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Abstract

:

Climate is a strong predictor of the geographic distribution of tree species, and thus climate change may trigger shifts in the distribution of a tree species and/or its demographic structure. In the study, we aim to comprehensively compare the distributions of four life stages of European beech (Fagus sylvatica) (i.e., regeneration, recruitment, young trees and mature trees) in forests in Slovenia, Central Europe, which are characterized by strong gradients of elevation (ELV), temperature (TEMP) and precipitation (PREC) to detect possible shifts in distribution and demography. Beech life stages were surveyed on 3366 plots. To depict disparities between ELV, TEMP and PREC distributions of beech life stages, we applied several non-parametric methods: basic statistical tests to study differences in medians, means, and 1st and 9th deciles; generalized additive models to study shifts in the optimum; and extreme value analysis to study shifts at the trailing and leading edges. A substantial shift in juvenile beech stages upward and toward colder sites was detected. However, the shift was not uniform along the distributions; the most significant shift was detected at the leading edge of ELV (+73 m) and TEMP (−2.6 °C), but surprisingly there was no beech movement identified at the trailing edge. The observed shift may be a result of the interplay between climate change, high spatial variability in microclimate, unexceptional droughts in the recent past, changes in forest use and possible limitations in the migration ability of beech and its adaptation capacity.
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1. Introduction


Climate is a strong predictor of the geographic distribution of tree species [1], impacting regeneration and recruitment patterns, growth and mortality [2,3]. Thus, climate change may considerably alter the spatial distribution of tree species [4,5,6] and the demographic structure of their populations [7,8,9,10], which may cause the alteration of the species composition of forest vegetation [4,11]. It may also alter the growth rate and growth patterns [12,13] or tree species phenology [14]. All these changes in tree species populations are more distinct in areas subjected to intense changes in long-term climate [15].



Given that global climate change is well under way [16,17] and that several modeling projections based on bioclimatic scenarios predict serious changes in species spatial distributions [18,19], the impact of climate change should already be reflected in changes in species distribution and/or the demographic structure of tree species populations. Changes in species spatial distribution polewards or upwards have most often been reported [10,20,21,22,23,24], but downward shifts have also been observed for certain tree species [7,8,10]. Renwick and Rocca [25] reported that only about half of the tree species analyzed show evidence of elevational range shifts.



Studies on shifts along different climate parameter gradients are quite rare [24,26]. Both temperature and precipitation are closely related to elevation (and latitude). Thus, the reported species shifts along their gradients were similar to the elevational shifts observed. As with elevational shifts, shifts along the temperature gradient, for example, were also observed to happen into both directions, towards colder and warmer conditions [24].



Climate change may not only affect the spatial distribution of a tree species, but also its abundance within the distribution range. However, evidence for the latter is scarce [9,27]. Changes in demographic structure can be assessed based on the distribution of the life stages of tree species. Tree development experiences several successional life stages, namely seedling, sapling, young tree, adult tree and mature tree. Juvenile life stages reflect the current and most recent environmental (climate) conditions that influence tree growth, while adult and mature trees reflect environmental growth conditions that took place several decades, and in many cases over a century, ago. Comparing the observed distributions of a particular environmental (climate) parameter for the juvenile and adult life stages of the same tree species in a large forest area may reveal early signals in the shifting of tree species distribution [7,28]. Differences in the presence or relative abundance of life stages may indicate the movement of the species optimum or even of the entire distribution range. Moreover, if the distribution edges are observed, a declining relative abundance of regeneration compared to (adult and mature) trees may reflect a potential spatial contraction of a species distribution range, while an increasing relative abundance may indicate its potential expansion [28].



When examining such early signals, it is therefore important to focus on the entire distribution of tree species along the gradient of the observed environmental parameter (i.e., elevation, latitude, long-term mean temperature and long-term mean annual precipitation) [7]. The crucial fingerprints of climate change are mostly associated with changes at the species distribution margins (i.e., the trailing and leading edges) [23,24]; however, recognizing changes in the species optimum (i.e., maximum occurrence probability and maximum abundance) is also essential. Focusing on the extremes may detect changes at only one point or within the truncated and narrow observation window of the observed environmental gradient, while possible changes elsewhere along the entire distribution may be overlooked [7]. Thus, only a comprehensive analysis encompassing the entire distribution with all of its crucial parts can reliably detect signals of tree species shift along elevation or climate gradients.



