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Variation in Leaf Morphological Traits of European Beech and Norway Spruce Over Two Decades in Switzerland
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Leaf morphological traits (LMTs) of forest trees have been observed to vary across space and species. However, long-term records of LMTs are scarce, due to a lack of measurements and systematic leaf archives. This leaves a large gap in our understanding of the temporal dynamics and drivers of LMT variations, which may help us understand tree acclimation strategies. In our study, we used long-term LMT measurements from foliar material collections of European beech (Fagus sylvatica) and Norway spruce (Picea abies), performed every second year from 1995 to 2019 on the same trees within the Swiss Long-term Forest Ecosystem Research Program LWF. The 11 study plots (6 beech, 4 spruce, and 1 mixed) are distributed along gradients of elevation (485–1,650 m a.s.l.), mean annual precipitation (935–2142 mm), and mean annual temperature (3.2–9.8°C). The investigated LMTs were (i) leaf or needle mass, (ii) leaf area or needle length, and (iii) leaf mass per area or needle mass per length. We combined this unique data set with plot variables and long-term data on potential temporal drivers of LMT variations, including meteorological and tree trait data. We used univariate linear regressions and linear mixed-effects models to identify the main spatial and temporal drivers of LMT variations, respectively. For beech LMTs, our temporal analysis revealed effects of mast year and crown defoliation, and legacy effects of vapor pressure deficit and temperature in summer and autumn of the preceding year, but no clear long-term trend was observed. In contrast, spruce LMTs were mainly driven by current-year spring conditions, and only needle mass per length showed a decreasing long-term trend over the study period. In temporal models, we observed that LMTs of both species were influenced by elevation and foliar nutrient concentrations, and this finding was partly confirmed by our spatial analyses. Our results demonstrate the importance of temporal analysis for determining less recognized drivers and legacy effects that influence LMTs, which are difficult to determine across space and species. The observed differences in the temporal drivers of beech and spruce LMTs suggest differences in the adaptation and acclimation potential of the two species.
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INTRODUCTION

Global observations of declining forest health and increasing tree mortality, induced by various abiotic and biotic stressors, are raising worldwide concerns about forests’ responses to future climate scenarios (IPCC, 2015; O’sullivan et al., 2017). Monitoring environmental changes and forest responses to these changes is thus essential to predict future dynamics in these ecosystems (Rigling and Schaffer, 2015; Thom et al., 2017). European beech (Fagus sylvatica L.) and Norway spruce [Picea abies (L.) Karst.], the most prominent broadleaf deciduous and evergreen coniferous tree species in the European Alps and forelands, are known to be negatively affected by extreme climatic events, especially the extended droughts and warm periods that have occurred in recent years (Leuschner, 2020; Rigling and Stähli, 2020; Walthert et al., 2021). Thus, a deeper understanding of the spatio-temporal acclimation capabilities and strategies of these prominent tree species is essential.

Leaf morphological traits (LMTs) have often been used as taxonomic identifiers and are considered appropriate indicators of plant functioning, such as photosynthetic and respiratory rates (Wright et al., 2004; Poorter et al., 2009). Leaves are used to exchange water and air with the surrounding environment, and their morphology directly affects their physiology (Fitter and Hay, 2002). Adjustments in LMTs, such as dry mass, leaf area (LA) and their ratio leaf mass per area (LMA), can enable plants to acclimate and cope with local environmental conditions along with global changes (e.g., water availability, temperature, air humidity, and nutrients) (Teskey, 2004; Scoffoni et al., 2014; Sanginés de Cárcer et al., 2017; Halbritter et al., 2020). LMTs demonstrate high plasticity between different tree species, according to their plant functional type and different acclimation strategies, within the same species and within the canopy of individual trees (Teskey, 2004; Wright et al., 2004). Major differences in LMTs are commonly observed between deciduous broadleaved and coniferous evergreen species. Conifers generally have a higher LMA, mainly due to their greater leaf tissue density, lower relative LMA plasticity and lower mass-based leaf nitrogen (N) concentration than deciduous broadleaved trees (Poorter et al., 2009; Wyka et al., 2012).

Beech LMTs have been found to have high intrapopulation variability and, therefore, a high potential acclimation capacity (Bresson et al., 2011). Beech leaves flush in spring and leaf growth stops in early summer, with an average life span of 5.4 months (Withington et al., 2006). The number of primordial leaf buds is determined during the preceding year’s growing season (Roloff, 1987; Cochard et al., 2005), where early summer droughts reduce the number of buds and late summer droughts affect the size of the future leaves (Roloff, 1987). Therefore, climatic conditions in both the preceding year (bud formation) and the year in which the leaves flush and grow (bud expansion) can potentially influence leaf morphology, in particular leaf size (Roloff, 1987; Coder and Warnell, 1999). Similarly, the occurrence of mast years is determined by the climatic conditions of the preceding summer (Müller-Haubold et al., 2015; Nussbaumer et al., 2021) and has been shown to influence leaf size and mass, with smaller leaves or lower dry mass observed in years with high fructification. Moreover, LMA has been reported to correlate positively and leaf size negatively with elevation (Bresson et al., 2011). Beech LMA has also been shown to be consistently higher for sun leaves compared with shade leaves (Closa et al., 2010). Reduced water availability usually promotes higher LMA and lower leaf size (Bussotti et al., 2005; Bréda et al., 2006). However, LMA has been shown to decrease and leaf size to increase from moist to drier sites in Germany and Switzerland, as long as spring conditions are favorable (Meier and Leuschner, 2008; Leuschner, 2020; Salehi et al., 2020).

For Norway spruce, needle primordia are formed in summer of the preceding year, when bud scales are formed and shoot growth declines (Ununger and Kang, 1988). In contrast to beech leaves, spruce needles can have a life span of more than 8 years (Withington et al., 2006). To our knowledge, no studies exist on the potential effects of previous year climatic conditions on spruce LMTs. However, Selås et al. (2002) reported that seed production and tree ring growth were influenced by summer temperatures in the preceding year, as well as precipitation in both the preceding and current year. Spruce needle length (NL) (Baig and Tranquillini, 1976) and needle dry mass (Gottardini et al., 2016) decrease with increasing elevation, i.e., decreasing temperature. NL has also been observed to be influenced by irradiance and ambient CO2 concentration (Kubínová et al., 2018). Sun-exposed needles are generally longer and denser and have a greater volume and higher LMA than leaves growing in the shade, also due to their greater cross-sectional area (Kubínová et al., 2018; Gebauer et al., 2019). Needle structure is more affected by canopy structure than by water availability (Gebauer et al., 2019). Nevertheless, drought has been observed to negatively influence NL, but without leading to changes in LMA or dry mass (Gebauer et al., 2019). Even though spruce is more susceptible to drought than beech (Zang et al., 2014; Sanginés de Cárcer et al., 2017), we found few studies in which spruce LMTs were considered.

