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Abstract

:

Pinus cembra L. is a key species of high elevation forest ecosystems in Europe. However, in most mountain ranges, its importance has declined considerably. Remnant populations are often isolated and their dynamics and functioning are not well understood. Here, we apply novel approaches in pattern analysis to two P. cembra populations in the Carpathian Mountains in order to identify commonalities and divergences in their spatial structure and dynamics. Four study sites (1.2 ha each) were investigated within the treeline ecotone in two protected areas that differ in terms of protection status. Based on height and diameter, the individuals were classified into three size-classes: sapling, intermediate and adult trees. Spatial distribution and interactions between tree sizes were analyzed using point pattern analysis. The overall structure of all trees was aggregated at a small distance and regular at a greater distance in the population from the Natura 2000 site (p = 0.002), while in the National Park population it was a random pattern. However, the general patterns do not apply to tree size classes and the relationship among them. In the Natura 2000 site, there was no correlation, all the trees were mixed, regardless of their size. In the National Park, the sapling and intermediate were strongly clustered (p = 0.001), but the adult trees were spatially separated from all juveniles, forming patches at a lower elevation. In both areas, spatial patterns indicate the dynamics of the P. cembra population. Whereas in the National Park population, there is evidence of an upward shift, which cannot be confirmed in Natura 2000, where size classes are completely mixed and the dynamic does not translate into an expansion of the population area. The spatial differences between the two populations indicate that conservation strategies need to be developed more individually to support the regeneration of these isolated populations.
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1. Introduction


Spatial patterns are essential for understanding the structure, dynamics, and functioning of plant communities [1,2]. As contrasted with stochastic distributions, these scale-dependent patterns are controlled by processes such as seed dispersal, biotic interactions, and nutrient or water availability, each of which in turn is scale-dependent [2,3,4]. Moreover, facilitation and competition are important drivers of the spatial structure of the species [5,6]. In harsh conditions, high density of young and mature tree species can increase the growth and survivorship [5,7]. Establishment and survival of seedlings have been explained by several theories, such as dispersal limitation and Janzen–Connell hypothesis. Janzen–Connell hypothesis asserts that seed predators, herbivores, intraspecific competition, and pathogens affect the establishment and survival of seedlings near the parent trees [8,9]. Therefore, the hypothesis predicts a higher survival of seedlings at a greater distance from the conspecific trees. This hypothesis has been developed for tropical forests, but has been applied and also confirmed in temperate forests [10,11]. Processes that influence the spatial structure and forest dynamics can be provided by analyzing spatial patterns and tree relationships [12]. Point pattern analysis effectively detects the spatial structure and relationships established between trees by using the size structure and distribution of the age or height of tree populations [13].



Pinus cembra L. is a tree species endemic to the European region, and a component of the subalpine forests [14]. The species is abundant in the central Alps, but only small and isolated populations exist in the Carpathian Mountains [14,15]. Among these, the populations from the Tatra and Retezat Mountains are the largest, with over one thousand individuals, and greater genetic diversity than those in the Alps [16,17,18,19]. However, most of the Carpathian populations have a very low number of individuals, under 150 [16,19], which makes them more prone to inbreeding depression and low genetic variation [17,18]. Generally, marginal populations tend to exhibit lower density than central populations [20,21], resulting in increased sensitivity towards environmental and anthropogenic impacts. These aspects highlight their importance in ecology and conservation [17]. Studying the current spatial patterns and the structural dynamics of isolated or marginal populations may help us to understand the processes that influence their expansion or retraction [12]. In the Romanian Carpathians, P. cembra grows at an elevation between 1350 m and 2200 m a.s.l., and has Picea abies Karst. as its main competitor [16]. A single bird species, Nucifraga caryocatactes L., is the only vector for seed dispersal for P. cembra. The N. caryocatactes occurrence is abundant in the Romanian Carpathians [22]. Biotic factors, such as seed deposition, seed predation, overstorey, and understorey vegetation, are considered to be more important for the species’ natural establishment and regeneration than abiotic factors [23]. P. cembra has a restrictive habitat in Romania and is part of the protected habitat types of the Natura 2000 network [24]. However, the species is threatened by human activities (such as livestock grazing and tourism) that have fragmented its natural habitat, reducing its regeneration [15].



