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To mitigate negative impacts of drought stress in the face of climate change, mixtures of tree species such as those between European beech (Fagus sylvatica) and silver fir (Abies alba) are assumed to lower risks in forest management. This study investigates the influence of mixing beech and fir on tree growth in general and in particular on tree species responses to the extreme drought event of 2003. For this purpose, we analyzed basal area increment series and carbon isotope composition (δ13C) in wood of ~160 trees from three mixed-species sites in Germany and one site in Croatia. Overall growth performance for both fir and beech increased with proportions of the admixed species when accounting for the interactions with tree size and competition intensity. Mixing improved growth of large trees for both species irrespective of neighborhood density, whereas smaller trees benefitted only in denser neighborhoods. Positive mixing effects on radial growth were more pronounced in fir compared to beech, yet the latter benefitted by admixture of fir with regard to growth recovery following drought. Both the resistance of radial growth against reduction during drought as well as the variation of isotopic composition throughout the drought period were not affected by mixing, indicating that water-use in these two species was not complementary under drought stress. Although trees from both species exhibited growth reductions during the drought, fir maintained higher absolute growth levels than beech during the drought. Both species benefited from growing in mixed neighborhoods but complementary effects depended on tree size and neighborhood density. Mixing fir and beech leads to positive or neutral effects on growth performance of trees, also in response to an extreme drought event. Since increasing tree species richness also spreads the risks associated with extreme events, mixtures of beech and fir can be recommended as a possible alternative for more drought-sensitive stands such as spruce monocultures.
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INTRODUCTION

Climate models predict rising average temperatures and also more frequent occurrences of extreme climatic events like storms, floods, heat waves, and droughts for the twenty-first century (Pachauri et al., 2014). In forestry, tree species mixtures are viewed as one of the most important approaches to adapt forests to the uncertainties of global change (Bauhus et al., 2017b). A growing number of studies have reported positive relationships between species diversity and forest productivity (Paquette and Messier, 2011; Vila et al., 2013; Jucker et al., 2014; Forrester and Bauhus, 2016) and tree diversity has also been shown to enhance resistance to pest outbreaks (Bauhus et al., 2017a; Jactel et al., 2017). However, whether diverse forests are also better adapted to more frequent and severe drought stress is less clear. A recent review on this topic concluded that there is no systematic relationship between tree diversity and drought tolerance across different forest ecosystems (Grossiord, 2019). However, Grossiord (2019) found that studies which reported that mixed-species forests are more resistant and resilient to drought stress (e.g., Pretzsch et al., 2013; Gazol et al., 2016) were more common than studies reporting negative effects (e.g., Grossiord et al., 2014a; Paquette et al., 2018). In addition, several studies found mixed effects, positive for one and negative for the admixed species (e.g., Condés and Del Río, 2015). Negative effects on drought tolerance may be expected in mixtures that grow faster than the monocultures of participating species since higher growth rates are typically associated with higher transpiration rates (Law et al., 2002; Forrester, 2015). Hence, the relationship between diversity and drought tolerance of trees is less straightforward as for example the more commonly reported positive effect of tree species diversity on resistance to pest outbreaks of specialist herbivore insects (Bauhus et al., 2017a). The inconsistent evidence regarding drought response of mixtures may be related to the fact that it is highly dependent on both tree species identity and site conditions because both jointly determine the absence or presence of mechanisms that lead to complementary water use such as differing species-specific rooting depths or different phenology (Forrester and Bauhus, 2016).

In Central Europe, tree species mixtures are being promoted to replace vulnerable forest stands that have been identified as areas for priority action in the endeavor to adapt forest landscapes to climate change (Bolte et al., 2009). For example, Norway spruce (Picea abies) still dominates large parts of the Central European forest landscape despite its documented susceptibility to droughts and wind throw. Recent observations across Central Europe confirm that the area suitable for Norway spruce cultivation will continue to decline with ongoing changing climate (Hanewinkel et al., 2013) even at higher elevations (Zang et al., 2014). Compared to Norway spruce, European beech (F. sylvatica) and silver fir (A. alba) have been shown to be less susceptible to summer droughts (Zang et al., 2011; Pretzsch et al., 2013; Vitali et al., 2017). Therefore, mixtures of European beech and silver fir, a natural species combination in many European mountain ranges, is currently promoted as an option for montane and upper montane forests in Central Europe (Zang et al., 2011, 2014). The natural distribution range of beech covers most of continental Europe and this species grows in (pure) broadleaved forests or in mixtures with conifer species including silver fir (Ellenberg, 1996). Studies from central and southern Europe have reported both decreasing (e.g., Jump et al., 2006; Gessler et al., 2007; Piovesan et al., 2008) and increasing growth trends for beech over the recent decades (Dittmar et al., 2003; Pretzsch et al., 2014; Tegel et al., 2014). Beech is considered only moderately drought tolerant and toward its southern distribution limit it may be replaced through actively managing for more drought-tolerant Quercus-species (Vitale et al., 2012). Silver fir is native to Europe and has a geographical distribution similar to that of beech but limited to mountainous regions. As fir grew well under the warmer conditions during the mid-Holocene (Tinner et al., 2013; Ruosch et al., 2016), it has been assumed that it would be a good replacement for the more drought-sensitive spruce at higher elevations. For example, in the Black forest, radial growth of spruce was found to more affected by drought than growth of fir and this effect was particularly pronounced at higher altitudes (van der Maaten-Theunissen et al., 2013; Vitali et al., 2017). Likewise, results of a study that included a large number of sites across Southern Germany indicate that fir can maintain growth rates also during severe drought events through its contact to ground water via deep tap roots if sufficient rainfall or snowmelt occurred early in the year (Zang et al., 2011). However, at lower elevations or in regions where high summer temperatures and soil water deficit represent major growth limiting factors, fir has been reported to be also vulnerable to drought (e.g., Battipaglia et al., 2009; Lebourgeois et al., 2010).

