

  forests-13-00477




forests-13-00477







Forests 2022, 13(3), 477; doi:10.3390/f13030477




Article



Short-Term Effects of Droughts and Cold Winters on the Growth of Scots Pine at Coastal Sand Dunes around the South Baltic Sea



Karolina Janecka 1,*, Sandra Metslaid 2, Marek Metslaid 2[image: Orcid], Jill E. Harvey 3 and Martin Wilmking 1[image: Orcid]





1



Institute of Botany and Landscape Ecology, University of Greifswald, 17487 Greifswald, Germany






2



Institute of Forestry and Engineering, Estonian University of Life Science, 51006 Tartu, Estonia






3



Department of Natural Resource Science, Thompson Rivers University, Kamloops, BC V2C 0C8, Canada









*



Correspondence: karolina.janecka@stud.uni-greifswald.de







Academic Editor: Bernard Dell



Received: 31 January 2022 / Accepted: 16 March 2022 / Published: 18 March 2022



Abstract

:

Coastal dunes near the Baltic Sea are often stabilized by Scots pine forests and are characterized by a mild climate. These ecosystems are affected by water shortages and might be influenced by climate extremes. Considering future climate change, utilizing tree rings could help assess the role of climate extremes on coastal forest growth. We used superposed epoch analysis to study Scots pine responses to droughts and cold winters, with focus on frequency, timing, and duration. We measured ring widths (RW) and latewood blue intensity (LBI) on samples extracted from trees growing at dune ridge and bottom microsites at the south Baltic Sea. At the regional scale, we observed some similarities in tree responses to both extremes between RW and LBI within the same microsite type and region. At the local scale, RW and LBI were more frequently influenced by cold winters than droughts. RW and LBI from dune ridges were more frequently influenced by droughts than RW and LBI from dune bottoms. LBI from both microsites was more often influenced by droughts than RW. RW and LBI from both microsites were similarly often influenced by cold winters. At both scales, the response time of RW and LBI after droughts predominantly lagged by one year, while cold winters were recorded in the same year. The typical duration of growth reductions after both extremes was one year for both RW and LBI. Our study indicates that Scots pine from the Baltic Sea region is sensitive to climate extremes, especially cold winters.






Keywords:


climate extremes; latewood blue intensity; Pinus sylvestris L.; SPEI; stress memory; superposed epoch analysis; tree-ring width












1. Introduction


Across Europe, droughts and cold winters are recognized as events that influence tree growth; however, their geographical distribution, intensity, and duration differ for droughts and for cold winters (drought: [1,2,3,4,5]; cold winter: [6,7,8]). As the mean surface temperature across Europe increases, more frequent hot and fewer cold temperature extremes will occur and impact tree growth. It is predicted that the frequency, intensity, and duration of droughts will increase in the future, whereas the occurrence of cold winters will decline [9].



A growing interest is occurring in the role of extreme climate conditions, especially drought, on tree growth across different biomes [10,11]. Extreme events can be as important for tree growth as average climate conditions [12] because they can result in a sudden drop of forest productivity [13] or constitute tipping points starting the trajectory towards forest decline/dieback. Tree response to droughts differs between tree species [1,14] and geographical locations [15,16]. Additionally, specific local site characteristics (topography, soil), climate [4,5,15], biotic features such as intraspecific tree variability in size [17] and physiological traits (e.g., storage or mobility of non-structural carbohydrates [1,18] have been reported to modulate these responses. While some species display prompt but short-term growth reductions and quick recovery after drought [19,20], other species may react instantaneously but maintain reduced growth for decades [20,21], or even experience dieback and mortality (dieback: [22] and mortality: [23]). Some studies have reported that growth reductions do not always appear in the year of the drought, but may occur in the year following the extreme climate event [2,4,24].



The studies that focus on the negative effects of cold winter (defined here as exceptionally low winter temperatures) on conifer growth are not as common as drought, and are mostly restricted to high altitudes and/or latitudes, where very low temperatures in winter season occur [6,8]. Although warmer temperatures in late winter have been reported in recent decades [25], they may negatively impact tree growth, i.e., result in decrease of tree resistance to low temperatures [8,26]. In addition to single extreme climate events, the cumulative effects of successive droughts or cold winters can further amplify their impact on tree growth [5,18]. Moreover, two extreme climate events (cold winter and drought) might occur consecutively, thus synergistically reducing tree growth [27].



Scots pine (Pinus sylvestris L.) is one of the most widely distributed tree species in Europe. It mostly grows in central and northern Europe, but can be also found in southern regions, e.g., Spain [28]. Scots pine is mainly found on dry, nutrient-poor sandy soils; on more fertile sites, it is outmatched by other, more nutrient- and moisture-demanding species [28]. Although Scots pine is found on a wide range of site conditions and is generally thought to be tolerant of drought and cold winter extremes [29], there is evidence suggesting that growth of Scots pine can be reduced by climate extremes, especially droughts [2,3,4,5,20,21,30,31,32,33]. Many studies that focus on drought effects on Scots pine are in alpine settings or Mediterranean regions, where short- and long-term negative effects on radial growth have been reported (Alpine settings: [2,3,34] and Mediterranean region: [4,5,35]), including forest dieback [32]. Only a few studies provide evidence of the negative influence of drought on Scots pine in temperate, hemiboreal, and boreal forests [36,37,38,39,40]. Further, only a few studies from the central and northern part of the species distribution report cold winter as a risk for Scots pine growth [2,6,7,38,39,41,42].



Little is known about the influence of drought and cold winter on Scots pine forests on coastal sand dunes near the Baltic Sea. Baltic Sea dunes are often covered with pure Scots pine forests and are dynamic ecosystems at the spatial transition between terrestrial and marine environments [43]. Dune forests are important environments, protecting inland areas from coastal water intrusion and activation of aeolian processes, hindering the effects of salt spray, and minimizing coastal erosion and wind [44,45]. The climatic conditions at the Baltic Sea coast are generally mild, where droughts and cold winters can occur but their frequency and magnitude vary in different parts of the region [46,47]. Consequently, negative effects of climate extremes on Scots pine growth in the coastal environment might be less expected. However, the dune forests are influenced by soil water and nutrient shortages, high sand-surface temperatures, salt spray, and high winds [48,49,50]. Water of the substratum in coastal dune soils is considered one of the most important factors limiting tree growth [49,50,51]. Sandy soils have very high porosity, therefore limiting the longer-term storage capacity of water in the soils. Growing conditions can vary even within the same dune, leading to considerable microsite variability. For example, the top of the dune ridge compared to the dune bottom is much drier because of intensified water evaporation from greater wind and sun exposure, as well as water flowing down the dune [49,50,51]. This site-level complexity in growing conditions is further compounded by climate variability and extremes. Under coastal climate, winter accession is slower [38], delaying cold hardening [52,53] and consequently increasing trees’ sensitivity to sudden temperature drops [54].



