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Abstract

:

Norway spruce (Picea abies) forests in temperate zones are already reacting to short-term extreme summer heatwaves, threatening the vitality of trees and forest productivity, and can even lead to local and regional dieback events. Examining quantitative wood anatomy can provide helpful information in terms of understanding the physiology mechanisms and related responses of conifer trees to local environmental interactions in relation to tracheid adaptive capacity. This study analysed the tracheid functional anatomical traits (FATs) plasticity of six young Norway spruce trees growing in two mesic research plots with high annual precipitation (~43%) and air temperature differences during 2010–2017. The research plots are located in the sub-mountainous (Rájec Němčice) and mountainous (Bílý Kříž) belts of the Moravia region, Czech Republic. Vapour pressure deficit and cell wall reinforcement index (CWRI) were shown to be the most representative environmental parameters as proxies of dry conditions. Tracheid FATs indicated latewood phenological plasticity sensitivity, with more pronounced variability in the warmer and drier plots. Latewood tracheids of Norway spruce trees grown in the RAJ formed significantly thicker cell walls than BK during the studied period. The observed differences between the two research plots indicate additional support for tracheid cells’ hydraulic safety against cavitation and potential traces of adaptive acclimatization response.
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1. Introduction


Trees’ growth and forest ecosystems are closely interlinked with climate forcing and variability at short- and long-term scales [1]. Changes in any environmental factor trigger a cascade of modifications at the physiological and morphoanatomical levels of plants, affecting plant growth (meristem activity and morphological development) and productivity [2]. As the most fundamental attributes of woody plants over the life of a tree are the result of short- to long-term physiological responses, xylem tissues are under intensive selective pressure to respond to abiotic and biotic challenges [3,4] adaptively.



The variability of xylem cell anatomy within a population can be very high, reflecting a genetic richness that leads to the selection of new genotypes of the same species (genetic change adaptation fitting into the new environment) and/or phenotypic abilities in terms of acclimatization (potentially reversible physiological responses to environmental variables), which is fundamental for adaptive processes [5]. Phenotypic plasticity is genetically controlled and allows plastic reactions of the functional anatomical traits (FATs), which permit tree species to withstand a broad range of environmental conditions in which trees live [6]. Phenotypic plasticity is essential in trees’ hydraulic strategies concerning water availability, suggesting that tracheid FATs may have allowed conifers to radiate into different habitats [7].



Quantitative wood anatomy, i.e., intra-annual resolved xylem cell anatomical traits along tree ring series, is a methodological approach that operates at the cellular level [8]. This method provides new possibilities in terms of providing better insights into the mechanisms related to year-to-year xylem FATs and the related consequences of environmental interactions on conifers’ tree physiology and growth at highly resolved temporal and spatial scales [9,10]. This is achieved by quantitatively investigating the variability of the tracheid FATs within specific tree-ring zones and can provide useful information concerning tracheid cell anatomy and environment [11,12]. Several studies have emphasized a close interconnection between conifer tracheid FATs and seasonal environmental and weather fluctuations, reflecting changes in regional conditions related to these short, sub-annual intervals [8,13,14,15,16,17,18,19]. Climate change is expected to intensify regional-scale droughts; therefore, quantifying the extent of plasticity driven by the FATs of the xylem is critical for predicting the tolerance ranges of different species and their resilience to dry conditions [20].



Norway spruce (Picea abies (L.) Karst) a late-successional species with slow, early growth and late mean annual increment culmination; is considered to grow better in mesic sites and intermediate-to-high-fertility soils [21]. In addition, Norway spruce, as an intermediately shade-tolerant species, is sensitive to weather conditions, for instance, summer water deficits and soil water recharge in the preceding autumn and early spring [22]. It is also predicted to suffer from warmer and wetter winters [23]. Since 2000, parts of Central Europe have experienced persistent hot and dry periods in summer and non-summer periods [24], leading to a greater risk of precipitation deficits combined with increased temperatures and evapotranspiration [25]. Precipitation deficits can lead to a tight hydrological balance and, potentially, plant water stress [26]; thus, concerns have been raised concerning the ecological stability and adaptation of drought-sensitive Norway spruce trees [22,27,28]. Boden et al. [29] indicated a loss of growth resilience and stress response to decreasing water availability and a relatively limited short-term adaptive capacity to changing climate conditions in tree-ring width (TRW) series of Norway spruce trees located in southwestern Germany in sub-mountainous and mountainous belts.



However, information relating to tree species’ adaptive capacity and regional growth resilience to climate change in European forests is complex. Moreover, individual site characteristics may buffer or boost the impacts of heat, drought, and storm events [30]. Focused research is required because trees adapt to local water availability [25] at various temporal and spatial scales [31]. Considering the current environmental changes and their impact on tracheid cells, a better understanding of the environmental effects on dry- and wet-mesic Norway spruce forests with significant precipitation differences and how the anatomy of Norway spruce tracheid cells cope with the harsher climate conditions is decisive.



Cavitation resistance is associated with the ‘thickness to span ratio’, i.e., the ratio between the double cell wall thickness (CWT) and the conduit lumen radial diameter width (LRD) of tracheid cells. Higher resistance to cavitation requires stronger tracheids with a higher ‘thickness to span ratio’ to withstand mechanical stress and lower negative pressures [7,32,33,34]. Therefore, we hypothesized that the Norway spruce trees growing in warmer and drier environments would display greater hydraulic safety, i.e., thicker cell walls and narrower conduits, than in colder and wetter environments due to the increased unfavourable conditions in response to water stress and drought intensity. We also hypothesized that the FATs of the Norway spruce trees in the selected research plots were different concerning local environmental conditions and precipitation regimes, suggesting an adaptive acclimatization response [35,36,37]. The objectives of this study were (i) to assess the phenotypic plasticity adjustments of tracheid FATs on young Norway spruce trees to environmental variation and (ii) to analyse the correlations between the examined environmental parameters (EPs) and tracheid FATs to assess which parameters determine the observed plasticity of tracheid cellular anatomy.




