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Abstract

:

Tree genetic diversity is among the most important factors determining the sustainability of forest ecosystems. The main aim of the present study was to track possible changes in genetic diversity of regenerating populations of Norway spruce (Picea abies (L.) H. Karst) and Scots pine (Pinus sylvestris L.) in areas subjected either to a natural disturbance (windthrows and subsequent clear-cutting of the affected spruce stand) or to a changed land-use legacy (pine regeneration on abandoned agricultural land) with the aim of testing whether the new forest generation retains the genetic diversity of the putative maternal stand. Eight highly polymorphic microsatellite loci were used to reveal the genetic diversity and its spatial distribution in the studied tree populations. Self-regenerating juveniles of Norway spruce and Scots pine were spatially random and as genetically diverse as in the putative maternal populations. Genetic differentiation between putatively maternal trees and regenerating juveniles was low for both species. A high genetic diversity and random spatial genetic structure revealed in the regenerating populations provides a basis for the formation of evolutionary and ecologically sound stands able to adapt to ever-changing climatic conditions. Information on the genetic dynamics of the studied natural populations of long-lived coniferous tree species may be important for evaluating possible changes in genetic diversity at a local scale following forest ecosystem disturbances and changes in land-use legacies.
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1. Introduction


In Europe, most forests have experienced a long history of human intervention and impact on ecosystems. However, long generation times, large effective population sizes, efficient gene flow and the predominance of natural regeneration have contributed to the maintenance of high genetic variation in widespread tree species [1,2,3,4,5]. The genetic diversity of tree populations is a crucial factor ensuring the stability and functionality of a forest ecosystem [6]. Today, there is a serious concern about the potential loss of genetic diversity in commercial forest tree species [7], and this concern becomes even more significant in a context of global climate change [1]. To date, genetic diversity of forest tree species in Europe is considered to be sufficient to guarantee their survival and adaptation to changing climatic conditions [8,9]. However, the prognosed rapid climate change may compromise natural adaptability of many tree species, thus disturbing evolutionary mechanisms that help to cope with changes in environmental conditions.



Trees are regarded as the most genetically diverse terrestrial organisms on our planet [2]. Many tree species exhibit high phenotypic plasticity and are able to adapt to different and ever-changing climatic conditions. Demographic factors, such as pollen dispersal, timing of flowering, stand stocking level and tree distribution pattern in a stand affect genetic diversity and its distribution in forest tree populations [10,11,12,13,14]. Genetic diversity in tree populations may sharply decrease due to considerable tree mortality caused by some severe natural disturbance (or cuttings by humans) or a reduction of tree number through stand self-thinning. Usually, positive correlations are reported to exist among plant population size, its fitness and within-population genetic diversity [15]. However, there are studies showing no clear correlation in this respect, for example, Chomicz-Zegar et al. [16] found no significant effect of the drastic reduction in Norway spruce (Picea abies (L.) H. Karst) population size that occurred due to forest decline on the genetic diversity of spruce regeneration. To explain this, the assumptions were made that this regeneration originated from seed trees that were still largely present in this stand at the initial phase of forest decline (i.e., when spruce population size has not yet been significantly affected); otherwise, loss of genetic diversity could be compensated by gene flow from adjacent spruce stands, intensified due to the reduction of stand density (Norway spruce is a wind-pollinated species with wind-dispersed seeds). Study of the effect of different forest management practices on genetic properties of European beech (Fagus sylvatica L.) populations also revealed no drastic genetic diversity loss due to population size reduction [17]. In this particular case, the retention of beech genetic diversity was explained by the presence of a sufficient number of reproductive maternal trees.



Tree populations regenerating after severe natural or human-caused disturbances may also experience a genetic bottleneck (sharp reduction in genetic diversity) and/or a founder effect. The bottleneck effect may be more pronounced on clear-cut sites where seedlings are subjected to harsher microclimatic conditions (severe spring frosts, prolonged droughts, high summer temperatures, etc.) than regenerating under a stand shelter [18]. The founder effect may be expected when a few maternal trees growing at the edge of a clear-cut site contribute most to the next generation, resulting in reduced effective population size and reduced genetic diversity in the new generation. Some specific alleles may differ between the maternal population and the progeny with higher genetic diversity and more rare alleles present in the latter [19,20]. The higher number of rare alleles in the progeny populations may probably occur due to the gene flow from adjacent populations. The assumptions were made that rare alleles, particularly those with small effects, may possess genetic variation useful for future adaptations to a changing environment [21,22].



Facing climate change, the need of genetic monitoring of forest tree populations has been recognised [23,24,25]. Genetic monitoring which has been defined as “tracking of temporal changes in the genetic variation and structure of tree populations” is the only way to verify how well genetic diversity is maintained over time, and how this diversity is affected by climate change and forest management practices [23]. According to Fussi et al. [26], there is a lack of experience regarding the evaluation of potential changes between assessments of genetic parameters (repeated genetic analysis of the same population in certain time intervals), although some ideas have been postulated, including the comparison to reference stands [27], interpretation of time series of genetic data [28], and comparison of different generations within stands [29,30,31].



