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2. We used a dataset of 30 ecosystem functions measured in stands with different
species richness and composition in six European forest types. First, we quantified
whether the compositions that maximize annual above-ground wood production
(productivity) generally also fulfil the multiple other ecosystem functions (multi-
functionality). Then, we quantified the species identity effects and strength of in-
terspecific interactions to identify the “best” and “worst” species composition for
multifunctionality. Finally, we evaluated the real-world frequency of occurrence of
best and worst mixtures, using harmonized data from multiple national forest
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3. The most productive tree species combinations also tended to express relatively
high multifunctionality, although we found a relatively wide range of compositions
with high- or low-average multifunctionality for the same level of productivity.
Monocultures were distributed among the highest as well as the lowest perform-
ing compositions. The variation in functioning between compositions was gener-
ally driven by differences in the performance of the component species and, to a
lesser extent, by particular interspecific interactions. Finally, we found that the
most frequent species compositions in inventory data were monospecific stands
and that the most common compositions showed below-average multifunctional-
ity and productivity.

4. Synthesis and applications. Species identity and composition effects are essential to
the development of high-performing production systems, for instance in forestry
and agriculture. They therefore deserve great attention in the analysis and design
of functional biodiversity studies if the aim is to inform ecosystem management. A
management focus on tree productivity does not necessarily trade-off against
other ecosystem functions; high productivity and multifunctionality can be com-

bined with an informed selection of tree species and species combinations.
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1 | INTRODUCTION

During the last 25 years, a wealth of studies aimed to answer the
question: does plant biodiversity matter for the functioning of eco-
systems and for their potential to deliver services to humanity? In
essence, these studies showed that changes in species diversity
usually result in changes in multiple ecosystem processes, includ-
ing those related to productivity, nutrient cycling, and stability,

as well as to trophic interactions and associated biodiversity (e.g.,
Isbell et al., 2017; Schulze & Mooney, 1993; Tilman, Isbell, & Cowles,
2014). These general patterns were mainly derived from compari-
sons of mean values of ecosystem functioning among different lev-
els of species richness. However, within each level of richness, there
is typically a high variation in functioning, mostly due to different
species composition providing different levels of functioning. This

compositional variation may have a similar or even greater impact
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on ecosystem functioning compared with variation in diversity
(Hector et al., 2011; Ratcliffe et al., 2017), but it is often overlooked
or even considered to be unwanted noise. Species differ strongly in
their functional effects, meaning that compositions containing dif-
ferent species provide different levels of function (“species identity
effect”; Kirwan et al., 2009). In addition, functional effects of mix-
tures may differ from the expected effects of the individual species
monocultures due to interspecific interactions (“species interaction
effect”), which can be synergistic, neutral, or antagonistic depending
on the particular species involved. If we can identify which identity
and interaction effects provide highest function, then we could de-
liberately select certain species combinations that optimize one or
multiple ecosystem functions (Storkey et al., 2015). In this context,
biodiversity-ecosystem functioning research could help to develop
high-performing production systems, for instance, in multifunctional
low-input agriculture (Barot et al., 2017), in carbon plantings (Hulvey
etal, 2013) and in the context of sustainable forest management
(Mori, Lertzman, & Gustafsson, 2017).

By favouring different tree species through management (e.g.,
selective thinning), foresters have been following this approach
for centuries. However, forestry has traditionally focused on wood
production as the main management goal, rather than on the si-
multaneous provision of multiple ecosystem functions or services
(ecosystem function or service “multifunctionality”; Manning et al.,
2018). It is often assumed that a focus on wood production will, quasi
automatically, fulfil all other functions as well. This reasoning even
has its own name in German forestry (the “Kielwassertheorie” or
“wake theory”; Rupf, 1961), where habitat, regulation, and recreation
functions are assumed to be boosted in the “wake” of use functions,
that is, wood production. Yet, this premise has been challenged by
studies showing trade-offs between different functions or services.
For example, a focus on tree biomass production was found to be
detrimental for dead wood occurrence, bilberry production, and
food for game in boreal and temperate production forests (Gamfeldt
et al., 2013). In general, species effects on different functions are
not well correlated, so that no “super-species” fulfils many functions
at the same time and under all conditions (van der Plas et al., 2016).
In sum, there is a need for evidence-based understanding of how
different tree species compositions promote multiple ecosystem
functions and services, including, but not restricted to, wood pro-
duction. Such insights will help to bridge the gap between funda-
mental biodiversity-functioning theory and ecosystem management
and could, for instance, better inform forest managers about which
trees should be planted together in order to maximize forest multi-
functionality within stands.