European beech (Fagus sylvatica L., hereafter beech) is widely distributed across Europe [29], but its potential distribution range is even much larger [30]. In Central and Southeastern Europe, beech can be found in an altitudinal gradient of less than 100 m to approximately 1700 m a.s.l., in areas with mean annual temperature of at least 4.5 °C and mean annual precipitation of more than 600 mm [31,32]. In this part of Europe, there is a low risk of human interference in its distribution through artificial regeneration owing to the early introduction of close-to-nature silviculture in the area [33]. Here, beech was considered as an important site-adapted tree species and thus tolerated or often even promoted in the past. However, as in many parts of Europe, Picea abies was promoted in many beech sites [34]; thus, there is still a possible risk of a narrowed distribution of beech in this area as well because of its suppression due to the introduction of Picea abies.



In general, beech is considered as a highly plastic and adaptable tree species and is quite drought sensitive closer to its xeric distribution limits [35]. More frequent droughts in recent decades due to higher growing season temperatures and reduced summer precipitation [17] may have impacted beech more than has been recently assumed [36,37]. It is likely that beech will be impacted to an even greater extent since drought events are predicted to be of even higher frequency and severity in the near future [16,38]. Accordingly, beech seems an appropriate Central-European tree species to study a possible climate-change-induced shift in tree species distribution.



Although beech shifting along different gradients has been studied across Europe [7,8,12,20,39], such a study has never been conducted in an area where many different (i.e., continental, sub-Mediterranean and alpine) climates intersect in a relatively small area and where beech is the dominant species in the natural and current tree species composition of forest stands [31]. In addition, the reviewed studies only considered a shift along elevation, but not along other environmental gradients. Thus, the objective of our study is to compare the distributions of four life stages of beech, namely regeneration, recruitment, young (thin) trees and mature (large-sized) trees, in forests in Slovenia, Central Europe, which are characterized by strong gradients of elevation, temperature and precipitation to detect possible shifts due to climate change. While most previous studies have focused on changes in the optimum [7,8,10] or at the margins of a tree species distribution along the observed environmental gradient [40], we aim to comprehensively study the entire distributions of the life stages of beech, focusing on both the optimum and the leading and trailing edges. We hypothesized that, due to climate change, the optimum, the leading edge and especially the trailing edge of the distribution of the juvenile (regeneration) and middle-age (recruitment, young trees) life stages of beech have shifted to higher elevations and to colder and moister sites (considering the same long-term average for a site) compared to the distribution of mature beech trees.




2. Materials and Methods


2.1. Study Area


Slovenia lies at the crossroads of the Alps, the sub-Mediterranean area, the Dinaric Mountains and the lowlands of the Pannonian basin, with the majority of its area (20,271 km2) characterized by hilly topography. Accordingly, within this small (forest) area, sub-Mediterranean, oceanic, continental and alpine climates intersect. Both characteristics create significant elevation and climate gradients within the study area, enabling research on species shifts. Forests cover as much as 59% of the entire area. The elevation ranges from 0 to 2864 m a.s.l., while the majority of forests lie between 200 and 1000 m, but can be found up to 2000 m a.s.l. [31]. European beech is present on 89% of the forest area in Slovenia (Figure 1). On almost 60% of this area, beech represents >25% of the growing stock, while it is the dominant species (>50% of growing stock) on 28% of the forest area [41]. Beech can be found in forests in an elevation range of several 10 m a.s.l. up to 1600 m a.s.l., and even higher in certain (rather small) areas.




