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Abstract In the present study, we investigated the ge-

netic structure and diversity of P. nigra populations in

Bulgaria, using simple sequence nuclear repeats. Among-

population structure was studied with distance and Baye-

sian frequency methods, assuming geometric distance and

a ‘‘non-admixture’’ model. The ‘‘NJ’’ and ‘‘non-admixture’’

clusters confirm the ‘‘mountain effect’’ hypothesis of the

black pine genetic structure in the study region. The ana-

lyses showed moderate among-population divergence

(13.31 %; AMOVA) and evidence of genetic bottlenecks.

The coalescent analyses suggest that P. nigra has survived

for a long period (thousands of generations) under strong

selection pressure and that its populations continued to be

exposed to stochastic factors like climate fluctuation, forest

fire and disease. The combination of recent and historic

changes is responsible for the present population size and

genetic diversity. Our results suggest that conservation and

management practices should strive to maintain this ge-

netic differentiation, specifically by emphasising refor-

estation efforts with stocks from local provenances to avoid

non-local introductions.

Keywords Bottlenecks � Effective population size �
Geometric distance � Bayesian statistics � European black

pine (Pinus nigra Arn.)
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Introduction

The assessment of population genetic diversity is important

for building the strategy for the conservation of threatened

and endangered species. The significant reduction in the

genetic diversity for species with a widespread distribution

and high commercial pressure is often underestimated. The

importance of maintaining a high level of genetic diversity

for populations in constant anthropogenic and ecological

pressures has long been debated (Lehman 1998). While it is

well known that genetic diversity is important for adapta-

tion and speciation, it is less evident that how low diversity,

as detected by molecular loci, impacts upon the capacity of

populations to survive in the long term (Willi et al. 2006;

Pertoldi et al. 2007). The limits of population diversity

depend on many factors, such as fluctuation in population

size and structure at the meta- and regional geographic

levels (Pimm et al. 1989; Hedrick 1996). The recent and

severe reduction in population sizes in general may have

caused the loss a significant level of genetic diversity due

to drift and inbreeding depression. The management and

conservation practices are therefore important to under-

stand how the populations can adapt to a reduction in size

and the potential genetic consequences that it may produce.

These answers will largely depend on their history (Keller

and Waller 2002; Leberg and Firmin 2008).

Population management is important for forest tree

populations and species and is a pressing challenge. Forest

trees are the foundation of an ecosystem in which various

plants, insects and animals are closely interrelated. The

situation is particularly acute for populations from the glacial

refugium in the southern part of Europe. These populations

carry a major part of genetic diversity and are usually over-

exploited during periods of economic crisis, carrying with it

the concomitant risk of pauperisation and dramatic extinc-

tion. The European black pine (genus Pinus; P. nigra Arn.) in

the Balkan Peninsula falls into this category. The privatisa-

tion of forest land in the last 20 years has caused a severe

decline in some populations where European black pine

grows naturally. This pine has been one of the major species

used for reforestation in sub-Mediterranean region. It ex-

hibits high phenotypic variability in terms of its morpho-

logical, anatomical and physiological characteristics

(Vidakovic 1974, 1991; Scaltsoyiannes et al. 1994a, b).

In a previous study, we investigated chloroplast diver-

sity and terpene content in P. nigra provenance tests in

Bulgaria (Naydenov et al. 2006): it was the first study of

chloroplast DNA variations for European black pine.

Variation in cpSSR (chloroplast simple sequence repeats)

separated P. nigra into four groups, and the pattern of inter-

population variability suggested that provenances from the

Eastern Rhodope, Sr. Gora (Sredna Gora) and St. Planina

(Stara Planina) Mountains have a common postglacial

migration history different from that of other provenances.

We were also able to distinguish four groups in Bulgaria,

using terpene analysis. The two principal differences be-

tween the results of cpSSR and terpene analyses, in relation

to among-population variability, are (1) divergence be-

tween marginal populations and (2) group fragmentation in

the Rhodope/Pirin region. The discrepancy in among-

population structure revealed between terpene and cpSSR

analysis in the same area is perhaps a result of more

complicated and different migration history of pollen vs

seed and different patterns of heredity in used markers.

Further studies should be completed to ensure that the

genetic structure of P. nigra is understood throughout

Bulgaria, so that continental planting can be undertaken in

a way that ensures continuity of genetic structure and di-

versity of this species.

We investigated genetic variations at 12 nuclear mi-

crosatellite loci among nine populations from provenance

tests that had been gathered 30 years ago in Bulgaria. The

first hypothesis suggests that it is possible to demonstrate

the mountain origin—‘‘mountain effect’’ from its popula-

tion structure, i.e. ‘‘mountain effect’’. This is a term de-

scribing the distinct genetic structure specific for each

mountain. It was only possible to observe the recent re-

duction in effective population size for the second hy-

pothesis. We were seeking to find out whether the level of

diversity is due to recent or to more historic changes in

population size. The results from this study are the first,

according to our knowledge, and they have important im-

plications for the utility of provenance tests of forest trees

and for conservation and management practices in

Bulgaria.

Materials and methods

Plant material

The plant material consisted of different populations: three

populations are from the Rhodope Mountains/S–W Bul-

garia (Pops-A, C and D); and one each from the Rila/S–W

Bulgaria (Pop-B), St. Planina/Central Bulgaria (Pop-E), Sr.

