euxinian and Eastern Caucasian plastome groups was guided by mutation
mapping onto the complete plastome phylogeny and supported by the [1499ff] insertion within the trnK-
trnQ IGS region, which serves as a genetic synapomorphy linking the Eastern Caucasian plastome group
with lineage V, and the transversion within the [1566ff] motif at trnK-trnQ acts as another genetic
synapomorphy characterizing the sister lineage leading to the F. sylvatica plastomes (Worth et al. 2025,
work in progress). This rooting scenario was consistent with the penalized likelihood strict-clock
chronogram and the available fossil evidence, supporting an ancient divergence between the Western
Euxinian and Eastern Caucasian-Hyrcanian plastome lineages.

The Va lineage includes haplotypes currently distributed across the Pontides, Caucasus, Crimean
Mountains, and Alborz Mountains, the ‘proto-Pontides-Caucasus-Alborz plastome type’ (Fig. 5;
Supplementary File S1, worksheet “Sample Stands for Mapping”), characterized by a [1499ff] insertion
within trnK-trnQ (Fig. 3), while another lineage (Vb; Fig. 5) comprises haplotypes now predominantly
distributed in Europe, henceforth, ‘proto-European plastome type’, which shows a transversion within the
[1566ff] motif at trnK-trnQ (Fig. 4).

Prior to the Burdigalian (Early Miocene; node divergence time was 18.48 Ma; Fig. 5), the ‘proto-Pontides-
Caucasus-Alborz plastome type’ diverged into a western Pontic F. orientalis lineage (SLPT ‘Or’),
characterized by a unique [1334] transition at trnK-trnQ (Fig. 3), and a second maternal lineage whose
descendants are distributed across the Caucasus, the Crimean Mountains, and the Alborz Mountains,
the ‘proto-Caucasus-Alborz plastome type 1’.
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By the Langhian (Middle Miocene; node divergence time was 14.94 Ma; Fig. 5), the ‘proto-European
plastome type’ split into the plastome lineage now found in F. sylvatica (SLPT ‘Sy’) and the southwestern
Georgian, Eastern Pontides F. hohenackeriana (‘EuA/EuB’). Shortly after (node divergence time − 14.27
Ma; Fig. 5), the ‘proto-Caucasus-Alborz plastome type 1’ diverged into a Caucasian F. hohenackeriana
lineage (‘HoA’), now predominantly found in the Eastern Caucasus, and into another lineage, the ‘proto-
Caucasus-Alborz plastome type 2,’ whose descendants are distributed across the Caucasus, the
Crimean Mountains, and the Alborz Mountains and share an 8-nt duplication within trnK-trnQ [1566ff]
(Fig. 4). This divergence coincides with the Middle Miocene Climatic Transition, a period of pronounced
global cooling and ice-sheet expansion.

By the mid-Tortonian (Late Miocene; node divergence time- 9.38 Ma; Fig. 5), the ‘proto-Caucasus-Alborz
plastome type 2’ had split into the Hyrcanian F. caspica (‘CaA’) lineage, which has a unique [551]
transversion within the more conservative petA-psbJ IGS region (Fig. 3) and currently occurs in the
eastern Alborz Mountains, and into another Caucasian-Hyrcanian clade, whose descendants remained
distributed across the Caucasus, the Crimean Mountains, and the Alborz Mountains, the ‘proto-
Caucasus-Alborz plastome type 3,’ which shares a [206] transition at trnK-trnQ (Fig. 3). Circa 1.5 myrs
later (node divergence times- 7.84 and 6.48 Ma; Fig. 5) this ‘proto-Caucasus-Alborz plastome type 3’
disintegrated into the Hyrcanian F. caspica (‘CaB’) lineage, which has a unique [517] transversion at the
trnK-trnQ (Fig. 3) and is currently found in the Talysh Mountains (western Alborz), a Caucasian F.
hohenackeriana lineage (‘HoB’) and a lineage (‘HoX’) ranging from the Caucasus into the Crimean
Mountains.