Research on biodiversity-ecosystem functioning relationships,
as well as on tree species mixture effects in forestry (reviewed in
Pretzsch, Forrester, & Bauhus, 2017), still often relies on single-
site experiments or case studies, limiting our capacity for syn-
thesis and generalization across spatial and temporal scales. The
FunDivVEUROPE exploratory platform was established as a net-
work of research plots in six European forest types, selected to
differ in tree species richness and different species compositions

(Baeten et al., 2013). The platform provided a common hypothesis-
driven design in different geographical locations, used standard-
ized methodology and measurement protocols and coordinated
data acquisition and management. Using data on 30 ecosystem
functions measured in this platform, we can perform an in-depth
analysis of tree composition effects on forest ecosystem multi-
functionality. We aim to (i) assess to what degree a management
focus on tree productivity also boosts other ecosystem functions
or whether there are trade-offs between production and other
functions; (i) quantify the individual species effects and strength
of interactions among particular species and species groups to
identify the “best” and “worst” species compositions for multi-
functionality; and (iii) evaluate the frequency of occurrence of
best and worst mixtures based on National Forest Inventories. We
hypothesize that (i) tree productivity is not strongly positively re-
lated with ecosystem multifunctionality, refuting the wake theory;
(i) interspecific interactions can explain ecosystem functioning
better than species identity effects alone, and that these inter-
actions are species specific; and (iii) tree compositions supporting
high ecosystem multifunctionality are rare in European forests

due to the historical focus on production forests.

2 | MATERIALS AND METHODS

2.1 | FunDivEUROPE exploratory platform design

The FunDivEUROPE exploratory platform is a coordinated net-
work of 209 forest plots in six European regions, covering a
gradient of different climates and forest types (see Supporting
Information Appendix S1). It was established in 2011 to study the
effect of tree diversity on ecosystem multifunctionality (http://
project.fundiveurope.eu/). The field sites include boreal forests in
Finland, hemi-boreal forests in Poland, beech forests in Germany,
mountainous beech forests in Romania, thermophilous deciduous
forests in Italy, and Mediterranean mixed forests in Spain. In each
forest type, plots with locally dominant and economically impor-
tant tree species were selected to cover arange in species richness
from 1 to 3 in boreal (number of plots: 28), 1 to 4 in mountainous
beech (28), beech (38), and Mediterranean mixed (36), and 1 to 5
in thermophilous deciduous (36) and hemi-boreal (43) (Supporting
Information Table S1.1). Each richness level was replicated with
different species compositions. Furthermore, the tree species had
similar abundances in mixtures (high evenness), all species were
represented in all species richness levels, and none of the species
was present in every plot so that species identity and diversity ef-
fects could be separated. The study plots were located in mature
forests stands and shared similar environmental conditions within
forest types (e.g., geology, soil type, topography), so that covaria-
tion between these factors and species richness levels was mini-
mized. Thus, the diversity gradient mainly resulted from historical
management or stochastic events. More details about the study
sites, the selection procedure, and plot-level information can be
found in Baeten et al. (2013).
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2.2 | Ecosystem property and function
measurements

We used plot-level measurements of 30 ecosystem properties, func-
tions, or service proxies, which for simplicity we refer to as “func-
tions” or properties hereafter (Supporting Information Table $1.2).
These include the set of 26 functions analysed in a previous study
looking at the relative importance of composition vs. diversity ef-
fects (Ratcliffe et al.,, 2017). Four additional functions, represent-
ing diversity measurements of four taxonomic groups, were added
to the dataset: bat, bird, earthworm, and understorey plant diver-
sity. As a measure of tree productivity, we used the mean annual
above-ground wood production estimated from wood cores (Jucker,
Bouriaud, Avacaritei, & Coomes, 2014). To aid in the interpretation,
the functions were a priori classified into six groups reflecting basic
ecological processes (Supporting Information Table S1.2): nutrient
and carbon cycling-related drivers (e.g., earthworm biomass, micro-
bial biomass), nutrient cycling-related processes (e.g., litter decompo-
sition, nitrogen resorption efficiency), primary production (including
not only tree productivity, but also photosynthetic efficiency and
tree biomass), regeneration (e.g., tree seedling regeneration, sapling
growth), resistance to disturbance (e.g., resistance to drought, resist-
ance to insect damage), and the value of the forest stands as habitat
for other species (e.g., bat and bird diversity). A major strength of
the FunDivEUROPE project was the general philosophy to measure
all ecosystem functions in all plots, following the same protocol by
the same observers across the six forest types. Measurements are
thus directly comparable across plots and show high coverage; 24
functions were measured in at least 207 of the 209 plots. Details on
the measurements of the various functions can be found in previous
synthesis papers of the FunDivEUROPE project (e.g., van der Plas
et al., 2016; Ratcliffe et al., 2017).

