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Abstract

Here, from macrophylogeographic mtDNA empirical data, we propose a scenario for the evolution and speciation of two
important forest trees, European black pine and Scotch pine, and their multiple subspecies and varieties. Molecular clock
simulations revealed that INDEL variability in the Pinus mitochondrial genome is relatively old, i.e., from the Pliocene-
Miocene epoch, and related to historical tectonic continental fluctuations rather than to climate change at a large geographic
scale. For conservation and management biodiversity program recommendations, special attention is given to the relationships
between different speciation models, historical migration patterns, and differences between peripheral and central popula-
tions. Species evolution involves the mixing of different speciation modes, and every speciation mode has different effects
on different DNA types (e.g., mitochondrial vs. chloroplast vs. nuclear DNA). The misbalance between the contributions of
different meta-population census sizes vs. effective population sizes to asymmetric migration patterns is the result of different
genotypes (and subphylogenetic lines) responding to selection pressure and adaptive evolution. We propose initial minimal
size of conservation unit (between 3 and 5 ha) from central and marginal natural area of distribution for both species in the
dynamic management system for practical forest genetic diversity management. The proposed physical sizes were determined
by the effective population size, effective radius of seed distribution data, forest density age dynamics, succession pattern,
natural selection pressing and species biology [R-17].

Keywords Mitochondria - Phytogeography - Black pine - Scotch pine - Speciation and migration - Conservation and
management

Introduction

Climatic change and anthropogenic pressures are important
challenges facings natural ecosystems and their composi-
tions [R-22]. Forest trees are an especially important com-
ponent of most terrestrial vegetation and have an important
impact on related flora and fauna. Most forest trees are com-
mercially and economically valuable worldwide (Vidakovic
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1974, 1991; Dobrinov 1983; Alexandrov et al. 1988). In the
last century, protection and sustainable management have
been crucial in preventing the loss of biodiversity and ensur-
ing conservation program success [R-23].

Historical migration patterns and phylogeographic struc-
ture studies are important for better understanding species
evolution. Migration is the principal factor opposing specia-
tion and strong species phylogeographic structure. Migration
sometimes accelerates the speciation process: reinforcement
of premating isolation, introgression of an adaptive allele
that boosts a further local adaptation [R-1]. The phyloge-
netic line of subspecies and varieties could be reinforced
by low gene flow and vice versa [R-24]. A persistent sig-
nificant migration rate could change a population’s structure
and genotypic diversity and could eliminate the isolation
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barrier. Different scenarios of natural selection and genetic
reinforcement interactions with partial or full back and
forth natural population movement under specific ecologi-
cal conditions underpin the majority of speciation models,
which are allopatric (vicariance), peripatric, parapatric
and sympatric models. The majority of speciation models
"from the aspect of geographical classification of specia-
tion" [R-2] using generally contemporary phenotype traits,
paleo records from plants and animals or pure synthetic
deductions, more theoretical speciation models have been
developed by Mayr (1954), Anacker and Strauss (2013) for
a geographic speciation; Brown (1957), Greenbaum et al.
(1978), Briggs (2000), Bowen (2010) for a centrifugal speci-
ation; Grant 1971 for a synthetic theory of plant speciation;
Futuyma (1989) for an adaptive speciation; Gavrilets et al.
(2000) for a parapatric speciation; Gottlieb (2003), Crawford
(2010) for a derivative speciation; and Howard (2003) for an
allopatric speciation [R-4].

Briefly, it is important, especially for plants, to note
that first, migration dynamics are pronounced in time less
for plants than for animals, and second, there is a closer
relationship between physiological plant tolerance and the
environment. This repeated generation after generation of
breeding, mutating and carrying out natural selection (by
individual physiological factors and sexual/mate selection)
shapes population genetic structure, expands population
areas into new habitats and guarantees species successional
reproduction over time. We must bear in mind that plant
persistence, evolution, speciation and migration are pos-
sible through successive genotypic changes that meet the
historic pattern of the ecological conditions encountered.
Long-term, significant evolutionary change is through spe-
cies physiological changes, and species migration fluctua-
tions and phylogeographic structure are often related to the
presence of multiple phylogenetic lines and active speciation
[R-5 and R-6].

The phylogeography of principal forest tree species has
been relatively well studied by chloroplast and mitochon-
drial molecular markers over the last 25 years (Burban and
Petit, 2003; Naydenov et al. 2007). In contrast, the role of
historical migration patterns in determining phylogeographic
structures remains poorly understood at present (Naydenov
et al. 2014, 2016, 2017). The interaction between histori-
cal migration patterns and phylogeographic structure could
allow us to hypothesize which classical evolution model is
more appropriate for explaining long-term species persis-
tence under different ecological conditions and how pro-
tected areas (surface, fragmentation and topography) and
forest composition are preferable targets for conservation
projects (Pant 1999).

Here, our principal concept is that a conservation and
biodiversity strategy must guarantee that principal species
such as forest trees have the opportunity to continue their
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evolution rate and speciation process, similar to the scenario
present in the period before humans were active. This con-
cept has never been used prior to this study and is a question
of how modern conservation programs can ensure the sus-
tainable existence of species. Maintaining species evolution
rates and speciation processes is one of the more important
factors of species protection and management programs.
Similarly, only the effect of the long-term historical migra-
tion pattern on the present phylogeographic structure of a
species throughout its natural distribution area could give us
indirect indications of historical speciation model dynamics.

Historical migration pattern analysis depends on the
molecular marker used and its phylogenetic memory. A low
mutation rate reveals very old phylogeographic events and
vice versa. For example, for the genus Pinus, mitochondria
Indel DNA reaches middle Miocene epoch (from present
date here); chloroplast DNA reaches late Pliocene epoch,
and nuclear DNA with phylogenetic memory is relatively
short, reaches late Pleistocene epoch years BP (Fig. 5;
Naydenov et al. 2014, 2017). Other important factors for
forest trees are differences between seed versus pollen dis-
tribution, chloroplast versus mitochondria distribution and
paternal versus maternal status radiation in space. For this
reason, we aimed to complete previously published chloro-
plast SSR genetic data and European black pine data with a
mitochondrial analysis of the whole geographic area of this
species. Thus, we compared historical migration fluctuations
between meta-populations and determined where migration
was the result of species area expansion under favorable
global environmental changes. We speculated that symmet-
ric migration waves would be the result of species natural
range expansions, and nonsymmetric migration waves would
be related to local speciation. The molecular marker used
here is perfect for determining the most appropriate specia-
tion model.

We considered the comparative phylogeography and com-
parative historical migration pattern between important for-
est trees from relatively close natural distribution areas as
another important tool for determining modern conserva-
tion practices and validating species evolution hypotheses.
A comparison of historical migration patterns between
relatively close species has never been conducted before
in this manner. We used mitochondrial data from the same
molecular marker at the meta-population level for European
black pine and Scotch pine to perform comparative phylo-
geographic and historical migration pattern analyses. The
biological subspecies and phenotypic diversity variation in
both species have been well described in the last century
(Vidakovic 1974, 1991; Dobrinov 1983; Alexandrov et al.
1988). Theoretically, speciation and population migration
interactions have been well discussed as two opposite fac-
tors of evolution, but direct empirical molecular genetic data
have never been related to possible speciation models of
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forest trees (i.e., P. nigra and P. sylvestris), and their itera-
tion with historical migration patterns and phylogeographic
structure remains poorly understood. We will compare
migration waves based on their historical time of occurrence
and their contribution. The difference between census size
and effective population size has been hypothesized to be the
result of historical genetic population structure differences
and different selective pressures under specific environmen-
tal conditions. We compared data for P. nigra with those for
P. sylvestris, with the aim of establishing species biological
differences in relation to migration patterns and speciation
model differences, and determined whether different con-
servation and management recommendations are needed.

In particular, we focused on contemporary phylogeog-
raphy and population genetic structure and variability in
the full natural distribution areas of these species to facili-
tate future conservation and management practices. For
the reforestation programs in forests (i.e., introduction and
reintroduction), it is important that we recognize that a new
environment does not play a part in reproductive material
preadaptation, and species must be able to persist in a given
environment throughout the normal fluctuation in ecologi-
cal conditions.

Materials and methods

This publication expands upon a previously published anal-
ysis of chloroplast microsatellites in European black pine
(Pinus nigra Arn.) by the same author. The population name,
geographic position and sample size of the analyzed plant
material were the same as those in Naydenov et al. (Table 1:
2016, 2017). Briefly, we analyzed 106 natural populations
of European black pine across its whole natural distribution.
The more western populations were from Spain/Morocco,
and the more eastern populations were from Crimea and
Asia Minor (Turkey). The longitude distribution was 4.7°W
to 39.1°E, and the latitude interval was 5.1°N to 48.1°N. In
addition to recently collected material (needles and seeds),
other reference materials from the herbarium collection of
the Forest Research Institute—Bulgarian Academy of Sci-
ence (BAS) in Sofia collected over the last 80 years from
Austria, Crimea, France, Romania and the former Yugosla-
via by Prof. D. Velkov and Acad. B. Stefanov were analyzed.

The plant material included 29.7 trees per population on
average, and DNA extraction and storage, initial laboratory
manipulations and fragment analysis via PCR amplification
were the same as those in Naydenov et al. (2007). Popula-
tion dynamics, phylogeographic structures and migration
patterns were analyzed by fragment analysis of the mito-
chondrial region of intron I from the NAD7 gene (i.e., nico-
tinamide adenine dinucleotide: NADH dehydrogenase). The
molecular markers and primer pairs were selected given

technical instrument restrictions, the molecular structure of
the mitochondria for the Pinus genus and sufficient muta-
tions with significant information for analyzing species phy-
logeography. The laboratory protocol was the same as that in
Naydenov et al. (2007). The previously published GenBank
sequences from current and former members of our team
helped us identify a region with little risk of homoplasy
that yielded sufficient capillary electrophoresis data under
the limit of a maximal error of one base pair (i.e., 1 bp).
The best fragment size range for the capillary electropho-
resis technique used was 120-800 bp. The GenBank acces-
sion numbers are HQ185286.1, HQ185287.1, HQ185288.1,
HQ185289.1, KT343352.1 and KT343353.1. There are
currently no other reported sequences from the same DNA
region for P. nigra.

The inter- and intrapopulation genetic structures were
analyzed using the variation in the size of DNA variants as
determined by multiple indices, such as the level of haplo-
type diversity, fixation index F, F_ oesceny Oso Rsp P and
N, and multiple model-based statistical methods. The size
variant profile was analyzed as INDELs of noncombined
DNA (i.e., organellar origin). Standard population genetic
parameters, such as mitotype diversity (H,,,), differentiation
among populations and meta-populations in each group
as indicated by the fixation index F (Wright 1943, 1951,
1965), Fy_conescent (Slatkin 1991), G, (Nei 1973), R, (Slat-
kin 1995), @ (Excoffier et al. 1992) and N, (Lynch and
Crease, 1990), were analyzed, and ANOVA and MANOVA
were performed with the ARLEQUIN (Excoffier et al. 2002),
FSTAT (Goudent 2001), GENALEX (Peakall and Smouse
2006), GENETIX (Belkhir et al. 1996-2004), POPGENE
(Yeh et al. 1997), PowerMARKER (Liu and Muse 2005),
SAMOVA (Dupanloup et al. 2002) and SPAGeDi (Hardy
and Vekemans, 2002) programs according to the author’s
instructions and were found to be similar to those previously
published by Naydenov et al. (2014, 2016, 2017). Mitotype
diversity robustness at the population and meta-population
levels was tested with rarefaction analysis by the HP-RARE
v.1.0 program (Kalinowski 2005).

