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Abstract

:

The distribution of vascular plant species and assemblages existing in beech (Fagus sylvatica L.) forests was compared with the distribution of beech chloroplast DNA (cpDNA) haplotypes, aiming to identify possible interpretable trends of co-occurrence, on a small geographical scale, and to infer the relevant historical factors. Vegetation and genetic (cpSSR) data were collected from 60 plots on Mt. Menikio (northeastern Greece). Classification and ordination analyses were applied on the vegetation data, while on the cpSSR data, diversity measures and genetic structure analyses were employed. A probabilistic co-occurrence analysis was performed on haplotypes and taxa. The results show that a plant biogeographical border exists on Mt. Menikio which, in addition, has acted both as a refugium and as a meeting point of lineages for more than one glacial cycle. Significant associations of co-occurrence between haplotypes and vascular taxa were found but no common distribution patterns between the former and species assemblages were identified. The combined consideration of the distribution profiles of species assemblages, plant species and cpDNA haplotypes (corresponding to the three levels of biodiversity) provides concrete information on historical events, leading to a comprehensive understanding of the evolutionary and biogeographical processes that have shaped specific spatial patterns of biodiversity.
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1. Introduction


Biodiversity is being explored at three levels, genetic, species and ecosystem diversity, which are recognized by both the scientific and the political processes (e.g., the UN Convention on Biological Diversity). Among them, genetic and species diversity are considered to co-vary, since they are influenced by the same evolutionary processes (migration, adaptation), shaped by specific ecological and geographical characteristics [1,2,3]. As a consequence, species richness instead of genetic diversity is being frequently used in conservation planning. However, this expectation of parallel influence is not always supported by the empirical data [4]. Taberlet et al. [5], studying the high-mountain flora of the Alps and the Carpathians, showed that species richness and genetic diversity are not correlated and emphasized the need to investigate all three levels of biodiversity in order to better understand the processes affecting them and to design conservation activities. A lack of correlation between species diversity and genetic diversity has been also found for the vascular plants in the Mediterranean basin [6]. Despite the high theoretical and practical importance of a correlation between different biodiversity levels, this issue started gaining increasing importance relatively late, e.g., [7,8,9,10]. Recently, Hrivnak et al. [10] studied the relationship between the genetic variation in black alder (Alnus glutinosa) and the species diversity in the vascular plant communities in black alder riparian forests spreading in the Western Carpathians and in the Pannonian basin.



The content and the coverage of plant communities are differentiated due to ecological factors (e.g., soil, micro- and meso-climate, disturbance regimes) as well as biogeographical ones (macro-climate and species evolutionary and migration history) [11,12]. The same factors may affect the patterns of genetic variants (alleles and haplotypes) within plant species. In particular, the distribution patterns of adaptive genes are influenced by both ecological and biogeographical factors, while neutral genetic diversity is driven mainly by biogeographical ones. cpDNA microsatellite markers are considered as selectively neutral, having a maternal (uniparental) inheritance mode in angiosperms [13], and are widely used to describe the migration history of plant species and their lineages. Common distribution patterns between plant communities and cpDNA haplotypes for a given species have a higher chance of occurring when they both share a common biogeographic history. Similarly, since the plant communities are ephemeral assemblages of species that might not have been present in the past or continue to exist in the future, while the species are more persistent in time, common distribution patterns are more likely to occur between genetic markers and species, rather than between genetic markers and plant communities [14,15]. In particular, species have a much longer history and represent more objectively defined entities compared to plant communities, in particular, the dominant species which have a greater influence on the community structure by regulating habitat properties and species interactions [16,17]. For a given plant community, the distribution of species having common spatial patterns with cpDNA haplotypes should be the result of the postglacial history and of a possible biogeographical influence. Thus, the factors influencing species distribution (biogeography or adaptation) may be described by comparing the spatial patterns of species and cpDNA haplotypes. Congruence between AFLP allele-based and species-based distribution patterns, owned to the Pleistocene glaciations, has been recently shown by Thiel-Egenter et al. [18]. A strong correlation between patterns of species diversity and haplotype variation in coding regions has also been found in island tenebrionid beetle communities [19]. No such comparison has been reported so far using cpDNA haplotypes.



Beech forests constitute an appropriate ground for investigating patterns of co-occurrence between beech cpDNA haplotypes (reflecting postglacial lineages) and plant species. Beech (Fagus sylvatica) is widespread in Europe and forms extensive forests in lowland plains and valleys in the largest part of the continent, while in the southernmost part of its distribution (especially in areas with a Mediterranean macro-climate) it forms island type populations on mountains, at high altitudes [20,21]. Even though its taxonomic status in Europe is not fully elucidated yet, the existence of one species (Fagus sylvatica) with two subspecies (subsp. sylvatica and subsp. orientalis) is widely accepted [22,23,24,25,26,27]. These two taxa are considered to form a contact zone with overlapping distribution ranges in the southeastern part of the Balkan Peninsula [23,24,28,29,30]. The current geographic distribution of beech has been strongly influenced by a series of retractions and expansions during the glacial and interglacial periods in the Quaternary [31,32,33,34], that created various refugia within Greece and a complex admixture of beech lineages [29,35,36,37].