Stem growth of beech in mixed stands was reported to be higher than in mono-specific stands for Beech (Bosela et al., 2015; Mina et al., 2018b), and to some extent also for fir (Toigo et al., 2015; Mina et al., 2018b). Yet, with regard to the drought response of these two species, most knowledge stems from mono-specific stands or mixtures with other species. To our knowledge, only two studies have actually assessed the effect of mixing on the drought response of fir-beech mixtures (Lebourgeois et al., 2013; Gazol et al., 2016). In one of these studies, a lower sensitivity of growth to summer drought was found for fir when growing in mixture with beech and the largest benefits occurred at the driest sites (Lebourgeois et al., 2013). Neither of these studies analyzed the growth response of beech to drought when it was mixed with fir, and it remains unclear if benefits for fir came at the expense of beech or if both species benefitted from mixing with regard to their drought response

To study the response of trees to extreme drought events, one can either apply the drought experimentally (Magh et al., 2018), coincidentally measure physiological and growth processes during a drought phase (Isaac-Renton et al., 2018), or use a retrospective approach (Sohn et al., 2013), which was applied in this study. The latter is more suited to study drought influences at multiple sites and thus enable extrapolation of results to a larger population of inference (Gazol et al., 2018). Retrospective approaches analyze the variation of variables contained in the annual growth ring archive of a tree. Radial growth data can be used to understand how tree growth was influenced by forest management and environmental changes, including climate and weather, at multiple spatial and temporal scales. Yet in temperate regions like Central Europe, where tree growth shows less inter-annual variation (Fritts, 1976), stable carbon isotope ratios (δ13C) in wood have been found to be better or useful additional indicators of environmental variations compared to wood growth alone (Farquhar et al., 1989; Saurer et al., 1997; Schleser, 1999). Since drought conditions reduce stomatal aperture and thus leaf-internal CO2 partial pressure, photosynthetic discrimination against heavier 13CO2 of the atmosphere decreases, which leads to higher values of δ13C in wood (Farquhar et al., 1989). Therefore, the difference in δ13C of tree rings formed in wet and dry years is a direct indicator of the level of tree water stress, and this has been used in a number of recent studies to assess the modulating influence of tree species diversity on drought stress in individual species (Grossiord et al., 2014a,b; Forrester et al., 2016). For example, drought stress in trees of a boreal forests, as indicated by stronger increases of δ13C in the dry compared to the wet year, increased with tree species diversity (Grossiord et al., 2014b).

When analyzing the effect of mixtures of species on tree responses to drought events, one has to take into account additional factors that can have confounding effects on growth (Forrester and Bauhus, 2016). In stands with a large variation in tree size, large trees have been reported to be more severely affected by drought in terms of radial growth reductions than smaller trees (McDowell et al., 2011; Bennett et al., 2015; McDowell and Allen, 2015). In addition, transpiration, and therefore susceptibility to drought stress can be higher in overyielding mixtures that have a higher stand density than the monoculture counterparts (Barrufol et al., 2013; Pretzsch and Biber, 2016; Pretzsch and Schutze, 2016). Therefore, it is important to disentangle density from diversity effects when analyzing drought responses of mixed stands (Forrester, 2014).

So far, no study has investigated the effect of mixing on drought sensitivity in terms of both radial growth and isotopic composition for fir and beech. Therefore, the main aim of this study was to examine, if mixing these two species improves the drought tolerance of both species. For this purpose, we analyzed basal area increment (BAI) of 160 trees from three sites in south-western Germany and from one site in Croatia with a particular focus on periods of extreme drought stress. For beech and fir trees growing in neighborhoods of different admixture proportions, we tested whether mixing influenced the resistance, recovery, and resilience of growth to severe soil drought conditions. In addition, we compared the carbon isotope composition (δ13C) among years with different climatic conditions for trees in mixed vs. monospecific neighborhoods. We hypothesized that for both silver fir and European beech:

(1) Benefits of mixing on overall growth are similar for the two species and show similar patterns over time

(2) Mixing leads to a positive effect on the overall growth performance of both species but benefits vary with tree size and neighborhood competition

(3) Drought tolerance of trees is higher in mixed compared to monospecific neighborhoods



MATERIALS AND METHODS


Study Sites and Stand Selection

Data were collected at four sites, three in the Black Forest in South-western Germany and one that was close to the city of Gospic in Croatia in the Velebit mountains (Table 1). Climate among sites in the Black Forest varies with altitude (ranging from 400 to 860 m.a.s.l.) corresponding to a decrease in mean temperature from 9.8 to 8.6°C and an increase of annual precipitation from 1,130 to 1,370 mm (Table 1). The Croatian site has similar annual precipitation as the highest-elevation site in the Black Forest. Soils at all sites are Cambisols which developed on limestone in Croatia and on paragneiss or sandstone at the German sites. Forest stands were selected for sampling based on the following criteria:

(1) Mixed stands dominated by fir and beech with each species having at least 30% of total stand basal area; percentage of other species below 15% basal area,

(2) Heterogeneous mixing within the stand; including sections with monospecific patches of each species as well as parts with fine-grained tree-wise mixtures,

(3) More or less even-aged and early mature stands, and

(4) Maximum of one thinning intervention in the last 5 years and stumps had to be datable to permit identification of the timing of interventions during the last decade.