Phylogeography structure, i.e., a geographically struc-
tured haplotype signal, was determined by multiple model-
based statistical methods. Population structure was analyzed
with distance-based and Bayesian statistical methods. A spa-
tial analysis of genetic molecular variance was completed
with the BARRIER program developed by Manni et al.
(2004), and population/meta-population admixture was ana-
lyzed based on Bayesian statistics with the BAPS (Corander
et al. 2004), STRUCTURE (Evanno et al. 2005) and TESS
(Chen et al. 2007) programs. All among-population/
among-meta-population analyses were performed with 10
thousand resampling replications by bootstrapping, permuta-
tion or jackknife as recommended by Miller (1974), Efron
(1979, 1982), Meirmans and Hedrick (2010) and the authors

st
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Table 1 The studied natural metapopulations of Pinus nigra (Arn.) along with details on genetic diversity

Meta-pop! Fst (SD) Ny Nyap/Ning Noap H,,, (n.b)
Partition by principal geographic regions
Morocco 0.295 50 0.06 3 52.08 (52.61)
Spain 0.304 50 0.12 6 65.44 (66.10)
France 0.285 50 0.14 7 76.56 (77.33)
Corsica 0.305 50 0.10 5 71.28 (72.00)
Italy 0.297 50 0.06 3 55.44 (56.00)
W-Balkan Peninsula 0.305 50 0.10 5 66.72 (67.39)
E-Balkan Peninsula 0.300 50 0.08 4 58.48 (59.07)
W-Greece 0.205 50 0.06 3 28.08 (28.36)
Crimea Peninsula 0.300 50 0.06 3 58.00 (58.59)
N-Turkey 0.185 50 0.04 2 18.00 (18.18)
Turkey 0.286 50 0.10 5 46.56 (47.03)
Mean 0.290 (0.128) 50 0.08 4.2 54.24 (54.79)
Best partition according BAPS spatial analysis, SAMOVA and BARRIER programs
N-Turkey 0.185 50 0.04 2 18.00 (18.18)
W-Greece 0.205 50 0.06 3 28.08 (28.36)
France & Corsica 0.003 100 0.08 8 81.00 (81.41)
Spain & Morocco 0.088 100 0.07 7 59.98 (60.28)
Principal area (Crimea, Balkan and Apennine  0.076 250 0.03 7 58.74 (58.86)
Peninsulas, Turkey) PPPeninsulas ()
Mean 0.111 (0.074) 110 0.06 54 49.16 (49.42)
SAMOVA df Sum of squares Percentage of variation
Among groups 4 108.639 38.02
Within group 6 4.463 1.05
Within pop 1089 298.320 60.93
AMOVA- Pairwise Nst=0.2027 Distance max =40.20
Gst=0.2310 Distance mean=17.83
Rst=0.1916 Distance mean In=2.68
AMOVA-Global Fst=0.2780 Rit=0.2335
Gst=0.2780 Ris=0.3971
Nst=0.2337 Rst=0.0123

N is sample size; for Ny, /N;,q is the ratio between the number of haplotype of total number of analyzed individual per populations; H,—mito-
type diversity; average haplotype per population is 2.4 (min/max: 1/5); Nuc. div.—nucleotide diversity is used to measure the degree of polymor-
phism from size variant data; SE — standard error (and standard deviation is SD=SE \/ n)is 0.012

The data are from population genetic model statistic basses on allele’s identity, allele size and distance between alleles (GENETIX, Power-

MARKER, IDB, GENEpop, ARLEQUIN and SPAGeDi programs)
! The signification is done by SD and SE in the note of Table 1

of the abovementioned programs. For the distance-based
methods, the obtained list of the 10 thousand matrices in
NEWICK or NEXUS format for each distance was imported
into TreeVIEW (Page 1996) and FigTREE (Rambaut 2009)
programs and combined with the TRACER (Rambaut and
Drummond, 2009) program to draw a summary cluster tree
with bootstrap support scores for all nodes. The resampling
replication cutoff level was fixed at 2/3 (i.e., 66%).

Our initial genetic data were obtained from unknown
mutation and mating models, and we decided to test a
long list of accessible distance methods from the above-
mentioned programs. The genetic distances tested were as
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follows: Euclidean distance (DEU: Deza and Deza, 2009),
Rogers’s (1972) DR, Prevosti et al.’s (1975) CP, Cavalli-
Sforza and Edwards’ (1967) DC, Bhattacharyya's (1946)
and Nei's (1987) 6, Sanghvi's (1953) X2, Nei et al.’s (1983)
DA, Cavalli-Sforza's (1969) chord distance (fv), Reynolds
et al. (1983) OW, Nei’s (1972) DS, Latter’s (1972) ¢*, Lat-
ter’s (1973) DL, Goldstein et al.'s (1995) (6u)?%, Slatkin's
(1995) ASD, Shriver et al.’s (1995) DSW, Chakraborty
and Jin's (1993) DSA and distances from Nei and Roy-
choudhury (1974), Takezaki and Nei (1996). From each
summary distance matrix, we constructed phylogenetic
trees using common approaches: (a) the neighbor-joining
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(NJ) method according to Saitou and Nei, (1987) and (b)
the unweighted pair-group method with arithmetic mean
(UPGMA) approach proposed by Sneath and Sokal (1973),
Nei and Kumar (2000). Different distance methods are
often proposed for different mutation models and differ-
ent mating models, i.e., population/subpopulation structure
or population subdivision models, also known as partition
models. More commonly used mutation models include
the stepwise mutation model (SMM) proposed by Ohta and
Kimura (1973), the infinite allele model (IAM) proposed
by Kimura and Crow (1964), the infinite sites model (ISM),
the K-alleles model (KAM), the nonmutation model includ-
ing Euclidian distance/geometric distance and their multi-
ple variants. Importantly, the ISM and KAM are derived
from the IAM. The population subdivision models using the
abovementioned distances include the stepping-stone model
(Kimura and Weiss, 1964), the island model (Wright 1931)
and the general model. Partition models provide insight into
the spatial, ecological or reproductive barriers separating
individuals and defining the relative probability of panmixia
(i.e., random mating). Additionally, the simple Mantel test
(Mantel 1967) and model-based analysis implemented in the
IBD (Bohonak 2002) program can be used to identify the
geographic pattern of the genetic distances, i.e., the correla-
tion between the summary genetic and simple geographic
distance matrices.

We analyzed historical migration patterns, time to the
most recent common ancestor (MRCA) and historical
effective population size (N,) with the infinite allele model
for haploid data by Bayesian (BY) and maximum likeli-
hood (ML) analyses in the n-MIGRATE v.3.6.6 program
as reported those reported in Naydenov et al. (2016). The
program operates under the assumption of neutral evolution
in Kimura (1983). The analysis was performed for multiple
groups of 11 geographic regions as an overlapping problem
to better describe effective population size fluctuations in
space and time. Each region was represented by 50 indi-
viduals, and the haplotype structure reflected the proportions
from single populations. We included 150 control samples
from 3 well-studied Scotch pine regions with the same
mitochondrial gene region (NAD7-intronl) from Naydenov
et al. (2007). Pinus sylvestris data have never been studied in
terms of historical effective population size fluctuations and
asymmetric migration patterns. Comparing the two species
is essential for evaluating speciation models and historical
migration pattern interactions.

Complete and large geological time paleobotanical
records (from the Pliocene and Miocene epochs) for the
European black pine and its ancestors do not exist. Here, the
calibration of the molecular clock for INDELs and the Pinus
genome was conducted due to the availability of more stable
date records, such as those for tectonic and climatic changes.
We speculated that tectonic dynamics have a significant

impact on forest tree phylogeographic structure. The timings
of historical events were calibrated according to the hypoth-
esis that large climatic and tectonic changes in the region
impacted the species migration history. Mutation speed (u)
is theoretically lower for large DNA fragments than for SNPs
due to their different molecular masses (i.e., fragment size
differences in bp). For this reason and according to multiple
previous publications, the molecular clock time mark for
INDELs must predate the LGM and Plio-Pleistocene epochs
(Naydenov et al. 2014, 2016, 2017). For the time mark, we
used the Messinian salinity crisis (MSC) from the Mediter-
ranean Basin. During this geological event that occurred in
the later part of the Messinian age, the Mediterranean Sea
dramatically shrank or was almost completely desiccated.
The most pronounced change was from 5.96 to 5.33 Ma
(i.e., the Miocene epoch). The opening of the Gibraltar Strait
allowed a significant amount of Atlantic water to penetrate
the Mediterranean Basin [R-26]. This rapid end to the MSC
that occurred over approximately 100 years is known as the
Zanclean flood (Gautier et al. 1994; Krijgsman 1996). We
previously used the same geological time mark with success
to calibrate historical migration patterns from nuclear SSRs
for natural Pinus pinaster (Aiton) populations in the west-
ern Mediterranean Basin and chloroplast SSRs for P. nigra
(Naydenov et al. 2014). For the present sample collection
strategy, we used populations from the same region, includ-
ing Morocco, Spain, Corsica and France. For the names of
geological epochs, especially for the Pleistocene and Plio-
cene, we use terminology provided by Gradstein et al. (2004)
and accepted by the International Commission on Stratigra-
phy according to the 2008 International Stratigraphic Chart
(www.stratigraphy. org/ ICSchart/ StratChart2008.pdf).