Although a great deal of research has been devoted to the topic, our knowledge on LMTs is still mainly based on spatial comparisons across different gradients, which indicate that variations in LMTs are mainly driven by temperature and water availability (Peppe et al., 2011; Wright et al., 2017). In contrast, temporal variations in LMTs and their response to multiple drivers are still poorly understood, mainly owing to the scarcity of systematic measurements and foliar archives (e.g., Li et al., 2020). However, knowledge on long-term LMT variation in trees is key for the correct interpretation of growth and physiological responses to rising air temperatures and CO2 concentrations (IPCC, 2015), increasing vapor pressure deficit (Trotsiuk et al., 2021), more extreme and longer-lasting summer droughts (CH2018, 2018), and shifts in nutrient availability driven by changes in atmospheric deposition (Waldner et al., 2014, 2015).

The main aims of this study were, therefore, to determine the (1) spatial and (2) temporal variation in LMTs of beech and spruce across different forest plots, and (3) to identify the potential drivers of LMT variations. We made use of archived foliar material as whole leaves and needles that was collected biennially within the Swiss Long-term Forest Ecosystem Research network (LWF, e.g., Schaub et al., 2011) from 1995 to 2019. Based on this unique foliar collection, we built a LMT chronology for investigating dry weight, LA or NL, and LMA or needle mass per length (NML) for six beech and four spruce plots and one mixed forest plot. We combined this LMT data set with plot variables (e.g., elevation and stand age) and long-term data covering climatic variables and drought indices, foliar nutrient and carbon (C) concentrations, and other tree-trait parameters (e.g., fruiting intensity and crown defoliation) to identify the main spatial and temporal drivers of LMT variations.



MATERIALS AND METHODS


Description of Study Plots

Foliar material and tree traits from beech and spruce were acquired from 11 forest plots with differing environmental conditions in Switzerland (Figure 1 and Table 1). All 11 plots are part of the LWF network (e.g., Schaub et al., 2011) and belong to the Level II network of the European International Co-operative Program on Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests; e.g., de Vries et al., 2003). The plots are distributed along large gradients of elevation (485–1,650 m a.s.l.), mean annual precipitation (MAP, 935–2,142 mm) and mean annual temperature (MAT, 3.2–9.8°C). The plot selection was based on the prominence of the studied tree species and the availability of long-term data from the LWF network. Parts of the beech stands investigated by Salehi et al. (2020) were included in our study.
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FIGURE 1. Locations of the 11 study plots distributed across Switzerland with the investigated main tree species European beech (Fagus sylvatica) and Norway spruce (Picea abies).



TABLE 1. Plot characteristics, ranges and average long-term leaf morphological traits (LMTs) for 11 study plots (6 beech, 4 spruce, and 1 mixed stand).
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Sampling, Processing, and Measurement of Foliar Material


Field Sampling

The collection of leaves and needles on the LWF plots followed the UNECE/ICP Forests protocol for foliar chemistry (Rautio et al., 2016) and was conducted between 1995 and 2019, generally every second year, which is the minimum sampling frequency recommended in ICP Forests. The foliar samples were obtained from five adult trees (Davos plot: six trees) belonging to the dominant or co-dominant class for each plot and tree species. The social class of the trees was determined by trained field observers using the definitions of the Swiss Sanasilva Inventory described by Dobbertin et al. (2016). Dominant trees denote trees with upper crowns reaching above the general level of the canopy (see top height in Supplementary Table 1), clearly dominating the neighboring trees. Co-dominant trees reflect trees with upper crowns participating in the forming of the uppermost canopy level, but with crowns that are less strong and less well developed than those of the dominant trees. From each tree, one or two sun-exposed branches, approximately 1–1.5 m long, were collected from the upper third of the crown (see tree and sampling height in Supplementary Table 1). The sampling was performed at the end of the summer for beech (usually August), before leaf yellowing or senescence, and during autumn for spruce (usually October), when coniferous species begin their dormancy period (Thimonier et al., 2010). The branches were transported to the laboratory in plastic bags and stored at 2°C before processing.



Foliar Sample Processing and Leaf Morphological Trait Measurements


Leaf and Needle Dry Mass

In the laboratory, the overall condition of leaves and needles of the sampled branches was first described. In particular, the presence and extent of visible symptoms of damage (e.g., presence of necrotic tissue, discoloration, and physical damage), as well as the presence of beechnuts and spruce cones (see section “Tree and Stand Parameters”), were documented. Beech leaves were then clipped from the branches. For spruce, whole shoots of the current year were separated. The dry mass of 100 leaves or needles (DM100) was determined (since 1995 or later, depending on the plot) after oven-drying the foliar material at 65°C until a constant weight was reached. For beech, DM100 was determined by weighing exactly 100 leaves. For spruce, DM100 was determined by weighing three sets of 100 needles and by calculating the average mass of these three sets. If the coefficient of variation was higher than 10%, a fourth set of 100 needles was weighed and included in the calculation of the average.



Leaf Area and Needle Length

Within the LWF plots, LA and NL have been determined since 2005 by scanning 30 fresh beech leaves (200 dpi, ∼10 leaves per scan) and 300 dried spruce needles (600 dpi, ∼100 needles per scan) with a flatbed scanner (Epson Perfection V800, Seiko Epson Corporation, Japan) and processing the images with the software WinSeedle (version 2006, Régent Instruments, Quebec, QC, Canada). For beech, LA was occasionally underestimated because curled leaves had been scanned. To quantify and correct this curling effect, we simulated the whole process with a new set of fresh beech leaves, scanning them with and without a weighting glass plate. The LA of the unweighted leaves was on average 10% smaller than the LA of weighted leaves, with a maximum difference of 26% for an individual leaf. Based on the quantification of the curling effect, we established and applied a curling correction factor of 6 levels (0, 2, 5, 8, 12, and 18%) to all the existing scans (i.e., completed since 2005). For spruce, we observed LA differences of up to 50%, depending on the placement of the needles on the flatbed scanner, as spruce needles are not symmetrically wide (e.g., Kubínová et al., 2018). This effect was much less severe for the length of the needles, with differences of up to around 4%. Consequently, we investigated NL but not needle area for spruce.

Prior to 2005, beech LA and spruce NL were not measured within the LWF program, and we applied an adapted method to measure the archived samples. For beech, we took 10–20 leaves per sample from the archive, depending on the availability of intact leaves. We first re-dried the samples to a constant weight at 65°C and weighed them, then humidified them for 24 h in a sealed plastic bag with 1–2 sprays (1.5–2 ml) of deionized water. The humidified leaves became pliable again and therefore could be scanned. We measured LA as done for the samples collected within the LWF program. In some cases we used the same adapted method to repeat the existing scans for particularly curled beech leaves, which were too difficult to assess with the established curling correction factor, using archived samples collected after 2005. For spruce, we also re-dried archived needles to a constant weight of 0.5–0.8 g (∼100–200 needles) per sample, weighed (1 mg precision) and scanned them, and measured NL as done for the samples collected within the LWF program. The number of archived leaves or needles that we processed was lower than the number of leaves or needles usually processed as part of the LWF program. We therefore verified the representativeness of the samples taken from the archives by comparing the average dry mass of a leaf or a needle from the archives with that determined in the LWF program.



Leaf Mass Per Area and Needle Mass Per Length

Leaf mass per area was calculated for beech by dividing the dry mass of the 30 scanned leaves, estimated as a proportion of measured DM100, by their area. For spruce, NML was calculated by dividing the average dry mass of a needle by the average NL, which were both determined using the same sets of 3 × 100 needles. For the samples collected before 2005 and for archived samples collected after 2005 that were measured again, LMA and NML were calculated from the actual LA or NL and dry mass measurements of the samples.





