
ORIGINAL PAPER

Growth and yield of mixed versus pure stands of Scots pine (Pinus
sylvestris L.) and European beech (Fagus sylvatica L.) analysed
along a productivity gradient through Europe

H. Pretzsch1 • M. del Rı́o2 • Ch. Ammer3 • A. Avdagic4 • I. Barbeito5 •

K. Bielak6 • G. Brazaitis7 • L. Coll8 • G. Dirnberger9 • L. Drössler10 •
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Abstract Mixing of complementary tree species may

increase stand productivity, mitigate the effects of drought

and other risks, and pave the way to forest production

systems which may be more resource-use efficient and

stable in the face of climate change. However, systematic

empirical studies on mixing effects are still missing for

many commercially important and widespread species

combinations. Here we studied the growth of Scots pine

(Pinus sylvestris L.) and European beech (Fagus sylvatica

L.) in mixed versus pure stands on 32 triplets located along

a productivity gradient through Europe, reaching from

Sweden to Bulgaria and from Spain to the Ukraine. Stand

inventory and taking increment cores on the mainly

60–80 year-old trees and 0.02–1.55 ha sized, fully stocked

plots provided insight how species mixing modifies the

structure, dynamics and productivity compared with

neighbouring pure stands. In mixture standing volume

(?12 %), stand density (?20 %), basal area growth

(?12 %), and stand volume growth (?8 %) were higher
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than the weighted mean of the neighbouring pure stands.

Scots pine and European beech contributed rather equally

to the overyielding and overdensity. In mixed stands mean

diameter (?20 %) and height (?6 %) of Scots pine was

ahead, while both diameter and height growth of European

beech were behind (-8 %). The overyielding and over-

density were independent of the site index, the stand

growth and yield, and climatic variables despite the wide

variation in precipitation (520–1175 mm year-1), mean

annual temperature (6–10.5 �C), and the drought index by

de Martonne (28–61 mm �C-1) on the sites. Therefore, this

species combination is potentially useful for increasing

productivity across a wide range of site and climatic con-

ditions. Given the significant overyielding of stand basal

area growth but the absence of any relationship with site

index and climatic variables, we hypothesize that the

overyielding and overdensity results from several different

types of interactions (light-, water-, and nutrient-related)

that are all important in different circumstances. We dis-

cuss the relevance of the results for ecological theory and

for the ongoing silvicultural transition from pure to mixed

stands and their adaptation to climate change.

Keywords Overyielding � Overdensity � Modulation of

growth curves � Stress gradient hypothesis � Light

interception � Risk distribution

Introduction

Recent empirical studies of mixed forest long-term exper-

iments (Bielak et al. 2014; Pretzsch et al. 2010, 2013a),

studies using large-scale data bases (del Rı́o and Sterba

2009; Rı́o et al. 2014a; Vallet and Perot 2011), simulation

model studies (Morin et al. 2011), as well as meta-analyses

(Griess and Knoke 2011; Paquette and Messier 2011;

Piotto 2008; Zhang et al. 2012), showed that the produc-

tivity of mixed stands can exceed the weighted mean

productivity of pure stands. This overyielding can reach

50 % in mixture with nitrogen-fixing species (Forrester

et al. 2006) and 20–30 % in other mixtures (Pretzsch et al.

2013a). Species mixing can trigger emergent properties,

e.g., allometric plasticity (Dieler and Pretzsch 2013; Pret-

zsch 2014), spatial niche separation above and below

ground (Richards et al. 2010), or hydraulic redistribution

(Caldwell et al. 1998), and can improve the supply, cap-

ture, or use efficiency of resources and thereby increase

productivity (Forrester 2014, 2015) of mixed compared

with pure stands.

A better understanding of the underlying causes of

overyielding/underyielding is essential for both science and

practice. Clarification might improve theory of species

mixing, model approaches, and prediction. A better

understanding also may contribute to design of forest

production systems which are more resource efficient,

resistant and resilient in the face of climate change (For-

rester 2014). Insight into mixed-species stands is so far

based either on in depth mechanistic analysis of forest

systems at selected sites and therefore hardly generalizable

(Häberle et al. 2012; Pretzsch et al. 2014) or on statistical

analyses which provide little insight into the underlying

causes of overyielding or underyielding (Griess and Knoke

2011; Piotto 2008). Studies along ecological gradients

which improve the understanding of the site-dependent

interactions between the species in mixed stands are

available for herbaceous (Holmgren et al. 1997) but hardly

for woody plants (Forrester 2014).

Here we study the effect of inter- versus intra-specific

neighbourhoods of Scots pine (Pinus sylvestris L.) and

European beech (Fagus sylvatica L.) on 32 triplets located

along a productivity gradient through Europe. The set of

triplets covers the natural distribution of the overlap of

these species and should therefore provide a good repre-

sentation of any overyielding and its variation in time

(retrospective growth analyses based on increment cores)

and space (along the productivity gradient through

Europe).

High relevance of mixed stands of Scots pine

and European beech

As the rather Atlantic distribution range of European beech

and the more continental range of Scots pine overlap,

mixed stands of both species are of considerable impor-

tance in Europe. Scots pine covers about 12 9 106 ha and

European beech 49 9 106 ha. The potential area where

both species can mix amounts to 32 9 106 ha, but the
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current area of mixed stands of Scots pine/European beech

stands is only 1.7 9 106 ha (Brus et al. 2011). These for-

ests, especially pure and mixed European beech stands,

have been severely decimated by clearing for agriculture

and, during the last few centuries, by replacing them with

faster and straighter growing conifers such as Norway

spruce (Mantel 1961). Without human interference beech

would probably currently cover more than 2/3 of the

Central European forest area (Bohn et al. 2003) and

therefore can be considered as the most competitive Cen-

tral European tree species (Leuschner et al. 2006). In

reality, its current share in the forested lands has been

reduced to less than 1/5 by human interference (Bolte et al.

2007; Fischer and Fischer 2012).

The admixture of shade tolerant (European beech) and

intolerant (Scots pine) tree species is likely to produce a

multi-layered canopy, a large variety of stem diameters and

heights, and a complex horizontal arrangement of stems

(Spies and Franklin 1991; McElhinny et al. 2005).

Increased horizontal and vertical structural complexities

are assumed to be positively associated with biodiversity

(Zellweger et al. 2013) and favour habitat structure for

many taxa. Moreover, as Scots pine and European beech

are vulnerable to completely different disturbances, mixed

stands vs. pure stands are associated with smaller-scale

catastrophic events (Kint et al. 2006).

Limited knowledge of mixing effects between Scots

pine and European beech

Regional studies by Bielak et al. (2015), Bonnemann

(1939), Condés et al. (2013), Gabriel et al. (2005), Metz

et al. (2013), Pirogowicz (1990), and Pretzsch et al.

(2013c) reported beneficial interactions and overyielding

for Scots pine and European beech mixtures. The com-

plementarity of their ecological traits might cause

overyielding at present and may become even more rele-

vant and stabilizing in the future under climate change.

Mixing of light demanding with shade tolerant species may

increase the light interception due to contrasting species-

specific light compensation points and light-use efficien-

cies. Beech may be well equipped to forage for light beside

or below Scots pine. In return, Scots pine may profit from

higher light and water availability in spring before the

admixed beech flushes, starts using water and shading the

Scots pine (Assmann 1970, pp. 39–40). Bonnemann (1939,

Fig. 20) also reports a complementary use of the root space

where beech frequently reaches down to 40-80 cm, while

pine mainly occupies the upper layer between 0 and 40 cm.

This can mean a more complete use of water and mineral

nutrients when both species are combined. Beech can

further improve the humus layer, upper mineral soil, and

thereby facilitate Scots pine by exploitation of mineral

nutrients in deeper soil layers and their addition into the

nutrient cycle via litter fall (Chodzicki 1934).

