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Drought-sensitive European beech forests are increasingly challenged by climate change. Admixing other, preferably more deep-rooting, tree species has been proposed to increase the resilience of beech forests to drought. This diversification of beech forests might also affect soil organic carbon (SOC) and total nitrogen (TN) stocks that are relevant for a wide range of soil functions and ecosystem services, such as water and nutrient retention, filter functions and erosion control. Since information of these effects is scattered, our aim was to synthesize results from studies that compared SOC/TN stocks of beech monocultures with those of beech stands mixed with other tree species as well as monocultures of other tree species. We conducted a meta-analysis including 38 studies with 203, 220, and 160 observations for forest floor (i.e., the organic surface layer), mineral soil (0.5 m depth) and the total soil profile, respectively. Monoculture conifer stands had higher SOC stocks compared to monoculture beech in general, especially in the forest floor (up to 200% in larch forests). In contrast, other broadleaved tree species (oak, ash, lime, maple, hornbeam) showed lower SOC stocks in the forest floor compared to beech, with little impact on total SOC stocks. Comparing mixed beech-conifer stands (average mixing ratio with regard to number of trees 50:50) with beech monocultures revealed significantly higher total SOC stocks of around 9% and a smaller increase in TN stocks of around 4%. This equaled a SOC accrual of 0.1 Mg ha−1 yr−1. In contrast, mixed beech-broadleaved stands did not show significant differences in total SOC stocks. Conifer admixture effects on beech forest SOC were of additive nature. Admixing other tree species to beech monoculture stands was most effective to increase SOC stocks on low carbon soils with a sandy texture and nitrogen limitation (i.e., a high C/N ratio and low nitrogen deposition). We conclude that, with targeted admixture measures of coniferous species, an increase in SOC stocks in beech forests can be achieved as part of the necessary adaptation of beech forests to climate change.
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INTRODUCTION

European beech (Fagus sylvatica)–the dominant species of the potential natural forest vegetation and the main broad-leaved forest tree species in Central Europe (Ellenberg, 1988; Bolte et al., 2007) is increasingly affected by climate change due to longer, more intense and more frequent summer droughts. This has already led to physiological constrains (Rennenberg et al., 2006) as well as nutrient limitations including impaired ecosystem nitrogen cycling (Geβler et al., 2004; Jonard et al., 2015; Dannenmann et al., 2016). Several studies showed that the admixture of different tree species (e.g., oak, pine, and silver fir) to European beech can reduce drought susceptibility of beech (Pretzsch et al., 2013; Metz et al., 2016; Magh et al., 2018). These admixtures to beech might not only alter soil water dynamics and availability, but also change soil organic carbon (SOC) and nutrient cycling and accumulation in soils, compared to monoculture stands. A targeted selection of tree species has a large potential for SOC accumulation (Mayer et al., 2020) with up to 2–5 fold organic carbon (C) stock increase in the forest floor and up to two fold in mineral soil (Vesterdal et al., 2013). Organic C in soils is relevant for a wide range of soil functions and ecosystem services such as water and nutrient retention, erosion control and climate regulation (Lal, 2006; Lal et al., 2018). In this context, forests are increasingly discussed as option to mitigate greenhouse gas emissions (Hulvey et al., 2013). According to the United Nations framework convention on climate change of 1992 and the Kyoto protocol of 1997, C sequestration in terrestrial sinks by silvicultural management, including a change in tree species, has been accepted to offset carbon dioxide emissions for national carbon budgets.

However, information on admixing tree species to increase forest stand resilience in the context of climate change, and the potential consequences for SOC and total nitrogen (TN) stocks are scarce, but urgently required for forest management and policy. Effects of tree species on SOC and TN stocks have been studied mostly using common garden experiments or retrospective analyses (comparison of paired stands or single trees). Earlier research mostly addressed the differences in SOC stocks of monoculture forest stands (Ovington, 1956; Vesterdal and Raulund-Rasmussen, 1998; Gurmesa et al., 2013). In most cases coniferous and broadleaved stands were compared, with conifers revealing generally higher organic C stocks in the forest floor with rather inconsistent effects in the mineral soil (Vesterdal et al., 2013). Later, also interest in mixed forests increased (Borken and Beese, 2005; Cremer et al., 2016; Dawud et al., 2017). The most recent reviews on the effects of tree species on SOC stocks in temperate forests were conducted in the last decade (Vesterdal et al., 2013; Boča et al., 2014), however, comprehensive summaries on SOC stocks in mixed forest stands do not exist. So far, only the contribution of tree mixtures and tree species diversity to aboveground carbon sequestration have been reviewed (Hulvey et al., 2013).

Due to the high relevance of European beech in Europe, our central aim was to synthesize results from studies that compared SOC and TN stocks of beech monocultures with those of mixed beech stands as well as monocultures of other tree species. Our objectives were to: (1) detect effects of admixing other tree species to beech stands on SOC and TN stocks, (2) compare these stocks under beech monocultures with those of other monocultures, (3) identify soil and climatic factors that indicate the potential for SOC/TN stock increase due to admixture, and (4) identify knowledge gaps and future research needs. We hypothesized that (1) admixture effects on SOC stocks cannot be linearly derived from stocks in the corresponding monoculture stands due to non-additive and synergistic species mixture effects, and (2) that admixture of coniferous trees to beech stands results in larger increases of SOC and TN stocks than admixture of other broadleaved species. Finally, we expected that (3) the admixing effects vary depending on both soil and climate conditions.



