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About 100 years ago, groups of European beech were reintroduced into Norway spruce stands in some parts of Germany as a restoration approach. The aim of this approach was to maintain or rehabilitate the ecological function of soil fertility and the regeneration option of beech for the next generation. The effect of beech groups on surrounding spruce stands was studied in the Ore Mountains by recording natural regeneration of beech and humus layer thickness and form. Point pattern statistics were used to analyse the spread of beech regeneration and to determine factors influencing its establishment. It was found that the density of regeneration decreases with increasing distance from the beech group. However, beech regeneration was found up to distances of 69 m. Furthermore, it becomes evident that PAR radiation (maximum regeneration densities at PAR values of 35 W/m2) and fencing (3.41 times higher regeneration density compared to unfenced areas) against deer have a positive influence on beech regeneration density. Ordered categorical models were used to model humus form and non-linear models were used to model humus layer thickness. It could be proven that the most bioactive humus forms and lowest humus layer thicknesses were found within the beech group. With increasing distance to the beech group, the total humus layer thickness and the proportion of mormoder in the spruce stand increased. The positive influence of the beech group on the humus composition extends to about 40 m from the centre of the beech group. Due to the former arrangement of the beech groups in the terrain, the effects can also extend to the spruce stands in between. The hypotheses on the restoration approach of reintroducing groups of beech into spruce stands formulated by foresters 100 years ago can thus be confirmed. For future restoration approaches of spruce stands, groupwise mixtures of beech should be established with a distance of 40–50 m.
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INTRODUCTION

Forests are of great importance for multiple ecosystem services such as provisioning services, cultural services, regulating and maintaining services (Haines-Young and Potschin, 2011). Within the 18th and 19th centuries, exploitive harvesting, the removal of litter and grazing led to severe deforestation and degradation in Germany (Schmidt-Vogt, 1987; Hasel and Schwartz, 2006). These forests could only very inadequately fulfil the full range of ecosystem services. At the same time, the demand for wood increased rapidly due to the beginning of industrialisation (Kandler, 1992; Hasel and Schwartz, 2006). However, in order to satisfy the great demand for timber, wood production was unilaterally promoted through extensive reforestation with fast-growing conifers (Schmidt-Vogt, 1991). As a result, European beech (Fagus sylvatica L.) was largely replaced by secondary Norway spruce (Picea abies [L.] Karst) or Scots pine (Pinus sylvestris L.) forests (Johann et al., 2004; Zerbe, 2019). The main reasons for the strong decline of beech in the 19th century were the change from selective harvesting to clear-cutting, the easier artificial regeneration of coniferous trees on clear-cuts, the difficult natural regeneration of beech due to frost, soil compaction and deer browsing, as well as higher economic yields of coniferous stands.

Although the large, even-aged pure coniferous stands initially produced high yields, they were also the basis and starting point for widespread calamities caused by storms or insect pests (de Groot et al., 2019). Massive and increasingly frequent large-scale damage events caused foresters and scientists alike to think about alternative silvicultural methods (Weidenbach, 1895; Gayer, 1897; Wagner, 1905; Martin, 1919; Rebel, 1922; Graser, 1935). In addition, numerous studies showed the degradation of topsoils under spruce and pine, which becomes evident in topsoil acidification, accumulation of humus and loss of available fractions of some nutrient elements (Krauss et al., 1939; Worrell and Hampson, 1997). As a result of soil degradation, declines in spruce growth were observed after repeated rotations (Wiedemann, 1923).

In order to combat further forest degradation, ecosystem restoration was necessary. However, this requires innovative rehabilitation approaches that encompass ecological, social and economic aspects (Stanturf, 2016). Appropriate rehabilitation approaches were already field tested by some German foresters in the 1920s in the Ore mountains (Clemens, 1930; Graser, 1935). The objectives of the concepts were the preservation of site sustainability, an increase in the resilience of spruce stands to abiotic and biotic damage, the enhancement of forest aesthetics, the creation of natural regeneration options, an improvement of the water regime as well as the protection of cultural values (Weidenbach, 1895; Gayer, 1897; Hübsch, 1898; Ranfft, 1913; Bernhard, 1922; Clemens, 1930; Graser, 1935). However, it was not the objective to produce high quality wood within the beech groups, as plant density and aggregate sizes were too small (Tiebel et al., 2016; Weidig and Wagner, 2021). The rehabilitation approaches in the pure spruce stands were realised by the following silvicultural techniques: Beech were planted in circular groups of 10 to 25 m diameter in the spruce stands (Graser, 1916, 1935; Clemens, 1930, 1931). The distance of 40-50 m between the beech groups should take into account the spread of beech litter as well as the spread of beech natural regeneration (Rebel, 1922; Clemens, 1930). The number of beech groups per hectare is given in the literature studied as between 5 and 7, thus an admixture proportion of 10 to 30 % should develop.