The regeneration of sandy soils impoverished by repe-

ated cultivation of pure Scots pine stands by admixture of

broadleaved species assumes a positive effect of European

beech on the internal climate, humus type, earthworm

community and thus litter decomposition, deeper root

penetration of the soil, an increase in turnover, improve-

ment of the nutrient supply and water storage capacity and

finally an increase in growth of mixed versus pure stands

(Gabriel et al. 2005; Heinsdorf 1999; von Mammen et al.

2003). The stand-level combination of structurally and

chemically contrasting litter types may, in the long term,

improve fertility and resource storage capacity of soils

(carbon, water and nutrients), perhaps mediated through

stimulated bioturbation (Ammer et al. 2006; Augusto et al.

2002; Heinsdorf 1999; Rothe and Binkley 2001). Under

drought stress facilitative interactions may increase due to

the complementary isohydric behaviour of Scots pine and

anisohydric behaviour of European beech (Hartmann 2011)

or because of hydraulic lift by the deeper rooting beech in

favour of Scots pine (Caldwell et al. 1998; McDowell et al.

2008).

However, limitation in precipitation (Knapp 1991) and

high stocking densities (Condés et al. 2013) can also

increase the inter-specific competition and cause

underyielding of mixed-species stands compared with

monocultures. It is therefore likely to be critical to achieve

a balance between complementarity interactions that

potentially reduce drought stress but that do not increase

growth and stand density (and evapotranspiration) so much

that water availability is reduced leading to drought stress

as the stands develop (Forrester 2015). Studies of the

resource conditions and growth of Scots pine and European

beech in inter-specific versus intra-specific neighbourhoods

are restricted to a few sites, mainly extremely poor and

degraded sites which required enrichment by species

mixing, fertilization, or amelioration. We are therefore far

from generalizable knowledge of the causes and effects

when mixing Scots pine with European beech.

Reason for the high practical relevance of mixed

stands of Scots pine and European beech

The potential benefits that can be derived from mixing of

complementary tree species such as pioneer Scots pine and

late-successional European beech are of high interest for

close-to-nature silviculture. Establishment and tending of

mixed stands of both tree species may reduce their risk of

damage in the face of climate change (Geßler et al. 2007)

and is one of the main adaptation strategies in forest

practice at present (Kolström et al. 2011). While Scots pine

is quite resilient to abiotic stress (Brzeziecki and Kienast
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1994), European beech can suffer from severe frost with

minimum temperatures below -20 �C (Jönsson 2000;

Czajkowski and Bolte 2006) or extreme late frosts after

leaf unfolding (Fisichelli et al. 2014; Dittmar et al. 2006).

According to Holmsgaard (1962), frost below -4 �C can

damage the developing shoots of European beech, reduce

its growth, and result in cause deformed branches. Euro-

pean beech is also characterized by high drought sensitivity

that significantly influences its water budget resulting also

in a restricted nitrogen supply (Geßler et al. 2004). On the

other hand, widespread monocultures of Scots pine suffer

more often than European beech from calamities caused by

insect outbreaks and fungal diseases (Knoke et al. 2008).

Therefore, silvicultural strategies that favour Scots pine

and European beech mixtures over monocultures should

effectively mitigate damage caused by these biotic and

abiotic disturbances (Ehwald et al. 1961; Kint et al. 2006).

The faster growing and light demanding Scots pine can be

used as nurse trees, especially in case of larger openings, to

shade and protect the more slowly developing, and more

sensitive European beech, against late frosts or heat stress

caused by direct insolation (Schütz 2001). Moreover, Scots

pine can improve European beech form by producing

slender trees and limiting branch development at young

stages (Prévosto and Balandier 2007). On the other hand,

the introduction of European beech under the canopy of

Scots pine accelerates the pruning effect and as a result

enhances timber quality of pine (Pirogowicz 1990).

Objectives and questions of this study

Resource-use efficient production systems of Scots pine

and European beech can only be designed, modelled, and

regulated in practice if the causes of any species mixing

effects are understood. To identify the emergent properties

in mixed stands, mixing effects have to be traced from the

stand level to the size distribution, tree and organ levels.

Furthermore, their dependency on spatially and temporarily

varying environmental conditions needs to be analysed.

The objective of this study was to assess the relevance of

mixing effects in terms of stand productivity on the 32

triplets. Therefore, this study is concerned specifically with

the following questions

1. How does the volume productivity and density of

mixed-species stands differ from the neighbouring

pure stands?

2. How do stand state variables, such as mean tree height

or mean tree diameter of Scots pine and European

beech in mixed-species stands differ from pure stands?

3. How does any overyielding and overdensity of the

mixed-species stands depend on the stand and site

characteristics?

Coming papers will also base on the 32 triplets and deal

with the underlying mechanisms of the growth reactions

which are presented in this study.

Materials and methods

In order to achieve generalizable knowledge of the pro-

ductivity of mixed versus pure stands of Scots pine and

European beech a set of 32 triplets of mixed and pure plots

was established. By locating the triplets along a stand

productivity gradient (Fig. 1; Supplement Table 1) mainly

determined by water supply, the mean overyielding or

underyielding of mixed stands as well as the variation of

any species mixing effects can be analysed. The voluntary

and national-funded triplets were established by members

of the COST Action FP1206 EuMIXFOR (see webpage

www.mixedforests.eu) and are spread over 16 countries.

The 32 triplets represent the broad range of eco-physio-

graphical condition in Europe and extend from Sweden to

Bulgaria and from Spain to the Ukraine (Fig. 2).

Study area

The triplets cover the overlap of the natural range of Scots

pine and European beech very well, with triplets at the

northern border in Lithuania and the southern range in

Bulgaria and Spain. The study covers the far southwest

region in Spain and reaches to the eastern border in 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 have a share of up to 30 % of the

forest area. For the triplets in the entire study region, the

mean annual temperature ranges from 6 to 10.5 �C, the

annual precipitation from 520 to 1175 mm, and the ele-

vation from 20 to 1290 m a.s.l. (Supplement Table 1).

Materials

For the study we used 32 triplets (Table 1; Fig. 1). They

are sets of three rectangular plots including two pure stands

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 maximum

stand density. Mixed plots represent individual tree mix-

tures and the mixing proportion of Scots pine varied

between 18 and 72 % and the mixing proportion of Euro-

pean beech varied correspondingly between 28 and 82 %.

The plots within a triplet are similar in site conditions.

The pure stands are used as the reference for the mixed

930 Eur J Forest Res (2015) 134:927–947
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stands and for quantification of mixing effects in terms of

overyielding or underyielding of mixed compared with

pure stands. We inventoried the plots in order to derive the

dendrometric state variables at the tree and the stand level.

Supplement Table 2 gives an overview of the realized

measurements of tree diameter, tree height, and sampled

cores.

In order to retrospectively determine the tree and stand

growth, we took increment cores from a subset of at least

20 trees per species per plot covering the diameter range of

Fig. 1 Principle of the transect

study: an ecological gradient

from moist to dry sites including

32 triplets, consisting of pure

Scots pine stands, pure

European beech stands, and

mixed stands of Scots pine and

European beech, which were

established in autumn 2013–

spring 2014

Fig. 2 Location of the 32

triplets of pure and mixed stands

of Scots pine and European

beech, which were established

and sampled in autumn 2013–

spring 2014. The triplets are

spread over 16 countries:

Austria (Aus 1), Belgium (Bel

1–2), Bosnia-Herzegovina (BHe

1), Bulgaria (Bul 1), the Czech

Republic (Cze 1–2), France

(Fran 1), Germany (Ger 1–7),

Italy (Ita 1–2), Lithuania (Lit

1–2), The Netherlands (Net 1),

Poland (Pol 1–5), Serbia (Ser

1), Slovakia (Slo 1), Spain (Sp

1–2), Sweden (Swe 1–2), and

the Ukraine (Ukr 1)

Eur J Forest Res (2015) 134:927–947 931
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the corresponding species. From all sample trees, cores

reaching the pith were extracted at 1.30 m stem height

from the north and east directions. The annual ring width

on the cores was analysed, the dendrometric time series

were synchronized, and the arithmetic means of the annual

ring width in the north and east directions were used for the

further evaluation.