Ecological structuring of Euxinian-Caucasian F. hohenackeriana plastome lineages across
environmental gradients

We compared Euxinian-Caucasian F. hohenackeriana plastome types from 229 natural stands using
ecological profiles based on altitudinal range, annual precipitation, and forest-type composition
(Supplementary File S1, worksheet “Ecological Profile Data”). Both altitudinal and annual precipitation
gradients differed markedly across plastid lineages. The SLPTs show clear altitudinal differentiation
(Fig. 7), supported by the Kruskal–Wallis test (χ² = 14.78, p < 0.002) and the Median test (χ² = 7.98, p < 
0.05). The overall grand median altitude was 1022 m a.s.l (Fig. 7a). The Euxinian ‘EuA/EuB/Eu×’ lineage
occupied the lowest elevations, with most occurrences concentrated in the low-montane belt at 300–
800 m a.s.l., and median values clearly below the overall grand median (Fig. 7b). In contrast, the
Caucasian ‘HoA’ showed the highest altitudinal distribution, mainly concentrated between approximately
900–1500 m a.s.l. The other two Caucasian lineages, ‘HoX’ and ‘HoB’, showed mixed or intermediate
positions; ‘HoX’ was centered mostly around mid-montane elevations (700–1400 m a.s.l.), whereas ‘HoB’
showed the broadest altitudinal range, extending from low elevations to upper montane conditions
(200–2000 m a.s.l.)

The annual precipitation gradient showed the greatest differentiation among SLPTs (Fig. 8); both the
Kruskal–Wallis test (χ² = 108.83, p < 0.001) and the median test (χ² = 114.17, p < 0.001; Fig. 8a) indicated
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highly significant ecological differentiation. The overall grand median precipitation was 1426 mm. The
Euxinian ‘EuA/EuB/Eu×’ lineages occupied the wettest environments, with most populations
concentrated between approximately 1500–3000 mm per year and several sites reaching hyper-humid
conditions above 3000 mm (Fig. 8b). In contrast, ‘HoA’ occupied substantially drier climates, mostly
within mesic to moderately humid environments with around 700–1400 mm of annual precipitation. The
mixed/intermediate lineages, ‘HoX’ and ‘HoB’, occupied broad transitional precipitation ranges; ‘HoX’
showed a bimodal tendency, spanning both relatively dry montane Caucasian-like and humid Colchic-like
conditions (about 800–3000 mm), whereas ‘HoB’ displayed the widest hydrological amplitude, ranging
from mesic to extremely humid environments exceeding 3500 mm per year.

The dissimilarity patterns within the Euxinian-Caucasian F. hohenackeriana plastomes, including forest-
type composition, are well reflected by the Bray–Curtis Principal Coordinates Analysis (PCoA) shown in
Fig. 9a, b. The PCoAs showed strong ecological differentiation among SLPTs, with the first two axes
explaining 92.5% of the total ecological variance (PCoA1 = 59.86%, PCoA2 = 32.6%; Fig. 9a). The
ordination clearly separated the ‘EuA/EuB/Eu×’ and HoA lineages and highlighted the intermediate
ecological position of the ‘HoB’ and ‘HoX’ lineages. Along PCoA1, the ‘EuA/EuB/Eu×’ occupied the
positive extreme and were strongly associated with humid and hyper-humid Colchic Forest types
(Fig. 9b). In contrast, ‘HoA’ occupied the negative extreme and was associated primarily with low-mid,
montane beech, beech–hornbeam, montane coniferous, and thermophilous forest types characteristic of
comparatively drier mesic montane conditions. The mixed/intermediate lineages ‘HoB’ and ‘HoX’
occupied transitional positions between the two lineages; ‘HoB’ was placed closer to ‘HoA’ along PCoA1,
showing affinities in forest-type composition, but also showed affinity with ‘EuA/EuB/Eu×’ through the
presence of Colchic humid forests. ‘HoX’ was differentiated mainly along PCoA2 and appeared to be
associated with Colchic hyper-humid forests, combined with mixed montane broadleaf forests.
Additionally, the eigenvector structure further emphasized this ecological contrast. Positive values along
Vector1 were associated mainly with Colchic humid forests, whereas strongly negative values
corresponded to montane coniferous, low–mid beech, thermophilous, and secondary forests. Vector2
primarily reflected a gradient between Colchic hyper-humid and low–mid beech–hornbeam forests.

