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Abstract
& Key message The mixture of Douglas-fir and European
beech produced more biomass compared to what would
have been expected from a weighted average of pure
stands. Overyielding of the mixed stands improved with
increasing stand age and under better site conditions.
& Context Themixture of Douglas-fir and European beech has
the intrinsic potential to be one of the most productive forest
types in Central Europe.
& Aims The study investigated how the structure and produc-
tivity of mixed stands changed in comparison to pure ones. It
analyzed whether there is overyielding in mixed stands and if
it was modified due to stand development or along an ecolog-
ical gradient.
& Methods Throughout Germany, 18 research plot triplets
with 1987 trees were established in seven different ecological

regions from dry to moist site conditions at ages 30 to
120 years. To investigate the growth of the stands, tree cores
were collected from 1293 stems.
& Results The study revealed significant overyielding of bio-
mass in mixed stands of 6 % or 0.81 Mg ha−1 year−1. It was
found that: (i) Overyielding in mixed stands was driven by an
increase in Douglas-fir growth. (ii) Both species modified
their morphology in mixture. Compared to the species in pure
stands, Douglas-fir diameters in mixed stands were signifi-
cantly larger, whereas European beech had a smaller diameter
at breast height in the mixture. The effect increased with the
age. (iii) The analyses revealedmore pronounced overyielding
in older stands and on better sites.
& Conclusion The findings show that overyielding of
Douglas-fir and European beech in mixed stands results from
a higher light interception by complementary space
occupation.

Keywords Mixing effect . Overyielding . Triplet
experimental setups . Age gradient . Ecological gradient .

Height stratification

1 Introduction

Recently, the mixture of Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco) and European beech (Fagus sylvatica L.) has
greatly increased in relevance (Thünen-Institut 2012).
Silviculture with Douglas-fir is a very controversial topic in
Germany. On the one hand, it is considered as one of the most
successfully introduced tree species in Europe because it is
known for its high wood quality, growth, and adaptability to
heterogeneous environments (Kleinschmit and Bastien 1992).
Douglas-fir is superior in its productivity in comparison to
other species in Central Europe (Pretzsch 2005). Therefore,
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the high productivity of this tree species offers the potential to
counteract the expected wood supply gaps in the future
(Mantau et al. 2008). On the other hand, it is often criticized
that Douglas-fir, as a neophyte, leads to a floristic and faunis-
tic impoverishment in European forests (Knoerzer and Reif
1996; Meyer 2011). It is known that introducing additional
tree species in pure stands can increase overall biodiversity
(Felton et al. 2010; Cavard et al. 2011) and decrease the risk
of pest outbreaks (Kelty 1992; Montagnini et al. 1995; Jactel
and Brockerhoff 2007). Thus, a practical compromise might
be the management of Douglas-fir in mixed stands.

Due to its specific growing behavior, there are not many
candidate species to mix with Douglas-fir to get an even-aged,
single-tree mixture (Göhre 1958). Its slow growth after plant-
ing places it in danger of being overgrown by other species.
After it is established, its vigorous growth can easily drive
other species into suppression. So, the species considered for
admixture should be both vigorous in growth and shade-
tolerant at the same time.

In its natural North American range, Douglas-fir is a sub-
climax species. Natural pure stands mainly arise as a result of
forest fires (Hermann 2007). Over the course of stand devel-
opment, the Douglas-firs are joined by shade-tolerant species
like western hemlock (Tsuga heterophylla (Raf.) Sarg.) and
Western red cedar (Thuja plicata Donn ex D. Don) in the
understory. These mixtures might also work in Central
Europe but considering biodiversity issues, indigenous spe-
cies are mostly preferred to mix with Douglas-fir in Europe.

European beech is often considered an appropriate Central
European deciduous species to mix with Douglas-fir (Göhre
1958; Otto 1987). The climatic requirements of both species
overlap in Central Europe (Kölling 2007). Given the shade-
tolerance of European beech, it is able to build a second stand
layer below the predominant Douglas-fir. European beech re-
tains its vitality and fills developing gaps in the canopy in
older stands (Göhre 1958). The horizontal structure and
resulting tree size pattern seems to be an important issue to
understand mixing effects (del Río et al. 2016).

With regard to the known high productivity potential of
Douglas-fir in pure stands and the relevance of its mixture
with European beech, it is important to improve knowledge
about the growth and yield of such mixed stands. While there
are many studies dealing with the question of over- or
underyielding in mixed stands (e.g., Kelty 1992; Piotto
2008; Pretzsch et al. 2013), there are, to our knowledge, only
two extensive studies dealing with Douglas-fir and European
beech (Bartelink 1998, Thomas et al. 2015). Both studies
showed a higher increment in mixed stands compared to what
would have been expected from a weighted average of pure
stands. Bartelink (1998) included an age gradient in his study,
but did not analyze the impact of the age on overyielding.
Studies with other mixtures pointed out that age influenced
overyielding (Binkley 2003; Forrester et al. 2004; Amoroso

and Turnblom 2006). That is why the current study analyzes if
it is possible that over- or underyielding in Douglas-fir–
European beech stands changes with stand age.

Studies on mixed stand effects revealed that, independent
of tree species, over- or underyielding is dependent on site
conditions (Binkley 2003; Pretzsch et al. 2010; Forrester
et al. 2013). The shift of facilitation to competition along an
improving environmental gradient (Callaway and Walker
1997) leads to overyielding on poorer sites in some studies
(Pretzsch et al. 2010; Binkley 2003; Toïgo et al. 2014). In
other studies, complementary effects were especially evident
on better sites and resulted in a higher yield with improving
site conditions (Forrester et al. 2013; Forrester and Albrecht
2014).

Based on previous studies, the following questions were
investigated: (i) How does the structure change in mixed
stands compared to pure stands? (ii) Does overyielding arise
in mixed stands? How does this overyielding change along an
(iii) age and (iv) productivity gradient?