The preservation of genetic diversity within forest tree populations is very important for species survival and for the stability of entire ecosystems, which could be achieved through assessment of genetic diversity and subsequent understanding of its spatial and temporal distribution both in parental and in regenerating stands [13,32]. The spatial distribution of genetic diversity in forest stands influences subsequent mating, as the majority (approximately 70%) of seeds are produced by trees whose flowers have been fertilised by pollen from neighbouring trees growing within a radius of 15 m around the maternal tree [33,34]. Temporal distribution of genetic diversity in forest stands reflects ongoing natural selection and is normally reduced along with increasing stand age [35,36,37].



In Lithuania, the majority of conifer (Norway spruce and Scots pine (Pinus sylvestris L.)) clear-cut sites are subjected to artificial or mixed reforestation. According to Lithuanian Statistical Yearbook of Forestry [38], each year only about 300 ha of conifer stands disturbed by anthropogenic (e.g., clear-cutting sites) or natural catastrophic disturbances (e.g., cleared windthrow sites) are left for self-regeneration; i.e., the majority of such disturbed areas are subjected to artificial reforestation. However, the ongoing development of ecological forestry will likely govern an increase in the proportion of disturbed forest areas left for natural regeneration. Therefore, there is a growing interest in the assessment of possible changes in genetic diversity of self-regenerating forest stands in areas subjected to natural or human-caused disturbances.



Currently, the genetic diversity of plant populations is mostly investigated using the microsatellite method (e.g., [3,4,5,39,40]). This method has some limitations because of a questionable mutation mechanism which is not considered in most modern computer programs used in population studies [41]. The microsatellite method may be inferior compared to a single nucleotide polymorphism (SNP) analysis in hybrid detection [42], inbreeding assessment [43] or parentage and kinship analyses [44,45], but it proves to be very useful in studies that focus on small spatial scales, for applications that require good resolution and cross-species range [41,46].



The main aim of the present study was to track possible changes in genetic diversity of regenerating populations of coniferous trees—Norway spruce and Scots pine—in forest areas subjected to either severe disturbances occurring increasingly with climate change (windthrows and subsequent clear-cutting of the affected stands, in the case of Norway spruce), or to changed land-use legacy (Scots pine regeneration on abandoned agricultural land). Microsatellite DNA markers were used to investigate and compare the genetic properties of putative maternal Norway spruce and Scots pine stands and self-regenerating juveniles of the respective conifer species.



Results of the present study showed that self-regenerating juveniles of Norway spruce and Scots pine, even when growing in severely disturbed forest ecosystems or on abandoned agricultural lands, are able to maintain the same or an even higher level of genetic diversity than is present in the putative maternal stands of the respective tree species. Moreover, genetic differentiation between putatively maternal populations and regenerating juveniles was found to be low for both species. The high genetic diversity and random spatial genetic structure revealed in the studied regenerating populations provides a basis for the formation of evolutionary and ecologically sound future stands that will meet the requirements for sustaining the adaptability and plasticity of the species.



Our study suggests a likely model of genetic dynamics within natural populations of economically important long-lived coniferous tree species in Lithuania, which may be important for evaluating possible changes in genetic diversity at a local scale following forest ecosystem disturbances and changes in land-use legacies.




2. Materials and Methods


Plant material. Two stands representing each of the two most economically important coniferous tree species in Lithuania, Norway spruce and Scots pine, were selected for this pilot study. The selected stands represented Norway spruce and Scots pine habitats that are typical of Lithuania.



The Norway spruce site (Dubrava State Forest Enterprise, Kaunas region, Central Lithuania, coordinates 54°50.150′ N; 24° 04.109′ E; Myrtillo-oxalidosa forest site type (according to Karazija [47])) represented a pure 50-years-old natural Norway spruce stand disturbed by windthrows in 2010 and self-regenerating following clearing of the worst affected area (2.6 ha) in 2011. At the time of sampling, the age of the regenerating spruce seedlings was 1–5 years. The Scots pine site (Tytuvėnai State Forest Enterprise, Raseiniai region, Western Lithuania, coordinates 55°31.934′ N; 23°10.858′ E; Vaccinio-myrtillosa forest site type (according to Karazija [47])) represented approx. 3-years-old self-regeneration of Scots pine and silver birch (Betula pendula Roth) on abandoned agricultural land. Those 1.5–2.0-km-wide abandoned agricultural fields stretched along southern and eastern sides of the regenerating stand (Figure 1). The self-regenerating seedlings have most likely originated from seeds of the adjacent 60-years-old natural mixed pine-birch stand growing to the north-west of the regenerating area, although input from more distant Scots pine stands (growing approx. one kilometer away from the regenerating site to the south and to the east) should not be completely excluded.



