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Abstract

:

In the eastern Baltic region, the abundance of Scots pine (Pinus sylvestris L.) has been predicted to shift due to changes in height growth and competitiveness. Under such conditions, the relationships between tree growth and meteorological/climatic conditions can provide valuable information on the ecological plasticity and adaptability of local populations. Regarding the climatic dependence of productivity and competitiveness, height increment is an informative proxy, although data gathering is laborious. In this study, meteorological sensitivity of the height increment of Scots pine across the climatic gradient of north-eastern Baltic region was assessed by the means of timeseries deconstruction and generalized additive regression. Previously published time series from sites in Latvia, Estonia, and Finland were reanalysed. The local linear weather–growth relationships showed gradual changes in sensitivity to low summer temperature to conditions related to water availability in summer in Finland and the Baltics, respectively. The regional generalization of responses indicated the prevalence of temporary and spatially stationary effects of temperature in winter and summer, which had a complex influence (direct and carry-over effects). The prevailing linearity of the regional responses suggested that, regarding height growth, the studied populations appeared adapted to a wider climatic gradient than the studied one.
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1. Introduction


In the eastern Baltic Sea region, conifers are predicted to gradually surrender to deciduous trees, thus shifting forest composition [1], as the adaptability of the native conifers appears to be lagging behind the accelerating changes in environment [2,3]. The effects of climate change on forest growth and productivity are disproportional [4,5,6] and vary spatially [7,8,9], thus maintaining uncertainties in the projections [10]. Accordingly, comprehensive information on the environmental effects on tree growth is still essential for sustainable adaptive forest management [11,12].



The relationships between increment and environmental fluctuations are more informative regarding growth performance under the shifting environment compared to the dimensions of trees, which are the cumulative product of past conditions [11,13,14,15]. Due to convenience, growth sensitivity has been commonly assessed based on the radial increment [9,11,12]. Height increment, which is a better indicator of productivity and competitiveness, while providing complementary information on growth sensitivity [16,17,18,19,20], has still received little attention due to the laborious measurements [21,22]. Hence, analysis of the variation of height increment and its components can provide deeper insight into the environmental limitations of tree growth [7,14,23,24].



In the eastern Baltic Sea region, Scots pine (Pinus sylvestris L.) is a widespread and economically important species projected to decrease abundance (e.g., up to 40% over 21st century in the Baltics) [1,25]. Such a shift can be amplified by local adaptation, which restricts ecological plasticity despite intensive gene flow [2,3,6,26,27]. The decline of native genotypes, which are not able to benefit from a warmer climate, is largely driven by competition [20,25,28]. Under such conditions, information about the environmental sensitivity of height increment, and hence productivity and competitiveness of trees [15,18,24], can aid adaptive management [29]. This is particular for Scots pine due to the pronounced weather sensitivity of the height increment [15,17,18,21,24,30].



The formation of the height increment of Scots pine is a two-year process depending on the number and elongation of growth initials formed at the end of the preceding growing season [31,32]. Hence, the height increment is affected by conditions over a longer period compared to tree-rings [15,18,33], particularly as the formation of growth initials can be affected by the preceding conditions (i.e., experience carry-over effects [15,17,30]. Accordingly, the climatic controls of height increment appear to be complex, as the effects of meteorological conditions interact [4,5,8,17,24,34]; for instance, temperature modulates the effects of water deficit [2,35,36].



Under the cold climate of northern Finland, the height increment of Scots pine has been driven (linearly depended on) by temperature in the preceding summer [15]. In those stands, the current summer temperature and precipitation showed local significance [15] alarming of water shortages [35,36]. Under the warmer climate in Latvia, the height increment lacked a strict weather limitation, as the sets of weather–growth correlations differed between the coastal and inland sites [17,30]. Nevertheless, the conditions in the preceding year were the main (though nonstationary) drivers of increment; the conditions in the current year had secondary effects [17,30]. Accordingly, the weather–growth correlations suggested complex regional meteorological controls over increment [8,15,17,24].



Across the environmental gradient, ecological responses are generally bell-shaped [9,37], while the linear responses can be estimated under a limited part of the gradient [28,37,38]. Unfortunately, under rapid shifts in environmental gradients, the local linear relationships, which are widely used for projections, appear to be biased and nonstationary [9,39]. Accordingly, the assessment of ecologically realistic responses across the environmental gradient scalable with the distribution of the population(s) is crucial for reliable projections [6,9,15,38]. Furthermore, the nonlinearity of weather–growth responses implies their dependence on the local climate, highlighting the disproportional effects of climate change on forest composition and productivity [4,5,6,38]. Nonlinear responses can also be attributed to the nonstationarity of linear relationships, which emerge as the climatic gradient shifts [9,39].