MATERIALS AND METHODS


Data Compilation

A literature search was performed up to 13.12.2019 using different databases (see Supplement 1 for flow diagram of protocol). Besides others, key words used and differently combined were tree species, beech, tree diversity, soil organic carbon, carbon, stocks, storage as well as different countries and different tree species. The articles had to match the following criteria to be included in the meta-analysis: (1) The experiments used paired stands/designs (i.e., common garden experiments or retrospective analyses with adjacent stands on the same parent material, similar history and stand age) of European beech and at least one other tree species/tree species mixture with beech; (2) organic C stocks in the forest floor and/or mineral soil were reported or could be calculated; and (3) sampling designs included replicated measurements (n ≥ 3). In case, TN stocks were reported or could be calculated, we also collected information on this parameter. Data were extracted from tables or graphs by digitalization using GetData Graph Digitizer (version 2.26, Russian Federation). If a study included multiple observations at different sites, each site was regarded as independent study and included in the analysis. We recorded the data only once, if different studies were using the same data/ study site. Original SOC/TN stock data were converted to standard units (Mg ha−1). In case, only SOC/TN concentrations were reported, stocks were calculated using bulk density (BD) and sampling depth. If BDs were not determined (2 cases), they were estimated using the pedotransfer function from Post and Kwon (2000) (Equation 1) based on the organic matter (OM) content.
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Sampling depth for SOC stocks of the various studies ranged from 2 to 100 cm (Table 1). The mean sampling depth was 35 cm and for the comparison of SOC/TN stock data from various studies with different soil depths, a depth of 50 cm was selected. Although this does not reflect the full picture of SOC stocks, differences in SOC stocks due to species composition generally occur in the upper mineral soil (Jandl et al., 2014; Jonard et al., 2017). Original SOC/TN stock data presenting stocks for a depth <50 cm (21 studies, see Table 1) were extrapolated to 50 cm using the depth distribution functions from Jobbágy and Jackson (2000, 2001) (Equations 2, 3), where Y is the cumulative proportion of the SOC/TN stock from the soil surface to the depth d (cm). The relative rate of SOC stock decrease with depth (β) was calculated separately for deciduous stands (0.9656), coniferous (0.9673) and mixed beech-coniferous stands (0.9665). The SOC/TN stock in the upper 50 cm (X50) was calculated using β, the original SOC/TN stock (Mg ha−1) (Xd0) and the original soil depth available in individual studies (cm) (d0) (Equation 3).
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A test based on available measured profile data revealed that this extrapolation to 50 cm had neither effects on SOC and TN stocks nor on assessment of tree species effects (Supplement 2).


Table 1. References included in the SOC stock database for meta-analysis.
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Studies were also included when only organic C stocks for the forest floor or the mineral soil were reported. From reports presenting both, forest floor plus mineral soil, total SOC stocks were calculated. The dataset was split into three subsets: forest floor only, mineral soil only (50 cm), and total soil profile to 50 cm. Thus, we obtained a meta-data set of 203, 220, and 160 observations for forest floor, mineral soil and total soil profile from 38 studies, respectively (list of data sources see Table 1). European beech and comparisons with other species, were investigated from its northern to it's southern distribution limit. However, studies in Mediterranean and boreal climate region were very limited (two studies in the Mediterranean) (Table 1). Data were collected from 13 countries, with dominating research in Germany and Denmark (Figure 1).


[image: Figure 1]
FIGURE 1. Distribution of forest sites included in the meta-analysis (n = 102) illustrated by stars. The green color indicates the potential natural distribution area of European beech. Source: http://www.euforgen.org/species/fagus-sylvatica/.


We compiled information of SOC/TN stocks for 12 different tree species and seven types of mixtures with beech, each compared with monocultures of European beech (Table 1). Information of little studied species (e.g., Larix decidua) were merged with information on species of the same genus (e.g., Larix kaempferi) under their genus name (larch), if species effects showed the same trend. Species included are as follows (English names are used in text and figures): Norway and Sitka spruce (Picea abies & P. sitchensis), Douglas fir (Pseudotsuga menziesii), silver and Grand fir (Abies alba & A. grandis), larch (Larix decidua & L. kaempferi), pine (Pinus sylvestris; P. contorta; P. nigra), ash (Fraxinus excelsior), sycamore maple (Acer pseudoplatanus), lime (Tilia platyphyllos & T. cordata), oak (Quercus robur & Q. petraea), and hornbeam (Carpinus betulus). Main research from larch was on Japanese larch (Larix kaempferi), from oak on pedunculate oak (Quercus robur) and from spruce on Norway spruce (Picea abies). The age of the forest stands ranged between 27 and 160 years. If not stated otherwise, “broadleaved” refers to “broadleaved other than beech.” From the 14 studies investigating mixed stands, eight indicated the mixing composition: The percentage of beech in the mixtures ranged between 40 and 60%, with an average of 49%. Since the information on the mixture composition was limited, the dataset did not allow us to derive conclusions for different mixing ratios.

For each study we compiled meta-data as predictor variables, i.e., information regarding location, climate, stand, and soil properties (Supplement 1). For unification, we transferred the various soil taxonomies from national soil classifications used by the individual studies to the international classification of the World Reference Base for Soil Resources (IUSS Working Group WRB, 2015). Soil texture was summarized in four categories from sandy to loamy clay/clayey loam. Furthermore, the percentage of the sand content was extracted. If only the soil texture class was given, the percentage of sand was estimated using the soil texture triangle. We selected the months May to October as an approach to represent growing season climate and to calculate the drought index for each of this month (Equation 4). The drought index was later averaged for the whole 6 months period.
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Information on nitrogen deposition was collected from external sources (e.g.,1 for Belgium or2 for Germany).