2.3 | National forest inventory data

Withinthe FunDivEUROPE project, we compiled harmonized forest
plot data from the national forest inventories of Finland, Sweden,
Germany, Belgium (Wallonia), and Spain (for details see Ratcliffe
et al., 2016). These inventories included three forest types from
the exploratory platform: boreal forest, beech (-dominated) forest,
and Mediterranean mixed forest (which comprised Mediterranean
coniferous, broadleaved evergreen, and thermophilous deciduous
forest). Determination of the forest type was based on the EEA
Technical Report 9 (Barbati, Corona, & Marchetti, 2017). In each
inventory, we used the two most recent surveys and extracted
basal area (BA, m*/ha) for all trees with a diameter at breast height
of more than 10 cm. Plots with single measurements or any indi-
cation of harvest activities between surveys were omitted from
the dataset. For each of the remaining plots, we calculated the
proportional BA per tree species. Tree species names were harmo-
nized following the Atlas Florae Europaeae. In order to identify the
species composition of a plot, we adopted the following approach:

only species with a BA exceeding 10% were considered and only

plots in which the summed proportion of all component species
exceeded 90% were included. Plots that did not meet these crite-
ria were discarded from the dataset. This approach is in agreement
with the selection criteria of the FunDivEUROPE exploratory plat-
form. Furthermore, we only retained the plots with compositions
that could be assigned to one of the three forest types mentioned
above. No distinction was made between planted and spontane-
ously regenerated stands. Our final dataset included 64.8% (bo-
real), 22.3% (beech), and 70.8% (Mediterranean mixed) of the
available NFI plots.

2.4 | Dataanalyses

2.4.1 | Quantifying multifunctionality and its
relationship with productivity across different species
compositions

We quantified the multifunctionality of each tree species composi-
tion with a model-based approach. In each plot, we have a value
for each of the 30 functions. These estimates were modelled to-
gether in a hierarchical meta-analytic model with group-level ef-
fects for plot identity (209 plots) and species composition (103
compositions). We considered species combinations occurring in
multiple forest types as different compositions, because the same
species combination may have different functioning when grow-
ing on different soils or in different climates and we wanted to
account for the fact that the same composition may behave dif-
ferently among forest types. In addition, compositions within the
same forest type were related to each other because they were
measured more closely together in time and space. However, only
8 out of 92 unique species compositions occurred in multiple forest
types: six were represented in two forest types and monocultures
of Pinus sylvestris and Picea abies were present in three and four
types, respectively.

The estimated effects of composition from the hierarchical
model were used here as measure of multifunctionality for a given
tree species composition. The effect quantifies the degree to which
the functioning of a particular composition deviates from the av-
erage, taking all functions into account. Positive and negative val-
ues express above-average and below-average functioning of that
species combination, respectively. An alternative single threshold
approach (Byrnes et al., 2014) provided a very similar measure of
multifunctionality; so, we expect qualitatively similar results when
using alternative measures (Supporting Information Figure S2.1).
The model-based approach was preferred here because it directly
quantifies the dependency of functioning on composition (without
the need to derive a metric first) and allows us to extend the analy-
ses to diversity-interaction models (see Section 2.4.2). A full model
description is given in Supporting Information Appendix S2 and ad-
ditional sensitivity analyses are provided in Supporting Information
Appendix S4 (e.g., reducing the number of functions to calculate the
multifunctionality measure, either randomly or by ecosystem func-
tion group).
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We related the multifunctionality to the mean productivity of
each composition with a linear regression model, to test whether
selecting composition for high productivity also ensures high
multifunctionality. In this analysis, we quantified the measure
of multifunctionality after excluding productivity, that is, mul-
tifunctionality was calculated with 29 functions. This analysis
was first performed on the full dataset and then for each forest
type separately. Differences in productivity and multifunctional-
ity between compositions with different species richness values
(monoculture vs. mixed) or different leaf phenologies (pure ev-
ergreen, pure deciduous, or mixed) were tested with an analysis
of variance.