In the harsh climate of the treeline ecotone, forest dynamics and structure have been strongly altered by human land use [25]. The treeline ecotone is a transition zone between the closed forest and the upper limit of the isolated individuals [26,27]. The treeline ecotone range (Table S1) varies mainly due to thermal limitations, anthropogenic influences, and mechanical causes [26]. In the Romanian Carpathians, P. cembra occurs always inside protected areas [19] and may fall sometimes under areas with different status of protection. Protected areas contribute to habitat maintenance by controlling deforestation and pastoralism [28,29]. Human pressure varies significantly with protection status [29]. Between 1880 and 2000 deforestation close to the treeline ecotone was more intense in the Carpathians compared to the Swiss Alps [30,31]. In recent years human influence has decreased in both areas [25,32]. In Romania, the coverage of protected areas increased from 4.1% in 1989 to 24% in 2017 of the total country area [22]. In addition to the well-known IUCN protected area categories, the Natura 2000 network was created at the European Union level. Its aim is to facilitate the protection of threatened species and natural habitats not through strict protection but rather through a sustainable approach to promote traditional practices [22]. Unlike national parks (IUCN category II), the lack of funding for the European Natura 2000 network leads to social and economic tensions rather than actual conservation and development [22]. National parks often have core zones with more restrictive management than the Natura 2000 network. To capture also possible differences induced by the protection status, two populations of P. cembra were sampled in two areas: a Natura 2000 site, established in 2007, which does not benefit from strict protection; and a National Park (IUCN category II), which has been under protection since 1935. The Natura 2000 site was influenced by past anthropogenic disturbances and presents a higher grazing intensity than the Retezat National Park [33]. So far, P. cembra populations were mainly analyzed by dendrochronology, to reconstruct the past climate [34,35]. In addition, responses to present and future climate change were assessed [14]. Although the spatial structure has been analyzed in the Alps [25,36], little is known about the spatial distribution of individuals and spatial patterns of the tree sizes in the Carpathian Mountains.



The purpose of this paper is to study the spatial structure and dynamics of two isolated populations of P. cembra in the protected areas of the Carpathian Mountains. Our specific objectives are to: (1) characterize the spatial structure of P. cembra populations, (2) evaluate and compare the spatial relationship within and between the two populations, and (3) assess their tree size hierarchy. The achievement of these objectives will provide insights into processes that enhance the dynamics and functioning of isolated populations and can be made inferences about their future distribution at the treeline ecotone.




2. Methods


2.1. Study Area


The study sites are located in the treeline ecotone, in two subdivisions of the Southern Carpathians, Romania (Figure 1). One of the study sites is located in the Retezat National Park (IUCN category II). In addition, this protection status overlaps with other categories of protected areas, including a scientific reserve (IUCN category Ia). The second study site is located in the Parâng Mountains, with the site having been included in the Natura 2000 network since 2007, under the Habitats Directive, as a site of community importance (SCI). The elevation of the treeline ecotone depends on the study sites. In the site from the Retezat National Park, the treeline ecotone has a range between ~1730 and 2058 m a.s.l., whereas in the Natura 2000 site only between ~1670 and 1820 m a.s.l. (Table S1). The tree population has a small and isolated distribution (Figure 1). There is clear evidence of historic and present-day mixed land-use near the site, a high density of roads passing through the site, and at the treeline ecotone old stumps and remains of Pinus mugo Turra, Picea abies and P. cembra have been observed. The intensity of grazing is higher in the Natura 2000 site than in the Retezat National Park, with a 0.42 sheepfold/km² compared to 0.19 sheepfold/km² [33].



