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Mixing of Scots pine (Pinus sylvestris L.) and European beech (Fagus sylvatica L.)
enhances structural heterogeneity, and the effect increases with humidity
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Highlights

» Scots pine and European beech monocultures differ significantly in structure
» Mixed stands of both have more heterogeneous structures than monocultures
P Stand density increases, vertical structure and tree morphology diversify

» Multiplicative mixing effects can further enhance additive effects on structure
» Superior heterogeneity over monocultures increases with humidity

Graphical abstract

...under development....

Triplets of stands of Scots pine and European beech (centre) have significantly higher
structural heterogeneity than monocultures of Scots pine (left) and European beech (right).
The superior heterogeneity of mixed stands over monocultures increases from dry to moist
sites (from top to bottom).

Abstract
The mixing of tree species with complementary ecological traits may modify forest

functioning regarding productivity, stability, or resilience against disturbances. This may be
achieved by a higher heterogeneity in stand structure which is often addressed but rarely
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quantified. Here, we use 32 triplets of mature and fully stocked monocultures and mixed
stands of Scots pine (Pinus sylvestris L.) and European beech (Fagus sylvatica L.) located
along a productivity gradient and including dry to moist sites, through Europe to examine
how mixing modifies the stand structure in terms of stand density, horizontal tree distribution
pattern, vertical stand structure, size distribution pattern, and variation in tree morphology.
We further analyze how site conditions modify these aspects of stand structure. For this
typical mixture of a light demanding and shade tolerant species we show that (i) mixing
significantly increases many aspects of structural heterogeneity compared with monocultures,
(i1) mixing effects such as an increase of stand density and diversification of vertical structure
and tree morphology are caused by species identity (additive effects) but also by species
interactions (multiplicative effects), (iii) superior heterogeneity of mixed stands over
monocultures can increase from dry to moist sites. We discuss the implications for analyzing
the productivity, for modelling and for the management of mixed species stands.

1 Introduction

Quantification of structure is essential for understanding and predicting the functioning of
forest stands and also for maintaining and managing their various functions and services. This
applies for monocultures which dominated forestry in the past, but even more so for mixed-
species stands which are currently receiving a lot of interest (Puettmann et al. 2012) since
they can have a higher structural heterogeneity (Varga et al. 2005, Rio et al. 2016) and
positive effects on various ecosystems services (Gamfeldt et al. 2013).

By influencing the local environmental conditions within the stand (e.g., distribution of light
and precipitation) the structure of the canopy and crowns is crucial for the feedback between
structure—within-stand environment—functioning that drives stand dynamics (Figure 1). The
trees within the stand can slowly modify their environment by changing their crown and
canopy structure (feedback represented by bold arrows) or quickly modify their environment
via functioning (thin arrows). The within-stand environment is influenced by the structure and
in turn influences tree functioning, which feeds back to influence the development of tree and
stand structure (Hari 1985, Pretzsch 2014). As a result of the slow but continual feedback
between structure, within-stand environment and tree functioning and growth (bold arrows in
Figure 1), the trees acclimate their morphology. The stand structure is therefore both a pivotal
driver and a result of stand dynamics.

The significant role of structure has given rise to many methodological studies and reviews
about how to measure and quantify various aspects of stand structure (Rio et al. 2016, Zenner
and Hibbs 2000). These include methods to quantify the horizontal tree distribution pattern
(Clark and Evans 1954, Cox 1971), the vertical profile and size distribution (Pretzsch 1997,
Wichmann 2002), stand density (Reineke 1933, Sterba 1981, 1987), different development
stages (Zenner et al. 2015), species richness and diversity (Hattemer 1994, Shannon 1948,
Sterba 2008), the pattern of species intermingling (Pielou 1977), the morphological tree
variability (Pretzsch 2014) and the inequality of resource and growth distribution between the
trees within a population (Binkley 2004, Binkley et al. 2006).

The few extensive studies of stand structure suggest that different indices of stand structure
closely correlate with each other, so that analyses may be based on a relatively small number
of variables that are most indicative (McElhinny et al. 2005, Neumann and Starlinger 2001,
Pommerening 2002, Zenner and Hibbs 2000). In monospecific stands, shifting from spatially
regular thinning to less regular but more intense harvest events or increasing the duration of
the regeneration period may increase structural diversity throughout the whole rotation period
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(Barbeito et al. 2011, Peck et al. 2014). Alternatively, species mixing could be used to enrich
stand structure and heterogeneity (Pretzsch and Schiitze 2014, 2015) but strong competitive
superiority of one species may also cause structural homogenisation (Wiedemann 1951, p
134). The mixing of species with differing ecological traits may enhance structural
complexity above and below ground (Pretzsch 2014, Bauhus 2009) and this can increase
stand productivity compared with monocultures (Forrester and Bauhus, in press).

Comparing the structural traits of mixed-species stands with monocultures seems simple at
the first glance but there are several aspects that are important to differentiate, just as there are
with the more common comparison of productivity (Harper 1977, Kelty 1992). For example,
structural characteristics such as the canopy density, size distribution or tree morphology of
mixtures and neighbouring monocultures may indicate a higher structural heterogeneity in
mixtures. If so, they show how decisions to favour species mixing modifies stand structure
and forest functions and services, such as stability (Griess and Knoke 2011, Jactel and
Brockerhoff 2007), habitat diversity (Tews et al. 2004), or aesthetic value (Schiitz 2002,
Stolb 2005).

Just as it is logical that mixing a low and highly productive species can result in a mixture
with an intermediate productivity between the monocultures, it could be expected that the
structure of a mixed-species stand deviates from the neighbouring monocultures as a result of
differences in species structural traits. An interesting question is to what extent any
differences between mixture and monoculture are just a weighted average of the
monocultures, also referred to as an additive effect, or whether the mixture characteristics
depart from the weighted average of the monocultures, sometimes referred to as non-linear or
multiplicative effects (Kelty, 1992; Forrester and Pretzsch, 2015). The term “additive effect”
underlines that this kind of mixing effect results from nothing more than selecting the species
and adding up the characteristics of the monocultures (Forrester 2014, Kelty 1992).

A multiplicative effect is of particular relevance for analyzing, understanding, and predicting
mixed stand dynamics and productivity. Multiplicative mixing effects on structure and the
resulting outcomes such as productivity, stability, and resistance emerge from the species
interactions and cannot be predicted by only studying the species in their monocultures.
Many of the species interactions that occur in mixtures are at least partly the result of
structural differences between mixtures and monocultures (Forrester and Bauhus, in press)
and are likely to modify resource use and forest functioning in terms of stand productivity
(Figure 1). Therefore, multiplicative mixing effects on structure may contribute to better
understanding changes in forest functioning, which may cause overyielding, underyielding or
even transgressive overyielding as detected for mixtures of Scots pine and European beech
(Pretzsch et al. 2015; Seidel et al. 2013).

In order to analyse the effect of tree species mixing on stand structure we used 32 triplets of
mature and fully stocked monospecific and mixed stands of Scots pine (Pinus sylvestris L.)
and European beech (Fagus sylvatica L.), located along a productivity and rainfall gradient
through Europe. The mixing effects on growth have previously been presented (Pretzsch et al.
2015). In this study we examined how mixing modifies canopy density, horizontal and
vertical tree distribution patterns, size distribution, tree species diversity, morphological
variability, and how the site conditions modify these aspects of stand structure. Specifically,
we examined

Q1 How does the stand structure of mixed Scots pine and European beech stands differ from
their monocultures?

Q2 To what extent is the structure of mixed stands only an additive effect of combining
species with different traits as opposed to a multiplicative effect resulting from inter-specific
interactions?
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Q3 How do the mixing effects on stand structure vary along an ecological gradient through
Europe?

2 Material and methods

In order to achieve generalizable knowledge of the productivity of mixed versus monospecific
stands of Scots pine and European beech we used a set of 32 triplets, each containing a
mixed-species plot and monospecific plots of each species (Pretzsch et al. 2015). By locating
the triplets along a productivity gradient (Figure 2, Supplementary Table 1) mainly
determined by water supply, it is possible to examine the effect of site conditions on the
species mixing effects. The voluntary and nationally-funded triplets were established by
members of the COST Action FP1206 EuMIXFOR (see www.mixedforests.eu) and are
spread over 16 countries. The 32 triplets represent a broad range of eco-physiographical
conditions (Figure 2) in Europe and extend from Sweden to Bulgaria and from Spain to the
Ukraine.

2.1 Material
Study area

The triplets are spread across most of the overlapping area of the natural range of Scots pine
and European beech, with triplets at the northern border of Lithuania and the southern range
in Bulgaria and Spain. The study covers the far southwest region in Spain and reaches to the
eastern border of the Ukraine. The highest concentration of plots is in the central European
area in Germany, Belgium, the Netherlands, the Czech Republic, and Poland, where mixed
stands of Scots pine and European beech make up to 30 % of the forest area. For the triplets in
the entire study region the mean annual temperature ranges from 6.0 to 10.5 °C, the annual
precipitation from 520 to 1,175 mm (Figure 2) and the elevation from 20 to 1,290 m a. s. 1.
(Supplementary Table 1).

The natural distribution of Scots pine ranges from -3 to 10 °C mean temperature and 400 to
1,250 mm yr'! annual precipitation. European beech prefers warmer and moister conditions
and occurs naturally between 3 to 13 °C and 450 to 1,400 mm yr''. Analyses of the effects of
environmental conditions on structure and growth require sampling over a broad range of site
conditions. Figure 2 shows that the 32 triplets cover considerable parts of the natural and
current range of cultivation of both species in terms of mean annual precipitation (mm yr™')
and mean annual temperature (° C). For Scots pine in particular, the gradient from dry to
moist sites is represented better than the gradient from cold to warm sites.