Today, after almost 100 years, we take the opportunity to evaluate the success of this restoration approach. For this purpose, the following hypotheses formulated by Clemens (1930) and Graser (1935) were to be examined: (1) By planting beech groups in spruce stands, initials for the natural regeneration of beech will serve to create mixed spruce and beech stands in the following generation. It is hypothesised that beech will disperse and establish in the neighbouring spruce stand. The chosen distances between the beech groups take into account the dispersal distance of beech. (2) Planting groups of beech in spruce stands is intended to preserve soil fertility or to rehabilitate soil degradation that has already occurred. It is hypothesised that beech litter has a positive influence on the humus composition of the site. The humus layer thickness increases with increasing distance to the beech trees. At the same time, humus quality decreases with increasing distance to the beeches.



MATERIALS AND METHODS


Study Area

The main area, where small-scale restoration of beech at the beginning of the 20th century took place, was in the Ore mountains in Saxony, Germany (Ranfft, 1913; Graser, 1916; Bernhard, 1922; Clemens, 1930). Therefore, the study was conducted on six sites containing beech groups and surrounding spruce stand: Two beech groups were used to survey the natural regeneration. Additionally, four beech groups were selected to record the humus composition (Table 1). Based on representative stand and site characteristics, three sites are located in the central Ore Mountains in Zöblitz (50°41’09.0′N and 13°13’14.4′E). The other three sites are located in the eastern upper Ore Mountains in Holzhau (50°45’14.7′N and 13°35’02.3′E). The altitude in Zöblitz is 545 m while Holzhau is at 749 m. The altitude influences the average annual temperature and rainfall within the Ore Mountains (Gauer and Kroiher, 2012). The mean annual precipitation ranges from 950 mm in Zöblitz to 1100 mm in Holzhau. The annual average temperature varies between 8°C in Zöblitz and 6.5°C in Holzhau (Spekat et al., 2020). All sites were selected so that their sites had similar characteristics in terms of nutrient content and water supply. The dominant soil types of the sites are Cambisols with medium nutrient content and an average water supply. The selection of the humus sites was based on the fact that there was not too much natural regeneration, which itself already has a litterfall. In the selection process, importance was also attached to intact spruce stands with a closed canopy. Although Luzulo-Fagetum (high-montane) are the dominant potential natural vegetation types, even-aged pure spruce stands dominate the study area.


TABLE 1. Characteristics of the experimental plots with regard to size of the beech group, age of the beech and age of the surrounding spruce stand.

[image: Table 1]
The age of the beech groups, the crown area of the beech group and the surrounding spruce stand age are characterised in Table 1. The distribution of the dbh of bech seed trees on the regeneration plots is given in Supplementary Figure 1. Through Table 1, the technique of restoration becomes clear: 2–3-year-old nursery beech trees are planted in existing or artificially created gaps with a density of approx. 10,000 plants per ha. With some age advance of the beech planted, the remaining spruce in the overstorey were harvested and spruce was naturally regenerated or planted.



Experimental Design – Beech Natural Regeneration

In order to determine the dispersal of natural beech regeneration into the surrounding spruce stand, two experimental plots were surveyed and the position of beech seed trees and beech regeneration, i.e., beech seedlings and saplings (< 7 cm dbh), were mapped (regeneration_H1 and regeneration_Z1). For this purpose, it is necessary to measure the coordinates of the beech seed trees as well as the beech natural regeneration. The experimental plot was designed with a size of 100 × 100 m in Holzhau and 60 × 80 m in Zöblitz (Figure 1). The coordinates are defined relatively to lower left corner. The exact coordinates were measured by compass and laser distance measurement with the Haglöfs® Vertex IV.


[image: image]

FIGURE 1. Experimental design for the recording of the position of beech seed trees and beech natural regeneration. The position of the radiation measurements and beech seed trees is illustrated.