2.2. Data


2.2.1. Successional Life Stages


Considering the study objective to compare the distribution of the juvenile, middle-age and mature life stages of beech, we examined four successional life stages, namely regeneration, recruited young trees, young (thin) trees and mature (large-sized) trees. To distinguish between life stages, the age–size relationship was used. Regeneration was defined as seedlings and saplings 15–150 cm tall. Small seedlings < 15 cm tall and germination were excluded from the analyses since they are very sensitive to climate variations [7] as well as dependent on the regeneration strategy of other tree species [43]. Recruited young trees, hereafter named recruitment, were defined as young trees crossing the measurement threshold of 10 cm dbh during the last 10 y inventory period. Young thin trees were defined as trees with dbh < 10th percentile of all tallied trees with dbh ≥ 10 cm, and mature adult trees as trees with dbh > 75th percentile of all tallied trees with dbh ≥ 10 cm. For beech, the 10th and 75th percentiles amounted to 13 cm and 38 cm, respectively. Successional life stages as defined in this study enable the direct comparison of mature trees established far before the considered period of mean annual precipitation and temperature (>50 y ago), when temperatures were significantly lower and precipitation significantly higher than currently [38], young and recruited trees established approximately in the first half of the considered time period (20–50 y ago) and saplings established at the end of the considered time period (<10 y).



The study was performed using the forest inventory database of the Slovenia Forest Service [42]. It includes approximately 98,000 permanent sampling plots (PSP), each 500 m2, which are systematically located across the entire forest area of Slovenia (≈11,760 km2). On each PSP, trees of dbh ≥ 10 cm are surveyed every 10 years; approximately 10% of plots are surveyed each year. The first inventory of PSPs was performed in the period 1995–2004, and trees on each PSP have since been measured 2–3-times. Regeneration (i.e., seedlings and saplings) is inventoried only on a small sub-sample of PSPs in a separate inventory performed every 4 years, and all plots are surveyed within a year. The PSP sub-sample with data on regeneration consisted of 3366 randomly selected plots (Figure 1) for which we have data from the period 2005–2020. For these PSPs, data for all life stages of trees are available. Since all life stages were inventoried on the same plots or in their close vicinity, comparative analyses can be treated as unbiased due to spatial variation.




2.2.2. Environmental Data


For each PSP, elevation (ELV), mean annual temperature in the period 1961–2010 (TEMP) and mean annual precipitation in the period 1961–2010 (PREC) were compiled. Data on ELV were compiled from a 12.5 m digital relief model [44]. An ELV value for each PSP was depicted on its central position. The PSP database occupies a large ELV range of 10–1830 m a.s.l. In addition to the strong ELV gradient, the study area is also characterized by strong TEMP (1.5–13.5 °C) and PREC gradients (780–3800 mm) (Figure 2). Data on TEMP and PREC for each PSP were derived from GIS layers prepared by the Slovenian Environment Agency [45]. The basic TEMP and PREC GIS layers were derived from long-term observation data from 60 meteorological stations covering the entire country. The method of optimal spatial interpolation was applied to these data, which considers the relation of temperature or precipitation with altitude, but also takes into account the influence of microlocation through the selected surroundings [45]. When finalized, the raster GIS layers of TEMP and PREC with a spatial resolution of 100 m × 100 m were produced and used in our study. The NW-SE mountain barrier in the western part of the country causes a significant decline in annual precipitation in the SW–NE direction towards the interior and eastern part of the country. The mean annual temperature for the period 1961–2010, on the other hand, is more related to meso-relief and is generally higher in the lowlands of the eastern and southeastern sub-Pannonian and the southwestern sub-Mediterranean part of the country.





2.3. Statistical Analyses


To depict disparities between ELV, TEMP and PREC distributions of regeneration, recruitment, thin trees and mature trees, we applied a non-parametric approach with the presence/absence and abundance data of beech at each life stage. Across beech life stages, we compared the 1st, 5th and 9th deciles of the ELV, TEMP and PREC distributions [10]. Using this approach, an analysis of the overall range of distribution with strong assumptions on the median position is enabled and more robust indices of the distribution edges are provided [7]. Statistical differences in medians between life stages were tested with the non-parametric Mood’s median (MM) test [46]. If significant differences in medians were observed, the post hoc median’s pairwise comparison were additionally applied to detect pairwise differences between life stages. In addition to medians, we also compared the mean positions of the environmental distributions across life stages using the parametric ANOVA [47] with Tukey’s HSD test for post hoc pairwise comparisons. The comparison between medians and means of the ELV, TEMP and PREC distributions indicated their skewness—the larger the difference, the more skewed the distribution.