At each site, samples for genetic studies of forest regeneration were collected in seven linearly distributed circular plots with a diameter of 3 m (locations 1a to 7a, Figure 1 and Figure 2). The distance between each of the two plots was 25 m. In each plot, six seedlings of either Norway spruce (spruce site) or Scots pine (pine site) were randomly sampled, except one plot within the spruce site where only five spruce seedlings were found. Six additional seedlings of the respective species were sampled outside the circular plots—in two opposite locations (three seedlings in each) situated at 20-m distance from each circular plot (locations 1b to 7b and 1c to 7c, Figure 1 and Figure 2), perpendicularly to a line crossing all seven circular plots. In this way, a total of 84 seedlings were sampled at the pine site and 83 seedlings at the spruce site. The circular plots and additional sampling locations were more or less evenly distributed over the self-regenerating sites (Figure 1 and Figure 2). Such a sampling scheme was chosen to reveal any possible genetic relatedness among seedlings of the respective tree species growing in compact territories (clumps) of equal size, and to check for the presence of spatial genetic structure within these seedling clumps. Also, at each forest site, sampling of 30 mature well developed (seed-producing) trees of either Norway spruce (spruce site) or Scots pine (pine site), that have likely contributed as seed sources for the regenerating sites, was performed in surrounding “undisturbed” putatively maternal stands of the respective species (Figure 1 and Figure 2). To the south-east of the Norway spruce regeneration site, the surrounding stand was dominated by Scots pine with an admixture of only few Norway spruce trees growing at the edge of this stand, most of which were sampled for the present study (Figure 2).



Sampling of plant material was carried out in winter 2016. Fully developed, healthy needles (approximately 100 needles of Norway spruce and 20 of Scots pine) were collected from every sample tree, placed into plastic sampling bags and transported to the laboratory. Prior to processing, all samples were stored at −20 °C.



DNA extraction. DNA from needle samples was extracted following a modified CTAB protocol for plant DNA extraction [48]. Prior to DNA extraction, 1 g of unsterilised needles from each sample was homogenised in liquid nitrogen using a mortar and pestle. The resulting powder was immediately placed in a 2-mL centrifugation tube containing 1 mL of CTAB extraction buffer (3% cetyltrimethylammonium bromide, 2 mM EDTA, 150 mM Tris-HCl, 2.6 M NaCl, 2% PVP 40, pH8), and incubated at 65 °C for one hour. After centrifugation for 5 min at 8000 rpm, the supernatant (about 650 μL) was transferred to a new 1.5-mL Eppendorf tube and mixed with an equal volume of chloroform. After a second centrifugation for 8 min at 10,000 rpm, the supernatant was precipitated with two volumes of ice-cold isopropanol, washed with 70% ethanol and re-suspended in 100 μL of 10 mM Tris/1mM EDTA, pH 7.4 (TE) buffer. The concentration of the extracted DNA was determined using a spectrophotometer Implen P330 (Implen GmbH, Munich, Germany) and diluted in MiliQ water to a concentration of 10 ng/μL.



Microsatellite analysis. Eight SSR loci have been chosen for the genetic investigations. This number of loci is regarded sufficient to produce reliable results in population studies [49]. Fewer unlinked SSR markers are needed to detect structure at recent divergence times of populations [50].



Primers for the genetic analysis of Norway spruce samples were adopted from Fluch et al. [51], and for the analysis of Scots pine samples from Soranzo et al. [39] (Spac12.5, Spac11.4 and Spac7.14), Sebastiani et al. [52] (Psyl16, Psyl57 and Psyl18) and Elsik et al. [53] (PtTX4001 and PtTX4011) (Table 1).



Amplification of Norway spruce DNA was performed separately for each sample, while Scots pine DNA was amplified in three multiplex reactions (multiplex A—primer Spac7.14, multiplex B—primers psyl18 and psyl57, and multiplex C—primers psyl16, Spac11.4, Spac12.5, PtTX4001 and PtTX4011). The PCR mix consisted of 1.5 μL of PCR buffer with MgCl2 (final concentration 2mM), 0.3 μL of dNTP mix (10 mM each), 0.5 U of Dream Taq DNA polymerase (Thermo Fisher Scientific, Vilnius, Lithuania), 1 μL (5 pmol) of each of the two primers (forward—fluorescent labelled primer; reverse—unlabelled primer) and 20 ng of the sample DNA. PCR was performed in a Bioer Thermal Cycler (Bioer Technologies, Hangzhou, China). PCR conditions for Norway spruce DNA samples: initial denaturation for 15 min at 95 °C, followed by 35 cycles consisting of 50 s at 95 °C, 50 s at temperature specific for the respective primers (Ta, Table 1) and 105 s at 72 °C, with a final extension for 10 min at 72 °C. PCR conditions for Scots pine DNA samples: initial denaturation for 15 min at 95 °C, followed by 30 cycles consisting of 30 s at 94 °C, 90 s at temperature specific for the respective primers (Ta, Table 1) and 30 s at 72 °C, with a final extension for 30 min at 60 °C.



