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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

@ Springer

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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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 s