Data preparation

Evaluation of stand growth and yield variables

Stand characteristics such as mean tree dimensions, stand

basal area (BA), and standing volume stock per hectare

(V) for the survey in autumn 2013–spring 2014 and also for

2009 were evaluated following DESER-Norm 1993

(Johann 1993; Pretzsch 2009, pp. 181–222). The evalua-

tion for 2009 required the reconstruction of the stand

development in the last 5 years, which is explained as

follows. Based on this reconstruction the stand basal area

growth, PAIBA, and the stem volume growth of the

stand, PAIV, between 2009 and 2013 were calculated

as PAIBA2009–2013 = BA2013–BA2009 ? BAremoval, and

PAIV2009–2013 = V2013 - V2009 ? Vremoval.

In order to get the stand characteristics in 2009 for all

trees, the diameters and heights were reconstructed. For

reconstructing the diameter at breast height over bark

in 2009 linear regression models (OLS regression)

id2009–2013 = a0 ? a1 9 d2013 were fitted for each plot and

species. In latter equation id represents the stem diameter

increment, d the stem diameter, and a0 and a1 the intercept

and slope of the linear model. Based on this function of

diameter growth depending on diameter in autumn 2013,

the tree diameter in 2009 of all cored and non-cored trees

could be determined (d2009 = d2013 - id2009–2013).

To reconstruct the individual tree heights of Scots pine

and European beech in 2009, we used a uniform height curve

system first developed for European beech by Kennel (1972,

pp. 77–80) and later parameterized for Scots pine and

other species by Franz et al. (1973, pp. 91–99). Using this

uniform height curve system the individual tree heights are

estimated as a function of their diameter via; h = 1.3 ? (d/

(b1 * d ? b0))3 (Petterson 1955) where h and d refer to the

individual tree height and diameter at breast height, respec-

tively. The parameter values b0 and b1 depend on stand age,

quadratic mean tree diameter, dq, of the stand and its

respective height, which were derived as follows: The stand

age and mean tree diameter could be calculated based on the

records from autumn 2013 and tree ring analyses. For

reconstruction of the mean tree height in 2009, we used the

height-age curves of the yield tables by Wiedemann (1943)

and Schober (1967) for Scots pine and European beech,

respectively. For each plot and species, the site-specific

height curve (i.e., the curve running through stand age and

mean height measured in autumn 2013–spring 2014) was

used to predict the mean height of the stand 5 years before,

i.e., in 2009. Using the individual trees’ diameter and height

in year n, dn and hn, and their species-specific form factors, fn,

by Franz (1971), we were able to calculate the present vol-

ume (vn = dn
2 9 p/4 9 hn 9 fn), the volume five years ago

(vn-5 = dn-5
2 9 p/4 9 hn-5 9 fn-5), and thus their mean

annual volume increment within the 5-year period

(iv = (vn - vn-5)/5). Notice that the applied form factors

f and fn-5 depend on both current stem diameter and current

tree height; thus their changes from the beginning to the end

of the 5-year period are taken into consideration.

Table 1 Stand characteristics of the triplets of pure and mixed-species stands

Species n Stand age (years) N (trees ha-1) dq (cm) hq (m) BA (m2 ha-1) V (m3 ha-1) PAIV (m3 ha-1 year-1)

Sc. pine ? E. be. 32 70 990 40.65 444 13.6

39–149 250–2628 15.85–77.94 134–956 5.1–31.2

Sc. pine mixed 32 70 405 32.3 23.1 23.33 255 6.0

39–149 50–1529 14.0–70.1 12.1–35 4.35–43.48 44–658 1.7–13

E. beech mixed 32 70 585 22.3 20.9 17.32 189 7.6

39–149 127–1733 11.2–46.8 12.2–30.8 9.61–36.78 56–392 3.0–18.2

Sc. pine pure 32 69 970 27.6 22.1 40.92 413 11.3

39–149 82–3200 13.7–45.5 8.7–33.9 13.29–62.93 162–923 2.7–21.9

E. beech pure 32 69 1027 25.1 23.0 34.48 411 14.7

39–149 220–2745 12.0–49.4 12.4–34.1 17.84–53.37 146–959 6.0–27.6

A total of 32 triplets were included consisting of 32 mixed-species stands and 64 neighbouring pure stands of the respective tree species. Growth

and yield characteristics are given for the pure 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. Tree number (ha-1), N, quadratic mean diameter

(cm), dq, quadratic mean height (m), hq, stand basal area, BA (m2 ha-1), standing volume V (m3 ha-1), mean periodic annual volume growth,

PAIV (m3 ha-1 year-1)
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The selected stands were not actively thinned during this

period in most of the cases. Nevertheless, in the case of any

removed dead trees during the period 2009–2013, the

estimation of their volume growth and volume was based

on the number, diameter, age of stumps, and annual size

growth of the mean tree in the case of thinned trees and on

the basis of the final diameter and height in 2013 in the

case of dead trees.

For all steps of the evaluation minor proportions

(\10 %) of other conifers were assigned to Scots pine and

deciduous trees to European beech. The resulting forest

stand attributes in 2009, 2013, and the growth rates in this

5-year period were the main variables for the subsequent

evaluation.

Data evaluation

Nomenclature for stand evaluation

The productivities of species 1 (Scots pine, S.pi) and 2

(European beech, E.be) in monoculture are named p1 and

p2. The productivity of the mixed stand in total is p1,2, the

share of species 1 and 2 are pp1,(2) and pp(1),2 (p1,2 =

pp1,(2) ? pp(1),2) and their mixing proportions are m1 and

m2 (m1 ? m2 = 1). The calculation of the mixing propor-

tions will be explained in the subsequent sections. The

productivities per ha of species 1 and 2 in the mixed stand

are called p1,(2) and p(1),2 and result from upscaling by the

species-specific mixing proportions p1,(2) = pp1,(2)/m1 and

p(1),2 = pp(1),2/m2, respectively. As measures of produc-

tivity we used the mean period stand basal area growth

(m2 ha-1 year-1) and stand stem volume growth

(m3 ha-1 year-1) in the 5-year period 2009–2013. The

evaluation for volume production is essential for manage-

ment decisions and planning; however, these calculations

required the reconstruction of tree height growth and

assumptions about the stem form factors described above.

Since the evaluation of stand basal area growth required no

assumptions beyond the stand and increment core mea-

surements, it is less prone to inaccuracy, but also less

informative for forest practice.

Comparisons between mixed and pure stands with

respect to other tree and stand variables as, e.g., tree size,

stand volume, or stand density follow the same nomen-

clature and algorithm (see Pretzsch 2009, pp. 352–354).