Table 1. Site and stand description for the three study sites in Germany and the fourth site in Croatia.
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Data Collection, Tree-Ring Analyses, and Identification of the Drought Event

At each site, approximately twenty trees per species were selected evenly across three groups of neighborhood composition reflecting differing mixture proportions of fir and beech comprising trees with mostly conspecific neighbors, trees being surrounded by an even mix of the two species, and trees surrounded by heterospecific neighbors. Additional selection criteria for sample trees were that they had to (1) be of at least co-dominant status; (2) show no visible signs of injuries, damage, or loss in vitality; (3) have not more than one tree of a third species in their neighborhood; (4) have neighborhoods of comparable density (+/– closed conditions), and (5) not be part of the neighborhood of the next sample tree to avoid spatial correlation. The minimum distance between the selected trees within each stand varied among stands depending on their age and size. For each sample (= focal) tree, we recorded tree-ID, species, diameter at breast height (DBH) and extracted at that height two cores with an increment borer from perpendicular directions starting upslope and going in clockwise direction. Assuming that spatial extent of above ground competition also reflects below ground competition, trees were considered to be actual neighbors, and hence competitors of the central tree, if their crown interfered with the crown of the central trees. For each neighbor, we determined species identity and DBH and measured the distance to the central tree to determine neighborhood density and composition.

All increment cores were air-dried and then sanded with increasingly finer sandpaper. The polished cores were scanned and visually cross-dated with the WinDENDRO software (Regent Instruments Inc.). Next, the cross-validation software COFECHA (Grissino-Mayer, 2001) was used to check for possible cross-dating mistakes. We averaged the two cores per tree, assuming cross-sectional incremental areas of concentric shape. Mean annual basal area increments (BAI, mm2 year−1) of trees were calculated from annual radial increments (mm). Values before 2000 were excluded from further analyses to avoid the confounding impact of natural and thinning-related changes in the neighborhood, which could not be reconstructed prior to 2000 for the majority of stands. Since basal area increment is closely related to crown dimensions, which are rather stable in mature trees, detrending these data was not considered necessary for the short time period of investigation (2000–2016) (Sohn et al., 2016).

The well-documented Pan-European drought event of 2003, also obvious in precipitation and temperature data at the study sites (Figure 1), was selected for analyzing the effect of mixing on the drought response of growth.


[image: Figure 1]
FIGURE 1. Climate diagrams for two weather stations in Gospic in Croatia (top) and Conventwald in Germany (bottom) depicting mean temperature (red) and sum of precipitation (blue) of the vegetation period (May to September) from 2000 to 2014 (15).




Analyses of Stable Carbon Isotopes

The carbon isotopic composition of dried wood samples was analyzed for all sample trees for a period of three consecutive years: 2002, 2003 and 2004, which included the drought event of 2003 as well as 1 year before and after the drought event. Measurements of δ13C were done using a DeltaPlus isotope ratio mass spectrometer (Thermo Fisher, Bremen, Germany) coupled via a ConFlowIII open-split to an elemental analyzer (Carlo Erba 1100 CE analyzer; Thermo Fisher Scientific, Rodano, Italy). For more details regarding the measurement procedure, see Werner et al. (1999), Werner and Brand (2001) and Brooks et al. (2003). δ13C values were calculated using the following equation,

[image: image]

where 13Rsample is the 13C/12C ratio of the sample, and 13Rstandard denotes the 13C/12C ratio of the standard. Values are expressed in per mil (%0) by multiplying the δ value with the factor 1000 (Coplen, 2011; Brand et al., 2012). The δ13C values are given on the δ13CIAEA-603–LSVEC scale by analyzing the samples against a calibrated in-house-standard (Acetanilide: −30.06 ± 0.05%0). A quality control standard (Caffeine: −40.46 %0) was interspersed between samples. The daily precision of the sequences was equal to or better than 0.1%0.



Data Analyses

To test our hypotheses (H1–H3), three types of analyses were conducted:

(1) Temporal analyses to test for the overall effect of mixing on growth complementarity of the two species over time (H1).

(2) Neighborhood analyses to determine the effect of mixing and other growth-relevant parameters on tree growth for a period for which exact data on neighborhood competition and composition were available (H2).

(3) Drought response analyses to test the influence of mixing on drought tolerance of trees (H3).


General Modeling Framework

To account for the replicated structure (species, trees and sites and years) and hence inherently correlated errors in our dataset, we used linear mixed-effects models (LMMs) to determine the effect of mixing on our response variables for all three analyses. The random structure of the mixed models (random effects, temporal autocorrelation, variance structure) was optimized in the presence of all fixed effects by comparing the AIC of models with different random structures using restricted maximum likelihood (REML) estimation following the procedure described by Zuur et al. (2009).

Fixed effects were selected only for the neighborhood analyses while a fixed set of predictors was used in both temporal and drought analyses (Table 2). All continuous, fixed effects were centered and scaled. The validity of model assumptions was evaluated using graphical tools (i.e., residual, autocorrelation and quantile-quantile plots). Models were fit with R (R Core Team, 2014), using the package nlme (Pinheiro et al., 2019) to allow for the specification of variance functions, to address heteroscedasticity and to model temporal autocorrelation. P-values were calculated with the package lmerTest based on Satterthwaite approximations of the degrees of freedom to test for the significance of the fixed effects (Kuznetsova et al., 2017). The modeling framework for each of the three analyses is summarized in the following sections and more detailed descriptions are presented in Supplementary Materials 1, 2.


Table 2. Summary statistics (means and standard deviation SD in brackets) for response variables and (continuous) predictors used in the three models related neighborhood analysis (testing H2), temporal analysis (testing H1), and drought response analysis (testing H3).
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Temporal Analysis: Testing H1

To examine if growth of the two tree species was positively affected by mixing and if mixing effects persisted over time, we calculated the response variable complementarity of annual growth (BAI) of the period 2000–2016 as a modification of the mixing response suggested by Vitali et al. (2018) and Forrester et al. (2013) as:

[image: image]

where BAIMix is the annual BAI of trees growing in mixed neighborhoods, and BAIMono is the average value of annual BAI of all trees in monospecific neighborhoods from the same species and site (as the mixed tree). Hence, the average growth over time of trees experiencing interspecific interactions is compared to that of trees which are subjected to intraspecific interactions. Complementarity values were transformed using the BoxCox-distribution to approach more normal distributions (see Supplementary Material 2). The mixed model included only Species and Year plus their interaction as fixed effects (Table 2). The optimal random structure was found to be trees nested in sites and an autocorrelation structure of order 1 (AC function) was included to take account of temporal autocorrelation of repeated measures (Table 2, Supplementary Material 2). In addition, temporal trends of BAI series were tested separately for each site and species using linear regression.