We modeled the presence/absence probability of beech life stages as a univariate function of ELV, TEMP and PREC using Generalized Additive Models (GAM) [48]. GAMs are a non-parametric extension of Generalized Linear Models in which smooth curves are fitted to the observed data using local smoothing functions (Equation (1)):


  g  (  E  ( Y )   )  =  β 0  +  f 1   (   x 1   )  +  f 2   (   x 2   )  + … +  f m   (   x m   )  ,  



(1)




where Y is the response variable, x1, x2 … xm are the explanatory variables, f1, f2 … fm the local smoothing functions, and β0 the constant. GAMs are especially flexible in dealing with complex models and large datasets with no assumptions on the actual relationship between the response variable and explanatory variables [8]. Presence/absence data were used to acquire the probability models of each life stage occurrence along the gradient of a given predictor. We assumed a binomial distribution of the response variable and a logit link function. We assumed a beech life stage to be present on a plot if at least one individual was surveyed. For each life stage, three univariate GAM models were developed using ELV, TEMP and PREC as predictors. In addition, we similarly calculated the abundance models for beech life stages by assuming a Poisson distribution and a log link function. The models were computed using the R environment [49] and the mgcv R package [50]. GAM as a non-parametric method enables the comparison of the optimums of the distributions of the life stages of beech, which was defined as the predictor value at which the modeled probability distribution reaches the maximum [7,8].



Since major changes in the distribution of a tree species are expected to occur at its edges, e.g., [12,23], it is crucial to investigate the tails of the distribution along the gradient of the observed environmental variable. GAMs are less appropriate for such comparative analysis of distribution tails; therefore, we additionally applied Extreme Value Analysis (EVA) [51,52]. EVA is a statistical tool for estimating the occurrence probability of extreme values. It has a broad specter of application, from finance to engineering and environmental modeling [51]. It treats extremes as its own random variable and not just as an outlier in the overall data; most usually, extremes are defined as values larger than a given threshold [53]. Extremes, also called exceedances-over-the-threshold (i.e., the differences between the observed values and a given threshold), are often assumed to be distributed in a Generalized Pareto Distribution (GPD) (Equation (2)):


  G  P ξ   (  x / σ  )  = : G  P  ξ , σ    ( x )  C D F ,   σ > 0 ,    



(2)




where GPξ means the following distribution (Equation (3)):


  G  P ξ   ( x )  =  {      1 −    (  1 + ξ x  )    − 1 / ξ   , 1 + ξ x > 0 , x > 0 ,   i f   ξ ≠ 0 ,       1 − exp  (  − x  )  ,   x > 0 ,   i f   ξ = 0        



(3)




where ξ is the shape parameter and σ the scaling parameter [53]. We adjusted the GPD to both the left and right tails of the ELV, TEMP and PREC distributions for the regeneration and mature trees. The differences between these two life stages were assumed to show best the possible shift due to environmental (climate) change that had already occurred. Following duMouchel [54], we subsampled the observed presence values for beech regeneration and mature trees below the 10th percentile and above the 90th percentile of ELV, TEMP and PREC. Since Scarrott and MacDonald [55] criticized such an approach, we also checked the MRL and the Hill plot approach. Since they provided similar threshold values as the 10th/90th percentile, we retained the approach of duMouchel [54]. Based on the adjusted GPD, we calculated the occurrence probability for beech regeneration and mature trees at the left and right tail of the ELV, TEMP and PREC distributions. The occurrence probability at the threshold value (i.e., the 10th and 90th percentile) was considered as 1 (i.e., 100%). The calculated probability distributions for both beech life stages were tested for significant differences by applying the non-parametric Kolmogorov–Smirnov (KS) test [47]. The EVA analyses were performed using the R environment [49] and the extRemes [52] and evir [56] R packages.