2. Materials and Methods


2.1. Study Sites and Characteristics


Two Norway spruce research plots, located on two experimental ecosystem stations (Figure A1) in the Czech Republic (CZ), part of the Czech long-term ecosystem research network (https://lter.cz/en/homepage, accessed on 2 April 2024), the Czech Carbon Observation System (CzeCOS) network (http://www.czecos.cz/en.html, accessed on 2 April 2024) and the Integrated Carbon Observation System (ICOS) International Network (https://www.icos-cp.eu, accessed on 2 April 2024) [38,39] were studied to account for local variability. Rájec Němčice (RAJ) is situated at a lower altitude (600–660 m a.s.l.) on a hilly slope with NEE exposure in the South Moravian region, while Bílý Kříž (BK) is situated at a higher altitude (800–900 m a.s.l.) on an SSW-oriented planar slope with a mountain ridge terrain [40]. The ecosystem type can be classified as coniferous evergreen forests, and both forest research plots are dominated by a monoculture of Norway spruce trees [41]. Cambisol (RAJ) and podzol (BK) soils crosslinked with several bedrock types and altitudinal zones represent the two major forest soil and associated soil groups, covering over 80% of the CZ territory [42].



From a climatic point of view (Table 1), the RAJ sub-mountainous region is relatively warm and moderately dry, with frequent high-temperature episodes and dry periods, particularly in the summer months [43]. BK experiences a cold and humid environment with high annual precipitation [39,40] and represents the mountainous region conditions of Central Europe [44]. Therefore, this study will assess RAJ as a dry-mesic Norway spruce forest research plot and BK as a wet-mesic Norway spruce forest research plot.




2.2. Sample Collection and Preparation


Six healthy, young Norway spruce trees were harvested at the donor research plots during the spring of 2018 before the budburst period. All of the selected trees were uniform, with a conical crown, and without visible damage or abnormality on either the stem or the crown. The trees were comparable in size and age. The mean tree height, breast height diameter, and age of Norway spruce trees harvested in the RAJ were 20 m, 18 cm, and 39 years, respectively. Similarly, the mean tree height, breast height diameter and age of Norway spruce trees in the BK were 18 m, 17 cm, and 33 years, respectively. Wood samples of each tree were collected on-site by cutting stem discs (3–4 cm thickness) at breast height immediately after felling. Subsequently, with a small saw, 1 cm wide strips (with a direction from the bark to the pith) of wood were cut from the stem discs. Transversion sections of wood strips were prepared by using a WSL core-microtome [45] and coated with cornstarch-water-glycerol solution (10 g of cornstarch, 8 mL of distilled water, and 7 g of glycerol) to stabilize and prevent the cells from being distorted or broken, as suggested by Schneider and Gärtner [46]. The prepared microsections were stained using Safranin (Waldeck GmbH & Co., Münster, Germany) and permanently mounted on the microscope slides with Euparal (Waldeck GmbH & Co., Münster, Germany).




2.3. Measurements and Statistical Analysis


2.3.1. Tree-Ring Width and Tracheid Anatomical Measurements


The TRW and FATs measurements were conducted cell-by-cell along three radial files within each ring, per year and tree, in each research plot, avoiding areas with visible defects (e.g., reaction wood, traumatic areas). The TRW tracheid FATs used in the study were direct measurements derived from the image analysis program WinCELL Pro 2010 (Regent Instruments, Canada). The analysis was restricted to the tree rings formed in 2010–2017 at the stems’ northern alignment to avoid juvenile wood in the young Norway spruce trees [47]. For analysing the xylem structure at the sub-annual time scale, each tree ring was divided into earlywood (EW) and latewood (LW) tree-ring zones, according to Mork’s index, which is the ratio between the double CWT and the LRD [48]. The tracheid measurements were assembled into three functional groups related to tree-ring growth, cell growth, and hydraulic safety (Table 2). Within the tree ring, TRW, earlywood width (EWW), latewood width (LWW), and latewood width percentage (LWW%) were calculated. Within each cell, we measured the following FATs: (1) CWT, (2) LRD, (3) the tracheid radial diameter width (TRD), (4) the cell lumen area (CLA), and (5) the cell wall reinforcement index (CWRI). The CWRI is defined as the ‘thickness to span’ ratio ([t/b]2) [15,33], where t is the double CWT and b is the LRD as the side of a hypothetical square conduit of CLA [49]. During xylem formation and plant secondary growth, inter- and intra-annual changes in the anatomical structure of cells (such as the size of tracheid lumens and walls) in response to EPs also represent the trees’ hydraulic architecture, which balances the optimisation of water transport (hydraulic efficiency) against the risk of hydraulic failure (or hydraulic safety) [37]. Xylem hydraulic safety estimated by the CWRI is considered a good proxy for xylem resistance to embolism and cell wall implosion since this ratio is believed to be a surrogate of the tracheid FATs linked to the mechanical and hydraulic properties of trees [19,37,50].



To calculate the TRD based on the relative position (RP) of each tracheid cell within a tree ring, we used the following equations [51]:


  T R D =   1   2     2 C W T   + L R D +   1   2   ( 2 C W T )  



(1)




and


  R P =     X   n     N    



(2)




where 2CWT is the thickness of a double cell wall, Xn is the rank of a cell in the tree ring increment, and N is the total number of cells. The LWW% was calculated as the ratio of LWW to TRW [52]:


  L W W % =   L W W   T R W   × 100  



(3)







Since the number of tracheids varied among radial files among trees and within tree rings of each tree ring, tracheid FATs were standardized and then averaged based on the relative position of each tracheid within the ring [53].