The flora of beech forests has also been influenced by the glacial history of the temperate zone. Willner, Di Pietro, and Bergmeier [38] found that the current distribution of many beech forest species has been limited by postglacial dispersal constraints rather than by their environmental requirements. Numerous understory species of beech forests occur in a restricted part of the beech distribution range in Europe (plant geographical indicators) [38], resulting in a strong geographical gradient of floristic differentiation in the European beech forests, especially towards the south, e.g., [38,39,40]. These areas, where many narrow-range species of beech forest flora occur, coincide well with the potential refugial areas of beech and of other temperate tree species [35]. Large scale studies either of the genetic diversity of beech or of the floristic diversity of its forests have been carried out only recently in Greece [20,34,35,41], where a number of glacial refugia have been identified. On a small geographical scale (Mt. Paggeo), Papageorgiou et al. [36,42] first investigated if sites with different ecological conditions also host different beech lineages and found a relationship between the distribution of a specific plant community (belonging to the Tilio-Acerion phytosociological alliance) and a private beech haplotype, both indicative of a glacial refugium.



Aiming at comparing the distribution of species and assemblages of beech forests and of the beech cpDNA haplotypes on a small geographical scale, towards identifying possible interpretable trends of co-occurrence between them and inferring the relevant historical factors (e.g., migration routes, refugia), we choose Mt. Menikio (N.E. Greece), which has been suggested as a glacial refugium based on genetic data, either on beech, e.g., [32,35,43] or on other plant species, e.g., [44,45]. In addition, a vegetation type belonging to the Tilio-Acerion phytosociological alliance, known to host relict and endemic species that survived the Quaternary glaciations [46,47], has been observed on Mt. Menikio. This mountain is characterized by a diverse topography and has steep slopes and ravines, a topography that fulfills the requirements to have acted as refugium for tree populations during the Quaternary [33,48]. Based on all the above, Mt. Menikio forms a suitable area for testing specific hypotheses concerning the genetic diversity within and among subpopulations of beech and the different assemblages of beech forests and to investigate any patterns of co-occurrence between beech lineages and beech forest species. Thus, an additional aim of this study was to identify possible interpretable trends of co-occurrence between species and assemblages of beech forests and beech glacial lineages on a fine scale on Mt. Menikio, and to infer the relevant historical factors (e.g., migration routes, refugia).




2. Materials and Methods


2.1. Study Area


Mt. Menikio lies at the southwestern part of a mountainous landscape in northeastern Greece and its highest peak is 1963 m a.s.l. (Figure 1a). It occupies an area of ca. 380 km2 characterized by topographic and bioclimatic diversity, while geologically, it is composed mainly of marbles and schists, and sporadically of gneiss. Fagus sylvatica is the dominant species on this mountain.




2.2. Sampling Scheme


Sixty plots, each of an area of 400 m2, were chosen within the Fagus sylvatica forests of Mt. Menikio, representing the whole distribution of the species on this mountain as well as all the different environmental and growing conditions. Altitude, geological substrate, soil properties, exposition and topography were considered as indicators to distinguish these different conditions, within which the plots were sampled randomly. In each of the 60 plots, all vascular plants were recorded and their coverage was estimated using the 9-grade Braun-Blanquet scale [49,50]. The taxon identification of the vascular plants was carried out using relevant flora [51,52,53,54,55,56,57,58,59], while their nomenclature follows Dimopoulos et al. [27,60,61].



In each of the 60 plots, three beech individuals were sampled for DNA analysis. These individuals were at least 50 m apart from each other and were located within or adjacent to the edges of the vegetation plots, lying in the same environmental and growing conditions as the plots.




2.3. DNA Analyses


DNA was extracted from leaf material following the protocol of Doyle and Doyle [62] with minor modifications.



Three chloroplast microsatellites (cpSSRs) were employed (ccmp4, ccmp7 and ccmp10) [63], which have been broadly used to describe cpDNA variation and to characterize postglacial lineages of beech in Greece [29,35,36], Europe, e.g., [43,64,65,66] and Iran [67]. Amplification mix and conditions followed Weising and Gardner [63]. Allele separation and identification was performed in a LI-COR 4200L sequencer (LI-COR Inc., Lincoln, NE, USA), using IRD-800 labeled primers (VBC Biotech, Vienna, Austria) and the software LICOR SAGAGT 2.1 with internal size standards as well as control beech samples from a previous study [35].




