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Abstract

:

Small, isolated populations are more vulnerable to natural disturbances and loss of genetic diversity. Scots pine, an abundant tree species in the boreal forest of Eurasia, has a scattered natural distribution across Eastern and Southern Carpathian Mountains, where only a few relict populations still exist. We estimated genetic diversity and spatial genetic structure in Scots pine on the basis of microsatellite nuclear markers (nSSR) data. We found a relatively high level of genetic diversity (He = 0.697) within populations and no evidence of recent bottlenecks. Genetic diversity was lower in peat bog populations, as compared to populations that grow on rocky slopes or acidic soils and nutrient-poor sites. Population genetic structure was weak, and genetic discontinuities among populations were detected. Spatial genetic structure (SGS) was observed in nearly all Scots pine populations. The strength of SGS, quantified by Sp statistics, varied greatly among populations, ranging from 0.0011 to 0.0207, with an average of 0.01. Our study highlights that Eastern and Southern Carpathian populations still possess high within-population diversity in spite of the recent fragmentation and reduction of the Scots pine natural distribution range. We discuss the importance of spatial patterns of genetic diversity for developing strategies of conservation and sustainable use of Scots pine genetic resources in the Carpathian region.
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1. Introduction


Relict forest tree populations, i.e., populations that are presently confined to a small territory, but whose original distribution range was much larger in the past, may contribute substantially to the genetic diversity of a particular species [1]. Geographically isolated populations, which are located at the margins of species distribution range, may harbor rare, unique genetic variants that might be of importance for species survival under changing environmental conditions [2,3]. The genetic diversity of geographically marginal populations, which are typically small and island-like, may be reduced due to higher genetic drift, increased inbreeding, limited or lack of gene flow from other populations, and natural selection after long periods of time of survival in new ecological settings [4,5].



Spatial genetic structure (SGS) within natural tree populations derives from a series of interacting genetic and demographic processes, which may be difficult to disentangle [6,7,8]. Limited gene dispersal via pollen and seed is the prevalent cause of occurrence of SGS at a fine spatial scale or stand level. For example, a stronger SGS is expected in gravity-dispersed than in wind-dispersed tree species [9]. Wind-pollinated and wind-dispersed tree species (e.g., Aleppo pine) usually show a weak SGS [10]. The isolation by distance theory can predict patterns of SGS at the drift–dispersal equilibrium [11]. Other factors such as life stage or age, population density, spatial configuration of the population, and natural disturbances may influence SGS [9,10,12]. Substantial variation among populations within species shows the importance of local environmental factors in shaping fine-scale SGS in four Alpine conifer species [13]. The existence of significant SGS within forest tree populations may support the hypothesis of natural origin of forest stands [14]. Furthermore, forest management practices appear to have changed SGS when comparing mature managed stands with an unmanaged one in Scots pine [15].



Scots pine (Pinus sylvestris L.) is the most common Eurasian conifer species, with a distribution range that stretches from Western Europe to the Eastern parts of Siberia. It has great ecological and economic importance and is adapted to a variety of soil and climate conditions [16,17]. Scots pine is a monoecious, wind-pollinated, pioneer, and light-demanding species [18,19,20,21]. Its present distribution range is the result of recolonization events and postglacial retraction of a once larger distribution range [22,23]. Although Scots pine was very common in the Carpathian region during the last glaciation [24,25], it currently has a scattered, disjunct occurrence across Carpathian Mountains [26]. During Holocene, Scots pine showed resilience to climate variability, but low competition ability compared to other tree species [27]. As a consequence of the expansion of other tree species, the natural distribution area of Scots pine in Romania was greatly reduced, being now estimated at approximately 9000 ha [28]. In the Carpathian territory, three Scots pine ecotypes can be distinguished according to the habitat characteristics: (1) on rocky and steep mountain slopes, (2) on nutrient-poor and very acidic soils and (3) on peat bogs [28].



Molecular studies indicate relatively high levels of genetic diversity in Scots pine populations in Western and Eastern Carpathian Mountains [23,29]. The postglacial reduction and fragmentation of Scots pine natural range, which is confirmed by palynological records [30], do not seem to have affected the magnitude of genetic diversity in Scots pine. Previous studies that sampled Scots pine populations in Romania analyzed natural populations along with plantations established with material of unknown origin [29] or only natural populations located inside the arch of the Romanian Carpathians, with a strong focus on Eastern Carpathians and Apuseni Mountains [23]. Moreover, the sample size per population was relatively small (8–30, mostly 20 individuals/population) and the spatial distribution of individual trees within populations was not correlated with genetic diversity.