3. Results


By comparing the medians of ELV between beech life stages, a difference of +13 m was observed between regeneration and mature trees (Table 1). Medians for recruitment and thin trees were even higher than those for regeneration (+32 m and +28 m, respectively); however, statistical differences between life stages were insignificant (MM test, p = 0.151). Median differences in TEMP between life stages were also insignificant (MM test, p = 0.11); the largest difference was found between regeneration and mature trees, amounting to +0.18 °C. In contrast, median differences were statistically significant for PREC (MM test, p < 0.01). Post hoc pairwise tests showed significant differences between mature trees and other life stages (p < 0.05); the medians for regeneration, recruitment and young trees were 78 mm, 86 mm and 111 mm larger, respectively.



When the distribution means were compared, significant differences between beech life stages were observed only for TEMP (p < 0.01). For ELV and PREC, right-skewed distributions (i.e., mean higher than median) were determined for all life stages, while for TEMP, left-skewed distributions (i.e., median higher than mean) were observed for all life stages.



The GAM smoothing functions of ELV, TEMP and PREC were statistically significant (p < 0.05) in all models for beech life stages, with the exception of the PREC model for recruitment in which the approximate significance of the smooth term was 0.103. The estimated response curves mostly showed asymmetrical and nonparametric shapes (Figure 3), with only some exceptions illustrating nearly symmetrical shapes. This result supports the use of GAM models.



The ELV probability response curves signified differences in the optimum ELV (i.e., ELV exhibiting maximum probability for occurrence) for beech life stage occurrence. The optimum ELV for regeneration, recruitment, young trees and mature trees amounted to 978 m, 929 m, 858 m and 360 m a.s.l., respectively (Figure 3). The response curves for regeneration and mature trees were of similar bimodal shape, but with two local maximums at different ELV. For regeneration and mature trees, the first local maximums were at 352 and 360 m a.s.l., respectively, and the second at 978 and 714 m a.s.l., respectively. The maximum abundance of beech regeneration, however, was, in contrast to its occurrence probability, much lower at 340 m a.s.l. (Figure 4). Similarly, the maximum abundance of mature trees was at 354 m a.s.l., while the maximum abundance of recruitment and thin trees appeared at higher elevations.



The EVA analysis of ELV showed that the probability of the occurrence of mature beech trees at the upper ELV edge (i.e., right tail above the 90th percentile) is constantly lower than that of beech regeneration (Figure 5); this result was additionally supported by differences in the values of the 90th percentile (Table 1). Considering only the right tails of the distributions, the probability of occurrence of mature trees dropped below 1% (if the probability of beech occurrence at the threshold ELV is assumed to be 100%) at 1457 m a.s.l., while this threshold is 73 m higher for regeneration. Significant differences between both probability distributions were determined (KS test, p < 0.001). In contrast, at the lower ELV edge (i.e., the left tail below the 10th percentile), the probability of occurrence of mature beech trees is also constantly lower than that of beech regeneration, but the differences between probability distributions were not significant (KS test, p = 0.576). The ELV value with the 1% occurrence probability was almost the same for regeneration and mature trees, being 153 and 156 m a.s.l., respectively. The values of the 10th percentile showed similarly small differences between life stages (Table 1).



The TEMP response curves indicated that the beech optimum shifted to colder sites based on the long-term average (Figure 3). The maximum probability of regeneration occurrence was observed at 2.62 °C and that of recruitment occurrence at 2.05 °C lower than that of mature trees (8.88 °C). The optimum for young trees (8.94 °C) was very similar to that of mature trees, however.



Similar results were obtained by the EVA analyzing the tails of TEMP distributions for regeneration and mature trees, showing the higher probability of regeneration occurrence at lower TEMP (Figure 5). Statistical differences between the probability distributions were insignificant for both tails (both p > 0.05), though the difference was more pronounced at the left distribution tail (below the 10th percentile). Furthermore, the values of the 10th/90th percentiles signified the same finding.



The PREC response curves, however, indicated no shift of beech along its gradient. The maximum probability for all life stages was observed at the maximum PREC value of 3607 mm (Figure 3). However, significant differences were found only between the left tail probability distributions for regeneration and mature trees (KS test, p = 0.003), but the results do not support the expected shift. The probability for regeneration occurrence was found to be greater in areas with lower PREC than for mature trees (Figure 5). At the right distribution tail no significant differences were found.