Both massifs have a glacial morphology with a maximum elevation of 2509 m a.s.l. (Peleaga peak) in the Retezat Mountains, and 2519 m a.s.l. (Parângul Mare peak) in the Parâng Mountains. The soils are orthic podzols with a crystalline schist bedrock. The mean annual temperature is −0.5 °C at 2190 m a.s.l. (1959–2009) in the Retezat Mountains and below −1 °C above 2200 m a.s.l. in the Parâng Mountains; the mean annual precipitation is almost similar across both sites: 1100–1400 mm in the Retezat Mountains, and 1000–1200 mm in the Parâng Mountains [37,38].



Four large rectangular plots (200 × 60 m, 1.2-ha) were established in the treeline ecotone (Figure 2). All plots were aligned from low to high elevations (Table S1). Two plots were established in the Rea Valley—Retezat National Park. One plot was situated at an elevation of 1754 m a.s.l. (Figure 2a), on a 8%–38% northeast slope, with 55% Pinus mugo, 40% P. cembra and 5% herbaceous plants. The other plot was situated at 1886 m a.s.l., on a 38%–76% northeast slope (Figure 2b), with 40% P. mugo, 25% P. cembra, 20% rock outcrops and 15% Vaccinium–Rhododendron shrubs and herbaceous plants. The other two plots were established in the Dengheru Valley—Parâng Mountains. One plot was situated at an elevation of 1719 m a.s.l. (Figure 2c), with the understory dominated by 60% Vaccinium–Rhododendron shrubs and herbaceous plants, 20% P. cembra and 20% Picea abies. The other plot was situated at 1726 m a.s.l. (Figure 2d), with 70% Vaccinium–Rhododendron shrubs and herbaceous plants, 20% P. cembra and 10% Picea abies. Both plots had a northwest slope with a variation between 14% and 38%. Tree distributions contain areas of lower density that can be caused by habitat heterogeneity, such as edaphic conditions.



In both study sites, P. cembra occurs in association with Picea abies at a lower elevation, forming a mixed forest, and at higher elevation occurs with Pinus mugo, Sorbus aucuparia L., and Alnus viridis DC. The height of all P. cembra individuals taller than 10 cm was measured in all plots. The diameter was measured at 1.3 m height for all individuals ≥1.3 m. Where multiple stems were growing from the same base, only the largest was measured. The locations of trees were mapped using a global positioning system (GPS) device with an accuracy of 1 to 3.5 m (Garmin GPSMAP 62). In total, 112 individuals were mapped and measured in the Natura 2000 site, and 88 individuals in the Retezat National Park. The trees were categorized into three classes: sapling, intermediate and adults (Table 1). The data was collected during two field surveys, one in 2016 and the other in 2017.




2.2. Spatial Patterns Analysis


To assess whether all the trees in each site had a clumped (grouped together), random or regular spatial distribution a point pattern analysis was used. The univariate inhomogeneous pair correlation function (ginhom(r)) can be applied for heterogeneous plots and is defined as:


ginhom(r)=Kinhom′(r)/(2×pi×r),



(1)




where Kinhom′(r) is the derivative of the inhomogeneous K function and r is the distance. This function accounts for spatial heterogeneity [39,40].



The inhomogeneous g(r) with the heterogeneous Poisson null model (HP) was applied to account for second-order effect [41]. Large-scale aggregation is attributed to environmental heterogeneity (soil, nutrients, elevation, slope) and small-scale clustering (<20 m) is attributed to plant–plant interactions [42]. Values above the totally random distribution curve (HP—the 95% confidence interval) indicates a clumped distribution, within the HP indicates a random distribution and below the HP a regular distribution. The univariate inhomogeneous pair-correlation function ginhom(r) was used with 1000 Monte Carlo simulations and 95% confidence interval to analyze and compare the distribution patterns (regular, clustered or random) of tree individuals. The bandwidth was determined for each dataset by using the cross-validated bandwidth selection function [43]. The Epanechnikov kernel and Ripley’s isotropic edge correction were applied to the data [43]. The function g(r) accounts for point density at a specific distance, while the related inhomogeneous K(r) is a cumulative distribution function that calculates the average number of points in a given radius r [41]. From an ecological point of view, K(r) makes the interpretation of the results more difficult but has the advantage of better testing of the goodness-of-fit [44]. Therefore, we used both inhomogeneous g(r) for detecting fine-scale patterns and K(r) for the confirmation of the null model.