Amplicons were purified by precipitation in a mixture of 1/10 volume of 3 M NaAC and 2 volumes of ice-cold (−20 °C) 96% ethanol, vortexed for 10 min, incubated overnight at −20 °C, and centrifuged for 5 min at 13,000 rpm. The resulting supernatant was discarded, the pellets were dried and re-suspended in 5 μL of MilliQ water. PCR products of each sample (i.e., of one sample representing one tree) were pooled together and 3 μL of the resulting mix was diluted in 15 μL of formamide and 0.5 μL of fluorescent labelled inner size standard (Gene Scan 600 Liz standard, Applied Biosystems, Waltham, MA, USA) and analysed using an ABI 3500 genetic analyser (Applied Biosystems, Waltham, MA, USA). Obtained microsatellite data was analysed with Geneious computer software R10 [54].



Statistical analysis. GenAlEx v. 6.5 software [55,56] was used to determine the total (Na) and effective (Ne) number of alleles, observed (Ho) and expected (He) heterozygosity, fixation index for all markers used (F), Shannon genetic diversity index (I), departure from the Hardy–Weinberg equilibrium for each marker, level of genetic variation within regenerating and surrounding “undisturbed” stands (Fis), pairwise FST values [57] between samples representing regenerating and surrounding “undisturbed” stands. Gene flow between sample groups of trees was given as the Nm parameter [58]. Principal Component Analysis (PCA) of microsatellite multi-locus genotypes (MLG’s) was made using GenAlEx v. 6.5 software to evaluate if and to what extent groups of the regenerated and putatively maternal trees are genetically different from each other.



The Bayesian clustering approach was implemented using STRUCTURE v 2.1 [59,60,61,62], for inferring the number of clusters. An admixture model was employed, where correlated allele frequencies have been assumed, and the K value (i.e., the number of clusters) was set from 1 to 16. The likely number of K was defined using heuristic methods [62], and the likely number of clusters for each investigated species was defined as follows: seven sampling plots of juveniles in a study site plus an equal number of possible clusters (seven) for putatively maternal trees, plus two additional clusters, which makes 16 possible clusters in total. The length of the burn-in period was set to 100,000 iterations, and the Monte Carlo Markov Chain (MCMC) model after burn-in was run for additional 100,000 iterations. Each run for different K value was replicated 10 times. The most likely number of clusters was identified by delta K (ΔK) criterion using STRUCTURE Harvester computer software [63]; the calculations were based on the second-order rate of change of the likelihood (ΔK) [64]. A Mantel test was performed with GenAlEx v. 6.5 software [55,56] to estimate the correlation between pairwise genetic and spatial distances and its significance performing 9999 permutations. The spatial distribution maps of regenerating trees were constructed based on the most likely number of clusters found.




3. Results


The genetic diversity analysis based on eight nuclear microsatellite loci for each species showed that all examined Scots pine (n = 114) and Norway spruce (n = 113) trees (both, putatively maternal and regenerating ones) represented unique microsatellite multi-locus genotypes (MLGs). All investigated microsatellite loci were polymorphic and revealed 5 to 23 different alleles each. A total of 104 and 75 different alleles were identified for Scots pine and Norway spruce, respectively. The highest numbers of alleles in Scots pine were found in loci Spac7.14 and Spac11.4 (23 and 19 alleles, respectively), and in Norway spruce, 23 alleles were identified in locus PA48. The mean numbers of alleles were 11.13 and 7.81 for Scots pine and Norway spruce, respectively.



The results of PCA analysis, showing to what extent the groups of the regenerated and putatively maternal trees of the studied species are genetically different from each other, are presented in Figure 3 and Figure 4. MLGs of Norway spruce juveniles, even when growing in compact territories (within circular sample plots), showed no clear pattern of grouping, and overlapped to a great extent with MLGs of the putatively maternal trees from the surrounding stand which also showed no grouping pattern (Figure 3).



Microsatellite data from PCA analysis of Scots pine DNA revealed that most MLGs of putatively maternal trees grouped together, while MLGs of Scots pine juveniles showed a scattered pattern of distribution and partly overlapped with grouped MLGs of trees from the maternal stand (Figure 4).



The Mantel test revealed no significant correlation between genetic and spatial distances of any of the studied species (supplementary material S1).



To check whether regenerating juveniles retain the same amount of genetic diversity as putatively maternal trees from surrounding stands, the main parameters of genetic diversity were calculated (Table 2). For both investigated species, the mean number of alleles in regenerating juveniles was higher compared to putatively maternal trees. The observed and expected heterozygosity in Norway spruce juveniles was slightly higher than in putatively maternal trees, while in Scots pine the situation was opposite. The fixation index for Norway spruce was negative, indicating negative assortative mating, while for Scots pine it was also negative, yet close to zero indicating random mating. Norway spruce and Scots pine juveniles had 18 and 20 private alleles, while putatively maternal trees had only 7 and 10 private alleles, respectively.



In both conifer species, most of the genetic variation was found within juveniles and within mature putatively maternal trees, and only a small amount of variation occurred between juveniles and mature trees (Table 3). The lowest Fst values were found for loci PA22 and Psyl57 and the highest were found for loci PA48 and Spac12.5 for Norway spruce and Scots pine, respectively.