4. Discussion


Since climate warming is evidently well under way in Central and Southeastern Europe [38] and the beech is a widely distributed tree species in the study area [29,31], we expected that beech has already responded to climate change, with juveniles growing at higher ELV than mature trees and in colder and moister sites if the long-term averages of TEMP and PREC are considered, respectively. Yet, our results do not unambiguously support these expectations, and no clear pattern of beech climate-change-induced shift can be distinguished.



According to the GAMs, a substantial upward movement in the optimum ELV of beech regeneration and recruitment compared to mature trees was detected (also young trees indicated such a shift, but less evidently); the TEMP optimum shift towards colder sites additionally supported this finding. Moreover, a statistically significant upward movement of +73 m was detected at the upper (colder) edge of beech distribution (i.e., the right tail). This evidently identified the upward shift of beech at the upper leading edge of its distribution, which is in synchrony with the current climate warming in this part of Europe [38] and has also been detected in other mountain areas across Europe. Similar shifts of beech have been reported in the Spanish Pyrenees, e.g., [12,20], France [7], the Swiss Alps [40] and the Carpathians [57], but not yet in the Eastern Alps (Central Europe) and the Dinaric Mountains (Southeastern Europe). Alpine late-successional tree species, such as the beech, often exhibit an upward shift as a consequence of climate warming [18]. However, the opposite was also reported by Rabasa et al. [8], who found the beech regeneration optimum to be 150 m lower than that of mature trees when studying various species on several sites across Europe from Spain to Sweden.



In contrast, no obvious shift in beech population was detected when the abundance of individuals per life stages along the ELV gradient was analyzed. Additionally, differences between the life stage medians and means of ELV were statistically insignificant. Furthermore, no upward retreat of beech regeneration in the low-elevation trailing edge of the distribution was detected, although it was expected to a greater extent than an upward shift at its upper leading edge. When analyzing TEMP, a shift of beech regeneration towards colder sites was detected, but with significant extension only at the “colder” leading edge and almost without it at the “warmer” trailing edge where it was expected to a greater extent. This largely coincides with an elevational shift, as the temperature decreases with elevation. Conversely, in the temperate forests of Japan, tree species abundances changed directionally along a temperature gradient [26]. With respect to PREC, no significant shift was detected, which was also surprising.



Increased air temperature has often been cited as the main reason for such an upward shift of tree species [22,25], which may be especially true for temperature sensitive species such as the beech [58]. In Slovenia, an increase of 0.36 °C per decade during the last five decades was reported [38], which is high enough to trigger movements in tree species populations. If related to lower precipitation and consequent droughts, its impact may be even more pronounced [3]. According to Matyas et al. [36], a one degree increase in temperature should be followed by a 170 m upward movement of tree species. Even a detected significant upward shift at the upper leading edge seems to be insufficiently large considering the average temperature increase of about 1.5 °C in the period 1961–2011 [59]. An upward shift of 250–260 m would be needed to follow the observed temperature change.



However, in our case, an upward shift in beech extent may also be a consequence of a natural “return” of beech to forests with altered tree species composition due to the favoring of Picea abies in the past [34,60]. Such forests are mainly located at an elevation above 1000 m a.s.l., representing the leading edge of beech distribution. In Slovenia, beech is potentially present up to 1700–1800 m a.s.l., while the highest elevation at which beech trees were found in our study was less than 1500 m a.s.l. At such elevations, beech fructification is not frequent and abundant. In addition, beech expansion might be limited by the presence and size of seed trees, with its heavy seed not able to disperse over a very long distance [18,61]. However, Vitasse et al. [40] argued that beech should not be limited in its expansion upwards due to climate change by a limitation in reproduction (e.g., seed availability, germination) or by seedling establishment, which is also supported by our results. Seedling establishment can, however, be substantially limited by drought [3]. However, the alpine climate in the Slovenian mountains is moist with high annual and summer precipitation [45], and thus drought should not pose a threat. A much larger threat to the upward retreat of beech (and other species) may be the (forest) soil, which is not evolved enough in the subalpine vegetation belt for late-successional tree species, such as the beech, to thrive [62].