Here, we study how Scots pine trees from the coastal sand dune ridge and dune bottom microsites located around the south Baltic Sea respond to historical extreme climate events. To assess tree growth responses to past extreme climate events, an approach based on the analysis of different tree-ring parameters (e.g., ring width and density) provides greater insights on the physiological responses of trees to events. We constructed microsite-based ring width (RW) and latewood blue intensity (LBI) chronologies. The objectives of our study were to use the RW and LBI datasets to: (i) investigate tree responses to two extreme climate events, i.e., growing season droughts and unusually cold winters, including the frequency (how many times growing season drought or unusually cold winter influenced the growth), timing, when the response was recorded, and duration (how long the actual growth reduction lasted) of growth responses, and (ii) examine if RW and LBI responses to events are similar, and if not, how they differ.




2. Materials and Methods


2.1. Research Area and Sampling


We selected six sampling sites from coastal dune settings (Figure 1), which have been previously used to study the climate–growth relationships using linear correlations [55]. We chose only the sites where a pronounced (>~5m) difference in relative height between dune ridge and bottom was present (this excludes one site from the Darss Peninsula, Germany, and two sites from Ustka, Poland; see Figure 1 in [55]). These six sites are located 0.2 to 2 km from the Baltic Sea coastline. Dune height and morphology vary from undulating terrain with relative height ranging from ~5 m to 10 m to typical peaked dune shapes (ridge) with the height between ~10 to 40 m a.s.l. Each site includes two contrasting microsites: (i) the dune ridge and (ii) the bottom of this dune. In total, 12 microsites from six dune sites were selected and clustered into two subregions: northern and southern (Figure 1; based on [55]). We subsampled our dataset because we wanted to concentrate on extreme climate events that most likely influence contrasting microsites differently if the microsite conditions (elevations, water, and nutrient contents) notably differ. At all sites both microsites were characterized by sandy soils but differed in ground vegetation cover (Figure 1). The microsites located at the bottom of the dunes were mainly vegetated by Calluna sp. or Vaccinium, while dune ridges were vegetated by Cladonia sp. (Table 1). All sites were managed, either in the past (GS: periodic individual tree logging, sheep grazing; TP, NO, VO: thinning and single tree removal) or more recently (GA and GB: thinning, “unplanned logging” as a consequence of natural disasters).



At each microsite, we sampled between 36 and 66 Scots pine trees, resulting in 577 individuals. From each tree, two 5 mm increment cores were extracted perpendicularly at the breast height in order to avoid compression wood occurrence [55,56]. Tree height was measured using a Vertex measuring system (Haglöf, at the sites: TP, NP, VO) or a clinometer (Suunto; at the sites: GA, GB, GS). The depth of the organic layer at 10 randomly selected places at each microsite was assessed.




2.2. Sample Preparation and Tree-Ring Measurements


All increment cores were prepared for measurements of RW [57] and LBI (inverted values of blue reflectance measured from latewood [58,59]). RW is a parameter most often used in such studies [4,20] as it is a good proxy of annual variation of tree growth [60]. By contrast, latewood minimum blue reflectance measures similar wood properties to maximum latewood density (MXD); however, it is inversely correlated with MXD. Nevertheless, both provide similar proxy estimates of relative latewood density. To ensure the detrending of MXD and blue reflectance data, an easy inversion of raw blue reflectance values has been proposed [59]. Currently, blue intensity (BI) is the term used for the inverted values of blue reflectance [61], hereafter called “LBI” for “latewood blue intensity”). Following the protocol for the LBI measurement, we placed all cores in a Soxhlet apparatus with ethanol for 48 h to remove resins and other soluble compounds [58,59,62]. Next, all cores were glued on the wooden holders and polished with progressively finer sandpaper (up to 600–800 grit) to fill lumen areas of tracheids with white wood dust. This approach ensures a flat wood surface and maximizes the contrast and visibility of ring boundaries and cell structure prior to scanning [58,59].



Digital images (2400 dpi) of all tree cores were produced with a flatbed Epson Perfection V700 scanner (Epson, Los Alamitos, CA, USA), calibrated with SilverFast Ai Studio 8.0 (LaserSoft Imaging Incorporated, Kiel, Germany) software using the IT8 Calibration Target (IT8.7/2; LaserSoft Imaging Incorporated, Kiel, Germany) printed on Kodak Professional Endura paper. RW and LBI were measured with CooRecorder v. 8.0 (Cybis Elektronik & Data AB, Saltsjöbaden, Sweden) [63]. We generated the LBI data by using the blue intensity mode [59] of the CooRecorder v. 8.0 software and the following parameters: width > 100, offset > 0.4, depth > 200 and 30% of latewood.




2.3. Cross-Dating and Chronology Building


We visually and statistically cross-dated all samples using CDendro v. 8.0 (Cybis Elektronik & Data AB, Saltsjöbaden, Sweden) [63] and COFECHA [64] software, respectively. We excluded 41 RW and 77 LBI tree-ring series from the analyses because the sample exhibited low synchronicity with other RW or LBI tree-ring series, and/or discoloration of wood surface was observed (only in the case of LBI; [59]).



After successful cross-dating, 536 RW and 484 LBI tree-ring series were detrended by applying a 30-year cubic smoothing spline with a 50% frequency cut-off using the dplR package in R [65]. This detrending option is meant to preserve annual to decadal variability in the tree-ring series while eliminating related longer-term variability (e.g., biological age trend; [66,67]). Altogether, 12 microsite-specific RW and 12 LBI chronologies were produced via division of observed simulated values in order to correct for heteroscedastic variances observed in tree-ring series [67,68] and averaged using the biweight robust mean. Descriptive statistics, including expressed population signal (EPS; [69,70]), mean inter-series correlation (Rbar), and Gleichlaeufigkeit (GLK), were calculated for each microsite chronology and both tree-ring parameters over the common 1902–2016 period (Table S1).