The genetic distance between investigated regenerating juveniles and putatively maternal trees from surrounding stands, expressed as Fst, was 0.014 and 0.020 for Norway spruce and Scots pine, respectively. The genetic distance was twice as high for Scots pine as for Norway spruce, thus confirming PCA results, where MLGs of spruce juveniles were largely intermixed with MLGs of putatively maternal trees, while in the case of pine this intermix was far less expressed (Figure 3 and Figure 4).



It is generally considered that a value of Nm >1 indicates high gene flow rates within a population [65]. In our study, the gene flow between putatively maternal and young (regenerating) forest generations was very high both for Norway spruce and Scots pine (Nm = 71.4 and 41.7, respectively). All studied loci were tested for departure from the Hardy–Weinberg equilibrium. The obtained results showed that in juvenile trees the majority of loci (except Spac11.4 and Psyl57) significantly deviated from the equilibrium. In putatively maternal trees, deviations from the Hardy–Weinberg equilibrium were less pronounced as Norway spruce loci PA25, PA28, PA48 and Scots pine loci PtTX4001, PtTX4011 and Psyl57 were within the equilibrium.



In the STRUCTURE analysis, the ΔK suggested that K = 2 number of groups allows the best grouping of both Norway spruce and Scots pine MLGs, while K = 3 is the second best grouping (Figure 5).



All sampled Norway spruce trees (both putative maternal and juvenile trees) showed spatially intermixed structure of the genetic clusters regardless of the number of clusters as revealed by STRUCTURE analysis, while for Scots pine the situation was slightly different: the putative maternal trees showed a distinct pattern as compared to their regenerating juveniles (Figure 5, Figure 6 and Figure 7). In Scots pine, putative maternal trees were essentially comprised of one (for K = 2) or two (for K = 3) genetic entities, while the progeny was comprised of two (for K = 2) or three (for K = 3) genetic entities (Figure 5). To discover any possible spatial genetic structure among the regenerating juveniles, spatial distribution maps were constructed (Figure 6 and Figure 7). The presented results are based on individual tree assignment data to one of the two and three most likely clusters (as calculated by STRUCTURE).



Spatial genetic distribution of Norway spruce and Scots pine self-regenerating juveniles, based on two and three most likely clusters as revealed by STRUCTURE, showed no clear pattern (Figure 6 and Figure 7) and should be regarded as generally random with variable proportions of juveniles belonging to different genetic clusters within each group of the sampled individuals.




4. Discussion


The detected high genetic diversity within the studied populations of Norway spruce and Scots pine regardless of the tree age (generation gaps) was of similar level as has been reported in other genetic studies of European populations of these species (e.g., [3,4,5,31,40,66,67]).



The results of the present study showed that self-regenerating juveniles of Norway spruce and Scots pine, even when growing in severely disturbed forest ecosystems or on abandoned agricultural lands, are able to maintain the same or an even higher level of genetic diversity compared to the putative maternal population of the respective species. Higher genetic diversity in the regeneration indicates that recombination and gene flow from not sampled more distant sources might have outweighed the loss of genetic diversity that has possibly occurred in the investigated sites (i.e., putative maternal stands) due to natural selection during ontogenesis. Similar results were obtained in studies of natural regeneration of Scots pine [30,31] and Norway spruce [31] growing in forest understory. Higher genetic diversity in progenies of various tree species has also been found in other studies [19,20], yet this diversity tended to decrease over time probably because of natural selection [35,36,37]. The regenerating Scots pine seedlings retained the same (Swedish study by Yazdani et al. [30]) or a slightly increased level of expected heterozygosity (Polish study by Nowakowska et al. [31]) as compared to maternal trees. In a Norway spruce stand, despite a small reduction (0.9%) in heterozygosity, Nowakowska et al. [31] found a similar increase (4.6%) in the inbreeding coefficient of the progeny. In our study, the observed deviations from the Hardy–Weinberg equilibrium in regenerating juveniles and the lack of homozygosity in both tree species investigated herein might be the result of natural selection during species establishment in disturbed environments, or this might be related to the specific sampling scheme applied (juveniles sampled in compact circular plots).



Scots pine is a pioneer tree species that readily regenerates after forest fires, windthrows, wind-snaps or clear-cutting, and Norway spruce is a secondary tree species although it also regenerates abundantly after clear-cutting on mesic sites. A family structure usually develops on such sites and leads to some degree of inbreeding due to outcrossing among “close relatives” [68,69]. The inbreeding due to outcrossing of the related individuals or assortative mating, as well as selection against heterozygotes, the Wahlund effect (population subdivision into separate breeding units) or selection-induced microscale differentiation, can also cause a heterozygote deficiency, thus reducing genetic diversity [69,70,71,72]. It is most likely that none of the above-mentioned factors had any impact on the genetic diversity of tree populations in both our study sites as the fixation index indicated the excess of heterozygous individuals.