2.4.2 | Diversity-interaction models

To identify the individual species and pairs of species that in-
creased functioning, we used a diversity-interaction modelling
framework (Kirwan et al., 2009). This tests how the abundance
of individual tree species, and the interactions between them, af-
fect ecosystem functioning. The approach uses a linear model of
the form f=ID+DE +BA +residual, where f is the estimate of func-
tioning in a plot, ID is the species identity effects, DE is the diver-
sity effects, BA is the effect of variation in plot-level basal area
(average centred to zero within forest types), and a residual is the
error term. The species identity effects equal the average mono-
culture performances, weighted by the species’ relative abun-
dances. The diversity effects result from species interactions,
which causes mixture functioning to differ from that expected
from monoculture functioning. Kirwan et al. (2009) proposed
alternative patterns of interactions based on different ecologi-
cal assumptions, corresponding to different formulations of the
diversity effects term. See Supporting Information Appendix S2
for a full model description and explanation of the alternative
diversity terms.

We confronted five alternative models with the data. A first null
model assumes that all species identity effects are equal (model 0),
while a second assumes that monoculture functioning differs and
only the relative abundances of the species influence function-
ing in mixtures (identity-effect model; model 1). Three additional
models combine the identity effect with different diversity effects,
corresponding to the alternative types of species interactions: a
pairwise interactions effect (model 2), an additive species-specific
contributions effect (model 3), or a functional-group effect (model
4). The importance of the different types of interactions was then
explored by comparing the models differing in their ecological as-
sumptions (Kirwan et al., 2009). We used AIC values and likelihood
ratio tests to compare models. First, we fitted the alternative models
for each ecosystem function and forest type separately. Second, we
modelled the 30 functions together, using a similar meta-analytic
model described above (Quantifying multifunctionality), replacing
the composition effect with the identity and diversity effects of
the diversity-interaction models. The values for each function were
normalized before modelling.

2.4.3 | Relationship between multifunctionality and
frequency of occurrence of tree species compositions

We calculated the frequency of occurrence of all tree species
compositions for each of the three forest types (boreal, beech,
and Mediterranean mixed forest) from the national forest inven-
tory data. So, for each of the compositions of these three forest
types studied in the exploratory platform, we have a measure of
their frequency among all other compositions in the same forest
type. We drew graphs ranking compositions by frequency, multi-
functionality, and productivity to explore whether compositions
supporting high ecosystem multifunctionality were rare in a given
forest type. We are aware that the species combinations encoun-
tered in the exploratories may have different effects on multi-
functionality in the different contexts (e.g., climates, soil types
or stand development stages) encountered in the inventories
(Ratcliffe et al., 2017). Nevertheless, our assessment provides an
indication of whether compositions likely to promote high multi-
functionality occur more often in the inventories than those with

low multifunctionality.

3 | RESULTS

3.1 | Relationship between productivity and
ecosystem multifunctionality

Across all plots, the multifunctionality (excluding productivity) of
tree species compositions was positively related to their mean pro-
ductivity (Figure 1; slope = 0.028, p < 0.001, R* = 0.22), although for
a given level of productivity there was a considerable range in mul-
tifunctionality between compositions. Within the forest types, the
productivity-multifunctionality relationship was significantly positive
in three types (beech, thermophilous deciduous, and Mediterranean
mixed) and positive but non-significant in the three others (Supporting
Information Figure S3.1). Patterns at the level of individual ecosys-
tem functions were consistent: in beech, thermophilous deciduous,
and Mediterranean mixed forest, the most productive compositions
also had above-average (within region) values of the majority of the
other functions (>20 out of 29 functions), whereas less than half of the
functions exceeded the average in the least productive compositions
(Supporting Information Figures S3.2 and S3.3). Monocultures were
not consistently different from mixtures: they were distributed among
the highest as well as the lowest performing compositions, both in
terms of productivity (F=0.62, p=0.43) and multifunctionality
(F=2.19, p=0.14). Similarly, the leaf phenology (evergreen, decidu-
ous, or mixed) was not important in explaining differences in produc-
tivity (F = 1.83, p = 0.17) or multifunctionality (F = 1.09, p = 0.34).
Sensitivity analyses showed that the tree productivity-multi-
functionality relationship did not change when we classified all spe-
cies combinations occurring in different forest types as the same,
for example, rather than considering Picea abies monocultures as
being four separate compositions because they occurred in four for-