Discussion
In this study, we investigated plastome diversity in western Eurasian beech populations located between
the Black Sea and Caspian Sea drainage systems in the Caucasus and adjacent regions. As the most
ecologically dominant deciduous broad-leaved tree species native to the Caucasus, these populations
preserve an ancient evolutionary history of range shifts, disruptions, and adaptations to diverse local
environmental conditions since the Late Miocene. Tectonic uplift and the subsequent formation of
mountain systems increased landscape heterogeneity, driving ecological adaptations and shaping
migration routes by creating dispersal corridors and geographic barriers (Hoorn et al. 2018; Tarkhnishvili
2014). Specifically, we examined how historical landscape oscillations during the Miocene orogenies,
alongside increasingly cool and dry climatic conditions in the Pliocene and subsequent Quaternary
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glaciations, shaped haplotype diversity and biogeographical distribution of modern western Eurasian
Fagus populations across this topographically complex region.

Deep Miocene maternal lineage divergence and clear phylogeographic structure of Caucasian Fagus

Our plastid penalized-likelihood strict-clock chronogram and spatial mapping (Fig. 5) provided valuable
insights into these historical questions. These findings revealed significant temporal and spatial patterns
supporting a pre-Pliocene maternal sequence divergence (more than 5.3 Ma), which underlies the
current diversity in Caucasian and adjacent Hyrcanian beech populations. This divergence differed
notably from results obtained from nuclear genome-based phylogenies, aligning with a holistic
evolutionary framework in which plastid phylogenies and nuclear genealogies capture fundamentally
different dimensions of a plant group’s history. Such discrepancies are often interpreted as
transcontinental vicariance, incomplete sorting of genetic and morphological traits, and repeated
secondary contacts, all driven by re-radiation and dynamic dispersal accompanied by different rates of
pollen- and seed-mediated interspecies gene flow. Based on nuclear-encoded isozyme markers and
fossil evidence from existing western Eurasian beech, modern species differentiation in this area is
estimated to be much younger, likely not exceeding 2 Ma (Gömöry et al. 2018). While these biparentally
inherited nuclear markers capture the relatively recent population divergence and speciation events, our
analysis of maternal plastomes revealed a much deeper evolutionary history, indicating that these deeply
diverged plastid lineages originated within ancient fossil taxa long before modern species boundaries
stabilized. Over time, through subsequent cycles of reticulate evolution, these ancient plastomes were
captured and preserved within modern populations, serving as molecular "living witnesses" of Miocene
vicariance and past geographic disruptions.

This deep evolutionary framework is clearly illustrated by our weighted (quasi-)full median network of
plastid haplotypes representing the major western Eurasian Fagus lineages, constructed from weighted
mutational characters derived from an emended complete plastome alignment (Fig. 4). Our estimate of
distance-based differentiation (Fst = 0.21, Table 3) was notably higher than the frequency-based
estimates (Gst = 0.15; γst = 0.11), suggesting that differences between the Black Sea and Caspian Sea
drainage systems are not simply due to minor contemporary changes in haplotype frequencies within
modern species. Instead, it highlighted substantial, sequence-level divergence caused by unique, ancient
evolutionary lineages within each drainage system. The predominant maternal lineages in each basin
have accumulated these specific mutations over extended periods of geographical separation. These
lineages survived Quaternary environmental glaciations and introgressed into modern species pools,
highlighting how ancient cytoplasmic architecture can be maintained across complex landscapes, even
as nuclear genomes undergo more recent adaptive radiation and speciation.