Data Calculation, Statistical Analysis and Presentation

Since standard deviations were mostly not presented in the desired soil depth and a sum of standard deviations from each single soil layer would have created even a higher bias, an unweighted meta-analysis was used as has been common in previous SOC stock studies (Guo and Gifford, 2002; Li et al., 2012; Boča et al., 2014). For all publications included in the meta-analysis, the response ratio was calculated as the absolute annual difference of SOC stocks between the various tree species and mixtures in comparison to European beech monoculture (in the following shortened by using the phrase “tree-species-induced differences in SOC stocks”) (Equation 5). In addition, the percentage differences in SOC stock were calculated.
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As the number of observations was relatively scarce for some tree species, we combined results to different groups (conifers, broadleaved, mixed beech-conifers, and mixed beech-broadleaved). The difference between the SOC stock of the control (beech monoculture) and the treatment (various other tree species and mixtures) was considered significant at p < 0.05 when the 95% confidence interval did not include 0% difference (i.e., no change) in SOC stocks.

Multivariate models were developed to explore the impact of potential soil and environmental controls on tree-species-induced organic C stock differences in the forest floor and the mineral soil. To correct the percentage differences in SOC stocks for heteroscedasticity, values were log transformed. For the selection of the most relevant variables to be included in the model, we used multiple stepwise regressions with Akaike information criterion (AIC) for best model selection. The following potential predictor variables were considered for the extent of tree-species-induced SOC stock differences: stand type (categorical), forest floor/mineral soil organic C stock of the reference beech monoculture stand, forest floor/mineral soil C/N ratio, forest floor organic C stock of the respective stand, sand content in the mineral soil, nitrogen deposition, stand age of the paired stands, mean annual temperature (MAT) and mean annual precipitation (MAP) (all numeric).

Statistical analyses and data presentation were performed using R 3.5.3 (R Core Team, 2017). To test for normal distribution and homogeneity of variances the Shapiro-Wilk test and the Levene test were used at p < 0.05. The one-way analysis of variance (ANOVA) followed by the Tukey post hoc test (for normally distributed data) and the Kruskal–Wallis test followed by the Bonferroni post hoc test (for non-normally distributed data) was applied to compare mean values among various groups with p < 0.05 set as threshold for significant differences.

To test for interactive effects of species mixtures, we analyzed experimental designs that included a beech monoculture, a mixed beech stand and a monoculture of the admixed species. The Friedman test, a non-parametric paired test, followed by the Wilcoxon-Nemenyi-McDonald-Thompson post hoc test was used to test for significant differences between the SOC stocks of the mixed stand, beech monoculture and the monoculture of the admixed species. To test for the type of mixing effect (additive vs. non-additive) we compared the expected SOC stocks for the mixture (calculated based on the proportions for the corresponding monocultures) with the observed SOC stocks for the mixtures. From the regression patterns mixing effects can be derived (Figure 2). After assessing data distribution and homogeneity of variance, the paired t-test allowed to test whether the expected SOC stock was significantly different from the observed SOC stock.


[image: Figure 2]
FIGURE 2. Mixing effects derived from the relation of expected SOC stocks of mixed forest stands (based on calculated stocks using the corresponding monocultures) and observed SOC stocks for the mixed stands.





RESULTS

We found generally more observations comparing beech monoculture with other monocultures than comparing beech monoculture with mixed-beech stands (Supplement 4). Especially for spruce and oak, mixtures with beech were rarely studied: While there were ~40 observations comparing spruce and oak monocultures with beech monocultures, only 10–13 and one observations compared beech vs. spruce-beech and oak-beech mixed stands, respectively. Generally, tree-species induced effect sizes (expressed as % SOC stock difference) were largest in the forest floor (Supplement 5). Because of the small size of the forest floor C pool compared to the mineral soil C pool, annual changes in SOC accrual for the entire soil profile (Mg ha−1 yr−1 of C) were however mostly dominated by effects in the mineral soil (Figure 3).
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FIGURE 3. Average percentage and absolute annual differences of (A) SOC and (B) TN stocks summarized for monocultures (conifers, broadleaved) and mixtures with beech (mixed beech-conifers/mixed beech- broadleaved) compared to beech monocultures. Average mixing ratio: 50%/50%. Numbers next to the bars are the number of observations. Error bars show the standard error. Asterisks indicated significant differences compared to beech monocultures. Note that in some cases the difference for the total soil is not the sum of those for the forest floor and mineral soil, since not all studies included observations for both layers.



Tree Type Effects on SOC Stocks

Conifer monocultures showed significantly higher SOC accumulation in all soil layers when compared with beech monocultures (Figure 3A). Broadleaved monoculture stands other than beech had substantially less organic C in the forest floor compared to beech, but a larger SOC accrual in the mineral soil and total soil profile (50 cm) (0.09 Mg C ha−1 yr−1, p < 0.05). Comparing mixed stands to beech monocultures generally revealed similar effects as indicated from comparing monocultures (Figure 3A). Mixed beech-conifer forests had on average 9% more SOC in the total soil profile, which translated into an increased SOC accrual of 0.1 Mg C ha−1 yr−1 (Figure 3A). In contrast, mixtures of beech with other broadleaved tree species on average showed similar SOC stocks as compared to beech monocultures.



Effects of Single Tree Species on SOC Stocks

Among the coniferous tree species, monocultures of larch, spruce, Douglas fir as well as silver/Grand fir showed the largest increases in total SOC stocks compared to beech monoculture, while only pine monocultures had similar SOC stocks as beech monoculture (Figure 4, Supplement 5A). Coniferous forest floor organic C stocks were generally considerably higher when compared to beech with up to 200% or 0.32 Mg ha−1 yr−1 in larch forests, that was also the case for mineral organic C stocks that revealed up to 45% or 0.30 Mg ha−1 yr−1 higher stocks (silver & Grand fir stands) (Figure 4). Monoculture stands of oak, ash, lime, and maple stored significantly less organic C in the forest floor than beech monocultures (41–72%), but more in the mineral soil (up to 28%), which overall slightly higher SOC stocks in broadleaved monocultures other than beech (Figure 4, Supplement 5A).