Gora/Central Bulgaria (Pop-F), Slavianka/S–W Bulgaria

(Pop-G), Pirin/S–W Bulgaria (Pop-H) and Osogovo/W

Bulgaria (Pop-I) ranges. A total of 324 trees from the nine

populations (36 9 9) represented a very intensive sampling

effort for the natural distribution of P. nigra over a region

covering more than 44,000 km2 and a typical altitudinal

range of 600–1100 m (Table 1; Fig. 1). The collected

seeds were individually separated and placed in Petri

dishes at 26 �C and under a 14-h light regime for 2 days.
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Table 1 Studied Bulgarian populations of Pinus nigra Arn., along with details on genetic diversity

Populationsa/Name

(part of the country)

Mountains

(portion)

Lat.(N)/

Long.(E)

Alt.(m) He Uh Aa Ae Apa Alca

(B25 %) (B50 %)

Pop-A/Raven (S–C) Rhodopes (E) 41�300/25�400 700 52.62

(4.73)

0.54

(0.02)

3.78

(0.16)

2.94

(0.11)

0.33

(0.05)

0.21

(0.03)

0.70

(0.08)

Pop-B/Belovo (S–C) Rila (NE) 42�200/24�000 700 54.81

(3.22)

0.59

(0.01)

4.28

(0.06)

2.63

(0.08)

0.83

(0.08)

0.33

(0.03)

0.61

(0.06)

Pop-C/Sarnica (S–W) Rhodopes (W) 41�400/24�000 1000 60.31

(3.02)

0.62

(0.01)

5.06

(0.14)

2.88

(0.09)

– 0.33

(0.03)

1.22

(0.07)

Pop-D/Momchilovci S–W) Rhodopes (C) 41�400/24�500 1100 49.99

(4.70)

0.52

(0.02)

3.45

(0.13)

2.76

(0.10)

– – 0.37

(0.06)

Pop-E/Chipca (C) St. Planina (S–C) 42�400/25�200 1000 33.24

(3.98)

0.34

(0.02)

3.72

(0.16)

2.04

(0.08)

0.33

(0.03)

0.17

(0.02)

0.55

(0.06)

Pop-F/Ch. Danovo (C) Sr. Gora (C) 42�400/24�400 600 43.97

(4.16)

0.45

(0.01)

3.34

(0.09)

2.10

(0.08)

0.33

(0.05)

0.21

(0.03)

0.68

(0.07)

Pop-G/Katunci (S–W) Slavianka (N) 41�200/23�400 800 58.37

(2.24)

0.60

(0.01)

4.27

(0.13)

2.64

(0.06)

– 0.17

(0.02)

0.72

(0.04)

Pop-H/Dobrinishte (S–W) Pirin (NE) 41�500/23�300 800 52.08

(4.62)

0.54

(0.02)

4.06

(0.18)

3.05

(0.13)

0.33

(0.03)

0.17

(0.03)

1.05

(0.08)

Pop-I/Gabra (W) Osogovo (E) 42�100/22�500 1000 31.69

(4.52)

0.33

(0.02)

2.56

(0.09)

1.78

(0.07)

– – 0.36

(0.04)

Mean 855 48.56

(3.42)

0.50

(0.04)

3.83

(0.23)

2.53

(0.15)

a All populations are approximately 22–24 years of age, 36 trees, sample size per provenance analysed, total number of analysed trees was 324

C central, W western, N northern, S southern, E eastern, He expected heterozygosity, Aa av. number of alleles per population, Uh unbiased genetic

diversity, Apa average number of private alleles, Ae effective number of alleles by Kimura and Crow (1964), Alca locally common alleles less

25 % and less 50 %, s.e. standard error is SE = SD/n0.5

75 km

Sofia

Plovdiv

Pleven Varna

Vidin Ruse

Burgas

Sliven Black Sea

Danube River

Marmara Sea

Fig. 1 Locations of the original populations of the investigated

provenances. Pop-A (Raven), Pop-C (Sarnica) and Pop-D (Mom-

chilovci) are from the Rhodope Mountain; Pop-B (Belovo) is from the

north-eastern portion of the Rila Mountain; Pop-E (Chipca) is from

the central portion of St. Planina Mountain; Pop-F (Ch. Danovo) is

from the central portion of Sr. Gora Mountain; Pop-G (Katunci) is

from the north-western portion of the Slavianka Mountain; Pop-H

(Dobrinishte) is from the north-eastern portion of the Pirin Mountain;

and Pop-I (Gabra) is from the Osogovo Mountain (left). For natural

distribution of European black pine in Bulgaria (right top) and Europe

(right bottom), please see www.euforgen.org/distribution_maps.html
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The plant material was collected for a large provenance

test following the techniques similar to those described by

Naydenov et al. (2006). Briefly, the provenance test ‘‘Si-

rakovo’’ was created 30 years ago with the seedlings from

first selection stepmother trees from different provenances.

The mother trees were chosen following the instructions of

the Forest service of Bulgaria, IUFRO, FAO and USDA as

described in Naydenov et al. (1993/1996, 2006) with a

minimum distance between each tree of 50 m. A strict

protocol concerning seed management was implemented

for a period of 5 years. This ensured that there was no

mixing of seed provenances and that they were properly

identified. The protocol was in place for the entire 5-year

period of seed collection, seedling production and prove-

nance test establishment. Each mother tree from a distinct

provenance is represented in the provenance tests by one

individual in each block of repetition. Only healthy seed-

lings were used there, i.e. without visible damage from

insect attacks or disease. No special pre-selection screen-

ings (by colour or dimension) were applied to choose

seedlings for the provenance test. In this provenance test,

we have 12 blocks of repetitions per provenance; each

block has 64 trees representing distinct mother trees from

one provenance. We sampled one block per provenance to

avoid sampling the same mother tree twice and to avoid

artificially increasing inbreeding scores by mishandling.