Results

The detailed results of the molecular laboratory work are
presented in Appendix: BOX-1. Briefly, we obtained a
wide range of fragment sizes given the limits of the best
separation effectiveness of the laboratory equipment. Black
pine’s fragments were between 224 and 598 bp with dif-
ferent frequencies. The eleven size variants were Mt-1
(224 bp), Mt-2 (236 bp), Mt-3 (239 bp), Mt-4 (248 bp), Mt-5
(253 bp), Mt-6 (255 bp), Mt-7 (281 bp), Mt-8 (284 bp), Mt-9
(534 bp), Mt-10 (564 bp) and Mt-11 (598 bp). Their geo-
graphic distribution showed a generally weak geographic
structure (Fig. 1). Specific cryptic phylogeographic struc-
ture was observed in western Greece (Mt-10/564 bp) and
the northern part of Asia Minor (Turkey: Mt-11/598 bp).
The endemic mitotypes with a very low frequency (less than
1%) were Mt-2 (Bosnia, Bulgaria and Spain), Mt-3 (Serbia),
Mt-4 (France), Mt-7 (France) and Mt-5 (France and Spain).
The 248-bp fragment (Mt-4) from the herbarium collection
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Fig. 1 European Black Pine Mitotype distribution by natural population on the full area of natural distribution. In the top right corner (i.e., the
large pie chart) is a summary of the observed relative total mitotype diversity

(French origin) was not found in recently collected material
(Appendix: Table 1S). The 534-bp fragment (Mt-9) was the
most common, followed by the 224-bp fragment (Mt-1).
The average number of mitotypes per population was
2.4, with variation from 1 to 5, and the average Ny, /Nj,q
index was 0.09, with fluctuations between 0.03 and 0.20.
The average haplotype diversity (H,,) was 0.329 (Appendix:
Table 2S). Low Ny,/Niyq index scores (<0.03) for specific
genetic diversity were observed for 21 natural populations
from AT-03 (Austria); BA-06 (Bosnia); BG-03, 05 and 12
(Bulgaria); GR-01 (Greece); HR-04 (Hrvatska); IT-01, 02
(Ttaly); RS-02, 03 and 04 (Serbia); and TR-07, 08, 13, 17,
18, 19, 20, 25 and 27 (Turkey). High scores (>0.15) were
observed for 12 natural populations from AL-02 (Alba-
nia); AT-01 (Austria); CP-03 (Crimean Peninsula); ES-04
(Spain); HR-02 and 03 (Hrvatska); IT-03 (Italy); MK-04,
06 and 07 (Macedonia); and TR-10 and 24 (Turkey). [R-27,
28] Single haplotype population structure was observed at
20% for the following studied natural populations: AT-03
(Austria); BA-06 and 08 (Bosnia); BG-05 and 12 (Bulgaria);
CP-01 (Crimean Peninsula); GR-01 (Greece); HR-04 (Hrvat-
ska); IT-01 and 02 (Italy); RS-02, 03 and 04 (Serbia); and
TR-07, 08, 13, 17, 18, 19, 20, 25 and 27 (Turkey). Low
haplotype diversity (<0.33) was observed at approximately
47% for the studded natural populations from AT-02 and 03
(Austria); BA-06, 07, 08, 09, 10 and 11 (Bosnia); BG-03, 04,
05, 06, 10, 11 and 12 (Bulgaria); CP-01 (Crimean Peninsu-
las); CY-01 and 02 (Cyprus island); FR-02 and 06 (France);
GR-01 (Greece); HR-04 (Hrvatska); IT-01 and 02 (Italy);
RS-02, 03 and 04 (Serbia); RU-01 (Russia); and TR-05, 07,
08, 09, 10, 11, 12, 13, 14, 16, 17, 18, 19, 20, 21, 22, 23,
25, 26 and 27 (Turkey). High correlation coefficients were
observed for the number of haplotypes versus haplotype
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diversity (0.81), followed by for the Ny, /N;,q index versus
H,, index (0.71) and the Ny, /N;,q index versus the number
of haplotypes (0.67).

Among-population structure

Population level: All distance methods showed low discrimi-
nation power with ten thousand permutation (or bootstrap)
resamplings for all P. nigra populations (data not shown).
The initial Bayesian method was able to divide all 106
studied populations into 11 principal geographic locations
according to genetic variability (Fig. 2). The rarefaction
analysis suggested using a sample size of 50 individuals (at
p <0.01) per population/meta-population to avoid false-pos-
itive results in the meta-population structure and to improve
the robustness of statistical analysis (data not shown).
Meta-population level: The initial meta-population
genetic analysis in each principal geographic location—
western Mediterranean, eastern Mediterranean, southeastern
Europe and Asia Minor—showed phylogeographic structure
with statistical support for one to three groups (meta-popula-
tions). The distribution of the eleven black pine meta-popu-
lations from nonadmixing Bayesian analysis was as follows:
(1) Morocco; (2) Spain; (3) France; (4) Corsica; (5) western
Balkan Peninsula; (6) western Greece; (7) eastern Balkan
Peninsula; (8) Turkey; (9) northern Turkey; (10) Italy; and
(11) the Crimea-Eastern Black Sea coast (Fig. 2). Within
each meta-population, the among-population structure was
not significant, and the phylogeographic structure was weak
(Mantel test, IBD and BARRIER programs: data not shown).
The N < G ratios obtained here (i.e., 0.203 vs. 0.231 and
0.234 vs. 0.278, from Table 1) confirmed the low signal
of phylogeographic structure in P. nigra that was reported
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Mantel test r=0.073

0.04 N-Turkey
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7=2169729
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Fig.2 The neighbor-joining (NJ) agglomerative construction clus-
tering method of the Goldstein (1995) genetic distance among prin-
cipal geographic meta-populations (top left). The asterisks are for
bootstrap support by minimum 67%. The similar results are obtained
by UPGMA (unweighted pair-group method with arithmetic mean)

by Pons and Petit (1996). The meta-populations included a
minimum of 2 populations (Morocco). In each meta-pop-
ulation, private mitotype presence was scored. We reana-
lyzed the black pine meta-populations by a sample size of 50
individuals with the proportional presence of all mitotypes.
The nonadmixing meta-population number of distinct mito-
types was between 2 (N-Turkey) and 7 (France; av. 4.2). The
nonadmixing meta-population mitotype diversity (H,,) was
between 18.00 (N-Turkey) and 76.28 (France; av. 54.79, not
biased). The nonadmixing meta-population fixation index
(Fst) was between 0.185 (N-Turkey) and 0.305 (Corsica; av.
0.29 at 0.128 SD). The nonadmixing meta-population Ny,/
Nj,q index ranged from 0.04 (N-Turkey) to 0.14 (France; av.
0.08: Table 1).

Among all distance methods, only that of Goldstein
et al. (1995) showed results similar to the nonspatial Bayes-
ian admixture results with 10 thousand bootstrap replicates
(Figs. 1 and 2). Poor results were obtained by the Mantel test
and isolation by distance (IBD) analysis. The spatial Bayes-
ian admixture analysis (BAPS program) split all meta-pop-
ulations into 5 groups (at K, =5): (A) Morocco-Spain; (B)
France-Corsica; (C) western Greece; (D) northern Turkey;
and (E) principal area (i.e., the remaining part of the natu-
ral area of black pine: Figs. 1 and 2). A similar result was

hierarchical clustering method by same distance (fig not shown). The
colored chart is the result from BAPS’s admixing Bayesian algorithm
with spatial interference (K=35 s) and nonspatial interference K=5
and K=6

obtained by the spatial analysis performed by the STRUCTU
RE and TESS algorithms (at K., = 35; data not shown). The
analysis was also confirmed by the good results of the BAR-
RIER program. The more distinct black pine meta-popula-
tions were in western Greece and northern Turkey, as deter-
mined by the first two phylogenetic barriers (Fig. 3). The
nonspatial Bayesian admixture analysis performed with the
same programs split the P. nigra populations only between
Morocco and Spain due to the presence of private mitotypes
in the mountain region of the Iberian Peninsula. The meta-
population analysis showed very good discrimination power
for the molecular marker used, with F;=0.290/0.278 (aver-
age/AMOVA-global), G,=0.231/0.278 (AMOVA-pairwise/
AMOVA-global), R =0.192/0.233 (AMOVA-pairwise/
AMOVA-global), @,=38.02 (SAMOVA among groups),
N,=0.203/0.234 and F . mescent =0-111 (average). The
admixture meta-population number of distinct mitotypes was
between 2 (N-Turkey) and 8 (France & Corsica; av. 5.4).
The admixture meta-population mitotype diversity (H,,) was
between 18.18 (N-Turkey) and 81.41 (France & Corsica;
av. 49.42, not biased). The admixing meta-population fixa-
tion index (F) was between 0.003 (France & Corsica) and
0.205 (W-Greece; av. 0.11 at 0.07 SD). The admixing meta-
population Ny, /N;,q index ranged from 0.03 (Principal area)
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Fig.3 The natural range of Pinus nigra according IUFRO (top left)
and the principal five European Black Pine meta-population geo-
graphic interpolation determined by two different algorithms imple-
mented in BAPS, BARRIER programs. The barrier range shown

to 0.08 (France & Corsica; av. 0.06: Table 1). The indices
used here are complementary and reflect different aspects of
admixing meta-population variability (Table 1). The admix-
ing meta-population variability indices showed lower scores
than those of the nonadmixing meta-population.

The migration pattern between the principal geo-
graphic centers showed that black pine migration generally
occurred during the Pliocene (1.8-5.3 Ma) and Miocene
(5.3-23.0 Ma) epochs and rarely exceeded the threshold
of 15 thousand individuals (cs), i.e., census size (Appen-
dix: Fig. 1S/1-16). The more recent significant migration
waves (approximately > 10 thousand individuals) were
from the central part of the Balkan Peninsula to western
Greece (approximately 1.8 Ma; early Pleistocene: Appen-
dix: Fig. 1S/11). The migration waves from Western Europe
(France) to the western part of the Balkan Peninsula were
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best support for barrier A&B (endemic region of Northern Turkey),
flowed by C (western Greece endemic region), D (Italian- French bar-
rier) and low support for E (French-Spain barrier)

even older (approximately 18.5 Ma; Early Miocene: Appen-
dix: Fig. 15/1), followed by those from the Balkan Penin-
sula to central Turkey, the Balkan Peninsula to Italy, the
Balkan Peninsula to Crimea (and vice versa) and France
to Spain (approximately 11.1 Ma; late Miocene). Gener-
ally, significant P. nigra migration waves were time- and
volume-asymmetric. An exception was observed for time
for the migration pattern between the Balkan Peninsula
and Crimea. Appendix: Fig. 1S/1-16 shows simultaneous
symmetric migration signals (fewer than 10 thousand indi-
vidual’s census size) of historical natural area expansions
and contractions. The majority of migration waves involved
fewer than 10 thousand individuals (cs), and one wave (i.e.,
one panel from Appendix: Fig. 1S/1-16) covered a period of
approximately 300 thousand years. We speculate that each
wave in the figure consisted of multiple migration waves of
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at most 5-8 individuals per generation and per population in
the historical contact zone. Generally, pine's effective radius
of seed distribution is 3-5 times shorter than its effective
radius of pollen distribution.

The average black pine historic effective population size
was between 529 and 4015 individuals (Bayesian statistics:
Appendix: Table 3S). The maximum likelihood (MCMC)
method provided similar results of 2039 versus 1974 when
using author program recommendations—from 78 up to
2778 individuals (Beerli 2006, 2009). The most recent
common ancestor (MRCA) lived from 5.46 Ma to 1.97 Ma
(av. 3.94 Ma, i.e., 57.93%x 10° generations). Corsica Island
had the oldest MRCA signal from 5.06 Ma to 5.49 Ma
(i.e., 74.36/80.33 x 10° generations). Logically, both meta-
populations from 2 endemic regions showed the highest
MRCA signal from 1.97 to 2.36 Ma (i.e., 29.00/34.78 x 103
generations for N-Turkey) and from 2.57 to 2.91 Ma (i.e.,
37.75/42.75 % 10° generations for W-Greece). The contri-
bution of migration waves to effective population size was
between 22 and 880 individuals under maximal migration
waves of 50-75 thousand individuals (Appendix: Table 3S
and Fig. 1S). The mutation rate (u) for NAD7-intronl was
calculated to be approximately 3.6 x 107 per generation (i.e.,
3.5-3.7x 107 per generation under a 5% SE), and the gen-
eration of one generation was 68 years on average for Euro-
pean black pine, the same as that determined by Naydenov
et al. (2016). The model keys of effective population size
fluctuations and migration patterns are presented in Appen-
dix: Fig. 2S/4.