Investigated Parameters as Potential Drivers of Leaf Morphological Traits Variation

A list with the abbreviations and descriptions of all investigated LMTs, their potential drivers and other abbreviations used in this study is given in Table 2.


TABLE 2. List of abbreviations and variable descriptions.
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Tree and Stand Parameters

The circumference of the sampled trees was measured at 1.30 m above ground level with a girth tape on the day of foliage collection (see also the average stem diameter of the sampled trees measured during the 2014/2015 tree inventory in Supplementary Table 1). Fruiting or seeding intensity and crown defoliation were assessed during the Sanasilva inventory, which takes place every summer on LWF plots (Dobbertin et al., 2016; Eichhorn et al., 2016). We also considered the elevation, stand age and, for beech plots only, the physico-chemical properties of the soil (see section “Spatial Analysis”).

We investigated fruiting intensity only for beech, as less data was readily available for spruce cones, particular for earlier sampling years. We extracted information on the quantity of beechnuts from the laboratory protocols describing sampled branches, or, when the information was missing, from photographs of the branches. This information was combined with the assessments from the Sanasilva inventory (Dobbertin et al., 2016) at tree level, which were available for 2009–2019 only. We established a three-level factor for fruiting intensity (categorical variable “seeds”) to indicate the presence and quantity of beech nuts at the branch level, with 0 = <5 fruits, 1 = ≥5 but <50 fruits, and 2 = ≥50 fruits. To calculate the score at the plot level, we used the median of the scores at the tree level, rounding down to full numbers, while also verifying the representativeness of our scores by re-checking the branch photographs and Sanasilva scores. Higher scores (i.e., 1 or 2) of fruiting intensities are indicative of mast years. The percentage of total crown defoliation (TotDef) of the sample trees was determined by the Sanasilva team (Dobbertin et al., 2016). If information was missing for individual trees, we relied on the average crown defoliation at the plot level.



Foliar Macronutrient and Carbon Concentrations

Subsamples of 3–4 g beech leaves and 2–3 g spruce needles per tree (both oven-dried at 65°C) were ground in a mixer mill (MM400, Retsch GmbH, Haan, Germany) to determine their chemical composition. A more thorough description of the various chemical analyses is given in Salehi et al. (2020). This study focused on the concentrations [‰ of dry weight] of foliar macronutrients and carbon. Carbon (C) and nitrogen (N) were determined with a CN element analyzer (NA 2500, CE Instruments, Wigan, United Kingdom), while sulfur (S), phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg) were measured by microwave digestion with 5 M nitric acid (HNO3) and 0.5 M fluoric acid (HF), with a subsequent ICP-AES analysis (Optima 3000, PerkinElmer, Waltham, MA, United States). These analyses were done partly on the subsamples of the single trees and partly on pooled subsamples from the five trees from the same plot. In the figures and tables, we abbreviate foliar nutrient and C concentrations using the suffix “_fol” to avoid confusion between the chemical and climatic abbreviations, e.g., phosphorus and precipitation.



Climatic Data and Drought Indices

We considered environmental data from the year of sampling, as well as from preceding years, to take into account potential legacy effects (e.g., Jump et al., 2017), i.e., data from 1994–2019. We investigated the following climatic parameters and drought indices for each plot: temperature (T), precipitation (P), vapor pressure deficit (VPD), site water balance (SWB) and the ratio between actual evapotranspiration (ETa) and potential evapotranspiration (ETp), i.e., ETa/ETp, which we simplified to ETAP. Meteotest AG provided the data (version from May 06, 2021), in the form of interpolated weather measurements from the SwissMetNet stations at a resolution of 250 m × 250 m, as described by Remund et al. (2016). All parameters were available at a daily resolution before further aggregation, except SWB (described below), which was calculated from monthly data (Meteotest, 2020). All climatic parameters were averaged when aggregated, except P and ETp, which were summed. ETp was calculated with the method of Romanenko (1961). For our analyses, we aggregated T, P, and VPD to meteorological seasons (DJF, MAM, JJA, and SON, see Table 2), while we only considered the yearly values of the drought indices ETAP and SWB, as they are already pertinent for the vegetative period (April through August, see below). For the spatial analysis, we additionally included the yearly aggregated climatic parameters.

Vapor pressure deficit was calculated based on the daily mean temperatures and dewpoint temperatures with the R package plantecophys (Duursma, 2015). Maximum available water capacity of the soil (AWC) is an essential factor for calculating the drought indices. The drought index SWB is determined by the water balance calculated as P – ETp. The monthly values are summed after being reset to 0 during either in the first autumn month (September through December) with a positive water balance or in January of the new year if the water balance is negative for every autumn month. If the maximum storage capacity of the soil is exceeded, the monthly water balance is reduced accordingly (SWB cannot exceed AWC). The yearly SWB is the difference during the vegetative period (August minus March). ETAP depends on the soil water accumulation, which is set to 80% at the beginning of each period, rises with P and sinks with ETa. The amount of soil water stored in the soil can vary between 0 and AWC. If the soil has accumulated >60% of its capacity, then ETa and ETp are considered equal, and if <60% then ETAP decreases linearly with the amount of water stored in the soil until 0 is reached. The yearly ETAP is the average of the monthly values from April to August. Further details on the interpolation, aggregation and correction of these parameters can be found in Remund et al. (2016) and Meteotest (2020).




Data Analysis

We performed statistical analyses using the statistical software environments R version 4.0.3 (R Core Team, 2020) and SAS 9.4 (SAS Institute Inc., Cary, NC, United States). We first processed the data at the most detailed level, then averaged the data per plot, year and species for statistical analyses. Only trees with a complete time series, meaning they were not replaced during their measurement period, were kept for the analyses (n = 4–6 trees per plot). We performed Pearson correlations between the different LMTs, comparing the values per plot and sampling year to investigate their relationships, using the ‘cor.test’ function in the R package stats.


Temporal Analysis

We first tested for long-term temporal trends in LMTs, foliar nutrient and carbon concentrations, and climatic data (aggregated on the annual or seasonal level) using mixed linear models (MIXED procedure in SAS 9.4). Sampling year and plot were defined as random effects, while the number of years since the beginning of sampling (1995 for spruce, 1997 for beech) was included as a fixed effect. The model was applied separately to the beech and the spruce data sets (Jonard et al., 2009; Thimonier et al., 2012).