Healthy seeds were gathered from nine populations of P.

nigra which were situated in the continental European

climatic zone, Low Mountain sub-region of Bulgaria

(Balkan Peninsula), according to the climatic map of

Bondev (1973). From each individual, 10–20 g of seeds

was collected and stored separately in the dark at 4 �C.

Thirty-six healthy individuals that were free of disease and

insect attack were sampled from each provenance.

Nuclear DNA: laboratory methods

Total DNA was extracted from 36 trees/population using

the genomic DNA mini-preparation kit (Sigma# G2N350).

From each individual, between 10 and 12 megagameto-

phytes were used to determine its genetic profile. Geno-

typing of individuals was performed by screening for 12

nuclear primer pairs originally developed for other Pinus

species: Pde-3, Pde-5, Pde-7, PtTX-2090, PtTX-2123,

PtTX-2146, PtTX-2158, PtTX-3003, PtTX-3020, PtTX-

3025, PtTX-3030 and PtTX-3118 (Lian et al. 2000;

Auckland et al. 2002). The 25–35 ng of template DNA was

used in PCR master mix containing 50 mM Tris buffer (pH

9.0), 20 mM ammonium sulphate, 100 lg/lL gelatine, 1 %

DMSO, 50 lM of each dNTP, 100 nM of forward and

reverse primer, 0.325 U HotMasterHot Master Taq DNA

Polymerase (Eppendorf AG) and 1.5–4.0 mM MgCl2 in a

10-ll reaction volume. Loci used in this analysis were

amplified in a thermo-cycler (Perkin-Elmer 9700) under

the following protocol: initial 2.30-min Taq activation at

95 �C; 30 cycles consisting of 25-s denaturation at 94 �C,

20-s annealing temperature optimised for each primer set

and 1-min extension temperature at 72 �C; final extension

for 3.30 min at 72 �C. The PCR analysis was similar to that

in Williams et al. (2000).

After initial amplification, the PCR product was diluted

by 5–8 times. Fluorescent dye-labelled PCR products

(0.65 ll), 12 ll Hi-Di formamide (Applied Biosystems)

and internal size standard 0.36 ll TAMRA-500 (Applied

Biosystems) were denatured for 5 min at 95 �C, placed on

ice and separated by capillary electrophoresis on an Ap-

plied Biosystems Prism 310 Genetic Analyser. The data

were analysed using GenscanTM software (Applied

Biosystems), and the genotypes of the samples were in-

ferred from the individual size profiles of the nuclear DNA

markers using GeneMAPPER ver. 3.7 software (Applied

Biosystems). The MicroCHECKER ver. 2.2.3 program of

Van Oosterhout et al. (2004) was used to test for ‘‘null’’

alleles and scoring errors caused by large allele dropouts

and stutter peaks.

Nuclear DNA: statistical analysis

The respective gene diversity F- and G-statistics of Wrigth

(1965) and Nei (1975) were calculated using GENETIX

V.4.02 (Belkhir 2002), ARLEQUIN V.3.001 (Excoffier

et al. 2002) and GENALEX V.6 (Peakall and Smouse

2006). The effective number of alleles (Ae) and private al-

leles (Apa) was estimated according to Shannon (1948a, b)

and Kimura and Crow (1964). Symmetric gene flow (Nm)

was estimated as the product of the proportion of migrants

and effective population size. Estimation of Nm was based

on the fixation index Fst (Nm = (1 - Fst)/4Fst; Slatkin

1987; Slatkin and Barton 1989), which is a measure of

population differentiation based on genetic polymorphisms.

Population structure

Among-population variability was studied using both dis-

tances (1) and frequencies (2) using cluster techniques.

Generally, distance methods (1) were based on ‘‘mutation’’

and ‘‘non-mutation’’ models. The distance method

(geometric distance) has been recommended for mi-

crosatellite data and for populations under the presence of

bottleneck effects (Tekezaki and Nei 1996). To avoid

confusion, and to interpret data with caution, we opted for

the geometric distance (i.e. ‘‘non-mutation’’) models. The

calculations were performed by using R V. 2.5.1. (Ihaka

and Gentleman 1996). The confidence values for each

clade that was generated by the different clustering tech-

niques were estimated by using permutation and a
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bootstrapping approach with 103 replications (Felsenstein

1985; Raymond and Rousset 1995a; Holmes 2003). The NJ

algorithm for tree building was considered to be preferable

to the unweighted pair group method with arithmetic mean

(UPGMA) after preliminary tests using TREEFIT ver. 1

software (Rav
2 = 0.94 for Fst; Kalinowski 2009).

In the frequency (2) model-based approaches in population

genetics, we utilised the Bayesian methods. Individuals were

assigned to populations based on their multilocus genotypes

using the model implemented in STRUCTURE V.2.2

(Pritchard and Wen 2003; Falush et al. 2003). The analyses

were performed under the ‘‘non-admixture’’ model. Pre-de-

termination of the number of clusters was performed by 50

independent runs for each scenario of the number of true

clusters (K; 1–9) in our data under the following conditions:

chain length of 106 as a burn-in period, with an additional 106

for the Markov Chain Monte Carlo (MCMC) process. The

conserved true clusters were obtained by calculating the

maximal values of two coefficients: (a) the second-order rate

of change in the likelihood (DK) and (b) the logarithm of the

mean likelihood L(K), respectively, following Evanno et al.