The aim of the study was to generalize the responses of the height increment of Scots pine to weather conditions and to assess their plasticity under the climatic gradient of the north-eastern Baltic Sea region. The assessment of the main weather-related drivers of height increment and the evaluation of the stationarity of the local linear relationships were considered as the subordinate objectives. Considering the location of the study region in the temperate and boreal climatic zones, we hypothesized that both the temperature and precipitation were the regional drivers of increment. We also assumed that the responses to summer temperature and precipitation would be arc-shaped, indicating the presence of optimum conditions.




2. Material and Methods


2.1. Dataset


The generalization of the responses of the height increment of Scots pine to meteorological conditions was based on the previously published height increment time series from the north-eastern Baltic Sea region [15,17,21]. In total, sample data representing six closed canopy stands in Northern Finland, Estonia, and Latvia were studied (Figure 1). To the authors’ knowledge, the studied dataset includes all published time series of height increments of mature Scots pine from the region. Data for the stands north from Rovaniemi were not analysed, as they represent open-canopy forests [15].



The studied stands differed by mean age, and most of them were growing on mesotrophic mineral soil (Table 1). The oldest stands were in Latvia and Estonia, where trees were larger and taller accordingly. Generally, site conditions were common for conventionally commercial stands of Scots pine within the studied localities, considering the regional differences of the climatic and edaphic backgrounds. Stands in Estonia were sown, while the others have regenerated naturally.



The climatic conditions (during the past five decades) at the sampled stands were generally comparable in the Baltic states except from the Finnish one (FIN_1), which was located in a different climatic zone; hence, its climate was considerably colder (particularly winter) and drier (Table 2). Hence, it must be admitted that the studied sites rather discretely represent the regional gradients. Still, the studied stands in the Baltic states represented local thermal and continentality gradients from coastal to inland according to distance from the Baltic Sea in the south-western direction (according to the dominant westerlies). The annual precipitation regime, however, was comparable, with half of the annual precipitation falling during the summer months. The climatic changes for the studied sites were similar, and they were expressed as warming during the dormancy period causing an extension of the growing period [40]. Concomitantly, summer temperature and precipitation regimes have become more heterogeneous, particularly as the warmer precipitation-free periods have been extending [40].



Dominant or co-dominant visually healthy and straight trees were selected for sampling within each stand. In general, these trees represented the size distribution of the canopy trees of the stands [15,17,21]. The number of sampled trees ranged from 10–20 per stand; the sampling was conducted during 2003–2014. The selected trees were felled and their stems were cut longitudinally uncovering the pith. Along the pith, whorls were identified and annual borders of consecutive height increments were identified (by colouring and changes in width of the pith) and marked. The dating of the borders of height increments was cross-checked with tree-ring data from the ends of the logs, thus revealing any possible leader changes (loss of the apical shoot), which could be hidden or difficult to identify. Any obscure parts of stems (with indistinctive height increment borders of tree-rings) were cut and processed in the laboratory, thus warranting the dating of increment. Height increment, as the distance between the borders of height increments on the pith of the stem, was measured using a measurement tape with an accuracy of a millimetre. Although the process was time-consuming, time series of highly accurate measurements were obtained.



A gridded monthly climatic dataset (CRU TS4 v. 4.06) was acquired from the online repository of CRU and used for the calculation of meteorological variables to be tested as predictors of height increment [41]. The climatic variables used in the analysis were mean monthly temperatures, precipitation sums, and standardized precipitation evapotranspiration index [42] calculated considering three-month window to describe the environmental water deficit. Considering that the formation of the height increment of Scots pine is a two-year process [33,43] and that meteorological conditions can have carry-over effects on increment [4,5,17,32], the meteorological variables were arranged according to a time window from June two years prior (bprev.) to the formation of increment to August in the year of increment. Such an approach has been widely used for the analysis of increment using the time series deconstruction techniques [9,11,15,17].