These data provide robust, quantitative validation for a Miocene vicariance scenario, linking the
divergence of ancient Lineages Va (‘the proto-European plastome type’) and Vb (‘the proto-Pontides-
Caucasus-Alborz plastome type’) to the complex palaeogeography of the ancient Paratethys Sea. Rather
than tracking modern species boundaries, these ancient plastid lineages effectively preserve an
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ancestral cytoplasmic architecture, locking in the precise palaeogeographic boundaries of the Miocene
epoch. The spatial segregation of these two main western Eurasian maternal lineages during the Early-
to-Middle Miocene began around ~ 18.48 Ma, marked by the early divergence of SLPT ‘V(Or)’, a unique
type restricted to the Western Pontic populations of F. orientalis that acts as a sister type to the eastern
F. hohenackeriana, and continued through ~ 14.94 Ma. This segregation corresponded to the initial
intense phases of the Caucasian Island orogeny driven by the Arabian-Eurasian collision (Rögl 1998;
Saintot et al. 2006). Instead of spreading across a continuous modern landmass, ancestral, pre-extant
beech populations were fragmented among an emerging proto-Caucasian and Pontic Island archipelago
separated by marine barriers in the Eastern Paratethys (Popov et al. 2004). The subsequent intra-lineage
diversification events during the Middle-to-Late Miocene (e.g., splits at ~ 14.27 Ma, ~ 9.38 Ma, ~ 7.84
Ma, and ~ 6.48 Ma leading to highly localized SLPTs like ‘HoA’, ‘HoB’, ‘HoX’, ‘CaA’, and ‘CaB’) were
influenced by episodic structural oscillations and sea-level fluctuations characteristic of this land-sea
system, rather than Quaternary climate shifts. This pre-Pliocene genetic architecture definitively
separates Caucasian Fagus from the Quaternary-dominated history of European F. sylvatica, proving that
the micro-geographic endemism observed today is a living footprint of Miocene vicariance (Demesure et
al. 1996; Magri et al. 2006).

Notably, our fine-scale multi-locus plastid sequencing revealed potentially new SLPTs with distinct
phylogenetic affinities (Figs. 4, 5) and distribution areas, providing evidence of reticulate evolution.
Identifying the Euxinian lineage (‘EuA, EuB, Eu×’) represents a major shift. Shared genetic
synapomorphies confirm that plastome types ‘EuA’ and ‘EuB’ are Miocene-diverged (≥ 14Ma) sister
lineages to European F. sylvatica (possible sister types of ‘Sy’), rather than to any other Caucasian
haplotypes found in the Black Sea and Caspian Sea drainage systems. Additionally, the chimeric
(mosaic) lineage ‘Eu×’ within the Euxinian SLPT, which shows mutations unique to ‘EuB’ (and ‘EuA’) in its
5’ European-like part, has a 3’ Caucasian-like part (Fig. 6) that is indistinguishable from the
(reconstructed) ancestral sequence of the F. hohenackeriana-F. caspica ‘HoB(-HoX)-CaA-CaB’ sublineage.
This provides molecular evidence of historical introgressive hybridization, implying that these ancestral
lineages actively hybridized when their ranges overlapped during past climate shifts. Furthermore, the
trans-regional lineage ‘HoX’, recognized as a distinct Late Miocene type (≥ 6.48 Ma), exhibits a wide
distribution across the central-western Greater Caucasus and a restricted occurrence in the eastern
Greater Caucasus. Its presence in F. × taurica from the Crimean Mountains supports a shared Euxinian-
Caucasian history consistent with nuclear SSR evidence (Aliev et al. 2025).

Contrasting demographic histories in the Black Sea and the Caspian Sea drainage systems, molecular
evidence of a complex refugial mosaic of Fagus in the Caucasus and secondary contact zones

Within the Caucasus, distinct geographic partitioning and contrasting demographic histories in the Black
Sea and Caspian Sea drainage systems provided robust molecular evidence of a complex refugial
mosaic, highlighting multiple micro-refugia. The Black Sea drainage system exhibited a highly complex
demographic history, showing a ragged, multimodal mismatch distribution accompanied by significantly
positive Fu and Li’s neutrality test statistics, and rejecting the hypothesis of a simple, recent population
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expansion. Indeed, these patterns indicate long-term stability and historical population structure. The
high haplotype diversity and absence of SVs suggest that the Colchis region and adjacent Black Sea
watersheds acted as a massive, ancient refugial melting pot (Connor and Kvavadze 2009; Shatilova et al.
2011; Dagtekin et al. 2020), where multiple distinct lineages likely persisted in localized microrefugia
throughout past glaciations (Capblancq et al. 2024). For instance, the Caucasian F. hohenackeriana ‘HoB’
and ‘HoX’ plastome types (haplotypes H06-H08) were predominantly constrained to the slopes of the
central-western Greater Caucasus, reflecting an ancient colonization zone that remained isolated from
eastern dynamics.