est types, we regrouped them as a single composition (Supporting
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FIGURE 1 Relationship between the tree productivity and
multifunctionality of different tree species compositions across six
European forest types. Points show the performance of individual
compositions (N = 103): filled points represent monocultures

and colouring represents functional composition in terms of leaf
phenology (only deciduous species, only evergreen species, or

a mixture of both). The full line shows the fit of a linear model,
with the dashed lines delimiting the 95% confidence interval.
Productivity corresponds to the annual above-ground wood
production and was normalized within forest types to allow

for a cross-regional comparison; absolute mean productivity
values are presented in Supporting Information Figure $3.1. The
multifunctionality expresses the degree to which the functioning
of a particular composition deviates from the average, taking all
functions into account (positive values indicate above-average
performance). For this analysis, the productivity was excluded from
the multifunctionality measure

Information Figure S4.1). While the productivity-multifunctional-
ity relationship remained the same if we randomly excluded func-
tions from our multifunctionality measure (Supporting Information
Figure S4.2), when we excluded particular ecosystem function
groups then the strength of the relationship altered (Supporting
Information Figure S4.3). For instance, excluding all functions sup-
porting primary production weakened the productivity-multifunc-
tionality relationship, however, it remained significantly positive.

3.2 | ldentifying the best mixtures

Looking at individual functions, diversity-interaction models showed
that pairwise species interactions often influenced functioning, posi-
tively as well as a negatively (Figure 2). Interactions indicate, for particu-
lar species pairs, whether growing the two species in a mixture increased
or decreased functioning compared with growing them in separate
monocultures. Ecosystem function groups did not show consistent pat-
terns: production-related functions were more often found to benefit

from mixing (26 positive vs. 11 negative interaction effects) and positive

interactions also outnumbered negative interactions in resistance- and
regeneration-related functions (27 vs. 17 and 10 vs. 3, respectively).
Interactions tended to be positive in thermophilous deciduous and
Mediterranean mixed and negative in boreal forest. Results for the indi-
vidual functions are shown in Supporting Information Figure S3.4.

When multifunctionality was modelled with all 30 functions
together, including productivity, we often found tree species to
have very different effects on functioning (identity-effects model;
Supporting Information Figure S3.5). Furthermore, functioning
levels generally also increased with plot-level basal area. We also
looked at variation in functioning across forest types for the small
number of composition present in multiple types. We found that
Picea abies had higher functioning, compared with the average
monoculture, in hemi-boreal and mountainous beech forest, but
below-average functioning in boreal and beech forests (Supporting
Information Figure S3.5). Pinus sylvestris had higher (Mediterranean
mixed), lower (boreal), or average (hemi-boreal) monoculture perfor-
mance. In contrast, monocultures of Quercus robur/petraea tended to
have consistently lower multifunctionality than other monocultures,
across forest types (hemi-boreal, beech, thermophilous deciduous).

Species interactions were important in explaining multi-
functionality in all forest types except for mountainous beech
(likelihood ratio tests of models with interaction effects vs.
identity-effects models; p < 0.05). We found that mixing ev-
ergreen and deciduous species reduced functioning in boreal
(functional group vs. identity model; p = 0.029) but increased
functioning in hemi-boreal forest (p = 0.025). In boreal forests,
the negative effect was mainly because of an antagonistic in-
teraction between Picea abies and Betula pendula leading to
lower multifunctionality than expected based on their mono-
culture functioning. In beech, thermophilous deciduous and
Mediterranean mixed forest, there was no such functional group
effect, as here the species interacted similarly with all others,
illustrating that the main effect of mixing was the contrast be-
tween intra- and interspecific interactions (additive contribu-
tions vs. identity model; p < 0.05).