Neighborhood Analyses: Testing H2

To identify the most important growth-controlling variables for the two species at the tree neighborhood level, we analyzed the effect of admixing on tree growth while accounting for additional confounding factors. As response variable, we calculated mean annual growth by averaging annual values of BAI of the years 2014–2016 (meanBAI3) for all focal trees as this is more indicative of growth performance than BAI of a single year (2016). (In addition, mean BAI of the last 3 years was highly correlated to BAI in 2016 and to mean BAI of the last 5 years, r >0.9, see Supplementary Material 3). The log transformation was applied on the response variable meanBAI3 to obtain normal residuals. After determining the optimal random structure, we formulated the full hypothesis as:
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In Equation (3), “*” denotes that main effect and interactions of the respective variables are considered in the model, and the “1|x” notation denotes a random intercept with grouping variable x. The variables in Equation (3) refer to:

(a) Admixed_prop: Admixture proportions (%) based on Hegyi-index

(b) Hegyi: a modified version of the competition index according to Hegyi (Lee and Gadow, 1997)

(c) BAL: Basal area of trees larger than the focal tree in m2

(d) Martonne: an aridity-index (Martonne, 1926)

(e) DBH: tree size at breast height in cm

(f) Species: binary, fir, and beech

(g) Site: location of the measurement

The variables (b–e) are confounding predictors, which were included in the full model because the annual variation of radial growth is known to depend on fluctuations of environmental and stand-related factors (Monserud and Sterba, 1996; Danescu et al., 2016). These confounding predictors and the model selection procedure leading to the final model shown in Table 2 are described in detail in Supplementary Materials 1, 3.



Analyses of the Tree-Level Drought Response: Testing H3

The effect of mixing on drought tolerance of beech and fir trees was analyzed using the following response variables regarding the growth and isotopic variation throughout the drought period. For tree growth, we calculated three drought response variables by dividing the observed growth into resistance of radial growth to drought (RES), its recovery from drought (REC), and the resilience to drought (RESIL) as suggested by Lloret et al. (2011) as
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where value DY is the annual basal area increment (BAI) of each tree during the drought year (DY) 2003, value preDY is the BAI during the year(s) before the drought, and value postDY is the BAI during the year(s) following the drought of individual trees. In order increase the robustness of our results, we calculated the Lloret-indices based on both one and 2 year-long pre- and post-drought periods. We restricted this period to 2 years before and after the drought for calculating RES1/2BAI, REC1/2BAI, and RESIL1/2BAI to avoid any influence of the heavy and partial masting that took place in fir and beech in 2006. The six response variables were relatively independent from each other (r <0.67 see Supplementary Material 4) and hence should contain unique information. To obtain normal residuals, a log transformation was applied on all indices (except for RESILBAI calculated with 2 year periods, which could be directly used without any transformation).

For analyses of carbon isotopic composition (δ13C) in tree-rings, we selected the same years (2002–2004) that were used to calculate growth responses to drought. Analogous to calculations of growth resistance and following the analysis done by Schaefer et al. (2017), the drought resistance of δ13C (RES13C) was quantified as the ratio between the value of the dry year and the wet pre-DY (Equation 4a) so that, a higher value of RES13C reflects a smaller increase in δ13C in the dry year indicating a lower stomatal response and thus a lower level of drought stress. In addition, the recovery and resilience of δ13C following drought was calculated as the ratio between the post-DY 2004 and the DY 2003 (REC13C, Equation 4b) and between the post-DY 2004 and the pre-DY 2002 (RESIL13C, Equation 4c). The ratios RES13C and RESIL13C could be directly used, without transformation, as response variables in our models while REC13C had to be log-transformed to obtain a normal distribution.

As we did not extract increment cores from the neighbors of our central trees, and therefore could not calculate DBH of these trees in the past, actual data on neighborhood composition and competition was available only for the time of sampling in 2016. Therefore, we could not calculate neighborhood characteristics for the drought year 2003 and had to use a different set of predictors as used in the neighborhood analyses (Table 2 and more details on predictors in Supplementary Material 1).

To visualize the overall mixing effect on growth and isotopic response to drought, the complementarity of drought responses was calculated using the same framework as used for BAI (Equation 1) according to Vitali et al. (2018) as:
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where RespMix is the average value of each of the drought response indices (resistance, recovery, and resilience of BAI and 13C) of each tree in mixed neighborhoods, and RespMono is the average value of either response of all trees in mono-specific neighborhoods from the same species and site.





RESULTS


General Results

Annual mean BAI was higher in fir than beech in most years at the two higher altitude sites (Conventwald and Croatia, Figure 2) while the two species showed similar absolute growth rates at the two lower altitude sites (Hexental and Freiamt) throughout the period 2000–2016. A growth decline during the 2003 drought was visible for both species at all sites (Figure 2). Fir displayed a second growth depression in 2006, most likely due to a strong masting event and this decline was even more pronounced than the one in 2003 at the two lower sites (Freiamt and Hexental) (Figure 2). At the time of sampling, mean DBH of fir was significantly larger than that of beech at the two higher altitude sites (Conventwald, Croatia) while at the 2 lower sites trees of the two species had comparable average DBH (Supplementary Material 5). Yet, the competition index was similar for both species at all sites (Supplementary Material 5).


