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Summary

1. There is a growing consensus that the distribution of species trait values in a community can
greatly determine ecosystem processes and services delivery. Two distinct components of commu-
nity trait composition are hypothesized to chiefly affect ecosystem processes: (i) the average trait
value of the species, quantified by community-weighted mean trait values (CWM; related to the
mass ratio hypothesis) and (ii) the degree to which trait values differ between species in a commu-
nity, quantified by different indices of functional diversity (FD; related to non-additive community
effects). The uncertainty on the relative effect of these two components is stimulating an increasing
number of empirical studies testing their effects on ecosystem processes and services delivery.
2. We suggest, however, that the interdependence between CWM and FD poses a challenge on disen-
tangling their relative importance. We present a framework that allows designing experiments to decou-
ple and assess the effects of these two community functional components on ecosystem processes and
services. To illustrate the framework, we focused on leaf litter decomposition, as this is an essential
process related to important ecosystem services. Using simulations, we applied the framework for plant
leaf litter traits (litter nitrogen and phenolic content) that are related to litter decomposition.
3. CWM and FD generally showed a hump-shaped relationship (i.e. at more extreme CWM values,
communities can have only low FD values). Within this relationship, we showed that it is possible
to select quasi-orthogonal combinations of CWM and FD that can be treated statistically. Within
these orthogonal CWM and FD combinations, it is also possible to select species assemblages con-
trolling for other community parameters, such as total biomass, total density and species richness.
4. Synthesis. The framework provides a novel approach for designing experiments to decouple the
effects of CWM and FD of communities on ecosystem processes, which otherwise cannot be easily dis-
entangled. To apply the framework and design proper experimental layouts, it is essential to have a pri-
ori knowledge of the key traits by which species affect ecosystem processes and service delivery.

Key-words: CWM, ecosystem functioning, ecosystem processes, ecosystem services, functional
divergence, functional diversity, functional evenness, functional richness, mass ratio hypothesis, Rao
index

Introduction

Understanding how ecological communities regulate ecosys-
tem services and their underlying ecosystem processes is a
pressing issue (Lavorel & Grigulis 2012; Mace, Norris &
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Fitter 2012), as over 60% of ecosystem services are deterio-
rating or are already overused in a global scale (Millennium
Ecosystem Assessment 2005). There is a growing consensus
that community trait composition, that is, the distribution of
trait values of species in a community, greatly determines
ecosystem processes and services (Garnier et al. 2004;
Heemsbergen et al. 2004; Petchey, Hector & Gaston 2004;
Díaz et al. 2007). Two main research hypotheses have
emerged to explain how species traits within a community
may influence ecosystem processes (de Bello et al. 2010).
The mass ratio hypothesis (Grime 1998) proposes that the
effect of a given species on ecosystem processes is propor-
tional to its relative contribution to the total biomass of the
community. Therefore, the mean trait value of the species
present in the community, weighted by their relative
abundance (the so-called community-weighted mean trait
value – CWM), should be related to ecosystem processes and
properties (Garnier et al. 2004; Quested et al. 2007). Alterna-
tively, it has been shown that functional diversity (the degree
of dissimilarity in trait values between coexisting species –

FD) promotes non-additive effects on ecosystem processes,
that is, effects not predictable from single-species results due
to antagonistic or synergistic interactions among species
(Heemsbergen et al. 2004; Petchey, Hector & Gaston 2004;
Mouillot et al. 2011). These non-additive effects have been
advocated to be mainly caused by complementary use of
resources and facilitation or interference (Petchey, Hector &
Gaston 2004; Hooper et al. 2005; Spehn et al. 2005).
These hypotheses (mass ratio and non-additive effects)