2.3.2. Meteorological Parameters and Vapour Pressure Deficit


A multi-year dataset of half–hourly eddy covariance measurements made by the CzeCOS network instruments per research plot, recorded above the canopy, was used for this study. The air temperature (Tair) and relative humidity (RH) profile records were taken with EMS33 temperature and humidity sensors (EMS Brno, CZ). In contrast, the amount of precipitation (PRCP) was recorded using 386C Met One precipitation gauge instruments (Met One Instruments, USA). The daily-resolved values for mean Tair, RH and the sum of PRCP for the studied period of 2010–2017 were calculated. The mean annual Tair at the RAJ during 2010–2017 was 7.8 ± 0.7 °C, i.e., 1.2 °C greater than the BK (mean annual Tair was 6.6 °C). Accordingly, the mean annual sum PRPC at the RAJ was 660 ± 94 mm, i.e., 42.81% less than the mean annual sum PRPC at the BK (1154 ± 178 mm) (Figure 1).



The vapour pressure deficit (VPD) reflects the effect of Tair and PRCP on the RH and transpiration demand. It is often monitored as a proxy for plant water stress, stimulating stomatal closure and photosynthetic carbon fixation [54]. Above-ground atmospheric demand for moisture was represented by the VPD (kPa), according to the equation:


  V P D =    1  −   R H    100      × S V P  



(4)




where SVP is the saturated vapour pressure for a given temperature. SVP was estimated according to Tetens equation:


  S V P =  0.61078    exp  ⁡  (    17.27    T   a i r       T   a i r   +  237.3    )    



(5)




where Tair is in °C and SVP in kPa [55]. A VPD value of 1.5 kPa (VPD1.5) was chosen as an ‘extreme’ threshold, above which stomata close, representing the extremely dry air [56].




2.3.3. Standardized Precipitation Evapotranspiration Index (SPEI)


Variations in drought severity, duration, and timing complicate the situation, and it is challenging to quantify the tree species’ physiological and anatomical adjustments to cope with drought [22]. Frequency, duration, and severity are the most critical characteristics of drought, and they depend on the established time scales as a function of the period. As time scales become larger, each new month has less impact, and drought becomes less frequent and of longer duration [57]. A one-month SPEI (SPEI–1) resolution was chosen to cover short drought episodes since these affect drought-sensitive tree species on shallow soils, as Fonti and Babushkina [17] suggested. Short-term interactions are preferable in assessing meteorological drought to soil moisture drought because they capture drought onsets and short-term severe bouts of drying that are potentially blunt in more prolonged interactions [58].



The impact of meteorological droughts is a complex, multisectoral, spatially variant and context-dependent phenomenon with different responses as a function of hydrology subsystems, vegetation, water resources management and seasonal time scales, making it difficult to quantify its characteristics and may lead to over- or underestimating reliable thresholds [59,60]. Thus, it is more appropriate to use an objective, location-specific method when defining drought thresholds to properly quantify drought seasonality, severity, and duration [59]. We adopted the drought definition of [57] as proposed by Parente et al. [61] and Spinoni et al. [62] to identify the drought events (DEs), which started once the analyzed SPEI–1 indicator drops below the corresponding value to a given negative standard deviation (SPEI–1 ≤ −1.0) for at least two consecutive months and finished when this indicator rises above zero (SPEI–1 ≥ 0). If, during the DE, at least two successive months show extreme drought conditions, the event would be considered extreme. Drought frequency displays the number of events, while drought duration demonstrates the number of months that a DE lasts. The assessment of meteorological DE intensity was classified into four classes, according to the increasing negative SPEI–1 values of less or equal to −1.0 [61]: (i) mild (−1.0 < SPEI–1 ≤ 0), (ii) moderate (−1.5 < SPEI–1 ≤ −1.0), (iii) severe (−2.0 < SPEI–1 ≤ −1.5), and (iv) extreme (SPEI–1 ≤ −2.0).




2.3.4. Statistical Analysis


Based on the monthly Tair and PRCP data, we quantified the meteorological drought according to the SPEI climatic water balance drought index using the Thornthwaite R v. 4.1.1. package SPEI [63]. Daily records of mean Tair, RH, PRCP, and VPD values for the period 2010–2017 obtained from the meteorological stations located at the research plots were used to test the relationships between the FATs (i.e., CWT, TRD, CLA, and CWRI) and the EPs. The tested EPs (Tair, RH, PRCP, and VPD) were arranged in fixed intervals of 15-day time windows from the beginning of April till the end of July in the year of tree-ring formation and from the beginning of July till the end of October for the EW and LW tree-ring zones, respectively. The relationships between the EPs between the research plots and medial values of Norway spruce tracheid FATs in each tree-ring zone were computed using the non-parametric Kendall’s tau rank correlation coefficient, which accounts for a smaller sample size [64]. Short time intervals of 15-day long time scales were chosen to capture better the dependency of the tracheid of FATs on short-time responses [9]. Correlations between the EPs and FATs were considered significant if the p-value was <0.05.



Finally, we adopted the non-parametric Mann–Whitney test to compare EPs between the two research plots, which is more robust to possible outliers and distribution skewness [65]. Similarly, to compare dry-mesic (RAJ) vs. wet-mesic (BK) FATs on the tracheids of Norway spruce trees without considering the time dimension, we used the non-parametric Mann–Whitney test, a method used to contrast two groups without considering any distribution information on the population [54]. All non-parametric tests were performed using the Statistica 13.4.0.14 analysis package (TIBCO Software Inc., Palo Alto, USA).






3. Results


3.1. Environmental Parameters


The trend agreement among the examined EPs between the two research plots (Figure 2) showed that the variations in time series resolutions of 15-day intervals follow a similar pattern across the investigated period of 2010–2017. Apart from the existing PRCP differences, we can also detect the low RH and high VPD values that occurred at both research plots during the summer months (July–August) of 2015 and, to a lesser extent, in 2013.