Stand density

For quantifying the stand density and mixing proportions,

tree number per unit area (N ha-1) is rather ambiguous as

the mixed species may differ in current mean tree size and

growing area requirement. Stand basal area (BA m2 ha-1)

is better, and the stand density index (SDI, ha-1) is even

more informative, because it considers both tree number

and size and is based on allometric theory (Pretzsch 2006;

Pretzsch and Biber 2005; Reineke 1933). Reineke (1933)

based his stand density index SDI ¼ N � ð25=dqÞ�1:605
on

the allometric relationship between tree number, N, and

quadratic mean diameter of a stand, dq. Comparison of

the SDI values of different species and calculation of a

combined SDI of species in a mixed stand has to consider

their species-specific growing area requirements. In this

study the species-specific growing area requirement were

calculated from the densities on the fully stocked pure

stands of the triplets, used as references for the maximum

stand densities for that site (SDIMAX1, SDIMAX2). They

were used to derive equivalence coefficients e2)1 =

SDIMAX1/SDIMAX2 and e1)2 = SDIMAX2/SDIMAX1

for converting the SDI from one species to the other. We

adapted this concept from the Lotka–Volterra approach

for modelling inter-specific competition between species

with different sizes and competition effects (Begon et al.

1998, pp. 177–181). The equivalence coefficients may

be used to calculate a common density measure for spe-

cies 1 and 2 in the mixed stand (SDI1,2 = SDI1,(2) ?

SDI(1),2 9 e2)1) and to make the mixed stands’ density

comparable to the pure stand. We used the underscore of

the 1 in SDI1,2 to indicate that the combined SDI has been

converted to the level of species 1. By this conversion,

the stand densities of different species can be combined.

The resulting SDI1,2 value may be used to calculate the

relative density of the mixed stand in relation to the

monoculture

RD1;2 ¼ SDI1;2=SDI1:

RD represents a measure for overstocking of the mixed-

species stands in relation to the neighbouring monocultures

within each triplet.

Mixing proportions

Based on the total stand density standardized to species 1

(SDI1,2 = SDI1,(2) ? SDI(1),2 9 e2)1) and the shares of

species 1 (SDI1,(2)/SDI1,2) and 2 (SDI(1),2 9 e2)1)/SDI1,2),

the mixing proportions m1 and m2 of species 1 and 2 are

m1 ¼SDI1;ð2Þ=ðSDI1;ð2Þ þSDIð1Þ;2 �SDIMAX1=SDIMAX2Þ
andm2 ¼ðSDI 1ð Þ;2 �SDIMAX1=SDIMAX2Þ=ðSDI1;ð2Þ

þSDI 1ð Þ;2 �SDIMAX1=SDIMAX2Þ:

For similar approaches which consider the species-specific

growing space requirements for evaluation of mixing pro-

portions see Dirnberger and Sterba (2014) and Huber et al.

(2014).
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Comparing mean tree characteristics

In order to show the growth relationship between Scots pine

and European beech, the mean and dominant tree characteris-

tics in the pure stands of the triplets were compared with each

other, e.g. hq1 versus hq2,dq1 versus dq2, … , ho1 versus ho2 (top

height). The ratios Rhq = hq1/hq2, etc., quantify the relation-

ship between both species in the pure stands. The mean ratio,

Rhq, and its standard error, SE
Rhq

, over all 32 triplets provides a

simple basis for testing whether the performance of the two

species differs. If 1.0 is beyond the confidence interval

Rhq � tn�1;a¼0:05 � SE, Rhq� tn�1;a¼0:01 � SE, Rhq �
tn�1;a¼0:001 � SE the differences can be considered as signifi-

cant at the level p B 0.05*, p B 0.01**, or even

p B 0.001***. Differences between species and their beha-

viour in mixed and pure stands were tested analogously.

Comparing area related sum values such as stand basal

area and standing volume

At the whole stand level, standing volume of the mixed

stand V1,2 was compared with the weighted mean of the two

pure stands V̂1;2 ¼ V1 � m1 þ V2 � m2: For analogous

comparison at the species level, the standing volumes VV1,(2)

and VV(1),2 (V1,2 = VV1,(2) ? V(1),2) in the mixed stand can

be upscaled to one hectare, using the mixing proportions m1

and m2 and then compared with the respective pure stands

(RV1,(2) = VV1,(2)/m1/V1 and RV(1),2 = VV(1),2/m2/V2).

Overyielding and underyielding

The relative productivity at the stand and species levels in

the 5-year period 2009–2013 was used for deriving mea-

sures of overyielding and underyielding according to

Pretzsch et al. (2010, 2013a). Firstly, we considered the

relative productivity, RP1,2, between mixed-species stands

and monocultures for the stands as a whole. It resulted from

the observed productivity of the mixed stand p1,2 divided

by the productivity expected for the mixed stand p
_

1;2

RP1;2 ¼ p1;2=p
_

1;2:

The expected productivity p
_

1;2 was derived from the

productivity of both species in the neighbouring pure

stands, p1 and p2, and their mixing proportions m1 and m2

(p
_

1;2 ¼ m1 � p1 þ m2 � p2). Secondly, the relative pro-

ductivity RP of species 1 and 2 in mixed versus pure stands

was of interest. For species 1 the relative productivity in

mixed versus pure stand was

RP1;ð2Þ ¼ pp1;ð2Þ=m1=p1;

with the share of productivity of species 1 in the mixed

stand, pp1,(2), mixing proportion, m1, and productivity of

the pure stand, p1. For species 2 the formula RP(1),2 =

pp(1),2/m2/p2 was applied. Notice that pp1,(2) and pp(1),2

were the contributions of the productivity of species 1 and

2 in the mixed stand which added up to p1,2 (p1,2 =

pp1,(2) ? pp(1),2). In contrast, p1,(2) and p(1),2 were the

contributions of both species in the mixed stand scaled up

to 1 ha using their mixing proportion (p1,(2) = pp1,(2)/m1

and p(1),2 = pp(1),2/m2).

Site index and total yield as indicators for site conditions

For analysing any dependencies between overyielding or

underyielding and the site fertility, we used the height of

the quadratic mean diameter, hq, of Scots pine and Euro-

pean beech at an age of 50 and 100 years (see Pretzsch

2009, pp. 200–203 for the definition and calculation of dq;

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.

Even when tree height and age are similar the total yield

can vary between stands on different sites because of dif-

ferent yield levels (Assmann 1970, p. 167). So, total yield

at a reference age may provide a better indication of the

productivity at the 32 sites than the site index. The total

merchantable stem volume yield C7 cm over bark at age

50 years (Y50) was used as an indicator for stand pro-

ductivity for quantifying how overyielding depends on site-

specific productivity. We derived Y50 for all stands of pure

Scots pine and European beech from the commonly used

yield tables for these species in the respective countries and

regions. So, both mean stand height and total volume yield

at age 50 years were available for subsequent statistical

analysis of relationships between mixing effects and site

characteristics.

We further used the Martonne index (1926) (M = an-

nual precipitation (mm)/(mean annual temperature

(�C) ? 10)) for characterizing the water supply at the 32

sites (see Supplement Table 1). The higher the Martonne

index, the better the water supply for plant growth; the

lower this index, the stronger the likelihood of drought.

This index has been widely used in recent studies to

describe the drought condition or aridity in a given region

(Quan et al. 2013). We used the index of Martonne because

of its minimal data requirement.

Statistical analysis and models

We used the OLS-linear regression algorithm for analysing

any relationships between the overyielding and overdensity

at the stand level in relation to independent variables such

as stand and site characteristics [mixing proportion, stand
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productivity, site index, precipitation, temperature, Mar-

tonne index (1926) etc.]. All calculations were carried

using the software package IBM SPSS Statistics (Version

22).

Results

Because of a 149-year-old triplet in the Ukraine the mean

age given in Table 1 is 69 and 70 years, however, in most

cases the stand age ranged between 40 and 60 years.

Therefore, we used the top height, ho, and the height

associated with the quadratic mean diameter, hq, at age 50

to characterize the variation between the triplets regarding

their height growth. Top height of Scots pine at age

50 years ranges between ho = 9.5–26.9 m and quadratic

mean height between hq = 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.