The list of top five compositions in each forest type in terms of
their multifunctionality (Table 1), reflected this: only 6 out of the
total 28 best compositions listed in Table 1 were monocultures.
Some of the best compositions included up to four species and in
some types none of the five best compositions were monocultures
(hemi-boreal and thermophilous deciduous). Finally, the composi-
tions with the highest multifunctionality were also not dominated by
pure evergreen or deciduous compositions and 15 out of the 22 mul-
tispecies compositions were mixtures of deciduous and evergreen
species. The species combinations with the highest multifunctional-
ity were also among the most productive ones.

3.3 | Frequency of the best mixtures in forest
inventory data

The species compositions studied in the exploratory platform were
also well represented in the national forest inventories of the three
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studied forest types (boreal, beech, and Mediterranean mixed for-
est) (Figure 3). In all three types, the most widely occurring tree spe-
cies compositions were monospecific stands. Furthermore, the most
frequent compositions had below-average multifunctionality scores,
that is, below zero. Especially in beech forest, the compositions with
above-average multifunctionality were rare (frequency < 1%). We
found essentially the same pattern when focussing on productivity
rather than multifunctionality (Supporting Information Figure S3.6):

the most productive compositions were not the most frequent ones.

4 | DISCUSSION

Despite the importance of species composition in explaining vari-
ation in ecosystem functioning (Hector et al., 2011; Ratcliffe et al.,
2017), species identity effects are generally not the focus of biodi-
versity and ecosystem functioning studies, where they are instead

treated as a nuisance variable to be accounted for. Here, we aimed
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to unpack the variation in functioning between compositions and
to understand which particular species or species pairs sustained
the highest multifunctionality. Our findings show that it matters
considerably which particular combinations are promoted within
a given richness level. This is critical from an applied perspective,
as forest managers are much more likely to focus on species se-
lection (e.g., when replanting after a regeneration cut) rather than
diversity per se.

4.1 | Managing for productivity can also promote
multifunctionality

A fundamental management goal in forestry is to produce wood, and
so, many studies looking at the functional importance of mixing tree
species focused on tree productivity. There is evidence that tree
species diversity increases the productivity of forests globally (Liang
et al., 2016; Piotto, 2008). In closed canopy forests, this is primarily
due to more efficient light use when species with contrasting canopy
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TABLE 1 Top five species composition for each forest type, ranked according to decreasing multifunctionality (from the top down).
Compositions with an asterisk were also identified among the best five in case ranking was done based on productivity only. Underlined
species are evergreen trees. The number of different compositions studied in each type is given in brackets. In boreal forest, only seven

compositions were studied, so that only three performed above average

Mountainous beech

Boreal (7) Hemi-boreal (25) Beech (18) (14)
*P. abies *C. betulus, P. abies A. pseudoplatanus, P. abies
F. sylvatica, F. excelsior
B. pendula B. pendula, A. pseudoplatanus,
C. betulus, P. abies, F. sylvatica, F. excelsior,
Q. robur Q. petraea
*B. pendula,  *P.abies, P. sylvestris  *F. excelsior
P. abies,
P. sylvestris

*C. betulus, P. abies,
Q. robur

*A. pseudoplatanus,
F. excelsior, Q. petraea

*A. pseudoplatanus,
F. sylvatica, F. excelsior,
P. abies

B. pendula, P. abies,
P. sylvestris,
Q. robur

A. alba, A. pseudoplatanus,

*F. sylvatica, P. abies

*A. alba

A. pseudoplatanus,
F. sylvatica

Mediterranean
mixed (12)

Thermophilous
deciduous (27)

*C. sativa, O. carpinifolia,
Q. cerris, Q. ilex

*P. nigra, P. sylvestris

*Q. cerris, Q. ilex *P. sylvestris, Q. faginea

F. sylvatica, P. abies

O. carpinifolia, Q. cerris,
Q. ilex

*P. sylvestris

*C. sativa, Q. cerris *P. nigra, P. sylvestris, Q.

faginea

C. sativa, O. carpinifolia,
Q. ilex, Q. petraea

*P. nigra, P. sylvestris, Q.
faginea, Q. ilex

Notes. Full species names. Coniferous species: Abies alba, Picea abies, Pinus nigra, Pinus sylvestris. Broadleaved species: Acer pseudoplatanus, Betula pen-
dula, Carpinus betulus, Castanea sativa, Fagus sylvatica, Fraxinus excelsior, Ostrya carpinifolia, Quercus robur, Quercus petraea, Quercus cerris, Quercus

faginea, Quercus ilex.