2.4. Vegetation Data Analyses


Plots were classified to distinguish assemblages representing different ecological and/or spatial groupings. Different classification techniques were employed, such as cluster analysis with different agglomerative methods and distance measures, TWINSPAN and k-means [68,69,70]. The cluster analysis with the flexible beta method (b = −0.25) and Bray–Curtis distance, gave the best interpretable results and thus was chosen and applied using the Vegan 2.5-7 [71] and Cluster 2.1.2 [72] packages in R version 4.3.2. Diagnostic species were determined using the algorithm of Tsiripidis, Bergmeier, Fotiadis and Dimopoulos [41]. Phi coefficient [73] was calculated for the groups that were positively differentiated by taxa against those negatively differentiated or not differentiated. Only the taxa having a phi coefficient higher than 0.3 were considered as diagnostic. Groups of plots were ordered according to the hierarchy of a new cluster analysis performed with the flexible beta (b = −0.25) and the Bray–Curtis distance measure, but this time using the synoptic table of relative frequencies of taxa in the vegetation clusters as the dataset. Non-metric multidimensional scaling (NMDS) analysis was applied to interpret the floristic differentiation among the vegetation units, using the R package Vegan 2.5.-7 [71]. In the classification and ordination analyses, taxa occurring in three or less plots were omitted, prior to the analysis, to reduce noise.




2.5. Genetic Data Analyses


Haplotypes were assigned based on the combination of the three cpSSRs alleles. Given the high topographic diversity of Mt. Menikio, in carrying out the analyses, the study area was split into five geographical subdivisions (called herein “geographical groups, GGs”, GG1 to GG5; see Figure 1b,c). These GGs are separated by geographical distance and/or topographical features (such as gorges and valleys), that can act as migration barriers, also taking into account the zonal vegetation pattern of Mt Menikio [74]. Patterns of genetic diversity and differentiation were considered within and among the five GGs. Frequencies of haplotypes were calculated for each GG. Diversity within the GGs was quantified using the number of different haplotypes n(a) and the effective number of haplotypes n(e). A minimum spanning tree of haplotypes was calculated, based on the pairwise distances in fragment length of the different haplotypes, using the algorithm of Rohlf [75] as employed in Arlequin 3.01 [76] and visualized with HapStar [77].



The presence of a phylogeographic structure was checked by comparing if Nst (the differentiation among populations taking into account haplotype differences) was significantly higher than Gst (the differentiation among populations without taking into account haplotype differences), employing the PERMUT&CpSSR v.2.0 software [78] and 10,000 permutations. Analysis of molecular variance—AMOVA [79]—was employed to describe the genetic structure of the studied populations in the five GGs. Another AMOVA was performed in the vegetation assemblages distinguished by the cluster analysis, in order to check for any cpDNA structure in them. All AMOVAs were based on haplotype identity and phylogenetic dissimilarity between haplotypes and carried out using Arlequin 3.01 [76], while significance was conducted with 10,000 permutations.



A Bayesian model was used to further investigate the genetic structure of the studied individuals, by employing BAPS [80]. A non-spatial model [81] was used for the delineation of genetic clusters based on cpDNA haplotypes and a spatial one for the description of their geographical pattern [82].




2.6. Co-Occurrence between Haplotypes and Taxa


For checking any significant relationship of co-occurrence between beech haplotypes and the taxa recorded in the vegetation plots, a probabilistic species co-occurrence analysis was run using the package “cooccur” in R [83]. This analysis returns the probabilities of two objects (in our case taxa vs. haplotypes or haplotypes vs. haplotypes) to co-occur or not to co-occur by random, while assuming that their distribution in space is random and independent. In the cases where the probability of co-occurrence of two objects by random is equal or lower than 0.05, then these objects are considered to have a statistically significant positive association, while in the cases where the probability of two objects not to co-occur by random is equal or lower than 0.05, then these objects are considered to have a statistically significant negative association. Taxa and haplotypes recorded in three or less plots were not considered.





3. Results


3.1. Vegetation Data Classification


Five assemblages (A, B, C, D and E) were distinguished through cluster analysis (Figure 1b). The synoptic table of taxa relative frequencies in the five assemblages is presented in Table S1 (in the Supplementary Materials), where the diagnostic (differential) taxa of the five assemblages are also shown.



Assemblage A represents calcicolous beech forests, differentiated by typical calcicolous species. It is not thermophilus, as the species that are indicators of warm conditions have low frequencies.



Assemblage B represents acidic beech forests, growing on siliceous substrates. It hosts typical species growing in beech forests, but species of oak forests are also rather frequent, indicating a comparatively warmer character.



Assemblage C includes plots that are transitional between beech and ravine forests. It grows on calcareous substrates, in topographic conditions that provide high soil moisture (mainly on colluvial soils).



Assemblage D represents thermophilous and mesic beech forests of northeastern Greece, having a floristic affinity with the ecologically similar beech forests of the Rodopi massif and other mountains of northeastern Greece as is shown through its differential species, such as Pulmonaria rubra, Symphytum tuberosum and Carex digitata [10].