Notice that Table 1 shows the characteristics for the

mixed stand in total and the share of both species, i.e., the

mean standing volume of the Scots pine/European beech

mixed stands amounts to 444 m3 ha-1, the shares of Scots

pine and European beech are, on average, 255 and

189 m3 ha-1, respectively.

Because of the broad variation of site quality and stand

age, the range of all stand characteristics was very wide

(Table 1). Figure 3a–d uses the pure stands to illustrate that

the triplets cover a very wide range of stand growth per-

formance, e.g. mean height ranges between 10 and 35 m

and periodic annual volume growth (PAIV) between 5 and

25 m3 ha-1 year-1. Regarding mean height, pure Euro-

pean beech stands are on average about 10 % ahead of pure

stands of Scots pine. The triplets cover the age phase where

the early-successional and fast-growing Scots pine begins

to lose its height advantage and is eventually overtopped by

the late successional, initially slower but later faster

Fig. 3 Growth and yield of

Scots pine (x-axis) compared to

European beech (y-axis) in the

pure stand plots of the 32

triplets. Values on the bisector

line indicate equality of the pure

stand characteristics of both

species. a Quadratic mean

height, hq (m), b stand density

index, SDI (tree ha-1),

c standing merchantable ([7 cm

at the smaller end) stem volume,

V (m3 ha-1), and d mean

periodic increment of the stand

volume, PAIV

(m3 ha-1 year-1), during the

5 years before the stand

inventory. The small symbols

represent the observed values

and the large symbols indicate

the mean values of all 32 triplets
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growing European beech. SDI is about 5 % lower in pure

beech than in pure pine stands. Despite lower SDI, the

higher form factor of beech results in a 10 % higher

standing volume of pure beech compared with pure pine

stands. PAIV is about 50 % higher in pure beech compare

to pine stands (Fig. 3a–d).

Stand productivity and density of mixed versus pure

stands

Figure 4a–d, shows higher SDI, standing volume, stand

basal area growth, and stand volume growth, in mixed

compared with pure stands. Table 2 reveals that the SDI is

on average about 20 % higher in mixed compared to the

weighted mean of the neighbouring pure stands. Both

species contribute equally to this superiority. In other

words, fully stocked mixed stands at an age of 60–80 years

can carry about 100–150 trees or 100–150 m3 ha-1 more

than pure stands. The mean periodic increment of stand

basal area and stem volume in the last 5 years lie about 12

and 8 % above the weighted mean of the pure stands,

respectively. In terms of the volume growth, this is

equivalent to an overyielding of 1–2 m3 ha-1 year-1. The

results for the stand basal area growth indicate that there is

a significant overyielding for the whole stand, mainly

caused by the higher growth of European beech in mixed

compared to pure plots (RP(1),2 = 1.25). In contrast, the

basal area growth of Scots pine is similar in monoculture

and mixed-species stands. However, in terms of volume

growth, the two species contributed similarly.

The mean of the PAIV amounts to 11.0 m3 ha-1 year-1

in pure Scots pine and 14.7 m3 ha-1 year-1 in pure

European beech (Table 1). The corresponding PAIV of

13.6 m3 ha-1 year-1 in the mixed stands indicated that on

average there is no transgressive overyielding (mixed stand

growth[ growth of pure stand of species 1 and 2) of the

mixed stands over the two pure stands of Scots pine and

European beech, respectively.

Fig. 4 Characteristics of the

expected (x-axis, weighted

mean of the neighbouring pure

stands) and observed (y-axis)

growth and yield of mixed

stands of Scots pine and

European beech. Values on the

bisector line indicate equality of

observed and expected mixed

stand characteristics. Values

above the line indicate higher

stand density, standing volume,

and mean periodic stand growth

of mixed compared with pure

stands. a Expected stand density

index, ŜDIS:pi;E:be, compared

with observed stand density

index, SDIS:pi;E:be (the underline

in SDIS:pi;E:be indicates that the

SDI was standardized to species

1 = Scots pine). b Expected

standing stem volume, V̂S:pi;E:be

(m3 ha-1, of merchantable stem

volume C7 cm over bark)

versus observed volume,

VS:pi;E:be. c, d Expected growth

of stand basal area,

P̂AIBAS:pi;E:be (m2 ha-1), and

tree volume, P̂AIVS:pi;E:be

(m3 ha-1), compared with the

observed growth of stand basal

area, PAIBAS:pi;E:be (m2 ha-1),

and tree volume, PAIVS:pi;E:be

(m3 ha-1), during the last

5 years before stand inventory
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Mean size growth of Scots pine and European beech

in mixed versus pure stands

The relationships between the mean tree characteristics in

mixed compared with pure stands shown in Fig. 5 reflect

how the intra-specific behaviour is modified by decades of

inter-specific interactions. In mixed stands mean height of

pine is 6 % higher and mean diameter is 20 % higher than

in pure stands, so that the ratio between hq/dq is 8 % lower

in mixed compared with pure stands (Fig. 5a, c, e;

Table 2). In contrast, mean height and mean diameter of

European beech are 8 % lower in mixture and the mean hq/

dq is 2 % higher in mixed versus pure stands. Due to the

superior height of Scots pine, the growth of beech was

reduced and modified towards growth partitioning in

favour of height compared with diameter growth (Fig. 5b,

d, f; Table 2). It is probably the superiority of Scots pine

which causes inter-specific competition and slows growth

of European beech in mixed compared to pure stands. As a

result of this dominance of Scots pine, the ratio hq/dq is 71

in mixed compared to 80 in pure stands. The hq/dq ratio of

European beech is 93 in mixed versus 91 in pure stand.

Spatial variation of mixing effects

along the productivity gradient

We used an extensive set of stand and site characteristics

and tested their effect on overyielding regarding volume

productivity, PAIV, by linear regression. We also com-

bined several different site and stand characteristics in

multiple linear regression.

As a site variable we applied the mean height of the

pure Scots pine stand and pure European beech stand at

age 50 years (site index). We further used the stand pro-

ductivity of the pure stands, their yield according to

common yield tables and growth models, the local climate

variables mean annual temperature, annual precipitation,

and their combination in the Martonne index (1926). As

stand variables we used the mixing proportion, the ratio

between the mean height of Scots pine and European

beech in the mixed stand, and the stand density of the

mixed stand.

We could not find any statistically significant relation-

ships between the site variables and the overyielding in

terms of PAIV. Due to space restrictions, we only show the

relationship between the relative volume productivity and

the mean stand height at age 50 years (Fig. 6a–c) and

between the relative productivity and the Martonne index

(Fig. 6d–f). In no cases did we find any significant effect of

site index, productivity, yield, climate variables, mixing

proportions or age on the overyielding at stand or species

level (Table 3). We calculated an extensive set of uni-

variable and multiple-variable regressions with site and

stand variables in various combinations and transforma-

tions, but there were no significant influences left except

RD. The 149-year-old triplet in the Ukraine is much older

than the other triplets, may be an outlier, and distorted the

analysis. However, omitting this data from the analysis did

not change the results.