In contrast, the Caspian Sea drainage system displays a signature of recent demographic expansion,
evidenced by a smooth, unimodal mismatch distribution with reduced pairwise variance, significantly
negative Fu and Li’s test statistics, and the presence of SVs. A single haplotype dominated: H14 (part of
the Caucasian F. hohenackeriana ‘HoA’ SLPT), which accounted for 62.9% of all samples, suggesting an
initial founder effect at colonization, consistent with findings by Sękiewicz et al. (2022) using nuclear
SSR markers. Post-glacial recolonization of the eastern Greater Caucasus and Lesser Caucasus likely
proceeded via rapid expansion from a restricted maternal source. This sudden expansion established
the dominance of haplotype H14 across the river gorges of the eastern Greater Caucasus and extended
down into the Lesser Caucasus in the Caspian Sea drainage system. This pronounced east-west genetic
gradient, established during the late Miocene oscillations (from ~ 9.38 Ma to ~ 6.48 Ma), is physically
demarcated today by the low-lying Rioni and Mtkvari depressions, which have historically acted as major
topographical and ecological barriers preventing gene flow between these micro-regions (Tarkhnishvili
2014).

However, despite the topographic barriers of the Greater and Lesser Caucasus mountains, our data
reveal that these ridges do not form absolute barriers to seed dispersal, but function as semi-permeable
corridors and secondary contact zones (Tarkhnishvili et al. 2012; Sękiewicz et al. 2022), as confirmed by
the presence of five shared haplotypes pointing to historical migration corridors. Biogeographically, the
Meskheti Range within the Lesser Caucasus acts as the primary watershed between the Colchic (Black
Sea drainage system) and Caucasian (Caspian Sea drainage system) floristic provinces, historically
regulating migration between the Rioni and Mtkvari main river systems (Tarknishvili et al. 2012). Both
river systems serve as key low-elevation gateways in both directions, facilitating eastward migrations of
haplotypes H06 and H08 and westward migration of H14. Identifying stands with internal haplotype
diversity supports evidence for secondary contact zones. Regions such as Racha-Lechkhumi and Imereti
(the Black Sea drainage system), alongside Kakheti, Dagestan, and Ingushetia (the Caspian Sea drainage
system), may be considered evolutionary suture zones (Tarkhnishvili et al. 2012; Sękiewicz et al. 2022;
Capblancq et al. 2024). In these areas, formerly isolated maternal lineages from distinct refugial origins
have converged and blended during recent postglacial expansions.

Isolation-by-environment as a trigger for ecological filtering of Euxinian-Caucasian F. hohenackeriana
plastome types
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Further, the observed high level of structuring in Euxinian-Caucasian F. hohenackeriana plastome types is
maintained not only by the complicated landscape of the Caucasus, but also by ecological filtering of
plastome types along steep environmental and altitudinal gradients. In this context, the Likhi Range
serves as an important geomorphological and bioclimatic boundary, collecting maritime precipitation
from the west and separating the Euxinian-Colchic flora from the mainland Caucasian province
assemblies to the east (Zazanashvili et al. 2000). The significant differences in altitude, precipitation,
and dissimilarity patterns in forest-type composition are well reflected by both univariate tests (such as
the Kruskal-Wallis and Median tests) and multiple analysis (such as Bray-Curtis Principal Coordinate
Analysis (PCoA)), proving that these maternal lineages occupy distinct environmental spaces. For
instance, the ancient Euxinian lineages (‘EuA/EuB/Eu×’) are strictly confined to the low montane belt
(300–800 m a.s.l.) within the Ajaristskali, Chorokhi, Machakahela, and Natanebi river systems, reflecting
a highly specialized ecological profile with a strong affinity for humid, buffered maritime conditions
associated with humid and hyper-humid Colchic Forest types. These include beech forests with Colchic
underwood (Fageta fruticosa colchica), regarded as a unique forest formation endemic to the Caucasus
(Dolukhanov, 2010). In contrast, the Caucasian ‘HoA’ plastome type exhibited the highest altitudinal
distribution, primarily ranging from 900 to 1500 m a.s.l. and was associated with substantially drier
climates, typically found in mesic to moderately humid environments. This lineage is largely
characterized by low- to mid-montane beech, beech-hornbeam, montane coniferous, and thermophilous
forest types, which are typical of the relatively drier conditions found in mesic montane areas. This
ecological filtering limits gene flow, isolating maternal lineages by environment even when they are
geographically close, supporting the idea that local adaptation is still shaping the genetic structure of
Caucasian beech.