Finally, assemblage E represents thermophilous and acidic beech forests. It is mainly differentiated from the other assemblages, by the lack of calcicolous species, as well as of many species of beech and oak forests.



Regarding the spatial distribution of the assemblages on the mountain, assemblages A and C are found in the central and southern part of the mountain (GG1, GG2 and GG3), assemblage B is spread all over the mountain, assemblage D is found only in the northern part (GG4 and GG5) while assemblage E is found both in the northern and the southern parts (GG1, GG2, GG4 and GG5) but not in the central one (GG3) (Figure 1b).




3.2. Vegetation Data Ordination


The first NMDS axis discriminates mainly assemblage E (Figure 2). Thermophilous and acidophilous taxa occur in the right part of the diagram, while the left part of the diagram includes calcicolous and moist-demanding taxa. Therefore, the first NMDS axis seems to represent a gradient related to moisture and soil pH (both are decreasing towards the right part of the axis).



The second NMDS axis separates mainly assemblage A from D, while the other assemblages are located in the central part of the axis. This axis may represent a phytogeographical gradient, because the taxa located in its upper part are more common in the beech forests of central Greece (e.g., Daphne laureola, Ilex aquifolium) and indicate a warmer (sub-Mediterranean) climate, while the taxa occurring in its lower part are characteristic of the beech forests of northern Greece (e.g., Sympytum tuberosum, Pulmonaria rubra), and indicate a more continental climate.




3.3. Haplotype Diversity


All three cpSSRs used were polymorphic and nine different beech haplotypes (h1–h9) were derived on Mt. Menikio (Supplementary Materials, Table S2). Haplotype h4 dominated all GGs besides GG4, where the private haplotypes h6 and h2 were the most frequent ones (Table 1). GG4 hosted the highest number of haplotypes and showed the highest value of genetic diversity (Table 1). The minimum spanning tree (Figure 3) showed three clusters: one including h2 and h9, a second including h6 and h7 and a third main cluster including the rest of the haplotypes. The haplotypes h2, h6, h7 and h9 were found exclusively in GG4 (Figure 1c, Table 1). Haplotype h4 was the most common in the third cluster, differing in one mutation step with h1, h3, h5 and h8.



The Bayesian inference of the haplotypes in each plot classified the plots into six genetic clusters (Figure 4).



Three clusters were observed in GG4 exclusively, while three additional clusters were common in the other four GGs. The total differentiation among the 60 plots was high (Gst = 0.347), higher than the one among the five GGs (Gst = 0.213). In both cases, the Nst values were higher than the relevant Gst values (Nst = 0.405 and Nst = 0.251, respectively). Even though the divergence between Gst and Nst was not significant, it was, however, an indication that a phylogeographic signal was present in the plots and GGs of this study, indicating a genetically structured population. In the AMOVA analysis of the five GGs (Supplementary Materials, Table S3), most of the total haplotype diversity was found within plots (43.86%), while a high percentage was classified among GGs as well (35.22%). Diversity among plots within GGs reached 20.92%. The AMOVA describing the structure of haplotype diversity in the five species assemblages did not show a significant differentiation among them, with Φst being negative (Supplementary Materials, Table S4).



The spatial Bayesian model suggested a clear geographical pattern of haplotype diversity: a small cluster with the plots of GG4 only and a larger one with all the other plots and GGs (Figure 5a).



Due to the fact that the haplotype tree suggested three different groups of haplotypes, the spatial model was run also for K = 3. A similar clustering was produced with GG4 splitting further into two sub-clusters (Figure 5b), with haplotypes corresponding to the two groups described by the haplotype tree; h2 and h9 in the one and h6 and h7 in the other.




3.4. Haplotypes and Taxa Co-Occurrence


Significant associations of co-occurrence either between haplotypes or between haplotypes and taxa were explored (Table 2). Haplotypes h2 and h4 had the highest number of cases with positive or negative associations. Haplotype h2 was negatively associated with h4 and thermophilous species (Fraxinus ornus, Hedera helix and Physospermum cornubiense) and positively associated with mesophilous species (Galium odoratum and Prunus avium), with Quercus petraea ssp. polycarpa and with Lactuca muralis (a species of deciduous broadleaved forests). Haplotype h3 was significantly associated with only three species; positively with the mesophilous species Carpinus betulus and Polygonatum odoratum, and negatively with the acidophilous species Luzula luzuloides. Haplotype h4 was negatively associated with h6, with typical species of beech forests and with species of more mesic conditions (Epilobium montanum, Galium odoratum, Prunus avium, Scrophularia nodosa and Symphytum tuberosum), while it was positively associated with thermophilous or calcicolous species (Cephalanthera rubra, Fraxinus ornus, Hedera helix). Haplotype h5 was negatively associated with only one species, Moehringia trinervia, which occurs sporadically within beech forests, especially on sites disturbed by wood cuttings. Finally, h6 was negatively associated with the somewhat thermophilous species Cornus mas and Hedera helix, that occur mainly in oak forests, and positively associated with the mesophilous species Galium odoratum and Prunus avium.