The relative stand productivity, RP1,2 (i.e., the overyield-

ing in mean annual stand volume growth and stand basal area

growth) increased significantly with the relative stand

Table 2 Descriptive statistics

(mean ± SE) for the

relationship between the

observed mixed stand (obs)

against the expected (exp)

mixed stand and tree species in

pure stand (p) against the

corresponding species in the

mixed stand (m)

Stand variable Mixedobs/Mixedexp S.pinem/S.pinep E.beechm/E.beechp

Mean SE (±) Mean SE (±) Mean SE (±)

N (trees ha-1) 1.14 0.07 0.93 0.08 1.35 0.09

dq (cm) 1.20 0.05 0.92 0.03

do (cm) 1.15 0.04 0.96 0.03

hq (m) 1.06 0.03 0.92 0.03

ho (m) 1.05 0.03 0.94 0.03

hq/dq 0.92 0.03 1.01 0.03

ho/do 0.94 0.03 0.99 0.03

BA (m2 ha-1) 1.12 0.06 1.17 0.07 1.05 0.06

V (m3 ha-1) 1.12 0.08 1.25 0.08 0.99 0.08

SDI (trees ha-1) 1.20 0.06 1.11 0.06 1.11 0.06

PAIBA (m2 ha-1 year-1) 1.12 0.06 0.97 0.07 1.25 0.08

PAIV (m3 ha-1 year-1) 1.08 0.07 1.10 0.06 1.09 0.07

Variables listed include trees per hectare, N, quadratic mean diameter, dq, top diameter, do, quadratic mean

height, hq, top height, ho, relation between dq and hq and do and ho, basal area (G) and volume (V) of the

remaining stand, stand density index (SDI), periodic annual basal area (PAIBA) and volume (PAIV)

increment

Bold values indicate significant differences between mixed and pure stands at least at the level p B 0.05
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density, RD1,2 (i.e., the ratio between the SDI of the mixed-

species stands and monocultures). Figure 7 shows the

observed productivities on the 32 triplets. The straight line

was fitted by linear OLS regression to the observations

(RP1,2 = 0.08(±0.18) ? 0.90(±0.15) 9 RD1,2, n = 32,

R2 = 0.54, p\0.001). The model equation reveals that the

intercept does not deviate significantly from 0; thus, RP1,2

increases proportionally to the relative stand density, RD1,2.

Fig. 5 Stand characteristics of

Scots pine (triangles) and

European beech (circles) in the

pure stands (x-axis) compared

with the neighbouring mixed

stands (y-axis). Values on the

bisector line indicate equality of

mixed with pure stand

characteristics. a, b Mean

height, hq (m), of Scots pine and

European beech, respectively.

c, d Quadratic mean diameter,

dq (cm), of Scots pine and

European beech, respectively.

e, f Ratios between mean height

and mean diameter, hq/dq

(m cm-1) for Scots pine and

European beech, respectively.

The small symbols represent the

observed values and the large

symbols indicate the mean

values of all 32 triplets
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Discussion

Our main findings on how mixing modifies the stand

dynamics of mixed versus pure stands are shown

schematically in Fig. 8. The broken vertical lines present

the stand development of the 32 triplets. The findings for

this point in time are set into the context of the long-term

stand development.

Figure 8a shows distinct differences in the diameter

development of the early-successional and light demanding

Scots pine and the late-successional and shade tolerant

European beech. In both pure and mixed stands Scots pine

has a faster early growth rate than European beech. How-

ever, beech is faster growing in the long term and reaches

higher maximum sizes. In mixed stands mean diameter and

height of Scots pine is accelerated, while both diameter and

Fig. 6 Relative stand volume productivity, RP, at the total stand

level, RP1,2, and at the species level, RP1,(2) and RP(1),2, on the 32

triplets plotted against a, b, c the mean stand height of Scots pine at

age 50, hq1, and d, e, f the Martonne index (1926). Analyses of these

relationships by linear OLS regression yielded the added straight lines

which showed in no case a significant (p\ 0.05) change in

overyielding depending on the growing conditions (see Table 3)

Table 3 Statistical

characteristics of the

relationship between

overyielding at the stand level,

RP1,2, and at the species level,

RP1,(2), resp. RP(1),2, and

variables used to characterize

site productivity, hq1, and

Martonne index

Variable n Intercept hq1 at age 50 Martonne index R2 p

RP1,2 32 0.73 ± 0.30 0.019 ± 0.015 0.02 \0.23

RP1,(2) 32 1.11 ± 0.28 0.001 ± 0.015 0.01 \0.99

RP(1),2 32 0.65 ± 0.33 0.023 ± 0.017 0.03 \0.18

RP1,2 32 1.24 ± 0.32 -0.004 ± 0.007 0.01 \0.63

RP1,(2) 32 1.15 ± 0.30 -0.001 ± 0.007 0.01 \0.87

RP(1),2 32 1.31 ± 0.36 -0.005 ± 0.008 0.01 \0.55

Model equation is RP1;2 ¼ aþ b� site variable

hq1 at age 50 represents the mean height on the pure Scots pine plot at age 50. The Martonne index,

M = annual precipitation (mm)/(mean annual temperature (�C) ? 10) (see de Martonne 1926)
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height growth of European beech are slightly slowed down,

probably because of the superiority of Scots pine during the

first decade of stand development. Stand productivity of the

mixed stand is superior to the weighted mean productivity

of the neighbouring pure stands (Fig. 8b). Total yield and

standing volume are higher in the mixed stand of Scots

pine and European beech compared with the weighted

mean yield and standing stock of the neighbouring pure

stands (Fig. 8c). The SDI is 20 % higher in mixed com-

pared with pure stands, i.e., the carrying capacity is

increased by tree species mixing (Fig. 8d).

The mean overyielding found in the triplets agrees with

studies at lower spatial scales where the productivity of

pine-beech mixtures was generally greater than respective

pure stands (Condés et al. 2013). European beech clearly

benefited from the admixture of Scots pine, reflecting the

advantage taken by this species when growing in mixed

stands due to its low self-tolerance (Metz et al. 2013;

Pretzsch and Biber, 2005), also reported for other species

admixtures (Pretzsch et al. 2010, 2013a). For Scots pine the

positive mixing effect is not so strong and was only sig-

nificant for the stand density index. Condés et al. (2013)

found that the positive effect of European beech on pine

growth decreased with stand density, being very low at full

stocking degrees as in our triplets. However, despite of the

mean overyielding, there was a large variability in relative

productivity among triplets (Fig. 4). This fact highlights

the complexity of species interactions, which depend on

stand development stage, stand density, and site conditions

(Forrester 2014), showing in some cases opposite patterns

between the same mixed species.

It is interesting that the detected increase in carrying

capacity and associated overyielding does not necessarily

mean larger tree sizes (Table 2). The higher stocking

degrees in mixed plots may be due to larger tree sizes for

pine, but for beech it seems to be related to a higher

number of trees because the mean tree size is significantly

lower in mixed plots. This shows that species interactions

identified at tree level cannot be directly up-scaled to the

stand level (Perot and Picard 2012). Studies based on

individual tree growth analysis are frequent (e.g. Pretzsch

and Schütze 2009; Rı́o et al. 2014a). However, the main

problem with individual tree growth results is that they

often do not consider stocking density. Thus, a result in

terms of ‘‘mean’’ tree behaviour might be biased if the

density of the stand is different. So, analyses based on

individual tree growth need to consider, stand density, tree

mortality, or even ingrowth, to correctly infer the mixed

stands dynamic (Zhao et al. 2006).

Analysing overyielding and overdensity

in dependence on site conditions: methodological

aspects

Experiments following replacement series (Kelty 1992) are

probably the more robust way to identify mixing effects at

the stand level. However, for stands of long-lived tree

species, they are scarce because very long periods of

monitoring would be needed. Other studies used inventory

data to study mixing effects (del Rı́o and Sterba 2009;

Vallet and Perot 2011), but this approach does not neces-

sarily compare pure and mixed stands at the same site,

although site quality descriptors were included in their

models. In this study we based our evaluation on 32 triplets

with pure and mixed-species stands just beside each other

on similar sites. This allowed us to reveal overyielding in

Scots pine–European beech mixed stands directly from

empirical data.

To examine relationships between site conditions and

overyielding, we used the site index of the pure stands as a

measure of site quality and fertility. However, stand height

represents only the vertical aspect of stand productivity;

even stands with equal height and age may vary consid-

erably in yield, i.e., in the horizontal packing density.