2.4. Identification of Growing Season Droughts and Unusually Cold Winters


We calculated the site-specific Standardized Precipitation Evapotranspiration Index (SPEI) in the SPEI package in R [71] in order to assess the effects of drought on Scots pine growth. The SPEI is a multiscalar index of drought intensity based on the difference between precipitation and the atmospheric evaporative demand, with more negative values indicating progressively more severe drought conditions [71]. We used SPEI for August integrated over a window of six months (March–August), thus representing a growing season across our sites. We chose the six-month SPEI timescale to reflect the low but also dynamic dune soil water content, which decreases from late winter/early spring toward summer due to the intensive drying impact of the sun and wind [49,50]. The late winter/early spring summer drought is related to the coastal regions, where a comparatively cool sea surface prevents convective rainfall formation and induces a long dry period [72]. Further, within the studied 1902–2016 interval, the growing season droughts identified based on monthly SPEI values occurred more often across our sites than, for example, spring droughts identified using SPEI integrated over March–May. We also used SPEI integrated over a window of three summer months, June–August, to investigate the effects of summer drought on Scots pine growth. However, we identified the same number of drought events as we did using SPEI6 (21 drought events), where 52% of them (11 events) were identified based on both SPEI3 (June–August) and SPEI6 (March–August). Lastly, the dry spring–summer season has been found to influence tree growth across our sites over a longer period using linear correlations [55]. Therefore, considering the above-mentioned rationale and identified drought events based on SPEI3 (June–August) and SPEI6 (March–August), only the results for SPEI6 were chosen to be presented. Here, we used a threshold of SPEI ≤ −1.5 that indicates a severe category of drought [73]. In the context of our study, hereafter we refer to growing-season drought as drought.



To determine the effects of exceptionally low winter temperatures on Scots pine growth, we identified site-specific unusually cold winters using scaled differences (only extremes with z-score ≤ −1.5) of January–March and February–March temperatures. We chose the winter–early spring season because January–February are the coldest winter months in the region. Second, little is known about the effects of cold winter episodes on Scots pine growth [2,6,7,38,39,42]. We included March in a winter season because March temperature generally remains low across our sites (mean temperature over the 1902–2016 period: between −2.7 and 2.6 °C). In the context of our study, hereafter we refer to unusually cold winter as cold winter.



To assess the relationship between droughts, cold winters, and tree-ring parameters, site-specific gridded (0.5° × 0.5°) mean monthly temperature and precipitation sums for the 1902–2016 interval were obtained from CRU TS4.03 datasets. For a site located on the Gotska Sandön Island (Figure 1), we used instrumental climate data obtained from the local climate station. In this case, instrumental data likely represent the microclimatic conditions on this small Baltic island better than the gridded dataset. A comparison between SPEI calculated based on the gridded and instrumental data from the Gotska Sandön Island revealed a small difference in the number of droughts with SPEI ≤ −1.5 over a common interval (comparison not presented). For other sites, the available instrumental data varies in length (shortest series for GA and GB: 1950–2000) and for some sites is not complete (TP, NO, VO), which would have restricted our interval for analysis to 50 years.




2.5. Assessing Scots Pine Responses to Growing Season Droughts and Unusually Cold Winters


We used superposed epoch analyses (SEA) to examine the frequency, timing, and duration of Scots pine growth reductions due to droughts and cold winters. The SEA is a nonparametric randomization technique used to test the probability that the responses of tree growth to certain extreme climate events differ from random [74]. The SEA is based on the comparison of mean values of tree-ring variables in superposed years with the occurrence of extreme events with mean values of tree-ring variables in a few superposed years preceding and/or following the event. First, we identified site-specific droughts and cold winters across our sites (see section Identification of Growing Season Droughts and Unusually Cold Winters and Figure 2). Second, to assess the effect of prior growth and climate on growth reductions, we applied a “two-way approach”, where SEA was performed:




	1.

	
At the subregional scale, where we divided microsite-specific chronologies into two subregions (based on [55]): northern and southern. Both subregions were represented by dune ridge and dune bottom microsites. In turn, for each tree-ring parameter, we obtained four datasets of microsite-specific subregional chronologies:




	
Dune ridge from the northern subregion (GSR, TPR, NOR, VOR; hereafter called ridge-north);



	
Dune bottom from the northern subregion (GSB, TPB, NOB, VOB; hereafter called bottom-north);



	
Dune ridge from the southern subregion (GAR, GBR; hereafter called ridge-south);



	
Dune bottom from the southern subregion (GAB, GBB; hereafter called bottom-south).














Next, the SEA was calculated for the northern and southern subregional drought and cold winter events (Figure 2) for the ridge-north, bottom-north, ridge-south, and bottom-south RW and LBI datasets. Three years before and three years after the climate event [4] were considered in the SEA (“classical way”, where event years are superposed; [74]).



	2.

	
At a local scale, where the SEA was calculated for each single microsite-specific RW and LBI chronologies. Again, three years before and three years after the climate event were considered. In the case of the local-scale SEA, we did not superpose individual years of extreme events but rather analyzed the deviation of growth in each extreme year from the mean of consecutive and following years. By adopting this approach, we highlighted the intensity of each extreme event and tested for its significance.







This “two-way approach” allowed us to examine both the regional (first approach) and local (second approach) responses of Scots pine growth to both climate extremes. Lastly, a bootstrap resampling method was employed in both SEA approaches to randomly select 1000 sets of seven years for each RW and LBI microsite-specific subregional dataset (first approach) and each RW and LBI microsite-specific chronology (second approach) and estimate confidence intervals (p < 0.05). We used standard RW and LBI chronologies, where autocorrelation was retained. LBI is usually indexed using residuals in order to avoid heteroscedastic variance; however, here we used ratios for LBI because we found evidence of heteroscedasticity in the raw measurements. The SEA analysis was performed using dplR package in R [65].