Triplet data

The study was based on 32 triplets (Figure 2). The triplets are sets of three rectangular plots
including two moncultures of Scots pine and European beech and one mixed stand of these
species. The plot size varies between 0.02 and 1.55 ha. All triplets represent more or less
even-aged, fully stocked and mono-layered forest stands. The plots were not thinned recently
and represent approximately the maximum stand density for the given sites. The mixtures are
relatively intermingled mixtures (tree-by-tree as opposed to group-by-group). The mixing
proportion of most plots was close to 50:50 although the mixing proportion of Scots pine
varied between 18-72 % and the mixing proportion of European beech varied between 28-82
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%. The mixing proportions were based on the species’ stand density indices weighted by
equivalence coefficients in order to consider the species-specific growing space requirements
(see Pretzsch et al. 2015).

The plots within any given triplet have similar site conditions in terms of geographical
location, topography, aspect, climate, soil substrate, and soil type. The monocultures are used
as the reference for the mixed stands and for quantification of mixing effects in terms of over-
or underyielding and structural heterogeneity. We inventoried the plots in order to derive the
dendrometric state variables at the tree and the stand level. Supplementary Table 2 gives an
overview of the field measurements and sampling of increment cores. On all 32 triplets we
measured the stem diameters at breast height (1.3 m), tree heights, and heights to the crown
base. For growth analysis at the tree and stand levels we sampled increment cores of at least
20 trees per plot and per species on all triplets. On 31 out of the 32 triplets the local density
around those cored sample trees was measured by two angle count samples (on 30 cm east,
one 30 cm west of the tree position) with BAF=4 m? ha™'. Tree coordinates were measured on
24 and crown radii on 21 out of the 32 triplets. The triplets cover the structure and growth of
monospecific and mixed stands of Scots pine and European beech across a range of site
conditions never measured before (Figure 2). Additional measurements of light, nutrient, and
water supply, of root structure and mycorrhiza, and wood density and quality are in progress
in the EuUMIXFOR project FP1206 (http://www.mixedforests.eu/).

The age of most of the triplets ranged between 40 and 60 years. Therefore we used the top
height (height associated with the quadratic mean diameter of the 100 largest trees), ho, and
the mean height (height associated with the quadratic mean diameter of all trees), hg, at age 50
to characterize the variation between the triplets regarding their site quality. Top height of
Scots pine at age 50 years ranges between ho= 9.5-26.9 m and quadratic mean height between
hg= 8.9-25.8 m. For European beech the respective values are ho=11.7-27.6 and hq= 9.4-25.9
m. This wide variation in stand height at age 50 years indicates the wide range of site
conditions represented by the set of 32 triplets in different parts of Europe. The SDI is on
average 824 trees ha'! in the mixed stands; the shares of Scots pine and European beech to the
mixed stand are, on average, 444 and 380 trees ha™!, respectively. In the monoculture of Scots
pine and European beech the mean SDIs are 833 and 724 trees ha’!, respectively. The mean
standing volume of the Scots pine/European beech mixed stands amounts to 444 m* ha™!. The
shares of Scots pine and European beech are, on average, 255 and 189 m® ha™!, respectively.
The range of stand characteristics was rather wide due to the broad variation of site quality
(for details see Supplementary Table 3). For detailed information about how tree and stand
variables were estimated in mixed and mono-specific plots see Pretzsch et al (2015).

2.2 Methods
Measures of stand structure

Table 1 summarizes the measures used to characterize stand structure in this study, explains
what their values indicate, and lists reference for further information.

For quantifying the stand density we used the tree number per unit area, N, and the Stand
Density Index, SDI. The SDI considers both tree number and size, eliminates size-dependent
changes in tree number during stand development, and enables comparison of the density of
stands with different ages as it relates their tree number to an index mean diameter of 25 cm
(Reineke 1933). The relative sum of crown projection area, RCPA, and relative ground cover
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by crowns, RCC, indicate different aspects of canopy space filling (Pretzsch 2014). RCPA is
the ratio of the sum of the crown projection areas of a stand and the stand area; i.e., RCPA
=1.0 would indicate that the sum of the crown projection areas and stand area are equal.
RCPA =1.5 means that the sum of the crown projection areas is by 50 % higher than stand
area and some parts of the stand have overlapping crowns. Relative crown coverage (RCC)
indicates the ground area covered by crowns when looking down from above. RCC=1.0
would indicate that the stand area is completely covered by crowns, RCC=0.80 indicates that
20 % of the ground is not covered by crowns. Unlike RCPA, RCC cannot exceed 1.0.

For quantifying the horizontal variation of the stand density we calculated the coefficient of
variation of the stand basal area CVgpa based on the measurement of 20 randomly distributed
angle count samples per plot with a basal area factor 4 (BAF=4). CVga=0 would indicate
equal stand density over the whole plot area. The higher the CVga values the more the stand
density varies within the plot.

For analyzing any differences in the size distribution of mixed stands versus moncultures we
used the skewness as 3™ potency moment (Bortz, 1993, pp 45-46) calculated for the tree
diameters, heights, and volumes on the plots, skewqd, skewn, and skewy, respectively. In the
case of a symmetric distribution skew = 0. If an observed size distribution includes many
small or short trees and a low number of large or tall ones, it is right-skewed such that
skew>0. If the distribution includes many tall trees, but small are rare, it is left-skewed and
skew<0. The ranges of the tree diameter, height, and tree volume distribution, rangeq, rangen,
rangey indicate the spread in terms of size distribution (rangeq =dmax-dmin, rangen=hmax-hmin,
rangev=Vmax-Vmin). ASs a measure of the size inequality we further calculated the coefficient by
Gini based on the individual tree volumes on the plots (see de Camino, 1976, Cordonnier and
Kunstler 2015, Kramer, 1988, p 82). A Gini coefficient, GCy=0.0 means that all trees are
equal in size. The higher the GC the more unequal the tree sizes.

Index A for quantifying the vertical stand structuring takes into account the presence of
different species in different height zones of a forest stand. The more equal the species
presence in all different height zones, the higher the A-value of a forest stand (Pretzsch 1998,
Rio et al. 2016).

For characterization of the morphological traits at the individual tree level we calculated the
mean slenderness, h/d, crown ratio, cl/h, and concentricity of the crown rmin/tmax (Pretzsch
2014). The higher the h/d value is the more the trees favour height growth over diameter
growth; so it indicates the slenderness of the stem. The higher the cl/h ratio is the longer the
crown in relation to the tree height; cl/h=1.0 would indicate trees with a crown down to the
bottom. The concentricity rmin/rmax Of the crown projection area is quantified by the ratio
between the minimum and maximum crown radius. The higher this value is, the more
concentric the crown cross-sectional area around the stem. The crown projection ratio, cd/d,
between crown diameter, cd, and stem diameter, d, and also the quotient of ground cover area

cd? /d? indicate how many times the crown width or crown projection area, respectively, is
larger than the stem diameter and stem basal area (Assmann 1970 p 112). High ratios indicate
a tree’s or species’ crown plasticity and its capacity spread into vacant canopy space
(Assmann 1970). However, high ratios can also indicate wide crowns and long branches,
which mean larger branch diameters and a reduction of wood quality (Pretzsch and Rais
2016).

The Gini coefficient of the stem volume growth, Giy, indicates the inequality of the growth
allocation between the trees within a stand (Binkley et al. 2006). For this purpose we
calculated the mean periodic volume growth of all individual trees in the period 2009-2013.
Analogous to GCy the coefficient for tree volume growth GCiy=0.0 means that all trees are
equal in volume growth. The higher the GC,, the stronger the inequality of resource
availability and growth distribution between the individuals of the population. The Growth
Dominance Coefficient, GDC, combines information about size distribution with the
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respective growth distribution among the trees in a stand (Binkley 2004, Binkley et al. 2006).
It indicates how trees with different stem volume contribute to the stand growth; whether the
contribution to stand growth is proportional to the stem volume of the trees (GDC=0),
whether small trees contribute over-proportionally (GDC<0), or under-proportionally
(GDC>0) in relation to their volume. Thus the GDC reflects whether the efficiency of tree
volume investment is equal for trees of all size, or how it changes with tree size (Binkley et
al. 2006).

Notice, that on some of the 32 triplets not all structural measures could be calculated,
because of missing tree coordinates, height to the crown base, or measurement of just 4
crown radii. So, some sample sizes in Tables 2-4 are lower than 32.

Evaluations for answering questions Q1-Q3

Q1 How does the stand structure of mixed Scots pine and European beech stands differ from
their monocultures?

To compare a given characteristic, x, of tree morphology and stand structure (e.g., tree
number, skewness and Gini coefficients of tree volume, mean strem slenderness) between
mixed-species stands (Xmixed) and monocultures (Xmono) We used ratios (RX=Xmixed/Xmono)
between these characteristics in mixed stands versus monocultures (Table 2, columns (12)
and (13), Table 3, columns (5), (7), and (8), and Table 4, columns (5), (8), and (11)). The

mean ratio Rx and its standard error, SE, provides a simple basis for testing whether the
performance of mixed-species stands and monocultures differs. If 1.0 is beyond the

confidence intervals Rx + t 1.a=005 XSE, Rx + th1.a=001 XSE, Rx + th1.g=0001 XSE (with t

being the critical value of the t-distribution with n-1 degrees of freedom and a selected two-
sided transgression probability a) the differences can be considered as significant at the level
p<0.05*%, p<0.01**, oreven p <0.001*** (Tables 3-5).

Notice, that in the Tables 2-6 and Supplementary Tables 2-3 the columns ‘mean mixed’ and
‘mean mono’ display the arithmetic means of all n observations within the respective groups.
The columns ‘mean mixed/mono’, in contrast, report the ratios resulting from the pair-wise
division of the characteristic of the mixed stand by the respective value of the neighbouring
monoculture. The mean of these ratios (mixed/mono) is not necessarily equal to the ratio of
the means (mean mixed/mean mono). So, we report both the group-wise arithmetic means
(mean mixed and mean mono) as well as the mean ratios of the pair-wise comparison
(mixed/mono). The mean ratios of the pair-wise comparison (mixed/mono) were used for
testing group differences. Our focus was on the relationships between neighbouring mixed-
species stands and monocultures (reflected by their pair-wise comparison) rather than on their
differences in general (reflected by their overall means).

Q2 To what extent is the structure of mixed stands only an additive effect of combining
species with different traits as opposed to a multiplicative effect resulting from inter-specific
interactions?