The interannual variability of the meteorological parameters (Tair and PRCP) during 2010–2017 portrayed a warmer and drier research plot in RAJ compared to the wetter and slightly colder conditions in the BK (Table A1). The number of VPD1.5 days, i.e., the days in which the extreme threshold value of VPD1.5 occurred, as was expected mainly occurred during the summer months of July and August. Interestingly, the years (2012 and 2014 during the spring period and 2013 and 2015 during the summer period) and the number of days with the increased VPD1.5 were almost identical for both research plots. However, during the most severe year of 2015, the number of VDP1.5 days in the driest RAJ was double when compared to the wettest BK, i.e.,18, and 9 days, respectively.



Seasonal Mann–Whitney U test analyses during the growing season (April–September), as well as between the spring (April–June) and summer (July–September) sub-annual intervals, were performed to assess statistical differences in the EPs between the two studied research plots (Table 3, Figure A2). Tair, PRCP, and VPD were determined to be statistically significantly different during the growing season. Accordingly, only Tair and PRCP of the sub-annual periods were statistically significant, while RH and VPD were not. Yet, we should not overlook the higher calculated mean VPD value in the RAJ (0.56 ± 0.15 kPa) when compared to BK (0.45 ± 0.13 kPa). Since the variability of EPs during the 2010–2017 period was indicated between the two research plots, we expect that any differences in the phenotypic plasticity of the tracheid FATs of Norway spruce trees in the research plots would reflect the adjustment of the anatomy of tracheids’ to environmental variations.




3.2. Drought Assessment


We compared drought frequency, duration, and intensity during the 2010–2017 reference period to investigate the spatial and temporal distributions between the RAJ and BK plots. During this period, we counted two DEs for RAJ and one DE for the BK plot, respectively (Figure 3). RAJ’s first shorter duration DE occurred from January to February 2011 (two months), while a prolonged DE of seven months was detected from December 2013 to June 2014. Similarly, a quite dry period of three months, but not a DE in response to the definition, was also identified for the BK plot from January to March 2014. The only DE that occurred in BK was during the spring of 2012 for two months (April to May 2012). No extreme conditions were detected, and approximately 3% and 15% of the total months were detected as severe and moderate drought months (Table 4).




3.3. Tree-Ring Growth Variability


Norway spruce trees grown in the dry-mesic (RAJ) and wet-mesic (BK) plots did not differ in diameter, height and age. In general, drier conditions of the RAJ plot during the 2010–2017 growing seasons promoted wider LWW, apart from the 2015 summer drought of July–August (based on VPD values and the number of VPD1.5 days), in which LWW sharply dropped. Specifically, the mean TRW and LWW% values in the RAJ were 1.9 ± 0.6 mm and 30.0 ± 7.5%, while in the BK 2.13 ± 0.4 mm and 19.5 ± 4.2%. Mann–Whitney t-tests demonstrated statistically significant differences in the EWW (p < 0.05) and LWW% (p < 0.01). At the same time, TRW and LWW were found not to be significantly different (Table 5).



Although detecting long-term trends on such a relatively short time series of an 8-year analysis is challenging, most of the phenotypic plasticity variability was primarily related to changes occurring at the LW tree-ring zone. Based on the standardized tracheidograms and Mork’s index, we observed a more considerable year-to-year variability in the LW tree-ring zone, which was more prominent in the drier RAJ. We also estimated that LW formation occurred earlier in the RAJ within the summer months, as illustrated in Figure 4.




3.4. Sub-Annual Tracheid Anatomical Variability


The results indicate substantial changes in the sub-annual distributions and median values of tracheid FATs within the tree-ring zones between the two research plots (Table 6). Tracheid size (TRD and CLA) was found to be statistically significantly different in the EW tree-ring zone and CWT only in the LW tree-ring zone. Median CWRI, despite not being statistically significant (presumably due to the substantial variable values), was more than double in the RAJ (2.44 ± 1.9) compared to the CWRI (1.01 ± 0.5) in the BK. The results of this study suggest a downscaling of cell size (i.e., TRD and CLA) and the upscaling of CWT in the tracheid cells relating to Norway spruce tree ring growth in both research plots.



Figure 5 depicts the interannual variation in the FATs of the Norway spruce trees grown in the relatively warm and moderately dry RAJ area that has more frequent summer heatwaves compared to BK, with its cooler and higher annual precipitation. We observed that LW CWT and/or LW LRD in the Norway spruce trees located at the RAJ was reduced when unfavourable environmental conditions occurred, such as during short-term summer heatwaves with several days of high evapotranspiration demand (the year 2015, 18 days VPD1.5 threshold value) or after a prolonged DE during the 2014 winter-spring season.




3.5. Environment Parameters–Tracheid Functional Anatomical Traits Relationships


Within this study, we considered the April–June period more relevant to the EW tree-ring zone and the July–September period for the LW tree-ring zone, respectively. Furthermore, based on the lag in the EW–LW transition of the Norway spruce tracheids between the two plots, as can be observed in Figure 4 (according to Mork’s index and cells’ relative position), we considered July as the EW–LW transition month, yet also representing partly the LW tree-ring zone in the RAJ plot and the EW tree-ring zone in the BK plot. We also considered October since it is usually a month in which LW tracheids of Norway spruce trees are still forming.



The FATs in response to the EPs in the Norway spruce trees growing in the two plots showed seasonal and sub-annual variations, with VPD and PRCP being the most important EPs during tracheid formation. The contrasting positive or negative correlations illustrate the impact of EPs in each tree-ring zone by enlarging or narrowing CWT and TRD size, especially during the hottest summer months of July and August. Mainly, EPs were more influential in the warmer and drier RAJ rather than the colder and wetter BK (Figure 6 and Figure 7).





4. Discussion


4.1. Tree-Ring Growth Traits


The amount of EWW and LWW has been demonstrated to play a prominent role in regulating xylem hydraulic safety and efficiency, wood density, and the mechanical functioning of cells. The climate also strongly affects LWW% [19]. In our study, LWW% in the drier RAJ was approximately 42% higher than in the wetter BK and was statistically significant. In addition, the EWW of RAJ was significantly shorter than the EWW measured in BK. Luostarinen et al. [66] report that a higher growth rate is believed to increase the EWW, while the amount of LWW remains relatively constant in Norway spruce. Further, a wider EWW indicates more effective tree water use [67].