2.3. Modelling the Spatial Relationship between Tree Sizes


Analysis of bivariate pattern revealed the interaction structure between two types of points (e.g., sapling vs. adult). If the points had extra information attached to them (called quantitative marks: the attribute of the point, such as tree height or diameter) then a bivariate analysis can be carried out [37,39]. Bivariate cross-k multitype analysis (Kij(r)) can be defined by analogy to Ripley’s K-function:


kji(r)=λj−1E



(2)







The function estimates the expected (E) density (λ) of points of type j (e.g., “sapling”) within a given distance r of a point of type i (e.g., “adult”) [43,45,46]. The cross-k analysis was used to assess the intra-size spatial relationship between different tree size classes. Type j points are positively correlated, random or negatively correlated, with type i points when the observed cross-k curve is above, within or below the 95% confidence interval [13]. Ecologically, a positive correlation means attraction between tree size classes (such as between sapling and intermediate individuals), the random pattern signifies spatial independence, therefore there is no relationship and a negative correlation means segregation or repulsion between tree size classes. The cross-k function was used under complete spatial randomness (CSR) with a 1000 Monte Carlo simulations, a bandwidth of 9 m and an isotropic edge correction [13,43]. In addition, we also used the cross-type pair correlation function to confirm the spatial patterns detected by the cross-k function.




2.4. Spatial Correlation and Autocorrelation


In order to evaluate the spatial correlation of the given marks of P. cembra, mark correlation function kmm(r) for multitype point processes was used:


kmm(r)=P0u[(M(0),M(u)]/P[M=M′],



(3)




where P0u denotes the conditional probability given that there are points at the location 0 and u separated by a distance r; M(0) and M(u) are the marks attached of those two points and P is the probability of drawing independently random marks from the marginal distribution of marks that are equal to each other (M = M’) [43]. The function helps to test if the quantitative marks of individuals are spatially aggregated or segregated. If marks (S—sapling, I—intermediate, and A—adult) assigned to points are independent, then the function is equal to one for all distances. If kmm(r) > 1 it means that points located apart at distance r tend to have larger marks indicating a positive correlation. A kmm(r) < 1 indicates negative correlation and points tend to have smaller marks [47]. From an ecological point of view, the values of the function can be associated with interaction effects such as independence, attraction or mutual stimulation, inhibition or mutual suppression of the trees [48].



The mark correlation function can detect only the multitude of sizes at a given distance r but mark variogram γ(r) can show if individuals have the same or different size at a certain distance from one another, therefore, both analyses were necessary to assess the local size hierarchy of the trees. The function calculates the squared difference between the marks of the pairs of points, within a certain distance r where x and x + r are the points at location x and x + r; E is the expectation [47,49]:


γ(r) = ½ E(m(x) − m(x + r))²; r > 0



(4)







Values of γ(r) < 1 signify a positive autocorrelation, suggesting a similar size of the neighbors, and individuals with similar marks tend to be found together. Values of γ(r) > 1 suggest a negative autocorrelation, which entails a strong difference in the marks, with trees of different sizes more likely to be close to each other [50]. Within the resulting graphs, along the line representing the observed values, the troughs show groups of tall trees, while the crests show groups of small trees [47,51,52]. In bivariate analysis (kmm(r)) the data are highly correlated, spatially independent or negatively correlated when above, within or below the 95% confidence interval, while the reverse is true for mark variogram (γ(r)).