(2005). Generally, both coefficients will show the same result

if among-population structure is not too complex. The true

cluster must show the maximum constant logarithms of

probability using data (Ln P(D)) at each interaction in the

period of analysis. Among-population structure that was de-

termined by distance and frequency methods was completed

by analysis of molecular variance (AMOVA; Excoffier et al.

1992), with the aim to determine genetic variations among

groups of populations and among populations within groups.

The Hardy–Weinberg equilibrium (HWE) was evaluat-

ed for the genotypes of 144 and 72 individuals, respec-

tively, from ‘‘Cluster-1’’ and ‘‘Cluster-2’’. These are two

genetically homogeneous regions confirmed from two

different cluster technics: distance and frequency (i.e.

Roger’s 1972 geometric distance and STRUCTURE V.2.2)

algorithms at 104 replications by Fisher’s exact test im-

plemented in the GENEPOP ver. 4 program (Raymond and

Rousset 1995b). HWE assumes that evolutionary forces

(mutation, migration and natural selection) are negligible.

The large sample size was used to avoid cumulative

‘‘sampling effects’’ introduced by sampling error (Hartl and

Clark 1997; Hedrick 2000).

Demographic history

The contemporary effective population size (Ne) for P. nigra

was estimated with summary statistics and an approximate

Bayesian computation as described by (Tallmon et al. 2004).

The method is based on simulation of a single population.

We used lower and upper bounds on the prior for Ne of 2 and

1000, respectively. Generally, estimates of Ne are typically

much lower than census size, so beforehand, we tested upper

bounds of 25,000 and 125,000 to help us in the choice of

prior to be used with the present data.

The population size fluctuations were studied by two

different model-based methods. We used Bayesian (1)

coalescent-based approach of Beaumont (1999; MSVAR

V.0.4.1.b software). This method assumed a single-step

mutation model and estimates the posterior distribution of

the rate of population change, i.e. ratio (r) between the cur-

rent effective number of chromosomes and number of

chromosomes at the time of population decline or expansion.

For declining populations, log10(r) values are \l, and for

population in expansion log10(r) is C1. We tested pre-

liminary exponential and linear models and different rect-

angular priors, but the differences were not significant, and

we conducted 10 independent tests replicating MCMC

simulations that showed more stability in the rectangular

prior (limit of -8 to 8 with the linear model). Each run was

conducted with 2 9 109 replications (105 steps by 2 9 104

thinned update). The first 10 % were discarded as burn-in,

and the remaining data were used to obtain the mode of 10, 50

and 90 % highest posterior densities (HPD) of the posterior

distributions for each parameter, using the module LOCFIT

V.2.0 of statistical package R (www.r-project.org).

The second model-based method (2) generated M-

statistics, according to Garza and Williamson (2001). M-

ratio is the ratio (M = k/r) of the number of observed al-

leles (k) to the range (r) in allele size for a sample of

microsatellite loci, which can be used to detect reductions

in effective population size. An equilibrium distribution of

Mr was simulated according to the method described in

Garza and Williamson (2001), given assumed values for

the three parameters of a two-phase mutation model

(TPM), and the calculated value is ranked relative to the

equilibrium distribution. The critical M-value (Mc) was

calculated for 104 replications of each population. The

average M-ratio (Mr), less Mc, is an indication of recent

reductions in population size (if not biased by a single

locus). This method was used as complementary to the first

method. The practical difference between them is that the

method of Beaumont (1999) covers long periods back in

time, while the Garza and Williamson (2001) method is

used only for recent population demographic events (i.e.

B4Ne). For example, Ne = 100 recent population reduction

methods as M-stat of Garza and Williamson (2001) does

not reach more of than 400 generations or about 8000 years

BP (at reproductive ages of 20 years).

Results

All the analysed nuclear microsatellite loci were poly-

morphic, and the fragment length size varied between 132

and 325 bp. Four to twelve alleles were found at each locus
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(Appendix 1). A total of 87 alleles were identified at the 12

loci. At the population level, the expected heterozygosity

(He) was lower in Pop-E and Pop-I, from the Osogovo (W

Bulgaria) and St. Planina Mountains (Central Bulgaria),

than other provinces included in this study. The average

unbiased genetic diversity (Uh) was 0.50 (Table 1). Allele

richness (Aa) and the effective number of alleles (Ae) were

much lower in the Gabra provenance (Pop-I) from Oso-

govo Mountains. Private alleles were not observed in the

four populations that were dispersed over the range of

natural distribution of Pinus nigra in S–W Bulgaria (Pops-

C, D, G and I). Two of these populations (Pop-D and I) did

not have the local common alleles (\25 %).

Population structure and migration

The neighbour-joining (NJ) geometrical distance shows the

presence of three groups. The first two Rhodopes/Slavianka

(S–W Bulgaria/‘‘Cluster-1’’: Pops-A, C, D, G) and St. Pla-

nina/Sr. Gora (Central Bulgaria/‘‘Cluster-2’’: Pop-E, F)

Mountains are well defined by bootstraps values ([50 %).

The third group (S–W Bulgaria/‘‘Cluster-3’’) is not well

supported by bootstrap values, and each population is from a

different mountain; Pop-B from Rila, Pop-H from Pirin and

Pop-I from Osogovo Mountains, respectively (Appendix 2).