4.2. Tracheid Anatomy Traits and Latewood Plasticity Sensitivity


Short-term heatwaves during the summer months of July–August or long-term drought events had a perceptible effect on LW plasticity and sensitivity in the warmer and drier RAJ. The diverse and statistically significant differences in the tracheid FATs of the Norway spruce trees between the two research plots of RAJ and BK demonstrate the phenotypic plasticity and adaptability to the local environmental conditions. EW tracheids of the Norway spruce trees in the dry-mesic RAJ formed larger CLA and almost identical CWT compared to the Norway spruce trees in the wet-mesic BK, while LW tracheids presented narrower sizes and thicker cell walls. Our findings on Norway spruce trees seem to support the conclusions reported by Björklund et al. [14], Piermattei et al. [19], and Rathgeber [68] that conifers may enhance the following: (i) conduction efficiency during the spring period by influencing EW TRD, (ii) water conduction security during the summer period by influencing LW CWT, and (iii) LW is probably the tree-ring zone involved in adaptive responses to climate and environmental changes.



Despite presenting higher year-to-year variability, the CWT of the LW tracheid cells in the dry RAJ was always thicker than that of the LW tracheid cells in the wet BK during the 2010–2017 period. An experimental drought treatment in Norway spruce trees demonstrated changes in xylem cell anatomy traits, with drought-treated trees presenting new cells with a high proportion of thick cell walls and narrower lumen diameters after the experiment’s onset. On the contrary, irrigated trees had generally thinner cell walls and wider lumen diameters [34]. Thicker cell walls in conifer species, including Norway spruce grown in drier environments, have also been suggested in other studies as being a reinforcement strategy relating to cavitation resistance to water stress [33,49,67]. Thick cell walls reduce the water flow due to a reduced CLD and increase the water flow path through pits, consequently increasing cavitation resistance [7].



Higher cavitation resistance is associated with lower negative sap pressure, requiring tracheids with a higher CWRI to resist mechanical stress [4]. Pittermann et al. [69] concluded that variation in the CWRI was determined by narrowing lumen diameter rather than thickening cell walls. In contrast, Bouche et al. [32] and Rosner et al. [70] demonstrated that CWT—which is genetically largely determined—and not the LRD, is the critical factor in the collapse of tracheid walls. This study further confirms the usefulness of this index as an indicator of the dry conditions that occurred on the research plots. We believe that the LW differences observed at CWRI values between the two research plots, as well as the interannual observations during the summer months of 2015 or after a prolonged dry winter-spring period is a combined result of the interaction performed in both these anatomical traits (i.e., CWT and LRD). Reductions in both tracheid size and CWT and increased hydraulic safety were explained as being plastic responses to the drought experienced by Norway spruce trees in a mountainous, dry environment in the alpine Swiss region [15].



Although a reduction in the tracheid cell lumina of LW tracheids is beneficial to increasing hydraulic safety, signs of reduced LWW% (~16%) and thin-walled tracheids (5.65 μm) of the Norway spruce trees at RAJ during 2015 compared to the other years, according to Liang et al. [71], can be a mark of water stress in conifer trees. The FATs results of our study also confirmed this conclusion. The summer drought of 2015 was documented in CZ during a record year with high annual fluctuations of anomalous warm days [65] and seasonal dry atmospheric circulation during the April–September vegetation period [72], which was also the case in the Central Europe region [73,74].




4.3. Tracheid Anatomy Traits and Environmental Parameters


Trnka et al. [75] identified that the trends in actual evapotranspiration from July to September are highly dependent on PRCP but are also sensitive to reference evapotranspiration driven by the evaporative demand of the atmosphere. In our study, these EPs were statistically significant during the spring (April–June) and summer (July–September) sub-annual periods between the RAJ and BK plots. In addition, Mensah et al. [76] observed reduced forest productivity at both research plots and the sensitivity of both spruce forest plots to the VPD and Tair, especially at the drier RAJ. These outcomes agree with our findings since (i) VPD was found to be highly correlated with the FATs of Norway spruce tracheids, and (ii) mean VPD was higher in the dry-mesic RAJ compared to the wet-mesic BK; however, there were no statistically significant differences between each sub-annual period.



Despite the fact that, in the context of climate change, meteorological factors such as Tair and PRCP significantly influence evapotranspiration, they are not the only driving factors [77,78]. The effect of evapotranspiration is more complex, as seen in the dry RAJ, since the number of VPD1.5 days during the summer period of 2012 and 2016, two years with low PRCP and high Tair, were 2 and 0 days, respectively. The adequacy of water and the extent of vegetation factors also directly affect the actual evapotranspiration besides the meteorological factors [78]. Moreover, it is generally accepted that evapotranspiration is limited by available soil moisture when the soil moisture content is low, and it responds more to variability in meteorological and atmospheric conditions when there is sufficient soil moisture [77].



Along with its direct impact on plant physiology, high VPD increases water loss rates from moist soils. A drier atmosphere naturally demands more water from the soil surface [2]. Low PRCP is associated with an increased probability of hot days and higher Tair, which can further deplete soil moisture [58]. In this sense, we could consider that summer VPD also partly depicts PRCP and soil water deficits when soil moisture data are unavailable. In this study, we did not consider soil type characteristics. Soil characteristics also significantly affect moisture availability and soil water deficits [22], which could not be captured through the investigated EPs. The relatively high proportion of Norway spruce trees grown in cambisol-type soils (RAJ) instead of podzol-type soils (BK) can be partly associated with their higher clay content and more frequent hydromorphic properties [79].