4. Discussion


The identification of a glacial refugium is of great importance for taxonomists, paleobotanists, sociologists, geneticists and conservationists. Studying the genetic and vegetation structure within the refugium provides essential data in attempting to decipher the evolutionary processes that took place there, as well as in undertaking the appropriate measures for the conservation of the plant species and of the genetic resources hosted in the refugium.



In the present study, we chose a mountain with a complex relief located in northeastern Greece (Mt. Menikio), suggested to have functioned as a glacial refugium, where we studied the distribution and structure of neutral genetic markers and of the assemblages and flora taxa in Fagus sylvatica forests, which is the dominating plant species and whose forests cover a great part of this mountain. Apart from comparing the distribution patterns of the vegetation assemblages and of the genetic traits, we checked for associations of co-occurrence between haplotypes as well as between haplotypes and the vascular taxa forming the plant assemblages.



The presence of assemblage C in the central part of the mountain points to its function as a refugium, since it is transitional to the ravine forests of Tilio-Acerion. The Tilio-Acerion ravine forests grow within ravines or on steep slopes, on deep colluvial soils and for these reasons are characterized by environmental conditions (moist and relatively warm) that may have provided a near-stable environment during the glaciations, buffering the extreme effects of Quaternary climate variability and contributing to the survival of residual plant populations [33,36,47]. The refugial function of the above sites is also indicated by the presence of the following taxa: Corylus colurna, Carpinus betulus, Taxus baccata, Haberlea rhodopensis and Fraxinus excelsior. They are all rare species in Greece and they occur almost exclusively in the southernmost part of the Balkan Peninsula within ravine forests [44,46].



The results of vegetation classification and ordination show certain indications on the existence of both ecological and plant geographical gradients on Mt. Menikio, which may constitute a transition zone from the Mediterranean to a more continental climate. The main gradient of vegetation differentiation on the mountain concerns soil acidity and moisture and based on this gradient, assemblage E is strongly differentiated, ecologically and floristically, from the other assemblages. On the other hand, assemblages A and C are present only in the central and southern part while assemblage D is restricted exclusively to the northern part of the mountain. The restricted occurrence of assemblage C in three localities may be attributed to the special site conditions required for the development of this assemblage, namely ravines or steep north-exposed slopes on calcareous substrate.



Assemblage D is floristically and ecologically very similar to the Melittis melissophyllum subsp. albida-Fagus sylvatica community described by Tsiripidis et al. [84] from the Rodopi mountain range and found to be restricted in the northeastern-most part of Greece according to Tsiripidis et al. [12]. Assemblage D is differentiated against the rest of the communities in the study area by species such as Pulmonaria rubra, Symphytum tuberosum and Carex digitata, which were found to differentiate beech forests of Rodopi (also of Mt. Voras for Pulmonaria rubra) against the more thermophilous beech forests of mountains of a lower latitude in Greece [12]. On the other hand, assemblage A is differentiated, along with assemblage C, by the species Hedera helix and Daphne laureola, which were also found as geographical indicator species of the more thermophilous beech forests of central Greece [12]. Assemblage A is floristically related more to the calcareous beech forests of central Greece than those of the Rodopi mountain range according to the vegetation table of Tsiripidis et al. [10]. On the basis of the above-described differentiation between assemblages A and D as well their extreme distribution along the second NMDS axis, we interpreted the latter axis as a plant geographical gradient that represents a transition from a species pool with more Mediterranean elements in the southern part of the study area to a species pool with elements of more northern regions of Balkan Peninsula and Europe in the northernmost part of the study area. Perhaps the border between the Mediterranean and the Continental biogeographical areas, which is currently set along the Greek–Bulgarian borders [85], is actually located to the south, including the northern part of Mt. Menikio. However, it should be noted that the whole study area may comprise a transition zone with complex ecological and geographical gradients. The complexity is further enhanced by the fact that assemblages B and E, which grow on acidic soils and are distributed all over the study area, resemble more the acidophilous forests of the Rodopi mountain range than the acidophilous forests of Orthilio secundae-Fagetum sylvaticae of central Greece [12,20]. We assume that the above-mentioned complexity is caused by the combined effect of geography/topography and of geology. Specifically, at the warmer south- and sea-facing slopes of Mt. Menikio and in the warmer micro-climate of sites with calcareous substrate, the species and assemblages of more southern, and thus Mediterranean, origin occur, while on the northern slopes of the mountain that face more continental regions and in the cooler micro-climate of sites with an acidic substrate, species and assemblages of more northern and thus continental origin appear. However, in sites with an acidic substrate at the central or southern part of the study area, species of both Mediterranean and continental origin are encountered, according to the effect of other ecological parameters on the micro-climate, such as the altitude, topography and vegetation structure. Such an interpretation fits with the nature of a transition gradient along which the probability of occurrence of some species gradually decreases while that of other species increases progressively.