2.2. Data Analysis


Considering the relevance of exact dating of increment for the assessment of weather–growth relationships [44,45], graphical and statistical cross-dating using COFECHA software [44] was performed for the height increment time series within and among the studied stands. Special attention was paid to event years (abrupt improvements/suppressions of increment). Corrections in the time series were introduced if necessary. Series showing low agreement (concordance) with others within a stand without the possibility of obvious and reliable correction were omitted from further analysis. For each site dataset, a number of dendrochronology statistics were calculated to evaluate the strength of the common growth signal between the trees and to assess chronology reliability. The following statistics commonly used in radial increment analysis was calculated: first order autocorrelation, mean sensitivity, Gini coefficient, mean Gleichläufigkeit, signal–noise ratio, and expressed population signal (EPS) coefficients [46,47]. These statistics were calculated for time series detrended by a flexible cubic spline with a wavelength of 40 years and a 50% cut-off frequency to avoid possible bias related to disturbances [39,45].



To assess the effects of weather conditions on the height increment of Scots pine, the trends related to ageing and disturbances (local and site specific) were omitted from the time series of height increment [45,46]. Double detrending by the modified negative exponential curve and flexible cubic spline with the rigidity of 40 years and 50% cut-off frequency was used to highlight the inter-annual (high-frequency) variation of increment. This approach was used to stabilize inter-annual variation, as stands differed in age and management history. To represent the height increment of stands, the detrended individual time series of trees were prewhitened by the first order autoregressive model and averaged into the site residual chronologies using the biweight robust mean [46]. Stand–level linear relationships between a high-frequency variation of height increment represented by the residual chronologies and the meteorological variables were identified by a bootstrapped Pearson’s correlation analysis [48] for the reference period of 1955–2003 (common for most datasets). Non-parametric percentile interval bootstrapping with replication was used to estimate the statistical significance of the correlation coefficients at α = 0.05.



To assess regional weather and climatic drivers of height increment of Scots pine accounting for possible nonlinearity of the growth responses [9,37], a generalized additive mixed model (GAMM) was used [49]. Such models, able to estimate nonlinear splines, have been sufficiently used for the wide-scale analysis of heterogenetic ecological data representing considerable spatiotemporal gradients [4,5,6,37]. Accordingly, such a statistical method aids the assessment of more reasonable, stationary, and ecologically realistic responses [6,9].



The height increment indices of the residual chronologies for the reference period (1955–2003) were used as the response variable, while different combinations of the meteorological variables (as smooth terms) were tested as the fixed predictors (effects). The arbitrary selection of the fixed predictors was based on the correlation analysis results and Akaike’s information criterion, as well as the biological meaningfulness. The aggregated seasonal weather variables (e.g., mean temperature for January–March) were also tested if there were indications from the correlation analysis for such relationships. Meteorological variables included in the refined model were tested for collinearity by calculating the variance inflation factor (VIF), variables with VIF > 5.0 were excluded from the model. To account for spatial and temporal variability of responses and dependencies in the studied height increment datasets, as well as differences in the growing conditions, the year of increment formation and stand (site) were used as crossed random effects (random intercepts).



To eliminate the possibility of overfitting, the basis dimensions of smoothing splines for the fixed effects (meteorological variables) were restricted to four, implying that responses with up to three inflection points (as in bell-shaped responses) could be estimated. The estimation of the smoothing splines (using isotropic penalized thin plate regression without a point constraint) was conducted according to the generalized cross-validation procedure; regression splines with shrinkage were fitted [49]. For conventional cross-validation of the refined model, 25%–30% (randomly selected) of the cross-dated measurement time series were excluded from the model calibration and used for verification (all chronologies were calculated as described above). Root mean square error was used as an indicator for validation of the responses. The model was fit using the restricted maximum likelihood approach [49]. Model residuals were inspected for compliance with the statistical assumption using diagnostic plots; the performance of models was judged by relative, absolute, and root mean square errors, as well as R-squared values, etc. Data analysis was conducted in R software v. 4.2.2 [50] using packages ‘dplR’ [46], ‘treeclim’ [48], and ‘mgcv’ [49]. TURPINAAT





3. Results


After the statistical and graphical cross-dating, from 65% to 100% of the measured time series of height increment per site successfully passed quality checking, implying correct dating and reasonable similarity of inter-annual variation. Although regional data have been analysed, the statistics of the cross-dated datasets indicative of environmental signals generally lacked explicit latitudinal trends. The mean height increment calculated for the full increment series span site ranged from 28.5 to 58.0 cm, being greater in younger pine sites from Estonia. The standard deviation of the increment was similar for the trees in the Baltic states, but twice as small in the northernmost site (Table 3). The annual variation of height increment was little affected by preceding growth, as indicated by the weak to intermediate first order autocorrelation calculated for the detrended series. The inter-annual variation was rather limited (being intermediate at most), as shown by low values of the mean sensitivity and Gini coefficients, implying restricted environmental effects on primary growth. The mean interseries correlation indicating local forcing of growth, however, differed among the stands ranging from low to intermediately high in EST_1 and EST_3, respectively. The above-average synchronicity of the datasets suggested that the inter-annual variation of the increment among trees was of a similar phase yet differed in extent. Nevertheless, the studied datasets contained sufficient environmental signal(s), as indicated by the values of EPS ≥ 0.85 (cf. [47]), although the strength of the environmental signal was intermediate, as indicated by the signal-to-noise ratios.