In this study, we (1) analyze the level and geographic distribution of nuclear genetic diversity in natural Scots pine populations located in Eastern and Southern Carpathian Mountains, and (2) assess within population spatial genetic structure (SGS) in relict populations that grow under different site conditions, from rocky slopes to peat bogs.




2. Materials and Methods


2.1. Study Populations


Eight natural populations were sampled in the highly fragmented distribution range of Scots pine in Romania (Table 1 and Figure 1a). In contrast to previous studies [23,29], more populations located in the Southern Carpathian Mountains and populations on the outward-oriented side of the Southeastern Carpathian arch were sampled. The sample size consisted of 96 adult trees per every population. The sampling scheme strongly depended on the spatial configuration of each population. Sampling along two transects disposed along a cross (two perpendicular lines) was used whenever possible. Because we did not find enough individuals to be sampled at one site, two or more subpopulations were sampled in the Retezat (S-RE) and Valea Sebesului (S-VS) populations, respectively. The distance between sampled individual trees was at least 15–20 m to minimize the possibility of sampling closely related individuals. The Scots pine populations were located in three site conditions: (i) rocks lying on steep slopes (S-RE, S-VS, S-LO, and E-CB populations); (ii) on acidic and nutrient-poor soils, in areas without rock or skeleton in the upper horizons of the soil (E-TU and E-BI populations); (iii) peat bogs (E-FB and E-PS populations). Plant material (1-year-old needles) was stored at −60 °C until DNA extraction.




2.2. DNA Extraction, Amplification, and Sizing


DNA was extracted from 20 to 25 mg of plant material using the CTAB (cetyl trimethylammonium bromide) method [27,31]. Initially, 10 nuclear microsatellites were used (SPAG 7.14, SPAC 11.4, SPAC 11.6, SPAC 11.8, SPAC 12.5 [32] psyl16, psyl17, psyl42, psyl44, and psyl57 [17]). Two multiplex reactions for the PCR amplification were performed: multiplex A—psyl16, psyl17, psyl42, psyl44, and psyl57; multiplex B—SPAG 7.14, SPAC 11.4, SPAC 11.6, SPAC 11.8, and SPAC 12.5. The PCR reaction was carried out in a total volume of 15 µL (first multiplex), containing 7.2 µL of Qiagen Multiplex PCR Master Mix 2×, 5.36 µL of primer mix, 0.34 µL of Qsolution, 0.6 µL of RNase-free water, and 1.5 µL of DNA or 10 µL (second multiplex), containing 2 µL of buffer 5× (Promega), 1 µL of MgCl2, 1.5 µL of dNTPs (deoxyribonucleotide triphosphate, Promega), 3 µL of primer mix, 0.1 µL of Taq polymerase, 0.9 µL of RNase-free water, and 2 µL of DNA.



The PCR profile consisted of 15 min of initial denaturation at 95 °C followed by 30 cycles of 1 min denaturation at 94 °C, a 30 s annealing step at 47 °C (for multiplex A) or 55 °C (multiplex B), a 1 min elongation step at 72 °C, and a 20 min final extension step at 60 °C. Amplified PCR products were diluted and were then run on a GemoneLab GeXP Genetic Analyzer and analyzed using the Frag-3 method and Size Standard 400.




2.3. Genetic Data Analysis


Micro-Checker [33] was used to test all markers for null alleles and possible scoring errors derived from large allele dropout and the presence of microsatellite stutter bands. The software indicated the presence of null alleles at high frequencies for two microsatellite markers (SPAC 11.4 and SPAC 11.6), which were excluded from further analysis. No evidence of large allele dropout or scoring of stutter peaks was found in the populations. Standard population genetic diversity indices (number of effective alleles (Na), number of effective alleles (Ne), expected heterozygosity (He), observed heterozygosity (Ho), inbreeding coefficient (FIS), and private allele number (Pa)) were calculated for each population using GenAlEx v.6.5 [34,35]. To test for differences between ecotypes one-way ANOVA was performed using the STATISTICA software v.10 [36].