Second, we used linear mixed-effects models (LMM) in R to analyze the drivers of temporal changes in LMTs. We used the deviations (seasonal and yearly) of the climatic data from the long-term average values (1994–2019) to reduce the effects of spatial variation (Supplementary Tables 2, 3). We considered only the seasons starting from spring of the preceding year up to the current summer for beech and up to the current autumn for spruce, due to their different sampling periods. For the drought indices ETAP and SWB, we investigated only yearly values from the preceding and current year. We chose these timeframes and resolutions to consider the seasonal and yearly variations that are most relevant during foliage formation. Please see Table 2 for abbreviations of climate variables and drought indices and their modifications (i.e., prefixes and suffixes). In order to investigate which combination of variables (“drivers”) best explain the changes in each LMT, the LMMs were fitted using the ‘lme’ function in the R package nlme version 3.1-149 (Pinheiro et al., 2020), with the LMT as the dependent variable. Normal distribution and homoscedasticity were checked for all dependent and independent variables using Q–Q plots in the R package car (Fox and Weisberg, 2019). Due to some missing data, especially for TotDef, incomplete observations were removed, leaving 60 out of 76 and 44 out of 48 observations for beech and spruce, respectively. For both species, the earliest complete observations were from 1999. The elevation, foliar nutrient and carbon concentrations, fruiting intensity, TotDef, climatic variables and drought indices were used as fixed effects, while plot was added as a random effect. All fixed effects were scaled (i.e., mean = 0, SD = 1) to improve interpretation and comparability, except fruiting intensity because it was a categorical variable. Although elevation did not change over time, we included it in the temporal analysis, as our spatial analysis and past research (e.g., Midolo et al., 2019) both indicated that elevation affects LMTs in a significant way.

Third, we performed the following model selection to reduce the number of variables and identify the best LMMs. We used the ‘StepAIC’ function from the R package MASS (Venables and Ripley, 2002) to perform a stepwise model selection using the Akaike Information Criteria (AIC) with the stepwise search direction = ‘both.’ This function compares the models by adding and removing independent variables from the models, thereby selecting the model that explains the greatest amount of variation using the fewest possible independent variables (Burnham and Anderson, 2004). This pre-selection decreased the number of variables considerably, but not enough to avoid overfitting. New LMMs were built using the pre-selection from the StepAIC function. We then applied the ‘dredge’ function from the R package MuMIn version 1.43.17 (Barton, 2020), limiting the best-fit models to a maximum of five fixed effects. This number of variables meets the suggestions by Harrell (2015) of having at least 10 observations per covariate. We did not use the ‘dredge’ function from the beginning because there was a limit of 31 fixed effects for running the function, which we surpassed. In the case of spruce, the ‘dredge’ output resulted in multiple possible best-fit models that were not significantly different. We thus used the model averaging function, from the MuMIn package, to include the different variables (more than the set limit of five) present in the various non-significantly different best-fit models. We considered the ‘full’ averaging option of the MuMIn package, which uses a shrinkage estimator, therefore penalizing and decreasing the estimates and the significance of the variables present only in some of the comparable models.

Fourth, we calculated the variance inflation factor (VIF) with the car package to ensure that there were no remaining collinearity problems with the variables present in our best models. All VIFs were <3 in all our final models, indicating no concerning collinearity issues. To assess the goodness of the fit, we calculated the marginal R2 (mR2), indicating the variance explained by the fixed effects, and the conditional R2 (cR2), indicating the variance explained by both random and fixed effects, with the ‘r.squaredGLMM’ function from the MuMIn package. These coefficients of determination are explicitly designed to help interpret mixed-effects models (Nakagawa et al., 2017). ‘r.squaredGLMM’ was used only on the best model for each LMT from the ‘dredge’ output, as it could not compute the marginal or conditional R2 from the averaged models.



Spatial Analysis

We calculated the average value per plot of each LMT using only the sampling years common to all plots, i.e., 2013, 2015, 2017, and 2019, since LWF monitoring activities started in 2012 only in plot LAE (for plot codes, see Table 1). Then, we built univariate linear regressions using the average LMT value per plot as a dependent variable and the following scaled explanatory variables. Plot variables: (i) Elevation and stand age. (ii) Soil physico-chemical properties (beech plots only): C/N ratio of the topsoil (0–10 cm); pH of the topsoil (0–10 cm); total, organic and inorganic phosphorus in the top soil (0–10 cm); and base saturation (0–80 cm) (data as in Salehi et al., 2020). (iii) Climatic variables and drought indices: long-term averages (1994–2019) of P, T, VPD, ETAP, and SWB, aggregated at the annual or seasonal level (Supplementary Tables 2, 3). (iv) Tree variables: tree circumference, foliar nutrient and carbon concentrations, fruiting intensity and TotDef, averaged for the same years as the LMT.





RESULTS


Observed Leaf Morphological Trait Variations and Correlations

We observed strong year-to-year variation in all selected LMTs in the study plots (Figure 2). Across all 11 plots, however, the LMTs of beech and spruce were rather coherent over time, with the plots tending to keep their particular rank relative to other plots throughout the monitoring period. For example, LMA values were (among) the highest in the ISO beech plot over the period 1997–2019, while they were consistently lower in the SCH plot (Figure 2C). In plot LAE, DM100, and LA were among the highest for beech (Figures 2A,B), and needles were distinctly longer than in any of the other four spruce plots (Figure 2E). However, depending on plots and years, we also observed notable differences in LMT variation, particularly for the ISO and CHI plots located south of the Alps, which occasionally showed the opposite response compared to other plots.
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FIGURE 2. Biennial temporal variations in the dry mass of 100 leaves (DM100; A,D), leaf area (LA; B) and needle length (NL; E), leaf mass per area (LMA; C) and needle mass per length (NML; F) of beech leaves (A–C; 1997–2019) and spruce needles (D–F; 1995–2019) in 11 plots across Switzerland. The colored lines denote individual plots, while the solid black line indicates the mean from all plots. For beech, no samples were available for LA measurement in 2001, and exceptional values were measured in 2016 in SCH. For spruce, continuous observations in DAV and LAE first started in 2007 and 2013, respectively. For plot codes see Table 1. Mean values ± SE are shown (n = 4–6).


Mean annual DM100 in beech (averaged per year over all plots) varied from 8.7 to 14.7 g, and mean LA ranged from 1,280 to 1,960 mm2. We found lower values of DM100 and LA (high correlation between these two variables; Table 3) for all beech plots during the period between 2009 to 2013, particularly in 2011 (Figures 2A,B). Mean LMA varied between 69 and 92 g m–2, showed particularly high variation among plots in the year 2011 when SCH and LAU reached markedly low values, and was highest for all beech plots except for SCH in 2019 (Figure 2C). In spruce, mean DM100 followed a zig-zag shape over the monitoring period, with particularly low values in 2003 and 2011 (lowest value: 0.38 g) and peaks in 2001, 2005, and 2013 (highest value: 0.58 g; Figure 2D). Mean NL, which co-varied with DM100 (Table 3), showed a similar pattern (lowest value: 10.3 mm in 2011; highest value: 13.6 mm in 2013; Figure 2E). Mean NML values ranged from 3.6 to 4.3 mg cm–1 (Figure 2F).


TABLE 3. Pearson correlations (r, correlation coefficient; DF, degrees of freedom) between leaf morphological traits (LMTs) averaged over plot and year, for beech and for spruce.
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Pearson correlations between different LMTs indicated that DM100 and LA were significantly correlated (r = 0.78, P ≤ 0.001), as were DM100 and NL (r = 0.58, P ≤ 0.001; Table 3). DM100 was also significantly correlated with LMA (r = 0.39, P ≤ 0.001) and with NML (r = 0.73, P ≤ 0.001), while LA and NL showed lower and non-significant correlations with LMA and NML, respectively (Table 3).