3. Results


3.1. Extreme Climate Events Dataset and Quality of Tree-Ring Series


Over the 1902–2016 interval, 21 growing season droughts and 14 cold winters were identified across the study area (Figure 2 and Figure S1). Across sites, the number of drought and cold winter events ranged from six (TP) to nine (GS, GA, GB) and from 11 (GS, TP, NO, VO) to 12 (GS, GB), respectively. More than half of the cold winter events coincided at all sites, whereas drought events were more region- and site-specific. Although we identified growing season drought in 2015 in the southern subregion, it was not considered for further analysis because our tree-ring series end in 2016 and three years of growth following the event was required for the SEA.



We identified a strong common signal in detrended tree-ring series, with high values of EPS, GLK, and moderate values of Rbar (Table S1). The mean GLK for all microsites was well above the 0.6 threshold. The EPS indicated a very high internal signal strength (EPS > 0.9), and Rbar ranged from 0.31 to 0.45 (Table S1).




3.2. Ring Width and Latewood Blue Intensity Responses to Growing Season Droughts


The SEA performed on the subregional level (first approach), identified statistically significant relationships (p < 0.05) between droughts and both RW and LBI tree-ring parameters from both types of microsites and both subregions (Figure 3). The SEA indicated that the timing of negative growth responses due to droughts lagged by one year in both tree-ring parameters from both subregions regardless of the microsite type (Figure 3). Further, the SEA revealed that the duration of RW and LBI reductions was more complex. In the northern subregion, RW and LBI registered one-year lasting growth reduction; however, at the dune ridge we also observed a one-year response registered three years after an event. In the southern subregion, RW registered three-year (dune ridge) and one-year (dune bottom) lasting growth reduction, while LBI registered one-year growth reduction at both microsites (Figure 3).



The SEA conducted for each single microsite and drought event (second approach) revealed that seven out of 12 RW and 10 out of 12 LBI chronologies showed significant growth reductions as a result of one or several drought event(s) (Figure 4 and Figure 6; Table S2). Further, regardless of the microsite type, the SEA revealed that RW and LBI from the northern and southern subregions were similarly often influenced by droughts; however, LBI was more often influenced than RW (north RW: 6 vs. south RW: 4; Figure 4 and north LBI: 13 vs. south LBI: 9; Figure 6). Regardless of the subregion, the frequency of RW and LBI reductions was two times higher at the dune ridge compared to the dune bottom (RW: 7 vs. 3; Figure 4 and LBI: 15 vs. 7; Figure 6). Therefore, LBI from both types of microsites was more than twice as often influenced by droughts as RW (LBI: 22; Figure 6 vs. RW: 10; Figure 4). In both tree-ring parameters and microsites, the timing of significant growth reductions predominantly lagged by one year after drought events, while the duration of growth reductions lasted usually one year. Exceptionally, we also observed RW and LBI growth reductions that persisted for two or three years (RW: TPB, VOR; Figure 4 and LBI: VOR, GBR; Figure 6).



At some sites and for certain drought events, we observed the synchronized timing (RW: TP, VO; Figure 4 and LBI: TP, NO, VO, GA; Figure 6) and the same duration (only LBI: TP, NO, GA; Figure 6) of growth reductions between dune ridge and bottom microsites within a site. We also observed the synchronized timing (TPR, TPB, NOR, VOR, VOB, GAR, GBR) and the same duration (TPR, NOR, VOR, VOB, GAR, GBR) of RW and LBI reductions at the same microsite type (i.e., RW vs. LBI from dune ridge and RW vs. LBI from dune bottom; Figure 4 and Figure 6; Table S2).




3.3. Ring Width and Latewood Blue Intensity Responses to Unusually Cold Winters


The SEA performed on the subregional level (first approach), identified statistically significant relationships (p < 0.05) between cold winters and both RW and LBI tree-ring parameters (Figure 5). For both RW and LBI, SEA revealed that in the northern subregion, both the dune ridge and bottom microsites were affected by cold winters, while in the southern subregion only the dune bottom microsite (Figure 5) was affected. The SEA indicated that the timing of growth reductions in the northern subregion was recorded in the year of the event in both tree-ring parameters and both microsite types. In the southern subregion, the timing of growth reductions was more variable and differed between tree-ring parameters. Namely, RW and LBI from the dune bottom registered growth reduction that lagged by one year for LBI and two years for RW (Figure 5). Further, the SEA revealed that the duration of RW and LBI reductions was more complex. In the northern subregion, at both the dune ridge and bottom microsites, RW reductions persisted for two years, while LBI reductions persisted for one year. In the southern subregion, the SEA did not reveal any growth reductions in RW or LBI from the dune ridge as a result of cold winters, while at the dune bottom, the RW and LBI reductions persisted for one and two year(s), respectively (Figure 5).



The SEA conducted for each single microsite and cold winter event (second approach) revealed that 11 out of 12 RW and all 12 LBI chronologies showed significant growth reductions as a result of one or several cold winter event(s) (Figure 4 and Figure 6; Table S3). Further, regardless of the microsite type, the SEA revealed that RW and LBI from the northern subregion was more often influenced by cold winter than the same tree-ring parameters from the southern subregion (north RW: 19 vs south RW: 6; Figure 4 and north LBI: 20 vs. south LBI: 7; Figure 6). Regardless of the subregion, the frequency of RW and LBI reductions was slightly higher at the dune ridge compared to the dune bottom (RW: 14 vs. 11; Figure 4 and LBI: 14 vs. 13; Figure 6). Therefore, LBI from both types of microsites exhibited a slightly greater sensitivity to cold winters compared to RW (LBI: 27; Figure 6 vs. RW: 25; Figure 4). In both tree-ring parameters and microsites, the timing of growth reductions was predominantly recorded in the year of the event, while the duration of growth reductions lasted usually about one year (Figure 4 and Figure 6; Table S3). We also observed RW and LBI growth reductions that persisted for two, three, or even four years (RW: GSR, GSB, TPB, VOR, VOB, GAB; Figure 4 and LBI: GSR, VOR, GAR, GAB, GBR, GBB; Figure 6).