[image: Figure 2]
FIGURE 2. Means of annual basal area increments (BAI) of trees from two species (fir: blue and beech: gray) at four sites (Conventwald, Croatia, Freiamt, Hexental), from 2000 to 2016. Thin bars represent standard deviation. Trend-lines and bands represent smoothed conditional means using linear model (geom_smooth function, ggplot2 in R). Stars indicate a significant trend (p < 0.05) over time, which was detected based on linear regression of BAI vs. Year, separately for each site and species.


For beech, decreasing BAI trends over time are visible at two sites (Hexental and Croatia), while fir shows decreasing growth only at the Hexental site (Figure 2). Both species exhibited positive BAI trends at the Freiamt site but this is most likely an age-related effect as trees at this site were considerably younger than at the other sites (Table 1).



Mixing Effect on Growth and Over Time (H1)

Across all sites, fir had positive values for complementarity of BAI (mean annual growth of all trees in mixed vs. monospecific neighborhoods) with 20% higher growth in mixed as in monospecific neighborhoods when averaging values of years 2000–2016 (range 3–37%) (Figure 3). In contrast, for the same period overall lower values of BAI complementarity—including negative ones—were observed in beech leading to a net zero mean (from −9 to +9%) when averaging complementarity values of all years (Figure 3 and Supplementary Material 5).


[image: Figure 3]
FIGURE 3. Annual means and SE (thin bars) of complementarity (%) of basal area increments (BAI) of beech (gray) and fir (blue) for years 2000–2016. Complementarity of BAI reflects the average growth (BAI) of trees experiencing interspecific interactions compared to that of trees, which are subjected to intraspecific interactions (see Equation 2 for calculation).


After applying the BoxCox-transformation (to obtain normal residuals), complementarity of BAI shows an increasing trend regardless of species (p < 0.01) (Table 3). The selection of random effect structure (using REML) led to trees nested in sites as the most important random effect with a moderate signal among sites and trees (Supplementary Material 2): Since complementarity values have, after transformation, approximately a range of 21, the SD of 2 for trees nested in sites represents 10% of the range of the response and the SD of 1.4 for residual error represent 7% of the response range. As the variance explained by the fixed effects in the mixed model was very low (Table 3, [image: image]. only 0.03) and in view of the considerable proportion of the variability of the response absorbed by random effects, we looked at the site-specific patterns of growth complementarity over time. At three sites, fir showed positive values of growth complementarity in the majority of years (Figure 4) except for three negative values at the Conventwald site from 2005 to 2007 (Figure 4). However, at the fourth site (Hexental) negative values of growth complementarity in fir were observed (Figure 4). Interestingly this is the only site, where values of growth complementarity were consistently positive and even increased over time for beech (Figure 4). At the remaining three sites, growth complementarity of beech was either consistently negative (Croatia) or fluctuated around zero (Conventwald and Freiamt) (Figure 4).


Table 3. Parameter estimates with standard errors (S.E.) of linear mixed model fit for temporal analyses by REML t-tests using Satterthwaite approximations to degrees of freedom for complementarity of BAI.
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FIGURE 4. Annual means and SE (thin bars) of complementarity (%) of basal area increments (BAI) of beech (gray) and fir (blue) for years 2000–2016 for the 4 sites (Conventwald, Croatia, Freiamt, and Hexental). Bands represent loess-smoothed conditional means (geom_smooth function with ‘loess' and formula “y ~ x” with span = 1, ggplot2 in R). Complementarity of BAI reflects the average growth (BAI) of trees experiencing interspecific interactions compared to that of trees which are subjected to intraspecific interactions (see Equation 2 for calculation).




Drivers of Tree Growth at the Neighborhood Level (H2)

Average tree growth from 2014 to 2016 (meanBAI3) increased significantly with admixture proportions for fir at two sites while no relationship between meanBAI3 and admixture proportions was found for beech at any site (Figure 5). However, results of the most parsimonious mixed model indicate that in the presence of several confounding factors, meanBAI3 was positively related to admixture proportions in both species (p < 0.05) (Table 4). This highlights the need to take into account additional growth-relevant factors. Results of the mixed model indicated a direct positive effect of DBH on meanBAI3 (p < 0.001), and a direct negative effect of the competition index on meanBAI3 (p < 0.01). In addition, model outcomes showed two significant positive interactions of the relationship between admixture proportion and meanBAI3 with DBH and the Hegyi-index (both p < 0.001). The selection of the random effect structure (using REML) led to site as the most important random effect. The random effect variances showed a moderate variability of the signal among sites. Since meanBAI3 values assumed after transformation approximately a range of 3.6, the standard deviation of 0.40 represents 11% of the range of the response (likewise the standard deviation of 0.40 for the residual error represents 11% of the response range).


[image: Figure 5]
FIGURE 5. Relationship of (transformed) response variable meanBAI3 (average BAI of last 3 years) with admixture proportions for beech (gray) and fir (blue) trees at 4 sites (Conventwald, Croatia, Freiamt, and Hexental). Pearson-r and p-values refer to results of linear regression for each species and site separately, N = 14–20.



Table 4. Parameter estimates with standard errors (S.E.) of the best linear mixed model fit for neighborhood analyses by REML t-tests using Satterthwaite approximations to degrees of freedom.
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To obtain a visual comparison of the interactive effects of tree size and competition with mixing, we plotted model predictions of the relationship between the response meanBAI3 with admixture proportions for (a) trees of different dimension in terms of DBH (at average levels of competition) and (b) trees of different levels of neighborhood competition (at average levels of DBH). For the Martonne index, we used the median value. As model predictions were similar for fir and beech (as indicated by the lack of interaction between admixing and species, Table 4), both species were combined for these predictions.