Temporal Drivers of Leaf Morphological Traits (1995–2019)

Of all the LMTs considered for the two species, NML of spruce was the only trait that showed a statistically significant long-term trend, indicated by a decrease over the entire observation period (mean -0.02 ± 0.01 mg cm–1 per year, P ≤ 0.01; Figure 2F). Among the foliar nutrients, only N concentrations in beech leaves showed a significant linear trend, with an average decrease of −0.19 ± 0.03 mg g–1 per year over the period 1997–2019 (P ≤ 0.001). Significant long-term trends were also observed among the climatic variables. We observed a decrease in annual precipitation (−10.5 ± 4.7 mm per year, P ≤ 0.05) for the beech plots over the period 1994–2019. The decrease in precipitation was mostly observable for the beech plots situated on the Swiss Plateau (not shown). Beech plots also showed a marginal long-term increase in annual, summer and autumn temperatures and summer VPD, as well as a marginal decrease in annual SWB (P ≤ 0.10). For spruce plots, summer temperature increased significantly (+0.05 ± 0.03°C per year, P ≤ 0.05) over the same period, while only an increasing trend was observed in annual temperature and in spring and summer VPD (P ≤ 0.10).

The outcome of our LMM selection for each LMT for beech and spruce is presented in Table 4. These LMMs indicate which combination of five variables, or more in the case of averaged models (only spruce), explained most of the LMT variation during their respective observation periods. For beech, DM100 and LA both increased with higher temperatures in autumn of the preceding year (dpT_SON, both P ≤ 0.001) and with higher foliar N concentrations (P ≤ 0.01 and P ≤ 0.001, respectively), and decreased with elevation (P ≤ 0.05 and P ≤ 0.01, respectively). DM100 also decreased with higher crown defoliation (TotDef, P ≤ 0.001) and fruiting intensity (seeds0 = reference class, seeds1 P ≤ 0.01, seeds2 P ≤ 0.001), while LA also decreased with higher foliar Ca and P concentrations (all P ≤ 0.001). LMA increased with higher VPD in the preceding summer (dpVPD_JJA, P ≤ 0.001) and higher fruiting intensity (seeds0 = reference class, seeds1 P ≤ 0.05, seeds2 P ≤ 0.01) and decreased with higher foliar Ca and P concentrations and higher winter temperature (all P ≤ 0.001). For beech LMMs, mR2 values were more similar to cR2 values, indicating that the model already performed quite well based only on the fixed effects, while spruce LMMs improved more noticeably when the random effect of plot was included. For spruce, both DM100 and NL decreased with higher spring VPD (dVPD_MAM, P ≤ 0.001). DM100 also decreased slightly with dETAP of the current year and autumn precipitation (dP_SON, P ≤ 0.01). NL decreased with higher spring precipitation (dP_MAM, P ≤ 0.001) and high autumn temperature (dT_SON, P ≤ 0.01). NML increased with high foliar P concentration (P ≤ 0.001). Graphs depicting the predicted ∼ measured values are given in the Supplementary Material to illustrate the fit (Supplementary Figure 1).


TABLE 4. Temporal drivers of leaf morphological trait (LMT) variation.
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Spatial Drivers of Leaf Morphological Traits

In beech plots, the univariate linear regression showed a LA decrease with increasing elevation (Figure 3A and Table 5). A similar but marginal relationship between DM100 and elevation was also apparent (R2 = 0.50, P = 0.076, not shown). Both LA and DM100 increased with increasing long-term average spring and summer temperatures and VPD (ltT_MAM, ltT_JJA, ltVPD_MAM, and ltVPD_JJA; Figures 3B,C and Table 5). LA also increased significantly with increasing autumn temperature (ltT_SON; Table 5), but decreased with higher autumn VPD (ltVPD_SON, Table 5). Lastly, LMA was positively related to foliar C concentration (Table 5).


[image: image]

FIGURE 3. Selected spatial relationships between leaf morphological traits in beech (A–C) and spruce (D–F) and independent variables: elevation (A,D) and long-term averages (1994–2019) of spring vapor pressure deficit (B,E), mean annual temperature (C) and foliar N concentration (F). The coefficient of determination (R2) and the P-value of the linear regressions are shown. Selection was based on species differences, results of temporal LMT variations, and the significance of the relationship. For abbreviations see Table 2.



TABLE 5. Spatial drivers of leaf morphological trait (LMT) variation.
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In spruce, NL tended to decrease with elevation (Figure 3D) and to increase with summer temperature (ltT_JJA, R2 = 0.71, P = 0.072, not shown). NL also increased significantly with increasing spring and summer VPD (ltVPD_MAM, Figure 3E; ltVPD_JJA, Table 5). Further, both NL and DM100 increased with decreasing ltETAP and ltSWB (Table 5), while NML decreased with increasing foliar N and S concentrations (Figure 3F and Table 5).




DISCUSSION

Here, we made use of a unique long-term foliage collection and data set within the LWF program, covering several beech and spruce plots in Switzerland in biennial resolution for over two decades (Figure 1 and Table 1). Generally, we found strong temporal variability in LMTs (Figure 2), which was mostly coherent across the plots for both tree species. DM100 of both species was highly correlated with LA or LMA for beech and NL or NML for spruce. However, there was no significant correlation between LA and LMA or between NL and NML (Table 3). A similar observation was found by Hager and Sterba (1985), where DM100 could be used to predict LMA in spruce. LMA is commonly known as a key parameter of the leaf economic spectrum, reflecting the photosynthetic capacity of plants (Wright et al., 2004; Poorter et al., 2009). In this regard, our results suggest that LMA (or NML), and thus the trees’ acclimation potential to gain C, is more driven by changes in leaf thickness and structural density (i.e., DM100) than by those in leaf surface area (i.e., LA and NL).


Long-Term Trends in Spruce but not in Beech Leaf Morphological Traits

NML of spruce was the only LMT with a significant decreasing trend in our study (Figure 2F). The small long-term trends of increasing temperature and VPD detected in our data set may have played a role in the decreasing trend of NML. This may seem in contrast with the findings of Gebauer et al. (2019), who reported that mild drought led to shorter needles but did not significantly affect needle dry mass, resulting in higher NML. However, as temperature is a limiting factor at higher elevations and water availability in spring is high in all of our spruce plots, the positive effect of warmer conditions on NL might override potentially negative drought effects, making a decrease in NML plausible. Further, the decreasing trend of foliar N concentrations over 20–25 years in our plots (Thimonier et al., 2012), possibly related to the observed decreasing trend in atmospheric deposition (Thimonier et al., 2019), may have contributed to the decreasing trend in NML, as N availability is strongly correlated with carbon assimilation rates and thus biomass production per LA (Reich et al., 1999). Further investigations are needed to determine whether the decreasing trend in spruce NML reflects only a species-specific response to environmental changes or already an adaptation.

In contrast, the absence of long-term trends in beech LMTs may be due to generally strong year-to-year variations in both the LMTs (Figure 2) and the predictive variables (e.g., Supplementary Figure 2). The climatic changes that occurred during the studied period might not have been strong enough to induce a long-term trend in LMTs, or the effects of individual events (e.g., mast seeding), climatic factors (VPD, T), and plot properties (e.g., SWB and nutrient availability) on LMTs may have canceled each other out. In contrast to our results, Braun et al. (2020) found an increase in beech leaf dry mass over 30 years (1984–2015) in 74 plots in Switzerland but no significant climatic predictors for this trait, showing that more data is needed to build a more consistent picture of beech LMT responses over time.