[image: Figure 4]
FIGURE 4. Average absolute annual differences of SOC stocks of monoculture stands compared to beech monoculture. Numbers next to the bars are the number of observations. Error bars show the standard error. Asterisks indicated significant differences compared to beech monoculture. Note that in some cases the difference for the total soil is not the sum of those for the forest floor and mineral soil, since not all studies included observations for both layers.


European beech stands mixed with the conifers spruce, Douglas fir, pine and silver/Grand fir showed considerably higher organic C stocks in the forest floor (2–101%, 60% on average, Figure 5, Supplement 5B) compared to beech monoculture. Up to doubled organic C stocks were found in forest floor of mixed beech-spruce and mixed beech-Douglas fir stands compared to beech monocultures (Supplement 5B). In mineral soil, these effects were most pronounced for pine. This resulted in considerably higher annual differences in total SOC sequestration, in particular for mixed beech-pine stands (increase of 0.36 Mg ha−1 yr−1 of C) (Figure 5). Mixed beech-broadleaved stands are much less studied with the scarce data available indicating marginal SOC changes for mixtures of beech with oak, ash and lime, thereby confirming patterns observed based on comparisons of monocultures (Figure 3A).
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FIGURE 5. Average absolute annual differences of SOC stocks of mixed forest stands compared to beech monocultures. Numbers next to the bars are the number of observations. Error bars show the standard error. Asterisks indicated significant differences compared to beech monocultures. Note that in some cases the difference for the total soil is not the sum of those for the forest floor and mineral soil, since not all studies included observations for both layers.


The studies that allowed a comparison of beech monoculture with both, mixed stands and monoculture of the admixed species, were analyzed separately. For the forest floor organic C stocks, we found a significant, additive mixing effect for both types of admixtures (conifers, broadleaved species), i.e., the organic C stocks of the mixed stand could be deduced from the mixing ratio (Supplements 6A,D). For the mineral soil, no species composition effect was observed (Supplement 6B) and therefore, no mixing effect. For total SOC stocks, we found no species composition effect and therefore no mixing effect when considering admixtures with broadleaved, but a significant (p < 0.05) and additive species mixing effect for the mixtures with conifers (Supplements 6C,E).



Total N Stocks and C/N Ratios

Tree-species induced differences of TN stocks showed mostly similar patterns as those observed for SOC stocks when compared to beech monoculture (Figure 3B). However, in the mineral and total soil, broadleaved stands showed higher increases in TN stocks compared to beech than conifer stands, which is in contrast to observations of SOC stock differences. The limited number of observations in mixed stands showed TN stock increased in mixed beech-conifer stands by 4% and no change due to admixture of other broadleaved species (Figure 3B).

Strong correlations between the differences of SOC and TN stocks of other monocultures and mixed stands compared to beech were detected (forest floor: R2 = 0.88, mineral soil: R2 = 0.89, total soil: R2 = to 0.69) (Supplements 7A,B). For conifers and mixed beech-conifers, the relative TN stock changes were found to be lower than relative SOC stock changes and the C/N ratio increased in all soil layers (Supplement 7C). For broadleaved species, C/N ratios for the mineral and total soil tended to decrease compared to beech, while mixed beech-broadleaved forest floor C/N ratios were higher than beech C/N ratios.



Controls of Tree-Species Induced SOC Differences
 
Forest Floor

The multiple stepwise regression analyses showed that the stand type (broadleaved, conifer, mixed beech-conifer, and mixed beech-broadleaved) explained a large part of the tree-species-induced forest floor organic C stock differences. Further, the forest floor organic C stock of the reference beech stand also had predictive power in the multivariate model. In total, 67% of the variance was explained by these factors (Table 2). Differences of organic C stocks between other tree species/mixtures and beech were highest at forest floors with low initial forest floor organic C stocks of 0.4–10 Mg ha−1 and decreased with increasing initial organic C stock (Figure 6A).


Table 2. Results of the multiple stepwise regression analyses to identify the factors driving the differences in organic C stocks of other tree species/mixtures compared to beech in the forest floor and the mineral soil.
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FIGURE 6. Effects of statistically significant drivers on tree-species-induced differences in forest floor C stocks (A) and mineral SOC stocks (B–F). For forest floor C stock differences, this was the forest floor organic C stock of the reference beech stand (A). For the mineral soil differences, important drivers were (B) the C/N ratio of mineral soil, (C) the reference mineral SOC stock of the beech stand, (D) the soil sand content, (E) nitrogen deposition, and (F) the stand age. The solid lines represent the multivariate model predictions with average values assumed for all of the other variables in the model. The equations were obtained from the full multivariate model using the function: y = exp(4.85 − 3.4 * 10−3 a − 2.0 * 10−3 b + 0.03 c − 0.01 d − 2 * 10−3 e) − 100, with the constants a- Mineral SOC stock of the reference beech stand [Mg ha−1] = 78, b- sand in % = 60, c- C/N ratio of the mineral soil = 16.8, d- Nitrogen deposition [kg ha−1yr−1] = 13.2, e- stand age (years) = 65. The effect of the sand percentage is partly confounded with the other effects. Therefore, the effect of sand content is illustrated using C/N ratios.