Additionally, because most cpDNA evolves neutrally and is strictly seed-mediated, this pronounced
ecological divergence was likely driven by historic selective sweeps. Strong positive selection on
localized adaptive traits in the non-recombinant plastome likely fixed specific maternal haplotypes
through genetic hitchhiking, effectively preserving neutral genetic variation within distinct Euxinian and
Caucasian maternal lineages. The evolutionary patterns of these lineages closely reflect their divergence
times; both the Euxinian (‘EuA/EuB/Eu×’) and Caucasian (‘HoA’) plastome types diverged early in the
Middle Miocene (~ 14.94 and 14.25 Ma; Fig. 5), providing prolonged environmental stability for intense,
long-term ecological filtering and localized selective sweeps to guide highly specialized, contrasting
profiles. The Euxinian ‘EuA/EuB/Eu×’ lineages were confined to hyper-humid, buffered maritime refugia,
and the Caucasian ‘HoA’ lineage to the drier, higher-altitude montane zones. Conversely, the mixed-
intermediate ‘HoX’ and ‘HoB’ lineages, which diverged much later (6.48 Ma; Fig. 5) during a period of
intense Late Miocene climatic fluctuations and Caucasian orogeny, display broad altitudinal and annual
precipitation ranges. Rather than undergoing strict environmental filtering, these younger lineages are
likely characterized by high phenotypic plasticity, enabling them to successfully span different,
transitional environments across the changing landscape.

Regional structure of Caucasian beech populations contrasts with European Fagus
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At a broad geographic scale, this profound regional structure observed in Caucasian beech populations
contrasts with that of European Fagus. While the European lineages occupy a highly uniform, low-
diversity space across central and western Europe due to massive post-glacial climate bottlenecks and
rapid post-glacial expansions from multiple interglacial cycles (Margi et al. 2006), the Caucasian
plastome types remain deeply compartmentalized into a refugial mosaic. Rather than forming a single
continuous forest pool, these mountains acted as independent evolutionary islands, locking unique
maternal lineages into separate valleys and gorges, where they have persisted without significant inter-
range homogenization for millions of years. This highlights that the Caucasus is not just a valuable
Tertiary repository but a vital and irreplaceable source of highly localized genetic evolutionary potential
that requires focused conservation strategies for this unique forest biodiversity.

Additionally, tracking non-recombinant maternal lineages is an essential resource for biodiversity
management, because the conservative nature of cpDNA is preserved in the structural geography of
maternal migrants and seed-mediated isolation over millions of years. These provide conservation
agencies with a reliable, empirical blueprint of where long-term environmental stability has historically
persisted. Although most Caucasian beech populations in this study are preserved within existing
protected areas or are geographically isolated, gaps in preservation remain. For instance, in the
Lapankuri Gorge (Kakheti, eastern Greater Caucasus), one of the secondary contact zones containing
distinct haplotypes - H06 (trans-regional ‘HoX’ F. hohenackeriana lineage) and H14 (‘HoA’ F.
hohenackeriana lineage predominantly associated with Caspian Sea drainage gorges across the Greater
Caucasus and the Lesser Caucasus) - persists within secondary forests, indicating ongoing
anthropogenic pressure. Therefore, cpDNA screening is a valuable tool for spatial prioritization, helping
identify and legally protect these complex refugial mosaics with contrasting catchment patterns in the
Caucasus.