The different structural traits in mixed species stands compared with monocultures may be a
simple additive effect or a multiplicative effect. We use the tree size distributions in Figure 3
to illustrate how to reveal both and to distinguish between them.

Suppose the tree size distribution D (D stands for frequency distribution) of species 1 and 2
in the monoculture are D, and D, (Figure 3, a and c), then the weighted mean of both
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distributions in the case of a mixture with m; as the proportion of species 1 and thus 1-m; for

A

the proportion for species 2, D, ,represents the mean of Dy and D2, weighted by the

proportions m; and 1-mi, respectively. 151,2 represents the weighted mean of both

monocultures (Figure 3e). It represents the expected distribution under the assumption that
mixing simply causes an additive effect, i.e., retains the structural traits of the species as they

are in the monoculture. In our example ]51’2 (IA),,2 =D, xm, + D, xm,, where m; and m are
species proportions, 0.5 in Figure 3, differs clearly from the two monocultures D, and D,
(compare the distributions shown in (e) with both (a) and (c)). Such differences between ]51_2

and D, and D, are referred to as an additive effect because they are simply the effect of
species identity.

In order to reveal any additive effect we first compared the structural traits of both
monocultures. This showed differences in the species specific behaviour in monoculture.
Then we compared the weighted mean structural traits of the two monocultures with both
monocultures. This can reveal how the species selection alone may modify the mixed stand
traits compared with the monocultures. The weight was made using the species proportions
m; and my estimated for each triplet based on stand density index (Pretzsch et al 2015).

Any differences between the structural traits of the two monocultures, between the weighted
mean structure and Scots pine monoculture and the weighted mean and European beech
monocultures indicate an additive effect and were tested based on the ratios (RX=Xmixed/Xmono)
introduced in the previous section (see Q7).

We then tested whether there is was a multiplicative mixing effect on top of the additive
effect. In the following we explain this again based on the size distribution. At the whole

stand level, this was done by comparing the observed distribution D,, with the weighted

mean distribution IA)LZ. If the observed size distribution D, of a 50:50 mixture of both

species was equal to the weighted mean there would be just an additive effect, i.e., any
differences between the observed and weighted means would just result from the selection of
species with different traits and not from inter-specific interactions. In our example (Figure

3f) however, the differences between the observed size distribution D, (broader range,

lower peak) and the weighted mean distribution 151,2 indicate a multiplicative mixing effect

at the whole stand level. For a refined analysis of how the different species contribute to a
multiplicative mixing effect the size distribution of a species in mixture, D, ,,, with its size

distribution, D,, in the monoculture (Figure 3b) may be compared; analogously D, may

1).2
be compared with D, (Figure 3d). In this model example the distribution of species 1 in the
mixed stand is “ahead” of the monospecific stand but has a similar shape (Figure 3b). The

size distribution of species 2, D ,, in mixture is lagging behind and is wider than the

distribution D, of the monospecific stand (Figure 3d). For both comparisons the size

distributions in mixture are scaled up to unit area of 1 hectare using the species’ mixing
portions (m; and my assumed as 0.50 and 0.50 in this example). In this example the

differences between D,, and ]51’2 show a multiplicative mixing effect at the whole stand

(Figure 3b) and D, and D

(Figure 3d) show that the stand level reaction is underpinned by both species’ mixing
reactions.

level (Figure 3f), and the differences between D, and D

1,(2) 1,2
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To summarize, the additive effect results from the structural differences of the combined
species; it quantifies the potential heterogeneity in the case that both species retain the same
structural behaviour in mixed stands they had in monocultures. The additive effect may be
modified towards higher or lower heterogeneity by a multiplicative mixing effect; the
multiplicative mixing effect may be the opposite for each species, and if they are opposing to
the same magnitude there will be no multiplicative effect at the total stand level because they
will counter balance each other.

This approach for comparing mixed with monospecific stands can be applied for various tree
attributes, e.g., for crown projection area, crown length, individual tree growing area. One
reason for using monocultures for this comparison is that mixed stands are often considered
as alternative to monocultures, and the tree attributes yielded by mixtures compared with
monocultures may be a basis for silvicultural decisions. Beyond these practical reasons
monocultures as references may best reveal the effect of inter- versus intra-specific
competition on tree structure and growth.

The weighted mean distributions (IA)L2 =D, xm, + D, xm, ) were calculated by multiplication

of the monospecific stand distributions in such a way that the observed species mixing
proportion of the mixed stand was reproduced. In the case of a mixing proportion of 1:1
between Scots pine and European beech, e.g., the monoculture’s distributions (scaled up to 1
hectare) were simply added up. In the case of a mixing proportion of 3:1 between Scots pine
and European beech the monoculture distribution of Scots pine (scaled up to 1 hectare) was
tripled and added to the one-fold distribution of the European beech monoculture. The
resulting weighted mean distributions served as a reference for calculating the ratios between
the observed and expected distribution of the mixed stands. For this evaluation it is important
to notice that the location and shape parameters of the distributions (e.g., skewness) are
invariant to linear transformation, i.e., if the size distribution of a species occupying a certain
portion of the mixed stand is scaled up to 1 ha or multiplied in order to reproduce a given
mixing proportion, the location and shape parameters remain unchanged.

For testing any differences of the structural attributes of Scots pine and European beech by
mixing analyzed at the species level or at the whole stand level we applied the ratios
(RXx=Xmixed/Xmono) as introduced in the previous section (Q1).

Q3 How do the mixing effects on stand structure vary along a productivity gradient through
Europe?

To test for any correlations between the mixing effects on the environmental conditions along
the gradient through Europe we applied the ratios of the comparison between mixed stands
and monocultures (see Q7) and the ratios for quantifying the additive and multiplicative
mixing effects (see 02).

We used the mean annual temperature and the annual precipitation as site variables (see
Supplementary Table 1). We also used the Martonne index (1926) (M=annual precipitation
(mm)/(mean annual temperature (°C) +10)) for characterizing the water supply at the 32 sites
(see Supplementary Table 1). This index varied between M=28-61 mm °C™ along the
gradient due to the wide variation of precipitation (520-1,175 mm yr!) and mean annual
temperature (6-10.5 °C).

In addition we calculated the CVP index by Paterson (1956) which has been widely used
(Benavides et al. 2009, Chittagong 2015, Vanclay 1992) for characterization of growing
conditions. As our stands vary widely in latitude and altitude and represent a broad range of
mean and amplitude of temperature, precipitation (Figure 2) and length of the growing
season, this index appeared to be more appropriate than other indices that only consider
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annual precipitation and mean annual temperature. To calculate this index we used climate
series of the last 20 years (1994-2013). The index CVP=T, /T, xPxG/12xE/100 is

based on the T, (mean temperature of the warmest month in °C), T, (temperature amplitude

calculated by the difference of the mean temperature of the warmest month minus mean
temperature of the coldest month in °C), P (mean annual precipitation in mm), G (number of
months out of twelve with mean temperature > 3° C), and E (Evapotranspiration intensity as
a function of the latitude read from a nomogramm (see Paterson 1956, p 74), where E % is
given as a function of the geographical latitude in degrees). The resulting CVP values along
the gradient ranged between 195 and 641 (mean value 328).

As a less specific indicator for the site conditions we also used the height of the quadratic
mean diameter, hg, of Scots pine and European beech in monocultures at an age of 50 years
and 100 years (see Pretzsch, 2009, pp 200-203 for the definition and calculation of dg; based
on the quadratic mean diameter dq, the height hq was read off the diameter-height curves).
The site index was referenced or extrapolated from yield tables by Wiedemann (1943) and
Schober (1967) for Scots pine and European beech.

Finally we used the stand productivity in terms of the periodic annual volume growth in the
period 2009-2013 (m? ha™! yr'!) of the monoculture and mixed species stands as indicators of
the environmental conditions. Stand characteristics such as mean tree dimensions, stand basal
area (BA), and standing volume stock per hectare (V) for the survey in 2013 and also for
2009 were evaluated following DESER-Norm 1993 (Johann 1993, Pretzsch 2009, pp 181-
222). The evaluation for 2009 required the reconstruction of the stand development over the
last 5 years based on increment cores (for calculation see Pretzsch et al. 2015). By
calculating the standing volume in 2009 and 2013, as well as the removed volume, the
periodic annual volume growth resulted as PAIV2009-2013=(V2013-V2009+ Vremovat)/5. For further
details of the applied evaluation algorithms see Pretzsch et al. (2015).

Using Pearson correlation coefficients and linear models we examined whether the
variability of the mixing effects on structure was related to the site conditions represented by
the above mentioned measures such as climatic data, productivity indices, site index etc.
Residuals were checked to assure normality. All calculations were carried out using the
software package IBM SPSS Statistics (Version 22).

3 Results

Q1 How does the stand structure of mixed Scots pine and European beech stands differ from
their monocultures?

Table 2 presents differences in many structural attributes between mixtures and monocultures
of Scots pine or European beech, including ratios of the mixture values relative to the
monoculture values (columns 12 and 13), which are of interest for forest practice when
determining the pros and cons of mixed-species stands.

The tree number and SDI values varied considerably due to the wide range in site conditions
and the variation in stand age, although the stands represent fully stocked and almost
unthinned conditions. The mixed stands of both species tended towards higher stand densities,
SDI, crown projection areas, RCPA, and crown coverage, RCC. On average the stand area
was more than 2-fold covered by tree crowns (RCPA=2.23) in the mixed stands compared
with just about 1-fold (RCPA=1.15 and 1.29) in the monocultures. The relative crown cover
(RCC=0.89) was also some 15 % higher in mixed compare with monospecific stands.
However, even in the fully stocked mixed stands it was always below RCC=1.0, i.e., some of
the stand area remained uncovered in terms of the vertical projection of crown coverage.
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The coefficients of variation of the stand basal area (CVga=0.19, 0.23, 0.20) were rather low
in all three types of stands, i.e., they were rather homogeneously stocked. We found no
significant differences between monocultures and mixed-species stands.