The complementary analysis of Bayesian statistics gener-

ally supports the similar structure. Using STRUCTURE

V.2.2, the mean likelihood and the second-order change in the

likelihood (DK) consistently indicated the presence of four

clusters in our allelic frequency data (data not shown). The

average proportion of membership for each population ranged

between 0.331 and 0.525 (Fst = 0.223). This is a result of the

relatively large effective population size (Ne & 686) and very

intensive sampling effort in such a relatively small area (about

44,000 km2; Fig. 1). The ‘‘non-admixing’’ cluster makes

clades for each principal mountain regions (Fig. 2). ‘‘Cluster-

1’’ includes the Mountains Rhodopes and Slavianka (S–W

Bulgaria); ‘‘Cluster-2’’ St. Planina and Sr. Gora (Central

Bulgaria); ‘‘Cluster-3a’’ Pirin; and ‘‘Cluster-3b’’ Rila and

Osogovo (S–W Bulgaria). The significant conformity with

HWE (p\ 0.004), as shown by Fisher’s exact test, suggested

that random mating occurred between individuals in each of

the two European black pine formations, i.e. ‘‘Cluster-1’’ and

‘‘Cluster-2’’ (data not shown). AMOVA showed an among-

population variability of 13.31 %, which was similar to the Gst

(12.51 %). AMOVA from hierarchical clustering estimated

percentages of variation ranged between 5.58 and 8.01 %

among groups of populations, respectively, depending on the

method used. Lower among-population variability values

within groups were obtained based on the structure produced

by the Bayesian algorithm, using stochastic optimisation (data

not shown).

The number of migrants per generation, Nm that was

estimated from Fst, was 1.63, which indicated the average

Cluster Dominant Geographical region

Cluster 1.: Pops-A, C, D, and G Rhodopes and Slavianca (S-W Bulgaria)
Cluster 2.: Pops-E and F St. Planina and Sr. Gora (C Bulgaria)
Cluster 3a.: Pop-H Pirin (S-W Bulgaria)
Cluster 3b.: Pops-B and I Rila and Osogovo (S-W, W Bulgaria)

Height (x-10)

3a

2

1 3b
22

20

18

16

14

12

0.00
0.20
0.40
0.60

0.80
1.00

Fig. 2 Membership of individuals from the nine populations to the

four clusters (K = 4) determined by the STRUCTURE V.2.2 model

for correlated allele frequencies with ‘‘non-admixture’’. The bar graph

shows the membership to each cluster (each colour corresponds to a

different cluster). The analysis was performed by pooling all

genotypes without initial population labelling (i.e. non pre-deter-

mined number of clusters). The values of Fst for each cluster at each

interaction and allele-frequency divergence among four clusters. The

average Fst = 0.223, the average expected heterozygosity

HE = 614.46
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symmetric gene flow. The P. nigra among-population

variability in Bulgaria is highest in that obtained in Asia

Minor (Turkey) and lowest from the extreme western part

(Spain and Morocco) of its distribution (Cengel et al. 2012;

Rubio-Moraga et al. 2012).

Contemporary effective population size

and demographic history

Estimates of contemporary effective population size (Ne)

for the European black pine were 686.0 (median) for the

upper prior 1000 and a confidence limit of 95 % (CL

191.1–10,212.1). The obtained average values of Ne were

therefore used for determining the timing of population

decline log10(tf), from method of Beaumont (1999).

The result of Bayesian coalescent-based approach

strongly supports the outcome that the population size

declined by 90, 50 and 10 % HPD for log10(r)\ 1. The

average contemporary population is 10.5 % (at 10 % HPD)

of its historical size, suggesting a strong decline in the P.

nigra. The observed bottleneck occurred many generations

in the past given the posterior distribution for log10(tf) =

2.40 (at 10 % HPD; Table 2; Fig. 3). The average mode of

log10(tf) indicates that decline had stopped since ?2.19

values for all populations studied (at 10 % HPD).

The complementary tests through M-stat support the

hypothesis of a recent bottleneck. The average M-ratios

(0.443) that were calculated for all loci were below the

threshold Mc (0.68) according to our estimates, and for the

critical M (Mc) for Black pine, ratios are similar to that

obtained by Garza and Williamson (2001; mean = 0.684

and 0.664 for IAM and SMM, respectively. The M-stat

shows a bottleneck less 4Ne generation BP, i.e. 2744 gen-

erations (at Ne = 686.0; Table 2).

The results of both methods suggest that the European

black pine’s population sizes declined in the very, very old

pass due to non-anthropogenic activity (probably due to

speciation); after that population sizes were stable and

started to decline again in the period of human expansion

and activity (less 60,000 years BP/at 25 years per gen-

eration) in the studded region.

Discussion

Population structure

Populations among the different mountain ranges had dis-

tinctive expected heterozygosity, private alleles and ef-

fective numbers of alleles. The distance methods based on

NJ geometric distances, respectively, yielded two groups

well determined for populations separated by the watershed

of Marica River, i.e. Rhodopes/Slavianka (Pops-A, C, D

and G) and Sr. Gora/St. Planina (Pops-E and F). The

Rhodopes/Slavianka population group was more homoge-

neous (AMOVA; 4.14 %) than the second ‘‘NJ cluster’’

(Pops-E, F; AMOVA; 16.1 %). The Bayesian frequency

method (‘‘non-admixing’’ cluster) confirmed ‘‘NJ cluster’’

structure and better separated populations between the

Pirin and Rila Mountains.