Conclusion
The plastome divergence in Caucasian Fagus is fundamentally shaped by Miocene tectonic and
palaeographic dynamics within the ancient Paratethys archipelago rather than Quaternary glacial cycles,
in contrast to the bottleneck-dominated evolutionary history of European Fagus. These maternal lineages
persisted through Quaternary glaciations and contributed to the gene pools of modern species,
demonstrating how ancient cytoplasmic architecture can be preserved across complex landscapes, even
as nuclear genomes undergo more recent adaptive radiation and speciation. Our fine-scale multi-locus
plastome sequence analysis successfully resolved undocumented SLPTs, including ancient Euxinian
lineages linked to European types, a chimeric (mosaic) lineage highlighting historical chloroplast
introgressive hybridization, and a trans-regional lineage verifying a shared Euxinian-Caucasian history.
The Caucasus itself operates as a complex refugial mosaic with highly contrasting catchment patterns.
The Black Sea drainage system exhibits long-term demographic stability, acting as an ancient melting
pot. In contrast, the Caspian Sea drainage system mirrors a massive, recent post-glacial expansion with
a founder effect dominated by a single H14 haplotype. While major geographic barriers restrict broad-
scale mixing, low-elevation gateways such as the Mtkvari and Rioni river basins facilitate rare seed
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dispersal westward and eastward, resulting in secondary contact zones. Isolation-by-environment
triggers the high level of spatial structuring of unique Euxinian-Caucasian F. hohenackeriana lineages.
Driven by historic selective sweeps within the non-recombinant plastome, this ecological filtering is
actively reinforced by environmental selection, which restricts immigrant gene flow as effectively as
physical mountain barriers and reflects deep chronological divergence histories. Early diverging Middle
Miocene lineages were guided by highly specialized, contrasting niches, while younger Late Miocene
lineages showed high phenotypic plasticity across transitional eco-climatic gradients. The Caucasian
mountains, as independent evolutionary islands, have preserved unique maternal lineages for millions of
years, highlighting the Caucasus as a long-term center of persistence, evolutionary diversification, and
lineage differentiation. Chloroplast DNA screening is an effective method for spatial prioritization,
helping identify and legally safeguard these complex refugial mosaics with contrasting catchment
patterns across the region.
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Figures

Figure 1

Plastome genealogy of Fagus as inferred from complete chloroplast genomes (modified from Worth et
al., 2025, work in progress). The five main plastid lineages (I–V) are mostly decoupled from
morphological and nuclear-genetic coherent species and subgenera, but show a species-level internal
differentiation, some of which predates the formation of the modern-day species (I-Gr, F. grandifolia; II-
JaA, F. japonica;... denote 'species-level plastid types', SLPTs, as defined by Worth et al., 2025, work in
progress). The Western Eurasian Lineage V represents one out of two lineages restricted to species
sharing a common ancestor exclusive to them; its SLPTs appear to be strictly sorted by species: V-Sy in
the European F. sylvatica, V-HoA/B in F. hohenackeriana, and V-CaA/B in F. caspica (no complete
plastome data available for F. orientalis).
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Figure 2

Geographic distribution of sampled Fagus stands (colored symbols) across the Caucasus and adjacent
regions, together with haplotype composition within the Black Sea and Caspian Sea drainage systems.
Colored symbols represent distinct haplotypes and haplogroups. Stacked bar charts show the relative
haplotype distribution within each drainage system, with percentages indicating the proportion of F.
hohenackeriana, F. orientalis, and F. caspica Species-Level Plastome Types (SLPTs) across the respective
drainage systems. Approximated geographic distances (in kilometers, km) between regions and lineages
are indicated by black arrows.
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Figure 3

Observed and expected mismatch distribution patterns based on pairwise cpDNA sequence differences
in Fagus populations from the Caucasus and adjacent regions for the Black Sea (a) and Caspian Sea (b)
drainage systems.
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Figure 4