At some sites and for certain cold winter events, we observed the synchronized timing (RW: GS, TP, VO, GA, GB; Figure 4 and LBI: GS, TP, NO, VO, GA, GB; Figure 6) and duration (RW: GA, GB; Figure 4 and LBI: TP, NO, VO, GA; Figure 6) of growth reductions between dune ridge and bottom microsites within a site. We also observed the synchronized timing (GSR, GSB, TPR, TPB, NOR, VOR, VOB, GBB) and duration (TPR, TPB, NOR, VOR, VOB, GBB) between RW and LBI reductions at the same microsite type (i.e., RW vs. LBI from the dune ridge and RW vs. LBI from the dune bottom; Figure 4 and Figure 6).





4. Discussion


In the light of current and future changes in the frequency and magnitude of climate extremes that exacerbate forest growth across different biomes, we established a regional network of Scots pine tree-ring chronologies to disentangle the effects of climate extremes on tree growth. Our study documents variability in the effects of growing season droughts and unusually cold winters on RW and LBI parameters of trees growing at the coastal dune ridge and bottom microsites around the south Baltic Sea.



4.1. Scots Pine Growth Responses to Growing Season Droughts


The growth of Scots pine is generally thought to exhibit a low sensitivity to drought [29]. However, our findings provide evidence that growth (RW and LBI; Figure 3, Figure 4 and Figure 6) of Scots pine trees from dune sites is negatively affected by growing season droughts in both the northern and southern subregions, though the effect is moderate. Therefore, our results contribute to a growing number of studies reporting a negative impact of drought on Scots pine radial growth at different sites across the species distribution [2,3,4,5,20,31,36,38,39,75,76].



In our study, we found that drought has a greater influence on Scots pine LBI than RW as indicated by the higher number of significant growth reductions identified by the SEA (Figure 4 for RW and Figure 6 for LBI). Previous studies indicated that under strong water deficit, trees may adapt to regulate cambial activity, resulting in a reduction of cambial division and cell wall thickening, thus potentially leading to LBI reductions [1,31,33]. Experimental research in the Swiss Alps on Scots pine by [1] provides additional support for this rationale, proposing that trees from the control (non-irrigated) site under natural drought stress invest more carbon to build larger cells but their number and cell wall thickness are significantly reduced, resulting in a reduction of ring width and wood density. Similarly, [77] observed significant reductions in the number of cells (narrower tree ring) in the trees from the control (non-irrigated) site compared to the irrigated site. However, [77] in the control (non-irrigated) trees observed significantly larger cells only in earlywood but not in latewood. Both [77] and [1] suggested that this strategy might enable trees to conduct more water if available, but could indicate a reduction in the bending strength of the water-conducting cells and therefore a negative effect on the resistance to drought-induced cavitation. These physiological adaptations to moisture-limited environments could also explain RW and LBI reductions observed across our sites; however, this does not unambiguously explain greater LBI than RW reductions.



In this study, the absence of significant growth responses after certain events might generally indicate that the identified droughts were not strong enough to influence RW and/or LBI. However, an alternative hypothesis for absent responses in LBI could be a negative sap pressure that occurs under drought and results in tracheids with thicker cell walls (higher wood density; [78,79]). Smaller tracheids have less efficient water conductance because hydraulic conductivity is decreased by the power of four with reduced lumen diameter (Hagen Poiseuille law; according to [80]). A final hypothesis for these cases of weak or absent responses could be that even though the droughts were extreme, with SPEI close to or ≤ −2 (e.g., 1999 and 2006 at the TP site; 2002 at the NO and VO sites; 2003 at the GA site; 1951, 1952, and 1959 at the GS site; Figure S1), the drop in growth rate could have been buffered by a mobilization of stored carbohydrates [81]. This could also explain lagged timing (~1 year) of RW and LBI responses to drought that we observed across our microsites (Figure 4 and Figure 6). Lagged timing has also been reported for the Mediterranean pine species (Pinus pinea L., Pinus halapensis Mill.) from dry regions [4,5], Scots pine at experimental sites [77], several different broadleaf and coniferous species from the Swiss network of strict forest reserves [2,3], and four different deciduous tree species (Fagus sylvatica L., Quercus robur L., Acer pseudoplatanus L. Carpinus betulus L.) from northeast Germany [24]. The authors [24] suggest that sufficient soil water recharge during autumn and winter before the drought event occurs may have a positive impact on tree growth in the dry year, but depleted soil moisture reserves may amplify growth reduction one year after the drought event. Across our sites, some of the drought events might have occurred after most of the wood formation was completed, resulting in a more prominent response in the year after the drought event [24]. However, soil moisture during summer and autumn was probably too low to allow trees to produce sufficient amounts of non-structural carbohydrates (NSC) as storage compounds. Thus, incomplete soil water recharge at the end of the dry year might have resulted in lack of spring soil moisture availability next year, and together with too low NSC might have led to lagged responses observed across our sites. Similarly, [82] assessed the seasonal origins of water in soils and three different tree species (Fagus sylvatica L., Quercus robur L., and Picea abies (L.) Karst.) across 182 Swiss forest sites, and concluded that beech and oak mostly used winter precipitation, whereas spruce used water of more diverse seasonal origins to mitigate their vulnerability to summer drought.




4.2. Microsite Differences in Scots Pine Growth Responses to Growing Season Droughts


RW and LBI from the dune ridge were more often impacted by droughts compared to the same tree-ring parameters from the dune bottom (Figure 4 and Figure 6). This may have resulted from physical and chemical features of coastal dunes [49,50,51], where frequent water deficits, together with nutrient shortages, cause functional plant stress [49,83]. Due to water drainage from the dune top towards the bottom, the more pronounced lack of groundwater might be expected at the dune ridge compared to the dune bottom. Similar findings have been reported for xeric and mesic microsites and different conifers [74,84,85], including Scots pine at the southern range of its species distribution [4,5] and in the Alps [34,86]. These studies reported higher susceptibility of conifers to drought at xeric compared to mesic sites because lower water availability at xeric sites strongly constrains the main physiological vegetation processes (growth and nitrogen use). The authors of [87] studied pedunculated oak (Quercus robur L.) growing in the floodplain of the Czech section of the Elbe River. They found that after drought, the trees growing at a reference site situated outside the flood area registered strong growth reduction in contrast to the trees growing at the river bank, where no growth reduction was registered. They concluded that the groundwater table (high at the river bank and low at the reference site) had a direct effect in modulating the responses observed between the sites.