The cross-dated time series of the height increment from Latvia and Estonia showed a similar trend with low values during the first ten years followed by rapid growth and a gradual decrease afterwards (Figure 2). Under the colder climate of Northern Finland, the height increment stabilized after the period of juvenile slower growth. The event years (abrupt increases/decreases within the majority of trees) in the height increment time series were not expressed; hence, the inter-annual variation was moderate, as indicated by mean sensitivity. Still, a common abrupt decrease was observed in Latvia in 1930. The individuality of the inter-annual variation pattern of height increment of the studied trees increased with age, particularly when exceeding 50 years of age. The replication of the datasets was high throughout the reference periods (Figure 3). The developed residual chronologies of stands showed a gradual geographic shift in the variation pattern between the coastal and the northernmost stands. The correlation among them, however, was low (0.19). Double detrending was sufficient to normalize the inter-annual variation of the height increment throughout the reference period, allowing the extraction of an environmental signal.



The assessment of local linear weather–growth relationships indicated that 29 of the 81 meteorological variables tested showed significant correlations with the residual chronologies of the height increment in at least one stand (Figure 4). The strength of the significant correlations was weak-to-moderate, ranging 0.31–0.70. The variables related to the conditions one and two years before the formation of the increment indicated legacy effects, yet those dating with a growing period revealed the direct effects of meteorological conditions. Significant correlations with both temperature- and precipitation-related variables of different timing indicated complex meteorological controls over the height growth of Scots pine.



A gradual latitudinal shift in the significant weather–growth correlations was evident, as those with the variables related to water availability in summer intensified southwards and as the continentality increased (Figure 4). In Northern Finland, the weather–growth correlations with temperature and precipitation indicated a clear limitation of increment by cool summers in the preceding year. A complex of correlations was explicit under warmer climates in sites in Latvia and Estonia, indicating the effects of temperature and precipitation in preceding summer and autumn, as well as winter temperature. The correlations with meteorological variables of the year before previous showed weaker correlations with increment, and those related to autumn were negative. Still, in the older stand in Estonia (EST_1), the height increment only showed weak linear relationships with SPEI in summer/autumn of current, as well as two years before growth. Nevertheless, in the Baltics, the correlation with temperature in the previous summer/autumn showed a local gradient, as the significant variables tended to date later under more continental climate. The winter temperature in the year of increment showed positive correlation in the coastal site in Latvia, while the direct effects of summer water availability were indicated by correlation with June SPEI in a site in Estonia. Additionally, winter precipitation related variables showed positive correlations.



The overall performance of the model generalizing regional weather–growth relationships can be considered high for heterogenetic ecological data, with the fixed effects able to explain ca. 38% of the variation in the data, as indicated by the marginal R2 (Table 4). Furthermore, the conditional R2 was substantially higher, indicating explicit spatiotemporal specifics of weather–growth responses represented by the random effects. Among those, the year had considerably higher variance compared to the site, indicating that temporal rather than spatial variability of responses prevailed, suggesting regional coherence and robustness. The temporal variability could likely be related to interactions of the variables, which, however, were not tested considering the limited scope of the study. The temporal autocorrelation of the responses of height increment to weather conditions was low, likely as the responses were prewhitened. The implication of generalized cross-validation and restriction of the basis dimension of smoothing splines were sufficient to avoid overfitting, as indicated by similar errors resulting from calibration and verification of the regional model, thus warranting the relevance of the estimated responses.



The generalization of regional weather–growth responses estimated a set of eight meteorological variables as the main regional drivers of the height increment of Scots pine, two of those were derivatives of the monthly means (Table 4). These variables represented both the direct and carry-over effects of meteorological conditions. The estimated regional responses indicated the prevailing sensitivity of the increment to thermal conditions, as only a single variable related to precipitation had a significant effect. Although the dataset representing regional climatic gradient was analysed, most of the regional responses were linear (effective degrees of freedom being one; Table 4), showing that the studied gradient has been rather short. Nevertheless, two variables were estimated with “quadratic” responses with one inflection point (effective degrees of freedom > 2.0) and one variable with a near-linear response.