The markcorr and markvario functions were used under complete spatial randomness (CSR) with a 1000 Monte Carlo simulation of the null model. Moreover, the bandwidth (h = 9.5 m) was calculated and the isotropic edge correction was applied to the data [13,43]. The p-value corresponds to the Loosmore and Ford goodness-of-fit test (GoF) for spatial point patterns. The GoF test was computed for each analysis in order to evaluate the suitability of the models [53]. For the design of the plots ArcGIS 10.5 software (ESRI, Redlands, CA, USA) was used, and the statistical analysis was carried out using the open source software R version 3.5.1 (R Core Team) [39] with the ‘spatstat’ package [43].





3. Results


3.1. General Spatial Distribution Pattern


The spatial distribution of all P. cembra individuals showed a significant aggregation pattern in the Natura 2000 site and a random pattern in the Retezat National Park. In the Natura 2000, the trees were clustered at a small distance, up to 5 m, random between 5 and 30 m and regular at a greater distance (30–40 m). Although the pattern varied from clustered to regular, it was significant (p = 0.002, Figure 3a). The significant pattern was also confirmed by the inhomogeneous K(r) function. In the Retezat National Park, although the trees appeared aggregated in the plots, due to habitat heterogeneity, the analysis showed a random pattern that was in a continuous decline to a regular pattern at a greater distance (30–40 m) (Figure 3b). The random patterns indicated an independent spatial location of the trees. Most of the observed values fell within the confidence interval, indicating a random distribution (p = 0.291). These results were confirmed also by “Ripley’s K function”, as inhomogeneous K(r) values showed a decreasing pattern from random to regular but significant (p = 0.009).




3.2. Spatial Distribution of the Tree Size Classes


The spatial distribution of tree size classes showed different patterns between the protected areas. In the Natura 2000 site was not a significant pattern between the tree size classes (p > 0.05), although there were variations depending on the spatial structure of the species (Figure 4a–c). The cross-type pair correlation function confirmed the random pattern (p > 0.05).



In the Retezat National Park, only one class presented a positive correlation, the other two had a negative correlation. Although the saplings displayed strong aggregation around the intermediate trees (p = 0.001, Figure 4d), especially at a distance greater than 3 m, they showed a significant negative correlation toward the adults at distances greater than 10 m (p = 0.001, Figure 4e). The cross-type pair correlation function confirmed the significance of spatial patterns (p < 0.001) and presented a similar scale of clustering and segregation. The intermediate trees displayed also a strong negative correlation with respect to adult trees (p = 0.001, Figure 4f), but the values of the cross-type pair correlation presented some variations. The observed values were outside the confidence interval only between 20–30 m, but the overall result was not significant (p > 0.05). This indicates that the pattern was not very strong and the intermediate trees were segregated at a distance of 20–30 m from the adult trees.




3.3. Size Hierarchies


The distribution of the heights and diameters, kmm(r) values, showed different pattern within each protected area. In the Natura 2000 site, both intermediate to sapling and adult to sapling classes displayed a positive correlation, indicating the dominance of trees with larger marks at distances between 10 and 20 meter (p = 0.001, p = 003, Figure 5a,b). The adult to intermediate class showed a random distribution (p = 0.868, Figure 5c). In the Retezat National Park, the adult to sapling and adult to intermediate classes displayed a positive significant correlation (p = 0.001, Figure 5e,f). The pattern was significant at a distance greater than 5 m, indicating an attraction or mutual stimulation effect. Intermediate to sapling size classes displayed a random distribution at all distances (p = 0.889, Figure 5d).