In our study, apart from tree growth reductions, we recorded differences in the forest understory vegetation and humus depth (Table 1). Forest understory vegetation at our sites (Table 1) confirms that the dune-ridge microsites experience more intensive soil-water shortages compared to the bottom microsites, and therefore only little water-demanding vegetation is able to develop at the dune ridges. By contrast, at the bottom microsites a sufficient layer of understory vegetation acts as an insulation and can help retain soil moisture from evaporation during extended dry periods. Thus, we postulate that drought could have influenced Scots pine cambial activity more at the dune ridge, resulting in microsite-specific differences in RW and LBI reductions as we also described above.



We also observed longer (three years) microsite-specific RW and LBI reductions; however, this was recorded at only one dune-ridge (VOR) microsite (Figure 4 for RW, Figure 6 for LBI). Several authors [74,88,89] suggested that prolonged growth reductions occur as a result of drought stress associated with reduced leaf photosynthetic activity, twig, bud, fine-roots, and branch mortality, xylem cavitation, and modifications in carbon allocation. Moreover, [27] suggested that the reduced carbon reserve during drought can consequently affect tree cold resistance the following winter. Although we observed longer (three years) microsite-specific RW and LBI reductions at the VOR microsite, at this point, it remains unclear if they are associated with a synergistic effect of drought (1939) and cold winter (1940–1942) or a combination of extreme climate events with associated physiological adjustments (Figure 2).




4.3. Scots Pine Growth Responses to Unusually Cold Winters


Although Scots pine is thought to be generally tolerant to low winter temperatures [29], we found a clear relationship between cold winter and negative growth responses in RW and LBI of Scots pine from both the northern and southern subregions. Therefore, our findings support the growing body of evidence reporting negative impact of cold winter on Scots pine growth [2,6,7,8,38,41,42].



In our study, we demonstrated that Scots pine RW and LBI are similarly susceptible to cold winters. The differences in the frequency of RW and LBI responses are very minor and not as distinctive as for drought. However, we observed that RW and LBI from the northern subregion were much more susceptible to cold winters than the same parameters from the southern subregion. In general, trees in winter are usually insensitive to low temperatures and freezing due to the dormancy of cambial processes [90]. However, exceptionally low temperatures for an extended time period during winter, especially in the northern subregion, might have had a considerable effect on tree growth [2,41]. Generally, warmer temperatures in winter that have been observed across our study area [25] might have resulted in tree hardening disturbance, particularly in the northern subregion, and have led to a decrease in tree resistance to unusually low winter temperatures [8,26]. Consequently, cold winters can similarly as drought affect tree growth, leading to prompt growth reduction [2,6,7,8,38,39,42]. Although the physiological mechanisms responsible for cold winter damage in trees are not fully known [2,91], a few rationales could explain our findings. Several studies on different coniferous species suggested that winter embolism (hydraulic failure) occurring during cold and dry conditions in winter might lead to xylem dysfunction [80,92,93]. The authors of [92] suggested that during cold winter with stronger and more frequent embolism, energy that could be invested in spring radial growth is instead used for recovery after winter embolism. Consequently, cold winter has been suggested [2,92] to act immediately and force abrupt RW decrease in the subsequent growing season, as we also observed across most of our microsites (Figure 4). Further, the lack of snow (i.e., winter drought conditions) and of subsequent insulation leading to deeper frozen soils might have a detrimental impact on radial tree growth due to fine root damage [6,94]. Deep snow cover in late winter, on the other hand, has been demonstrated to significantly reduce radial growth by maintaining low soil temperatures and delaying spring cambial reactivation [95,96]. The observed differences in Scots pine growth (RW and LBI) responses to cold winter seasons in the northern and southern subregions may also result from generally colder winters occurring in the north compared to the south. In this case, the growth reduction due to unusually low winter temperatures might have been attributed to greater frost damage to needles, especially in the northern subregion [39]. Lastly, Scots pine from different locations across its distribution range might display higher or lower sensitivity of growth to cold winters. In our study, Scots pine from the southern subregion might be able to utilize the longer growing season and assimilate greater nutrient reserves compared to the trees from the northern subregion, therefore exhibiting a greater ability to mitigate the negative effect of cold winters on tree growth [38].



The lack of significant growth responses after certain events might indicate that the identified cold winters were not strong enough (Figure S1) to influence RW and/or LBI. At some sites, even though the identified cold winters were stronger than z-score ≤ −2 (Figure S1), Scots pine did not record these events in RW and/or LBI (Figure 4 and Figure 6). We suggest that a layer of dense groundcover vegetation, as we especially observed at the bottom microsites (common plants: Calluna sp., Vaccinum uliginosum sp., and Rhododendron tomentosum; Table 1) could insulate the soil from the penetration of anomalously low air temperatures and consequently protect Scots pine roots from damage [41]. Severe winter in northern Finland has been reported to significantly reduce RW in young but not mature Scot pine trees, while latewood density was not affected at all [41]. The same study suggested that the root system of mature trees is developed better, covers a larger area and goes deeper into the soil than that of young trees and thus, fine root damage in older trees might be less expected.




4.4. Microsite Differences in Scots Pine Growth Responses to Unusually Cold Winters


Apart from very minor differences between RW and LBI responses to cold winter, we observed that microsite type slightly modulates these RW responses. We suggest that the observed mild differences (i.e., dune ridge more sensitive than the dune bottom) may arise from the lesser snow accumulated at the dune ridge compared to the dune bottom. Higher wind velocities at the coastal dunes [49,50,51] can blow snow from the dune ridge, resulting in snow-free, dry conditions. As described above, reduced snow cover during the winter could predispose Scots pine growing at the dune ridge to cold-induced injury and thus reduced growth. Similar conditions might have occurred during snowless winters or just with very little snow, resulting in water shortage and frozen soil at the dune ridge compared to the dune bottom. As we reported, we also observed longer (three years) microsite-specific RW and/or LBI reductions; however, these were recorded just at three dune-ridge (GSR: RW, VOR: RW and LBI, and GBR: LBI) microsites (Figure 4 for RW, Figure 6 for LBI). Interestingly, [97] reported strong growth reductions in Scots pine tree rings after three consecutive very cold winters (1939/1940, 1940/1941, 1941/1942) and drought (1940) at the Gotska Sandön Island. However, although we observed prolonged growth reductions of RW and/or LBI at three microsites, at this point, it is uncertain if the reductions are associated with consecutive cold winters occurring at our sites.