Mineral Soil

For the tree-species-induced SOC stock differences in mineral soil, the C/N ratio of the mineral soil of the respective species, SOC stock of mineral soil of the reference beech stand, percentage of sand content in soil, the stand age of the paired stands and nitrogen deposition explained 40% of the variance (Table 2). The mineral soil C/N ratio was with the highest partial R2 the most important predictor of tree-species-induced mineral SOC stock differences. The multivariate model revealed an exponential relation with increasing tree-species-induced SOC stock differences at increasing mineral C/N ratio (Figure 6B). Furthermore, largest differences in SOC stocks due to tree species appeared at stands with a low nitrogen deposition (8–20 kg ha−1yr−1) and at younger forest stands, aged 40–50 years (Figures 6E,F).

Regarding the influence of SOC stocks of beech reference stands, largest tree-species-induced differences in C sequestration were found for low SOC stocks of 12–50 Mg ha−1, with exponentially decreasing differences at increasing beech SOC stock (Figure 6C). Finally, the percentage of sand was an important predictor (partial R2 = 0.1). On sandy soils up to three-fold higher SOC stocks were observed (mean: 57%) for other species or beech mixtures compared to beech monocultures. With a decrease in soil sand content, tree-species-induced differences in SOC stock decreased (Figure 6D). When subdividing the meta-dataset in 4 texture categories from high (sandy) to low (clayey loam/loamy clay) grain sized soils, the largest tree-species-induced SOC stock increase was observed for sandy soils (Supplement 8A). Consequently, also soil type affected tree-species induced SOC changes with Podzols and Regosols showing significantly higher C sequestration rates compared to the other soil types (Acrisol, Cambisol, Chernozem, Histosol, Leptosol, and Luvisol) (Supplement 8C). In this context, legacy effects on SOC stocks were found from the previous land use. Afforested heath and mining lands showed significantly higher C sequestration rate differences of other tree species compared to beech than previous agriculture or forest lands (Supplement 8B).

In contrast to soil parameters, climate parameters, including MAT, MAP, precipitation during growing season and the drought index showed no predictive power for tree-species-induced SOC stock differences (see Table 2 for important parameters).





DISCUSSION


Additive Admixing Effects on SOC and TN Stocks

Tree species admixing effects on SOC stocks could differ from those deduced from comparison of monoculture stands due to non-linear interactions e.g., in litter decomposition. Borken and Beese (2005) investigated two kinds of mixtures of beech with spruce and found similar effects on forest floor organic C stocks, no matter if 30 or 70% spruce were admixed to beech. From this single study, it may be assumed that the mixing ratio does not have large impact on forest floor organic C stocks, possibly due to synergistic or antagonistic interactions. In the present meta-analysis however, additive species mixing effects were observed for the forest floor organic C stocks of mixed stands (Supplements 6A,D, Figure 5). Based on these observations, our hypothesis (1) on synergistic mixture effects cannot be confirmed for the forest floor organic C stocks.

Considering the mineral soil, for mixtures with beech (1) intermediate values between the monoculture stands (Jonard et al., 2007; Cremer et al., 2016), (2) largest SOC stocks in mixed stands (coniferous-beech stands) (Andivia et al., 2016; Błońska et al., 2018; Rehschuh et al., 2019, unpublished), and (3) no detectable differences between beech monoculture and mixed stands (Langenbruch et al., 2012; Berger et al., 2015; Dawud et al., 2017) were observed in individual experimental studies. Synergistic effects of mixed stands on mineral SOC could be due to a more complex structure of the stand and greater density of crowns and rooting systems due to the exploiting of deeper soil layers by beech fine roots when mixed e.g., with spruce (Bolte and Villanueva, 2006; Cremer et al., 2016) with increased belowground biomass and an increased root turnover (Andivia et al., 2016; Błońska et al., 2018). No effects of the admixtures of other tree species to beech were attributed to the prevention of any larger niche differentiation and complementarity because of relatively similar tree species traits (Dawud et al., 2017). The largely additive effects observed in this synthesis point to an overall relatively low importance of such non-linear mixing effects. Consequently, our hypothesis (1) can also not be confirmed for the mineral and total soil, since the SOC stocks of the mixtures can be additively derived from the corresponding monoculture stocks.



Tree-Species Induced SOC and TN Stock Differences
 
Forest Floor

Our study revealed higher forest floor organic C stocks in mixed beech-conifer stands but lower forest floor OC stocks in beech stands mixed with other broadleaved tree species (Figure 4). That conifers reveal higher organic C stocks in forest floors compared to broadleaved stands such as beech (Prescott and Vesterdal, 2013) is related not only to the more recalcitrant litter (Scheu et al., 2003) with higher lignin and lower nutrient concentrations (especially calcium) (Raich and Tufekcioglu, 2000; Hobbie et al., 2006; Ahmed et al., 2016), but also to the lower faunal and microbial activity due to lower pH-values (Hobbie et al., 2006).

For broadleaved stands, also previous studies reported species-induced differences in forest floor organic C stocks. Vesterdal et al. (2013) showed that relatively low organic C stocks were present under ash, lime and maple, whereas beech and oak were species with organic C stocks intermediate between conifers and other broadleaved species. Beech litter was found to have highest lignin contents and highest C/N ratios with ~53 out of 5 deciduous tree species studied (amongst lime, maple, ash) (Jacob et al., 2010). In the present study, oak forest floors showed with 28 out of 29 observations faster litter decomposition and, hence, lower organic C stocks than beech.