In both Scots pine and Norway spruce, the mean numbers of alleles found in regenerating juveniles were slightly higher than those of putatively maternal trees of the respective species. Nowakowska et al. [31], however, reported an opposite trend—the mean number of alleles per locus in regenerating juveniles was somewhat lower than in adult (maternal) trees. Moreover, Nowakowska et al. [31] demonstrated a non-significant heterozygote deficiency in regenerating juveniles of both tree species, while in our study the inbreeding coefficient indicates homozygote deficiency. This difference might be due to stronger natural selection against homozygotes in slightly harsher microclimatic conditions (more frequent and harder spring frosts, prolonged drought periods, higher summer temperatures, etc.) in open areas (our study) as compared to conditions for juveniles self-regenerating under the stand shelter (the Polish study [31]) [18]. A positive correlation between the level of heterozygosity and the adaptation of a population during evolution in many plant and animal species has been reported [73].



We detected high gene flow rates (Nm > 1) between self-regenerating juveniles and putatively maternal trees of both studied tree species; therefore, it can be assumed that the putative maternal trees have played an important role in shaping the gene pool of the regeneration. Our study revealed a slightly more varied gene pool of the regenerating juveniles as compared with putatively maternal trees (1.8% increase of heterozygosity for Norway spruce and 4.2% increase for Scots pine). Nowakowska et al. [31] found a slightly more varied gene pool in regenerating Norway spruce (heterozygosity increases by 0.6%) and a less varied gene pool in regenerating Scots pine (decrease of heterozygosity by 0.9%). The observed small changes in the pool of both generations are due to differences in allele frequencies most likely caused by natural selection [31]. In our study, the higher mean number of alleles per locus and higher number of private alleles in the regenerating juveniles of both tree species (as compared to putatively maternal trees of the respective species) also give an indication of intensive gene flow from more distant stands which is an important mechanism for transferring genetic diversity.



In north-eastern Europe, both coniferous species studied herein, due to their wide and continuous distribution range, are characterised by low population differentiation [67,74]. As could be expected, the genetic distances between the two generations of each Norway spruce and Scots pine growing in relatively compact territories, were lower than those reported for these species by other authors in studies of wider spatial scales (e.g., [40,67,74,75,76]). The genetic identity of generations was high, progeny populations had the same major alleles, but differed in occurrence of rare alleles. Similarly, in a Polish study, very low genetic differentiation was found between self-regenerating juveniles in a forest understory and maternal trees of both Scots pine and Norway spruce [31].



The results of the present study showed that the genetic distance between putatively maternal and regenerating juvenile Scots pine trees was larger compared to the genetic distance between Norway spruce generations. This difference could occur due to peculiarities of our study sites: the spruce site was surrounded by a seed-producing spruce stand where the arrival of seeds from more distant populations was less likely compared to a more open pine site (pine regeneration has established on abandoned agricultural land at the edge of a forest stand), where wind-dispersed seeds and pollen from other, distant Scots pine stands might have contributed more to the genetic diversity of the regenerating juveniles. In general, a relatively random spatial genetic distribution of regeneration of both investigated conifer species with variable proportions of juveniles representing different genetic clusters within each group of the sampled juveniles (Figure 6 and Figure 7) indicates that the spatial genetic structure of newly forming stands is random, thus providing the basis for their ecological stability in the future. A spatially intermixed structure of the genetic clusters, which has obviously resulted from an intermixed gene inflow into the studied populations of regenerating juveniles of both tree species, was expected as both species are wind-pollinated and wind-dispersed. As a large number of plant population studies show the existence of significant positive correlations between population size, its fitness and within-population genetic variation [15], it can be expected that genetic diversity detected by us in the regenerating populations of Norway spruce and Scots pine will allow further formation of evolutionary and ecologically sound stands able to sustain species’ adaptability and plasticity, population stability and overall ecosystem functionality (e.g., [26]).