The control P. sylvestris metapopulation average effec-
tive population size (N.) was 1434 individuals for Bayes-
ian statistics and 1572 individuals for ML statistics. The
minimal N, values were observed from the endemic region
of N-Turkey (i.e., 181-380 and 683-1014 individuals from
ML and Bayesian statistics, respectively) and the maximal
values from 788 to 2731 individuals from the C-Balkan Pen-
insula and western Russia. The contribution of migration
waves to effective population size was between 63 and 993
individuals under maximal migration waves of 20 thousand
individuals (Appendix: Table 3S and Fig. 2S). The average
time of MRCA is 2.21 Ma (i.e., 32.54 X 103 generations); the
oldest signal was from the C-Balkan Peninsula—between
2.38 and 2.48 Ma (i.e., between 35.03 and 36.42 X 10 gen-
erations), and the younger signal was from the N-Turkey
endemic region—between 1.87 and 2.08 Ma (i.e., between
27.53 and 30.53 x 10° generations).

Historical migration pattern

Eastern area: Current natural European black pine popula-
tions are concentrated in the following regions: the Balkan
Peninsula, Crimea and Asia Minor (Fig. 3). The obtained
data showed that on the Balkan Peninsula, the migration

waves were very restricted and generally driven by in situ
surface area fluctuations over highly variable topography.
This historical scenario occurred during the late Miocene
to Pliocene epoch. The positive effect of climatic change
resulted in time-symmetric migration with a low intensity
of fewer than a 3 thousand individual census size for the
period of species range expansion [R-29]. In western Greece,
a specific local cryptic mitotype was observed (pink color in
the circles in Fig. 1). The migration pattern between western
Greece and the eastern-central part of the Balkan Peninsula
was different, with strong migration in the Pliocene epoch.
The first wave of approximately 50 thousand individuals
(cs) for one period of 300 thousand years occurred approxi-
mately 4.5 Ma (early Pliocene epoch) from western Greece,
followed by two opposite, large, asymmetric waves from
the central Balkan Peninsula to western Greece at approxi-
mately 3.7 and 1.6 Ma (i.e., in the Pliocene and late Plio-
cene/early Pleistocene epochs, respectively). Each migration
wave involved at least 50 thousand individuals (cs) for one
period of 300 thousand years. We speculate that the cryptic
mitotype (Mt-10/pink color) arose after the large migration
in the early Pliocene epoch (i.e., after 4.5 Ma: Appendix:
Fig. 1S/11).

The migration between western Greece and the western
Balkan Peninsula and between the central and western Bal-
kan Peninsula was restricted to fewer than 5 thousand indi-
viduals. It is interesting that the census sample size of migra-
tion contrasted with the effective population size during the
different migration waves. Although low-intensity migration
was detected between western and eastern-central Balkan
Peninsula meta-populations, the migration wave effective
sample size was between 150 and 698 individuals, with
a trend in the westward direction. The exchange between
western Greece and the remaining part of the Balkan Pen-
insula was significantly misbalanced. The trend showed that
the Ne transferred from migration waves to the remaining
part of the Balkan Peninsula was modest at approximately
57-88 individuals, and in the opposite direction from the
Balkan Peninsula to western Greece, it was 3—5 times more
significant, i.e., an effective size of 148 to 493 individu-
als (Appendix-Table 3S). The effective population size of
P. nigra was highest (1986 to 2778) in this region for the
central and western Balkan Peninsula. In Greece, the cryptic
mitotype had a low Ne of 186 to 250 individuals. The time
to the most recent common ancestor was between 3.12 and
3.55 Ma for the majority of the area (i.e., middle Pliocene).
The TMCA for the western Greece meta-population was
relatively recent, at 2.57-2.91 Ma (i.e., middle Pliocene:
Appendix: Fig. 15/15).

The Asia Minor black pine populations showed similar
population structures with the dominance of both princi-
pal mitotypes. An exception was noted in the northern part
of Turkey, in the Ilgaz Mountains of the Pontic Mountains
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system (with synonyms such as the Pontic Alps or North
Anatolian Mountains complex), where one cryptic mito-
type (Mt-11; yellow color in Fig. 1) was discovered. This
region appears to be a hotspot of endemism because the
same molecular marker showed a cryptic mitotype for
Scotch pine (Naydenov et al., 2007; Fig. 1, yellow color),
which will be discussed at the end of the present manuscript.
The effective population size in this region was very small
(78-106 individuals; ML), and TMCA was shortest of all
those calculated here, at 1.97 to 2.36 Ma (i.e., late Pliocene:
Appendix: Fig. 15/6). The P. nigra migration from northern
Turkey to the remaining part of Asia Minor was restricted
to fewer than a 2500 individual census size per wave 9 Ma
(i.e., from the late Miocene). Each wave covered a period
of approximately 300 thousand years, and multiple waves
almost showed a symmetric pattern, which is an indication
of historical area fluctuations generally related to global
climatic change. The effective population size contribution
of all waves to migration to the remaining part of Turkey
(i.e., central Turkey) was a very modest at 50—73 individuals
(Appendix: Table 3S). In the opposite direction, the migra-
tion intensity was twice as high for the same period of time
at approximately 9 Ma; i.e., there was a northern migration
pattern with a historical migration peak at approximately
4 Ma (early Pliocene). The N, contribution of all waves to
the migration of black pine to northern Turkey was 22-337
individuals. The effective population size from central Tur-
key was very high, from 2431 to 2728 individuals, and the
time to the most recent common ancestor was between 3.28
and 3.35 Ma (both in the middle Pliocene).

The P. nigra mitochondria results reported here showed
that migration between the two areas (i.e., the Balkan Pen-
insula and Asia Minor) occurred at least 11.1 Ma (the Late
Miocene). Three significant waves from the eastern-central
Balkan Peninsula occurred at approximately 11, 7 Ma (both
in the late Miocene) and 4 Ma (middle Pliocene: Appendix:
Fig. 1S/7). Each wave lasted for one period of 300 thousand
years. The first wave included approximately 55 thousand
individuals; the remaining two included approximately
10 thousand individuals (census size) each. In the oppo-
site direction, from central Turkey to the Balkan Peninsula,
migration was more restricted and consisted of two waves
at approximately 11.1 and 9.5 Ma (both in the late Mio-
cene). The migrant number was approximately 10 thousand
individuals for the first wave and approximately 20 thou-
sand individuals (cs) for the second wave. The effective
population sizes of black pine historical migrations were
disproportional, with approximately 848—880 individuals
from the Balkan Peninsula and 633—-645 individuals from
central Turkey (Appendix: Table 3S). We speculate that
due to the nonsignificant presence of symmetric migration
waves, the migration history between central Turkey and the
Balkan Peninsula was associated with the tectonic history in
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the region rather than global climatic change. The genetic
exchange between northern Turkey and the Balkan Penin-
sula was generally low and featured fewer than 5 thousand
individuals, with two exceptions—one wave of 15 thousand
individuals to the Balkan Peninsula at approximately 5.8 Ma
and one wave of a 18 thousand individual census size in the
opposite direction at approximately 0.2—-0.3 Ma (late Pleisto-
cene, Appendix: Fig. 1S/5). The low P. nigra migration cen-
sus size in both directions contrasts with the misbalance in
the effective population size contribution; from the Balkan
Peninsula, the migration wave was 752—-822 individuals, and
that in the opposite direction was 65 to 80 individuals. We
speculate that this signal is from the tectonic history related
to the Para-Tethys Sea in this region.

The coastal Black Sea P. nigra populations (Russian and
Crimean peninsulas) are the northeastern natural popula-
tions at present. The results showed that the historical effec-
tive population size for this region fluctuated between 1736
and 1986 individuals (at ML) and that the TMCA ranged
from 3.45 to 4.21 Ma (i.e., from the middle Pliocene to the
early Pliocene). The migration pattern between the NE Black
Sea coastal population and central Turkey was balanced and
consisted of very few individuals, with no more than 7 thou-
sand individuals (cs) in multiple waves in both directions.
This small census size migration contrasts with the large
effective population size contributions between 432 and 958
and 405 and 818 (Appendix: Table 3S & Fig. 1S/8). The
symmetry of the black pine migration waves was the result
of historical global climatic change in the natural area of the
ancestral species in the same region. We believe that the nat-
ural area of the ancestral species distribution was larger than
the present-day distribution. The migration history in this
area was different than that on the Balkan Peninsula, with a
strong imprint of the past tectonic history of the Black and
Para-Tethys Seas. From the Balkan Peninsula to the coastal
Black Sea P. nigra populations, two significant waves of
approximately 85 thousand and 44 thousand individual cen-
sus sizes were noted at approximately 14 Ma (middle Mio-
cene) and 7 Ma (late Miocene), respectively. In the opposite
direction, only one significant wave of approximately 22
thousand individuals (cs) at approximately 13.8 Ma (mid-
dle Miocene) was identified. Each P. nigra migration wave
occurred for one period of 300 thousand years, and the effec-
tive population size contributions for the migration from the
Balkan Peninsula to the coastal Black Sea and the opposite
migration were 142—-880 and 85-697 individuals, respec-
tively (Appendix: Table 3S & Fig. 1S/9).

The historical black pine migration between the western
Mediterranean and eastern areas within its natural distribu-
tion was related to the tectonic history of the Alps mountain
complex and Apennine Peninsula; i.e., no symmetric migra-
tion waves were detected. The historical areas of P. nigra
were connected between its largest areas by the northern
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and southern routes from the present Alps mountain com-
plex. The two meta-populations shared a common ancestor
(i.e., TMCA) given their present population structure from
3.59 Ma (middle Pliocene) to 5.17 Ma (early Pliocene),
and their historical effective population size fluctuation
was between 1475 and 2717 individuals (at ML; Appendix:
Table 3S). The northern route was probably a small con-
tact zone with two limited waves from the west to the east
of approximately 8-9 thousand individuals (cs) at 19.5 Ma
(early Miocene) and 5.5 Ma (late Miocene: Appendix
Fig. 1S/1). In the opposite direction, one wave of approxi-
mately 10 thousand individuals (cs) occurred 8.8 Ma, and
the effective population size contributions in the two direc-
tions were 85-138 and 108—138 individuals, respectively.
The southern black pine route showed a dominant western
historical migration pattern with two waves of approximately
40 thousand and 8 thousand individuals based on census size
10.8 and 6.6 Ma (both in the late Miocene), respectively,
with historical Ne contributions of 752-863 individuals.
The opposite direction migration signal was very low and
involved fewer than 5 thousand individuals (cs), with modest
effective population size contributions of 85-138 individuals
(Appendix: Table 3S & Fig. 1S/3).