5. Conclusions


Intra-annual analysis and high phenotypic plasticity on the xylem traits of Norway spruce in the studied research plots potentially point to adaptive acclimatization response mechanisms and a more safety-oriented, water-conducting system influenced by the local environmental conditions. Specifically, the young Norway spruce trees growing in the warmer and drier RAJ presented the following xylem structure differences: (i) on the size of the CWRI by adjusting CWT and LRD dimensions and (ii) by forming tree rings with increased LWW% and higher number of LW tracheids, relevant to the BK. Moreover, the presence of thicker CWT on LW cells to withstand higher rates of negative xylem pressure and, thus, increased cavitation resistance against the harsh summer conditions potentially provides an additional indication of adaptation to the local environmental conditions. Additionally, the interannual analysis revealed that in 2015 and 2013 years, which were characterized by disturbance regimes of heatwaves during the summer months (July–August) and days with high evapotranspiration demand or after prolonged drought events, such as the winter-spring in 2014, were formed LW tracheids with thinner cell walls in the warmer and drier RAJ.



Norway spruce is Europe’s most widespread conifer species, with a high economic and ecological value. The practical outcome that the seasonal RH and VPD values were not statistically significant between the two research plots might indicate that the long-term resilience and function of Norway spruce trees growing in wet-mesic forest ecosystems might also be affected if days with high evapotranspiration demand and water deficit will continue to rise. However, understanding species’ adaptive capacity and response adaptation to warmer and drier environmental conditions is multidisciplinary and still challenging.
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Abbreviation




	FATs
	Functional anatomical traits



	TRW
	Tree-ring width



	CWT
	Cell wall thickness



	LRD
	Lumen radial diameter width



	EPs
	Environmental parameters



	CZ
	Czech Republic



	RAJ
	Rájec Němčice research plot



	BK
	Bílý Kříž research plot



	EW
	Earlywood



	LW
	Latewood



	EWW
	Earlywood width



	LWW
	Latewood width



	LWW%
	Latewood width percentage



	TRD
	Tracheid radial diameter width



	CLA
	Cell lumen area



	CWRI
	Cell wall reinforcement index



	Tair
	Air temperature



	RH
	Relative humidity



	PRCP
	Precipitation



	VPD
	Vapour pressure deficit



	VPD1.5
	threshold value of VPD above 1.5 kPa



	SPEI
	Standardized Precipitation-Evapotranspiration Index



	SPEI–1
	one month Standardized Precipitation-Evapotranspiration Index



	DE
	Drought Event
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Figure A1. Location of the studied research plots in the territory of the Czech Republic (map source: www.bluegreenatlas.com, license: https://creativecommons.org/licenses/by/4.0/), including the main site characteristics of the studied research plots [42,44]. View into the inner part of the studied Norway spruce stands. RAJ, Rájec-Němčice; BK, Bílý Kříž. 
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Figure A2. Box plots of the EPs: mean Tair, PRCP, RH, VPD for the growing season (April–September, A–S), and the sub-annual periods of April–June (A–J) and July–September (J–S) in the RAJ and BK plots during the 2010–2017 period. The thick horizontal line in each box plot represents the median value. Each box plot also indicates the upper and lower quartiles, with the vertical lines representing the minimum and maximum values and the outlier points with open circles. Asterisks denote significant differences between the two research plots (* p < 0.05, ** p < 0.01). 
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Table A1. Interannual meteorological variability along the Rájec Němčice (RAJ) and Bílý Kříž (BK) plots during the study period 2010–2017. For each time duration (annual, April–September, April–June, and July–September), we calculated the mean air temperature (Tair, °C) and the sum of precipitation (PRCP, mm). We also report the number of days with the extreme threshold value (VPD1.5), with a vapour pressure deficit above 1.5 kPa during the sub-annual periods of April–June and July–September.






Table A1. Interannual meteorological variability along the Rájec Němčice (RAJ) and Bílý Kříž (BK) plots during the study period 2010–2017. For each time duration (annual, April–September, April–June, and July–September), we calculated the mean air temperature (Tair, °C) and the sum of precipitation (PRCP, mm). We also report the number of days with the extreme threshold value (VPD1.5), with a vapour pressure deficit above 1.5 kPa during the sub-annual periods of April–June and July–September.