Weighted (quasi-)full median network of plastid haplotypes representing the major western Eurasian
Fagus lineages constructed from weighted mutational characters derived from an emended complete
plastome alignment. Circle size is proportional to haplotype frequency, and colors indicate taxonomic
and geographic groups: F. sylvatica (Europe), F. orientalis s. str. (Northeastern Anatolia), F. x taurica
(Crimean Peninsula), F. hohenackeriana (Caucasus region), and F. caspica (Hyrcanian forests). Single-
nucleotide polymorphisms (SNPs) are classified as transitions (light gray bars), transversions (dark gray
bars), indels (insertions, deletions, duplications, and inversions; black bars), and polynucleotide length
polymorphisms (PNLPs; white bars). Red stars indicate mutations present in the excluded recombinant
Eux haplotype; orange labels and outlines indicate non-sorted mutations, including a putative convergent
change and a possible back mutation; and dark yellow edges indicate alternative sorting of polymorphic
ancestral states. The black arrow indicates the inferred ancestral node, placed according to mutation
mapping onto the complete plastome phylogeny. Asterisks indicate Species-Level Plastome Types
(SLPTs), which are newly recognized and not covered by whole plastid genome data (Worth et al., 2025,
work in progress).
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Figure 5

Combined Bayesian BEAST phylogeny of FagusSpecies-Level Plastome Types (SLPTs; see details in Fig.
4) and the contemporary spatial mapping of sampled Fagus stands (colored symbols) across the
Caucasus and adjacent regions. Major mountain systems are labeled. SLPTs are uniquely colored and
symbol-assigned as follows: ‘CaA’- yellow five-point star with dark-red outline; ‘CaB’ – white rhombus
with dark-red outline; ‘EuA’, ‘EuB’ – lime green cycle with forest-green contour; ‘HoA’- light violet
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pentagon with dark-violet outline; ‘HoB’- forest-green triangle with conifer-green outline; ‘HoX’- lime-green
quadrat with deep sea green outline; ‘Or’- salmon-pink four-point star with dark-red outline. The node
ages are indicated as height divergence time estimates (Ma, million years ago) derived from a penalized
likelihood modification of the initial BEAST median-height strict-clock chronogram. Abbreviations: Pli,
Pliocene; Plei, Pleistocene.

Figure 6

Modified Bayesian BEAST strict-clock chronogram inferred from all 14 plastid haplotypes representing
the major western Eurasian Fagus maternal lineages across the Caucasus and adjacent regions.
Haplotypes are grouped into Species-Level Plastome Types (SLPTs). The height divergence time
estimates (Ma, million years ago) derived from a penalized likelihood modification of the initial BEAST
median-height strict-clock chronogram are shown in black below the nodes, and posterior probabilities
are shown in blue above the nodes. To adapt the mosaic (recombinant) structure of H01, it was divided
into 5′ and 3′ regions and analyzed as separate operational taxonomic units (OTUs) within a single
BEAST analysis. The missing regions were coded as question marks, allowing each fragment to be
placed independently within the phylogeny.
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Figure 7

(a) Ecological differentiation among the Euxinian-Caucasian F. hohenackeriana Species-Level Plastome
Types (SLPTs) along the altitudinal gradient. Violin plots show the density of altitude values across
populations assigned to each SLPT, with inset boxplots indicating the median and dispersion. The dark-
red dashed horizontal line represents the grand median along an altitudinal gradient (m a.s.l.) across
populations. Significant differences among SLPTs were assessed using both the Kruskal–Wallis test and
Pearson’s median test; (b) a summary table presents the number of populations, mean ± standard
deviation (SD), range (min–max), and median for each SLPT along the altitudinal gradient.
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Figure 8

(a) Ecological differentiation among the Euxinian-Caucasian F. hohenackerianaSpecies-Level Plastome
Types (SLPTs) based on annual precipitation gradient (mm). Violin plots show the density of annual
precipitation values across populations assigned to each SLPT, with inset boxplots indicating the median
and dispersion ranges.
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Figure 9

(a) Principal Coordinates Analysis (PCoA) ordination based on the Bray–Curtis dissimilarity algorithm
among the Euxinian-Caucasian F. hohenackeriana Species-Level Plastome Types (SLPTs) derived from
ecological gradient composition, including eigenvalues and the percentage of variation explained by the
first two PCoA axes; (b) stacked bar plots showing the proportional composition of ecological gradients
within each SLPT, together with the eigenvector table summarizing correlations between ecological
variables and the eigenvectors.
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