In our case, beech regeneration was also found on plots without potential seed trees detected, even as high as 1755 m a.s.l. However, since our plots were small, seed trees might be located in the close vicinity of the plots. Our data did not allow us to separate the edging dispersal effect from mid- and long-distance dispersal. In addition, the small size of the forest inventory plots may contribute to an unfair representativeness between beech life stages. However, the large number of randomly selected plots from a systematic grid alleviates this shortcoming. Due to the factors mentioned, the detected upward shift in beech regeneration compared to mature trees cannot be declared to be unambiguously related to climate change only, but it may be influenced by other factors as well.



The contraction at the trailing edge of beech distribution, represented by low-elevation (<200 m a.s.l.) warmer and dryer sites, was expected since they might represent the sub-Mediterranean xeric limit of beech distribution in southwestern Slovenia and the continental xeric limit in eastern Slovenia. The most pronounced contractions of beech distribution were expected at these limits [36] since beech shifted its range from the Holocene onwards and currently occupies the warmest sites [39]. Severe and frequent droughts should be the main reason for such a retreat of beech, e.g., [13,27]; however, our results do not support this hypothesis. The reason may be the high enough annual precipitation distributed accordingly also during the growing season [45]. This resulted in infrequent droughts that were not severe enough to damage beech in the study area. According to Matyas et al. [36], a probability of >75% for beech occurrence takes place if annual precipitation is higher than 739 mm and mean spring temperatures are ≤14 °C. Such an amount of precipitation (and required spring temperatures) was attained or exceeded in the vast majority of our study area in the previous and also the last decade [38,45]. As Mellert et al. [37] pointed out, most regions in Central Europe are far from the xeric limit of beech, which was also supported in our study. However, during the last decade, there have still been four years that exhibited a lower annual precipitation than the long-term average shown in Figure 1 [45]. Together with the observed increased (summer) temperature, this may indicate potentially more frequent and severe drought events.



According to Dobrowski [63], an additional reason for migration lags at the low-elevation warm trailing edge of beech distribution can arise in areas with high spatial variability in microclimate. The study area is characterized by a high topographic complexity, which may create climate microrefugia enabling small populations of trees to persist beyond the optimal climate niche [7,64]. Favorable climate conditions for beech regeneration can also be sustained by adequate forest management since canopy cover can moderate and buffer climate extremes at the forest floor [64]. The continuous-cover forestry practiced in Slovenia [33] may have such an effect [29], fostering the abundant regeneration and recruitment of beech [43]. Additionally, climate-mediated changes in species competitiveness within phytosociological communities can be a possible reason for this observed migration lag [11,28]. In this interaction, beech regeneration may have recently increased its competitiveness in relation to other tree, shrub and herbaceous species, but this may not remain the case in the long run. Beech competitiveness at the low-elevation warmer trailing edge may also decrease in Slovenia, as has already occurred in Spain [12,20].



A shift of tree species due to climate change can also be indicated by other signs and parameters. Potential shifts of beech have often been indicated based on changes in growth patterns, e.g., [12,13]. Across most of the area covered by European beech in Europe, there has been a notable decline in growth during the last 60 years [65], suggesting a potential shift in beech population and extent. Diameter distribution is an important indicator of the demographic structure of tree species populations. Its changes may imply a possible shift if, for example, there is a trend towards an increasing number of large-sized trees with a concurrent decrease of small-sized young trees and recruitment. Damage rate and natural mortality may also be such parameters. Ogris and Skudnik [66] reported an increasing trend of defoliation of beech crowns in the recent past due to natural disturbances and some as yet unknown reasons. This may be an early signal of beech being in trouble and of a possible retreat of beech from some sites, since more severe and frequent droughts [17,38] may intensify this process [67]. However, it has to be considered that beech is a highly plastic tree species with a potentially extendable ecological niche in a changeable environment. Its adaptive responses of migration or phenology may substantially influence the future shift in beech distribution. A comprehensive large-scale analysis of all parameters indicating a potential shift in the beech population is needed in order to definitively answer this important research and management question for European forestry.




5. Conclusions


We determined a substantial shift of beech in the juvenile and middle-age stages upward and toward colder sites compared to mature trees. However, unequal responses were detected along the ELV and TEMP distribution with any shift disclosed in the PREC distribution. The observed shift of beech regeneration compared to mature trees at its upper (+73 m) and colder leading edge (−2.6 °C) of ELV and TEMP distributions and the shift in their optimums were not followed by movement at its lower and warmer trailing edge.