	
RAJ

	
Annual

	
April–September

	
April–June

	
July–September




	
Year

	
Tair

	
PRCP

	
Tair

	
PRCP

	
Tair

	
PRCP

	
VPD1.5

	
Tair

	
PRCP

	
VPD1.5






	
2010

	
6.4

	
847.1

	
13.1

	
628.8

	
10.9

	
302.8

	
0

	
15.4

	
326.0

	
1




	
2011

	
8.3

	
552.7

	
14.6

	
399.4

	
13.0

	
162.8

	
0

	
16.3

	
236.6

	
0




	
2012

	
8.0

	
622.1

	
15.2

	
316.3

	
13.2

	
155.7

	
3

	
17.2

	
160.6

	
2




	
2013

	
7.3

	
740.9

	
13.7

	
497.3

	
11.3

	
303.2

	
0

	
16.2

	
194.1

	
7




	
2014

	
8.5

	
597.1

	
14.0

	
435.8

	
12.2

	
135.9

	
3

	
15.9

	
299.9

	
0




	
2015

	
8.3

	
636.4

	
14.3

	
359.3

	
11.4

	
149.6

	
0

	
17.2

	
209.8

	
18




	
2016

	
7.8

	
603.1

	
14.6

	
315.6

	
12.1

	
196.1

	
0

	
17.0

	
119.6

	
0




	
2017

	
7.8

	
682.6

	
14.0

	
453.5

	
12.1

	
169.3

	
2

	
16.0

	
284.2

	
1




	
BK

	
Annual

	
April–September

	
April–June

	
July–September




	
Year

	
Tair

	
PRCP

	
Tair

	
PRCP

	
Tair

	
PRCP

	
VPD1.5

	
Tair

	
PRCP

	
VPD1.5




	
2010

	
5.6

	
1518.9

	
12.2

	
1235.9

	
9.9

	
652.3

	
0

	
14.4

	
583.6

	
0




	
2011

	
6.7

	
1011.4

	
13.0

	
783.6

	
11.2

	
387.0

	
0

	
14.8

	
396.6

	
0




	
2012

	
6.4

	
1064.0

	
13.3

	
491.2

	
11.1

	
243.4

	
2

	
15.5

	
247.8

	
3




	
2013

	
6.2

	
1043.2

	
12.4

	
570.6

	
10.3

	
279.6

	
0

	
14.5

	
291.0

	
6




	
2014

	
7.6

	
1199.8

	
12.4

	
841.2

	
10.4

	
415.2

	
3

	
14.5

	
426.0

	
0




	
2015

	
7.4

	
968.6

	
13.1

	
536.4

	
9.6

	
299.2

	
0

	
16.6

	
237.2

	
9




	
2016

	
6.6

	
1268.0

	
13.1

	
638.0

	
11.0

	
261.2

	
0

	
15.1

	
376.8

	
0




	
2017

	
6.5

	
1155.4

	
12.4

	
759.6

	
10.1

	
345.2

	
0

	
14.6

	
414.4

	
1
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Figure 1. Mean monthly weather data of the studied research plots during 2010–2017 (Tair, air temperature; PRCP, sum of precipitation). 
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Figure 2. Time series of the mean values of the environmental parameters (EPs) for the 2010–2017 period for the Rájec Němčice (RAJ) and the Bílý Kříž (BK) plot (Tair, air temperature; PRCP, precipitation; RH, relative humidity; VPD, vapour pressure deficit). 
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Figure 3. Running 1-month time scale Standardized Precipitation Evapotranspiration Index (SPEI–1) values from January 2010 to December 2017 in the RAJ and BK research plots. Positive values (blue) indicate cooler and wetter conditions, and negative values (red) indicate warmer and drier conditions. SPEI–1 was calculated with a Thornthwaite-type water balance. Dashed lines indicate the −1.0 threshold as the benchmark of drought stress conditions (moderate, severe, and extreme). 
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Figure 4. Interannual variability (2010–2017) of earlywood (EW) and latewood (LW) of the standardized tracheid cells within the Norway spruce (Picea abies) tree ring. The red line shows the boundary between the EW and LW tracheids as determined by Mork’s index and the tracheid cells’ relative position. 
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Figure 5. Interannual changes in median CWT and LRD were grouped per tree-ring zone (EW, earlywood; LW, latewood) and research plot (RAJ, Rájec Němčice; BK, Bílý Kříž) from 2010–2017. Horizontal red dotted lines indicate the boundary within each tree-ring zone. 
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Figure 6. Kendall tau correlation coefficients between the studied EPs (PRCP, Tair, RH, and VPD) and the median values of the tracheid FATs (CWT, TRD, CLA, and CWRI) in the EW tree-ring zone of the Norway spruce trees in the RAJ and BK plots for the period 2010–2017. Months are abbreviated by letters (Ap, April; M, May; Jn, June; Jl, July). Numbers 1 and 2 denote the first half (1–15 days) and second half (16–30 days) time intervals of each month, respectively. Horizontal dotted lines indicate a threshold for significant correlation at p < 0.05. 
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Figure 7. Kendall tau correlation coefficients between the studied EPs (PRCP, Tair, RH, and VPD) and the median values of the tracheid FATs (CWT, TRD, CLA, and CWRI) in the LW tree-ring zone of the Norway spruce trees in the RAJ and BK plots for the period 2010–2017. Months are abbreviated by letters (Ap, April; M, May; Jn, June; Jl, July). Numbers 1 and 2 denote the first half (1–15 days) and second half (16–30 days) time intervals of each month, respectively. Horizontal dotted lines indicate a threshold for significant correlation at p < 0.05. 
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Table 1. Long-term weather data (annual mean air temperature and sum of precipitation) for the 1990–2022 period, according to the records of two nearby stations belonging to the Czech Hydrometeorological Institute (www.chmi.cz, accessed on 2 April 2024).
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	Long-Term Weather Data
	Rájec Němčice (RAJ)
	Bílý Kříž (BK)





	Mean annual air temperature, °C
	7.3 ± 0.8 1
	7.0 ± 0.7 2



	Mean annual sum precipitation, mm
	638.5 ± 93.1
	945.1 ± 126.5



	Mean air temperature Apr–Sept, °C
	13.7 ± 0.9
	13.1 ± 0.7



	Mean sum precipitation Apr–Sept, mm
	409.3 ± 86.4
	575.1 ± 131.5







1 Protivanov meteorological station (ID: B1PROT01; ~675 m a.s.l.; 49°29′ N, 16°50′ E); 2 Bílá Konečná meteorological station (ID: O1BILA01; ~720 m a.s.l.; 49°27′ N, 18°31′ E).













 





Table 2. A descriptive summary of Norway spruce (Picea abies) tree variables used in this study, divided by the functional groups.
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Functional Groups

	
Parameters

	
Acronym

	
Unit






	
Ring growth

	
Tree-ring width

	
TRW

	
mm




	
Earlywood width

	
EWW

	
mm




	
Latewood width

	
LWW

	
mm




	
Percentage of latewood width

	
LWW%

	
%




	
Cell growth

	
Cell wall thickness

	
CWT

	
μm




	
Lumen radial diameter

	
LRD

	
μm




	
Tracheid radial diameter

	
TRD

	
μm




	
Cell lumen area

	
CLA

	
μm2




	
Hydraulic safety

	
Conduit cell wall reinforcement index

	
CWRI

	
-











 





Table 3. Seasonal environmental parameters (EPs) for the studied research plots during the 2010–2017 period. Mean air temperature, relative humidity, and vapour pressure deficit (Tair2010–2017, RH2010–2017, VPD2010–2017), and mean sum precipitation (PRCP2010–2017) for each duration of the growing and sub-annual period (April–September, April–June, and July–September) are presented. The ± symbol depicts the standard deviation values. Asterisks denote significant differences between the two research plots (ns—not significant, * p < 0.05, ** p < 0.01).
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Annual