The among-population structure of black pine showed a

stronger ‘‘mountain effect’’ than that assessed in the previous

Table 2 Result of highest posterior densities (HPD) of the 10, 50 and

90 % posterior distribution of historical population size (Log10r) and

timing (Log10tf) of the more distant past (i.e. back in present time) at

linear model of change, performed with Bayesian coalescent-based

approach of Beaumont (1999) of historical demographic pattern; and

M-stat of Garza and Williamson (2001) of recent, i.e. up to average

2744 generations forward in time (at Ne = 686.0) population genetic

demographic history

Pop 10 % HPD 50 % HPD 90 % HPD M-stat

Log10r Log10tf Log10r Log10tf Log10r Log10tf Crit. IAM/SMM Ratio

Pop-A 23.78/23.35 1.56/1.98 24.81/22.49 0.91/2.85 26.39/21.53 0.10/4.37 0.700/0.659 0.486

Pop-B 25.71/25.17 3.70/4.11 26.71/24.26 2.91/5.05 27.74/23.23 0.18/6.05 0.670/0.667 0.278

Pop-C 22.82/22.55 1.55/1.81 24.06/22.11 1.10/2.75 26.86/21.49 0.56/5.16 0.661/0.678 0.410

Pop-D 22.90/22.35 1.31/1.81 24.15/21.39 0.52/3.13 26.21/20.98 20.73/6.38 0.693/0.673 0.514

Pop-E 23.88/23.44 2.29/2.63 25.04/22.63 1.60/3.73 26.96/21.56 0.51/6.36 0.678/0.665 0.561

Pop-F 25.10/24.62 3.38/3.81 26.14/23.70 2.57/4.74 27.47/22.57 0.52/5.94 0.689/0.659 0.405

Pop-G 25.40/24.89 3.23/3.69 26.43/23.72 2.28/4.59 27.54/22.33 0.24/5.63 0.689/0.672 0.428

Pop-H 23.47/23.00 1.25/1.62 24.47/22.22 0.58/2.57 26.21/20.92 20.29/4.45 0.678/0.647 0.450

Pop-I 23.72/23.06 1.49/2.15 25.13/21.41 0.06/3.54 26.69/20.71 21.35/6.69 0.702/0.655 0.453

Mean 24.06/23.58 2.19/2.62 25.21/22.66 1.39/3.66 26.90/21.70 20.03/5.65 0.684/0.664 0.443

The bold numbers indicate the presence of a bottleneck in the studied population

M- stat M-critical (Mc simulated at 104 replicates at Dg = 3.5 the average size of multi-step mutation and ps = 20 % the average proportion of

one-step mutation), and M-ratio, M = k/r where k is number of observed allele and r is the overall allelic size range (Garza and Williamson

2001)
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chloroplast DNA study (Naydenov et al. 2006). The differ-

ence between the present results and cpSSR was probably

caused by different migration patterns and the effective ra-

dius of dispersal of P. nigra pollen and seeds. The high

degree of topographic variability in the region is the cause of

contrasting microclimatic conditions, which have estab-

lished or increased the physiological barrier for mating be-

tween pines of different origins (Velkov et al. 1983). Studies

over the last 50 years for needles, seeds, cones, bark and

crown shape have confirmed the existence of geographic

isolation in the study region (Kostov 1974; Mihailov 1993,

1998). The association between genetic structure and geo-

graphic distance was not significant (Mantel test; data not

shown), which seems to have resulted from: (1) sufficient

effective population size and founder numbers following

glacial depression; and (2) a high level of adaptation in

contemporary areas of natural distribution (Dobrinov et al.

1982, Dobrinov 1983; Alexandrov et al. 1988). Some au-

thors have hypothesised that population differentiation in

the Balkan Peninsula is of ancient origin and reflects mul-

tiple climatic fluctuations during the Pleistocene (Stefanov

1941/1942, 1943; Fukarek 1958a, b; Mirov 1967). The es-

timated number of migrants (Nm) between populations av-

eraged 1.63, which is less than that determined by allozyme

analysis. Gene flow estimates among populations that have

been obtained from allozyme analysis have historically il-

lustrated the strong migration capacity of this species. The

estimated number of migrants varied between 1.6 and 11.1

individuals and across different European regions

(mean = 5.54; Nikolic and Tucic 1983; Scaltsoyiannes

et al. 1994a, b; Goncharenko and Silin 1997).

One possible scenario for the black pine history, sug-

gested by our data, is that climatic fluctuations limited mi-

gration of this species to individual watersheds within a

mountain range. During a cool period, contact between

different P. nigra formations that were converging towards

valley bottoms was limited by competing vegetation and the

heliotropic biology of this species. With climate warming,

altitudinal migration in the mountain slopes was easier, as P.

nigra is not limited by poor soil conditions. In the study

region altitudinal expansion was generally limited by Scots

pine (Pinus sylvestris L.), which has a biology similar to

black pine but is better adapted to high altitude. Black pine

was excluded from low elevations by species that were more

adapted to the warming (Fagus sylvatica L., Acer ssp.,

Fraxinus ssp. and Quercus spp.) and limited at higher alti-

tudes by P. sylvestris. Despite natural areas for black pine

being highly fragmented, it can survive in arid locations and

under poor soil conditions with little vegetation competition.

We have not considered the scenario that very large forest

fires created the observed patterns, as both forest fire in-

tensity and frequency are low in this region. The observed

structural pattern is probably the consequence of historical

events and the autecological characteristics of the species

and forest fires, rather than geographic distance per se.