traits co-occur (Fichtner et al., 2017; Pretzsch, 2014; Zhang, Chen, &
Reich, 2012). These insights provide relevant information for making
informed tree species choices in forestry but they do not indicate
whether selecting species to maximize high productivity also ben-
efits multiple other functions. While trade-offs between produc-
tivity and other functions have previously been reported in boreal
forests (Gamfeldt et al., 2013), our study evaluated a greater number
of functions across a broad range of forest types, and showed that
the most productive tree species combinations also tend to provide
relatively high multifunctionality. In the context of recent discus-
sions about the sensitivity of multifunctionality measures to the
number and identity of their component functions (e.g., Gamfeldt &
Roger, 2017; Meyer et al., 2018), we showed that our findings were
robust when randomly reducing the number of functions consid-
ered. Deleting particular groups of functions did change the strength
of the relationship between productivity and multifunctionality, al-
though it was always positive. Since previous analyses of our data
showed few trade-offs between a range of multifunctionality meas-
ures reflecting alternative stakeholder objectives (sensu Allan et al.,
2015; van der Plas et al., 2018), changing our multifunctionality
measure to represent specific management scenario’s is also unlikely
to change the conclusions.

Ranking the species compositions within forest types, based on
either productivity or multifunctionality, resulted in a similar set of
best compositions (Table 1, Supporting Information Figure S3.1). A
notable pattern to emerge from our analysis is that for four of the
six forest types we identified at least one species that repeatedly
occurred across the best compositions that characterize that par-
ticular forest type (hemi-boreal: Picea abies, beech: Fraxinus excel-
sior, thermophilous deciduous: Quercus ilex and Quercus cerris, and
Mediterranean mixed: Pinus sylvestris) (Table 1). In beech forests,

the combination F. excelsior-Acer pseudoplatanus even appeared four
times in this top five. At the same time, mixtures containing these
particular species were not always the most productive ones. This
information may already provide useful empirical evidence when
deciding among several management options, such as the selection
(or exclusion) of species when planting or regenerating new stands.

We do not propose to use tree productivity as an integrated mea-
sure of forest performance in a general way because for the same level
of productivity we found a relatively wide range of compositions with
high or low average performance across functions. For instance, in
Mediterranean mixed forest, monocultures of Pinus sylvestris and Pinus
nigra had nearly the same productivity, but varied strongly in multifunc-
tionality. Furthermore, the most productive compositions had above-
average values for many, but certainly not all functions (Supporting
Information Figures S3.2 and S3.3). The relative importance of these
existing trade-offs between individual ecosystem functions need to
be evaluated based on socio-ecological perspectives, including the de-
sired management goals and land-use schemes (Mori et al., 2017), and
in this respect, our data can help inform these decisions. Thus, our re-
sults should not be used as a general confirmation of the “wake theory”
that all forest functions are automatically fulfilled by a focus on timber
production only. Rather, we conclude that a management focus on pro-
ductivity does not necessarily trade-off against other ecosystem func-
tions and high productivity and multifunctionality can be combined
with an informed selection of tree species combinations.

4.2 | The identity of co-occurring tree
species matters

We found that the variation in functioning between compositions
was generally driven by identify effects and, to a lesser extent, by
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FIGURE 3 Frequency of occurrence of particular tree species compositions in national forest inventory data for boreal forests, beech
forest, and Mediterranean mixed forests. Grey bars indicate the compositions that were also studied in the corresponding forest types in
the FunDivEUROPE exploratory platform; the white bars represent compositions that were not included in the exploratory platform. The
coloured circles indicate the degree of multifunctionality of the compositions based on the estimates in the exploratory platform (so only
for grey bars). This multifunctionality expresses the degree to which the functioning of a particular composition deviates from the average,
taking all 30 functions into account (positive values indicate above-average performance). The dotted lines indicate a threshold frequency of
0.01 below which rare combinations of tree species are not shown, unless they were studied in the exploratory platform
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particular interspecific interactions. In trying to explain what makes
up a high-performing species combination, we looked at differences
between pure deciduous, pure evergreen, and mixed deciduous-ev-
ergreen mixtures. While heterogeneity of canopy traits related to
light capture and use, including leaf phenology, is often found to in-
crease productivity (Jucker, Bouriaud, Avacaritei, Danil3, et al., 2014;
Lu, Mohren, den Ouden, Goudiaby, & Sterck, 2016; Zhang, Chen, &
Taylor, 2015), mixing species from these broad functional groups
did not always increase multifunctionality. Many of the ecosystem
properties included here are not directly related to light availability
(e.g., nutrient cycling related drivers or processes; Rothe & Binkley,
2001) and our findings show that the mechanisms responsible for
overyielding of mixtures (for an overview, see Forrester & Bauhus,
2016), do not necessarily increase other functions. More generally,
while studies on identity effects have mostly looked at community-
weighted means of traits as a way of generalizing results (Ratcliffe
et al., 2016), such an approach is not the best choice when search-
ing for high-performing tree species compositions because we lack
theory linking traits to multifunctionality. In addition, many species
interactions are not related to commonly measured traits (such as
pathogens or herbivory), and it would be difficult to translate trait-
based identity effects into concrete management decisions with real
species.