In order to determine the dispersal distances of beech regeneration from beech seed trees, the distance to the nearest beech seed tree was calculated for the study area. The covariate distance (D) was created using the distmap function from the package spatstat. The distance map of the beech seed trees is a pixel image in which the value of the pixel u represents the shortest distance to the beech seed trees (Baddeley et al., 2015) (Supplementary Figure 2).

Radiation is of great importance for the success of regeneration and an essential variable for the establishment of beech regeneration. To assess the radiation situation on the sites, hemispherical photos were taken at the previously marked, measured corner points of the grid cells (Figure 1) using a Nikon® Coolpix 995 with a Nikon NIKKOR® 180° fisheye lens with 8 mm focal length. The photos were taken under standard overcast sky conditions. Immediately before taking the picture, an exposure measurement was carried out with a LUNASIX® 3S to determine the zenith luminance in order to derive the optimum exposure as a combination of aperture number and shutter speed. The adjusted exposure has great importance for accurate radiation estimation from the hemispherical images (Wagner, 1998; Beckschäfer et al., 2013). The photography was followed by automatic pixel segmentation of the hemispherical photos. Using the segmented images, the solar radiation was estimated by using the programme developed by Schwalbe et al. (2009), which incorporates radiation and solar trajectory models. The photosynthetically active radiation (PAR), which consists of diffuse and direct radiation, was derived. In addition, the percentage of diffuse radiation compared to open field conditions was derived (DIFFSF).

In order to obtain radiation values for the entire area, a kernel-smoothed spatial interpolation was carried out from the radiation measurements at the grid points (Baddeley et al., 2016). The Smooth function is used to smooth spatial data using Gaussian kernel and was used to generate radiation maps for PAR and DIFFSF (Supplementary Figure 2). The bandwith to control the kernel smoothing was selected by least-squares cross-validation using bw.smoothppp function.

In addition, parts of the experimental plot in Zöblitz were fenced against browsing by game. The coordinates of the fence were recorded and a factorial image of the categorical variable ‘unfenced‘ and ‘fenced‘ was created (Supplementary Figure 2).



Experimental Design – Humus Composition

In order to evaluate the influence of the distance to the beech group on the humus form and humus layer thickness, four 100 m long line transects were created. The beech group was located in the middle of the transect (Figure 2). The orientation of the transect was east-west, as the main wind direction is west (Bernhofer et al., 2008). When creating the transects, care was taken to ensure that neighbouring beech groups had no influence on the humus composition on the transect. For humus studies, a sufficient number of sampling points is required for the experimental set-up due to the spatial variability of humus properties (Ilvesniemi, 1991; Liski, 1995; Garten et al., 2007). Therefore, a stratified arrangement of the sample points on the transect was planned: From the centre point of the beech group up to a distance of 20 m, humus measurements was carried out at 2 m intervals. From 20 m up to a distance of 50 m, a humus measurement was carried out every 3 m. According to this, 41 humus measurements were carried out per line transect. The recordings were made in September before the new leaf fall.
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FIGURE 2. Experimental design for humus measurements along an east-west transect.


Measurements of the humus composition were carried out on the plots according to the German guidance for soil surveying and mapping (Eckelmann et al., 2005). On an 18 cm humus cuboid, the different horizons were identified, and their thickness measured. A distinction is made between the L horizon, the Of and Oh horizon and the Ah horizon. The litter layer (L horizon) is characterised by undecomposed and poorly decomposed plant residues (Scheffer et al., 2016). The organic horizon (O horizon) consists of highly decomposed plant remains. Depending on the proportion of organic fine matter, a distinction is made between Of and Oh horizons. The Oh horizon has a proportion of fine material > 70 vol-%. The Of horizon consists of fermented plant residues and has fine material between 10 and 70 vol-% (Eckelmann et al., 2005). The Ah horizon is characterised as a mineral soil horizon of a high humus content.

After the measurement, the terrestrial humus forms are identified corresponding to Blume et al. (2011). According to the presence of the different humus horizons, their thickness, their type of storage and their transitions, a distinction is made between:


-mullmoder

-moder poor in fine organic material (mopfom)

-moder rich in fine organic material (morfom)

-mormoder

-mor





Point Process Statistics for Beech Regeneration

The spatial distribution of beech natural regeneration is the result of numerous ecological processes such as seed dispersal, storage, germination and establishment (Fischer et al., 2016). A point process is a random mechanism whose result is a point pattern (Baddeley et al., 2016). The aim of point pattern statistics is to analyse spatial structures of points (Illian et al., 2008) and to infer underlying ecological processes. Each point (natural regeneration and seed tree) is defined by its Cartesian coordinates (Baddeley et al., 2016) (Figure 1 and Supplementary Figure 3).