To assess population genetic structure, the Bayesian clustering method implemented in Structure software v.2.3.4 [37] was used. Simulations were run for 100,000 steps following a burn-in period of 50,000 steps, considering values of k (number of clusters) from 1 to 8, with 10 replications for each value of k. The analysis was performed using an admixture, correlated allele frequencies, and no prior information on sampling location. The most likely number of clusters was assessed on the basis of log likelihoods (ln Pr(X|k)) and the Δk method of [35,38] using the STRUCTURE HARVESTER software v.0.6.94 [39].



The pairwise FST between all populations and analysis of molecular variance (AMOVA) were computed with ARLEQUIN software 3.5.2.2 [40] using 1000 permutations. BOTTLENECK software v.1.2.02 [41] was used to test for recent population bottlenecks on the basis of the stepwise mutation model (SMM) and the two-phase model (TPM). Statistical significance was determined by the sign and Wilcoxon tests with 1000 iterations.



To explore the existence and location of barriers to gene flow, the BARRIER software v.2.2 [42] was used. The software uses the Monmoniers maximum difference algorithm [43], designed to visualize on a geographic map (represented by geographical coordinates) the trend of data constrained in a matrix. A matrix of Nei’s genetic distance between all populations sampled was used. Nei’s genetic distances (DA) were calculated in MSA software [44], and 100 bootstrap replicates of the distance matrix and three barriers were used to calculate the statistical significance of the predicted barriers.




2.4. Spatial Genetic Structure (SGS)


To assess patterns of SGS within populations, a spatial autocorrelation analysis was performed using the multivariate method by [45] implemented in GenAlEx v.6.5 software [34,35]. Geographical distances between individuals within each population were calculated according to latitude and longitude coordinates recorded with GPS Garmin 62s for every sample (except for population E-CB). The range of expected genetic similarity under random association was estimated using 999 random permutations; 95% confidence intervals around each value of r were estimated using 999 bootstraps. The r-values were plotted using the option of even distance classes, and the five classes were examined by distances of 25 m. The statistic Sp = −bF/(1 − F1), using SPAGeDi v.1.5 [46], where F1 is the mean Nason’s kinship coefficient [47] between all pairs of individuals in the first distance class (0–25 m), and bF (b-log) is the slope of the regression of kinship versus the log of distance [9], was calculated. The significance of the slope of the regression analysis was determined after 10,000 permutations. Their significance was tested with a one-tailed t-test using STATISTICA software v.10 [36].





3. Results


3.1. Genetic Diversity


The eight nSSR loci were highly polymorphic in all Scots pine populations (Table 2), with the mean number of detected alleles per locus (Na) ranging from 8.750 (E-FB) to 11.750 (S-LO). The mean number of effective alleles (Ne) had the lowest values in the two peat bog populations (E-PS and E-FB). Moreover, the mean value of expected heterozygosity (He = 0.645) in peat bogs populations was significantly lower (p = 0.045) compared to the other Scots pine populations. The highest value of the expected heterozygosity (He = 0.733) was recorded in one Southern Carpathian population, which grow on rocky slopes (population S-VS). There was an excess of homozygotes across all populations (the mean value of inbreeding coefficient was 0.122) with one exception (peat bog population E-FB), in which there was a slight excess of heterozygotes (FIS = −0.046). However, FIS values were significantly different from zero in two populations only (Table 2). Most of the private alleles (16 out of 18 alleles) were observed in four populations that grow on rocky sites. Three out of these four populations were located in the Southern Carpathian Mountains (Figure 1).



Analysis of molecular variance (AMOVA) revealed that within-population variation accounted for most of the total variance (Table 3). The genetic differentiation among populations, as measured by the FST value, was 0.047. The population bottleneck analyses showed no evidence of recent genetic bottlenecks in the studied Scots pine populations.