The differentiation of the northwestern part of the mountain is illustrated in the haplotype distribution, namely, the presence of haplotypes h2, h6, h7 and h9 only in GG4 (along with a minor presence of h4 and h5 which were common to all GGs).



Regarding the haplotype distribution, the most frequent one on Mt. Menikio was h4, which is also the most common throughout Greece, having its expansion center putatively in a nearby region [29,35]. Haplotype h1 was found in low frequencies in Mt. Menikio and in central Greece [35]. Haplotype h2 has been frequent in the east Rodopi massif (northeastern Greece) and is considered to have originated from a local glacial refugium [35], while haplotype h3 has been found mainly on the nearby-located Mt. Paggeo, originating from a local refugium [36]. Haplotype h5 has been found in low frequencies in several locations within Greece [35] and it may be considered as a relict haplotype. Haplotypes h6 and h7, that were found in this study only in GG4, are frequent in northeastern Greece and Turkey [29,35,64] and are considered as lineages originating from F. sylvatica ssp. οrientalis. Haplotypes h8 and h9 are reported in this study for the first time. The presence of unique haplotypes indicates that Mt. Menikio has acted as a refugium while the presence of haplotypes of different distribution and origin (widespread and relict) indicates that Mt. Menikio has acted as a meeting point of lineages for more than one glacial cycle. Similarly, the presence of different beech postglacial lineages on different parts of the same mountain has been described in northeastern Greece [36], southwestern France [48] and southern Italy [86]. This indicates that in mountainous areas, on the rear edge of a temperate tree species [87], glacial migration has happened repeatedly both in latitude and altitude and has caused complex fine-scale diversity patterns. Furthermore, the haplotype distribution on Mt. Menikio in relation to its complex relief (that includes gorges and small isolated valleys in lower altitudes) as well as the presence of relict vegetation types and plant species, indicates the existence of several small-scale glacial refugia on this mountain, rather than a large one. This pattern (“refugia within refugia”) has been suggested by Gomez and Lunt [88] as occurring commonly for plant and animal species in the Iberian Peninsula as well, and it may have been caused due to the climate fluctuations and the repeated migration of species in the southern European peninsulas.



Besides GG4, all other GGs of Mt. Menikio, located on the eastern, central and southern part of the mountain, showed a typical minor polymorphism, with h4 being common and the other closely related haplotypes being very rare. This is a typical diversity profile expected in populations that derive from closely located glacial refugia, since the rare haplotypes are not eliminated by genetic drift that usually occurs at subsequent migration events in long distances [89]. The two frequent haplotypes in GG4 (h2 and h6) have probably migrated from the east, originating from a secondary glacial refugium with haplotypes of eastern origin located in close proximity to Mt. Menikio. Indeed, the indication for such a refugium in the enclosed valley occurring between the northwestern part of Menikio and Mt. Vrodous comes from the presence of a unique, large population of Geranium versicolor around this valley. This species is a good plant geographical indicator, characterizing beech forests in southern Italy and the western Pindos massif (western Greece) [20,40], where it is common, compared to its rare presence in northeastern Greece [90].



The spatial differentiation of haplotypes on Mt. Menikio partly coincides with the geographical differentiation of vegetation between the northern and southern parts of the mountain. While the latter seems to be the result of a transition from a Mediterranean to a more continental climate, the biogeographical separation of the cpDNA haplotype distribution in the northwestern part of the mountain is probably the outcome of differences in postglacial migration patterns of beech lineages. Indeed, no common distribution patterns of the beech cpDNA haplotypes and of the species assemblages were found in the study area (Table S4). That is because species assemblages are formed through the response of individual species to ecological and geographical gradients and are considered as ephemeral structures [14,91]. The local scale of this study renders the ecological gradients as more important for the vegetation differentiation [11,12] and indeed the first NMDS axis represents such a gradient (Figure 2). Thus, we did not observe any common distribution pattern between the beech cpDNA haplotypes and the vegetation assemblages because the former are distributed on the basis of biogeographical factors, while the latter are formed primarily on the basis of ecological factors and secondarily on biogeographical ones.



The five haplotypes (h2, h3, h4, h5 and h6) included in the analysis of co-occurrence showed significant associations with a relatively high number of species (16 in total). Five of them (Epilobium montanum, Galium odoratum, Moehringia trinervia, Scrophularia nodosa and Symphytum tuberosum) are considered typical for beech forests [38], while five additional species have been reported as playing a geographical differential role in the distribution of beech forests in Greece [12]. Specifically, Symphytum tuberosum and Luzula luzuloides differentiate all ecological groups of beech forests of northeastern Greece (mainly Rodopi massif), Prunus avium differentiates the beech forests of calcareous and warm sites in northeastern Greece and Hedera helix and Polygonatum odoratum differentiates the beech forests of warm sites in central Greece. However, among these species, only Symphytum tuberosum is found restricted in northern Mt. Menikio, while Hedera helix is very common in the southern part and very rare in the northern part of the mountain.