4.5. Limitations of our Approach


The statistical SEA framework we applied allowed us to demonstrate Scots pine tree responses to growing-season droughts and cold winters as an important first step in understanding coastal Scots pine responses to future climate changes. Although our approach was robust and informative, it also had several limitations. First, SEA does not permit distinguishing between the factors triggering growth reductions when multiple factors occurred consecutively (e.g., drought: 1939 and cold winter: 1940–1942) as we recorded for three sites (TP, NO, VO; Figure 2). Consequently, as an example, a synergistic effect of two climate extremes on growth reductions might cause uncertainties in tree-ring-based climate reconstructions from Scots pine trees if no other tree-ring parameter is present. Second, the use of tree-ring parameters of living trees only (e.g., ring width or wood density) did not allow for evaluating changes in stand structure (e.g., tree mortality). This means that some of the trees could have died in the response to certain climate extremes. Climatically driven dieback represents an ultimate growth response to climatic extreme; however, we were not able to assess this situation because we focused on the survivor responses [98]. Third, the applied SEA relies on bootstrapping to randomly selected sets of the time series and to determine if growth reductions for event years vary from random [74]. Therefore, the a priori subjective definition of what constitutes a severe drought and cold winter can impact the capability to identify significant growth reductions [4,99]. It might happen that an extreme event, although not included in our drought (SPEI ≤ 1.5) or cold winter (z-score ≤ −1.5) threshold, can cause a pronounced growth reduction [74] such as what we observed in our RW and LBI chronologies. Fourth, the SEA also partly revealed significant growth reductions registered in the years before the event year (i.e., t − 1, t − 2, or t − 3; Figure 3A, Figure 5A,B) and significant growth increases registered in the years after the event year (i.e., t + 1, t + 2, t + 3; Figure 5). Such growth reductions may be associated with other confounding factors besides drought and cold winter that could have occurred before the events investigated in this study. It is not uncommon for the SEA to detect growth reductions registered in the years preceding a studied event [100]; however, the SEA does not allow determining the cause of such reductions. On the other side, the observed growth increases after the event year (Figure 5) could indicate the recovery after cold winter [74]. Although some rationale could explain our findings, the explicit reasons for the growth reductions and increases observed before and after an event in our study, respectively, remain unclear at this point. Fifth, the SEA applied in a “classical way” ([74]; our first approach) may present significant but weak growth reductions following the event year as observed for droughts and RW from the northern subregion (Figure 3). Such growth reductions may rather resemble a local departure from the long-term mean than a growth reduction after an extreme event. However, such effect as we observed (Figure 3) may arise from the fact that several drought events of different magnitudes are superposed. It means that the overall growth reduction detected by the SEA performed at the subregional level may be diminished if a few extreme events did not lead to significant growth reductions, as we could observe because of the local-scale approach. Therefore, the application of the local-scale SEA expanded the results and showed the detailed RW and LBI responses to particular extreme events. Interestingly, both the strength and the number of extreme events superposed in the analysis (“classical way”; [74]) may impact the final results, as we showed for the RW and LBI from the southern subregion, when particularly cold winters from the 1940s were excluded from the SEA (Figure S2). Sixth, the identified climate extremes and applied thresholds could be affected by the quality of the available climate data. We used gridded temperature and precipitation datasets for most of our sites. However, interpolated over a large area, gridded climate data might underrepresent the microclimatic conditions at our coastal dune sites. Thus, the identification of droughts or cold winters might be particularly challenging. Seventh, in the SEA, a window setting for which the analysis is performed has to be selected [74]. Here, we applied a window of three years before and after an event; however, using a wider window (e.g., five years) would have brought just subtle differences in the results. For example, using a window of five years would have only allowed us to detect one year longer growth reduction in LBI from the VOR microsite after drought in 1939, and detected a single, lagged by five years RW reduction at the NO site after the cold winter in 1929. Considering these slight differences, we feel the three-year window was significantly robust. Lastly, the results of SEA may be biased if other external factors negatively impact tree growth. For example, wind constitutes an important factor shaping the coastal dune environment. Wind causes sand movement, especially if the dune lacks ground vegetation or is very sparse. Strong winds can blow out sand [101] and expose tree roots, resulting in fine-roots damage. In turn, these effects may be registered in tree rings (e.g., narrow rings, eccentric rings, stem tapering), possibly influencing our results. However, once ground vegetation and a forest have been established, as observed at our sites (Figure 1), wind erosion is considered low [101]. Historical local wind speed data for our sites were either too short and not sufficient for reliable analysis, or not available.





5. Conclusions


Both RW and LBI represent important proxies recording Scots pine growth responses to droughts and cold winters at the coastal dunes around the south Baltic Sea. Growth reductions after droughts were less frequent and less instantaneous but of comparable duration compared to reductions after cold winters. Additionally, we showed marginal but ecologically reasonable differences between tree-ring parameters and microsite types in the pattern of the response to climate extremes. Notably, due to the exposed position of the dune-ridge microsites, we observed stronger effects of both drought and cold winter events compared to the less-exposed dune-bottom microsites. Overall, Scots pine is more susceptible to cold winters than to droughts, especially from the northern subregion. Assessing the current risk of drought and cold winter as the two major climate factors that induce Scots pine growth changes and thus impact long-term growth patterns is crucial to improve our understanding of future coastal dune forest dynamics. The risk of drought occurrence in our study region has increased over the years, and thus it is very likely that droughts will occur with a higher frequency, intensity, and duration in the future. Moreover, the occurrence of cold winters, although not observed since 1987 (for ~ last 30 years) across our sites, will probably become more sporadic [9]. As a result, Scots pine trees already challenged by the Baltic Sea coastal dune features [49,50,51] might be less stressed by cold winter but more often impacted by severe droughts in the future. Therefore, in the face of future climate change, testing how Scots pine, and also other tree species from coastal dunes, respond to climate extremes is important to promote sustainable coastal forest management. However, to employ a suitable forest management on a local scale, it is important not just to generalize from global or regional perspectives but also to identify local specificities. We recommend testing multiple tree-ring parameters, including not only RW and LBI, to gain a more comprehensive picture of Scots pine responses to climate extremes at specific sites or regions.
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Figure 1. The map shows the location of sampling sites around the south Baltic Sea. Black dots indicate sites located in the southern subregion, while black circles indicate sites located in the northern subregion (see Figure 2 in [55]). The inset map shows the location of research area, and green shading presents the Scots pine distribution (www.euforgen.org/species/, accessed on 30 January 2022). See Table 1 for description of site names and abbreviations. Images show one of our study sites—NO located near Nõva in northwest Estonia. (A)—the dune ridge microsite with Cladonia understory; (B)—the dune bottom microsite with Vaccinum uliginosum understory. 
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Figure 2. Growing season droughts (orange bars) and unusually cold winters (blue bars) identified at six dune sites divided into northern and southern subregions around the south Baltic Sea for the 1902 to 2016 period. See Table 1 for description of site names and abbreviations. 