Therefore, we consulted all participants of the COST action

FP1206 EuMIXFOR about the total yield at age 50 years,

based on the most suitable yield table in order to get an

integrated measure of both aspects of yield, height and

density. The information was based on very different

models, yield tables from the 1920s and 1940s, recently

Fig. 7 Increase in relative volume productivity, RP1,2, with the

relative stand density, RD1,2. Observed productivities on the 32

triplets and straight line fitted by linear OLS regression to the

observations (RP1,2 = 0.08(±0.18) ? 0.90(±0.15) 9 RD1,2, n = 32,

R2 = 0.54, p\ 0.001). RP1,2 represents the ratio between the periodic

annual volume growth in the 5-year period 2009–2013 in the mixed

stand and the weighted mean productivity of the two neighbouring

pure stands. RD1,2 represents the ratio between stand density index of

the mixed and the weighted mean stand density of the neighbouring

pure stands
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parameterized tables, stand simulators, and on tables barely

suitable for the respective stands (e.g. from neighbouring

countries). Older yield tables probably considerably

underestimate the yield, while newer tables are closer to

the real growth and yield levels. The use of this rather

inconsistent data was questionable, so we tested three site

quality indicators: mean stand height at age 50 of the pure

stands, productivity of the pure stands, and the Martonne

index (1926). Nevertheless, the overyielding as well as the

overdensity was independent of the total yield of stem

volume of the stand at age 50 years, the site index, the

stand growth and yield, and climatic variables. This

invariance of overyielding despite of the wide variation

of precipitation (520–1175 mm year-1), temperature

(6–10.5 �C), and the Martonne index (28–61) on the sites

(see Supplement Table 1) was remarkable. These results

as well as the lack of relationship between relative pro-

ductivity and other stand characteristics highlight the

complexity of species interactions. Competition, comple-

mentarity, and facilitation depend on many factors such as

stand developmental stage, stand density, and site condi-

tions (Forrester 2014), and possibly also interactions

between these factors that require further studies (Pretzsch

et al. 2015).

One methodological aspect which could have influenced

our results is the approach of estimating the species pro-

portions on the mixed plots. Recent studies demonstrated

the influence of species proportion definition on the mag-

nitude of identified overyielding/underyielding (Dirnberger

and Sterba 2014; Huber et al. 2014). In these studies the

recommended definition is the species proportion by area,

where the reference is the area each species would occupy

in a fully stocked pure stand, which required the use of

maximum site occupancies in pure stands. The lack of

knowledge of the maximum density value for each species

and site along our transect of triplets made us assume that

the fully stocked pure stands represent the maximum

density. This to some extent might influence the observed

over/underyielding as well as the stand density index val-

ues in mixed plots (Pretzsch et al. 2015).

Fig. 8 Assumption of the long-term development of mixed-species

stands of Scots pine and European beech compared with monocul-

tures and representation of the mixing effects at age 70. Trajectories

for pure stands are represented by solid lines, development of mixed

stands by broken lines. The broken vertical line indicates the mean

age and tree size, respectively, for the 32 triplets. a Tree size

development of Scots pine is accelerated in mixture with European

beech, while the size development of European beech is slowed down

compared with the neighbouring pure stands. b The volume

productivity exceeds the weighted mean productivity of the neigh-

bouring pure stands by 8 %. c The yield and standing stock is 12 %

higher in the mixed stand compared with the neighbouring pure

stands. d The stand density, quantified by the SDI, is 20 % higher in

mixed compared with pure stands
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Causes of the overyielding of mixed versus pure

stands

Equal productivity at the stand level does not necessarily

indicate neutral behaviour of the mixed plants, since mix-

ing reactions at the species, individual or organ level can

counteract and cancel each other with respect to stand-level

productivity (Pretzsch et al. 2010). However, behind

overyielding or underyielding of mixed compared with

neighbouring pure stands as revealed in this study for Scots

pine and European beech is always a modified supply,

capture, or use efficiency of resources (Binkley et al. 2004;

Forrester 2014; Richards et al. 2010).

In the following we hypothesize which mechanisms

might cause overyielding of both Scots pine and European

beech in the mixture. We did not measure any eco-physi-

ological processes. However, the growth responses at the

species level, the mean tree level, the stand level, and along

the ecological gradient provide indicators and statistical

relationships for the underlying mechanisms and causes.

So, the presented causal explanations are not mere specu-

lation. By mixing Scots pine and European beech, all three

components of resource conditions (supply, capture, or use

efficiency of resources) could be improved and contribute

to the overyielding.

An indication of the improved resource supply, or capture

or use efficiency, is the by 20 % higher maximum stand

density in mixed compared with pure stands. It means that

trees do not only grow quicker due to a higher turnover of the

available stock of resources, but there are also more trees able

to survive, because of an increased carrying capacity. A denser

and deeper reaching rooting system in mixture found by

Bonnemann (1939, pp. 40–43), extended humus layer repor-

ted by Heinsdorf (1999) and Knapp (1991), and an increased

stock of nutrients stock found by von Mammen et al. (2003)

suggest the potential for an increased supply of water and

nutrients by more complete below ground exploitation and

storage. Supposing, that pure pine stands are often more

impoverished, poor in nutrients, and dry, Scots pine is prob-

ably the main beneficiary in terms of additional resource

supply and growth, while beech is the benefactor.

When comparing the impacts of evergreen gymnosperm

and deciduous angiosperm tree species on forest func-

tioning, it appears that the former tend to promote larger

inputs of elements to the soil–plant system through

increased atmospheric deposition and weathering of soil

minerals, while the latter are associated to a higher element

nutrient recycling (Augusto et al. 2015). Assuming nutrient

availability is limiting in all sites of the gradient, these

contrasting nutrient cycling strategies could partly explain

the observed sustained complementarity effects in the

mixed-species stands compared to the corresponding pure

stands.

The overyielding may also result from light-related

interactions. As assumed in Fig. 8, the diameters of Scots

pine were probably larger than those of beech during the

early stages of development. A similar pattern occurred for

the tree height. Therefore, during the early stages of stand

development light-use efficiency of the mixtures could

have been increased by the faster growing pine trees,

compared with the beech monocultures. At the same time,

the light that penetrated the pine canopies could have been

absorbed by the beech trees to increase the total light

absorption of the mixtures compared with the pine mono-

cultures, 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 light-use

efficiency and light absorption of mixtures compared with

monocultures (Kelty 1992; Binkley et al. 1992; Forrester

et al. 2012). This may also explain the higher carrying

capacity in terms of beech density in mixed plots, probably

linked to lower mortality rates, since beech tree mortality is

mainly due to competition for light (Monserud and Sterba

1999; Ruiz-Benito et al. 2013).

The crown architectures in terms of the relationships

between tree diameter and crown diameter, crown length

and leaf area can differ between mixtures and monocul-

tures (Pretzsch 2014). For instance, individuals of Euro-

pean beech growing in mixture with Norway spruce

showed greater crown volumes when compared to those in

pure stands (Bayer et al. 2013). Beech crown plasticity was

also detected when growing in pine admixture, with larger

crown sizes than in pure stands (Dieler and Pretzsch 2013).

These differences in crown architecture, as well as inter-

specific differences in height, can result in a more efficient

packing of tree crowns within the canopy space as illus-

trated in Fig. 9 and an increased light absorption by indi-

vidual tree crowns of a given species and size in mixtures

compared with monocultures (Forrester and Albrecht 2014;

Sapijanskas et al. 2014). Furthermore, canopy filling–di-

versity relationships when growing in mixtures have found

to be constant despite differences in species composition

and climate among sites (Jucker et al. 2015). However,

canopy space filling seems more affected by architectural

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 side of the

high plasticity and increased light interception of beech in

mixed stands compared with pure stands might be a
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decrease in wood quality due to higher crown asymmetry

and stem curvature in mixtures (Knoke and Seifert 2008).