highlight the importance of distinct components of commu-
nity trait composition (CWM and FD, respectively), but their
effects on ecosystem processes are not necessarily mutually
exclusive (Schumacher & Roscher 2009; Mouillot et al.
2011; Butterfield & Suding 2013; Conti & Díaz 2013). The
relative importance of CWM and FD in driving ecosystem
processes remains however debatable since only few studies
evaluated both aspects of plant community trait composition
simultaneously (Thompson et al. 2005; Díaz et al. 2007;
Mokany, Ash & Roxburgh 2008; Schumacher & Roscher
2009; Laughlin 2011; Lavorel et al. 2011; Mouillot et al.
2011). In general, these few studies indicate a higher explana-
tory power of plant CWM on explaining variation of ecosys-
tem processes as compared to indices of community FD.
However, Schumacher & Roscher (2009) showed for grass-
lands that adding FD of plant height, leaf area and life cycle
to models relating abiotic factors and CWM to above-ground
primary productivity increased the amount of explained varia-
tion considerably. Similar findings were reported by Mouillot
et al. (2011) for multiple ecosystem processes, that is, pri-
mary productivity and litter decomposition. These results sug-
gest that considering CWM and FD separately is often
insufficient to understand the mechanisms by which commu-
nity trait composition affects ecosystem processes. Two ques-
tions that remain, therefore, are: what is the relative
importance of each of these community functional compo-
nents for ecosystem processes and service delivery, and under
which circumstances may their relative importance change?

So far, most of the studies simultaneously testing the effect
of CWM and FD on ecosystem processes were performed
using an observational approach (Thompson et al. 2005; Díaz
et al. 2007; Mokany, Ash & Roxburgh 2008; Schumacher &
Roscher 2009; Laughlin 2011; Lavorel et al. 2011), which
implies difficulties to infer cause–effect relationships. A prob-
lem, which we believe is even more serious, is that CWM
and FD cannot be expected to be independent from each
other. Ricotta & Moretti (2011) showed, for example, that
Rao Q, one of the most used FD indices, and CWM describe
complementary aspects of community trait composition, that
is, dispersion and mean, respectively, and that these two
aspects are mathematically related. Logically, when CWM
approaches the upper and lower bounds of the trait range, FD
will necessarily decrease because only species with similar
trait values (high or low, respectively) will be present, leading
to a hump-shaped relationship between CWM and FD. This
will necessarily leave uncertainties if the community effects
are due to CWM or FD as they vary together. In fact, in
many cases, CWM and FD are highly correlated (Laughlin
2011; Mouillot et al. 2011; Ricotta & Moretti 2011), making
it very difficult to disentangle the effects of these two com-
munity functional components. Furthermore, it has been pro-
posed that FD cannot be summarized by one single index
(Mason et al. 2005). Instead, FD can be described in terms of
three independent metrics – functional divergence, functional
evenness and functional richness (Villeger, Mason & Mouillot
2008) – which represent distinct aspects of the variation in
trait values within a community. Although considering
distinct FD metrics can help understanding the mechanisms
linking biodiversity and ecosystem processes (Mason et al.
2008), the interdependence of each of these FD metrics with
CWM has not yet been explored.
Therefore, we argue that the relative effect of CWM and

FD on ecosystem processes cannot be easily disentangled.
Using traditional biodiversity–ecosystem functioning (BEF)
experiments does not solve this problem, because these exper-
iments are usually designed to form a gradient of species rich-
ness, irrespective of the trait values of the selected species in
the assemblages (Petchey, Hector & Gaston 2004; Meier &
Bowman 2008; Mouillot et al. 2011). Some experiments have
varied species richness and functional group composition
(Lanta & Leps 2006; Marquard et al. 2009), but again this
approach does not allow to distinguish between the two com-
munity components by which functional traits are expected to
influence ecosystem processes. We argue that to properly dis-
entangle the effects of CWM and FD, it is necessary to
design experiments with species assemblages comprising
orthogonal values of CWM and FD. However, as we will
show later, it is not trivial to select species combinations pro-
viding such desirable values of CWM and FD, because these
community components will vary with the number of species,
the attributes of the species and the relative abundance of
each species added to the assemblage. Even using a small
pool of species to create assemblages would lead to a huge
number of possibilities. As far as we know, there is no avail-
able framework to assist with constructing assemblages when
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controlling for the values of CWM and FD that could be used
to design such experiments.
Here, we propose a framework describing the necessary