Mast Year and Crown Defoliation Effects on Leaf Morphological Traits

Mast years, indicated by fruiting intensity in our study, had one of the most important effects on beech LMTs, as demonstrated by our temporal analysis (predictor variable ‘seeds1’ and ‘seeds2’ in Table 4), affecting DM100 negatively and LMA positively. The mast-year effects on beech LMTs were also indicated by the low mean DM100 and LA in the period between 2009 and 2013 (Figures 2A,B). During this period, strong mast years for beech trees occurred across Central Europe (Müller-Haubold et al., 2013; Nussbaumer et al., 2020), which likely negatively affected LA and DM100 (Müller-Haubold et al., 2015; Braun et al., 2020). The strong influence of fruiting intensity on beech LMTs is further confirmed by the anomaly in the plot OTH, where trees bore more beechnuts in 2009 and 2013 than in 2011 and in the other beech plots. Accordingly, in this plot, DM100 and LA were lower in 2009 and 2013 than in 2011 (Figures 2A,B). The same holds for the plot SCH in 2007, where there were significantly more beechnuts on the sampled trees than in the other beech plots, and the singular measurement in 2016, which was a strong fructification year for SCH (Nussbaumer et al., 2020). For spruce, 2011 was also a mast year according to the Sanasilva assessments and was characterized by the lowest DM100 and NL of all plots. However, due to the lack of high-resolution data on seeding intensity for spruce, it remains unclear whether this was driven by mast-year effects or by the particularly hot and dry spring, which was also reported by Swidrak et al. (2013). The negative effects of mast years on beech LMTs and potentially on spruce LMTs may be explained by tradeoffs in resource allocation during high fructification (Nussbaumer et al., 2021), which lead to reduced leaf and radial growth.

Our temporal analysis also indicates a negative effect of crown defoliation (TotDef) on DM100 of beech (Table 4). The negative relationship between TotDef and DM100 is in line with the findings of Gottardini et al. (2020), who additionally reported a decrease in leaf volume and photosynthetic efficiency with increasing defoliation. Thus, a thinned-out crown could indicate leaf loss due to drought-induced embolism or parasites, but at the same time allows more irradiance to reach inside the canopy, which has been shown to influence LMTs (e.g., Poorter et al., 2009). Given that TotDef is determined by multiple factors, it remains difficult to discern whether TotDef is really a driver of LMTs or simply reflects the health and leaf condition of the trees (Gottardini et al., 2020).



Common and Different Responses of Leaf Morphological Traits to Climatic Effects in Beech and Spruce

Our temporal analyses revealed negative effects of elevation on DM100 and LA in beech and on NL in spruce in both our spatial and temporal models (Figures 2, 3A,D and Tables 4, 5), which is consistent with the results of previous studies, e.g., Bresson et al. (2011) for beech and Baig and Tranquillini (1976) for spruce. Different elevations imply different abiotic and biotic environmental conditions, which are strongly related to temperature and additional factors, such as radiation (Read et al., 2014; Midolo et al., 2019). This is most obvious for plot LAE (located at 680 m a.s.l.), which displayed consistently longer and heavier needles than the rest of the spruce plots located in the Alps at higher elevations (Table 1), which is in accordance with the negative effect of elevation on needle size (Gottardini et al., 2016). Therefore, elevation likely represents an important baseline effect on LMTs at the plot level.

Interestingly, beech and spruce LMTs were differently driven by preceding- and current-year climatic effects (Table 4). Beech DM100 and LA both increased with autumn temperatures of the preceding year. This is in line with the study of Nussbaumer et al. (2021), who found that high temperatures in September and October of the preceding year influenced the annual leaf production of beech. Nussbaumer et al. (2021) used the total leaf mass in litterfall in their model, and therefore they could not determine whether enhanced leaf biomass resulted from the production of more leaves or from an increase in dry mass of individual leaves. Our temporal model suggests the latter. Further, our temporal model indicates a positive relationship between LMA and VPD in the preceding summer (Table 4). This relationship is partially related to the exceptional increase in LMA in all plots in 2019, mostly as a result of reduced LA (Figures 2B,C). This observation can be explained by the exceptionally hot and dry summer in the preceding year, i.e., 2018 (e.g., Schuldt et al., 2020), as extended droughts or drier sites can increase leaf thickness (Bussotti, 1995) and reduce LA (Grossoni et al., 1998). It should be noted that many of the leaf samples in 2019 were damaged and had perforation holes, which might also skew our findings toward a higher LMA. The effects of the summer and autumn climate (i.e., VPD, T) in the preceding year confirm the existence of legacy effects on leaf primordia buds that influence the development of beech leaves in the current year (e.g., Nussbaumer et al., 2021). The reason for the negative effect of winter temperatures on LMA in our temporal analysis remains uncertain, but might be related to temperature-driven shifts in the timing of leaf phenology (Clark et al., 2014).

In comparison to beech, LMTs of spruce were significantly influenced by climatic factors of the current year (Table 4), with the strongest negative response of DM100 and NL being to higher-than-average spring VPD. This goes along with the observation that the zig-zag pattern of spruce mean DM100 and NL (Figures 2D,E) corresponded surprisingly well to the inverse pattern of spring VPD (Supplementary Figure 3). Our finding is in line with other studies in which a negative impact of drought on NL was observed (e.g., Gebauer et al., 2019) or the importance of spring conditions during needle elongation was reported (Ununger and Kang, 1988). Further, our temporal models show a negative effect of spring precipitation on NL (Table 4). High precipitation in spring can represent high snowfall, which affects the site conditions and therefore the growth of the needles (e.g., Cunningham et al., 2006). Additionally, more precipitation usually means more cloud cover and less radiation. This could also negatively impact needle development, as insolation of the canopy has been shown to affect needle structure more than water availability (Gebauer et al., 2019), with sun-exposed needles being generally larger and thicker (Kubínová et al., 2018). Interestingly, the negative effect of spring precipitation goes along with the negative effects of ETAP and SWB on spruce DM100 and NL, which were highlighted in both the spatial and the temporal model (Tables 4, 5). Our spruce plots are characterized by high soil water availability and usually high ETAP (ltETAP in LAE = 0.88; other plots = 0.97–1.00; Supplementary Table 3) and high SWB (ltSWB LAE = −54.5 mm; other plots = −5.9–0.5; Supplementary Table 3). ETAP < 0.8 was only found at LAE in a few years and at CHI in 2003, and SWB < −150 mm occurred only at LAE in 2015 and 2018, indicating a small number of drought years across the spruce plots. In contrast, we cannot explain the negative effect of autumn temperatures and precipitation on NL (Table 4), as the sampling was conducted at the onset of autumn and thus the needles did not completely experience autumn conditions of the current year. Thus, these effects are probably due to a spurious correlation.