Generally, tree-species induced differences in forest floor organic C stocks can be either due to different litter production or different litter decomposition. Although trees produce similar (Andivia et al., 2016) or even higher litter amounts in broadleaved stands (Butterbach-Bahl et al., 2002), organic C stocks are higher under stands with conifers intermixed, pointing to the importance of processes related to litter decomposition (Augusto et al., 2015). Slower decomposition and, therefore, slower biogeochemical cycles are observed, when litter with lower nutrient concentrations (usually from conifers) are admixed to higher quality litter and vice versa (Chapman et al., 1988). Jonard et al. (2006) found a positive relationship between the forest floor litter mass and the proportion of the most recalcitrant litter. In a litter bag experiment with differently mixed litter of 3–5 broadleaved tree species, Jacob et al. (2010) showed that decomposition rates decreased with increasing proportion of beech, pointing to poorest litter quality of beech leaves among the broadleaved species studied. These results further show that decomposition rather depends on the tree species identity than on tree species diversity (Jacob et al., 2010; Dawud et al., 2016). However, Joly et al. (2017) reported that tree species diversity indirectly affects decomposition due to modified micro-environmental conditions. Apparently, litter fall dynamics and distribution also play an important role for litter decomposition (Rothe and Binkley, 2001; Dawud et al., 2017). In sum, we provide evidence that effects of admixing other tree species to beech forests rather exerts additive effects on forest floor organic C stocks, that can be deduced based on the litter quality of admixed tree species and the mixing ratio. Consequently, conifers are most suitable to increase forest floor organic C stocks of beech stands.



Mineral and Total Soil

The mineral soil showed smaller relative (expressed in % change) but larger absolute (expressed in Mg ha−1 yr−1) tree-species induced changes compared to the forest floor (Figures 4, 5, Supplement 5). This is due to larger residence time, resistance to disturbance, and overall pool sizes of mineral soil compared to forest floor organic C stocks (Hedde et al., 2008; Vesterdal et al., 2013). On average, we detected a plus in SOC sequestration in the mineral soil of 0.2 and 0.1 Mg ha−1 yr−1 for conifers and other broadleaved species, respectively (Figure 3A) compared to beech. These results are generally in line with the findings of Boča et al. (2014), who found conifers compared to beech dominated stands to have on average 26 and 19% more organic C in the forest floor and mineral soil, respectively. Also, Vesterdal et al. (2013) summarized that in temperate climate more mineral SOC is stored under ash, maple, lime, and ulm than under beech. Besides leaf litter inputs, root debris, rhizodeposition (Kuzyakov and Domanski, 2000; Jandl et al., 2007; Trum et al., 2011; Schleuß et al., 2014) and microbial-derived compounds (Angst et al., 2018) are important C inputs into mineral SOC pools, while C output is controlled by decomposition and leaching processes. Usually it is assumed that largest differences due to tree species occur in the top mineral soil because of the great influence of litter incorporation. However, in ancient forests of >230 years also significant differences were found in the subsoil (Nitsch et al., 2018). Generally, the soil organic matter (SOM) of subsoil horizons might be more dynamic than previously thought, possibly driven by root C input (Tefs and Gleixner, 2012). Land use legacy can affect SOC stocks (Li et al., 2012) and thus is a potential confounding factor in meta-analyses comparing different forest stands. Here we minimized such bias by the selection of adjacent paired stands only, and by refusing studies which reported such differences in previous land use. Because only few studies included in the present meta-analysis revealed SOC stocks of the lower subsoil (see Table 1), it was not possible to analyze SOC stocks for deeper soil layers >0.5 m. However, the role of the subsoil in tree-species induced SOC stock differences is assumed to be rather limited (Jandl et al., 2014). Nonetheless, root chemistry is essential. Angst et al. (2019) found that SOC stabilization under different tree species mainly varies due to differences in tissue chemical composition, especially of roots. Tree species with roots rich in nitrogen, but low in calcium contents and low in recalcitrant compounds such as lignin are thought to increase SOM stability (e.g., European larch, Scots pine, and Douglas fir) (Angst et al., 2019). This is because easily decomposable SOM promotes microbial induced stabilization of SOC via organo-mineral compounds (Cotrufo et al., 2013). Therefore, for the selection of tree species to be admixed to beech, in addition to quantifying SOC stocks, also the root litter quality should be considered.

It has been frequently discussed, if there is a difference in the vertical allocation of SOC stocks between conifers and broadleaved species rather than a difference in total SOC stocks. It is suggested that less C in the mineral soil offsets higher C stocks in the forest floor and vice versa (Vesterdal et al., 2008, 2013; Wiesmeier et al., 2012; Prescott and Vesterdal, 2013). In the present study we show that this is possibly evident for broadleaved species other than beech as well as mixed beech-broadleaved stands, showing a slightly negative relation of forest floor organic C stocks and mineral SOC stocks (Supplement 9). However, for coniferous, beech monoculture and mixed-beech-coniferous stands this assumption was not confirmed. Apparently, increases in forest floor organic C are not generally offset by lower mineral SOC storage, but accompanied by larger SOC stocks in mineral soil as well. Around 80% of the conifer stands observed showed higher C stocks in the mineral soil than beech stands. Also in the meta-analysis of Boča et al. (2014), forest floor and mineral organic C patterns were not closely linked when testing forest floor organic C as predictor for mineral SOC stocks. From these contrasting findings, it appears that different species groups have to be distinguished for assumptions on vertical SOC distribution and total stocks.

The present meta-analysis shows that coniferous and other broadleaved stands can sequester significantly more C in the total soil profile than beech stands. Mixed beech-broadleaved stands only showed small differences in total SOC compared to beech. However, mixtures of beech with conifers showed considerably higher total annual SOC accumulation, on average 0.1 Mg ha−1 yr−1 with pine, Douglas fir and silver fir as potential tree species to be intermixed in existing beech forests. Thus, hypothesis (2) of this study was confirmed. For the adaption of beech forests to climate change, admixtures of coniferous tree species could enhance soil C sequestration.