The analysis of the spatial autocorrelation, i.e., mark variogram, showed the distribution and similarity of tree marks, supporting the previous analysis. In the Natura 2000 site, between the intermediate and sapling class was a positive autocorrelation (p = 0.001, Figure 6a). Therefore, at a distance of 10 to 20 m, trees of similar size were more likely to be found together than trees of different sizes. Although the generated line was almost in the confidence interval, the adult to sapling class showed a positive correlation (p = 0.003, Figure 6b). The adult to intermediate class displayed a random pattern (p = 0.855, Figure 6c). In the Retezat National Park, the intermediate to sapling class presented a random distribution (p = 0.904, Figure 6d). The adult to sapling and the adult to intermediate classes displayed a stronger autocorrelation, starting with a distance of 5 m (p = 0.001, Figure 6e,f). In all figures corresponding to mark correlation and mark variogram functions, the troughs and crests of the observed values denoted the oscillations between groups of different sizes. These oscillations showed how different group sizes alternated along the distance r, even if they were not always significantly different. Also, large Kmm (r) values can indicate that patches of large trees were located at a greater distance between them.





4. Discussion


The main objective of the study was to assess the spatial structure and dynamics of isolated populations of P. cembra L. at the treeline ecotone in the Carpathian Mountains. Univariate point pattern analysis was performed to identify the general patterns at the treeline and bivariate point pattern analysis to assess the relationships established between tree size classes and to detect tree size hierarchy. The significant differences detected between and within the protected areas are evidence of population dynamics.



4.1. Spatial Patterns at the Treeline


Despite the heterogeneity of the sites, the spatial patterns of all P. cembra individuals showed different population dynamics. In the Natura 2000 site, the species presented aggregation at a small scale and regularity at a greater scale, whereas in the Retezat National Park was a random to a regular pattern. The observed patterns might have several possible explanations.



Firstly, the clustered pattern might be caused by the selective seed distribution by N. caryocatactes. The bird can cache several thousands of seeds each year. Although the range of activity of N. caryocatactes varies, it can easily cover 700 m in elevation [27], which explains the wide range of P. cembra (~1730–2058 m a.s.l.) above the timberline (forest line) in the Retezat National Park. N. caryocatactes prefers convex topography, with less snow cover, such as small ridges, slopes, and especially rocky outcrops, where makes groups of caches at short distance between them [27,36,54].



Secondly, biotic interactions are another important factor in the establishment of P. cembra. Species establishment is higher above the timberline when there is less seed predation [23]. However, above 2160 m, the mortality increases due to lower temperature limitation [55]. Thicker snow cover and late snowmelt influence the development of snow fungi which are a major factor of sapling mortality [54], leading to the establishment of the species only in certain patches. Recent studies have shown that climatic warming correlated with water limitation can lead to range contraction of Picea engelmannii [56].



Thirdly, large-scale heterogeneity can influence the spatial dynamics of trees [40]. Therefore, using the inhomogeneous functions, we excluded the large-scale variation in habitat, quantifying only the direct plant-plant interaction on the spatial patterns. The regular patterns indicate that trees tend to be at a certain distance apart. Regular patterns are specific to larger trees since competition leads to regularity during the time. However, both sites showed random patterns, often between 10 and 30 m, suggesting that the trees are distributed randomly and that there is no competition or segregation between them. These results are partly in agreement with a previous study conducted in the Stelvio National Park, the Alps, where at the treeline was a clustered pattern, but at the timberline was an aggregated to a regular pattern [25].




4.2. Spatial Structure and Facilitation


The spatial relationship between individuals of different tree sizes can be a consequence of the different protection status of the study sites, which can imply deviations in the spatial structure. Areas with a low level of protection status (such as Natura 2000) and past disturbances, showed spatial patterns that were random. In undisturbed environments, the spatial structure of the species presented cases of strong aggregation but also segregation depending on the main environmental variables. However, in the following paragraphs, we make several assumptions for the existing patterns.