Western Mediterranean area: European black pine
populations from this region are fragmented at present
(Critchfield and Little, 1966), and phytogeographic data
are available from archived IUFRO maps online (Fig. 3).
The restricted symmetric historical fluctuation resulted
from large climate change-driven species range expansions
between France and Italy at approximately 6 Ma (late Mio-
cene); between Morocco and Spain at approximately 8 and
11 Ma (both in the late Miocene); between Spain and France
at approximately 9 and 11 Ma (both in the late Miocene);
and between Corsica and France at 3.7 Ma (middle Plio-
cene). These fluctuations generally contributed little to the
mitochondrial population structure. The exchange involved
no more than 10 thousand individuals over a period of
approximately 300 thousand years (Appendix: Fig. 15/2, 4,
10, 12, 14, and 16). Asymmetric migration generally results
from tectonic topographic history, and we speculate in this
case, this asymmetric migration of P. nigra population
expansion occurred under the positive effects of climatic
change, where more adaptive phenotypes were consistent
with forest successional species patterns and low-frequency
forest fire periods. Examples include multiple migration
waves from Morocco to Spain at approximately 4, 6.5, 7.7,
7.9 and 11.1 Ma (all from the late Miocene to the early Plio-
cene); Spain to France 12 Ma (middle Miocene); France to
Italy 5.5 and 8 Ma (both in the late Miocene); Italy to France
7.2 Ma (late Miocene); Corsica to France 5.5 Ma (late Mio-
cene); and Spain to Corsica 5.5 Ma (late Miocene). The
significant asymmetric migration pattern probably resulted
from important tectonic regional historic events, such as the

Gibraltar Strait, Corsica Island, and rise of the Pyrenean and
Alps mountain complexes. The obtained results showed a
significant migration signal from France to Spain of approx-
imately 50—60 thousand individuals at approximately 9.3
and 11.1 Ma (both in the late Miocene) that was related to
historical Pyrenean topography dynamics. A similar signal
was observed from the initial period of the Messinian salin-
ity crisis (approximately 6 Ma: late Miocene) for migration
from France to Corsica, with an approximate census size of
20 thousand individuals, and a smaller event (approximately
5 thousand individuals) was detected for the final period
of the Messinian salinity crisis from Morocco to Spain at
approximately 4 Ma (early Pliocene). The remaining four
migration waves from the NW African coast to the Iberian
Peninsula occurred before the Zanclean flood (late Mio-
cene). The moderate historical black pine migration pattern
of approximately 10 thousand individuals (cs) from Italy to
Corsica (approximately 10.1 Ma: late Miocene) was prob-
ably related to the historical development of the Alps moun-
tain complex (Appendix: Fig. 1S/2, 4, 10, 12, 14 and 16).
Different migration waves provided different contributions
to the effective population sizes. The relationship between
the number of migrants and effective size contributions was
not linear. For example, the effective size contribution of the
migration waves from Morocco to Spain was 555-885 for
a total of 5 waves of no more than 5 thousand individuals
each. The opposite direction migration waves were difficult
to distinguish, and they had low intensities, with fewer than
1.25 thousand individuals and effective population sizes of
240-410 individuals. A significant contribution to the effec-
tive population size of P. nigra was observed for the migra-
tion waves between Corsica and Italy and between France
and Spain (Appendix: Table 3S).

The effective population sizes were maximal in France
(2514-2778 at ML), followed by in Spain (2147-2756 at
ML), Corsica (1147-2408 at ML), Italy (2181-2242 at ML)
and Morocco (1464-2186 max at ML). The result from the
Bayesian analysis ranked Spain, followed by France, Italy,
Corsica and Morocco, as having the most pronounced differ-
ences. The comparison between the two methods is within
the scope of the present manuscript and is well described by
the authors of the program MIGRATE (Beerli 2006, 2009).
The time to the most recent common ancestor (TMCA) of
European black pine from the western Mediterranean region
was approximately 4 Ma (early Pliocene), and the oldest
ancestor was from Corsica (5.06-5.45 Ma: late Miocene-
early Pliocene), which was exactly 2 Ma after the end of the
Messinian salinity crisis (Appendix: Table 35).

P. nigra versus P. sylvestris among species parallel analy-
sis: The between-species parallel historical migration pattern
comparison is very interesting and supports the obtained
result. European black pine and Scotch pine from similar
regions (northern Turkey and Eastern Europe) were chosen
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from different altitudes. The biological limits of the first
species (P. nigra) allow it to generally reach altitudes from
sea level up to 800 m, and those of the second (P. sylves-
tris) range from 1200 up to 2000 m (Vidakovic 1974, 1991;
Dobrinov 1983; Alexandrov et al. 1988). Both species are
from the same genus, Pinus, and subgenus (i.e., Diploxylon),
but these two species have different biology, forest commu-
nity succession patterns and forest fire frequency and inten-
sity tolerances (Naydenov et al. 2012). For the meta-popula-
tion analysis presented here, the geographic region similarity
was very good. The previous phylogeographic mitochondrial
analysis of Scotch pine by the same team in Naydenov et al.
(2007) did not perform statistical model-based analysis of
historical effective population size fluctuation and the tim-
ing, frequency and intensity of asymmetric migrations. The
control sample of Scotch pine showed historical effective
population sizes from 683 to 2538 individuals; the MRCA
lived between 2.48 and 1.87 Ma (late Pliocene), and the
effective population size contribution from migration waves
ranged from 63 to 993 individuals, with a maximal migration
wave of a 15-20 thousand individual census size (Bayesian
statistics, Appendix: Table 35).

The P. sylvestris migration pattern was scored between
the Balkan Peninsula and western Russia/central Europe
(i.e., W Russia) in both directions for a total of 3—4 waves.
Significant waves from W Russia to the Balkan Peninsula
were small, with approximately 5 thousand to 10 thousand
individuals (cs) 9.2, 8.8 and 5.5 Ma (in the late Miocene,
Appendix: Fig. 2S5/1). This historical migration pattern
was predated in the opposite direction by one large wave
of approximately 22 thousand individuals (cs) 9.5 Ma (late
Miocene); i.e., we observed the northward migration of a
Scotch pine census population of moderate size from the
Balkan Peninsula to western Russia and central Europe.
Their effective population size contributions to the Bal-
kan Peninsula to W Russia were moderate at 680-793 and
960-993 individuals, respectively (Appendix: Table 3S).

The historical P. sylvestris migration pattern between
western Russia/central Europe and the endemic genetic
pool from northern Turkey was generally not symmetric.
Migration to northern Asia Minor occurred through mul-
tiple low-intensity waves, and two low-intensity waves of
approximately a 10 thousand individual census size were
more significant 5.6 Ma (late Miocene) and 5.0 Ma (early
Pliocene, Appendix: Fig. 2S /2). In the opposite direction,
historical migration waves were very small, with fewer than
2 thousand individuals (cs). Their effective population size
contributions of the wave to Asia Minor and that in the
opposite direction were small and showed relatively simi-
lar patterns of 92—125 and 65—113 individuals, respectively
(Appendix: Table 3S).

This particular result is related to that for the historical
Scotch pine migration pattern between the Balkan Peninsula
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and N-Turkey. The migrations from the northern Asia Minor
endemic genetic pool region to the Balkan Peninsula were
very small, under the threshold line. In the opposite direc-
tion, two significant waves of approximately 15 thousand
and 7 thousand individual census sizes were observed at
approximately 5.5 Ma (late Miocene) and 2.2 Ma (late
Pliocene, Appendix: Fig. 2S /3), respectively; their effec-
tive population size contributions were small and showed
relatively similar patterns of 100-123 and 65135 individu-
als, respectively. The TMCA was between 1.87 Ma (late
Pliocene) and 2.48 Ma (late Pliocene), and the effective
population size historical fluctuations were in the ranges of
181-380 individuals for N-Turkey, 2619-2731 individuals
for the Balkan Peninsula, and 1167-2353 individuals for
Western Russia and Central Europe (Appendix: Table 35).

Interestingly, the Scotch pine migration wave 5.5 Ma (late
Miocene) from the northern Asia Minor endemic genetic
pool region to the Balkan Peninsula seems logical given the
successional migration of black pine 5.8 Ma (late Miocene)
with a similar census population size of 15 thousand indi-
viduals from the same region described above (Fig. 4). The
two species have shown different directions of historical
migration in successional patterns and probably have dif-
ferences in biology related to altitudinal differences (such
as forest community composition, soil conditions and forest
fire disturbance adaptations) resulting from specific histori-
cal altitude tectonic changes (Naydenov et al. 2016/Fig. 4;
Naydenov et al. 2017/Fig. 3 and Appendix Figs. 2S and 3S).

Discussion
Genotype versus phenotype

Chloroplast and mitochondrial life histories and origins are
very long and complex. For all molecular markers, plastids
or nuclear DNA is difficult to directly relate to a specific
phenotype. Generally, tree phenotypes (i.e., physiological
and morphological traits) are under polygenetic control. We
believe that WGA (i.e., whole genomic analysis) combined
with the epigenetic landscape (i.e., non-DNA heritability) is
necessary to fully understand multiple morphologically dis-
tinct black pine (and Scotch pine) subspecies and varieties.
Briefly, genomic analyses include high-resolution linkage
maps (HR-LMs), high-resolution regulatory genetic net-
works (HR-GNs) and high-resolution genome-wide asso-
ciation studies (HR-GWASSs). The large genomic dataset
generally includes thousands and thousands of loci from
noncoding DNA, and only machine learning analysis allows
the construction of polygenetic predictors for specific traits.
An epigenetic analysis will complete a genomic analysis,
which is within the scope of the present manuscript.
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Fig.4 Migration pattern from the Balkan Peninsulas to the Western
Russia (at the top); and the migration pattern from the Balkan Penin-
sulas to the Crimea Peninsulas (at the bottom). The vertical colored
bar limit is 15 thousand individuals; and the horizontal colored bar
in the middle of the figure represents geological time grid as white
color—Holocene epoch (up to 0.01 scanned units), blue light color—
Pleistocene epoch (between 0.01 and 0.1 scanned units), yellow

Microevolution, generally at the population level, is
based on the concept that natural selection acts directly on
morphological, biochemical and physiological phenotypes
related to genetic variations. The accumulation of surviving
genetic changes at some critical level leads to new mor-
phological, biochemical and physiological changes; this is
similar to Jacob’s (1977) concept of tinkering evolution for a
short time. Of particular interest are silent mutations; modi-
fications of regulatory genes; chromosome aberrations, i.e.,
segment inversions; and other changes. Within-population
polymorphisms from regulatory gene modifications could
affect the quantitative aspect of structural gene expression,
according to Purugganan (1998). Initially, the changes are
unstable and at a low frequency in the population for some
period of time; after the change are fixed, a new organismal
trait is generated. Similarly, the concept of fitness landscapes
(or adaptive landscapes) and the related Wright’s dilemma
were developed early by Wright (1932).

The multiple descriptions of the observed forest tree
ancestral morphological traits, have been published at
present day including those of P. nigra and P. sylvestris in
this study, result from genomic fossils (i.e., pseudo-genes)
imprint on cis- and/or trans-regulatory element transcription
on the group of linked genes controlling specific phenotypic
traits. It seems that not all ancestral morphological traits
are under selective pressure and hold an adaptive evolution
signal. The possibility that some silenced mutations will
be reactivated into protein-coding sequences is known as

color—Pliocene epoch (between 0.1 and 0.3 scanned units), and
orange color—Miocene epoch (>0.3 scanned units). In the present
manuscript, we have set the base of the Pleistocene (Quaternary
Period) at 2.6 Ma. The traditionally used the Tertiary Period com-
prises the Pliocene epoch (2.6-5.3 Ma), the Miocene epoch (5.3—
23.0 Ma) and the Paleogene epoch (23.0-65.5 Ma). For the reverse
directions migration patterns see Appendix Fig. 1S and 2S

Dollo’s law (Marshall et al. 1994). The first hypothesis of
reactivated genomic fossil sequences for forest trees was pre-
sented by Stefanov and Nedjalkov (1956), Stefanov (1958,
1972, 1973) as reversed mutations for the endemic Quercus
tracica from Bulgaria.