Recently published maritime pine’s large area nDNA

analysis shows an intensive migration pattern between three

big formations in the period of LGM (10,000–25,000 YBP)

across two principal barriers: Strait of Gibraltar and Pyrenees

Mountain (Fig. 2 in Naydenov et al. 2014). The principal

formations (group of populations) are N–W Africa (Moroc-

co), Iberian Peninsulas (Spain and Portugal) and Continental

Fig. 3 Plots of 54,000 simulated points (18,000 by colour) from the

marginal posterior distribution of Log10(r) and Log10(tf) for Pop-B

(red), Pop-A (blue) and Pop-E (green) populations of European black

Pine. The solid lines give the 90, 50 and 10 % HPD limits estimated

from microsatellite data. Note that the horizontal axes Log10(r)\ 1

(and [1) indicate decline (and expansion) in population size,

respectively, but the vertical axes Log10(tf)[-1 are synonymous

to the timing of the demographic events back in time. The axis X and

axis Y are Log10(r) and Log10(tf), respectively. The pattern of Pop-G

is similar to Pop-B; the pattern of Pop-A (blue) shows four waves of

population size decline; remaining populations have similar pattern as

Pop-E, i.e. long genealogy, with strong bottleneck (Log10(r)\-1)

within very, very old population decline in red/left (Log10(tf) & 5.5

at 10 % HPD) and old population decline in green/left (Log10(tf) &
1.8 at 10 % HPD)
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France. The peaks in the figure indicate that 5–6 times natural

area of distribution was not fragmented or less fragmented

and had the ‘‘contact zones’’ between principal formations. If

we speculate that the ‘‘contact zone’’ was 100 km2 in each

region—Gibraltar strata and Pyrenees Mountains—the av-

erage inter-formation migration will be 1.3–1.6 individuals

for one square kilometre (1 km2) per generation in ‘‘contact

zone’’. We believe that inter-formation migration depended

on ‘‘contact zone’’ dimension and was not constant. Probably

inter-formation maximum migration rate did not exceed 3–5

individuals per generation, i.e. close to the reported results

for among-population migration at present day by Mariette

et al. (2001), Ribeiro et al. (2001) and Naydenov et al.

(2014). We suggest that similar to P. pinaster, in Bulgaria

European black pine’s long gene exchange little affected the

local genetic pool. This speculation is supported by the

presence of multiple natural barriers like mountains, the

Danube River, the Black sea and the Sea of Marmara. We

hope to test this hypothesis in the near future.

Demographic history

The detection of recent reductions in population size de-

pends on the biological characteristics of the species, such

as lifespan, migration rate and inbreeding tolerance, which

are factors that must be considered in both methods that

were used. For real endangered populations that have suf-

fered from demographic decline and that have short life

spans and long-distance dispersal, including some species

of insects, fish and mammals, the discovery of bottlenecks

is difficult (Whitehouse and Harley 2001; Jones et al. 2004;

Watts et al. 2004). Additional factors have been invoked to

control accuracy of bottleneck detection, including patterns

of demographic declines and past founder effects (Lippe

et al. 2006; Fave and Turgeon 2008). Fragmented

populations with small population sizes and low genetic

diversity may experience prolonged bottlenecks, which in

turn may lead to severe erosion of the gene pool.

The results based on statistically proven methods adapted

to nSSR show reductions in population size in P. sylestris, P.

halepensis and P. pinaster populations from the Mediter-

ranean region and the south-eastern Europe (Salim et al.

2010; Naydenov et al. 2011, 2014). The comparison with the

present study shows that the effective number of alleles (Ae)

and the unbiased expected heterozygosity (Uh) have lowest

values for Aleppo pine, followed by maritime pine, European

black pine and highest for Scots pine. The recent bottleneck

(M-ratio) is less pronounced for P. nigra, followed by P.

halepensis, P. sylvestris and highest for P. pinaster popula-

tions. However, the old bottleneck has lowest impact

(Log10r) for maritime pine, followed by Scots pine, European

black pine and highest for Aleppo pine populations. Fur-

thermore, the timing of the bottleneck is more recent for P.

sylvestris, followed by P. pinaster, P. nigra and least recent

for P. halepensis populations. The demographic history is

different for each species and depends on multiple factors

which are not yet well known. We speculate that: (1) for

some species rich in multiple subspecies, such as P. nigra, or

(2) having closely related species, such as P. halepensis with

its close congeners P. brutia Ten. and P. eldarica Medw.,

they have resulted from great reductions in population size

for a very, very long time.

We have used more loci and a larger sample size than

previous studies of the same species in order to minimise

the risk of size homoplasy. The presence of ‘‘null’’ alleles

and homoplasy is possible, but it has been shown that their

impact is negligible if the sample size is [30 (Krutovskii

et al. 1999; Mariette et al. 2001; Derory et al. 2002).

Conservation and management

Over the past 50 years, the Bulgarian Forest Service has

heeded recommendations that seeds of local origin be used for

reforestation, based on morphological and physiological

analyses (Dobrinov et al. 1982; Dobrinov 1983; Naydenov

et al. 2003). This policy was implemented to conserve genetic

diversity that had been previously documented in black pine,

and our results tend to support the continuation of this strategy.

However, the policy should go further and apply local seed

collection, extraction and conservation in order to avoid

mixing of the seed samples from different provinces, together

with a permanent and robust archive system where the origin

of seeds used in reforestation should be established. A large

number of seed source provenance trees should be maintained,

and these individuals must be protected from forest fire and

illegal harvesting. Furthermore, long-term planning should

include strategies for replacing old seed sources with forest

sources from the same genetic pool.