2 Material and methods

2.1 Study sites

2.1.1 Site characteristics

In Southern Germany, seven ecological regions—five in
Bavaria and two in Rhineland-Palatinate—were selected for
experimental setup (Fig. 1). Table 1 summarizes important
climate and soil characteristics. The experiment collection
was concentrated in the colline level (330–580 m a. s. l.) and
covered a span of 430 km. The mean annual temperature
ranged from 7.5 to 9.3 °C (average = 8.4 °C) with an annual
mean prec ip i t a t ion be tween 718 and 1070 mm
(average = 935 mm) (Deutscher Wetterdienst 2015). The ex-
periment included drier, warmer sites in the ecological region
of Fränkische Platte and moister, colder sites like the
S chwäb i s c h -Ba y e r i s c h e S c ho t t e r p l a t t e n - u nd
Altmoränenlandschaft. The base supply of the soil ranged
from base-rich to base-poorer sites. The water supply of the
established plots, described by the combination of water-
holding capacity, precipitation, and transpiration, ranged from
very fresh (equate with much moisture) to moderate dry
(Landesfors t Rheinland-Pfa lz 2014; Bayer i sche
Landesanstalt für Wald und Forstwirtschaft 2013).

2.1.2 Experimental design of plots

The samples were subdivided into stands of three age levels
per ecological region: young (around 30 years), mature
(around 60 years) and old (older than 90 years). The age levels
of the ecological regions were used to build chronosequences
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(also see de Wall et al. 1998). In two of the seven ecological
regions, only one age level was established. In the ecological
region Spessart, we sampled four triplets because mature trip-
lets were already installed. Altogether, 18 triplets were ana-
lyzed (open circles in Fig. 1). The triplet setup is a well-
established method for mixture research (e.g., Amoroso and
Turnblom 2006, Pretzsch et al. 2010) and consisted of a pure
stand of Douglas-fir (Df), a pure stand of European beech (Eb),
and a mixed stand of both species(Df,Eb). The selection of the
triplets was made in managed forest stands without experi-
mental background. The plots of a triplet were located in close
proximity. The median distance from the center of the pure to
the center of the mixed plot was 86 m for Douglas-fir and
260 m for European beech. In the majority of triplets, the three
plots were inside the same compartment. They were more or
less even-aged (see Online Resource 1) and had similar site
conditions (also seen in Online Resource 2). The soil similar-
ity of the triplets was checked by a comparison of the site map.
When the plots were not inside the same compartment, the
similarity of the soil was visually checked by a sample with
a boring rod. The distances between the plots of a triplet were
not great enough to have a significant influence on climate.
Minor climatic differences might result from the intersection
of the plots with the gridded climate data. For the analyses, we
used the average site conditions of a triplet. Overall, 54 plots
were part of the study. All site conditions from all plots within

an ecological region are assumed to be similar (also seen in
Online Resource 2).

In the selection of the plots, we tried to select only fully
stocked stands with low thinning intensity. The maximum
stand density should ensure that all stands produce their max-
imum yield and enables a comparison between the different
mixing types. Because we investigated backwards a time pe-
riod of 20 years, the mechanism of self-thinning and thinning
took effect in the development of the stands. Therefore, we
also collected the dead trees and the stumps of the felled trees
and their time point of death and reconstructed fully stocked
stands for the whole time period.

We selected the plots with the requirement to include only
the two investigated species. The plots were sections of
planted stands or anthropogenic initiated natural regeneration.
Therefore, pure stands consisted completely of one species.
The proportion of foreign tree species in pure and mixed
stands was 1.2 % of the overall basal area. These individual
trees were only suppressed trees. We added them to the stand
productivity of Douglas-fir or European beech, depending on
whether they were broadleaf or coniferous species.

When selecting the plots, we tried to consider a buffer zone
of more than one tree length, to exclude edge effects or mixing
effects with other tree species. The minimum requirement was
that the neighboring trees continued the species composition
of the plot.

Fig. 1 Geographic location of the
18 triplets at seven different
ecological regions in Germany;
each of the 18 sites (black points)
include three plots: a pure stand of
Douglas-fir, a pure stand of
European beech, and a mixed
stand of both species

Douglas-fir–Beech mixed and pure stands 1049
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The mixed plots were selected by the criterion of single-
tree mixture. The mixing proportion (m) was calculated using
the stand density index (SDI) introduced by Reineke (1933).
The stand density differences between the species were ad-
justed by an equivalence coefficient e1 computed by the ratio
between the SDI of pure Douglas-fir stands (SDIDf) and pure
beech stands (SDIEb) (Sterba et al. 2014; Pretzsch et al. 2015).
The equivalence coefficient (average 1.63) was computed for
every triplet. Douglas-fir and European beech in mixed stands
were abbreviated with Df,(Eb) and (Df),Eb.

mDf ; Ebð Þ ¼
SDIDf ; Ebð Þ

SDIDf ; Ebð Þ þ SDI Dfð Þ;Eb⋅e1
ð1Þ

The mean ratio of mixture was 0.47:0.53 (Douglas-fir/
European beech) and ranged between 0.22 and 0.76 for
Douglas-fir.

The 54 plots comprised a span of size between 0.01 and
0.24 ha (mean = 0.06 ha). The sizes of the plots were depen-
dent on the age of the trees. Each pure stand contained 20
dominant trees and each mixed stand contained 20 dominant
trees per species. For all of the 1987 trees, diameter at breast
height (DBH), positions of the crown and tree height (h) were
measured (Online Resource 1). Two cores were taken from all
dominant trees and, when available, from five suppressed
trees. Altogether, cores of 1293 trees (2586 cores) were gath-
ered (Online Resource 3) and measured with a digital
positiometer (Biritz GmbH, Gerasdorf bei Wien, Austria).
Cross-dating of the year rings was undertaken with the soft-
ware TSAPWin Scientific 4.69d (Rinntech, Heidelberg,
Germany).