The skewness of the size distributions in mixed stands did not significantly differ from the
monocultures. However, the range of tree size distribution, range, the Gini coefficient, Gv,
and the index A for vertical heterogeneity indicated a significantly higher structuring in
mixed-species stands compared with both monocultures. The inequality of tree volumes was
higher in monospecific beech than in monospecific pine stands (Gy=0.46 versus Gy=0.30),
and the mixed stands were in between (Gy=0.44). Mixing of pine and beech increased the
inequality compared with monospecific Scots pine stands, but not compared with
monospecific beech stands.

We observed a significantly wider and more diverse distribution of trees along the vertical
crown profile (index A) in mixed compared with monospecific stands, probably enabled by
the complementary light ecology of both species.

The indicators of morphological variation at the tree level showed significantly higher values
of h/d, cl/h, cd/d and cd?/d? in mixed stands compared with Scots pine monocultures. Beech
in the mixture increased the mean crown plasticity and extension. In contrast, compared with
the European beech monoculture, the mixed stand showed a lower mean crown plasticity and
extension.

The Gini-coefficient for stem volume growth (Giy) indicated a stronger inequality of growth
allocation in favour of the tall trees in mixed stands compared with the rather homogeneous
pine monocultures. While the inequality in mixed stands was significantly higher compared
with monospecific pine stands, mixed stands and monospecific beech stands were similar
regarding Giy.

Overall, this comparison reflected a considerable structural diversification by cultivating
mixed-species stands instead of monocultures.

Q2 To what extent is the structure of mixed stands only an additive effect of combining
species with different traits as opposed to a multiplicative effect resulting from inter-specific
interactions?

We first compared both species concerning their structural traits in monocultures. Table 3,
columns (3) and (4) list the structural variables (mean) of the two monocultures, and column
(5) reflects the mean of the ratios between Scots pine and European beech values. Those
ratios show that stand density, SDI, was higher in pine compared with beech stands.
Skewness, range, and Gini coefficient of tree volume were significantly lower in pine stands,
1.e., their size distribution was more normal, narrow, and equal compared with European
beech. Consequently the vertical structuring, A, was significantly lower for pine. Regarding
the morphological variation, pine trees had lower slenderness, shorter crowns, more
concentric crowns, and a significantly shorter crown extension. Compared with beech the
stem growth of pine was distributed more equally among the trees of different sizes, and the
growth dominance was significantly lower than in beech stands. This comparison of
monocultures shows that both species are endowed with complementary structural traits;
Scots pine tends towards high densities, rather homogeneous size structure, and slim and
narrow crowns, with rather equal growth partitioning within the population. European beech,
in contrast, tends to be heterogeneous in terms of the horizontal and vertical stand structure,
widely extending, plastic crowns, and strong inequality of size structure and with a growth
distribution in favour of the dominating individuals. The next section examines how those
traits are modified when both species are mixed.
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The strong variation of both species structural traits suggests a considerable additive effect.
This was quantified by comparing the weighted mean of the two monocultures with the
monoculture of Scots pine (Table 3, column (7)) and European beech (column (8)),
respectively. The many boldly printed ratios in those columns indicate a strong additive
effect.

Compared with the Scots pine monoculture the mixed stand calculated as the weighted mean
of both monocultures showed lower SDI and higher RCC values, i.e., beech reduced the tree
number but increased the canopy coverage. Furthermore the size range, inequality Gv, and
vertical layering, A, was increased by the beech. Also the h/d, cl/h, cd/d and cd»/d; were
increased by the component of beech in the weighted mean.

Compared with the European beech monoculture a mixture based on the weighted mean of
both monocultures showed higher SDI and lower RCPA values. The range of the size
distribution was significantly higher. However, Gv was lower, because pine caused a
homogenization. The weighted mean ratios h/d and cl/h were lower than in the beech
monoculture, i.e., pine reduced the weighted mean by its lower h/d-values and shorter crowns
compared with beech.

The finding that the majority of weighted mean structural indices differed from the
monocultures indicates an overwhelming additive effect. Both species were so different in
terms of their structures that just by mixing these species there was a large increase in
structural heterogeneity (regardless of the presence of any inter-specific interactions). This
additive effect can potentially be enhanced or reduced by the species’ acclimation to the inter-
specific competition, as indicated by any multiplicative effect.

Table 4 reveals multiplicative mixing effects by comparing the attributes of each species in
mixed stands versus monocultures. In addition we compared the mixed stand as a whole with
the weighted mean of both monocultures. Table 4 shows how the rather low effect of mixing
at the stand level (column 11) emerged from strongly contrasting patterns at the species level
(columns (5) and (8)). Comparison of structural traits of Scots pine in mixtures with
monocultures showed higher stand density, wider size range, and reduced crown ratio and
lateral crown expansion (columns (5)). For European beech in mixed-species stands compared
with monocultures the density, vertical structuring, and crown ration and lateral expansion
were significantly higher. The two species enhanced each other regarding stand density and
vertical structuring. However, the opposite occurred for the morphological response that
cancelled each other’s effects at the whole stand level. So, the rather invariant response
pattern of the morphological traits at the stand level (column (11)) resulted from a species-
specific, counterbalancing effect at the species level.

Q3 How do the mixing effects on stand structure vary along an ecological gradient through
Europe?

From the set of site variables considered, the Martonne index (1926) was the only one that
was correlated with the stand structure ratios between mixed-species stands and
monocultures. The other site variables and site indicators such as the mean annual
temperature, annual precipitation, CVP index by Paterson (1956), site index, and site
productivity showed no clear statistical correlation with the structural mixing patterns.
Therefore, the following results are confined to correlations between the Martonne index and
the ratios of the non-weighted comparison, the additive effect, and the multiplicative mixing
effect.
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Figure 4 shows that correlations between the Martonne index and the ratios indicating
multiplicative mixing effects were generally rather low, but were significant in some cases,
and varied between species.

No correlations between the structural ratios and the Martonne index would indicate that the
effects of species mixing on stand structure shown in Table 2-4 and summarized in Table 6
are distinct but site-invariant. However, Table 5 shows that the site conditions in terms of the
Martonne index can modify the mixing effect as follows.

Table 5, columns (2) and (3) show how the unweighted ratios between the mixtures and
monocultures of Scots pine and European beech were modified by environmental conditions.
With improving water supply, indicated by the Martonne index, stand density, vertical
structuring, and h/d values increase, while length and lateral extension of crowns decrease in
mixed stands compared with Scots pine monocultures (column (2)). The ratio between mixed
stands and European beech monocultures was less site-dependent. Crown area and h/d
decreased while the share of small trees and the inequality of the size distribution increased
(column (3)).

Column (4) shows how the structural relationships between the monocultures of Scots pine
and monocultures of European beech change with environmental conditions. With improving
water supply the stand density, canopy density, slenderness, and inequality of inter-individual
growth distribution of Scots pine in relation to beech decreased, while crown length
increased.

Columns (5) and (6) reflect the site dependency of the additive effect. The better the water
supply, the more heterogeneous the weighted mean of both monocultures in relation to Scots
pine monocultures, i.e., the stronger the structuring effect of beech in mixture (column (5)).
The advantage of the weighted mean in relation to the European beech monoculture was less
pronounced (column (6)).

Columns (7) and (8) reflect the site dependency of the multiplicative mixing effect at the
species level. With improving water supply Scots pine decreased in terms of crown coverage
and size range but increased in vertical structuring in mixed compared with monospecific
stand conditions (column (7)). Beech increased in density and share of small trees but
decreased in size range and lateral crown expansion (column (8)). The site dependency of the
multiplicative effect at the whole stand level in column (9) showed only slight site-
dependencies, probably because of the opposite sign of pine and beech regarding the site
dependency.

A common tendency of the different levels of the site-dependency of mixing effects in Table
5 1s the increase in different aspects of stand density and vertical structuring, and a decrease in
crown length and lateral crown extension with improving water supply.

4 Discussion
Practical and scientific relevance of structural heterogeneity in mixed-species stands

Stand structure and species diversity affect most forest functions and services. Increases in
species diversity and heterogeneity of other structural attributes can, e.g., stabilize and raise
the productivity (Liang et al 2007, Lei et al 2009, Jucker et al. 2014, Pretzsch et al. 2013,
2015), stability (Griess and Knoke 2011, Jactel and Brockerhoff 2007), reduced sensitivity to
drought (Grossiord et al. 2014, Metz et al. 2016), habitat diversity (Tews et al. 2004), plant
and animal richness (Brunet et al. 2010, Ishii et al. 2004, Roth 1976), and the aesthetic value
(Schiitz 2002, Stolb 2005) of forest stands. On the other hand more heterogeneous structures
can have a negative effect on some taxa (Paillet et al. 2010), on the wood quality (Pretzsch
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and Rais 2016), on the effort of forest inventory, planning, and management (von Gadow
1998, von Gadow et al. 2002), and on the costs of opening up the stands to harvest the timber
(Keegan et al. 1995, Kellogg et al. 1996).

Forest science needs detailed information on stand structures to improve our understanding
and modelling of stand dynamics (Figure 1), not only of monocultures but especially of
mixed-species stands (Forrester and Pretzsch 2015, Forrester and Bauhus in press, Pretzsch
2014). A deeper insight into stand structure and its dependency on site conditions is also
important for the further development of silvicultural guidelines for the management of
mixed stands which may address multiple services (Rio et al 2016). It may for instance reveal
which species assemblages or site conditions allow for continuous structural within stand
heterogeneity, and which lead inevitably to one-layered canopy closure and within stand
homogeneity.

The very different physiological and morphological traits of Scots pine and European beech
suggest a strong additive effect when cultivating them together. On top of this the mixed-
species stands in this study had about 50 years to adapt to their inter-specific habitat; i.e., to
develop multiplicative mixing effects. They widened their size distribution, the inequality of
tree sizes, extended the canopy space occupation, increased the stand density, and extended
and diversified the boundaries between crowns of different species.