Molecular clock

At present, it is not clear exactly how much an organelle's
(mitochondrion or chloroplast) structure is affected by short-
term natural selection at the microevolution level from our
analysis. Organelles from plants, such as chloroplasts and
mitochondria, are used as good molecular markers for
macro- and microevolution, phylogenetic and phylogeo-
graphic analyses (Burban and Petit, 2003; Naydenov et al.
2007). These organelles generally show different life-history
and evolutionary patterns. From our results, it seems that
(1) in comparison with mitochondrial structure, chloroplast
structure (i.e., SNPs and SSRs) is more affected by global
long-term climatic changes and (2) mitochondrial structure
(i.e., INDELs) is more affected by tectonic history fluctua-
tions (Naydenov et al. 2016, 2017: nuclear, chloroplast,
mitochondria).

According to the results obtained here, the phylogeo-
graphic structure inferred from the mitochondrial INDELs
for the Pinus genus is more properly interpreted in light of
the tectonic history in the Pliocene-Miocene epoch than
that in the Last Glacial Maximum (LGM) or middle or late
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Pleistocene (age). We agree with the Pinus pinaster dis-
cussion by Burban and Petit (2003) that the SNPs (single
nucleotide polymorphisms) from mitochondrial DNA prob-
ably date back to the LGM. This result is supported by not
only our result here but also the simple deduction that the
molecular markers have very different molecular masses,
i.e., significant differences in base pairs (bps), and that the
mutation frequency for large DNA fragments is very low
and requires more generations for population structure estab-
lishment and fixation, i.e., a relaxed molecular clock. For
example, here, the mutation rate (u) for NAD7-intronl size
variants was calculated to be approximately 3.6x 107 per
generation (i.e., 3.5-3.7x 107 per generation at a 5% SE);
in comparison, the average mutation rate (u) for P. nigra
from seven chloroplast DNA microsatellites (SSRs) with 13
regions of sequencing variation from our previous publi-
cations, Naydenov et al. (2016, 2017), was 5.6 X 107 (i.e.,
5.4-5.8x1073) per generation at a 5% SE. Comparing the
mutation rates, the difference occurred based on two factors:
different fragment sizes and different organelle origins (i.e.,
chloroplast vs. mitochondrion). One generation was calcu-
lated to be an average of 68 years for the European black
pine. Figure 5 compares the phylogenetic memory span in
geological time for nuclei, chloroplasts and mitochondria
from parallel historical migration analysis for some Euro-
pean pines. The migration pattern is an important factor for
all plants and animals from an ecosystem perspective. At
present, historical migration patterns are not integrated into
conservation and biodiversity programs, although there is
clear contribution potential based on theoretical develop-
ment and accumulated empirical data from phylogeography.

For the P. nigra chloroplast analysis, historical effective
population size fluctuations probably resulted from global
climatic changes, forest fires and/or plant community suc-
cessional patterns (Naydenov et al. 2017). For the mitochon-
dria data and results here, it seems that forest disturbance
and plant composition successional effects are nonsignifi-
cant. Similar conclusions were drawn for Scotch pine and
other Pinus species. The obtained results and molecular
clock calibration time mark in this study could be useful
for research projects on Pinus species from regions with-
out significant tectonic changes and a lack of time marks
(e.g., North America). The impacts of global tectonic and
climatic changes on different adaptive strategies and line-
age evolution, especially for meta-phyla, have been reported
by multiple authors, such as Chaloner and Hallam (1989),
Knoll (1989), Martin and Barnosky (1993) and Shubin et al.
(1997), based on paleo records.

Tectonic history and Pinus

Generally, phylogeography is related to global historical
climatic and tectonic changes. The molecular marker used
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here and the historical meta-population migration pattern
obtained are closely related to European orogenic archi-
tecture dynamics over the last 20 Ma from the early Mio-
cene to the present (Fig. 4; Appendix Fig. 1S and Fig. 2S).
More than two thousand scientific publications reported
detailed information and possible scenarios for continen-
tal and regional historical tectonic change in southern and
southeastern Europe and the Alpine folded regions (Muratov
1964; van Hinsbergen et al. 2020). We compare the reported
results from European orogenic architecture dynamics to our
results in the following part of the discussion.

West Mediterranean region: The historical western Medi-
terranean P. nigra natural distribution was probably affected
by paleoclimatic dynamics, paleoflora distribution and pale-
oaltitude interactions with micro- and macrotectonic devel-
opments. The paleobotany record and palynological and car-
pological analyses have indicative and incomplete sources of
information. The first important factor is the formation of the
Pyrenean mountain complex and Gibraltar Strait as a result
of the macrotectonic dynamics of interactions between the
Iberian, African and European Plates (Appendix: Box-2).
The second is the formation of the Apennine Peninsula, Alps
mountain complex and Corsica Island, generally as a result
of the collision between the African and European Plates
(van Hinsbergen et al. 2020). For more information about
tectonic history, please see Naydenov et al. (2016/Fig. 4) and
Naydenov et al. (2017/Fig. 3 and Appendix: Fig. 285, 35).

Historical uplift from the Pyrenean mountain complex
is consistent with the historical migration pattern between
the French and Spanish P. nigra populations reported above
(Appendix Fig. 15/10, 12). The present results suggest that
European black pine populations from Morocco and prob-
ably from northern Africa played important roles in species
development and that they had long local historical patterns
related to the Alps-Atlas orogenic history (i.e., geodynamic
evolution). Similarly, 4 of the 5 migration waves from
Morocco to Spain occurred before the reconvention of the
Mediterranean Sea and the Atlantic Ocean (i.e., Zanclean
flood: 5.33 Ma). Logically, before the Strait of Gibraltar
opened, the principal black pine migration waves between
Corsica and the European continental shelf (i.e., France/
Spain/Italy) occurred (Appendix Fig. 1S/2, 4, 14, 16). The
historical migration from Spain to Corsica detected here was
also reported in our previous publications for P. pinaster
and P. nigra and was determined with multiple nuclear and
chloroplast SSR markers (Naydenov et al., 2014). For more
information about paleoclimatology dynamics, please see
Appendix: Box-2.

The shortened paleoaltitude dynamics from the Alps
complex presented here support the hypothesis of historical
northern Alps connections for the P. nigra populations from
the W-Balkan Peninsula and France (Appendix Fig. 1S/1).
The migration route was used in both directions over a period
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Fig.5 Comparative asymmet-
ric migration pattern between
the mitochondrial INDEL,
chloroplast SSRs and nuclear
SSRs from two Mediterranean
Pines (P. nigra and P. pinaster).
The red dashed line connected
the red asterisk is the time mark
of the Last Glacial Maximum
(LGM = 27,000 YBP). The
horizontal colored bar in the
middle of each chart represent
geological time grid as white
color—Holocene epoch (up to
0.0117 MY), blue light color—
Pleistocene epoch (between
0.0117 and 1.806 MY), yel-
low color—Pliocene epoch
(between 1.806 and 5.332 MY),
and orange color—Miocene
epoch (>5.332 MY). The
Pines seed radiation molecular
markers as INDEL (top) and
nuSSR (bottom) shown average
low migration intensity of &~

10 thousand individuals per
migration wave, but the pollen
radiation marker as cpSSR
(middle) average high migra-
tion intensity of =& 50 thousand
individuals per migration wave.
The used 3 molecular markers
shown different phylogenetic
memories: longest for mt-
INDEL, following by ¢pSSR and
shorten for nuSSR. Note: The
horizontal axis for each chart is
the time by mutation rate. The
time units are different for the
different molecular markers,
respectively; average time span
for each migration wave is
different number of generations
for each chart. The result from
the middle and bottom charts
is from Naydenov et al. (2014;
2017)

of 300 thousand years for each wave 5.5, 8.8 Ma (both in the
late Miocene) and 19.5 Ma (early Miocene). A similar con-
clusion was reached for the historical European black pine
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migration route in the southern Alps from the W-Balkan
Peninsula to Italy 10.8 and 6.6 Ma (both in the late Miocene:
Appendix Fig. 1S/3). The historical P. nigra migration route
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in the Southern Alps detected here was also reported in our
previous publication based on 13 chloroplast SSR markers
(Naydenov et al. 2016, 2017). For more information about
paleoclimatology dynamics and forest tree migration, please
see Appendix: Box-3. We speculate that early Miocene east-
ern migration waves from W France to the W-Balkan Penin-
sula were the result of the humidity attraction power of the
Western Tethys and Para-Tethys Oceans. This migration ten-
dency changed from the late Miocene to the present day due
to the western migration tendency that occurred as frequent
low-intensity migration waves. This scenario was the result
of decreases in humidity attraction power generated from
the Western Tethys and Para-Tethys Oceans in the past and
the continental climatic conditions in Eastern Europe. The
observed northern migration tendency in Asia Minor, i.e.,
from Central Turkey to northern Turkey, and in the Russian
population also result from the humidity attraction power of
the Black Sea currently and Para-Tethys Oceans in the past.
Similar humidity forward migration with constant direction
and low intensity in large geographic regions from Eastern
and Southern Europe has been reported for multiple spe-
cies, such as plants and animals (Petit et al. 2002; Margi
et al. 2006; Sommer et al. 2008; Hewitt 2011). We speculate
that this phenomenon is the result of the humidity attraction
power from large sources such as oceans and seas. At the
ecosystem level, animal migration is secondary and depends
on the plant migration pattern.

Eastern European region: In Eastern Europe and Asia
Minor, tectonic history is more complicated and is related to
the collisions between the African, Euro-Asian and Arabic
Plates; the history of the Western Tethys and Para-Tethys
Oceans; the Caspian Depression; the Black, Pannonia and
Sarmatia Seas; and orogenic history for all mountains in
this region. In this region, paleobotanical artifacts are not
well studied, but the region is considered to have a hetero-
genic topography with large variations in paleoaltitude (van
Hinsbergen et al. 2020). Simulated paleomaps from different
tectonic periods were presented in our previous publications
on black pine phylogeographic structure inferred by chloro-
plast SSR variations for the same populations by the same
authors (Naydenov et al. 2016/Fig. 4; Naydenov et al. 2017/
Fig. 3 and Appendix: Fig. 2S, 3S).