In addition to the standing trees, all stumps on the plots
were registered. Their diameters were measured in order to
comprehend the thinning in the past and thus to not underes-
timate the increment of the whole stands. With the root collar
diameters from the living trees and their DBHs, the DBHs
from the stumps could be reconstructed. We estimated the
approximate date of tree felling by visual attribution of the
decay. The assessment of the stumps was carried out in five
decay classes based on the classification by Krüger (2013).

2.2 Stand history—increment calculation

The annual diameter increment (id) of stumps and undrilled
trees were calculated by fitting the function ln(id) = a +
b ⋅ ln (DBH). The reconstruction time span was usually
20 years. For young trees of an age of less than or equal to
30 years, the time span was 10 years. The current tree heights
and the positions of the crowns were measured with a Vertex
IV (Haglöf, Långsele, Sweden). Previous height develop-
ments were described by the Michailov height curve system,
which was parametrized by measured tree heights of the
chronosequences. Wherever no chronosequences were

available, height development was calculated by yield tables
(Bergel 1985; Schober 1987). With the given size and tree
number per plot, the volume of the plots could be extrapolated
by the reconstructed diameters and heights. The increment
results from the difference in the volume from one period to
the previous period plus removal stand (thing and self-
thinning).

For each of the 18 triplets, the most common growth and
yield parameters were computed according to the DESER
Norm (Johann 1993) in 5-year periods for the last three de-
cades using standard software of the Chair for Forest Growth
and Yield Science (Biber 2013). In the end, a data pool of 66
survey periods of the triplets periods existed.

The aboveground biomass was calculated by functions
based on Pretzsch et al. (2014). The biomass of the individual
tree (Bit) was calculated by the diameter at breast height
(DBH) and the tree height (h):

Bit ¼ ea0 ⋅DBHa1 ⋅ha2 ; ð2Þ
with a0 = −2.996, a1 = 2.123, and a2 = 0.694 for European
beech and a0 = −3.211, a1 = 2.008, and a2 = 0.730 for
Douglas-fir.

The biomass increment was obtained by the biomass of a
tree in the current period subtracted by the previous period.
The increment of the stand arose from all trees of a plot scaled
up to 1 ha.

2.3 Structure

The height (h), diameter at breast height (DBH), and the ratio
between both (h/d ratio) showed the structural differences be-
tween trees in pure and mixed stands. They were included in
the analysis as the quadratic mean diameter tree of the plots,
backwards in 5-year intervals.

To characterize the species-specific dynamics along the age
gradient, we fitted height growth curves for both species in
mixed stands (also described by del Río et al. 2016). For this,
we used the tree heights and positions of crowns in mixed
stands in the year of sampling. The fitting was done by means
of the Chapman-Richard growth function.

2.4 Mixing effects

The description of the mixing effect has often been considered
and is commonly accepted (Huber et al. 2014). So, here only,
the formulas are presented. For a more detailed overview, see
Pretzsch et al. (2010). As already used by Pretzsch et al.
(2010), periodic mean annual increment of volume (PAIV)
and aboveground biomass (PAIW) were used as a measure
of productivity in this study. The description of over- or
underyielding the mixing effect was made by the comparison

of expected mixed stand p̂Df,Eb based on pure stand versus

Douglas-fir–Beech mixed and pure stands 1051



observed mixed stand pDf,Eb. So, absolute (MEA) and relative
(MER) mixing effect was quantified by

MEADf ;Eb ¼ pDf ;Eb–pDf ;Eb and MERDf ;Eb ¼
pDf ;Eb

pDf ;Eb
ð3Þ

and was calculated for increment of volume (MEAV, MERV)
and aboveground biomass (MEAW, MERW). The absolute
mixing effect is defined as cubic meters (MEAV) or tons
(MEAW) per hectare and year. The expected mixed stand
productivity (Eq. 4) if there were no mixture effects is calcu-
lated by weighting the pure stands’ productivities by the spe-
cies’ proportions in the mixed stands.

pDf ;Eb ¼ pDf ⋅mDf ; Ebð Þ þ pEb ⋅m Dfð Þ;Eb ð4Þ

To compare the intraspecific differences of Douglas-fir and
European beech between pure and mixed stands (Eq. 5), the
productivity in mixed stands (ppDf,(be), pp.(Df),be) was scaled
up to 1 ha.

pDf ; Ebð Þ ¼ ppDf ; Ebð Þ⋅mDf ; Ebð Þ and p Dfð Þ;Eb

¼ pp Dfð Þ;Eb⋅m Dfð Þ;Eb ð5Þ

The ratio of the scaled-up productivity in the mixed stand
and the productivity in the pure stand of the same species
(Eq. 6) identified the species-specific over- and underyielding
in the mixed stand.

MERDf ; Ebð Þ ¼
pDf ; Ebð Þ
pDf

and MER Dfð Þ;Eb ¼
p Dfð Þ;Eb
pEb

ð6Þ

2.5 Statistics

This study was based on measured and reconstructed data.
Because of this nesting in data, we used linear mixed-effects
regression models. The nesting levels of experiment location
and triplet within the experiment location could be included as
random effects.

The first questions, the differences of structure and produc-
tivity between pure and mixed stands, were tested by:

Y ijkt ¼ a0 þ a1⋅mixtureijk þ a2⋅ ageijkt

þ a3⋅mixtureijk ⋅ ageijkt þ bi þ bij þ bijk

þ ci þ cij þ cijk
� �

⋅ ageijkt þ εijkt: ð7Þ

Yijt stands for the structural and productivity variables
(height, DBH, h/d ratio, mean periodic increment of volume
and aboveground biomass) to be tested. The differences of
pure and mixed stands were included by the explanatory var-
iables of mixture. We added an interaction of mixture and age
to consider changing behavior of the variables along the stand

age gradient. The indexes i, j, k, and t represent an experimen-
tal location, a triplet, a plot, and a point in time, respectively.
The fixed-effect coefficient is represented by a. Random ef-
fects of experimental location, triplet, and plot level were in-
cluded in b for the intercept and c for the age. Differences in
height and h/d ratio were not based on reconstructed data.
Therefore, we excluded the random-effect plot k in these
models. The symbol ε represents the independent and identi-
cally distributed random error. Model selection was based on
the Akaike Information Criterion (Burnham and Anderson
1998) and biological plausibility of the results.