Compared with the restriction in monocultures that can result when most trees occupy the
same canopy or root layer, inter-specific neighbourhoods may trigger crown expansion and
crown packing that result from inter-specific interactions as well as inter-specific differences
in morphology. These responses that increase variability, which may also have developed
from mutual co-evolution in the past are often undesired by foresters at present, and may
even be unknown if the species are mainly only grown in monoculture. When crowns and
roots are developing in inter-specific neighbourhoods they may develop a behaviour that is
not predictable from monocultures but can be highly relevant for understanding, modelling
and predicting mixed stand dynamics. The species-specific properties that only develop in
inter-specific neighbourhoods may contribute the most to the heterogeneity of stand structure
in mixed stands compared with monocultures.

Additive effects and multilicative effects of mixing on stand structure

An additive effect results from inter-specific differences in morphology and size distribution
that are unaffected by any species interactions, while a multiplicative mixing effect reveals
new structural and morphological aspects that result from the inter-specific environment.
Ignoring the two effects of mixing may cause confusion and misinterpretation. The
combination of both effects may be more relevant for practical purposes and decision support
in relation to the pros and cons of mixtures versus monocultures, whereas the separation of
the multiplicative mixing effect is clearly relevant for ecological theory and modelling. The
multiplicative mixing effect is often referred to as an emergent property, because it cannot be
predicted from the dynamics of the monocultures. It is likely to require long-term observation
of tree development in inter- versus intra-specific neighbourhoods.

Table 6 (columns (2) and (3)) shows that when comparing mixtures with monocultures,
without weighting the effects using mixing proportions, most of the structural characteristics
measured indicate strong effects towards higher structural heterogeneity. There were a few
exceptions such that, in comparison with beech monocultures, the mixed-species stand had a
lower heterogeneity, e.g., lower slenderness, crown length, and lateral crown extension. This
unweighted comparison and the increase in heterogeneity by mixing may be relevant for
decision making in forest practice, because it shows that mixing both species can result in
higher structural heterogeneity which might be an aim for providing the above mentioned
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forest functions and services. However, those differences provided very limited information

about the emerging mixing effects.

The causes for strong additive effects of mixing Scots pine and European beech are clear

when comparing the very different structural traits of both species in their monocultures.

Most of the structural indices indicate that Scots pine is less variable, plastic, and multi-

layered than beech (Table 6, column (4)). The structural differences between the

monocultures of pine and beech are consistent with many other studies (Jucker et al. 2015,

Kelty 1992, Pretzsch 2014). Scots pine represents a light demanding, rather crown-

transparent and vertically oriented fast growing species with an early culminating course of
growth (early successional species). European beech represents a shade tolerant, and shading

species, with high lateral crown plasticity and a slower but more continuously and later

culminating course of growth (late successional species). As a result of those species-specific

traits the mixed stands of both species differ significantly from both monocultures, i.e., they

show strong additive effects (Forrester and Pretzsch, 2015). Other common mixtures of early

and late successional or shade intolerant and tolerant species such as Scots pine and lime tree,

Scots pine and American oak, or European larch and beech, larch and spruce, silver birch and

spruce, silver birch and silver fir, or Alnus rubra and Pseudotsuga menziesii may behave

similarly.

Table 6 shows that because of the different structural traits the weighted mean of both

monocultures differs, for many variables, significantly from the monoculture, and indicates a

strong additive effect (columns (5) and (6)). This means that the differences found by the

unweighted comparison result mainly from the morphological and structural differences

between the selected species. The most interesting finding is that beyond this additive effect

mixing triggers emergent properties, i.e., a multiplicative mixing effect (Table 6, column (7)-

(9)). Analyses at the species level showed that stand density, size range, vertical layering, and

morphological variation are enhanced by mixing. Scots pine becomes restricted and

European beech is released in mixture, as shown at the species level (column (7) and (8)) and

in recent studies on beech growing in mixtures with conifers (Pretzsch and Schiitze 2005,

Metz et al. 2013). However, due to the opposite sign of the reactions they compensate each

other to some extent and so the multiplicative effects are less detectable at the whole stand

level (column (9)).

As the size of the smallest and tallest tree in a stand as well as the size range are frequently
used for indicating community structure (Niklas et al. 2003) they were included in the set of
structural measures. However, it should be consider that the range may be a biased estimator
for the variation as it depends strongly on sample size. The larger the sample size, the higher
the probability of finding the rarer small and large values. Since our mixed-species plots were
on average twice as large as the monocspecific plots, the larger range in the mixed plots could
be partly an artifact of the design.

The primary multiplicative mixing effect is the higher morphological variability, crown

extension, interlocking, and canopy space filling down to the lower canopy layers because of

the different light ecology of both species. This may cause a higher crown density and

stocking density, and finally a higher productivity and overyielding as shown for these

triplets elsewhere (Pretzsch et al. 2015).

Change of mixing effects along the humidity gradient

We found a strong multiplicative mixing effect on stand density, crown morphology, and
vertical structuring for both species (Table 6, column (7)-(8) and also at the whole stand level
(column (9)). However, this multiplicative effect was usually only weakly correlated with the
environmental conditions (Table 5, columns (7)-(9)). This means the multiplicative mixing
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effects, which might be mainly responsible for any overyielding or underyielding were not
significantly related to the site variables that were included in the analysis. This is in line
with our findings on the same triplets, that standing volume (+12 %), stand density (+20 %),
basal area growth (+12 %), and stand volume growth (+8 %) were higher than the weighted
mean of the neighbouring monocultures, but that the superiority of the mixed stands versus
monocultures did not show a clear dependency of the site conditions (Pretzsch et a. 2015).
This shows that both species can be maintained in mixtures along a broad range of site
conditions and indicates that they are able to acclimate to the mixture, and to potentially use
resources better than in monocultures thereby increasing both productivity and stand density.

Mixing increases many aspects of structural heterogeneity compared with monocultures. The
unweighted comparison (Table 5, column (2) and (3)) as well as the analysis of the additive
effect (column (4)-(6)) showed that mixed stands of Scots pine and European beech can
simply be richer in structure because the two species have very different ecological traits and
structural morphology. As both species develop differently in monocultures, e.g., in tree
height growth and vertical structuring, when environmental conditions improve, the additive
effect can also increase together with the Martonne index (see Table 5, columns (4)-(6)).
However, the additive effect is rather a potential effect, derived from the characteristics of
the species in the monoculture. The multiplicative mixing effect may also counteract the
potential additive effect. This becomes obvious in Table 5, where the additive effect is
highest (columns (4)-(6)) and indicates further differences that were not apparent when using
the unweighted comparison (columns (2) and (3)). There is a counteracting multiplicative
mixing effect behind this difference. This inter-specific interaction effect becomes obvious
on productive sites where European beech may out-compete pine. That is, while both species
have very complementary traits, on sites that are very favourable to beech the multiplicative
mixing effects result in a restriction of Scots pine and a release of European beech to such an
extent that in the long term the multiplicative mixing effect leads to a beech monocultures,
thereby strongly reducing the structural heterogeneity.

This turnaround from a structure enhancing to a structure reducing multiplicative effect may
occur when European beech obtains an upper hand in competition on better sites and at
advanced stand ages simply because of its higher maximum height and crown plasticity. This
may be indicated by negative correlations between the multiplicative mixing effect and
increasing Martonne values (Table 5, columns (7)-(9)). This trend of more favourable
conditions for beech in pine-beech mixtures when increasing the humidity agrees with the
findings of Condés and Rio (2015), who reported that the positive pine admixture effect on
beech growth and mortality increased significantly with site precipitation.

Causal explanation

There is increasing evidence that functional diversity or the presence, abundance,
distribution, and diversity of functional traits rather than species diversity per se control
ecosystem functioning (e.g. Diaz et al. 2006, Nadrowski et al. 2010). This may be why the
observed findings can be explained by the different functional traits of European beech and
Scots pine. Obviously, because of its shade tolerance European beech can grow under the
light transparent Scots pine crowns and thereby widen the size range in mixed stands
compared with pine monocultures. At the same time, the light that penetrates the pine
canopies can be absorbed by European beech to increase the total light absorption of the
mixtures compared with the pine monocultures; while light intensity under beech canopies is
only 1-2 % of above canopy light availability, it is 15 %, i.e., about tenfold, under Scots pine
(Ellenberg and Leuschner, 2010, p 89). Combinations of high light-use efficient species with
more shade tolerant species capable of high light absorption have been shown to increase
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light-use efficiency and light absorption of mixtures compared with monocultures (Kelty
1992, Binkley et al. 2013, Forrester et al. 2012). This may also explain the higher carrying
capacity in terms of beech density in mixed plots (Pretzsch and Biber 2016), probably linked
to lower mortality rates (Condés and Rio, 2015), since beech tree mortality is often due to
competition for light (Monserud and Sterba 1999, Ruiz-Benito et al. 2013).

The crown morphology in terms of the relationships between tree diameter and crown
diameter, crown length and leaf area can differ between mixtures and monocultures (Pretzsch
2014). For instance, individuals of European beech growing in mixture with Norway spruce
showed greater crown volumes when compared to those in monospecific stands (Bayer et al.
2013). Beech crown plasticity was also detected when growing with pine, with larger crown
sizes than in monospecific stands (Dieler and Pretzsch 2013, Metz et al. 2013). These
differences in crown morphology, as well as inter-specific differences in height, can result in
a more efficient packing of tree crowns within the canopy space and an increased light
absorption by individual tree crowns of a given species and size in mixtures compared with
monocultures (Bauhus et al., 2004; Forrester and Albrecht, 2014). However, canopy space
filling seems more affected by morphological properties of the species in the mixture rather
than by species richness itself (Seidel et al. 2013, Barbeito et al. 2014).

The higher plasticity in canopy shape and volume in mixtures in response to changes in the
local neighbourhood increases canopy occupation, maximizing light interception and thereby
increasing productivity. The other hand, the high plasticity and increased light interception of
beech in mixed stands compared with monospecific stands might be a decrease in wood
quality due to higher crown asymmetry and stem curvature in mixtures (Knoke and Seifert
2008).