The species–haplotype associations found in this study lead to the conclusion that an association between the distribution of species and haplotypes may be either communal (direct) or individualistic (indirect). Communal positive associations concern the cases where species and haplotypes have followed common (or significantly different in the case of a negative association) glacial migration routes or have survived in the same (or different in the case of a negative association) refugial areas, namely when species and haplotypes share a common glacial history. In our study, such cases are the negative association of haplotype h4 with Symphytum tuberosum, caused by the different postglacial migration routes, and the positive association of haplotype h3 with Carpinus betulus showing persistence in the same micro-refugial areas. Carpinus betulus occurs in the southern Balkan Peninsula mainly within putative refugia in gorges [46], while h3 is a rare haplotype located in a gorge on Mt. Menikio and also in a gorge on Mt. Paggeo [36], indicating that it may represent a relict lineage that has survived into micro-refugia in gorges. Based on these cases, communal associations in the distribution of plant species and beech haplotypes indicate the biogeographical significance of both.



However, a species-haplotype association can also be individualistic, namely of an indirect nature. In these cases, both the distribution of species and of haplotypes may have been affected by the same biogeographical processes (e.g., climate, proximity to refugia, existence of a barrier), without (haplotypes and species) sharing necessarily a common postglacial history. Such cases of individualistic relationships are the negative association of haplotypes h2 and h6 with thermophilous species, the positive association of haplotype h4 with thermophilous species, as well as the negative association of the haplotype h4 with mesic species (indicating a continental climate). These species are not geographical indicators, but their distribution in the study area indicates the existence of biogeographical borders (in our case, a differentiation in the climate and the intense relief of Mt. Menikio). This border may have also affected the migration of beech glacial lineages, by acting as a barrier in the migration of certain lineages and in their settling in specific refugia.



Overall, our results obtained from studying the distribution patterns of a set of species and cpDNA haplotypes revealed interpretable distribution patterns about historical factors, such as migration routes and refugia of species and populations. cpDNA haplotypes in Fagus have a maternal inheritance mode, they do not recombine and they migrate by seed dispersal. Species are also dispersed by seeds. Thus, the same historical factors may result in similar distribution patterns in haplotypes and species [18], e.g., some species may have spatially congruent refugia in cases of similar ecological preferences or similar discontinuous ranges [92]. However, in this work, we found cases of communal as well as of individualistic associations between species and haplotypes. The former may be the result of the same historical factor(s), while the latter are practically incongruent to theoretical expectations and may have been caused by an individualistic response to particular changes in the climate [93]. Since cpSSR haplotypes are considered as selectively neutral, their distribution patterns are expected to be the outcome of migration history and not of ecological factors. Thus, the combined investigation of cpDNA haplotypes and species distribution patterns can help to discriminate between the effects of ecological and historical factors in the present day distribution of species and reveal additional information about the postglacial migration history of species and the existence of refugia in an area. The differentiation and distribution of plant assemblages also reflect historical factors and thus can provide important information in parallel to genetic markers, especially cpDNA haplotypes. However, no congruence should be expected between current ecological conditions and neutral markers, except in cases when assemblages indicate adequate conditions for hosting relict species/populations, or indicate a plant geographical differentiation.



The Balkan Peninsula has served as a refugial area during the last as well as during previous glacial cycles and numerous refugia have been identified across the peninsula. However, apart from the refugial locations, the scientific research has not gone much deeper into the structure of the species (dominant or other) within the refugia regarding genetic, biogeographical, ecological or other traits, a fact that hinders both the understanding of the relevant processes and the adoption of the most appropriate conservation measures. Aleksic, Piotti, Geburek and Vendramin [94] have gone through a whole-population genetic characterization of a refugial Picea omorika population in the Balkans, identifying indeed a complex structure within this population and emphasizing the need to go one step further than the traditional sampling and follow sampling schemes leading towards a whole population genetic characterization. In the present study, the combined consideration of the distribution profiles of the species assemblages in beech forests, of the plant species within the assemblages and of the cpDNA haplotypes of the dominant tree (namely beech), following a comparatively dense sampling within a refugial area, have contributed to a concrete understanding of the biogeographical processes that have shaped specific spatial patterns of biodiversity. To our knowledge, there have been no studies so far using cpDNA haplotypes for comparing the distribution patterns of genetic variants and species.