Among the significant meteorological variables, the strongest effect on increment (highest F-value) was estimated for temperature in the preceding July, which showed a linear positive relationship with height increment (Figure 5C), as also suggested by correlation analysis (Figure 4). The second strongest effect was estimated for temperature in current August, which represents the very end of growing period and had a linear negative response of height increment (Figure 5G). Similarly, a negative linear, though weaker effect was estimated for August precipitation (Figure 5H). A direct influence of meteorological conditions on height increment was supported by the significant effect of the minimum mean temperature in the June–July period, to which increment responded positively (Figure 5F). However, this effect was estimated with the lowest F-value among the significant ones (Table 4).



The temperature in the previous October, which showed the strongest correlations under warmer climate in Latvia (Figure 4), was estimated with the third strongest effect (Table 4). The response showed a threshold of ca. 5.0 °C, exceeding which, temperature had a positive effect on increment (Figure 5D). In contrast, below-threshold temperature was estimated with a slight, though constant negative increment. A nonlinear response with a threshold value of ca. 15.0 °C was estimated for temperature in the previous June (Figure 5B), which had an intermediate effect on increment (Table 4). The response showed that temperatures below the threshold had a positive effect on increment, while that above lacked effect. Surprisingly for trees growing in a cold climate, the temperature in winter prior to the growing season (January and February) had a negative linear, although a rather weak regional effect (Figure 5E; Table 4). The extended carry-over effects of meteorological conditions at the regional scale were indicated by the significant yet intermediate effect of August temperature in the year before the previous (Table 4), which caused a near-linear negative response of increment (Figure 5A). The response became slightly steeper if the temperature exceeded ca. 15.0 °C.




4. Discussion


The height growth of trees within a forest stand is a dynamic and individual process affected by changing competition [16,17,20], as well as prevailing meteorological conditions [15,17], challenging the reconstruction of height increments [19,21,22]. Nevertheless, the cross-dated time series of height increment contained reasonable common environment signals, as indicated by the metrics of the datasets (e.g., EPS > 0.85; Table 3), implying their sufficiency for local assessment of growth responses [9,22,47]. The strict (double) detrending highlighted the high-frequency (inter-annual) variation of height increment (Figure 3), and hence, the effects of meteorological conditions on trees differing by age and management history [38,45]. The autocorrelation in the detrended height increment (Table 3), however, was lower compared to that of the radial increment (cf. [4,5]), implying lesser dependence on previous year’s growth [51]. Still, the opposite has been observed in southern Finland [22]. The mean sensitivity and Gini coefficients of the double-detrended datasets, were low to intermediate (cf. [4,5]), suggesting moderate inter-annual variation of increment, likely due to interacting effects of environmental fluctuations under non-marginal conditions [8,39,52].



The local specifics of latitudinally shifting weather–growth correlations (Figure 4), indicated effects of site conditions [8] and/or local adaptation [6,26,27]. Nevertheless, the estimated regional weather–growth responses showed a low effect of stand (random variance, Table 4), suggesting their spatial stationarity [6]. This was also supported by the distance-depending similarity visible among the chronologies (Figure 3), which indicated a gradual shift of the inter-annual variation of height increment. Low effect of stand (Table 4) might also be partially related to the spatial heterogeneity of the dataset, discretely representing the regional climatic gradient.



Common sensitivity to principal environmental drivers of growth in non-marginal parts of species distribution has been considered as an adaptation maximizing competitiveness and survival [6,52]. The variance related to year of increment was substantially higher (Table 4), implying inter-annual variability and, hence, the plasticity of responses, likely as the climatic gradient was shifting [39] and/or meteorological conditions interacted [6,8,34], enhancing their influence [2]. The local differences in weather–growth correlations among the adjacent stands in Estonia (Figure 4), however, might be attributed to differences in tree age [9,22,24]. The increasing individuality of height increment, as trees aged past 50 years (Figure 2) might also be related to growing susceptibility to xylem dysfunction [53] and, hence, micro-site [54] or reproductive effort [55].



The estimated regional responses (Table 4, Figure 5) highlighted the complexity of climatic controls over the height increment [15,17], with the mutual effects of meteorological variables driving growth in the north-eastern Baltic Sea region [5,8,15]. These responses (Figure 4) also highlighted the temporal complexity of the controls of height growth [32] implying the cumulative effects of meteorological conditions [21,56]. The model, though, showed low autocorrelation (Table 4), likely as the height increment was prewhitened [39,45], and the set of meteorological predictors indicated an extended window of responsiveness of height increment.