Consequences for silviculture

The strong species-specific multiplicative mixing effects on stand density (Table 6, columns
(7)-(9)) are probably enhanced by the dense interlocking of both species, their morphological
variability, and vertical structuring. Most mixed-species plots represent close to 50:50 mixing
portions and a rather individual tree mixing pattern. This individual tree mixing enables the
extension of the beech crowns in length and width at the expense of the pine crowns
(Pretzsch 2014). As crown size is closely related to light absorption and hence productivity
(Binkley et al. 2013) beech benefits from growing in pine neighbourhoods. Beech has a
rather low self-tolerance in monocultures but competes strongly with pine, which is less
plastic (Metz et al. 2013). The crown extension means longer and more branches and a
reduction of wood quality of beech (Pretzsch and Rais 2016, Wiedemann 1951, p 135).
Interference by beech can reduce the number of branches of Scots pine, which can improve
timber strength and stiffness (Pretzsch and Rais 2016). However, in older stands the high
plasticity of beech can suppress and eliminate pine in individual tree mixtures regardless of
whether it is competing laterally or from below by pushing its crowns upwards into the pine
crowns (Wiedemann 1951, p 134). This may be avoided by a continuous release of pines by
thinning, by pine being additionally favoured through the greater positive mixing effect at
lower stand densities (Condés et al 2013), or by a group or cluster mixing of both species
where both can grow in intra-specific instead of inter-specific neighbourhoods (Spathelf and
Ammer 2015). However, this may reduce the close vertical and horizontal interactions of
both species which may be the main reason for the increased light interception, productivity,
and stand density.

Mixed stands of Scots pine and European beech can carry more trees of a given size, and this
effect increases with site productivity. The complementary light ecology of both species
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(pine light demanding, beech shade tolerant) increases the light interception or light use
efficiency to such an extent that not only stand productivity (Pretzsch et al. 2015) but also the
carrying capacity is continuously higher than in monocultures (Pretzsch and Biber 2016).
The finding that this tendency and vertical structuring increases with site productivity
substantiates the assumption that greater light interception explains the increase in density
and growth; on rich sites where water and nutrient supply are higher the light
complementarity might become more effective than on poor sites, where other environmental
conditions are limiting (Forrester and Albrecht 2014).

mixtures can carry more trees of a given size. Thus, the self-thinning relationships of mixed
stands are assumed to differ from that of the respective monocultures. Future research is
needed to reveal which of the two parameters of the self-thinning line (intercept and/or slope)
are changed in mixed stands (Pretzsch and Biber, 2016). The knowledge about any increase
in maximum stand density by species mixing is relevant for developing silvicultural
guidelines. If thinning guidelines for mixed stands simply adopt the target curves for stand
basal area or tree number developed for monocultures, this may result in suboptimal stand
densities and thereby losses in stand productivity. The strong increase in density when
mixing the ecologically very different Scots pine with European beech suggests that
assemblages of complementary species may increase the supply, capture, or use efficiency of
resources to such an extent that not only the growth rate but also the carrying capacity is
higher than in monocultures. This finding is of special interest in terms of biomass
production and carbon sequestration by forests; both of which are of increasing importance
(Mund et al. 2015). Further research will be required to determine which resources become
more efficiently used and how this depends on site conditions and stand age, particularly
because the outcomes of such research will find direct application by forest management
practices.
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Stand disturbances
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Figure 1 Schematic representation of the connections between within-stand environment,
functioning and structure. The species within the stand can slowly modify their environment
via structure (feedback circle represented by bold arrows) or quickly modify their
environment via functioning (thin arrow). External factors, such as disturbances, silvicultural
interferences and site conditions influence the structure and within-stand environment of the
stand and thereby its functioning (Pretzsch 2014).
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Figure 2 Positioning of the 32 triplets (black circles) in the climate envelopes (see Kolling et
al. 2009) in terms of mean annual precipitation (mm yr!) and mean annual temperature (° C)
of the natural range (grey) and current range of cultivation (black line) of (a) Scots pine and

(b) European beech.
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Figure 3 Schematic representation of the comparison between monocultures and mixed-
species stands’ tree diameter distribution to quantify multiplicative effects (resulting from
species interactions) as opposed to additive effects (resulting only from mixing species with
different morphological or physiological traits). At the species level, size distributions D, and

D and D

in neighbouring mixed stands (a-d). For quantification of the mixing effect at the whole stand

in monospecific stands can be compared with the respective distributions D

2 1(2) 1.2

level the weighted mean of both monoculture distributions IADL2 can be compared with the
observed whole stand distribution D , (e and f). Differences between the reference

distributions (a, ¢, €) and the observed size distribution (b, d, f) indicate inter-specific
interactions and multiplicative mixing effects.
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Figure 4 Relationship between the Martonne index, M, and selected ratios (RN, Rrangeq, RA,
and Rcd/d) indicating the multiplicative mixing effect at the species level for Scots pine and
European beech. In particular, we show the results for ratios between the structure of Scots
pine in mixture versus Scots pine in the monoculture and European beech in mixture versus
European beech in the monoculture for the structural variables (a and e) tree number, N, (b
and f) range of stem diameter, rangeq, (c and g) vertical species profile, A, and (d and h)
crown projection ratio, cd/d. OLS regression analyses yielded

(@) RN\ pix /mono, sep. = 1-:00(£0.38) —0.002(+0.009) x M, n=32, R2=0.01, p<0.85

(b) Rrangey ./ ono. sep. = 1-42(£0.38) —0.01(£0.009) x M , n=32, R?=0.02, p<0.41

(©) RA ik /mono, sep. = —2-68(£0.97) +0.10(30.023) x M, n=19, R?=0.52, p<0.001

(d) Red/d iy /mono, sep. =1-002(20.27) —0.003(£0.01) x M, n=21, R?=0.01, p<0.63

(©) RN it /mono. E.be. = 0.74(£0.42) +0.02(£0.01) x M, n=32, R?=0.07, p<0.15

() Rrange, o/ ono. Ebe. = 1-43(20.23) —0.01(x0.005) x M, n=32, R?=0.13, p<0.05
(@) RA i /mono. Ebe. = 2-17(£0.82) —0.02(£0.02) x M, n=25, R?=0.05, p<0.30

(h) Red/d =1.57(0.19) — 0.01(+0.004) x M, n=21, R?*=0.20, p<0.05
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mix / mono, E.be.

1355  Table 1 Overview of the measures for characterization of different structural aspects used in

this study, an explanation of what they indicate, and references.

1360

Measure structural Indication of index when its value is reference
aspect low medium high

stand and canopy density
N tree number thinly medium dense Kramer 1988
SDI stand density index thinly medium dense Reineke 1933
RCPA sum of crown area thinly medium dense Pretzsch 2014
RCC crown coverage thinly medium dense Assmann 1970
horizontal distribution pattern
CVga basal area homogeneous medium heterogeneous Bortz 1993
size distribution pattern
skewq skewness d left-skewed normal right-skewed  Pretzsch, Schiitze 2015
skewn skewness h left-skewed normal right-skewed  Pretzsch, Schiitze 2015
skewy skewness v left-skewed normal right-skewed  Pretzsch, Schiitze 2015
rangeq range d equal medium unequal Pretzsch, Schiitze 2014
rangen range h equal medium unequal Pretzsch, Schiitze 2014
GV, inequality of v equal medium unequal Binkley 2004
vertical structuring
A vertical species profile monotonous  medium diverse ~ highly diverse = Pretzsch 1998
morphological variation
h/d slenderness conical medium slender Pretzsch 2014
cl/h crown ratio short crown medium long crown Pretzsch 2014
Tmin/Tmax crown concentricity eccentric medium concentric Pretzsch 2014
cd/d crown projection ratio slim crown medium crown wide crown Assmann 1970
cd?/d? Quotient ground cover area slim crown medium crown wide crown Assmann 1970
intra-individual growth allocation
GViy inequality iv equal medium unequal Binkley et al. 2006
GDC growth dominance low dom. all equal high dom. Binkley 2004
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Table 2 Minimum, mean, and maximum of the structural measures for monocultures of Scots pine and European beech and mixed-species stands of
Scots pine and European beech. In the columns (12) and (13) we report the p-values for testing group differences between the mixed-species stands
and the monocultures of Scots pine and European beech, respectively. Notice, that in columns (4), (7), and (10) we report the arithmetic means
(unweighted by mixing proportions) of all n observations within the respective groups. In columns (12) and (13) we report the mean of the ratio
resulting from the pair-wise division of the characteristic of the mixed-species stands by the respective value of the neighbouring monocultures. ‘*’,
ek "and “***” indicate significant differences of mixed-species stand versus monoculture at the level p<0.05, 0.01, and 0.001 (bold).
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@ @ 3 “ () ©) ) ®) (C)] (10) an 12) 13)
Stand sample mono Scots pine mono E. beech mixed Sc.p + E. beech mixed mixed
structure size vs. VS.
indices Sc. pi. mono E. be. mono