Point process models can be used to test hypotheses about the spatial distribution of observed point patterns. The response variable beech regeneration density consists of replicated point patterns i on both experimental plots (regeneration_H1 and regeneration_Z1) whose intensity is defined as a function of various covariates. Distance to the nearest beech seed tree, radiation and fence against browsing were included as covariates that can explain the variability in the point pattern (Supplementary Figure 2). Our inhomogeneous Poisson process model for multiple point patterns was then fitted simultaneously using the function mppm with R SPATSTAT (Baddeley et al., 2016) to both point pattern i using the following formula
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where β0, β1, β2, β3 and β4 are coefficients to be estimated, and D(u)i, PAR(u)i, DIFFSF(u)i and Fence(u)i are the values of the spatial covariates at location u for the ith point pattern (Baddeley, 2015). For inhomogeneous Poisson processes, the beech regeneration density is described as point process intensity λ(u) of the spatial position u (Wiegand and Moloney, 2014; Baddeley et al., 2016). The inhomogeneous Poisson point process model was gradually adjusted by adding further covariates beginning with a minimum model (Baddeley et al., 2016) to verify the hypotheses on the effect and strength of covariates on the density of beech regeneration. Using the function anova.mppm the significance (p < 0.05) of the effect of each predictor was estimated using likelihood ratio tests until the best model was found (Baddeley, 2015; Baddeley et al., 2016).



Ordered Categorical Logistic Regression for Humus Forms

The humus form was classified from the horizon characteristics (Blume et al., 2011). It represents a response variable that falls in an ordered finite set of categories. Accordingly, ordinal-multinomial data are given (Venables and Ripley, 2002; Faraway, 2006). A generalised regression model with logit link for ordered categorical data (Christensen, 2019) was used to model humus form as a function of sample site distance from the center of the beech group, taking into account the group as a random variable.

The logit link function is applied and a parameter is estimated that is an expression of the probability that quality takes on a higher rather than a lower category when the explanatory variables change by one unit (Moutinho and Hutcheson, 2011).

[image: image]

with i = 1,….n, j = 1,…. J-1

This is a model for the cumulative probability of the ith humus form assessment falling in the jth category or below, where i index all observations (n = 161), j = 1,…, J index the response categories (J = 4) and {θj}is the intercept or threshold, i.e, cut-point, for the jth cumulative logit: logit(P(Yi ≤ j)).

We take the group effects to be random, and assume that the group effects are two dimensional normal:

[image: image]

The function clmm2 from the package ordinal was used for the generalised regression model with logit link for ordered categorical data (Christensen, 2019).



Non-linear Regression for Humus Thickness

We investigated the effect of distance to the beech group on the thickness of the Of plus Oh-layer by a non-linear mixed model approach. The self-starting function SSasymp from the package nlme was used for the asymptotic regression (Pinheiro and Bates, 2000). We used standard techniques, taking beech group as a random variable. However, when establishing confidence bands, we followed (Gsteiger et al., 2011).



Simulation of Regeneration Density and Humus Layer Thickness

In a final step, a simulation of the spread of natural beech regeneration as well as the change in humus layer thickness depending on the distance to the beech groups were calculated. The location of beech groups in a forest district was determined using false-colour infrared aerial photographs provided by GeoSN (2021). This was used to calculate dispersal distances to the nearest beech groups and to predict the overall model.