The dependence of growth responses on the baseline of weather conditions, i.e., the nonlinearity of response suitable for extrapolation beyond the calibration interval [37,38,57], was estimated for three of the eight regionally significant meteorological variables (Figure 5, Table 4). The prevalence of regional weather drivers with linear effects (Figure 5) implied the uniformity of weather sensitivity of height increment [9]. Still, the prevailing linear effects also suggested that the length of the studied climatic gradient has been limited with the respect to the range of conditions to which populations have adapted [26,27,37,38]. The prevailing linear responses might also be related to the spatial coverage of the datasets, which provided a higher representation of narrower climatic conditions in the south (Figure 1). Hence, these responses appear to be of limited extrapolation [9], although at a wider scale compared to those of radial increment [5].



Considering that studied stands grow under cold climates [58], the observed regional weather–growth relationships (Figure 5) indicated that the height increment of Scots pine is limited by low temperature (warmth), albeit that radial increment was sensitive to moisture availability [5,8,17,35,59]. On the other hand, warming has been mainly related to the dormancy period [40], when the temperature had a negative effect on height increment (Figure 5E), likely due to intensified respiration, reduction in nutrient reserves and premature dehardening [60,61]. The principal effects of meteorological conditions in the summer of the previous year (Table 4, Figure 5) comply with the dependence of height increment on growth initials, which form around the mid-summer [15,33].



In contrast to tree-ring width [4,5], temperature in the previous summer, particularly July, had a positive effect on height increment (Figure 5B,C), which can be explained by increased assimilation, and hence, the formation of additional growth initials and nutrient reserves [32,33,51,62]. This also implies that the thermal regime can modulate the allocation of assimilates to primary and secondary growth [16,19]. The nonlinear effect of temperature in the preceding June (Figure 5B) suggested that, already at the first part of the growing period, low temperature might affect (reduce) the formation of growth initials [32] via reduced assimilation and cell division [16,62,63]. The positive effect of October temperature, particularly in the warmest years/locations (Figure 5D), can be explained by the extension of the vegetation period and additional assimilation of nutrients [64], which would be deployed for the formation of the increment [17]. The positive effect of the minimum temperature in June–July of the year of increment (Figure 5F) highlighted the influence of thermal regime on the rate of cell division, and hence, the extension of growth initials [15,19,32]. The drought-related variables (Figure 4), however, showed local specifics, indicating stand-specifics in water availability, particularly under a milder climate of the Baltics [8,59].



The negative effects of meteorological conditions in the current August, which had the second highest effect on increment (Table 4, Figure 5G,H), are difficult to explain, as height growth is usually finalized at that time [16,65]. This might be related with the northernmost site (FIN_1), where growing season is timed later hence height growth might still finalize in August [16,62,65]. Perhaps, the negative effect of temperature might be related to heat stress and/or intrinsic water deficit, hence reduced increment [2,35]. The negative response to precipitation might be related to reduced temperature and solar radiation, and hence, assimilation [66], which, however, somewhat contradicts the negative effect of temperature. Alternatively, the effect of conditions in August might be related to Lammas growth, which is occasional and depends on the occurrence of favourable conditions [67,68], or the effect might be an artefact of the data. Nevertheless, the effects of temperature in August, which had a two-year lag support the cumulative influence of summer conditions on height increment [21,56].



The inter-annual variation of height increment and its estimated responses to weather conditions (Figure 4 and Figure 5), suggested the stationarity of climatic controls of growth, and hence, the reliability of their extrapolation [7,9], as local adaptation in terms of sensitivity was low. The estimated complex of weather–growth responses and age effects indicated that the anticipated climatic changes would likely increase the inter-annual variability of height increment [7,24]. Under such circumstances, the estimated plasticity of height increment, which, which is among the main determinants of sustainability [27,51,64], suggested the persistence of the adaptability of studied genotypes.