3.2. Population Genetic Structure


A two-cluster structure had the strongest statistical support in our sample (Figure 1b and Figure S1, Supplementary Materials). The highest value of Δk statistics (19.9) was obtained for k = 2 (Figure S1, Supplementary Materials). Two Scots pine populations located on the outward-oriented side of the Southeastern Carpathian arch (E-BI and E-TU) showed the highest membership values in one of the two genetic clusters (in green color in Figure 1). In contrast, the two peat bog populations (E-FB and E-PS) and one Southern Carpathian population located on rocky slopes (S-VS) showed a higher membership in the second genetic cluster (in red color in Figure 1). The other three populations were very admixed. However, when having three genetic clusters (k = 3), the two peat bog Eastern Carpathian populations split from the Southern Carpathian population (Figure 1b).



A genetic barrier prediction analysis detected one barrier against gene flow with strong bootstrap support (61–79%) (Figure 2), which delimited a group of four Eastern Carpathian populations (E-PS, E-CB, E-TU, and E-BI). A second but weak barrier (26% bootstrap support) separated two Eastern Carpathian populations (E-TU and E-BI) located on the outward-oriented side of the Eastern Carpathian arch. A third very weak barrier (12% bootstrap support) was detected between two populations from the Southern Carpathian Mountains (S-RE and S-LO).




3.3. Spatial Genetic Structure


A nonrandom spatial distribution of genotypes within Scots pine populations was found at six out of the seven locations (Figure 3). Values of the correlation coefficient r were positive and significant in the first distance class (0–25 m) for six populations. In two populations (S-VS and E-FB), the correlation coefficient was significantly positive for the first two distance classes (up to 50 m). The spatial distribution of Scots pine genotypes appeared to be random only in one peat bog population (E-PS).



The value of the Sp statistic varied greatly, ranging from 0.0011 to 0.0201 in populations E-PS and E-TU, respectively, with an average value of 0.0100. The value of bF was significantly different from zero in all populations (Table 4).





4. Discussion


A relatively high level of genetic diversity (He = 0.697) was observed in relict Scots pine populations sampled in Eastern and Southern Carpathian Mountains. A similar value (He = 0.681) was obtained for one Scots pine population in Scandinavia [48], and higher genetic diversity was observed in Central Europe (He = 0.859), as well as in Italy (He = 0.810–0.847) and the Iberian Peninsula (0.810), on the basis of nSSR markers [49,50,51,52]. Slightly lower values were reported for Scots pine in previous studies on Romanian populations including both natural populations and plantations with unknown material [29] or only natural populations from the Eastern Carpathians and Apuseni Mountains, except for one population that was located in the Southern Carpathians [23]. However, these differences have to be treated with caution since different nSSRs were employed in every study. For example, our set of nSSRs had five out of the eight markers used in a previous study on natural Scots pine populations [23] and was almost completely different compared to [29].



Scots pine peat bog populations (E-PB and E-PS) show lower genetic diversity, He = 0.658 and He = 0.635, respectively, compared with populations that grow on nutrient-poor soils or on rocks in the Carpathian Mountains. Interestingly, the same pattern can be observed for populations sampled in the same region in a previous study [23]. A lower genetic diversity of Scots pine in peat bog populations might be explained by extreme environmental conditions, small population size, and human interventions. Scots pine peat bog populations are found on flat terrain and are more accessible compared to natural Scots pine populations located on rocky steep slopes in Eastern and Southern Carpathian Mountains [28]. The mean number of alleles and the number of private alleles also have the lowest values in the peat bog populations. These populations grow in habitats with extreme natural conditions, where a strong selection pressure is assumed, which might potentially lead to a reduction of genetic diversity. No signs of recent bottlenecks were revealed in our analysis but we used only eight nSSR markers. Interestingly, most of the private alleles were observed in the Southern Carpathian populations that grow on rocky slopes. Sampling in such small, relict populations was very difficult because of the rocky terrain. This fact supports the hypothesis that sampled Southern Carpathian populations are untouched by man and may harbor rare variants. In a recent study [53], the only Scots pine population sampled in the Southern Carpathians belongs to a gene pool typical for populations from the Western Carpathians in Hungary and the Apuseni Mountains, and not to a second gene pool corresponding to Eastern Carpathian populations. The region of Eastern Carpathians is considered a distinct glacial refugium for Scots pine [23].



The values of the fixation index (FIS) observed in our study are in agreement with those previously reported in Scots pine [49,51]. Moreover, only in two out of the eight populations, the FIS values were positive and differed significantly from zero, thus indicating an excess of homozygote individuals. Homozygote excess is a common phenomenon in conifer species and may be the result of selection against heterozygotes, assortative mating, or the presence of null alleles [54]. However, isolated and relict Scots pine populations from the Apennine Mountains do not show any significant excess of homozygotes [49], which is also the case in the majority of our Carpathian populations.