The relationship between admixture proportions and basal area growth became more positive with increasing tree size; switching from negative to positive for a DBH-value of ~50 cm (Figure 6A). Likewise, the relationship between admixture proportions and basal area growth became more positive with increasing competition levels; switching from negative to positive for a Hegyi-value around 1 (Figure 6B). In heterospecific neighborhoods (>70% admixed), tree growth became even higher in denser compared to more open conditions (Figure 6B). Note that due to the negative relationship between the competition index and DBH (Supplementary Material 5) high levels of competition (Hegyi-values of >1.5) were observed only in neighborhoods of trees with a DBH below 45 cm so that our finding of a positive effect of admixing at high competition levels is limited to smaller trees. Based on model predictions, we can summarize that basal area growth increases with admixture proportions in larger trees irrespective of competition levels (due to smaller absolute ranges of the Hegyi-index) and for smaller trees in denser neighborhoods (Figures 6A,B).
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FIGURE 6. Comparison of model predictions (see Table 4) for the relationship between the (back-transformed) response meanBAI3 (y-axis) (average BAI from 2014 to 2016) with increasing admixture proportions (x-axis) in % for (A) trees of different dimensions in terms of DBH and (B) for 3 levels of neighborhood competition Hegyi = 0.5 (blue), Hegyi = 1.0 (Black), and Hegyi = 2.0 (Red).




Drought Response of Tree Growth (H3)

Beech showed significantly lower annual growth (BAI) in dry compared to normal years (P < 0.05) while BAI of fir was similar in dry and normal years (Supplementary Material 5). Fir exhibited significantly higher basal area growth than beech irrespective of climatic conditions (Supplementary Material 5). Growth (BAI) decreased on average by 18–20% for both beech and fir during the drought year compared to the previous year(s) across all sites but resistance varied considerably across sites with growth reductions ranging from only ~5% for beech at the Freiamt site up to ~30% for beech at the Hexental site (Supplementary Material 5). Results of the mixed models indicate that growth resistance during the 2003 drought was similar for the two species and did not differ between mixed and monospecific neighborhoods (Table 5, Figures 7A,B). Similarly, recovery of growth following drought and growth resilience to drought was similar in mixed and monospecific neighborhoods and neither recovery nor resilience of growth was different between the two species (Table 5). However, there was a significant interaction between species and mixing category for growth recovery 1 indicating faster recovery in beech than in fir in mixed neighborhoods (Table 5 and effect plots in Supplementary Material 2). This is also in line with the higher complementarity of recovery in beech compared to fir when comparing all trees across all sites (Figure 7). In addition, results of the mixed models indicate no direct effect of tree size on either RES BAI, REC BAI, or RESIL BAI but a significant interaction indicating that the relationship of RECBAI and RESILBAI with tree size is more negative in mixed compared to monospecific neighborhoods (Table 5 and effect plots in Supplementary Material 2). However, the proportion of variation explained by our selected predictors (all fixed effects) to test the third hypothesis was overall low and ranged from 2 to 29% (see R2 marginal values in Table 5). The selection of random effect structure (using REML), pointed to site as the most important random effect and the random effect variances showed a low variability of the signal among sites (The standard deviation for site represents merely <7% of the range of the responses, and the standard deviation for residual error represents <18% of the response range).


Table 5. Parameter estimates with standard errors (S.E.) of linear mixed model fit for drought analyses by REML t-tests using Satterthwaite approximations to degrees of freedom for the response variables reflecting growth and isotopic response to 2003 drought: resistance (RES), recovery (REC), and resilience (RESIL) of BAI and δ13C.
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FIGURE 7. Complementarity effects of mixing on growth responses to the 2003-drought of European beech (gray) and silver fir (blue) in terms of resistance during drought (RES), recovery following drought (REC), and resilience to drought (RESIL) using (A) one and (B) two year(s) in the pre- and post-drought period. Stars (***P < 0.001 and ****P < 0.0001) indicate significant differences between the 2 species for each index and “ns” indicates no significant difference between the 2 species (P > 0.05) based on t-tests. Note that T-test was done for with transformed (∧0.25) data while figure depicts raw data.




Drought Response of Isotopic Composition (H3)

The inter-annual variation of δ13C follows a similar pattern in both species with a significant increase from 2002 to the drought year (2003) and a subsequent significant decrease from the drought to the post-drought year (2004) (Supplementary Material 5). This pattern was consistent across sites (Supplementary Material 5). Mean annual values of δ13C were significantly higher for fir as for beech in all years (p < 0.001, Supplementary Material 5) and at all sites (except for the site Hexental in 2003). Values of δ13C in each year were similar for trees in monospecific and mixed neighborhoods for both species (Figure 8). This is line with results of the mixed models, which indicated that resistance, recovery and resilience of δ13C was similar for the two species and for trees growing in mixed or monospecific neighborhoods (Table 5, Supplementary Material 5). Across all sites and trees, complementarity of isotopic response to drought (resistance, recovery and resilience of δ13C) was similar in beech and fir (Figure 9).


[image: Figure 8]
FIGURE 8. Comparison of means (SE depicted as thin bars) of carbon isotopic composition δ13C in wood of the years 2002, 2003, and 2004 between trees growing in monospecific (gray) and mixed (red) neighborhoods for beech (left) and fir (right). ns indicates that there is no significant difference between mixed and monospecific neighborhoods within species based on t-test.
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FIGURE 9. Complementarity effects of mixing on isotopic response to the 2003-drought of European beech (gray) and silver fir (blue) in terms of resistance during drought (RES), recovery following drought (REC) and resilience to drought (RESIL). “ns” Indicates no significant difference (P > 0.05) between the 2 species for each index based on t-tests.