5. Conclusions


Information on the genetic dynamics of natural populations of long-lived coniferous tree species may be important in forecasting the trends of changes in genetic diversity at a local scale following forest ecosystem disturbances and changes in land-use legacies. Results of the present study showed that in the investigated sites self-regenerating juveniles of Norway spruce and Scots pine were able to maintain spatially random genetic structure. and as high genetic diversity as in putatively maternal stands. The retained substantial genetic diversity in the juvenile progeny suggests that studied regenerating populations of these important tree species have good potential to adapt to changing climatic conditions. However, regular genetic monitoring is needed with the aim of tracking changes in the genetic properties of forest tree populations under changing climatic conditions and to be able to preclude and/or to compensate genetic diversity loss which is inevitable under current intensive forest management activities. In our study, both the spruce and pine sites were unreplicated, although the selected sites were chosen to be representative for Lithuania, i.e., typical Norway spruce and Scots pine habitats with typical regeneration. We cannot exclude the possibility of obtaining different results from other sites. Further studies, including more replications from different sites representing areas affected by the respective natural disturbance (regenerating forest on cleared spruce windthrow sites and changed land-use legacy; regenerating pine forest on abandoned agricultural lands), are therefore needed to draw broader conclusions.
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Figure 1. Sampling scheme in a self-regenerating Scots pine/silver birch stand (light grey area) and in a surrounding putatively maternal mixed Scots pine-silver birch stand (dark green area). White dots labelled with numbers from 1a to 7a show seven circular sampling plots in a regenerating site, while dots labelled with numbers from 1b to 7b and 1c to 7c show additional Scots pine seedling sampling locations. Numbers not associated with dots (1–30) indicate locations of sampled putative maternal (seed) trees in the surrounding stand. 
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Figure 2. Sampling scheme in a self-regenerating cleared windthrow site (light green) within a Norway spruce stand and in a surrounding undisturbed stand with an admixture of putatively maternal Norway spruce trees (dark green area). White dots labeled with numbers from 1a to 7a show seven circular sampling plots in a regenerating site, while dots labeled with numbers from 1b to 7b and 1c to 7c show additional sampling locations. Numbers not associated with dots (1–30) indicate locations of sampled putative maternal (seed) trees in the undisturbed stand. 
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Figure 3. Principal Component Analysis (PCA) diagram showing the distribution of Norway spruce tree microsatellite multi-locus genotypes, based on data from eight genetic markers. 1a to 7a, 1b to 7b and 1c to 7c, groups of three to six sampled self-regenerating Norway spruce juveniles in each of the respectively numbered sampling plots (Figure 2); M1–M30, putatively maternal Norway spruce trees from the surrounding stand (for tree distribution, see Figure 2). 
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Figure 4. PCA diagram showing the distribution of Scots pine tree microsatellite multi-locus genotypes, based on data from eight genetic markers. 1a to 7a, 1b to 7b and 1c to 7c groups of three to six sampled self-regenerating Scots pine juveniles in each of the respectively numbered sampling plots (Figure 2); M1–M30, putatively maternal Scots pine trees from the surrounding stand (for tree distribution, see Figure 2). 
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Figure 5. Graphical output of STRUCTURE results for K = 2 and K = 3 in populations of Norway spruce (Picea abies (L.) H. Karst) and Scots pine (Pinus sylvestris L.). Putatively maternal trees—mature trees of the respective species from adjacent surrounding stands (30 trees of each species); while nos. 1a to 7a, 1b to 7b and 1c to 7c indicate groups of three to six sampled self-regenerating juveniles of respective species in each of the respectively numbered sample plots (see Figure 2). 
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Figure 6. Spatial distribution map of sampled Norway spruce (Picea abies (L.) H. Karst) juveniles regenerating in a clear-cut site of a windthrown spruce stand (see Figure 2 for more information). Circles show STRUCTURE groups of individual juveniles as assigned to two (A) and three (B) most likely genetic clusters. 
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Figure 7. Spatial distribution map of sampled Scots pine (Pinus sylvestris L.) juveniles regenerating on abandoned agricultural land (see Figure 1 for more information). Circles show STRUCTURE groups of individual juveniles as assigned to two (A) and three (B) most likely genetic clusters. 
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Table 1. Analysed loci of Norway spruce (Picea abies (L.) H. Karst) and Scots pine (Pinus sylvestris L.), sequences of microsatellite primers, repeat motifs, used fluorescent labelling dyes and specific primer annealing temperatures (Ta).
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Locus

	
Primer Sequences (5′-3′)