A relatively high level of genetic differentiation among Eastern and Southern Carpathian populations was revealed by AMOVA (6%), which is consistent with previous reports on Scots pine peripheral populations from Southeastern Europe [23,49,50]. Past demographic events rather than limited recent gene flow may explain this pattern of among population differentiation at nuclear level [23].



A weak geographic structure, with many admixed populations, was revealed by our analysis. No information about the geographic location of the populations was taken into consideration when running STRUCTURE software, compared to a previous study that used this kind of data (with LocPrior) [23]. The present-day population structure is a consequence of interglacial and postglacial evolutionary history of Scots pine in the Carpathian region. The existence of glacial refugia in the Carpathians [24,25], an admixture of phylogenetic lineages, and population expansions and contractions may have influenced the current gene pool of the species [23,29]. At present, Scots pine is able to survive only in extreme site conditions (e.g., peat bogs, rocks), i.e., ecological niches in which it still remains more competitive than other broadleaved and conifer species [28].



According to STRUCTURE analysis, the two Scots pine populations located in the outward-oriented side of the Eastern Carpathian arch (E-TU and E-BI) are genetically very similar. A genetic discontinuity between this group of two populations and the rest of the Eastern Carpathian populations is supported by BARRIER analysis. Furthermore, the group of the two peat bog populations seems very distinct in STRUCTURE analysis (without LocPrior) but there is apparently a relatively strong genetic discontinuity between the two peat bog populations according to BARRIERS. However, when information on the geographic location was given in STRUCTURE, the peat bog population E-FB appeared to be in a different genetic cluster than the peat bog population E-PS (data not shown); thus, the results of two analyses were eventually congruent. Moreover, the same peat bog population E-FB is located to the inside of the Carpathian arch, being the most central Scots pine population in our sample and, thus, more isolated from the other Eastern Carpathian populations. As suggested by previous results [23], no strong barrier was detected between Eastern and Southern Carpathian populations.



Spatial Genetic Structure


A statistically significant SGS was detected in nearly all studied Scots pine populations. Limited gene dispersal by pollen and seed in accordance with isolation by distance hypothesis may explain the pattern of SGS [9]. Most seeds fell under the canopy of mother trees in relict, mountainous Scots pine populations in Southern Spain [55]. The existence of SGS is expected in untouched, natural populations, even at the adult stage, as was the case in our study. For example, SGS was detected in an old-growth Eastern white pine forest [56] or in a natural, mixed oak forest [12]. The lack of SGS in one peat bog Scots pine population (E-PS) might be explained by the history of the stand, including human interventions, as well as by the sampling design. Thus, sampling of nearby, presumably related individuals up to 15–20 m was, in general, avoided. This fact might have been influenced the strength of SGS in sampled Scots pine populations.



The strength of the SGS, as indicated by the Sp statistics, varied greatly among our Scots pine populations. However, the mean value across populations (0.0100) obtained in our study is consistent with Sp values reported for outcrossing (0.0126) and tree species (0.0102), respectively [9]. The strength of SGS was slightly lower in two mature managed stands of Scots pine (range: 0.0045–0.0098) [15]. A weaker SGS (Sp = 0.0018) was reported for Alpine populations of P. cembra, a species with bird-mediated seed dispersal [13]. The variation in Sp value may be connected with the sampling scheme and population density. Thus, sampling of groups of individuals at different locations hundreds of meters apart within two mountainous Scots pine populations, because not enough individual trees were found at each location, might explain the lower values for the Sp statistic, 0.0036 and 0.0049, in populations S-RE and S-VS, respectively. The Sp value is lower in high-density as compared with low-density populations [9]. This might be an explanation for the lowest Sp value (0.0012) obtained in the relatively high-density population E-PS. The highest Sp value was calculated for population E-TU (0.0207), which had a lower density when compared to other sampled populations. Similar values (0.02–0.026) were reported in small, isolated remnants of maritime pine in the Iberian Peninsula [6]. Deviations from random mating, a lower population density, and potential grouping of reproductive individuals might explain a significant and stronger SGS in small and isolated populations compared to continuous ones [6].