During the last half-century, a significant number of P.

nigra trees have been planted outside their natural distri-

bution area in Bulgaria. As past bottlenecks and small

founding populations of seed sources can result in exces-

sive inbreeding (Zhelev 1992; Zhelev et al. 1994), ques-

tions related to the effective population size of the

reproductive individuals should be addressed. Inbreeding

in these newly established populations would be deleteri-

ous, as it may affect individual reproductive capacity or

fitness by increasing the expression of deleterious muta-

tions. In such cases, re-introduction efforts must attempt to

reflect the genetic structure of the original population by

introducing individuals that are not too divergent. Re-in-

troduction of species through reforestation programmes is

vulnerable to outbreeding depression among individuals

with widely different genetic makeup. For future gen-

erations, the risk of affecting fitness-related traits is high.

Depending on the biology and outbreeding level of a
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particular species, two possible scenarios are possible: (1)

local extinction or (2) natural selection towards elimination

of ill-adapted genotypes in future generations, with sur-

vival of a few more vigorous hybrids. Robust molecular

analysis is therefore necessary to compare currently

established material with new reforestation projects.

In the last 20 years, economic changes in Eastern Europe

have influenced forest practices. The restitution of forestry,

in some cases, has been negative for genetic diversity con-

servation and management. Forest holders in difficult eco-

nomic situations have harvested important sources of seeds

for reforestation, without any control. This phenomenon is

more important for the black pine in region because its area

of distribution is in a region of restitution, or close to it. This

means that the natural area of the black pine is in the area

that had been returned to private owners. The second

problem is lack of adequate funding for forest protection.

Illegal harvesting in public areas, national parks and ex-

pansion of tourism over the last 20 years has also had im-

portant negative impact. The expert statements confirm that

the average annual volume of illegally logged timber for

industrial use in Bulgaria in 2003 is about 1.0 million m3.

This only includes the uncovered and recorded cases of il-

legal harvesting. The same experts affirmed that a lion’s

share of illegal activities in forests is not recorded (Kostov

et al. 2005). The analysis that we have presented here shows

the fragility of biodiversity in the region and the need for

more adequate programmes in its conservation.

Conclusion

Nuclear DNA analysis of European black pine from sam-

pling sites across Bulgaria showed a moderate level of

differentiation among populations. In our study, the

proportion of total genetic diversity that was partitioned

among populations was 13.31 %, which is a higher level of

differentiation than has been previously reported for this

species in this region based on allozyme analysis (Nay-

denov et al. 1993/1996). Gene flow was low (&1.63), and

the presence of a bottleneck was evident. Different clus-

tering methods confirmed the presence of the ‘‘mountain

effect’’ in its structure. Conservation/management efforts

are urgently required due to intensive anthropogenic pres-

sures and limited natural areas for European black pine in

the region.

The international forest tree meta-genomic projects de-

veloped in Europe (EU) such as ProCoGen, EvolTree,

TreeBreDex and NovelTree reported very good initial re-

sults over the last 5–10 years. The coniferous, especially the

Genus Pinus’s, members have the biggest genomes in the

world, and this has been the principal problem for full

genome mapping. The present results for phylogeographic

structure of P.nigra are complementary, and they would

have been very expensive and difficult to obtain other

techniques.
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Appendix 1

See Table 3.

Table 3 List of nSSR primer pairs used for European black pine

Name F-50–30 R-50–30 Number of alleles Auteura

Pde3 GTT GAT ACA ATC ATT GTT GTA ACA C CAA ATA TTT ATA TTC CCC TAC GTG 4 ¥

Pde5 AAC GCA CCT TTC TCA ATG CAC ATA AAG AGG CTA CAT GGT CCC 4 ¥

Pde7 TTG AGT GAG AGG ACT CTA GGC AGG TAG ACC CTA TGG CGG ATG 9 ¥

Pttx2090 CCC GCC TAT TCC ACC TA CTA CAC ATT TCA CCA TAA GTC C 5 $

Pttx2123 GAA GAA CCC ACA AAC ACA AG GGG CAA GAA TTC AAT GAT AA 7 $

Pttx2146 CCT GGG GAT TTG GAT TGG GTA TTT G ATA TTT TCC TTG CCC CTT CCA GAC A 12 $

Pttx2158 AAT ACA TTC CTA CAA AAC TTC T TCC CTA TAT TTG ATG CGT TGA T 6 $

Pttx3003 CAA ATC ATT TAG TAT CTC ATA TC AAA GTT CAG TCT CAG TGG AC 6 $

Pttx3020 GTC GGG GAA GTG AAA GTA CTA GGT GCA AGA AAA GAG TAT 11 $

Pttx3025 CAC GCT GTA TAA TAA CAA TCT A TTC TAT ATT CGC TTT TAG TTT C 10 $

Pttx3030 AAT GAA AGG CAA GTG TCG GAG ATG CAA GAT AAA GGA AGT T 7 $

Pttx3118 CAC GGC CCT TAG CTT TAC CTT TTC TGA TGG GGC AAC TG 6 $

a ¥ Lian et al. 2000; $ Auckland et al. 2002
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Appendix 2

The neighbour-joining (NJ) dendrogram of Rogers’s

(1972) genetic distance assumes the ‘‘non-mutation’’ model

(i.e. geometric distance). The ring on the nodes indicates

bootstrap values of C50 % at 1000 replications

(Rav
2 = 0.94 for Fst; Kalinowski 2009).
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