	
April–September

	
April–June

	
July–September




	

	
RAJ

	
BK

	
RAJ

	
BK

	
p-Value

	
RAJ

	
BK

	
p-Value

	
RAJ

	
BK

	
p-Value






	
Tair2010–2017 (°C)

	
7.8

(±0.7)

	
6.6

(±0.6)

	
14.2

(±0.6)

	
12.7

(±0.4)

	
**

	
12.0

(±0.8)

	
10.5

(±0.6)

	
**

	
16.4

(±0.7)

	
15.0

(±0.7)

	
**




	
RH2010–2017 (%)

	
82.3

(±3.2)

	
83.7

(±3.0)

	
74.4

(±4.5)

	
78.1

(±4.1)

	
ns

	
75.0

(±5.8)

	
78.2

(±4.5)

	
ns

	
73.8

(±6.0)

	
78.1

(±5.4)

	
ns




	
PRCP2010–2017 (mm)

	
660.3 (±94)

	
1153.7 (±178.6)

	
425.8 (±104.5)

	
732.1 (±239.2)

	
**

	
196.9 (±67.7)

	
360.4 (±132.5)

	
*

	
228.8 (±71.5)

	
371.7 (±113.6)

	
*




	
VPD2010–2017 (kPa)

	
0.29 (±0.05)

	
0.25

(±0.05)

	
0.49

(±0.09)

	
0.39

(±0.08)

	
*

	
0.41 (±0.10)

	
0.34

(±0.07)

	
ns

	
0.56 (±0.15)

	
0.45

(±0.13)

	
ns











 





Table 4. General drought conditions (GDCs) were assessed with SPEI–1 and drought classes (mild, moderate, severe, and extreme) for the reference period of 2010–2017. Relative values are equal to the ratio between the number of drought months and the total number of months.
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Plots

	
GDCs

	
Drought Class




	
Mild

	
Moderate

	
Severe

	
Extreme






	
RAJ

	
46.8%

	
27 (28%)

	
16 (17%)

	
2 (2%)

	
0 (0%)




	
BK

	
53.1%

	
34 (35%)

	
14 (15%)

	
3 (3%)

	
0 (0%)











 





Table 5. Intra-annual mean values tree-ring width (TRW), earlywood width (EWW), latewood width (LWW), and latewood width percentage (LWW%).
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TRW (mm)

	
EWW (mm)

	
LWW (mm)

	
LWW%




	
Years

	
RAJ

	
BK

	
RAJ

	
BK

	
RAJ

	
BK

	
RAJ

	
BK






	
2010

	
2.27

	
2.00

	
1.47

	
1.64

	
0.80

	
0.36

	
35.2%

	
18.0%




	
2011

	
2.94

	
2.66

	
1.96

	
2.36

	
0.98

	
0.3

	
33.3%

	
11.2%




	
2012

	
2.17

	
2.47

	
1.58

	
1.86

	
0.59

	
0.61

	
27.2%

	
24.7%




	
2013

	
2.02

	
1.92

	
1.52

	
1.55

	
0.50

	
0.37

	
24.7%

	
19.3%




	
2014

	
1.62

	
2.65

	
1.10

	
2.05

	
0.52

	
0.60

	
32.7%

	
22.6%




	
2015

	
1.04

	
1.60

	
0.88

	
1.25

	
0.16

	
0.35

	
15.4%

	
21.9%




	
2016

	
1.88

	
2.17

	
1.30

	
1.80

	
0.58

	
0.37

	
31.4%

	
17.0%




	
2017

	
1.22

	
1.53

	
0.72

	
1.53

	
0.50

	
0.40

	
40.1%

	
21.1%




	
2010–2017

(st. dev.)

	
1.9 (±0.6)

	
2.13

(±0.4)

	
1.32 (a)

(±0.4)

	
1.76 (b)

(±0.3)

	
0.58

(±0.2)

	
0.42

(±0.1)

	
30.0% (a)

(±7.5%)

	
19.5% (b)

(±4.2%)








Letters denote statistically significant differences.













 





Table 6. Statistics describing the median values of measured and derived functional anatomical traits (FATs) of the Norway spruce trees in the dry-mesic RAJ (Rájec Němčice) and wet-mesic BK (Bílý Kříž) research plots.
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Earlywood (EW)

	
Latewood (LW)




	
FATs

	
RAJ

	
BK

	
RAJ

	
BK






	
CWT (μm)

	
3.3 ± 0.4

	
3.3 ± 0.3

	
6.9 ± 0.7 (a)

	
5.3 ± 0.3 (b)




	
TRD (μm)

	
41.1 ± 3.1 (a)

	
35.9 ± 1.7 (b)

	
25.2 ± 3.9

	
22.5 ± 2.0




	
CLA (μm2)

	
920.9 ± 131.8 (a)

	
746.7 ± 94.2 (b)

	
150.1 ± 57.0

	
200.9 ± 54.9




	
CWRI

	
0.04 ± 0.01

	
0.05 ± 0.02

	
2.44 ± 1.9

	
1.01 ± 0.5








Values are presented separately for EW and LW. Data are medians ± SD and correspond to the 2010–2017 reference period. Different letters indicate significant (p < 0.05) differences based on Mann–Whitney tests. Abbreviations of variables are CWT, cell wall thickness; TRD, Tracheid radial diameter; CLA, cell lumen area; CWRI, cell wall reinforcement index.
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Site characteristics Rajec-Némcice (RAJ) (BK)
. Moravian-Silesian Beskydy
Location Drahanska Highlands
Mountains
Latitude, N 49°26°N 49°30°'N
Longtitude, E 16°41°E 18°32°E
Elevation, m a.s.l. ~ 625 ~ 875
. Sandy-loam Haplic and Entic
Soil type loam-clay Modal Cambisol

Podzol
Soil depth (m) 0.40-0.70 0.60-0.80
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