In addition, our spatial analysis of spruce plots showed positive effects of long-term spring and summer VPD on NL (Figure 3 and Table 5). Likewise, a positive correlation was found across our beech plots between spring or summer VPD and LA or DM100 (Figure 3 and Table 5). These results are counter-intuitive, since high-VPD-induced drought is expected to reduce needle or leaf growth, as also indicated by our temporal model for NL in spruce (Table 4). These results might be explained by the positive correlation between VPD with T, which suggests that the VPD gradient might actually reflect a temperature gradient and that positive effects of higher temperature were dominant. On the other hand, the positive spatial correlation between VPD and NL, LA or DM100 could be due to negative effects on needle or leaf growth of the generally low spring VPD (e.g., for spruce: LAE = 0.38 kPa; other plots = 0.25–0.29 kPa; Supplementary Table 3). The opposite effect in our temporal analysis for spruce may therefore highlight the increasing importance of VPD for forest ecosystems in Switzerland (Trotsiuk et al., 2021), where needle length is reduced in years with particularly high spring VPD (i.e., significantly above the long-term average values, Supplementary Table 3).



Foliar Nutrient Effects on Leaf Morphological Traits

Our temporal models for beech LMTs indicate a positive effect of foliar N concentration on DM100 and LA and a negative effect of foliar Ca and P concentrations on LA and LMA (Table 4). N is the most important and growth-limiting nutrient in beech trees in temperate forests (Yang et al., 2020), and the positive effect of foliar N concentration on DM100 and LA is in line with the knowledge that foliar N concentrations increase linearly with the photosynthetic capacity per unit leaf mass (Chapin and Eviner, 2004). The interpretation of the negative relationship of foliar Ca and P with LA and LMA is less straightforward. It could just be a concentration effect resulting from smaller leaves, as in Braun et al. (2020), since both Ca and P concentrations correlated negatively with DM100 in our plots, whereas N concentration did not (not shown). Alternatively, the opposite patterns in foliar N vs. Ca and P concentrations may be related to the levels of atmospheric N deposition in our plots, which are still high despite a general downward trend over time (Thimonier et al., 2019). Both experimental addition of N and elevated N deposition can lead to higher foliar N concentrations and reduced P, K, Mg, and Ca concentrations (e.g., Flückiger and Braun, 1999; Waldner et al., 2015). Foliar nutrient concentrations integrate climate and site factors, as well as plant ecological strategies (e.g., Sardans and Peñuelas, 2013). Thus they are potentially good indicators of acclimation processes and could influence or explain variation in LMTs, but complex allocation patterns, dynamics and co-variations make interpretation challenging. Moreover, in our spatial analysis LMA was the only beech LMT that was significantly correlated with a foliar concentration (Table 5). LMA increased with increasing foliar C concentration, which may indicate a greater presence of lignified sclerenchymatous tissue (de la Riva et al., 2016).

In spruce, foliar P concentration had a positive effect on NML and was thus the only significant temporal driver of NML variation (Table 4). This could be related to the decreasing effects of N and S additions on foliar P, e.g., Nielssen and Wiklund (1992) and Clarholm and Rosengren-Brinck (1995), and would be in line with the negative relationship of foliar N and S concentration with NML in our spatial analysis (Table 5). However, it remains unclear whether this negative spatial relationship results from N and S being limiting, or if co-variation effects (e.g., elevation) are at play. The observed decrease in foliar N and S concentration with increasing NML (and also increasing elevation) can be interpreted similarly to the often reported negative relationship between foliar N and LMA, with thicker leaves containing more structural tissues relative to photosynthetically active and N-rich parenchyma (de la Riva et al., 2016).




CONCLUSION

The aim of our study was to investigate the temporal and spatial variations in LMTs of beech and spruce across Switzerland and to identify their main drivers. For beech LMTs, our temporal analysis revealed effects of mast years, crown defoliation, and legacy effects from VPD and temperature in summer and autumn of the preceding year, which would typically be neglected or difficult to determine with only spatial analyses. In contrast, spruce LMTs were marked by a decreasing trend in NML over the study period and were mainly driven by spring conditions of the current year, suggesting differences in the acclimation and adaptation potential of the two species. Further, we observed that temporal LMT models for both species were influenced by elevation and foliar nutrient concentrations, patterns that were confirmed by our spatial analyses. These sometimes contrasting effects on LMTs caused by the same driver (e.g., VPD) in the spatial and temporal analyses point to the need to investigate the reasons for certain LMT responses to climatic changes in more detail. We therefore encourage more research and long-term measurements of LMTs, as foliar samples can be collected, stored and measured without the need of sophisticated and costly technologies. The insights that can be acquired from these long-term analyses represent a valuable contribution to our understanding of acclimation strategies and vulnerability of different tree species, growing under different environmental conditions, in response to a rapidly changing climate.
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Plot characteristics

Leaf morphological traits (LMTs)

Plot name Plot Tree Meas. Region Latitude Longitude Elevation MAT MAP DM100(g) NLorLA NML or
code species start (N) (E) (m a.s.l.) (°C) (mm) (mm or LMA (mg
mm?) cm'org
m~—2)
Alptal ALP  Picea abies 1995 Prealps 47°03’ 08°43 1160 6.4 2142 045+£0.11 119+15 3.74+0.64
Beatenberg BEA  Picea abies 1997 Prealps 46°43 07°46' 1510 5.2 1440 051+0.13 11.7+1.7 4.32+0.68
Chironico CHI  Picea abies 1997 Southern 46°27’ 08°49' 1365 5.4 1687 0.45+0.08 129420 3.46+0.42
Alps
Davos DAV Picea abies 2007 Alps 46°49' 09°51 1650 3.2 1130 048+0.10 120+2.0 4.03+0.54
Lageren LAE  Picea abies 2013 Central 47°28’ 08°22' 680 9.1 1172 054+0.11 1563 +1.6 3.52+0.61
Plateau
Ranges 680-1650 3.2-9.1 1130- 0.45-0.54 11.7-15.3 3.46-4.32
2142
Bettlachstock ~ BET Fagus 1997 Jura 47°14/ 07°25 1150 7.4 1494 114 £3.7 1430 +£458 80.0+11.0
sylvatica
Isone ISO Fagus 1997 Southern 46°08’ 09°01’ 1220 6.6 1792 141 +£36 1585 +413 87.4 +9.1
sylvatica Alps
Lageren LAE Fagus 2013 Central 47°28’ 08°22' 680 9.1 1172 1561 £33 1798 £284 84.4+159
sylvatica Plateau
Lausanne LAU Fagus 1997 Central 46°35’ 06°40' 805 8.3 1233 11.3+£3 1633+382 729+144
sylvatica Plateau
Neunkirch NEU Fagus 1997 Jura 47°41/ 08°32 580 9.0 935 18.2+3.7 1741 £499 77.3+11.2
sylvatica
Othmarsingen ~ OTH Fagus 1997 Central 47°24’ 08°14’ 485 9.8 1049 141 +£34 1793 +482 81.2+11.2
sylvatica Plateau
Schénis SCH Fagus 1999 Central 47°10/ 09°04’ 710 8.1 1829 11.6+28 1661 £315 69.8+125
sylvatica Plateau
Ranges 485-1220 6.6-9.8 935- 11.3-15.1 1429-1793 69.8-87.4
1829

Mean annual temperature (MAT) and mean annual precipitation (MAP) for the period 1994-2019; DM100, dry mass of 100 leaves or needles; LA, leaf area; NL, needle
length; LMA, leaf mass per area; NML, needle mass per length. Meas. start, first year of foliar sample collection; SD, for LMTs, mean values per plot for all years and
standard deviation are shown.
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Category Abbreviation