The question about the influence of age and site conditions
on overyieldingwas investigated by the relative periodicmean
annual increment of aboveground biomass (MERW). It was
used instead of the mean annual increment of volume
(MERV) because aboveground biomass is closer to the bio-
logical explanation approach.

To verify the influence of age and ecological conditions on
MERW, the following explanatory variables were included
into linear mixed models: age, site index, water supply, ba-
se-richness, mean annual temperature, and mean annual pre-
cipitation (also seen in Table 1). Site index was the dominant
top height at the age of 100 years of Douglas-fir in pure stands.
Interactions of explanatory variables were expected between
site index and age and between precipitation and water supply.
The analysis was split into two approaches. The first one in-
cluded the ecological conditions via the site index (SI) of
Douglas-fir as one single variable:

MERWijt ¼ a0 þ a1⋅ageijt þ a2⋅SIij þ a3⋅ageijt⋅SIij þ bi þ bij þ εijt ð8Þ

The second model included the ecological conditions in
more detail:

MERWijt ¼ a0 þ a1⋅ageijt þ a2⋅precipitationij

þ a3⋅temperatureij þ a4⋅base−richnessij

þ a5⋅water supplyij

þ a6⋅water supplyij⋅precipitationij þ bi

þ bij þ εijt ð9Þ

This model was fitted with MERW for the whole stand
(MERWDf,Eb) as well as for both species separately
(MERWDf,(Eb), MERW(Df),Eb).

All models were processed with the lmer function in the R
package lme4 (Bates et al. 2015). Model selection from the
extensive model of the gradients was made with the additional
help of automated model selection (dredge) from the R pack-
age MuMln (Barton 2015). The significances of the fixed ef-
fects were tested by an F test with Satterthwaite’s approxima-
tion (Kuznetsova et al. 2015). To calculate the marginal coef-
ficient of determination for the mixed-effect models,
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r.squaredGLMM from the MuMln package was used. The
command is based on the coefficient of determination calcu-
lation of Nakagawa and Schielzeth (2013). All statistical anal-
yses were performed in the statistical environment R version
3.2.1 (R Core Team 2015).

3 Results

3.1 Structure

By comparing the species tree height (h) and diameter at
breast height (DBH), it could be determined that Douglas-
fir, regardless of whether mixed or pure, was generally taller
(h = 33.1 m, p < 0.001) and thicker (DBH = 46.1 cm,
p < 0.001) than European beech (h = 23.8 m;
DBH = 23.6 cm) (Online Resource 1). The species-specific
height difference also becomes evident in terms of the site
index in pure stands: At age 100, Douglas-fir had a dominant
top height of 47.2 m while European beech was only 36.9 m
(Online Resource 4).

Figure 2 shows the structural comparison between pure and
mixed stands by height, DBH, and the ratio of height and
diameter (h/d ratio). The significances and how the structural
parameters react along the age gradient can also be seen in
Online Resource 5. The data indicated that the height of
Douglas-fir in mixed stands (32.5 m) was similar to in pure
stands (33.3 m, p > 0.05) (Fig. 2a), whereas the DBH was
significantly larger (42.6 to 37.1 cm, p < 0.001)(Fig. 2b). So,
the taper which was described here by the h/d ratio (Fig. 2c)
showed a higher taper for Douglas-fir in mixture (87.4 to 75.0,
p < 0.05). A contrary picture for European beech could be
observed. The DBH was significantly smaller (19.5 to
23.7 cm, p < 0.001) (Fig. 2e) and slender in mixed stands
(105.3 to 113.4, p < 0.05) (Fig. 2f). The tree height of mixed
stands was also similar to pure stands (23.3 to 24.3 m,
p > 0.05) (Fig. 2d).

Figure 3 shows the height development of the highest trees
in mixed stands along an age gradient. It shows the large
height difference between Douglas-fir and European beech
in mixed stands. At younger ages, the differences between
European beech and Douglas-fir were marginal, with
European beech slightly leading. After 20 years, the differ-
ences increased in favor of Douglas-fir until its maximum of
11.4 m at the age of 90 years.

3.2 Overyielding

The species-specific mean volume increment in pure stands
differs greatly in the present study. A mean volume increment
(PAIVDf) of 26.12 m3 ha−1 year−1 for pure Douglas-fir and
(PAIVEb) 13.59 m3 ha−1 year−1 for pure European beech
(see Online Resource 4) was found. The mixed stand lay with

21.08 m3 ha−1 year−1 between the two. Important for the anal-
ysis of overyielding was the comparison between the produc-
tivity which would be expected in mixed stands with the
weighted average of the neighboring pure stands and the ob-
served productivity in mixed stands (MEA). Overall, the
mixing effect of annual volume increment (MEAVDf,Eb) was
spread from 73 % above to 55 % below the expected produc-
t iv i ty. On average , the mixed s tands produced
1.63 m3 ha−1 year−1 (p < 0.05) more than expected from pure
stands (Fig. 4a, see also Online Resource 4). This means a
mixture leads to overyielding, which amounts to a significant,
positive mixing effect of 8 %.

In detail, there was a significant difference in how
overyielding in mixed stands arose. The cross diagrams
(Fig. 5, see also Online Resource 6) show that overyielding
was contributed to by Douglas-fir. It produced 20 % more
volume in mixed than in pure stands (5.09 m3 h−1 year−1,
p < 0.05) (Fig. 4b), whereas European beech in mixed stands
tended to lose increment compared to pure stands (p > 0.05)
(Fig. 4c). It produced 8 % less volume than in pure stands,
which means an inferiority of 1.25 m3 ha−1 year−1 (Fig. 4c).
The large productivity differences between Douglas-fir and
European beech in pure stands (PAIVDf/PAIVEb 1:2.09) in-
creased even in mixed stands. Douglas-fir grew 2.97 times
more than European beech (Online Resource 4), which
showed that productivity overyielding was determined by
the increment of Douglas-fir.