Human disturbance affects the forest structure and tree species can react differently, for instance, regeneration and tree-ring growth decrease or increase depending on the ability of the species to adapt to the disturbance [57,58]. It was shown that after disturbances, the regeneration density decreases with distance from the remnant trees [57]. However, the Natura 2000 site has been protected since 2007 and may not show any visible signs of a regeneration pattern. P. cembra recruitment increased in the Alps after grazing and human disturbances decreased [58]. In addition, in areas disturbed by grazing, the advance of the treeline is curtailed [59,60]. Therefore, a high density of trees at the timberline is expected, but not at the treeline, which can explain the random pattern among tree classes and the low P. cembra range from the Natura 2000 site. Shade-tolerant species, such as Tsuga heterophylla Sarg. had high intraspecific competition in young and old stands [6]. However, random patterns do not support competition between P. cembra size classes. A recent study showed that due to climatic warming, Pinus flexilis E.James established above the treeline even in soils that are a core habitat for Pinus longaeva D.K.Bailey [61]. Our study does not include information about neighboring species, therefore, even if there is no intraspecific competition, further research is needed to verify interspecific competition.



The clustered pattern between intermediate and sapling class from the Retezat National Park population indicates attraction and facilitation relationship among individuals. Facilitation and competition can shape the structure and dynamics of the species and their balance changes over different life stages of the species [5,6]. Saplings were strongly segregated from the adult trees in the Retezat National Park, but independent in the Natura 2000. Although it has been shown that N. caryocatactes hides the seeds near tree trunks [62], the results suggest that the saplings recruitment is higher at a greater distance from the adult trees in the Retezat National Park.



Growth and establishment of this species are strongly linked to temperature [58,59,63]. In the Retezat National Park, the majority of the intermediate trees and sapling individuals were found on the plot located at the upper elevation (1886 m a.s.l.). The results have shown that saplings were strongly aggregated around the intermediate trees, indicating that they grow together at a similar elevation. Moreover, the segregation pattern of adult from the sapling and intermediate individuals confirm that is a different spatial distribution between the adult and the juvenile trees. In the last 60 years, many tree species, including P. cembra advanced in elevation, colonizing the treeline ecotone, as a result of recent warming [64]. Long-term protection status conferred by the Retezat National Park can be translated into a natural establishment of P. cembra at a higher elevation. Since neither seed distribution nor human disturbance limited the distribution of the species, it can shift to a higher elevation. Along the Romanian Carpathian range, Rodna National Park (IUCN category II) benefits from a long conservation history, such as the Retezat National Park, hence, P. cembra is well-represented there. Whereas in areas with a low level of protection status and influenced by past disturbances, such as Natura 2000 sites or natural parks (IUCN category V), the species is mostly underrepresented [16,19]. In undisturbed areas of the Alps, recruitment and growth of P. cembra started at the treeline around 1850. This increase was attributed to higher summer temperatures [58]. The general upward shift of the treeline due to a higher temperature is accepted and supported by several studies [59,64,65]. Therefore, the spatial segregation of adults from the sapling and intermediate individuals is not strictly related to the lack of facilitation, but rather to the recent increase in temperature. Our findings reveal that sapling recruitment is not directly enhanced by the presence of larger trees nearby, being in agreement with the Janzen–Connell hypothesis. This seems to be a pattern available for both areas, but further research is needed to provide possible explanations for this.




4.3. Local Size Hierarchies


The positive spatial correlations, as well as autocorrelations between the intermediate to sapling size classes and adult to sapling size classes from the Natura 2000 population, indicate that similar-sized trees formed patches, whereas adult and intermediate trees were mixed. In the National Park, although the adult to sapling size classes and adult to intermediate size classes formed groups of the same size, the sapling to intermediate trees were mixed together. Beside the patchy structure, the positive spatial correlations indicate an attraction and mutual stimulation between trees with similar size [46,66]. Trees in patches tend to be larger than those outside a patch [50,52]. On the one hand, these patterns could have been produced because of variations in microsite conditions such as nutrient and light availability. On the other hand, might be the effect of a self-thinning process [67]. Due to the limitations induced by the accuracy of the data, inhibition at a lower scale can be obscured, but larger-scale patterns can be clearly detected [68].



Such positive autocorrelations are usually characteristic of a natural forest, where trees are distributed in a clumped or random manner [52]. Therefore, even the protection status offered by the Natura 2000 network can be beneficial for the species in the long term, since low aggregation was already detected. Another study showed a spatial aggregation of P. cembra in the Alps after a long period of time without human disturbances [28]. Similar results have been observed also at the initial stage of a subalpine Abies forest [52].