n min mean max min mean max min mean Max

stand and canopy density
N 32 82 970 3200 220 1027 2745 250 990 2628 1.27+0.14 1.10+0.07
SDI 32 215 834 1426 392 724 1266 337 824 1631 1.06+0.07 1.18%*+0.06
RCPA 25 0.55 1.15 1.83 0.68 1.29 2.15 1.51 2.23 3.69  2.02%%%x0.13 1.82%#%+0,12
RCC 25 0.46 0.73 0.98 0.44 0.74 0.97 0.73 0.89 0.98  1.27%%¥+0.05 1.24%#%+0.06
horizontal distribution pattern
CVga 31 0.08 0.19 0.44 0.09 0.23 0.44 0.10 0.20 0.39 1.06+0.08 0.90+0.07
size distribution pattern
skewqy 32 -2.13 -0.11 1.27 -1.15 0.42 2.21 -0.79 0.37 1.53 0.65+3.92 -1.5642.13
skewy, 32 -3.84 -1.11 0.01 -3.54 -0.68 0.60 -1.36 0.08 3.63 1.14+0.72 -0.21£0.90
skew, 32 -1.02 0.58 1.84 -0.12 1.41 4.56 -0.01 1.19 2.33 1.37+0.67 0.85+0.30
rangey 32 14.10 2742 53.40 18.80 34.30 66.50 17.00 38.48 65.10  1.53%%%+0.10 1.20%#%+0.06
ranges 32 3.00 12.93 28.60 2.80 13.80 25.50 7.80 17.10 3110 1.68%%%+0.20 1.42%+0.17
rangey 32 0.31 1.42 4.80 0.48 2.39 7.87 0.29 2.31 6.27  1.98%%*+(.21 1.25%+0.13
G, 32 0.12 0.28 0.46 0.29 0.43 0.62 0.22 0.44 0.64  1.74%+*+0.11 1.04+0.05
vertical structuring
A 25 0.00 0.37 0.90 0.17 0.61 1.08 0.68 1.12 1.34  3.35%**+(.63 2.14%**4(.22
morphological variation
h/d 32 0.44 0.84 1.15 0.64 1.01 1.34 0.51 0.89 121 1.07#+0.03 0.90***+0.03
cl/h 32 0.22 0.36 0.60 0.40 0.54 0.79 0.28 0.45 0.66  1.29%%%+0.06 0.83***+0.03
Timin/Tmax 20 0.29 0.42 0.55 0.27 0.40 0.51 0.30 043 1.00 0.96+0.04 1.03+0.03
cd/d 21 11.0 17.2 254 14.3 25.5 36.7 13.8 21.7 26.0  1.30%%%+0.06 0.87#**+0.03
cd¥d? 21 124 385 827 211 730 1507 247 593 948 1.88***+0.20 0.87*+0.06
intra-individual growth allocation
Giy 32 0.08 0.30 0.51 0.31 0.46 0.68 0.28 0.44 0.57  1.66%%%+0.16 0.98+0.04
GDC 32 -0.20 0.01 0.13 -0.12 0.01 0.14 -0.33 -0.07 0.08 -5.22+4.21 -0.86+1.37
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Table 3 Analyzing the “additive effect” on the structural measures of Scots pine and European beech in mixed-species stands versus monocultures.
In column (5) we test the group differences between monocultures of Scots pine and European beech. In columns (7) and (8) we report the p-values
of testing group differences between the weighted mean (by mixing proportions) of the monocultures of Scots pine and European beech and the
respective monocultures. Notice, that in columns (3), (4), and (6) we report the arithmetic means of all n observations within the respective groups.
In columns (5), (7), and (8) we report the mean of the ratio resulting from the pair-wise division of the characteristic of the mixed-species stands by
the respective value of the neighbouring monocultures. “*’, “**° and “***’ indicate significant differences of mixed-species stand versus
monoculture at the level p<0.05, 0.01, and 0.001.
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@ @ ©)] (C) () ©® O] ®
Stand structure sample Scots pine European beech Sc.p S.pi+E. be S.pi+E. be S. pi + E. be
Indices size mono mono vs. weighted weighted mean weighted mean
n E. be mean Vs vs.
S. pi mono E. be mono
stand and canopy density
N 32 970 1027 1.12+0.15 975 1.06+0.06 1.00£0.04
SDI 32 833 724 1.18%#%+0.05 772 0.94%*+0.02 1.07%%+0.02
RCPA 25 1.15 1.29 0.92+0.04 1.21 1.06%+0.03 0.95%*+0.02
RCC 25 0.73 0.74 1.00+0.04 0.73 1.01£0.02 1.00£0.02
horizontal distribution pattern
CVga 29 0.19 0.23 0.91£0.07 0.21 1.10%+0.04 0.93*+0.03
size distribution pattern
skewqy 32 -0.11 0.42 0.46x+1.57 0.24 1.53+£0.92 -3.86+3.98
skewy 32 -1.11 -0.68 -0.14£1.20 -0.62 0.54+0.28 0.2240.48
skew, 32 0.58 1.41 0.19%%%+(,23 1.29 0.47+0.83 0.84+0.20
rangeq 32 27.19 34.29 0.87%+0.05 37.25 1.45%%%+0,10 1.11%%%+0.03
ranges 32 12.93 13.79 1.05£0.12 17.40 1.60%#%+0.15 1.36%*%+0.10
range, 32 1.42 2.39 0.79%+0.08 2.58 2.21%%40.40 1.14%%+0.05
Gy 32 0.28 0.43 0.64%%%+0.03 0.41 1.56%#%+0.07 0.94%*+0.02
vertical structuring
A 32 0.37 0.61 0.60**#+0.13 0.57 1.70%+0.31 1.09+0.11
morphological variation
h/d 32 0.84 1.00 0.85%%%+(0.03 091 1.11%#%+0.02 0.92***+0.01
cl/h 32 0.36 0.54 0.68***+0.04 0.45 1.30%#%+0.04 0.84%**+0.02
Tmin/Tmax 20 042 0.40 1.09%+0.04 0.41 0.97+0.02 1.05£0.02
cd/d 21 17.2 25.5 0.70%%*+0.04 24.0 1.41%%%+0.08 0.95+0.05
cd¥d? 21 385 730 0.61***+0.10 826 2.40%%%4(0.28 1.19*%+0.13
intra-individual growth allocation
Giv 32 0.30 0.46 0.67%#*+0.04 0.44 1.57%%%+0.09 0.96+0.02
GDC 32 -0.01 0.01 -0.94%*%40.50 -0.01 0.61+0.55 0.63+0.37
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Table 4 Analyzing the “multiplicative mixing effect” on the structural measures of Scots pine and European beech in mixed-species stands versus
monocultures. In column (5) and (8) we test the group differences between the species-specific behaviour in mixed stands versus monoculture. In
column (11) we report the p-values of testing group differences between the observed mixed-species stand and the weighted mean of the
monocultures of Scots pine and European beech. Notice, that in columns (3), (4), (6), (7), (9), and (10) we report the arithmetic means (unweighted
means) of all n observations within the respective groups. In columns (5), (8), and (11) we report the mean of the ratio resulting from the pair-wise
division of the characteristic of the mixed-species stands by the respective value of the neighbouring monocultures. “*’, “**’ and “***’ indicate
significant differences of mixed-species stand versus monoculture at the level p<0.05, 0.01, and 0.001.
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@ @ 3 “ (©)) © () ® ()] a0y an
Stand sample  Scots pine European beech Scots pine + E. beech
structure size mono  mixed mixed mono mixed mixed obs weighted obs
indices Vs. vs. vs.

n mono Mono weighted

stand and canopy density
N 32 970 786 0.93+0.08 1027 1214 1.35%%%+0.09 990 975 1.14%+0.07
SDI 32 833 887 1.11#+0.06 724 779 1.11#+0.06 824 772 1.11#+0.06
RCPA 25 1.15 1.29 223 1.21 1.91%%%+0.11
RCC 25 0.73 0.74 0.89 0.73 1.15+0.08
horizontal distribution pattern
CVsa 29 0.19 0.19 0.98+0.07 0.23 0.21 0.94+0.08 0.20 0.21 0.97£0.07
size distribution pattern
skewqy 32 -0.11 0.01 -1.74+£2.00 0.42 0.58 -2.1742.93 0.37 0.24 1.72£1.02
skewy 32 -1.11 -0.94 -1.20+£2.46 -0.68 -0.41 0.44%+0.27 -0.64 -0.62 -2.75%£1.76
skewy 32 0.58 0.60 0.24%+0.33 1.41 1.47 0.97£0.52 1.19 1.29 1.98+0.67
rangeq 32 27.19 27.54 1.11+0.08 34.29 31.34 0.96+0.05 38.48 37.25 1.09+0.05
rangen 32 12.93 9.79 0.94+0.10 13.79 15.69 1.30£0.17 17.10 17.40 1.04+0.05
range, 32 1.42 1.71 1.51%%+0.18 2.39 1.81 0.93£0.12 231 2.58 1.11£0.11
G, 32 0.28 0.27 1.03+0.06 043 045 1.07£0.04 0.44 0.41 1.11%0.05
vertical structuring
A 32 0.37 0.45 1.38+0.26 0.61 0.68 1.31#+0.15 1.12 0.57 1.96*#%+0.03
morphological variation
h/d 32 0.84 0.78 0.94%+0.03 1.00 1.00 1.01£0.03 091 091 1.01£0.02
cl/h 32 0.36 0.32 0.91*+0.04 0.54 0.58 1.08*+0.04 0.47 0.45 1.04+0.03
Tmin/Tmax 20 0.42 0.44 0.99+0.04 0.40 0.42 0.99+0.04 0.40 0.41 0.99+0.03
cd/d 21 17.2 14.5 0.87%%+0.05 25.5 29.4 1.16%%%+0.04 21.7 24.0 0.96+0.05
cd¥d? 21 385 242 0.77%+0.10 730 969 1.39%%%+0.09 593 826 0.91+0.11
intra-individual growth allocation
Gy 32 0.30 0.30 1.06+0.05 0.46 0.46 1.03+0.04 0.44 0.44 1.04+0.05
GDC 32 -0.01 0.00 0.44+1.13 0.01 -0.01 1.51+1.09 -0.07 -0.01 6.47+4.81
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Table 5 Overview of the correlation between different kinds of mixing effects and the index
of Martonne (1926) as an indicator of the environmental conditions prevailing along the
ecological gradient through Europe. The black symbols +, ++, +++ and -, --, --- indicate
significant (level p< 0.05, 0.01, and 0.001) positive and negative Pearson correlation,
respectively. Grey symbols indicate weak correlation coefficients but with <-0.30 and >+0.30.

@ (@) 3) (C)) (5) Q) Q) (®) )]
Structure indices unweighted additive effect multiplicative effect
mixed mixed mono mixed mixed Mixed mixed mixed
group 1 obs obs Sc.pi  weighted weighted Sc.pi E.be observed
vs. Vs. vs. vs. vs. Vs. vs. vs. vs.
group 2 mono mono mono mono mono Mono mono mixed
Sc.pi E.be E.be Sc.pi E.be Sc.pi E.be weighted

stand and canopy density

N -

SDI +

RCPA - -

RCC

horizontal distribution pattern

CVga

size distribution pattern

skewy

skewy, +

skew,

rangeq -
rangey

range,

G,

vertical structuring

A ++ ++ ++
morphological variation

h/d - - 4+ -

cl/h - -

Tmin/Tmax

cd/d -
cd¥d? _
intra-individual growth allocation

Giv +

GDC -
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Table 6 Overview of the unweighted comparison of mixed-species stands, the additive effect
and the multiplicative mixing effects. The symbols +, ++, +++ and -, --, --- indicate
significantly higher and lower indices, respectively (level p< 0.05, 0.01, and 0.001) of group 1
versus group 2.