While the admixture of conifers has positive effects on C stocks, nonetheless, tradeoffs should also be mentioned here, such as a decrease in soil pH (Augusto et al., 2015) and a decrease in earthworm biomass and diversity (Ammer et al., 2006). Further, there might be undesired impacts on the soil biological net methane sink, which decreases slightly due to conifer admixture to beech (Menyailo and Hungate, 2003; Rehschuh et al., 2019).



Close Coupling of Tree-Species Induced SOC and TN Stock Changes

Differences in SOC and TN stocks compared to beech monocultures were generally closely coupled (Supplements 7A,B). However, there are differences between the groups of tree species types. The relatively higher TN gain in other broadleaved than conifer stands (Figure 3), i.e., a lower C/N ratio of the mineral soil compared to conifers, could be explained by lower C/N ratios in the fresh leaf litter of broadleaved species. Vice versa, Conifers showed significantly higher C/N ratios compared to beech in all soil layers (Supplement 7C), which in the long term could result in progressive nitrogen limitation (Li et al., 2012). From this observation it appears that admixture of conifers to beech would result in higher C/N ratios. Whether this leads to changes in nitrogen availability however remains uncertain, e.g., due to counterbalancing effects of atmospheric N deposition.




Which Beech Sites Are Most Promising to Increase SOC Stocks Due to Admixture of Other Trees?

We assessed a range of predictors of tree-species induced differences in SOC stocks in order to identify indicators for sites, where admixture of other tree species to beech is most promising. Clearly, the admixed or compared tree species were decisive for forest floor organic C gain compared to beech monocultures, thereby reflecting the importance of tree species-associated recalcitrance of litter on C accumulation in forest floors. However, also a range of soil, site and beech stand properties regulated the potential SOC gains due to other tree species. High carbon gain at low forest floor and mineral soil organic C stock of the reference beech stand (Figures 6A,C) might reflect enhanced productivity of admixed tree species and a relatively fast change of forest floor organic C due to production of more recalcitrant litter.

Also with increasing mineral soil C/N ratio (Figure 6B) as well as at stands with lower nitrogen deposition (Figure 6E), larger tree-species induced increases in SOC stocks were found. This might be due to the fact, that SOM decomposition is reduced due to nitrogen limitation and this effect is stronger for species with more recalcitrant woody and leaf debris. Further, largest differences in mineral SOC sequestration rates between various other tree species and beech were found in soils with a sandy texture such as Podzols and Regosols, and sites with the historical land cover/use of heath and mining, that typically go along with low SOC stocks (Figures 6C,D and Supplement 8). Dawud et al. (2017) investigated beech, Douglas fir and mixtures on sandy and clayey soils and found greater impacts of tree species admixture in sandy soils. Also in another study on C sequestration in forest soils, sandy soils showed higher enrichments in C compared to clayey and calcareous soils (Grüneberg et al., 2014). In general, larger SOC stocks and a better stabilization due to associations of C in organo-mineral complexes and aggregation are found in clayey and loamy soils rather than in sandy soils (Jandl et al., 2007; Schleuß et al., 2014; Angst et al., 2018). SOC stocks in the mineral-associated organic matter fraction are mainly controlled by pedogenic properties (Grüneberg et al., 2013). Hence, we assume that clayey and loamy soils buffer tree species effects better than sandy soils because the soil properties might more strongly control SOC stocks than the chemical recalcitrance of litter inputs. In contrast, in sandy soils with relatively low stabilization of organic C in aggregates and organo-mineral associations, the input of chemically recalcitrant litter from coniferous trees as well as a higher productivity will result in higher relative differences of SOC (see also Grüneberg et al., 2014). In sum, on sandy and low carbon soils, such as Podzols, Regosols, previous heath and mining lands, as well as on soils with nitrogen limitation, admixtures of other tree species to beech are most effective in terms of C sequestration, thereby confirming hypothesis (3) part one.

With hypothesis (3) part two, we expected an effect of climate parameters such as MAT, MAP, precipitation during growing season and the drought index on the magnitude of tree-species induced differences, which could not be confirmed (Table 2). Climate is assumed to have a higher effect on mineral SOC stocks than tree species (Vesterdal et al., 2013), i.e., with drier climate, lower microbial activity is expected and thus an enrichment in SOC stocks. A legible effect of climate in our study might be explained by the fact, that most of the studies included were conducted in temperate regions with similar MAP or MAT and only two in the subtropics. Apparently, for the sampled dataset with its relatively narrow climate variability, the effect of tree species on SOC stocks is not substantially influenced by climate parameters.




CONCLUSION

Based on a meta-analysis we show that the admixture of conifers to beech forests can increase carbon accumulation in soils by on average 9% which corresponds to 0.1 Mg ha−1 yr−1. The highest potential to increase SOC of beech forests is found for soils with sandy texture, low organic matter content, and nitrogen limitation (low N deposition and high C/N ratios). As this meta-analysis highlighted a lack of studies on the most climate-change-sensitive beech stands at the Southern distribution limit, future studies should fill this gap. Furthermore, an improved understanding of C and N stabilization mechanisms in soil, and quantification of both above- and belowground carbon sequestration, are desirable for developing further improved guidelines for forest compositions with high ecosystem carbon sequestration in a changing climate.
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Authors(s) (year) Location

Tree species

Sampled layers
(sampling depth of

No. of study site(s)