Our study was designed using a pool of regionally abundant
and economically important tree species (Baeten et al., 2013) and
therefore provides comprehensive data on multifunctionality val-
ues in many relevant species combinations. A next step would be to
explore when and where specific combinations of interest provide
maximum multifunctionality, so that managers can make informed
decisions as to which combinations of species to favour on their
land. This requires determining the variation in multifunctionality
for particular species compositions across different environments
(e.g., climates, soil types) and trying to explain the principal envi-
ronmental drivers of this variation. Another comprehensive analy-
sis in our study plots showed that tree diversity effects on various
ecosystem functions are highly context dependent: stronger di-
versity effects on multifunctionality were found in forest types in
drier climates, with longer growing seasons, and more functionally
diverse tree species pools (Ratcliffe et al., 2017). A similar analy-
sis of the context dependency of species composition effects is
not straightforward because compositions are not easily replicated
in very different environments and forest types, unlike diver-
sity gradients that can be replicated with very different species
pools. Focusing on productivity, Pretzsch etal. (2010, 2013) al-
ready showed that specific two-species combinations (oak-beech,
spruce-beech) change from overyielding, due to facilitation, to un-
deryielding, driven by competitive interference, along a gradient
from poor to rich soils across central Europe. Focusing on multiple
other functions, here we showed that for the subset of species that
occurred in multiple types their identity effects on multifunction-
ality tended to vary considerably. The presence of Picea abies and
Pinus sylvestris, for instance, increased or decreased mixture per-

formance, depending on the forest type.

This calls for a new generation of forestry-oriented scientific
experiments or silvicultural trials tailored to study species identity
and composition effects in different environments (e.g., Paquette
et al., 2018), especially focusing on the drivers of the context depen-
dency in diversity effects (water availability, growing season length;
Ratcliffe et al., 2017). Compositions can be not only replicated within
forest types under different soil conditions and levels of water sup-
ply, but also across different forest types to cover regional-scale
gradients such as climate (see Bruelheide et al., 2014 for a diversity-
oriented example) . Of course, the geographic scope of a multisite
experiment will not be global and should stay within the current or
predicted distributional range of the species involved (e.g., Verheyen
et al., 2013), as studying functioning well outside the species range
is probably not relevant for foresters. Setting up practical trials obvi-
ously requires the involvement of foresters, policy makers, resource
managers, and conservationists. They can use our identification of
the best species combinations as a good starting point to carefully
select compositions from the large pool of available species.

4.3 | Low multifunctionality of the most common
species compositions

By ranking tree species compositions of three forest types ac-
cording to how often they occurred in inventory data, we showed
that the most frequent compositions were monospecific stands
and that the most frequent species combinations mostly showed
below-average performance in terms of multifunctionality and
productivity based on the exploratory platform data. Several mix-
tures with high performance were very rare in the national inven-
tories or even absent from our selection. We should acknowledge,
however, that the inventory data span much larger environmental
gradients than the exploratory platform and that the same mix-
ture may perform differently under different environmental condi-
tions. Compositions showing poor performance in the exploratory
platform may thus perform better in different climatic or soil con-
ditions. While this may limit the generality of any conclusions re-
garding specific mixtures, the under-representation of numerous
above-average performing mixtures in today’s forests and the high
proportion of monocultures is a clear indication that the potential
of mixing different tree species in forest stands has not yet have
been fully realized in Europe.
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