Results of the mixed models indicate that there is neither a direct effect of DBH on the isotopic drought indices nor an interactive one of DBH with mixing category (Table 5). The selection of random effect structure (using REML), again pointed to site as the most important random effect and the random effect variances showed a low to moderate variability of the signal among sites. The standard deviation for site represents merely 0–9% of the range of the responses. The standard deviation for residual error was higher representing 15–17% of the response range. The variance explained by the selected fixed effects in the isotope models was very low with 1–5% (R2-marginal values in Table 5).




DISCUSSION

Results of this study highlight the importance of incorporating data on actual neighborhood composition and competition when examining the effects of mixing on growth performance of individual species. Positive effects of mixing on overall growth performance were more pronounced in fir than in beech, yet the latter benefitted more from admixture of fir with regard to the growth recovery following drought. In contrast to our assumptions, both the growth resistance during drought as well as the variation in isotopic composition throughout the drought period were not affected by mixing. In the following we will first discuss our results in the same order as our hypotheses; regarding (1) effects of mixing on the overall and temporal growth performance of trees, (2) the interactive effect of mixing with other growth-relevant factors on overall growth performance and (3) how mixing affected the drought response of trees.


Mixing Effects on Overall Growth Performance and Over Time

Results of the neighborhood analyses indicate increasing growth with admixture proportions for both species, which is in accordance with our first hypothesis and other recent studies. Radial increment of beech and fir in mixtures responded positively to mixing but this was not directly compared with trees experiencing strictly monospecific conditions (Bosela et al., 2015). Several studies reported that growth of European beech increases, compared to mono-specific situations, in neighborhoods with other species (Pretzsch et al., 2010, 2013; Bosela et al., 2015; Toigo et al., 2015; Metz et al., 2016). Likewise, higher growth rates were observed for firs in functionally diverse neighborhoods when admixed with several species including beech (Gazol et al., 2016) and spruce (Vallet and Pérot, 2011). However, results of two other studies based on periodic stand-level inventories in mixtures of beech and fir indicated either no effects of mixing on growth (BAI) of either species (Del Rio et al., 2014) or positive mixing effects for beech at all sites, whereas positive effects for fir were restricted to sites of lower productivity (Toigo et al., 2015).

Our finding of positive mixing effects on growth of fir and beech indicates that for both species intra-specific competition was greater than inter-specific competition. We can only speculate about potential mechanisms behind the observed growth complementarity. Owing to their strongly different traits such as in crown and root architecture, leaf morphology, phenology, etc. they may use the resources in a complementary way or even facilitate each other (Forrester and Bauhus, 2016; Magh et al., 2018). In case of beech, mixing benefits have been commonly linked to a reduction in strong intra-specific competition and the development of larger crowns (Pretzsch and Biber, 2005; Dieler and Pretzsch, 2013; Mina et al., 2018a). Positive mixing effects on growth performance of fir may be the result of increased crown light capture in spring and autumn when beech is leafless (Ishii and Asano, 2010; Lebourgeois et al., 2010). Whether or not mixing may improve water or nutrient availability of the two species cannot be ascertained on the basis of this study.

In accordance with the second part of our hypothesis, beech displayed more negative growth (BAI) trends compared to fir across our sites but the temporal trajectories of BAI complementarity were positive and did not differ between the two species. Similarly, another European-wide study has reported declining growth trends in European beech but not in silver fir growing in mixed stands for a similar period, concluding that fir is less susceptible to warmer and drier conditions than beech (Bosela et al., 2018). Our findings with regard temporal trends of complementarity and growth should be interpreted with caution, however, as we analyzed only the most recent 16 years. In addition, our study shows that such broad trends may not occur at every site and that variability among sites in magnitude and direction is very high.



Mixing Benefits for Both Species Increase With Tree Size and Neighborhood Density

Results of our neighborhood analyses clearly demonstrate that overall growth performance for both fir and beech increases with admixture proportions when considering the interactions of admixing with tree size and with competition intensity; this is in full agreement with our second hypothesis. Hence, both trees size and the level of neighborhood competition are key factors in shaping species interactions. According to the estimates of our mixed model, the strongest effect, which explained most of the growth variation, was actually derived from the variation in DBH among trees and sites (note that size differences in our study are mainly due to age differences and not due to differences in canopy status). Our finding that mixing benefits increased with tree size in beech is in agreement with results of two recent studies, which reported increasing mixing benefits for beech with tree size/stand age in combination with spruce (Houpert et al., 2018) and pine (Forrester et al., 2017).

Mixing benefits for growth performance increased not only with tree size in both species but this relationship was additionally modulated by competition intensity in tree neighborhoods. This is an indication that for beech-fir mixtures, positive effects of competitive reduction outweigh any negative effects caused by interspecific competition. Two other studies reported also increasing complementarity with stand density in fir and spruce mixtures for both species (Forrester et al., 2013; Mina et al., 2018a). Likewise, the complementarity effect was greater at higher stand densities for beech in mixtures with pine (Condés et al., 2013; Bello et al., 2019).

Increasing complementarity with stand density is more likely to occur in mixtures where interactions lead to improved light capture (Forrester et al., 2013). Under these conditions, positive as well as negative species interactions have been found to be weaker at lower densities and hence complementarity may initially increase with stand density to a certain point (Forrester et al., 2013), which is in agreement with our results. Only at very high densities competition may outweigh any complementarity effects (Forrester et al., 2013). As our stands were at least 60 years old and because we did not sample trees of lower canopy status but only (co-)dominant individuals, it is likely that we never crossed the threshold after which negative density effects on complementarity appear. Since neighborhood density was comparable for trees growing in mixed and monospecific neighborhoods, we can rule out that the mixing effect was mediated by differences in stand density, which is often the case (Forrester, 2014).