@ @ 3 @ 5 ©) ) ®) ®

Structure indices unweighted additive effect multiplicative effect
mixed mixed mono mixed mixed mixed mixed mixed
group 1 obs obs Sc.pi  weighted weighted Sc.pi E.be observed
vs. vs. Vs. Vs. Vs, VS. VS. V. VS.
group 2 mono mono mono mono mono Mono mono mixed
Sc.pi E.be E.be Sc.pi E.be Sc.pi E.be weighted

stand and canopy density
N +++ +
SDI +++ +++ - ++ + + +
RCPA +++ +++ + -- ++
RCC +++ +++
horizontal distribution pattern
C&E + -
CVga + -
size distribution pattern
skewy
skewy - -
skew, - -
rangeq +++ +++ - +++ +++
range, +++ + +++ +++
range, +++ + - ++ ++ ++ +
Gy +++ - +++ --
vertical structuring
A +++ +++ -- + + +++
morphological variation
h/d + - +++ -
cl/h +++ - +++ - +
Tmin/Tmax +
cd/d +++ — +++ - +++
cd¥d +++ - - +++ - +++
intra-individual growth allocation
Gi +++ --- +++

GDC
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Supplementary Table 1: Overview of the 32 mixed Scots pine-European beech observation plots included in this analysis. Explanation of variables:
Triplet identification code and number, ID and No, stand age of the triplet (years), longitude, N, latitude, E, elevation above sea level, E a.s.l., mean
annual temperature, T, annual precipitation, P, Martonne index (1926), M (M=annual precipitation (mm)/(mean annual temperature °C +10)),
substrate, inclination, I, exposition, Exp. For explanation of substrate see Arbeitskreis Standortskartierung (1985).

E.

ID No  Stand age Geographic location a.s.l. I Exp T P M Substrate

(years) N E (m) ©) ©) °C_ (mmyr) (mm°C"
Aus_1 1048 40 47°22'34.00" 16°2320.00" 490 19 213 8.5 750 41 loamy sand
Bel 1 1063 115 50°45'06.10" 04°1929.60" 120 0 315 75 852 49 loam
Bel_2 1057 150 50°01'48.00" 05°27'00.00" 530 8 180 10.5 1175 57 stony loam
BHe_1 1059 135 44°13'34.56" 18°29'56.12" 627 25 225 9.5 939 48 humus silicat soil-ranker
Bul_1 1047 65 41°53'43.00" 23°21'03.00" 1150 20 0 6 750 47 loamy sand
Cze_1 1049 45 49°18'14.40" 16°36'08.78" 460 8 45 75 620 35 cambisol mezotrofic
Cze_2 1058 55 13°12'45.90" 49°58' 02.5" 510 11 328 7.1 656 38 dystric and podzol cambisol
Fran_1 1040 60 48°58'41.80" 07°29'13.60" 275 20 315 9.7 948 48 sandstone sandy soil
Ger_1 1033 57 48°34'57.95" 11°14'12.49" 450 1 45 8.5 700 38 slightly loamy sand
Ger_2 1031 55 50°06'48.74" 09°03'54.36" 250 0 20 9 720 38 slightly loamy sand
Ger_3 1032 47 49°53'11.64" 10°58'13.12" 250 2 30 8 650 36 loamy sand
Ger_4 1071 65 49°24'57.77" 08°01'03.88" 400 1 60 9 675 36 loamy sand
Ger_5 1034 57 48°59'11.66" 08°10'48.58" 125 3 0 10 675 34 slightly loamy sand
Ger_6 1070 65 12°44'08.30" 48°11'12.47" 40 0 0 8 560 31 slightly loamy sand
Ger_7 1061 80 52°04'45.55" 13°37'06.05" 60 0 0 8.6 520 28 sandy
Ita_1 1055 40 46°04'02.93" 10°56'10.61" 1000 8 26 7.8 1050 59 cutanic luvisoil
Tta_2 1062 55 44°54'12.49" 07°03'53.30" 1250 25 315 79 938 52 inceptisol
Lit_1 1051 90 55°04'47.30" 22°2424.01" 20 0 0 6.5 750 45 sand and slightly loamy sand
Lit_2 1052 111 55°27'02.08" 21°32723.44" 25 0 0 6.5 800 48 sand and slightly loamy sand
Net_1 1043 47 52°25'40.55" 06°0120.42" 34 2 0 9.7 825 42 coarse sand
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Pol_1 1035 55 53°48'19.15" 19°54'42.27" 136 0 0 79 666 37 loamy sand and sand

Pol_2 1036 81 53°20'07.40" 14°36'17.51" 60 0 0 9.2 556 29 slightly loamy sand
sandstone loamy sand and

Pol_3 1037 76 50°59'27.96" 20°41'08.90" 383 2 275 7.8 662 37 loam

Pol_4 1044 57 50°0127.60" 20°13'45.84" 210 0 0 8.2 650 36 slightly loamy sand

Pol_5 1045 55 50°01'36.00" 20°19'37.26" 225 0 0 8.2 650 36 loamy sand

Ser_1 1056 75 43°42'17.40" 19°37'30.00" 1090 20 0 7.7 1020 58 loam with a little sand

Slo_1 1046 55 48°33'09.18" 18°31'11.19" 500 15 90 6.9 730 43 cambisoil

Sp_1 1042 40 42°05'57.00" -03°-10'-19.00" 1290 14 0 8.9 860 46 sandy loam

Sp_2 1041 50 42°10'18.09" 02°15'44.23" 1130 30 0 8 1100 61 loam slightly clay

Swe_1 1054 80 56°09'12.00" 13°35'35.00" 130 5 180 8 700 39 loamy sand

Swe_2 1053 65 55°42'33.00" 14°11'46.00" 110 17 135 7 800 47 sandy till

Ukr_1 1060 105 49°57'05.00" 23°39'44.00" 390 0 0 7.6 673 38 slightly loamy sand
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Supplementary Table 2 Overview of the measurements on the 32 triplets of monospecific and
mixed Scots pine and European beech observation plots included in this analysis. The

1425  symbols ‘x’ indicate the measurement of tree diameter, d, tree height, h, height to crown base,
hcb, stem coordinates, coo, crown radii, crorad, angle count sampling with BAF=4 at the
position of the cored trees, ACS, and increment coring of sample trees, core. The symbols -’
indicate which variable were not measured.

name no d h hcb coo crorad ACS Core
Aus _1 1048 X X X X X X X
Bel_1 1063 X X X - - X X
Bel_2 1057 X X X - - X X
BHe_1 1059 X X X X X X X
Bul_1 1047 X X X - - X X
Cze_1 1049 X X X X X X X
Cze 2 1058 X X X X X X X
Fran_1 1040 X X X - - X X
Ger_1 1033 X X X X X X X
Ger_2 1031 X X X X X X X
Ger_3 1032 X X X X X X X
Ger_4 1071 X X X X X X X
Ger_5 1034 X X X X X X X
Ger_6 1070 X X X X X X X
Ger_7 1061 X X X X - X X
Ita_1 1055 X X X - - - X
Ita_2 1062 X X X - X X X
Lit_1 1051 X X X X X X X
Lit_2 1052 X X X X X X X
Net_1 1043 X X X X - X X
Pol_1 1035 X X X X X X X
Pol 2 1036 X X X X X X X
Pol_3 1037 X X X X X X X
Pol_4 1044 X X X X X X X
Pol_5 1045 X X X X X X X
Ser_1 1056 X X X - - X X
Slo_1 1046 X X X - - X X
Sp_1 1042 X X X X X X X
Sp_2 1041 X X X X X X X
Swe_1 1054 X X X X - X X
Swe_2 1053 X X X X X X
Ukr_1 1060 X X X X X X X
total 32 32 32 24 21 31 32

1430
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Supplementary Table 3 Stand characteristics of the triplets of monospecific and mixed-
species stands. A total of 32 triplets were included consisting of 32 mixed-species stands and
64 neighbouring monospecific stands. Growth and yield characteristics are given for the
monospecific stands, for the species in the mixed stands and for the mixed stand as a whole.
Means of all 32 triplets are given in plain text and ranges (min-max) over all 32 triplets are
given in italics (see Pretzsch et a. 2015, Table 1).

Notice that this table shows the characteristics for the mixed stand in total and the share of
both species.

Tree number (ha'), N, quadratic mean diameter (cm), dgq, height of the quadratic mean
diameter tree (m), hg, Stand density index, SDI (trees ha!), stand basal area, BA (m? ha!),
standing volume V (m? ha'!), mean periodic annual volume growth , PAIV (m? ha! yrh).

Species n stand age N dq hy SDI BA A% PAIV
(years) (trees ha™) (cm) (m) (trees ha™) (m?ha) (m*ha™) (mhalyr!)
Sc.pine + E. be. 32 70 990 824 40.65 444 13.6
39-149 250-2628 337-1631 15.85-77.94 134-956 5.1-31.2
Sc. pine mixed 32 70 405 32.3 23.1 444 23.33 255 6.0
39-149 50-1529 14.0-70.1 12.1-35 87-838 4.35-43.48 44-658 1.7-13
E. beech mixed 32 70 585 22.3 20.9 380 17.32 189 7.6
39-149 127-1733 11.2-46.8  12.2-30.8 216-884 9.61-36.78 56-392 3.0-18.2
Sc. pine pure 32 69 970 27.6 22.1 833 40.92 413 11.3
39-149 82-3200 13.7-45.5 8.7-33.9 215-1426 13.29-62.93 162-923 2.7-21.9
E. beech pure 32 69 1027 25.1 23.0 724 34.48 411 14.7

39-149 220-2745 12.0-49.4  12.4-34.1 392-1266 17.84-53.37 146-959 6.0-27.6