RESULTS


Modelling Beech Natural Regeneration Density

In Holzhau, 16 beech seed trees and 816 naturally regenerated beech saplings were found. On the experimental plot in Zöblitz, 2820 saplings and 13 beech seed trees were recorded (Figure 1 and Supplementary Figures 3, 4). This results in an average regeneration density of 816 plants/ha in Holzhau and 6,520 plants/ha in Zöblitz. Based on the point pattern (Supplementary Figure 3) and on preliminary investigations, it was evident that the density of regeneration varies strongly spatially within the experimental plot. The inhomogeneous replicated Poisson point process model incorporates the inhomogeneity of the point pattern. The results of the model which were used to test the influence of different covariates on density can be seen in Figure 3 and Table 2.
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FIGURE 3. Effect of significant covariates on beech natural regeneration density: (A) influence of the fence, (B) influence of the distance to the nearest beech seed tree, (C) influence of the proportion of diffuse radiation and (D) influence of photosynthetically active radiation. The transparent polygons for the continuous covariates and the error bars for the categorical covariates show the 95% confidence interval. All radiation variables were set to their mean; the factor fence was set on “fenced.” The distance to nearest seed tree was set 0. The figure also includes the representation of the raw data, i.e., beech regeneration that has been recorded at different distances and radiation levels.



TABLE 2. Results of the inhomogeneous replicated Poisson point process model with coefficients, standard errors, and p-values.
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It is obvious that the model predicts a 3.41 times higher regeneration density in areas that are fenced against browsing by deer (Figure 3 and Table 2). Furthermore, the model shows that the distance to the nearest beech seed tree has a significant influence on beech regeneration density. As the distance to the nearest beech seed tree increases, the regeneration density decreases strongly and approaches zero at 60 m. The highest regeneration densities of 14,000 per hectare are predicted near the beech seed trees (Figure 3). Opposing effects can be observed with the two radiation variables. While a negative effect is predicted for diffuse radiation, PAR radiation shows a positive influence (Table 2). With increasing PAR radiation, the regeneration density increases.



Modelling of the Humus Form Along the Transect

Modelling the humus form with an ordered categorical model revealed significant relationships between the distance to the centre of the beech group and the proportion of humus forms (Figure 4 and Table 3). Within the beech group, mullmoder and moder poor in fine organic material (mopfom) forms are predicted most frequently. At 50 m, the predicted proportion of mullmoder decreases to 10 %. Within the beech group, almost no mormoder forms are predicted. With increasing distance to the beech group, the proportion of mormoder increases to 10 % at a distance of 50 m. In parallel, the proportion of moder rich in fine organic material (morfom) also increases and reaches proportions of 15 % in the surrounding spruce stand.
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FIGURE 4. Results of the ordered categorical model for modelling humus form as a function of distance from the centre of the beech group.



TABLE 3. Results of the ordered categorical logistic regression for estimating the relative proportions of the four humus forms as a function of the distance to the beech group.
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Modelling of the Humus Layer Thickness Along the Transect

The results of the non-linear modelling of the sum of the Of- and Oh-horizon thickness show a significant influence of the distance to the centre of the beech group on the thickness (Table 4 and Figure 5). The humus layer thickness is lowest in the centre of the beech group and is predicted to be 2.5 cm. The humus layer thickness increases with increasing distance from the beech group. At a distance of 50 m, the highest humus layer thickness of 3.8 cm is predicted.


TABLE 4. Results of the non-linear model on the influence of the distance to the centre of the beech group on the sum of Oh and Of thickness.
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FIGURE 5. Result of the non-linear model for modelling the sum of Oh and Of horizon thickness as a function of the distance to the centre of the beech group. The transparent polygons show the 95 % confidence interval.




Simulation of the Restoration Approach at Forest District Level

According to the hypotheses on the establishment of beech groups in spruce stands for restoration, their effects were tested for a part of the forest district in Holzhau. Using the functions determined for the dispersal of beech regeneration and for humus layer thickness as a function of the distance to the beech groups, both effects were simulated on a large scale.

Figure 6 shows the current location of the beech groups. This is a result of the historical restoration of the beech groups. The average distances between the beech groups within a row are about 50 m. However, larger distances were also determined in the study area.


[image: image]

FIGURE 6. Position of the beech groups in the spruce stands in the false-colour infrared aerial photograph in the Holzhau forest district [Map with data from GeoSN (2021)]. Distance to the nearest beech group and simulated beech regeneration density and humus thickness.


The simulated regeneration density illustrates that natural regeneration is highest close to beech groups (Figure 6). At the same time, it can be seen that beech regeneration is also spreading into the surrounding spruce stand. However, areas with spruce stands exist, that are too far away for the dispersal of beech regeneration. The distances between the beech groups are designed to allow the beech regeneration to spread in densities of about 3000 per hectare.

For the humus layer thickness, Figure 6 shows that the lowest thickness is predicted within the beech groups. Within a row of beech groups, a reduction in humus layer thickness was predicted compared to the surrounding spruce stand. However, the effects on total humus layer thickness did not extend as far as the effects on the beech regeneration spreading.