	
Repeat Motifs

	
Fluorescent Label Dyes

	
Ta






	
P. abies PA28

	
GGCCGAAAGTGCTACTGCTA

	
(TCG)n

	
6-FAM

	
57.3 °C




	
TGCTCCAGAAGAACACTCACA




	
P. abies PA33

	
GGTCGAGGAGGAGGAGGTAG

	
(CGG)n

	
6-FAM

	
59.5 °C




	
CACCGCTAGTGCAGTCTCTG




	
P. abies PA25

	
TGATTGAAATGATGGCTGCT

	
(CTG)n

	
NED

	
59.4 °C




	
CATGTACGGTGCTCCTCCTC




	
P. abies PA60

	
CGCCGTATCCATTCCCAAGC

	
(GGCTG)n

	
NED

	
61.4 °C




	
CCCAGCCCAGTTCAGTTTGC




	
P. abies PA56

	
ATCGTCTGCATTGCATTCAC

	
(AGGTG)n

	
PET

	
55.8 °C




	
CTTCGTTCCTTCCTGATCCA




	
P. abies PA22

	
TCACTGGCCACAGTTTATCG

	
(TTC)n

	
PET

	
58.7 °C




	
ATGAGGCCCAAGAGGAAGAC




	
P. abies PA48

	
ATTGCACAAGAGCGAACCTT

	
(CGG)n

	
VIC

	
55.5 °C




	
CCAGCACCAAAATCACCAG




	
P. abies PA44

	
AAGGCAGCCAAAGTGAAGAA

	
(GGA)n

	
VIC

	
57.6 °C




	
CTTGGCATTCCCTAGTGAGC




	
P. sylvestris Spac12.5

	
CTTCTTCACTAGTTTCCTTTGG

	
(GT)20(GA)10

	
PET

	
51.0 °C




	
TTGGTTATAGGCATAGATTGC




	
P. sylvestris Spac11.4

	
TCACAAAACACGTGATTCACA

	
(AT)5(GT)19

	
VIC

	
51.0 °C




	
GAAAATAGCCCTGTGTGAGACA




	
P. sylvestris Spac7.14

	
TTCGTAGGACTAAAAATGTGTG

	
(TG)17(AG)21

	
6-FAM

	
49.8 °C




	
CAAAGTGGATTTTGACCG




	
P. sylvestris Psyl16

	
GCTCTGCCCATGCTATCACT

	
(AT)7

	
VIC

	
51.0 °C




	
TGATGCTACCCAATGAGGTG




	
P. sylvestris Psyl57

	
CCCCACATCTCTACAGTCCAA

	
(ACC)7

	
NED

	
55.0 °C




	
TGCTCTTGGATTTGTTGCTG




	
P. sylvestris Psyl18

	
ACTACCTGGCATTCGTCCTG

	
(GCA)7

	
NED

	
55.0 °C




	
GGATCTGGTCCATTTCGTGT




	
P. sylvestris PtTX4001

	
CTATTTGAGTTAAGAAGGGAGTC

	
(GT)15

	
6-FAM

	
51.0 °C




	
CTGTGGGTAGCATCATC




	
P. sylvestris PtTX4011

	
GGTAACATTGGGAAAACACTCA

	
(CA)20

	
PET

	
51.0 °C




	
TTAACCATCTATGCCAATCACTT
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Table 2. Main parameters of genetic diversity, calculated for putatively maternal and self-regenerating Norway spruce (Picea abies (L.) H. Karst) and Scots pine (Pinus sylvestris L.) trees.






Table 2. Main parameters of genetic diversity, calculated for putatively maternal and self-regenerating Norway spruce (Picea abies (L.) H. Karst) and Scots pine (Pinus sylvestris L.) trees.





	Sample Origin
	n
	Na
	Ne
	I
	Ho
	He
	F





	Norway spruce old a
	30
	7.13 ± 1.09
	3.49 ± 0.21
	1.45 ± 0.09
	0.875 ± 0.051
	0.705 ± 0.018
	−0.254 ± 0.092



	Norway spruce young b
	83
	8.50 ± 1.77
	3.83 ± 0.43
	1.51 ± 0.14
	0.877 ± 0.041
	0.718 ± 0.027
	−0.239 ± 0.083



	Scots pine old a
	30
	10.50 ± 1.65
	6.38 ± 1.26
	1.92 ± 0.20
	0.861 ± 0.035
	0.793 ± 0.042
	−0.120 ± 0.099



	Scots pine young b
	84
	11.75 ± 1.87
	5.23 ± 1.18
	1.83 ± 0.17
	0.798 ± 0.060
	0.759 ± 0.034
	−0.080 ± 0.113







a Putatively maternal trees; b Self-regenerating juveniles (new forest generation). N, sample size (number of sampled trees); Na, mean number of alleles; Ne, effective number of alleles; I, mean Shannon genetic diversity index; Ho, observed heterozygosity; He, expected heterozygosity; and F, mean fixation index. All values except sample size are presented with standard errors (±SE).
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Table 3. Coefficients of genetic variation calculated for eight microsatellite loci of Norway spruce (Picea abies (L.) H. Karst) and Scots pine (Pinus sylvestris L.).






Table 3. Coefficients of genetic variation calculated for eight microsatellite loci of Norway spruce (Picea abies (L.) H. Karst) and Scots pine (Pinus sylvestris L.).





	P. abies Loci
	Fis
	Fst
	P. Sylvestris Loci
	Fis
	Fst





	PA28
	−0.191
	0.012
	Spac12.5
	−0.008
	0.079



	PA33
	−0.269
	0.008
	PtTX4011
	0.002
	0.019



	PA25
	−0.338
	0.022
	Psyl18
	−0.640
	0.004



	PA48
	0.286
	0.028
	Spac7.14
	0.252
	0.018



	PA60
	−0.515
	0.015
	Spac11.4
	0.178
	0.008



	PA44
	−0.367
	0.024
	Psyl16
	−0.259
	0.031



	PA22
	−0.322
	0.001
	PtTX4001
	−0.236
	0.003



	PA56
	−0.240
	0.003
	Psyl57
	−0.070
	0.002



	Mean
	−0.245 ± 0.083
	0.014 ± 0.004
	Mean
	−0.098 ± 0.100
	0.020 ± 0.009







Fis, genetic variation within regenerating juveniles and putatively maternal trees of the respective species (inbreeding coefficient); Fst, genetic variation (genetic distance values) between regenerating juveniles and putatively maternal trees of the respective species. Means are given with standard errors (±SE).
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