It was shown that the productivity differences of volume
increment between the two species reduced in the calculation
with the aboveground biomass production. Douglas-fir grew
1.39 times more in pure stands (PAIWDf/PAIWEb) and 1.59
times more in mixture (PAIWDf,(Eb)/PAIW(Df),Eb). The abso-
lute annual growth of aboveground biomass in pure stands
was 15.6 Mg ha−1 year−1 for Douglas-fir (PAIWDf) and
12.4 Mg ha−1 year−1 for European beech (PAIWEb).
Nevertheless, at 14.73 Mg ha−1 year−1, an average
overy ie ld ing in b iomass produc t ion o f 6 % or
0.81 Mg ha−1 year−1 (p < 0.05) was established in mixed
stands (Fig. 4d, see also Online Resource 4). Overyielding
was driven in general by Douglas-fir, but we found that higher
age also leads to additional overyielding for European beech
in mixed stands, while lower ages are connected to
underyielding (p < 0.05). However, in the average age span
of our triplets (60–80 years), there were no differences in
increment whether European beech occurs in pure or in mixed
stands.

3.3 Dependency of overyielding on age and site conditions

The explanatory variables remaining in the final models are
shown in Table 2. The first model (model 1) contains all ex-
planatory variables that were initially chosen. Age and site
index were positively correlated with overyielding. The
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negative interactions between age and site index results from
the decreasing influence of age with improving site index. The
second model was based on stand description by site charac-
teristics. It shows slightly more variance (R2 = 0.34) than the
first model (R2 = 0.26). In the second model, the main explan-
atory variables are precipitation and temperature. Rising pre-
cipitation and temperature improved the mixing effect. Age
was incorporated into the model but was not significant.
Nevertheless, the AIC (−14.536) indicated that the age gave
a benefit to the model compared to model without age (AIC
−13.889). In both models it was shown that improving site
conditions, in the first one by site index and in the second one
by mean annual precipitation and temperature, led to a greater
relative mixing effect.

In addition to the explanation of the relative mixing effect
of the stand, models three and four try to explain how
Douglas-f i r (MERWDf , (Eb ) ) and European beech
(MERW(Df),Eb) react to environmental conditions in mixed
stands. The model of Douglas-fir showed no significant ex-
planatory variables (R2 = 0.11). Only the temperature was

incorporated in the model. The European beech model was
more insightful (R2 = 0.31). The two explanatory variables of
overyielding were base-richness and age. Age also correlated
positively as in the whole stands. Base-richness reduced the
mixing effect.

4 Discussion

4.1 Use of triplet experimental setup

The study could determine a significant average overyielding
of 6 % more biomass increment per year in mixture, but this
mixing effect was spread with a standard deviation of 28 %
(standard error = 3.42). Besides the discussion of how ecolog-
ical gradients influenced this overyielding, it must be
discussed which influence the method has, especially the trip-
let selection, on the variance of overyielding. Triplet experi-
mental setups have been proven in many studies to be a good
method to detect the mixing effect (e.g., Dirnberger and Sterba

Fig. 2 Comparison between pure and mixed stand of height (a, d);
diameter at breast height (b, e); and h/d ratio(c, f) of Douglas-fir—
triangles (above) and European beech—circles (below). White symbols
describe the mean value. Listed is the decisive significant in connection

with the mixture (mixture or correlation of mixture and age). The values
represent the measured and reconstructed data of the quadratic mean
diameter tree. The whole descriptive statistic for significance is given in
Online Resource 5
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2014; Pretzsch et al. 2015). Besides the advantage of the direct
comparability of species reaction in pure and mixed stands,
triplets always entail the risk of heterogeneity (e.g., age, soil
conditions, genetic material) inside the triplet.

The proximity of the plots inside the triplet was a main
criterion for selection to minimize any heterogeneity. The soil
conditions were controlled visually and by site maps. Yet, it
could not be excluded that there were differences in base rich-
ness and water supply because of soil microsites. However, it
cannot be assumed that the difference is systematical. Another
point was the silvicultural influences. Some studies designed
experimental setups which were especially established for the
research of pure to mixed stands (Forrester et al. 2004;
Amoroso and Turnblom 2006). This has the advantage that
they can ensure the same stand history. To answer the question
how age influences the mixing effect, it was necessary to
cover the whole (or rather a longer) time span of the stand.
Such long-term plots do not exist for Douglas-fir and
European beech. That is why we used chronosequences to
cover the whole rotation time.

Currently, the proportion of Douglas-fir in German forests
is very low. Only 2 % of German forest is forested with
Douglas-fir. It was difficult to find plots which had not been
thinned over the last 20 years. Completely unthinned stands
would bring the advantage that we “only” had to collect the
dead trees and reconstruct their exclusion from the tree collec-
tive. In managed forests, this self-thinning mechanism is an-
ticipated by forest management. Therefore, we also recorded

the felled trees to reconstruct fully stocked stands over the
whole investigation time. The thinning bore the risk of not
investigating the tree response at the maximum possible stand
density. Nevertheless, the growth–density relationship gives
us a buffer because in high-density stands the tree collective is
able to compensate for the productivity loss of the felled trees
through more productivity of the remaining trees (Assmann
1970). This enabled comparable productivities of stand den-
sities close to the maximum stand density. A comparison of
yield table of fully stocked stands under given ages (Bergel
1985; Schober 1987) with our pure plots indicated that the
mean SDIs are more or less equal (2 % higher SDI in selected
plots). Non-experimental plot stands may be a doubtful point
of reference. Nevertheless, the use of plots in managed forest
is a useful benchmark as it often represents the silvicultural
business as usual.