DISCUSSION


Beech Groups as Initials for Natural Regeneration

From modelling of the point patterns, it appears that there is a density trend of beech regeneration on a larger scale, which is explained by distance to the nearest seed trees, as well as by radiation variables and fencing against browsing. The effects of these variables will be discussed subsequently:

By planting groups of beech in spruce stands, seed sources should be created for the natural regeneration of beech, so that spruce-beech mixed stands can unfold in the next generation. The beech groups were planted at distances of approx. 50 m. Maximum barochorous seed dispersal distance of beech is 19–20 m (Wagner, 1999; Millerón et al., 2013). However, almost 25 % of the observed beech saplings are at distances above 20 m, and the dispersal curve of natural regeneration predicted by the model as a function of the distance to the nearest seed tree (Figure 3) exceeds observed barochorous dispersal curves determined by Wagner (1999) and Sagnard et al. (2007). The results indicate that a considerable number of seed is removed from the seed tree by zoochorous vectors. The seed dispersal of the zoochorous vectors is essentially dependent on the seed hoarding behaviour of the animals and the habitat preference (Löf et al., 2018): While small mammals, especially mice, are able to transport beechnut over short to medium distances of up to about 130 m (Jensen, 1985; Jensen and Nielsen, 1986; Den Ouden et al., 2005; Perea et al., 2011a), birds are able to transport them over longer distances (Nilsson, 1985). Compared to the European jay (Garrulus glandarius L.), the nuthatch (Sitta europaea L.) has smaller territories and places seeds mostly near the source and only rarely at distances above 40 m (Moreno et al., 1981; Perea et al., 2011b). The present results, however, show in part significant greater dispersal distances up to 69 m. Irmscher (2009) even found maximum dispersal distances of established beech regeneration of 254 m. While previous studies generally describe a preference of the jay for acorns over beechnuts, Perea et al. (2011b) were able to show that dispersal depends on the presence of other fruits and their masting frequency. From the foregoing, it can be deduced that the jay is also a potential vector of the observed spread of beech regeneration, in addition to various mice and nuthatches. This is particularly true, as in the surrounding of the beech patches at 749 m elevation, no oak trees are known to exist.

The predicted dispersal curve (Figure 3) is in accordance with studies of Dobrovolny and Tesař (2010), Mirschel et al. (2011), and Dobrovolny (2016). Dobrovolny and Tesař (2010) also observed a slight increase of density at 70 m with a second maximum at 110 m for one of their research sites. The frequency distribution of flight distances of the jay might give the explanation for the observed densities of beech seedlings (Bossema, 1979; Gómez, 2003). Alternatively, this behaviour may be due to the use of the distance as a 3rd degree polynomial in the model (Motulsky, 2004).

While the barochorous dispersal curve shows its maximum at the seed tree, the dispersal curve in Figure 3 shows its maximum at a distance of 5 m to the nearest old beech. This result is in line with previous studies (Ganz, 2004; Dobrovolny and Tesař, 2010; Dobrovolny, 2016) and is dependent on the combination of barochorous seed dispersal, zoochorous seed dispersal and the different establishment probability (Akashi, 1997; Topoliantz and Ponge, 2000; Millerón et al., 2013). Further evidence on the decrease of survival probability of beech regeneration near old beech can be found in previous studies (Augustin et al., 2005; Shimatani et al., 2007; Ramage and Mangana, 2017). The results of the radiation measurement indicate that the lowest radiation values are found within the beech group (Supplementary Figure 2). Previous studies showed weaker effects of solar radiation on the survival of beech seedlings (Kunstler et al., 2005; Petritan et al., 2007). Although beech seedlings survive strong shade (Szwagrzyk et al., 2001), there are indications that shading has an influence on the root development of beech trees, so that survival under water stress may be at risk (Burschel et al., 1964; Ammer et al., 2002).