Spatial dynamics of overyielding in pine and beech

mixtures

The stress-gradient hypothesis (SGH) states that facilitation

dominates species interactions under high stress levels (as,

e.g., by resource limitation), whereas competition domi-

nates in the absence of limitation (Callaway and Walker

1997; Holmgren et al. 1997). The SGH refers to facilitative

interactions, but other complementary interactions that

reduce competition (e.g. spatial, temporal or chemical

stratification in water and nutrient sources and uptake) can

also lead to overyielding. If underlying mechanisms are not

directly studied, it is difficult to separate the effects of

facilitation and competitive reduction and to apply the

SGH in forests. However, if facilitation and competitive

reduction are considered in combination, quantified here as

overyielding (and elsewhere as complementarity), general

spatial patterns have also been found in forests (Forrester

2014). That is, as the availability of a given resource

declines along a spatial gradient, overyielding (or com-

plementarity effects) for a given species will increase if the

interactions between species increase the availability or use

efficiency of that resource (Forrester 2014). On average

over all triplets, the overyielding in terms of volume pro-

ductivity was 8 % for the whole stand, 10 % for Scots pine,

and 9 % for European beech, so clearly there are com-

plementary interactions occurring in these stands.

The absence of a significant relationship between

overyielding and site index or climate variables for either

species may result from a balance between the effects of

different types of interactions (light-, water- and nutrient-

related) that are all occurring in these stands but are each

important at different ages, sites, and under different cli-

matic conditions. We speculate that interactions that

improve light absorption and use may be important at the

more productive sites, while a long-term positive feedback

between stand and site conditions might improve the

humus conditions, water storage and nutrient supply due to

an enhanced turnover, resource supply and resource-use

efficiency (Binkley et al. 2004; Jonard et al. 2008; Sariy-

ildiz and Anderson, 2003). More detailed analyses will be

required to test these hypotheses.

Conclusions and perspectives

The prevailing complementarity, overyielding, and over-

density of mixed compared with pure stands on most of the

32 sites is of practical relevance because mixed stands of

Scots pine and European beech are on the advance in

Europe.

In response to overuse and exploitation of forests and a

rising demand for timber about 200 years ago, large forest

areas, which naturally were dominated by broadleaved

species, have been reforested with pure pine plantations.

Because of its wide ecological amplitude and fast growth,

Scots pine appeared to be the right species for this purpose.

When the soils were not too dry and poor in mineral

nutrients, European beech often naturally regenerated

between the planted or sown pine and had to be cleared

several times, because of sprouting, before the pine stands

could finally become established (Milnik 2007). Addi-

tionally, in many Central European forest areas, litter

raking and clear cutting left heavily degraded soils (Kral

et al. 1970). In spite of re-afforesting these large clear cuts

with Norway spruce, Scots pine regenerated naturally and

soon overgrew the planted spruce, thus leaving stands with

pine in the overstory and poorly growing beech or spruce in

the understory. It only slowly became evident that these

pure conifer stands were more susceptible to damage by

storms, snow, ice, droughts, insects and fungi, and were

Fig. 9 Forest canopy can be denser in mixed stands b compare with

pure stands, a, c due to wider tree crown extension, multi-layering,

and higher stocking density. The more complete canopy space filling

may increase the light interception in mixed stands. Replacement of

inefficient organs or trees of one species by more efficient neighbours

of the other species may increase the light-use efficiency. Black

hatching means high efficiency of light use, grey and white indicates

medium and low efficiency
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accompanied by a loss of biodiversity (see e.g. Spiecker

2003; Baumgarten and von Teuffel 2005). Therefore, since

the 1970s, the conversion of these monocultures to mixed

stands was initiated, frequently with beech or oak. Addi-

tional impetus for conversion was gained from an attitude

of close-to-nature-forestry and a need to adaptive forest

management in the face of global changes. The acid rain

period revealed that pure conifer stands will lead to an

additional acidification of the soils, which could be effec-

tively counteracted by adding beech to the conifers (Berger

et al. 2006). Furthermore, the natural area where pine and

beech coexist in the southwestern limit of the distributions

of the two species has risen during last few decades

(Hernández et al. 2013), increasing the importance of this

mixture in forest practice.

Silvicultural guidelines and objectives for mixed stands of

Scots pine and European beech should consider the site’s

moisture and fertility, as well as climatic conditions. On dry

sandy soils with poor nutrition, both species can be regen-

erated at the same time by means of single or group

admixture systems. However, European beech in this case is

usually dominated by Scots pine and therefore, due to its

large tolerance for shade, remains as an understorey (Tysz-

kiewicz and Obmiński 1963; Kint et al. 2006). This can be

observed at the eastern edge of the European beech range in

more central and eastern Poland, where the harsh continental

climate prevails (Rubner and Reinhold 1953; Bolte et al.

2007). In such cases, Sokołowski (1912, p. 352) recommends

giving a temporal advantage to European beech by planting it

in advance under the canopy of mature Scots pines. After-

wards, Scots pine should be introduced to the new stand,

either by means of natural or artificial regeneration. On moist

and fertile sites, and sites under a higher influence of the

Atlantic climate, European beech will already outcompete

Scots pine during the early stand development phases. Thus,

in this case spatial or temporal separation of both tree species

is needed in order to keep both tree species within the stand.

This can be achieved either by employing group and cluster

admixture systems or planting European beech under the

canopy of Scots pine at the beginning of the pole stage

(Tyszkiewicz and Obmiński 1963, p. 672). On the meso-

trophic sites, where the competitive strength of both species

is more balanced, it is possible to use the ecological benefits

from smaller admixture systems such as tree-to-tree, group or

row wise arrangements. In this case it is possible to inten-

sively mix European beech and Scots pine and shape more

even-age stands (Schwappach 1930).

Several studies reported that inter-annual growth vari-

ability and its dependence on climatic conditions are

modulated by species composition (Lebourgeois et al.

2013; Pretzsch et al. 2013b; Rı́o et al. 2014b), therefore

indicating the important role of species composition when

evaluating forest vulnerability to climate change and when

defining adaptive measures. However, the potential benefit

of mixing reducing the sensitivity to drought events in

comparison with pure stands depends on species compo-

sition and sites. Studies have reported positive (Lebour-

geois et al. 2013; Pretzsch et al. 2013b), neutral (Jucker

et al. 2014; Merlin et al. 2015), or even negative effects

(Grossiord et al. 2014). It is therefore crucial to further

explore the spatial and temporal variation of overyielding

in Scots pine-European beech forest in order to determine

the potential of this mixture in the face of climate change.
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Bielak K, Dudzińska M, Pretzsch H (2014) Mixed stands of Scots

pine (Pinus sylvestris L.) and Norway spruce [Picea abies (L.)

Karst] can be more productive than monocultures. Evidence

from over 100 years of observation of long-term experiments.

For Syst 23(3):573–589
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edaphischer Faktor auf diluvialen, sandigen Podsol und Brauner-

den. Diss. Sklad Glówny Kasa im. Mianowskiego 72:229–254

Condés S, del Rı́o M, Sterba H (2013) Mixing effect on volume

growth of Fagus sylvatica and Pinus sylvestris is modulated by

stand density. For Ecol Manag 292:86–95

Czajkowski T, Bolte A (2006) Frosttoleranz deutscher und polnischer

Herkünfte der Buche (Fagus sylvatica L.) und ihre Beeinflussung

durch Trockenheit. Arch Forstwes Landschökol 40:119–126

de Martonne E (1926) Une novelle fonction climatologique: L’indice
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