A comparable stand history was another main reason for
the necessity of proximity of the stands, so that it could be
expected that the same seed material was used which grows
under the same forestry management system. In some cases,
the current study could use plots which were less than 20 m
apart. These plots were much easier to handle than plots which
definitely grow on the same soil but lie 1 km apart. It can be
said that for further research, the proximity of the stands is of
particular importance for the selection of the triplets.

4.2 Mixing proportion

As expected, our study showed a great difference of incre-
ment between Douglas-fir and European beech. We noted
that overyielding is strongly influenced by the approach of
the calculation of mixing proportion. The calculation of
mixing proportion was handled very differently in other
studies. Mixing proportion can be calculated for example
by tree number (Forrester et al. 2004; Amoroso and
Turnblom 2006), basal area (Puettmann et al. 1992), vol-
ume weighted by wood dry mass (Pretzsch et al. 2013), or
biomass and leaf area (Dirnberger and Sterba 2014). In this
study, different approaches for mixing proportions (tree
number, basal area, volume weighted by wood dry mass,
adjusted SDI) were calculated and compared. In the choice
of plots, the mixing proportion was estimated visually with
the goal of a 50:50 proportion. It was surprising how vol-
ume shifted the mixing proportion in favor of Douglas-fir,
whereas the number of trees shifted the mixing proportion
in favor of European beech. Dirnberger and Sterba (2014)
and Huber et al. (2014) could also show how strongly the
different calculation approaches of mixing proportion in-
fluenced over- or underyielding. Finally, the adjusted SDI
was taken to determine the mixing proportion, as it proved
to be close to tree leaf area (Dirnberger and Sterba 2014)
and results in a mixture of 0.47:0.53 (Douglas-fir/E.
beech).

Fig. 3 Crown development from Douglas-fir and European beech of
20 % of the highest tree in mixed stand along the age gradient. The data
were measured tree heights and position of crowns at the survey points,
which were ave raged by the Chapman-Richa rds mode l
(a(1 − exp.(−k t))p); Douglas-fir (height: a = 53.25, k = 0.027, p = 1.57;
crown: a = 19.27, k = 0.08, p = 8.98); European beech (height: a = 49.44,
k = 0.012, p = 1.00; crown: a = 15.13, k = 0.08, p = 10.00). Significance of
the parameter can be seen in Online Resource 7
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Two increment characteristics (volume and aboveground
biomass) were compared in this study. It was mentioned that
increasing productivity differences between the two species
lead to an increasing of influence in the calculation of mixing
proportion. The advantage of the aboveground biomass was
that the increment ratio between Douglas-fir and European
beech decreased. So, the similar overyieldings in volume
(1.08) and biomass (1.06) suggest that the choice of adjusted
SDI was near to reality.

4.3 Structure

The first question was whether there are any structural differ-
ences between the two species grown together compared to
grown in monocultures. In the present study, the tree height–
diameter ratio from mixed to pure stand differed significantly
for Douglas-fir and European beech. The tree height–diameter
ratio can be used as an indicator of changing competition in
even-aged stands (Abetz 1976). The reason is that trees under
increased competition allocate more carbon to height than to
diameter growth in order to keep their crown in the canopy

(Bauhus et al. 2000; Forrester et al. 2004). As a result, a higher
h/d ratio indicates greater competition for light. The lower h/d
ratio of Douglas-fir and greater h/d ratio of European beech in
mixed stands compared to pure stands could be a sign of
decreased competition for light for Douglas-fir and increased
competition for European beech.

The differences of stem taper in mixed stands compared to
pure stands can also be observed by the mixture of Douglas-fir
and shade-tolerant western hemlock, where Douglas-fir
overtopped the mixed species (Amoroso and Turnblom
2006; Erickson et al. 2009). Both could measure increasing
h/d ratios for Douglas-fir and decreasing h/d ratios for the
suppressed western hemlock in mixture. Erickson et al.
(2009) found that the individual tree volume of Douglas-fir
in mixed stands increased while the tree volume of western
hemlock did not change significantly.

The reverse situation was found by Radosevich et al.
(2006) in a simultaneously planted mixture of Douglas-fir
with red alder (Alnus rubra [Bong.]). Here, Douglas-firs in
mixed stands were either as small as or smaller in diameter
than those trees measured in pure stands. This reverse

Fig. 4 Comparison between pure and mixed stands of the periodic mean
annual increment of volume (above) and aboveground biomass (below)
for the whole stand—diamonds (a, d); Douglas-fir—triangle (b, e); and
European beech—circle (c, f).White symbols describe the mean value of

pure and mixed stands. Listed is the decisive significant in connection
with the mixture (mixture or correlation of mixture and age). The values
represent the measured and reconstructed data. The whole descriptive
statistic for significance is given in Online Resource 5
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allocation pattern of trunk growth could be determined be-
cause Douglas-fir, at younger ages, will be suppressed by
red alder. At older ages, the dominance situation changes in
favor of Douglas-fir (Binkley 2003). The influence of the h/d
ratio was not analyzed in this study. For European beech
mixed with Norway spruce (Picea abies (L.) H. Karst.),
Dieler and Pretzsch (2009) found that the h/d ratio of
European beech increased in mixed stands, whereas the h/d
ratio of Norway spruce did not change. The increased taper of
European beech in mixture resulted from an increased DBH.

In addition to the dimensional change from pure to mixed
stands, our study showed how large the height differences of
Douglas-fir and European beech are and how they change
along the stand development (Fig. 3). De Wall et al. (1998)
also found similar height differences of Douglas-fir and
European beech mixed stands along chronosequences. They
described that the fast growth of Douglas-fir led to separation
in height zones by a dominant Douglas-fir and a suppressed
European beech. In the present study the highest Douglas-firs
overtopped the highest beeches at the age of 90 years by
11.4 m. Therefore, the predominated Douglas-fir possessed a
low lateral restriction of the crowns that increased with age.
For the younger stands (around 15 years), the special situation
arose that European beech outgrew Douglas-fir. This was also
mentioned by Göhre (1958). It could be a critical situation for

Douglas-fir because strong shading by European beech could
lead to a demixing of Douglas-fir.