Finally, it should be noted that this study is on a local scale and concerns an area which is a glacial refugium and represents a transition zone between two biogeographical regions. Furthermore, the genetic analyses concern a widespread dominant species (beech) and selectively neutral DNA markers. On a larger scale, Hrivnak et al. [10] did not find any relationship between the genetic variation in the dominant species (alder) and the species diversity of the plant communities. Additional studies at various scales, concerning species with different life or migration histories, are needed in order to investigate further the usefulness of the combined analyses of DNA markers, species and assemblages for answering biogeographical questions.
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Figure 1. Map of the study area showing Mt. Menikio and the mountains of northeast Greece (a), the distribution of the species assemblages on Mt. Menikio (b), the distribution of the haplotypes on Mt. Menikio (c). A 3D view of the ASTER GDEM (ASTER-GDEM, 2011) is presented as the background of the maps. Yellow lines (b,c) indicate the distinction of the five geographical groups (GGs). In the insert map (a), the geographical location of Mt. Menikio is indicated by a black box. 
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Figure 2. Ordination diagram of the first two NMDS axes. The spiders present the distribution of the plots of the five assemblages in the ordination space. Only the differential species are shown in the diagram (regular fonts) and those having a significant association (co-occurrence) with haplotypes (bold fonts). Most of the latter are also differential except Lactuca muralis, Moehringia trinervia and Scrophularia nodosa. For the taxa abbreviations see Table S1 (in Supplementary Materials). 
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Figure 3. Minimum spanning network of the nine haplotypes described, based on pairwise differences in fragment length. 
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Figure 4. Plots clustered according to the Bayesian inference of tree haplotypes (BAPS). Plots are ordered according to their geographical groups (GGs) (shown below the figure) and each plot color represents a different genetic cluster (BAPS). 
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Figure 5. Spatial distribution of clustered plots, representing the best clustering solution, using a Voronoi tessellation (BAPS) (a) and using a fixed number of clusters for plots (K = 3) (b). Yellow lines as well as the background of maps are as in Figure 1. 
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Table 1. Haplotype frequencies and diversity measures for the five geographical groups (GGs) of Fagus sylvatica on Mt. Menikio (N: number of individuals; n(a): number of haplotypes; n(e): effective number of haplotypes).
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Haplotypes

	

	




	
Geographical Groups

	
N

	
h1

	
h2

	
h3

	
h4

	
h5

	
h6

	
h7

	
h8

	
h9

	
n(a)

	
n(e)






	
GG1

	
27

	
0.074

	
0.000

	
0.074

	
0.741

	
0.111

	
0.000

	
0.000

	
0.000

	
0.000

	
4

	
1.747




	
GG2

	
75

	
0.000

	
0.000

	
0.053

	
0.840

	
0.093

	
0.000

	
0.000

	
0.013

	
0.000

	
4

	
1.394




	
GG3

	
23

	
0.043

	
0.000

	
0.043

	
0.826

	
0.087

	
0.000

	
0.000

	
0.000

	
0.000

	
4

	
1.442




	
GG4

	
23

	
0.000

	
0.304

	
0.000

	
0.174

	
0.043

	
0.348

	
0.043

	
0.000

	
0.087

	
6

	
3.921




	
GG5

	
30

	
0.000

	
0.000

	
0.100

	
0.833

	
0.033

	
0.000

	
0.000

	
0.033

	
0.000

	
4

	
1.416




	
Total

	
178

	

	

	

	

	

	

	

	

	

	
9

	
1.801











 





Table 2. Haplotypes having a significant, positive or negative association with taxa or other haplotypes of Fagus sylvatica on Mt. Menikio. Third column: observed number of plots having both entities (haplotypes and taxa or other haplotypes); fourth column: expected number of plots having both entities; fifth column: the probability that two entities would co-occur at a frequency less than the observed number of co-occurrence sites if they were distributed independently of one another; and sixth column: the probability that two entities would co-occur at a frequency greater than the observed one. Statistically significant probabilities at p-value ≤ 0.05 are marked with bold typescript.
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	Haplotype
	Taxon or Haplotype with Significant Association
	Observed Number
	Expected Number
	Prob. Negative Assoc.
	Prob. Positive Assoc.





	h2
	h4
	1
	5.2
	0.00006
	1.00000



	h2
	Fraxinus ornus
	1
	3.5
	0.04068
	0.99646



	h2
	Galium odoratum
	4
	1.7
	0.99444
	0.04849



	h2
	Hedera helix
	0
	3.1
	0.00949
	1.00000



	h2
	Lactuca muralis
	5
	2.6
	0.99540
	0.04927



	h2
	Physospermum cornubiense
	0
	2.3
	0.04644
	1.00000



	h2
	Prunus avium
	5
	2.2
	0.99851
	0.02148



	h2
	Quercus petraea ssp. polycarpa
	5
	1.9
	0.99946
	0.01006



	h3
	Carpinus betulus
	4
	1.5
	0.99579
	0.03431



	h3
	Luzula luzuloides
	1
	3.9
	0.03548
	0.99645



	h3
	Polygonatum odoratum
	8
	3.8
	0.999