5. Conclusions


The study hypothesis was partially confirmed, as temperature was the main driving factor of height increment, while moisture availability generally showed weaker and local effects. The window of responsiveness of height increment indicated cumulative effects of meteorological conditions with environmental (climatic) signals being carried over up to two years. However, the observed regional weather–growth relationships were mostly linear and plastic (temporary variable), despite that bell-shaped responses were expected, thus suggesting that wide extrapolations might be still biased, particularly outside the climatic range of the north-eastern Baltic Sea region. Hence, the extension of the study to include data from sites growing under warmer climates, thus widening studied climatic gradient, would be necessary to estimate the adaptability of height growth to the anticipated environmental changes. Nevertheless, the prevailing linearity of the responses also suggested that climatic conditions have been suboptimal for height growth of Scots pine within the region, yet the analysed variability of those conditions was within the range to which the genotypes have adapted. The estimated complex regional controls over height growth, however, implied generally positive relationships with temperature, suggesting that increased increment in a warming climate could be contributing to the competitiveness and sustainability of Scots pine within the region.
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Figure 1. Location of the studied stands of Scots pine represented by the time series of height increment in the Baltic Sea region. 
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Figure 2. Cross-dated time series of height increment of Scots pine from conventionally managed stands in Finland, Estonia and Latvia and the mean series (bold line) of the datasets of the studied stands. 
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Figure 3. Residual chronologies (black line) of height increment of Scots pine from conventionally managed stands in Finland, Estonia and Latvia. Grey line indicates replication of annual data represented by the chronologies. 
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Figure 4. Bootstrapped Pearson correlation coefficients between residual chronologies of height increment of Scots pine from conventionally managed stands in Northern Finland, Estonia and Latvia and meteorological variables (monthly standardized precipitation evapotranspiration indices SPEI, precipitation sums, and mean temperature). bepr. and prev. denote meteorological conditions two and one year before the formation of increment, respectively. The significant correlations (at α = 0.05) are shown in colour. The analysis was conducted for the common period of 1955–2003. 






Figure 4. Bootstrapped Pearson correlation coefficients between residual chronologies of height increment of Scots pine from conventionally managed stands in Northern Finland, Estonia and Latvia and meteorological variables (monthly standardized precipitation evapotranspiration indices SPEI, precipitation sums, and mean temperature). bepr. and prev. denote meteorological conditions two and one year before the formation of increment, respectively. The significant correlations (at α = 0.05) are shown in colour. The analysis was conducted for the common period of 1955–2003.



[image: Forests 14 00791 g004]







[image: Forests 14 00791 g005 550] 





Figure 5. The estimated effects of meteorological variables (A–H) on the relative additional height increment of Scots pine (as represented by the residual chronologies) of conventionally managed stands across the north-eastern Baltic Sea region in Finland, Estonia, and Latvia. The dotted lines/shaded regions show 95% confidence intervals of the responses. Panels are ordered chronologically. bepr.—year before previous, prev.—previous year. 
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Table 1. Location and description of the studied conventionally managed stands and dimension of sampled tress used for the generalization of regional responses of height increment of Scots pine to meteorological conditions across the north-eastern Baltic Sea region. The refences of initial publication of the datasets are given. DBH—stem diameter at breast height, H—tree height.
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	FIN_1
	EST_1
	EST_2
	EST_3
	LAT_1
	LAT_2





	Locality
	Northern Finland, Rovaniemi
	Eastern part of Estonia, Jarvselja
	Eastern part of Estonia, Jarvselja
	Eastern part of Estonia, Jarvselja
	Western part of Latvia, Skede
	Eastern part of Latvia, Kalsnava



	Lat., °N
	66.38
	58.32
	58.32
	58.31
	57.26
	56.58



	Lon., °E
	26.67
	27.24
	27.25
	27.30
	22.69
	25.94



	Soil
	Mesotrophic, dryish heath
	Eutrophic, mineral free draining
	Eutrophic, mineral free draining
	Eutrophic, mineral free draining
	Mesotrophic, mineral free draining
	Mesotrophic, mineral free draining



	Stand origin
	Naturally regenerated
	Seeded
	Seeded
	Seeded
	Naturally regenerated
	Naturally regenerated



	Age
	29–35
	113–116
	53–75
	39–43
	104–108
	78–87



	DBH (±st. dev.), cm
	13.8 ± 0.8
	44.0 ± 5.7
	31.6 ± 3.2
	29.7 ± 5.3
	42.3 ± 6.1
	39.8 ± 5.9



	H (±st. dev.), m
	9.8 ± 0.7
	32.3 ± 2.4
	28.8 ± 1.0
	24.0 ± 0.8
	29.9 ± 2.5
	27.4 ± 1.7



	Trees sampled
	20
	10
	13
	10
	20
	20



	Reference
	[15]
	[21]
	[21]
	[21]
	[17]
	[17]










[image: Table] 





Table 2. Climatic description of the studied conventionally managed stands of Scots pine according to the gridded climatic data. Temperature is in °C and precipitation is in mm.
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	FIN_1
	EST_1-3
	LAT_1
	LAT_2





	Mean annual temperature (±st. deviation)
	0.8 ± 1.1
	5.4 ± 1.0
	6.3 ± 0.9
	5.8 ± 0.8