A limitation of our study is the low number of nuclear genetic markers used. However, the number of SSR makers we employed is very similar to recent studies on population genetic structure in Scots pine [23,29]. Furthermore, different sampling schemes (e.g., along one or two transects, consisting of more subpopulations) within Scots pine populations were adopted because of both the spatial configuration of the terrain in the Carpathian Mountains and the scattered distribution of native Scots pine individual trees.





5. Conclusions


The present study, along with previous reports on genetic diversity in Carpathian populations [23], may contribute to the development of a strategy for sustainable management and conservation of the last remnants of Scots pine in the Romanian Carpathians. Scots pine plantations were established with seed imported from other regions (e.g., presumably Central Europe) without a strict record of this transfer [28]. Unfortunately, the use of local seed as reproductive material for forestry purposes was completely neglected. The conservation of Scots pine genetic resources in the Carpathian Mountains should not rely exclusively on in situ conservation units. The establishment of ex situ conservation stands should be an alternative for a better conservation and use of this unique gene pool.



Our study, which was based on the sampling of native populations to both sides of the Carpathian Arch, confirms previous reports that indicate relatively high genetic diversity within populations in spite of a reduction and recent fragmentation of the Scots pine distribution area. We found evidence for lower genetic diversity in peat bog Scots pine populations, compared to populations that grow on nutrient-poor soils and rocky slopes in the Carpathian Mountains. A weak geographic structure of genetic diversity along Southern and Eastern Carpathians was revealed, which may be explained by the postglacial admixture of populations originating from different glacial refugia that existed in the region. The patterns of SGS detected in natural Scots pine populations can be explained by limited seed dispersal, as well as by other factors such as spatial configuration of the population, sampling scheme, and population density.
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Figure 1. Genetic structure and geographical distribution of eight natural Scots pine populations (a). Geographic location of each sampled populations and their color-coded grouping. The acronyms stand for the population code in Table 1. (b) Estimated population structure for k = 2 (the upper part) and k = 3, assignment. 
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Figure 2. Identification of predicted genetic barriers among eight Scots pine populations, predicted by BARRIER v.2.2 software (the genetic barriers are shown in green bold lines with bootstrap values) on the basis of Nei’s genetic distance matrix. 






Figure 2. Identification of predicted genetic barriers among eight Scots pine populations, predicted by BARRIER v.2.2 software (the genetic barriers are shown in green bold lines with bootstrap values) on the basis of Nei’s genetic distance matrix.



[image: Forests 11 01047 g002]







[image: Forests 11 01047 g003a 550][image: Forests 11 01047 g003b 550][image: Forests 11 01047 g003c 550] 





Figure 3. Multilocus spatial–genetic correlograms of genetic and geographic distance in seven Scots pine populations. The y-axis is the genetic correlation coefficient (r), and the x-axis is the distance class (m); confidence intervals (95%) were calculated using permutation tests (red lines), and bootstrapped 95% confidence error bars around r are also shown. 
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Table 1. Geographic location of the sampled Scots pine population (S—Southern Carpathian Mountains; E—Eastern Carpathian Mountains; R—rocky slopes; A—acidic and nutrient-poor soils, in areas without rock or skeleton in the upper horizons of the soil; PB—peat bog).
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No.

	
Population

	
Acronym

	
Ecotype

	
Sample Size

	
Geographic Location




	
Latitude

	
Longitude

	
Altitude (m)






	
1.

	
Retezat

	
S-RE

	
R

	
96

	
45°26′

	
22°46′

	
680–750




	
45°24′

	
22°46′

	
890–925




	
2.

	
Valea Sebeșului

	
S-VS

	
R

	
96

	
45°42′

	
23°36′

	
750–1070




	
45°42′

	
23°35′

	
730–780




	
3.

	
Lotrișor

	
S-LO

	
R

	
96

	
45°18′

	
24°16′

	
340–510




	
4.

	
Cheile Bicazului

	
E-CB

	
R

	
96

	
46°49′

	
25°49′

	
1060–1110




	
5.

	
Tulnici

	
E-TU

	
A

	
96

	
45°55′

	
26°36′

	
580–610




	
6.