It is interesting that large historical migration waves from
the Balkan Peninsula to the Crimean Peninsula for P. nigra
have the same timing as historical P. sylvestris migration
waves from the Balkan Peninsula to the European part of
Russia, i.e., approximately 10 Ma (Appendix Fig. 1S/9 and
Fig. 2S /1). In comparison with European black pine, Scotch
pine fits the concept of macrolong-term refugia combined
with interglacial refugia less. Naydenov et al. (2007) previ-
ously described scenarios of historical Scotch pine migra-
tion from the Balkan Peninsula as revealed by mitochon-
drial DNA variation, but time must be shifted to the late
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Miocene (i.e., 9.5 Ma) and not the last glacial maximum
(LGM: 26-8 thousand years ago). Similar suggestions were
proposed by Vidiakin et al. (2012), and the present results
agree that only SNPs from mitochondrial DNA can refer to
the LGM, as discussed above. Historical northern radiation
of P. sylvestris was the result of the disappearance of the
Para-Tethys Ocean. The ancestors of this tree species were
part of the mountain flora associated with deep-time paleo-
topographical structure from the Atlas Mountains through
the Alps, Carpathians, Balkan Peninsula, Asia Minor, Cau-
casia, Alborz Mountains and Hindu Kush to the Himala-
yan Mountain complex. The low variation in Scotch pine at
NAD7-intronl suggests that its ancestors underwent parallel
evolution in very large geographic regions. The seed migra-
tion of both Pinus species studied in this manuscript is very
slow, probably less than 50 m per generation under favorable
ecological conditions, i.e., 1.3—1.4 M years for a maximum
migration of one thousand kilometers; or one million years
for a migration distance of 710765 km. A similar migration
speed was calculated for Pinus pinaster in the western part
of the Mediterranean Basin (Naydenov et al. 2014).

Speciation hypothesis

According to classical genetics, migration is opposite to
speciation. High migration erodes population structure and
homogenizes opposite forces. The final result will be that
the general speciation process will be slowed, preventing the
majority of isolation mechanisms, bottlenecks with founder
effects and other processes. For both species in this study, it
is very important to examine and speculate which evolution
and speciation models are more appropriate using data on
historical migration patterns, species biology and phyloge-
ography and their spatial geographic structure. We believe
that the species biology of currently existing P. nigra and
P. sylvestris is similar to that of their ancestors from 10 to
15 Ma.

Pinus Nigra—FEuropean black pine slowly migrates by
seeds, generally in the altitudinal direction in the same
region and very rarely over long distances between regions.
This species is best represented by Stewart et al.’s (2010)
concept of macrolong-term refugia combined with inter-
glacial refugia. Speciation as a multilevel effect at the
population level from the interaction of natural selection,
hitchhiking, drift and reproductive isolation is presented in
principal evolution models as follows: (1) cladogenesis or
(2) anagenesis (Cook 1906, 1908; Howard and Berlocher,
1998; Via 2009). We believe that both evolution within line-
ages and evolution by the splitting of lineages could persist
in species history at different times, in different places and
for different molecular markers. At the micro- and macro-
evolution levels, principal speciation methods are known
as phyletic gradualism and punctuated equilibrium, and the
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mixed method is called punctuated gradualism. Morphogen-
esis and advanced large genomic analyses have shown for a
large portion of organisms the presence of all evolutionary
scenarios together, as described by Ricklefs (1980), Alters
(1994), von Vaupel (1994), Hunt (2008), Landis and Schrai-
ber (2017). The evolution model can be studied by in-silico
simulation analysis and large-scale black pine genomic data.
Additionally, the P. nigra results have shown that the princi-
pal geographic and ecological models of speciation, such as
allopatric (vicariance), peripatric, parapatric and sympatric
models, exist for each natural population in different his-
torical periods, different sequences of mixing and different
geographic regions. For P. nigra, it will be particularly inter-
esting to determine the different evolutionary mechanisms
of speciation between the central and peripheral populations
under the different peripatric speciation model variants often
reported for plants, such as centrifugal speciation, centrip-
etal speciation, budding speciation and quantum speciation.
Detailed descriptions of peripatric speciation model vari-
ants with multiple empirical examples of plant speciation
worldwide have been published (Mayr 1954; Brown 1957,
Grant 1971; Greenbaum et al. 1978; Futuyma 1989; Briggs
2000; Gavrilets et al. 2000; Gottlieb 2003; Howard 2003;
Bowen 2010; Crawford 2010; Anacker and Strauss, 2013).
The multiple historic symmetric black pine migration sig-
nals detected here support the existence of the abovemen-
tioned peripatric speciation model variants. It is well known
from Schmalhausen's law (1949) that central and marginal
populations have different tolerance limits, i.e., "a popula-
tion at its limit of tolerance in one aspect is vulnerable to
small differences in any other aspect". At the molecular
level, Schmalhausen's adaptive evolution is governed by the
quantity and level of deleterious mutation load. For marginal
populations, the significant cost of a deleterious mutation
load will restrict the number of functional loci (i.e., DNA
sequences responsible for adaptive advantage) and generally
will increase the selection pressure on each functional locus
(i.e., locus under selection). If a forest tree is outside the
physiological/biological limit of its existence, then the selec-
tion cost will cause the population to decline in fitness and
become extinct. This scenario is very important for practical
forest tree management and conservation recommendations
for reproductive material transfer zone delimitation (which
will be discussed in the next manuscript).

The multiple phenotypically different subspecies and
varieties of European black pine are ideal for generally
testing the many existing speciation concepts from the per-
spective of microevolution (Fukarek 1958a,b; Kostov 1974;
Mihailov 1993, 1998; Bojovic 1995). For example, the long-
term presence of phenotypic and genotypic variants in the
same population is an indication of the possible presence
of reproductive isolation described as the Wallace effect,
which evolved later as the Bateson-Dobzhansky-Muller

model in species evolution and speciation (Wallace 1889;
Bateson 1909; Dobzhansky 1934, 1937; Orr 1996; Garvi-
lets 2004). This theoretical phenomenon is essential to the
existence of sexual selection, or for postzygotic isolation by
epistatic gene interactions and or reinforcement [R-14]. We
speculate that for P. nigra, selection against hybrids between
subspecies and variations exists. This reinforcement pro-
cess is currently reported for observed Drosophila hybrids
in the late stage of speciation to be driven by a few genes
causing reproductive isolation (Phadnis and Orr, 2009). At
the population level, reinforcement will produce a disrup-
tive selection pattern, which is a strong fixation signal (F
significant); i.e., this process is bimodal for small popula-
tions or polymodal phenotypic and genotype distribution
for large populations and meta-populations. According to
Vidakovic (1974, 1991), Dobrinov et al. (1982), Dobrinov
(1983), Alexandrov et al. (1988), European black pine has
long existed in large geographic areas with more than 11-12
subspecies and more than 21-22 varieties, and some of them
retain ancestral morphological traits. For conservation genet-
ics, their presence in natural populations must be considered
an evolutionarily significant unit (ESU). The existence of
these taxa must occur because of reinforcement. The process
must be predated by the significant accumulation of silent
mutations (and/or regulatory gene modifications).

Another possible speciation mode for P. nigra is allopa-
try, where geographic isolation is essential, which is true
for the P. nigra from northern Turkey and western Greece
in our manuscript. The principal difference between sym-
patric speciation and allopatric speciation is the degree of
spatial segregation, i.e., from zero to low landscape overlap
between diverging populations. Both speciation modes seem
to be more likely in areas with mountain topography for
the natural distributions of P. nigra and P. sylvestris. In this
region, interesting varieties living in very close areas and
in areas that differ in their soil, bedrock, pH and hydrologic
conditions have also been reported, which could indicate
sympatric speciation and allopatric speciation. If the varie-
ties are fixed in terms of morphological differences, then we
could interpret them as an early step toward the emergence
of a new subspecies. Under parapatric speciation, the level
of spatial segregation is moderate to high and is probably
more likely in the lowland areas of the natural distribution
of Scotch pine (which will be discussed below).

The rate of speciation over geological time is under inten-
sive scientific debate. The principal speciation rate trends
are phyletic gradualism and punctuated equilibrium (Gould
and Eldredge, 1977). The strong fragmentation of P. nigra’s
natural area of distribution is a predisposition for punctuated
equilibrium where the choice of mates is severely restricted.
At a mutation rate of approximately 3.6 x 1075, the time nec-
essary to fix one mitotype is a maximum of 139 thousand
generations (9.4 Ma) for INDELSs in the present publication
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according to the neutral theory of Kimura (1983). There is
a chance of surviving genetic pressures such as population
bottlenecks with founder effects, genetic drift, hitchhiking
(i.e., genetic draft) and inbreeding. Population genetic struc-
ture could be fixed with new subspecies or new variants/
varieties in small, isolated communities. At this point, stabi-
lizing selection and adaptive evolution would then facilitate
population growth (Schmalhausen 1949; Lieberman and
Dudgeon, 1996; Levit et al. 2006). For pines, genetic events
require a few thousand generations and could be different
for nuclear, chloroplast and mitochondrial DNA and differ-
ent locus types. If the restricted choice of mates is not too
strong, then the population will express evolutionary stag-
nation (Eldredge and Gould, 1972), which is different from
evolutionary stasis. Future large genomic datasets (WGA)
for P. nigra will help determine where the limit between
the principal models of evolution, phyletic gradualism and
punctuated equilibrium and the borders between the biologi-
cal (BCS) and phylogenetic (PSC) concepts of the species
exist. Detailed descriptions of the BCS and PCS are pro-
vided in many scientific papers, from the modern evolution-
ary synthesis of species concepts in Dobzhansky (1934) and
Mayr (1942) to present-day concepts (Ghiselin 1974; Mallet
2001; Pigliucci 2003). These works are known as essential
parts of contemporary neo-Darwinism and post-Darwinism
theory (Levit et al. 2006). It is important to know that the
species definition is too multidimensional to be presented
by a single concept. The difference between the two most
popular species concept as PSC and BCS is the degree of
reproductive compatibility. In summary, DNA evolution
models, such as JC69, K80, F81, K81, HKY8S5, GTR, T92
and TNO93, have been developed over the past half century
by Jukes and Cantor (1969), Kimura (1980, 1981), Felsen-
stein, (1981), Hasegava et al. (1985), Tavare (1986), Tamura
(1992), Tamura and Nei (1993) to explore the phylogenetic
species concept (PSC). Generally, phylogenetic analysis is
based on cladistics, which groups organisms based on the
most recent common ancestor (not guaranty for reproductive
compatibility); and is performed at the genus and subgenus
levels from a very restricted sample size (Wang et al. 1999;
Gernandt et al. 2005). The genetic species concept or bio-
logical species concept (BSC) defines species as a group
of organisms or a population—i.e., group of reproductive
compatible individuals (Mayr 1942). Genetic population
analysis uses species genetically compatible and able to
interbreed but are genetically isolated from other groups.
Here sexually reproducing organisms exist in more or less
distinct phenotypic and genetic clusters. The BSC effect of
sexual reproduction on the dynamics of natural selection is
essential for conservations and management of forest genetic
resources than PSC [R-11].

For speciation, in comparison with those with low muta-
tion rates, genetic variants with high mutation rates, such as

@ Springer

SNPs and point mutations (i.e., single nucleotide polymor-
phisms), are more sensitive, and they are often negative and
have small global contributions to species phylogenetic rela-
tionships and evolution. The European black pine genome
is rich in chromosomal aberrations, such as translocations
and rearrangements, as reported based on Giemsa band-
ing analysis (i.e., florescent in situ hybridization-FISH),
which confirms the intensive speciation process in this spe-
cies (Bogunic et al. 2010). Over the last ten years, genomic
analysis (WGA) techniques have evolved dramatically, and
FISH will serve as an additional important tool for genomic
architecture studies. We will discuss this topic in our next
manuscript.