MS in om)
Andivia et al. (2016) Czech Republic Beech, Spruce, Mixed Beech-Spruce FF,MS (10) 1
Andersen et al. (2004) Denmark Beech, Spruce, Oak, Grand fir MS (90) 4
Bagherzadeh et al. (2008) Germany Beech, Spruce, Mixed Beech-Spruce FF 1
Berger et al. (2010) Austria Beech, Spruce, Mixed Beech-Spruce FF,MS (10) 6
Berger et al. (2015) Austria Beech, Spruce, Mixed Beech-Spruce MS (10) 2
Bloriska et al. (2018) Germany, Poland Beech, Pine, Mixed Beech-Pine FF, MS (25) 3
Borken and Beese (2005) Germany Beech, Spruce, Mixed Beech-Spruce FF 1
Borken et al. (2002) Germany Beech, Spruce, Pine MS (10) 2
Butterbach-Bahl et al. (2002) Germany Beech, Spruce FF,MS (20) 1
Christiansen et al. (2012) Denmark Beech, Ash, Oak FF, MS (100) 3
Cremer et al. (2016) Germany Beech, Spruce, Mixed Beech-Spruce, Douglas fi,  FF, MS (60) 3
Mixed Beech-Douglas fir
Dawud et al. (2017) Denmark Beech, Douglas fir, Mixed Beech-Douglas fir FF, MS (20) 2
Elberling and Denmark Beech, Spruce FF, MS (100) 1
Ladegaard-Pedersen (2005)
Garlzia-Bengoetxea et al. (2009)  Spain Beech, Oak MS (5) 1
Girona-Garcia et al. (2018) Spain Beech, Pine FF,MS (10) 1
Gurmesa et al. (2013) Denmark Beech, Spruce, Oak, Larch FF, MS (30) 8
Unpublished G and N content Belgium Beech, Oak, Beech-Oak FFMS (2) 1
determined by a CHN analyzer;
soil sampling see Jonard et al.
(2007)
Ladegaard-Pedersen et al. Denmark Beech, Spruce, Douglas fir, Silver fir, Grad fi, Oak,  FF (one site), MS ((both 2
(2005) Pine, Sitka spruce, Larch sites?) 50)
Langenbruch et al. (2012) Germany Beech, Ash, Lime, Mixed Beech-Ash, Mixed FF, MS (20) 2
Beech-Lime, Mixed Lime-Ash
Leuschner et al. (2013) Germany Beech, Pine FF, MS (60) 5
Lorenz and Thiele-Bruhn (2019)  Germany Beech, Dougles fir, Pine FF, MS (30) 1
Mareschal et al. (2010) France Beech, Douglas fir, Spruce, Pine MS (15) 1
Mueller et al. (2012) Poland Beech, Silver fir, Spruce, Douglas fir, Oak, Pine, MS (20) 1
Lime, Larch, Maple
Neirynck et al. (2000) Belgium Beech, Oak (1 site), Lime (1 site), Maple (1 site) MS (22 2
Ninlgérd (1971) Sweden Beech, Spruce FF, MS (65) 1
Nitsch et al. (2018) Germany Beech, Oak, Mixed Beech-Pine MS (55) 10
Oostra et al. (2006) Sweden Beech, Spruce, Oak, Ash, Hornbeam FF, MS (20) 1
Ovington (1956) Great Britain Beech, Spruce, Douglas fir, Grand fir, Ok, Larch FF, MS (60) 1
Prietzel and Bachmann (2012) Germany Beech, Douglas fir FF, MS (50) 9
Rehschuh et al. (2019) Germany Beech, Beech-Silver fir FF, MS (90) 1
Rehschuh et al. (unpublished);  Croatia Beech, Silver fir, Beech-Siler fir FF,MS (45) 1
Methods and results for SOC/
TN stock analysis see
Supplement 3
Schmidt et al. (2015) Germany Beech, Oak, Lime, Hombeam MS (10) 1
Schulp et al. (2008) The Netheriands Beech, Dougles fir, Pine, Larch FF,MS (20) 1
Trum et al. (2011) France Beech, Spruce, Douglas fir, Oak FF 1
Vesterdal et al. (2008) Denmark Beech, Spruce, Ash, Lime, Maple FF, MS (30) 6
Vesterdal and Denmark Beech, Spruce, Douglas fir, Grand fi, Sitka spruce,  FF 7
Raulund-Rasmussen (1998) Oak, Pine
Zederer et al. (2017) Germany Beech, Spruce FF (3 sites), MS (all 4
sites) (5)
Zhiyanski et al. (2008) Bulgaria Beech, Spruce MS (50) 1

Soil layers: FF-forest floor, MS-mineral soil.
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Overall model

Selected parameters:

Reference forest floor G
stock (stock of beech)

Stand category:

- Conifers.
- Broadleaved

- Mixed beech-conifer
- Mixed beech-broadleaved

Forest floor

Total R? and partial R?
for each variable

0.67

0.08

0.66

p-value

<0.0001

<0.0001

<0.0001
0.062

<0.0001
<0.0001

Coefficient

-0.021

1.124
—-0.41

1.146
43

Overall model

Selected parameters:

Intercept

Reference mineral SOC
stock (stock of beech)

Sand %

Mineral soil C/N ratio of
respective stand

N deposition
Stand age of paired stand

Mineral soil

Total R? and partial R?
for each variable

0.40

0.14

0.10
0.22

0.05
0.08

p-value

<0.0001

<0.0001

<0.0001

0.012
<0.001

<0.001
<0.001

Coefficient

4.85

-3.4+107%

—20%103
0.03

-0.01
—20%107°

Percentage differences were log transformed in order to account for heteroscedasticity. The table shows the R? and p-values for the overall models as well as the partial R? and
significances of each variable included in the model.
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