	
Bisoca

	
E-BI

	
A

	
96

	
45°33′

	
26°40′

	
930–950




	
7.

	
Fântâna Brazilor

	
E-FB

	
PB

	
96

	
46°30′

	
25°15′

	
950–960




	
8.

	
Poiana Stampei

	
E-PS

	
PB

	
96

	
47°18′

	
25°07′

	
920
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Table 2. Standard genetic parameters in Scots pine population (Na—number of alleles; Ne—number of effective alleles; He—expected heterozygosity; FIS—inbreeding coefficient; Pa—number of private alleles; SE—standard error).
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Population

	
Ecotype

	

	
Na

	
Ne

	
He

	
FIS

	
Pa






	
S-RE

	
R

	
Mean

	
9.750

	
4.553

	
0.724

	
0.162

	
3




	
SE

	
0.977

	
0.698

	
0.062

	
0.104




	
S-VS

	
R

	
Mean

	
10.500

	
5.165

	
0.733

	
0.049

	
4




	
SE

	
2.062

	
1.114

	
0.057

	
0.090




	
S-LO

	
R

	
Mean

	
11.750

	
6.226

	
0.731

	
0.168 *

	
4




	
SE

	
2.289

	
1.590

	
0.078

	
0.061




	
E-CB

	
R

	
Mean

	
10.750

	
5.222

	
0.672

	
0.154

	
5




	
SE

	
2.250

	
1.468

	
0.087

	
0.088




	
E-TU

	
A

	
Mean

	
10.375

	
5.290

	
0.710

	
0.164

	
0




	
SE

	
1.936

	
1.136

	
0.088

	
0.080




	
E-BI

	
A

	
Mean

	
10.250

	
5.246

	
0.711

	
0.138

	
0




	
SE

	
1.980

	
1.096

	
0.088

	
0.083




	
E-FB

	
PB

	
Mean

	
8.750

	
3.488

	
0.658

	
−0.046

	
2




	
SE

	
1.934

	
0.463

	
0.065

	
0.073




	
E-PS

	
PB

	
Mean

	
9.375

	
4.214

	
0.635

	
0.187 *

	
0




	
SE

	
2.299

	
1.093

	
0.094

	
0.066




	
Total

	
Mean

	
10.188

	
4.925

	
0.697

	
0.122

	
18




	
SE

	
0.677

	
0.391

	
0.027

	
0.029








* Significant FIS values (p < 0.05) are indicated by an asterisk.
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Table 3. Analysis of molecular variance (AMOVA).
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	Source
	Degrees of Freedom
	Sum of Squares
	Mean Squares
	Estimated Variation
	Percent of Variation





	Among population
	7
	385.255
	55.036
	0.495
	6%



	Within population
	760
	5711.833
	7.516
	7.516
	94%



	Total
	767
	6097.089
	
	8.011
	100%
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Table 4. Parameters describing spatial genetic structure (F1—average of kinship coefficient between individuals of the first distance class (0–25 m); bF (b-log)—slope of the regression of kinship coefficient Fij; Sp—intensity of spatial genetic structure; (±SE)—standard error; (95% CI)—95% confidence intervals; * p < 0.05; ** p < 0.01; *** p < 0.001).
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Population

	
F1

	
bF (b-log) (±SE)

	
Sp = −bF/(1 − F1)




	
(95% CI)






	
S-RE

	
0.0137 *

	
−0.0036 ± 0.0041 ***

	
0.0036




	
(0.0004–0.0081)




	
S-VS

	
0.0875 **

	
−0.0046 ± 0.0041 ***

	
0.0049




	
(0.0021–0.0087)




	
S-LO

	
0.0187 **

	
−0.0071 ± 0.0047 ***

	
0.0072




	
(0.0026–0.0168)




	
S-TU

	
0.0277 *

	
−0.0201 ± 0.0493 **

	
0.0207




	
(0.0021–0.0239)




	
S-BI

	
0.0227 *

	
−0.0136 ± 0.0102 **

	
0.0139




	
(0.0031–0.0356)




	
S-FB

	
0.0446 **

	
−0.0175 ± 0.0102 **

	
0.0183




	
(0.0036–0.0303)




	
S-PS

	
−0.0007

	
−0.0011 ± 0.0052 ***

	
0.0011




	
(−0.0033–0.0131)
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