Pinus Sylvestris—The second species, Scotch pine, has
fewer subspecies and variants than P. nigra (Vidakovic 1974,
1991; Dobrinov et al. 1982; Dobrinov 1983; Alexandrov
et al. 1988; Zhelev 1992; Zhelev et al. 1994). The natural
area of Scotch pine is divided into two main topographic
regions: mountains and lowlands. The subspecies in lowland
areas are occur in large geographic regions where repro-
ductive isolation has a small effect, and this scenario is in
contrast to that for black pine, which is generally governed
by the principal geographic and ecological models of specia-
tion, such as allopatric, peripatric, parapatric and sympatric
speciation (Stenseth and Maynard, 1984). The Scotch pine
model of evolution in this region appears to be a mix of
contrasting punctuated equilibrium and phyletic gradualism
with slow, gradual speciation (Eldredge and Gould, 1974;
Eldredge 1989). The mixed variant, known as punctuated
gradualism, consists of relative evolutionary stasis over a
considerable amount of time combined with periodic, rela-
tively rapid morphological change without lineage branching
(Williams 1992). Mechanisms often related to stasis include
stabilizing selection, Stenseth-Maynard Smith stability, nor-
malizing clade selection, habitat tracking and constraints
imposed by the nature of subdivided populations (Koeslag
1995). [R-16] Of particular interest for lowland Scotch
pine is parapatric speciation and its variations, such as cli-
nal (ecological gradient), stepping-stone (discrete popula-
tions), para-allopatric and stasipatric speciation. Parapatric
speciation and its variants have principal characteristics of
phenotype- and genotype-selective gradients, reproductive
isolation, divergent selection, nonrandom mating, unequal
gene flow and populations in continuous or less fragmented
geographic and climatic ranges. Detailed descriptions of the
abovementioned variations with multiple empirical exam-
ples are provided by Balkau and Feldman (1973), Caisse
and Antonovics (1978), White (1978), Barton and Hewitt
(1989), Bromham and Cardillo (2003), Doebeli and Dieck-
mann (2003), Coyne and Orr (2004), Polechova and Barton
(2005). The multiple subspecies and variants indicate that
the extreme variant of the phyletic gradualism model of evo-
lution by chronospecies is probably impossible or time- and
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space-restricted for P. nigra and P. sylvestris. A long-lived
historically monotypic species is an example of a chronospe-
cies, which is derived from a sequential development pat-
tern. For example, some living fossils, such as Gingko biloba
(Ginkgoaceae family), lost their known sister species, such
as G. yimaensis, G. apodes, G. adiantoides and G. cranei,
from the late Cretaceous to Miocene epochs (Begovic 2011).
The botanical synonymous used are unispecific or mono-
specific species that involve continual and uniform changes
from an extinct ancestral form at an evolutionary timescale.

P. sylvestris has great abilities to adapt and evolve
depending on environmental circumstances. In mountain-
ous regions, generally in southern Europe and Asia Minor,
Scotch pine developed fewer subspecies and varieties than
P. nigra (Vidakovic 1974, 1991; Dobrinov et al. 1982;
Dobrinov 1983; Alexandrov et al. 1988). The evolution and
speciation of mountain Scotch pine are similar to those of
P. nigra but occurred at a slow speed and low intensity with
a phenotypic effect and different sub-species extinction bal-
ance [R-13]. The combination of phenotypic richness and
phylogeography is a very good indicator of the evolution-
ary process due to its polygenetic control and long phylo-
genetic memory. The results obtained with single genetic
variations must be interpreted with caution, especially those
from molecular markers with a low mutation range (n.b.:
not low rates), such as SNPs and point mutations (i.e., with
a high mutation frequency). Single nucleotide polymor-
phisms often show punctuated equilibrium and often have
negative fitness and adaptation with a low chance of sur-
viving adaptive selection to the next few generations (i.e.,
short phylogenetic memory). Empirical results in support
of our hypothesis include the results for cancer reported by
Cross et al. (2016), Notta et al. (2016), Sato et al. (2016),
Graham and Sottoriva (2017). Generally, at the molecular
level, INDELs (as used in this study), inversions, transloca-
tions and other markers have a high mutation range and more
often have positive fitness and a long phylogenetic memory
(Fitch 1971; Drake et al. 1998; Papadopoulos et al. 1999;
Penny et al. 2001; Ota and Penny, 2003). This hypothesis
has been supported by multiple phylogenetic and phylo-
geographic analyses of a large number of species in the last
25 years. The molecular markers used here (i.e., INDELS)
are not exactly equivalent to morphological data but are very
good indicators of historical migration patterns, phyloge-
ography, speciation models and evolutionary tendencies at
a large geological timescale. We speculate that the balance
between the different evolution models (and speciation mod-
els) strongly depends on the molecular markers used, espe-
cially the mutation rate category (i.e., mutation range) and
DNA sources at the molecular level. We will present in the
next manuscript our complete and detailed concept of muta-
tion rate variability and molecular evolution.

Additionally, the different numbers of subspecies, varie-
ties and variants between the two species are a very good
example of the theory of variable speedism from the large
number of modern syntheses of evolution (Darwin 1859,
1972; Futuyma 2005; Levit et al. 2006). Variable speedism
could involve discrete variable speedists and continuously
variable speedists according to Dawkins (1996). This con-
cept was very important to molecular clock theory devel-
opment (Bromham and Penny, 2003). In the mountainous
areas of natural Scotch pine distribution, Scotch pine num-
bers of subspecies and varieties are not as high as those
of European black pine. The number of subspecies and
varieties is an indicator of an initial step of speciation than
an adaptive radiation [R-12]. A detailed analysis of which
evolution model and speciation model are active in specific
populations and their historical fluctuations is possible with
intensive sampling efforts (i.e., a large sample size), large
genomic analysis and forward- and backward in-silico simu-
lations. In particular, forward and backward in-silico simula-
tions could reveal the interaction between different genetic
factors and their impact on evolution and speciation over
large periods of time, which is currently impossible with
available empirical data.

All evolution models, such as punctuated equilibrium,
phyletic gradualism, stasis and punctuated equilibria, have
resulted from the development of morphological evolution
theory over the last two centuries, generally using paleo-
ontological records. Evolution model definitions were ini-
tially developed based on biogeographical categories with
strict geographic concepts. Later, evolution model defini-
tions were developed with population genetic categories and
concepts, including the fitness landscape, fixing, inbreed-
ing, drift, draft and reproductive isolation. We attempted to
connect the existing theoretical development of evolution
and speciation to both species (P. nigra and P. sylvestris)
by obtaining empirical data. Abundant empirical evidence
has been accumulated over time for all forms of evolution
models (Campbell 1990; Erwin and Anstey, 1995; Futuyma
2005; McCarthy and Rubridge, 2005; Benton and David,
2009; Bomfleur et al. 2014). The great discussion between
scientists has been about the credibility of the fossil record,
intermediate forms (known as Darwin's dilemma) and mor-
phogenesis (Wyles et al. 1983; Bromham et al. 1998, 1999,
2002; Valentine et al. 1999; Smith and Peterson, 2002).
For a more detailed description of the palynological pollen
records and historical forest tree distribution and migration,
see Appendix Box-3. We believe that at morphological stasis
or near stasis, genetic change and evolution between one
generation and the next are permanent. The accumulation of
a critical quantity of silent mutation changes (and/or regula-
tory gene modifications) could act as a turn-on mechanism
for morphological change. For this reason, molecular analy-
sis is important for conservation genetics and biology.
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Conclusions
Practical forest recommendations

The combination of mitotype diversity, effective radius of
seed distribution, species biology and effective popula-
tion size data allows us to propose initial minimal size of
protected area for a relatively good forest tree density at
reproductive age (density management diagram). However,
nonfavorable soil conditions and humidity may increase
this initial minimal size of protected area. The forest den-
sity changes with average ages of trees. In this case, the
management of protected areas must include reforestation
(natural or artificial) each 20 years with the seed from same
sources. This dynamic strategy for sustainable forest genetic
resource management ensures protected area with different
age’s class, density and succession pattern. Additional ques-
tions as interaction protected area vs management area, and
anthropogenic movement of germplasm—i.e., effect of intro-
duced provenance is very interesting and important. Here,
the effective radius of pollen distribution could be a good
indicator to determine the minimum physical distance to
prevent a protected area from genetic contamination and will
be discussed in next manuscript for the multilevel dynamic
seed transfer zone [R-18].

Based on the possible speciation model discussed for both
pine species, the comparative phylogeography, the compara-
tive historical migration pattern and the large bibliography
of the subspecies and varieties available at present, for for-
estry conservation and management biodiversity programs,
we suggest following practical recommendations:

a.For distinct subspecies and varieties, it is necessary to
determine their areas of natural distribution and their eco-
logical specificity and then map these areas across large geo-
graphic regions to avoid the limitations imposed by admin-
istrative and political issues.

b.For P. nigra, protected areas should be encompass mod-
erate to large areas (i.e., preferably more than 3 ha) in mixed
ecosystem compositions, be established in middle and high
altitudes across its local natural distribution, and include
adequate protection from forest fire and illegal harvesting.

c.For P. sylvestris, protected areas should maintain the
population, be less fragmented (i.e., preferably more than
5 ha), be established in the middle and high altitudinal range
of its local natural distribution, and include adequate protec-
tion from forest fire and illegal harvesting.

d.Protected areas must be established after forest structure
degradation, forest fire, recovery from illegal harvesting and
insect/illness issues with cyclic reforestation (preferably)
using reproductive material from the same natural origin.
Using different age classes of principal forest trees in pro-
tected areas is important for ensuring natural stepping-stone
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succession patterns in ecosystems and the integration of all
components (biotic and a-biotic).

e.For conservation and management biodiversity pro-
grams, peripheral natural populations must be better sup-
ported and monitored.

Molecular biology specificity

From the results obtained here for both pines, we confirmed
the following:

(1) Historical migration inferred by mitochondrial DNA
(INDELs) revealed the migration pattern from the Pli-
ocene-Miocene epoch that was more closely related to
local tectonic history over large geological time than
to large-scale climatic change; historical migration
inferred by chloroplast DNA (SSRs) revealed the migra-
tion pattern from the Pleistocene-Pliocene epoch that
was related to tectonic history and climatic change.

(2) Historical migration waves inferred by mitochondrial
DNA (INDELs) had a lower frequency, speed and
intensity than those inferred from chloroplast DNA
(SSRs), and the effective population sizes from migra-
tion waves were not proportional to the migration wave
census population sizes.

(3) Speciation speed was different between the species
P. nigra and P. sylvestris; speciation frequency at the
molecular level was different among locus types and
DNA types; and speciation speed depended on evolu-
tion mode, speciation mode, selection mode and spe-
cies biology, among other factors;

(4) Effective population sizes inferred by mitochondrial
DNA (INDELs) were small compared to those inferred
by chloroplast DNA (SSRs); the time needed to fix one
positive genetic change was greater for mitochondrial
DNA (INDELs) than for chloroplast DNA (SSRs).

(5) Species evolution involves the mixing of different
speciation modes rather than only one mode, and one
speciation mode has different results/effects on differ-
ent DNA types (e.g., mitochondrial vs. chloroplast vs.
nuclear DNA).

(6) The misbalance between different meta-population cen-
sus size contributions versus effective population size
contributions for asymmetric migration patterns was
the result of different genotypes (and subphylogenetic
lines) responding to selection pressure and adaptive
evolution.
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tary material available at https://doi.org/10.1007/s10342-022-01513-0.
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