	Mean minimum February temperature
	−15.9
	−9.1
	−5.8
	−7.9



	Mean maximum February temperature
	−6.8
	−2.5
	−0.5
	−1.7



	Mean February temperature
	−11.3
	−5.8
	−3.1
	−4.8



	Mean minimum July temperature
	10.3
	11.9
	12.1
	11.8



	Mean maximum July temperature
	20.7
	22.5
	20.7
	22.1



	Mean July temperature
	15.5
	17.2
	16.4
	16.9



	Mean minimum May-September temperature
	6.2
	8.9
	9.5
	9.1



	Mean maximum May-September temperature
	15.9
	19.3
	18.0
	19.3



	Mean May-September temperature
	11.0
	14.1
	13.7
	14.2



	Mean annual precipitation sum (±st. deviation)
	495 ± 71
	618 ± 80
	691 ± 93
	673 ± 80



	Mean annual precipitation sum (±st. deviation)
	271 ± 53
	341 ± 80
	322 ± 70
	346 ± 72










[image: Table] 





Table 3. Statistics of the cross-dated datasets of time series of height increment (HI) of Scots pine from the stands from the north-eastern Baltic Sea region.
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	FIN_1
	EST_1
	EST_2
	EST_3
	LAT_1
	LAT_2





	Timespan
	1953–2003
	1891–2008
	1952–2008
	1966–2009
	1906–2012
	1927–2013



	Mean HI, cm
	32.3
	28.5
	50.1
	58.0
	33.6
	34.3



	St. dev. HI, cm
	8.2
	18.6
	16.7
	15.2
	15.6
	15.3



	Number of time series
	20
	13
	10
	10
	15
	13



	Mean interseries correlation
	0.47
	0.28
	0.56
	0.58
	0.34
	0.29



	Expressed population signal
	0.88
	0.86
	0.89
	0.87
	0.88
	0.85



	Signal-to-noise ratio
	7.42
	6.04
	8.03
	6.48
	7.06
	4.64



	First order autocorrelation
	0.32
	0.40
	0.38
	0.43
	0.34
	0.21



	Gini coefficient
	0.13
	0.17
	0.11
	0.10
	0.13
	0.12



	Mean sensitivity
	0.21
	0.27
	0.17
	0.15
	0.22
	0.2



	Mean synchronicity (Gleichläufigkeit)
	0.70
	0.64
	0.71
	0.72
	0.61
	0.62
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Table 4. Statistics of the regional generalization of responses of height increment of Scots pine from conventionally managed stands to meteorological conditions. For the fixed effects (meteorological variables), the effective degrees of freedom indicating the shape of the responses, their strength (F-value) and significance (p-value) are shown; for the random effects, estimated variance is shown. The overall performance of the model is described by marginal and conditional R2, as well as root mean square errors (REML) during calibration and cross verification. Significance codes; p-values: * < 0.05, ** < 0.01, *** < 0.001. Prev.—previous year, bepr.—before previous year.






Table 4. Statistics of the regional generalization of responses of height increment of Scots pine from conventionally managed stands to meteorological conditions. For the fixed effects (meteorological variables), the effective degrees of freedom indicating the shape of the responses, their strength (F-value) and significance (p-value) are shown; for the random effects, estimated variance is shown. The overall performance of the model is described by marginal and conditional R2, as well as root mean square errors (REML) during calibration and cross verification. Significance codes; p-values: * < 0.05, ** < 0.01, *** < 0.001. Prev.—previous year, bepr.—before previous year.





	
Fixed Effects (Smoothing Terms)

	
Effective Degree of Freedom

	
F-Value






	
Mean temperature. bepr. August

	
1.39

	
8.87 ***




	
Mean temperature prev. June

	
2.13

	
7.11 **




	
Mean temperature prev. July

	
1.00

	
15.21 ***




	
Mean temperature prev. October

	
2.06

	
10.39 ***




	
Mean temperature January–February

	
1.00

	
5.09 *




	
Minimum mean June–July temperature

	
1.00

	
4.66 *




	
Mean temperature August

	
1.00

	
11.90 ***




	
Precipitation sum August

	
1.00

	
6.83 **




	
Random Effects (Variance)




	
Stand (site)

	
3.49 × 10−5




	
Year

	
1.23 × 10−2




	
Residual

	
8.91 × 10−7




	
Model Performance




	
Autocorrelation term

	
0.02




	
Marginal R2

	
0.38




	
Conditional R2

	
0.72




	
REML (calibration)

	
0.11




	
REML (verification)

	
0.14
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