Leaf morphological traits
LMT
DM100

LMA
NL
NML

Plot variables
Elevation
Age

Soil variables included in the spatial model for beech

Tree variables
Circumf
Seeds
TotDef

C_fol
N_fol
Ca_fol
Mg_fol
K_fol
P_fol
S_fol

Climatic variables and drought indices
P
T

VPD

ETAP

SWB

MAP

MAT

Prefix added to abbreviations of climatic variables
It
d
p

Suffix added to abbreviations of climatic variables
_DdJF
_MAM
_JJA
_SON
_yr

Description

Leaf morphological trait
Dry mass of 100 needles or leaves after oven drying at 65°C
Leaf area (beech)
Leaf mass per area (beech)
Needle length
Needle mass per length

Elevation of LWF plot above sea level (a.s.l)
Stand age

C/N ratio of the topsoil (0-10 cm)
pH of topsoil (0-10 cm)
Total, organic and inorganic phosphorus in the top soil (0-10 cm)
Base saturation (0-80 cm)

Circumference of the sampled trees measured at 1.3 m above ground level
Fruiting intensity (O = no fruit, 1 = few fruits, 2 = many fruits)
Total tree defoliation

Foliar carbon (C) concentration
Foliar nitrogen (N) concentration
Foliar calcium (Ca) concentration

Foliar magnesium (Mg) concentration
Foliar potassium (K) concentration
Foliar phosphorus (P) concentration
Foliar sulfur (S) concentration

Precipitation
Air temperature at 2 m above ground level
Vapor pressure deficit
Ratio between actual and potential evapotranspiration (drought index)
Site water balance (drought index)
Mean annual precipitation (equivalent to ItP_yr, see suffixes and prefixes)
Mean annual temperature (equivalent to ItT_yr, see suffixes and prefixes)

Long-term, i.e., average over all years (1994-2019)

Deviation, i.e., difference between value in a given year and long-term average over all years

Preceding, i.e., value in the preceding year

Average (T, VPD) or sum (P) for winter months (December, January, and February)

Average (T, VPD) or sum (P) for spring months (March, April, May)
Average (T, VPD) or sum (P) for summer months (June, July, and August)

Average (T, VPD) or sum (P) for autumn months (September, October, and November)

Average (T, VPD) or sum (P) for the whole year

Unit

mm2
gm—2
mm

mg cm~"

mg m~2
%

mm
%

mg g’
mg g™’
mg g~
mg g’
mg g’
mg g’
mg g~'

mm
°C
kPa

mm
mm
°C
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Beech LMT r (DF = 66) Spruce LMT r (DF = 45)

DM100 vs. LA 0.78* DM100 vs. NL 0.68"*
DM100 vs. LMA 0.39"* DM100 vs. NML 0.73"*
LA vs. LMA —-0.19 NL vs. NML —-0.12
P < 0.001.

DM100, dry mass of 100 leaves or needles; LA, leaf area; NL, needle length; LMA,
leaf mass per area; NML, needle mass per length.
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Variable Estimate SE mR?2 cR?

Beech - DM100

TotDef —112.948 e 25.211 0.70 0.738
dpT_SON 110.924 e 27.754

Elevation —106.434 * 34.372

N_fol 82.382 * 29.199

Seeds?2 -391.817 70.840

Seedst —204.295 = 59.648

Beech - LA

Elevation —2.341 o 0.455 0.61 0.66
Ca_fol —2.264 0.378

P_fol —1.623 0.362

N_fol 1.360 0.338

dpT_SON 1.113 e 0.241

Beech - LMA

P_fol —5.687 1.065 0.65 0.78
Ca_fol —5.248 x 1.323

dpVPD_JJA 5.168 x 0.839

dT_DJF —3.599 0.846

Seeds?2 5.436 = 1.936

Seedst 3.995 % 1.657

Spruce - DM100

dvPD_MAMT —0.071 i 0.012 0.58 0.75
dETAPT —0.030 * 0.010

dP_SONT —0.030 * 0.010

K_folf —0.026 0.018

dP_JJAT 0.014 0.012

Mg_fol 0.013 0.015

Spruce - NL

dvPD_MAMT —-0.813 s 0.149 0.65 0.84
Elevationt —0.621 0.473

dP_MAMT —0.563 0.136

dT_SONf —0.370 i 0.114

Ca_folf —0.254 0.281

TotDef —0.228 0.251

dpSWB —0.043 0.108

dswB —0.037 0.098

Spruce - NML

P_folt 0.244 0.059 0.41 0.83
K_folf —-0.162 0.122

dpVPD_MAMT 0.071 0.059

dP_JJAT 0.039 0.056

dP_SON -0.018 0.038

**P < 0.001, *P < 0.01, *P < 0.05.

Best-fit linear mixed-effects models for each LMT and tree species. Continuous
predictor variables were standardized (mean = 0, SD = 1) to make the magnitude
of coefficient estimates comparable within each model (except fruiting intensity).
Marginal R? (mR2) and conditional R? (cR2) were calculated based on the predic-
tors of the best-fit models only (marked with t, relevant only for the spruce models
in this case). DM100, dry mass of 100 leaves or needles; LA, leaf area; NL, needle
length; LMA, leaf mass per area; NML, needle mass per length; SE, standard error.
For further abbreviations see Table 2.
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LMT Explanatory variable Estimate R2 P

Beech
LA Elevation —201 0.97 <0.001 e
ItT_JJA 191 0.87 0.002 >
tT_MAM 188 0.85 0.003 >
T _yr 183 0.81 0.006 >
tT_SON 180 0.78 0.009 e
[tVPD_SON —-179 0.77 0.009 N
[tVPD_DJF —176 0.75 0.012 ¥
[tVPD_JJA 172 0.71 0.017 *
[tVPD_MAM 165 0.57 0.049 *
DM100 [tVPD_MAM 1.76 0.91 0.001 e
[tVPD_yr 1.63 0.77 0.009 =
[tVPD_JJA 1.55 0.70 0.019 *
ItT_JJA 1.48 0.64 0.030 *
tT_MAM 1.44 0.60 0.040 *
ItT_yr 1.42 0.59 0.045 *
LMA C_fol 6.19 0.59 0.043 *
Spruce
NL [tVPD_JJA 1.46 0.93 0.008 x
[tVPD_MAM 1.43 0.90 0.014 o
RETAP —1.40 0.90 0.014 *
[tSWB —1.40 0.84 0.029 *
Ca_fol 1.37 0.82 0.033 *
[tVPD_yr 1.36 0.81 0.038 *
DM100 [tSWB —0.03 0.85 0.027 *
RETAP —0.03 0.78 0.047 *
NML N_fol -0.29 0.90 0.014 *
S_fol -0.27 0.79 0.044 %

***P < 0.001, *P < 0.01, *P < 0.05.

Results of significant linear regression models run on LMTs for beech and spruce.
All predictor variables were standardized (mean = 0, SD = 1). DM100, dry mass of
100 leaves or needles; LA, leaf area; LMA, leaf mass per area; NL, needle length;
NML, needle mass per length. For further abbreviations see Table 2.
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