5. Conclusions


The study evaluated the spatial structure and dynamics of two Pinus cembra populations at the treeline ecotone in the Carpathian Mountains. There is strong evidence of variation within P. cembra’s spatial structure when comparing the two sites. Firstly, there was a variation of tree spatial structure among protected areas. The spatial distribution of all trees showed clustered patterns at a small distance and regular patterns at greater distances in the Natura 2000 site, whereas in the Retezat National Park showed a random pattern. Secondly, there were also different relationships between the tree size classes within each study site. The spatial patterns within the Natura 2000 population were mainly random, with few positive autocorrelations, but in the Retezat National Park population, adult trees formed their own groups, spatially separated from the sapling and intermediate trees. In addition, sapling and intermediate trees were highly aggregated, forming groups at higher elevations in the Retezat National Park, indicating an upward shift.



These results contribute to a new background in the debate regarding the treeline dynamics and the mechanisms that are controlling it. This study demonstrates that there are several similarities and dissimilarities in the spatial structure depending on the past and present forest management, anthropogenic disturbances and natural regeneration of P. cembra. Considering spatial patterns of two isolated populations of P. cembra at the treeline ecotone, we captured the differences and similarities of their dynamics and functioning. There are numerous arguments that support our findings, but further research is needed in order to generalize them. The quantitative description of P. cembra’s spatial patterns provides forest managers with specific information to enhance the regeneration to maintain the genetic diversity of these isolated tree populations. Further research is needed to reveal the relationships between P. cembra individuals and heterospecific neighboring trees.
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Figure 1. Study sites in the Southern Carpathians, Romania. 
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Figure 2. Spatial distribution of Pinus cembra L. within the plots from the Retezat National Park (a,b); and from the Natura 2000 site (c,d). The quantitative marks indicate the tree sizes: sapling (10–130 cm height), intermediate (1–15 cm diameter breast height), adult (>15 cm diameter breast height). 
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Figure 3. Spatial pattern (pair correlation g(r)) of all P. cembra L. individuals from the Natura 2000 site (a) and the Retezat National Park (b). The solid line shows observed g(r) values, the dashed line denotes the totally random distribution curve (HP) and the gray area represents the 95% confidence interval. 
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Figure 4. The spatial relationship (cross-k function Kij (r)) between individuals belonging to different tree size classes. The solid line shows observed Kij (r) values, the dashed line denotes the complete spatial randomness (CSR) and the gray area represents the 95% confidence interval. (a,d): Intermediate–Sapling, (b,e): Adult–Sapling, (c,f): Adult–Intermediate. 
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Figure 5. Multitude of size classes at distance r (mark correlation kmm(r)). The solid line shows observed kmm(r) values, the dashed line denotes the CSR and the gray area represents the confidence envelope. (a,d): Intermediate–Sapling, (b,e): Adult–Sapling, (c,f): Adult–Intermediate. 
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Figure 6. Spatial autocorrelation (mark variogram γ(r)) of Pinus cembra size classes. The solid line shows observed γ(r) values, the dashed line denotes the CSR and the gray area represents the confidence envelope. (a,d): Intermediate–Sapling, (b,e): Adult–Sapling, (c,f): Adult–Intermediate. 
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Table 1. Recorded individuals and diameter at breast height for three size classes of Pinus cembra L. in the Carpathian Mountains. Diameter at breast height (DBH).
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	Plots
	Natura 2000 Site
	Retezat National Park





	# sapling (10–130 cm height)
	64
	33



	# intermediate (1–15 cm DBH)
	28
	24



	# adult (>15 cm DBH)
	20
	31



	DBH Intermediate (cm) (mean, min-max)
	5.4 (1.9–14.3)
	6.1 (0.6–14.9)



	DBH Adult (cm) (mean, min-max)
	44.2 (15.2–111.4)
	32.6 (16.5–55.4)











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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