While very low radiation values prevail within the beech group (Leuchner et al., 2011), it can be deduced that there is a sufficient radiation supply for beech regeneration in the surrounding spruce stand (Supplementary Figure 2) (Madsen, 1994; Emborg, 1998). Thinning in old spruce stands creates gap sizes and radiation levels that are suitable for beech regeneration establishment (Courbaud et al., 2003; Huth and Wagner, 2006; Čater et al., 2013). The positive influence of PAR radiation indicates this (Figure 3). However, there is evidence that competition from spruce regeneration exceeds beech regeneration if radiation availability is too high (Dobrovolný and Cháb, 2013; Dobrovolny, 2016). While beech regeneration is clearly superior to spruce regeneration in both plant density and height growth at low radiation availability, the competitive relationship changes from a relative light availability of 20 % (Kühne and Bartsch, 2003). Other studies found a diffuse site factor greater than 12 or 17 %, where beech regeneration density decreases in favour of spruce (Unkrig, 1997; von Lüpke and Spellmann, 1997; Dobrovolny, 2016). Undisturbed spruce stands were selected as study sites and the majority of the diffuse site factor values lies below these threshold values (Supplementary Figure 2), at which the competition shifts in favour of spruce.

There are significant differences in regeneration density between the two sites (Supplementary Figure 3). The factor “fence” shows a clear influence on the regeneration density. Fenced areas are expected to have a 3.41 times higher regeneration density compared to unfenced areas, holding the other variables in the model constant (Figure 3). Dobrovolny and Tesař (2010) also found large differences in plant density of beech regeneration between fenced and unfenced areas. The differences highlighted in Figure 3 are reflected in the differences of that study. Compared to other tree species, beech usually does not show such a high risk of being browsed (Boulanger et al., 2009; Bobrowski et al., 2015; Orman et al., 2018). Compared to spruce regeneration, however, it is preferred by deer (Motta, 2003; Vacek et al., 2014). In mixed spruce-beech stands, a decline in beech regeneration is therefore to be expected as a result of indirect resource competition due to the selectivity of game browsing (Madsen, 1995; Olesen and Madsen, 2008). In addition to deer, however, feeding activity of wild boar (Sus scrofa L.) can also lead to a considerable reduction in regeneration density (Gómez and Hódar, 2008; Bisi et al., 2018). As possible countermeasures to facilitate beech natural regeneration, fencing or intensive hunting can therefore be derived as a sensible management measure (Kamler et al., 2010; Chevrier et al., 2012). Despite fencing, small mammals, insects and fungi can cause significant losses while the beechnuts are stored on the forest floor. As various studies have shown, mice contribute to a high degree to the predation of beechnuts (Akashi, 1997; Ida et al., 2004; Perea et al., 2012).

The preceding discussion showed that there are various influencing variables that affect beech regeneration density. Residuals in the model indicate that there are also influencing variables that were not captured by the model (Supplementary Figure 3). Small site differences or ground vegetation as competition could be decisive here and should be included in future studies. However, it is evident that mixing beech groups into spruce stands creates the potential for mixed beech spruce stands to develop due to beech seed dispersal and establishment conditions within surrounding spruce stands. The extent of the beech group depends on the desired mixture and required plant density, according to the functionality of the future stands.