The shift rate of beech does not correspond completely to the rate of climate change. It is evidently insufficient considering the observed change in climate. Such a result was partly expected since trees and forests are long-living organisms and thus respond with a certain delay to such external stimuli.



The observed shift and the movement lag are likely a result of the interplay of various factors, such as climate change, high spatial variability in microclimate, unexceptional droughts in the recent past, changes in forest use and possible limitations in the migration ability of beech and its adaptation capacity.



For temperature-sensitive tree species, such as beech, ELV and TEMP seem to be more relevant environmental variables for studying climate-change-induced shifts compared to PREC. This may be especially true if water availability is not a limiting factor of species thrift.



The further continuous investigation of the response of beech to climate change is needed to elucidate its adaptive response and potential to extend its ecological niche as well as to identify the influential factors in beech’s shift in the environmental gradients in addition to climate change.
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Figure 1. Forest distribution and grid of permanent sampling plots in Slovenia on which trees and regeneration (black dots) were inventoried (n = 3366) [42]. 
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Figure 2. Mean annual temperature and mean annual precipitation across Slovenia in the period 1961–2010 (based on [45]). 
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Figure 3. Elevation (a), temperature (b) and precipitation (c) response curves derived with GAM models per life stages of the European beech; the optimums are highlighted by marks related to the life stage. 






Figure 3. Elevation (a), temperature (b) and precipitation (c) response curves derived with GAM models per life stages of the European beech; the optimums are highlighted by marks related to the life stage.



[image: Forests 13 01311 g003]







[image: Forests 13 01311 g004 550] 





Figure 4. Predicted number of individuals per life stages of the European beech along an elevation gradient; the optimums are highlighted by vertical lines and all gathered at the bottom chart for comparison purposes. 
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Figure 5. Occurrence probability of beech regeneration (black line) and mature beech trees (red line) at the lower (<10th percentile; left sub-figures) and upper tails (>90th percentile; right sub-figures) of the (a) ELV, (b) TEMP and (c) PREC distributions; the occurrence probability at the selected threshold for each life stage is assumed to be 1. 
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Table 1. Characteristic values of European beech life stage presence distributions along elevation (ELV), long-term mean annual temperature (TEMP) and long-term mean annual precipitation (PREC) gradients; p-values indicate the significance in median (Mood’s median test) and means (ANOVA), respectively; superscript letters indicate group membership according to post hoc median pairwise comparisons or Tukey’s HSD test.
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European Beech Life Stage

	
p-Value




	
Regeneration

	
Recruitment

	
Thin Trees

	
Mature Trees






	
ELV

(m)

	
median

	
609

	
628

	
624

	
596

	
0.151




	
mean

	
640

	
635

	
648

	
618

	
0.090




	
min

	
81

	
134

	
182

	
134

	




	
max

	
1755

	
1424

	
1472

	
1472




	
10th percentile

	
289

	
292

	
308

	
295




	
90th percentile

	
1024

	
989

	
1008

	
982




	
TEMP

(°C)

	
median

	
8.28

	
8.28

	
8.31

	
8.46

	
0.110




	
mean

	
8.09 a

	
8.15 a,b

	
8.11 a,b

	
8.28 b

	
0.001




	
min

	
3.11

	
3.85

	
3.66

	
3.66

	




	
max

	
12.28

	
12.15

	
11.44

	
12.15




	
10th percentile

	
6.03

	
6.27

	
6.15

	
6.29




	
90th percentile

	
9.83

	
9.87

	
9.73

	
9.88




	
PREC

(mm)

	
median

	
1573 a

	
1581 a

	
1606 a,b

	
1495 b

	
0.009




	
mean

	
1632

	
1645

	
1673

	
1605

	
0.050




	
min

	
807

	
840

	
875

	
825

	




	
max

	
3607

	
3160

	
3247

	
3607




	
10th percentile

	
1177

	
1174

	
1207

	
1190




	
90th percentile

	
2276

	
2309

	
2353

	
2249
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