4.4 Productivity

We found overyielding in mixed stands in our study. This
corresponds with the results of Bartelink (1998). Thomas
et al. (2015) concluded that, for the mixture of Douglas-fir
and European beech, there is no overyielding. This contrasting
result arose because of a different definition of overyielding.
Their aboveground biomass increment inmixed stands did not
overtop the most productive pure stand, the Douglas-fir
stands. This is defined as transgressive overyielding (Harper
1977). In our definition, with a comparison of the expected
mixed stand from the combination of pure stands, Thomas
et al. (2015) would have overyielding as well.

Similar to Bartelink (1998) and Thomas et al. (2015), the
present study found that mixed stands did not exceed the ab-
solute productivity of Douglas-fir pure stands. But why did

Table 2 Influence of the environmental gradients on the relative
mixing effect based on aboveground biomass increment for the stand
(MERWDf,Eb) and separated for Douglas-fir (MERWDf,(Eb)) and
European beech (MERW(Df),Eb)

Model/equation Response variable:

MERWDf,Eb MERWDf,(Eb) MERW(Df),Eb

(1/8) (2/9) (3/9) (4/9)

SI(Df) 0.083*

47.2 (0.033)

Age 0.060* 0.003 0.006†

69.1 (0.023) (0.002) (0.003)

SI(Df) × Age −0.001*
47.2 × 69.1 (0.0005)

Precipitation 0.002*

939 (0.001)

Temperature 0.329* 0.329†

8.4 (0.143) (0.180)

Water supply

4.3

Base-richness −0.024*
3.0 (0.012)

Constant −3.100. −3.298* −1.596 1.356**

(1.584) (1.549) (1.505) (0.407)

Observations 66 66 66 66

Log Likelihood 13.501 14.268 −5.572 7.241

Akaike Inf. Crit. −13.002‡ −14.536 21.144 −2.482
Bayesian Inf. Crit. 2.326 0.792 32.093 10.656

R2 0. 26 0.34 0.11 0.31

The standard error are in italics and in brackets

Signif. codes: 0; ***0.001; **0.01; *0.05; † 0.1; 1

Fig. 5 Cross diagrams according to Harper (1977) and Kelty (1992)
displaying the mixing effect on the productivity of Douglas-fir and
European beech for volume increment. The left (European beech) and
right (Douglas-fir) ordinates in the cross diagrams represent the relative
productivity. The abscissa shows the mixing portion of Douglas-fir
(mDf,(Be)). Broken lines represent the productivity expected for neutral
mixing effects on the level of the stand as a whole (horizontal 1.0 line)
and on the level of the two contributing species (decreasing with respect
to increasing lines). The solid lines show the observed productivity from
whole stand (upper bold curve) and species-specific (lower thin curves).
Black symbols represent the single observation of the whole stand
(diamond), Douglas-fir (triangle), and European beech (circle). The
means are marked with a white symbol
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the mixing effect not generate average transgressive
overyielding? A reason could be the large differences between
growth rates of Douglas-fir and European beech. A mixing
effect, regardless of how it developed, had to bemuch stronger
to compensate for these differences (Forrester 2014).

The overyielding in the present study resulted in an in-
creased productivity of Douglas-fir. The results of Amoroso
and Turnblom (2006) and Erickson et al. (2009) have also
shown that overyielding contributed to Douglas-fir. In their
studies, they compared Douglas-fir in mixed stands with west-
ern hemlock. The growth situation in young stands of
Douglas-fir and red alder was the reverse. Radosevich et al.
(2006) showed that overyielding was driven by red alder.
Binkley (2003) showed that this situation can change. With
increasing age and height dominance, Douglas-fir contributes
more and more to overyielding in mixed stands (Binkley
2003).

For the mixture of European beech, there are studies which
found overyielding driven by European beech (Pretzsch et al.
2010) or by the admixed species (Pretzsch et al. 2013). It
seems to be that interaction between European beech to
admixed species can vary.

4.5 Explanation of mixing effect

4.5.1 Light

As mentioned above, the height stratification in Douglas-fir–
European beech mixed stands is an important factor. Thereby,
a forest type developed where an intermediate shade-tolerant
species like Douglas-fir (Barnes and Spurr 1998) exists beside
the very shade-tolerant European beech (Ellenberg and
Leuschner 2010). Normally, the shade-tolerant European
beech outcompetes the native, intermediate species over the
course of stand development (Thomas et al. 2015; Röhrig
et al. 2006). In pure stands, Douglas-firs are surrounded in
the crown stratum by individuals of the same species in the
same height zones. An interspecific competition situation for
light arises (“interference”), which could be seen in higher h/d
ratios. In mixed stands, we found a physical exclusion of
individual Douglas-firs which outgrew the closed canopy lay-
er of European beech. Douglas-fir with its high light-saturated
net photosynthetic rates (Lewis et al. 2000) could efficiently
use this improved light access. European beech with a lower
light compensation point (Ellenberg and Leuschner 2010) can
still exist in the lower height zones. Overall, it seems to be that
the two species differentiate each other by niches of different
radiation intensity. It may result in maximum light intercep-
tion of the available light at the site. Menalled et al. (1998)
could provide evidence that the height stratifications of
Douglas-fir and suppressed western hemlock resulted in suf-
ficient radiation interception in the upper canopy. This allows
higher productivity of the shade-intolerant Douglas-fir and yet

adequate transmission of radiation to the shade-tolerant west-
ern hemlock. Thomas et al. (2015) measured the relative frac-
tion of sun leaves of European beech mixed with Douglas-fir.
They also concluded a more efficient usage of incoming light.
Vandermeer (1989) called this interaction complementarity.