Beech Groups for Preserving Soil Fertility

The modelling of the humus forms and the total humus layer thickness showed that the distance to the centre of the beech group has a significant influence on humus composition (Figures 4, 5). Previous studies confirm the influence of beech admixture on humus layer thickness in spruce stands (Rothe et al., 2002; Hojjati, 2008; Achilles et al., 2021b). Differences in humus thickness between beech groups and the spruce stands were found by Achilles et al. (2021b) in the range of 0.9 to 2.3 cm and by Rothe et al. (2002) of 3.5 cm (including L horizon) confirming our results (Figure 5). These results will be discussed below in the context of humus ecology: In addition to the site variables (Vesterdal, 1999; Moore et al., 2007), tree species especially determine the thickness and composition of humus through stand microclimate, litter volume and litter composition (Bradford et al., 2016). The composition of tree species thus has an effect on chemical, physical and biological (edaphon) properties of the topsoil (Augusto et al., 2002; Frouz, 2018). With the restoration approach, the microclimate was changed by the beech groups, as indicated for example by the radiation patterns (Supplementary Figure 2) and supported by further studies (Benecke, 1984; Schume et al., 2004; Frischbier and Wagner, 2015). At the same time, beech litter was brought into the spruce-dominated stands by planting the beech groups. Beech leaves show a better decomposition rate compared to spruce needles, which is due to a closer C/N ratio and a higher pH-value (Berg, 2000; Augusto et al., 2002; Albers et al., 2004; Zhong and Makeschin, 2004; Wälder et al., 2008; Jacob et al., 2010). More favourable micro-environmental conditions for decomposer communities in forest floor of beech stands in comparison to spruce are repeatedly described. Equally Hojjati et al. (2009) point out the connection to pH-values. And this finding in turn is strongly related to the pattern of water fluxes via throughfall. Compared with the spruce canopy they are higher under beech. This is in agreement with the investigation results of earlier comparative studies between pure beech and pure spruce stands (Albers et al., 2004; Sariyildiz et al., 2005). Augusto and Ranger (2001) also claimed that greater throughfall can be linked to higher pH values in the upper soil. Other studies indicate that rather unfavourable environmental conditions in spruce stands, delay decomposition (Mardulyn et al., 1993; Augusto et al., 2002; Berger and Berger, 2014). Albers et al. (2004) conclude that the adverse conditions for litter decomposition and microorganisms in spruce forests are effectively improved by the admixture of beech to spruce pure stands. Like most ecological effects, the influence of beech groups on the humus composition of the surrounding spruce stand is also spatially limited (Wu et al., 1985). Non-linear modelling of humus thickness revealed that this effect decreased up to distances of 40 m and is only weakly visible thereafter (Figure 5). This effect can be attributed to the dispersal of beech leaves, as dispersal models on leaf litterfall by Ferrari and Sugita (1996), Staelens et al. (2003), and Nickmans et al. (2019) demonstrate. From these studies, it can be seen that 50% of the leaf mass falls in a range of 10 m and 90% of the leaf mass falls in the range of up to 40 m. Considering the size of the beech groups (diameters of 20 to 27 m) (Table 1), it can be seen that the effect of leaf dispersal extends from the edge of the beech group into the spruce stand. The effect of the beech group on humus layer thickness decreases as the amount of leaves decreases (Wälder et al., 2008). Non-linear relationships between tree species composition and humus layer thickness were also found by Rothe et al. (2002).

Simultaneously with the modelling of the humus layer thickness, there are also the most bioactive humus forms, i.e., mullmoder within the beech group, as confirmed by the results of the ordered categorical model (Figure 4). These results are in line with the pairwise comparisons of humus form of beech groups and spruce stands by Achilles et al. (2021b). In spruce stands, fewer biologically active humus forms were found compared to beech (Nihlgård and Nihlgard, 1971). The results also show that the proportion of mormoder is highest in the spruce stand which is far away from the beech group (Figure 4). Previous studies also confirm significant improvement in humus forms through the restoration of beech, which is associated with a significant increase in pH and base saturation as well as a significant reduction in the C:N ratio (Heinze et al., 2001; Prietzel, 2004). Due to the deeper rooting of beech compared to spruce, it serves as a base pump and increases base saturation via litterfall (Berger et al., 2006; Achilles et al., 2021a).

From the preceding discussion it becomes apparent, that the forest restoration approach thus leads to a reduction in humus layer thickness and to a change in humus form due to the change in litter quality, with effects on the decomposing soil organisms (Fischer et al., 2002; Bens et al., 2006; Fischer and Fischer, 2012). From the distance between the beech groups (Figure 6), it is evident that the positive effect of the beech groups on the humus composition of the surrounding spruce stand becomes effective.




CONCLUSION

These nearly 100-year-old experiments offer a rare opportunity to contrast the initiators’ expectations of restoration with the actual effects in temperate conditions. Specifically, we have studied the long-term effects on soil fertility and natural regeneration. The ecological functions of the nutrient cycle and the natural regeneration ability have been restored in general. However, while after 100 years an increased proportion of biologically active humus forms can already be detected in the beech groups and their surroundings, the natural beech regeneration is rather in its initial stage. Because the target dimension of spruce has not yet been reached, the planned transfer of beech regeneration to the next generation would still take several decades. However, against the background of the continuing bark beetle calamities in spruce after drought, the possibility of increasing the proportion of beech in the next few years via natural regeneration is very pleasing.

The hypotheses formulated by foresters 100 years ago regarding the restoration approach of reintroducing beech groups into spruce stands can thus be confirmed. For future restoration approaches, groupwise mixtures should be included in the planning. The size and spacing of the groups should be chosen according to the ecology of the tree species and the effect they should achieve. Despite the successes of the restoration approach, it should be noted in conclusion how long these renaturation efforts actually take in temperate forests.
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