Growth and Isotopic Response to Drought

According to our expectations, both species responded with substantial growth reductions of 20% on average to the drought in 2003. Although trees from both species exhibited similar growth resistance, fir maintained higher absolute growth levels as beech during the drought. The similar increase of 1.5%0 δ13C on average in both species indicates that during the drought year stomatal aperture and hence conductance was strongly and similarly controlled (Farquhar et al., 1989). In accordance with findings of Schaefer et al. (2017), we found a lower δ13C in the broadleaved compared to the evergreen species indicating a higher ci due to higher stomatal conductance and/or a lower rate of photosynthesis and accordingly different intrinsic water use efficiencies in the two species. Still, the comparable growth and isotopic response during the 2003 drought points toward a similar physiology and/or a similar length/timing of the wood formation period i.e., similar cambial activity, in these two shade-tolerant species (Zang et al., 2014). In contrast to our findings, Zang et al. (2014) found higher values of resistance, recovery and resilience in fir compared to beech. However, they analyzed several drought events and sites across a larger climatic gradient.


Mixing Did Not Affect the Resistance of Growth and δ13C During Drought

In disagreement with our third hypothesis, there was no indication for complementary water-use between these two species during a period of severe water limitations. However, absolute growth (BAI) during the drought year was significantly higher in fir than in beech. The lack of mixing benefits on growth resistance and isotopic response to drought for either of the two species is in accordance with several other studies for beech and fir (Grossiord et al., 2014b); fir (Lebourgeois et al., 2013; Gazol et al., 2016); and beech (Metz et al., 2016; Schaefer et al., 2017). In contrast, results of two other studies indicate mixing benefits for growth resistance in fir in mixture with spruce (Dănescu et al., 2018; Vitali et al., 2018).

Similar response to drought in mixed and monospecific neighborhoods indicate that the entire rooted soil profile dried out during the extreme drought year 2003 and that there was no advantage of deeper-rooted species. Under these conditions, any potential presence of mechanisms related to complementary water-use, such as spatial or temporal stratification, would have been insufficient to buffer soil moisture reductions (Forrester and Bauhus, 2016; Schaefer et al., 2017).

Viewed from another perspective, the finding of comparable growth and resistance of isotopic composition indicates that the overall faster growth of trees in mixed compared to monospecific neighborhoods was not a disadvantage for either of the species during drought (Forrester, 2014) as has been reported for other species combinations (Metz et al., 2016).




Mixing Improves Growth Recovery Following Drought in Beech

The complementarity of growth recovery was significantly higher in beech than in fir. This finding of greater mixing benefits for beech than for companion species is in agreement with other studies (Mölder and Leuschner, 2014; Metz et al., 2016). In contrast to our finding, fir trees growing in more functionally diverse stands recovered more quickly (Gazol et al., 2016).

The positive effects of fir trees on growth recovery of beech imply lower competitive stress once water became less limiting in the post-drought year. We can only speculate about the actual mechanisms behind the competitive reduction in beech in the year following the drought event. One possible explanation could be that beech fine-root systems with lower construction costs can recover more quickly from the drought (Meier and Leuschner, 2008)

The faster growth recovery of beech in mixed compared to monospecific neighborhoods was not accompanied by a higher recovery of carbon isotopic composition. This inconsistency suggests that growth processes are to some extent decoupled from physiological processes, perhaps through mixing-related changes in allocation patterns to above- or below-ground tissues at the tree level (Forrester and Bauhus, 2016). However, we cannot ascertain if and to what extent mixing beech and fir did indeed lead to structural adaptations at the tree level. The absence of a mixing effect on the recovery of δ13C may be the result of simultaneous changes in assimilation and stomatal conductance, which both affect δ13C but in opposing directions (Barbour et al., 2002).

Neither the resilience of growth and of δ13C was affected by species or mixing which is most likely due to persisting water shortages in 2004. This year was relatively dry at all sites, which is also indicated by δ13C values and growth not returning to pre-drought levels at the majority of sites.



Tree Size Affects the Growth Response Following Drought

Mixing benefits for growth recovery and resilience varied with tree size whereas no such interaction was found for growth resistance and the isotopic drought response. The relationship of recovery and resilience of growth with tree size was more negative in mixed compared to monospecific neighborhoods. This is in contrast with our findings on general growth performance where mixing benefits increased with tree size. However, results of a recent meta-analysis also indicate increasing drought impacts on stem growth with tree size (Bennett et al., 2015). We are not aware of a study that actually tested the combined effects of mixing and tree size on the drought response of trees and we will refrain from any further interpretations due to the low amount of variance explained by fixed plus random effects in all our drought response models (low R2s). The incorporation of climactic and/or neighborhood data referring to the pre-drought, drought and post-drought period may have improved the variance explained by our drought models considerably [see for example (Dănescu et al., 2018) but finding the best (most parsimonious model)] was not the aim of our study as we were interested in the overall mixing effect on growth and isotopic response of our tree to the extreme Pan-European drought in 2003.




CONCLUSION

Both species benefited from growing in mixed neighborhoods but complementarity effects were dependent on tree size and neighborhood density. Results of this study demonstrate that mixing silver fir and European beech leads to positive or neutral effects on growth performance of trees also in relation to an extreme drought event. Our results demonstrate that mixing fir and beech offers no advantages for mitigating growth responses during periods of extreme water shortage. However, mixing fir and beech can help to improve the growth recovery following drought in beech but not in fir. In addition, faster growth rates of trees of both species in mixed compared to monospecific neighborhoods have no disadvantages for their response to drought. Therefore, mixtures of beech and fir may be considered at appropriate sites as an alternative for more drought-sensitive Norway spruce forests.
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*Only nearby climate station was situated at 600 m as! and hence actual mean temperature at the sites should be lower and precipitation higher.

Hexental

47°54.9986'N,
7°48.7720'E

400-500
9.8

1,130
Sandstone

Dystric
Cambisol

70-120

83327 (1638)
F 3715 (1893)

B8488(95)
F53.1(82)