Figure 2. Growing season droughts (orange bars) and unusually cold winters (blue bars) identified at six dune sites divided into northern and southern subregions around the south Baltic Sea for the 1902 to 2016 period. See Table 1 for description of site names and abbreviations.



[image: Forests 13 00477 g002]







[image: Forests 13 00477 g003 550] 





Figure 3. The results of the superposed epoch analysis for the subregion-specific droughts and the ridge-north, bottom-north, ridge-south, and bottom-south datasets of ring width (A) and latewood blue intensity (B) parameters. Light and dark gray represent dune ridge and bottom microsites, respectively. Orange lines show an event year (i.e., superposed subregion-specific droughts) and circles with black outline present significant negative effect on growth. Horizontal dashed lines represent significance threshold at p < 0.05. 
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Figure 4. Standardized microsite ring-width chronologies (dune bottom = dark gray line and dune ridge = light gray line), individual site-specific droughts (orange vertical lines), and cold winters (blue vertical lines) as well as the timing of negative growth responses to droughts (dune bottom = dark gray dots, dune ridge = light gray dots) and cold winters (dune bottom = dark gray stars, dune ridge = light gray stars). The occurrence and significance of growth reductions were determined by means of the superposed epoch analysis (p < 0.05). The number of consecutive dots or stars indicates the duration of growth reduction after drought or cold winter, respectively. See Table 1 for description of microsite names and abbreviations. 
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Figure 5. The results of superposed epoch analysis for the subregion-specific cold winters and the ridge-north, bottom-north, ridge-south, and bottom-south datasets of ring width (A) and latewood blue intensity (B) parameters. Light and dark gray represent dune ridge and bottom microsites, respectively. Vertical blue lines show an event year (i.e., superposed subregion-specific cold winters), and circles with black contour present significant negative effect on growth. Dashed lines represent significance at p < 0.05. 
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Figure 6. Standardized microsite latewood blue intensity chronologies (dune bottom = dark gray line, dune ridge = light gray line), individual site-specific droughts (orange vertical lines) and cold winters (blue vertical lines) as well as the timing of growth reductions to droughts (dune bottom = dark gray dots, dune ridge = light gray dots) and cold winters (dune bottom = dark gray stars, dune ridge = light gray stars). The occurrence and significance of growth reductions were determined by means of the superposed epoch analysis (p < 0.05). The number of consecutive dots or stars indicates the duration of growth reduction after drought or cold winter, respectively. See Table 1 for description of microsite names and abbreviations. 
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Table 1. Description of the sampling sites (the last letter in the code of microsite type refers to the ridge (R) and bottom (B) of the dune), number of analyzed trees (RW—ring width, LBI—latewood blue intensity), the tree metadata (average tree height), average organic layer and forest understory type (CL—Cladonia, CA Calluna, VU—Vaccinum uliginosum).
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Subregion

	
Country

	
Site

	
Microsite

	
Lat

	
Lon

	
Number of Analyzed Trees

	
Tree Height (m)

	
Organic Layer (cm)

	
Forest Site Type




	
RW

	
LBI






	
northern

	
Sweden

	
Gotska Sandön (GS)

	
bottom (GSB)

	
58.38°

	
19.20°

	
43

	
40

	
15.3 **

	
10.2 **

	
CA




	
ridge (GSR)

	
58.37°

	
19.20°

	
64

	
52

	
17.2 **

	
5.1 **

	
CL




	
Estonia

	
Tapurla (TP)

	
bottom (TPB)

	
59.59°

	
25.55°

	
50

	
48

	
28.5 ***

	
11.9 ***

	
VU




	
ridge (TPR)

	
59.60°

	
25.55°

	
47

	
44

	
19.2 ***

	
7 ***

	
CL




	
Nõva (NO)

	
bottom (NOB)

	
59.21°

	
23.62°

	
43

	
39

	
13.3 ***

	
11.5 ***

	
VU




	
ridge (NOR)

	
59.22°

	
23.61°

	
50

	
43

	
15.8 ***

	
5.5 ***

	
CL




	
Võiste (VO)

	
bottom (VOB)

	
58.20°

	
24.49°

	
49

	
36

	
23.4

	
27.2 ***

	
VU




	
ridge (VOR)

	
58.20°

	
24.49°

	
50

	
47

	
22.7

	
12.4 ***

	
CL




	
southern

	
Poland

	
Gryfice (GA)

	
bottom (GAB)

	
54.11°

	
15.20°

	
34

	
34

	
14.9

	
11 ***

	
CA




	
ridge (GAR)

	
54.11°

	
15.20°

	
36

	
33

	
16.3

	
8.6 ***

	
CL




	
Gryfice (GB)

	
bottom (GBB)

	
54.11°

	
15.20°

	
35

	
34

	
17.6 ***

	
11.4 ***

	
CA




	
ridge (GBR)

	
54.11°

	
15.20°

	
35

	
34

	
12.7 ***

	
7.3 ***

	
CL




	

	

	

	

	

	
total

	
536

	
484

	

	

	








Tree height and organic layer were tested for significant difference between mean of each pair of the ridge and bottom microsites using a Wilcoxon rank-sum test. ** significantly different; (p < 0.01). *** significantly different (p < 0.001).
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