4.5.2 Soil

In the present study, it was asked how site quality influenced
the mixture. Due to the fact that the belowground situation
was not directly measured, the assumptions about the below-
ground competition in the present study were only specula-
tive. Improving site fertility was detected in both models as a
driver of increasing overyielding. This was in line with find-
ings of a global biodiversity study based on forest inventory
data (Liang et al. 2016). In the first model of the study at hand
(Eq. 8), site fertility was determined by the site index. In the
second model (Eq. 9), increasing precipitation and tempera-
ture drove overyielding. Case and Peterson (2005) found that
precipitation and temperature (model 2) mainly drove the
growth variation of Douglas-fir. Therefore, we interpreted
the site index of Douglas-fir as a proxy for precipitation and
temperature. The improved site conditions probably led to
increased height differences, which reinforced the comple-
mentary effect between Douglas-fir and European beech.

Studies on Douglas-fir–red alder (Binkley and Greene
1983; Binkley 2003) and European beech–Norway spruce
(Pretzsch et al. 2010) mixtures found that under poor site
conditions, the mixing effect declined. These studies assumed
that the mixing effect arose because one species, the “facilita-
tor,” improved soil conditions for the other species. In the case
of Douglas-fir mixed stands, it is well-researched that the
presence of nitrogen-fixing red alder on nitrogen-poor sites
improved soil conditions and ecosystem productivity
(Tarrant and Miller 1963; Binkley and Greene 1983; Binkley
2003). Tree litter in mixed stands of Douglas-fir and red alder
decomposed faster than in pure stands (Fyles and Fyles 1993).
In the case of European beech–Norway spruce mixtures,
Norway spruce benefited from the improved decomposition
conditions and turnover of the mixed litter (Berger and Berger
2014). The influence of litter and its decomposition on mix-
tures of Douglas-fir and European beech has not been
researched yet. Whether this positive reaction would also oc-
cur for Douglas-fir–European beech mixtures is doubtful.
This is because Douglas-fir already has intermediate decom-
posable litter (Edmonds 1980; Augusto et al. 2002).

Another facilitative effect in Douglas-fir–European beech
mixtures could be that the soil profile has been “opened” for
European beech by decreasing Douglas-fir root density in
older ages (Hendriks and Bianchi 1995). However, this
rooting strategy needs much more replication to be accepted
(Rothe and Binkley 2001). Besides this facilitation between
the two species, Hendriks and Bianchi (1995) showed that
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root density in deeper soil strata was higher in mixed than in
pure stands. They conclude that nutrient and water uptake is
more efficient in mixed stands. Therefore, complementary ef-
fects are not only present in the canopy, but in the soil as well.

Our analyses of the influence of the ecological parameters
on the productivity of European beech showed a significant
increase in productivity with reduced base-richness. Thomas
et al. (2015) found a competitive superiority of Douglas-fir
over European beech at root level. Their site fertility is com-
parable to our average site fertility. It might be that European
beech reinforces competitive strength in root stratum on base-
poor sites. Hendriks and Bianchi (1995) confirmed the impor-
tance of the belowground competition in addition to the
aboveground competition for Douglas-fir–European beech
mixtures. Their study showed the shift of competition strength
between the two species only along an age gradient. The in-
fluence of changing site conditions on belowground competi-
tion is still unknown. Pretzsch et al. (2010) already stated that
along a site gradient, competitive strength can shift from one
species to the other.

Nevertheless, the present study assumed that overyielding
was less influenced by declined base-richness for European
beech because Douglas-fir was mainly responsible for
productivity.

The limiting resource for our study seems to be light, rather
than soil. Forrester (2014) concluded that the major growth-
limiting resource determines the mixing effect. Other studies
which showed that different factors, such as poorer sites (e.g.,
Pretzsch et al. 2010; Toïgo et al. 2014), increased overyielding
did not contradict our results. They only show the influence of
the present factors under given locations and tree species
mixtures.

The selected study sites represent average and best climate
conditions (Table 1) in comparison to climate conditions in
Germany (Deutscher Wetterdienst 2015). This could be seen
by the site indices of top height as well (Online Resource 4). In
the study, there was a lack of poorer, arid sites to embrace a
complete ecological gradient for the whole of Central Europe.
A facilitative effect might have appeared more under poor site
conditions. The present study assumed that along a greater
ecological site gradient, positive interactions in mixed stands
are rather quadratic than linear, as Bertness and Callaway
(1994) predicted.

4.5.3 Age

Our findings show that the age had a relevant influence on
overyielding. This was shown by the steep rise of age in
models one and two (Table 2). Although not all explanatory
variables were significant, like age in model 2, the AIC indi-
cated that their presence in combined effect with the other
variables was important. In addition, all parameters (DBH
and increment), which included an interaction of age and

mixture showed that positive mixing effects arise only in older
stands (Online Resource 5).

The present study and also deWall et al. (1998) came to the
conclusion that the increasing age of Douglas-fir–European
beech stands leads to a vertical separation of the species in
the canopy zone. As mentioned above, we suspected that
structuring leads to overyielding. So higher stand ages could
have a positive effect on productivity. Other studies also con-
cluded that overyielding increases with increasing age (Zhang
et al. 2012). Independent of the reason for overyielding, it
might be that the positive mixing effect takes time to appear.
In our study, the break-even point of mixture seems to be
60 years.

5 Conclusion

The mixture of Douglas-fir and European beech emerges as a
stable mixture type, which does not lead to the loss of one of
the species without silvicultural intervention. That is notewor-
thy because it is a species composition of a native with an
introduced species. This mixture creates considerable height
stratification, which is unusual for native Central European
forest types. The accrued overyielding in mixture was deter-
mined by the age dynamics of the stands. Failing to consider
the age dynamics could lead to a miscalculation of the mixing
effect. Further mixture research should consider the influence
of age.

The gradient of the site conditions shows that overyielding
is particularly expected in favorable locations. Further re-
search should extend the gradient to extreme sites. That would
enable a more comprehensive site conclusion about the whole
site spectrum.

Douglas-fir–European beech mixed stands can be recom-
mended for forest management. It is an option that combines
the demand for mixed stands with the need for coniferous
wood production. The benefits that come with increasing
age of the mixture should be brought into the focus of
silviculture.
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