steps to create an experimental design to test the relative
importance of CWM and FD for ecosystem processes. By
examining the relationship between CWM and FD of simu-
lated assemblages, the framework assists on the choice of spe-
cies and assemblages providing the best species combinations
to tease apart the effect of these two community functional
components. To illustrate the framework, we primarily
focused on leaf litter decomposition as this is an essential pro-
cess related to important ecosystem services such as soil fer-
tility and primary productivity. Studies have long recognized
the non-additive effects of plant species diversity on litter
decomposition, but have failed to generalize the magnitude
and direction of such effects (Gartner & Cardon 2004;
H€attenschwiler, Tiunov & Scheu 2005; Vos et al. 2011).
Recently, chemical and physical leaf litter traits were pro-
posed as better parameters explaining the effects of litter mix-
tures on decomposition (Epps et al. 2007; Meier & Bowman
2008; Barantal et al. 2011). When CWM and FD of these
leaf litter traits were considered, the results of these works
suggested that CWM plays a major role compared with FD
on driving litter decomposition (Grigulis et al. 2013). How-
ever, these experiments were designed to form plant species
richness gradients, and the relationship between CWM and
FD was not evaluated or taken into account when designing
the experiments and interpreting the results (but see Laughlin
2011; Mouillot et al. 2011; Grigulis et al. 2013).
Potential mechanisms of leaf litter diversity effects on

decomposition include transfer of nutrients among litter types
both by leaching and by microbial active transport (Schimel
& Hattenschwiler 2007; Tiunov 2009), transfer of deterrent
compounds by leaching (Gartner & Cardon 2004), decompos-
ers’ complementary use of resources (H€attenschwiler, Tiunov &
Scheu 2005) and changes in stimulation and suppression of
decomposers’ activity (Gessner et al. 2010). Therefore, in
our simulations, we used leaf litter traits that have been
shown to be involved in these mechanisms: leaf nitrogen
content and total phenolic content (Gartner & Cardon 2004;
H€attenschwiler, Tiunov & Scheu 2005).
We used our framework to produce experimental designs

with orthogonal values of CWM and FD for the above-men-
tioned leaf litter traits that relate to leaf litter decomposition.
This approach could provide better causal inference on the
relative importance of these two community functional com-
ponents for decomposition process. We specifically asked if
indices reflecting the three distinct aspects of FD show hump-
shaped relationship with CWM and if there is enough varia-
tion of simulated assemblages to choose orthogonal values on
FD and CWM.

Framework

Traditional BEF experiments consist of a series of assem-
blages comprising monocultures and species combinations to
form a gradient of species richness (Hooper et al. 2005;

Spehn et al. 2005). To disentangle the effects of CWM and
FD, we propose a similar approach including both monocul-
ture and species mixtures, but changing the main focus from
species richness to the trait composition of the species assem-
blages. The flow diagram in Fig. 1 describes the necessary
steps to select species creating assemblages with quasi-orthog-
onal gradients of CWM and FD. This would make it possible
to evaluate the relative importance of these two community
functional components and their possible interactions. To fol-
low the steps, it is necessary to consider (i) a list of species
with values of demonstrated effect traits (i.e. a trait a species
possesses and that has an effect on its environment, be it the
next trophic level or an ecosystem processes or service; Lavo-
rel & Garnier 2002) and (ii) biomass for each individual spe-
cies. Therefore, we also include the necessary steps to collect
this information. Below, we present in detail each of the steps
as enumerated in Fig. 1:
1 Selecting effect traits: Select the most important effect
traits that drives the ecosystem process of interest using infor-
mation available in the literature (e.g. Cornelissen 1996), data
bases (such as the plant trait data bases Leda and TRY) or
through direct testing by means of an experimental compara-
tive approach (Wardle et al. 1998). It should be noted that
more than a single trait could be involved in the effect of spe-
cies on ecosystems (Díaz et al. 2007; de Bello et al. 2010).
While FD indices can be calculated with single or multiple

1. Effect trait selec on
Literature
Database
Experiment

2. Select species and abundance range

l f /

Simula ons

3. Simula on of community CWM / FD 

4. Hump-shaped rela onship CWM / FD?
FD

No

5. Select ‘orthogonal’ CWM / FD 
combina ons

6. Balanced species composi on across
CWM / FD combina ons? 

CWM

No

7. Selec on of species assemblages 
within CWM / FD combina ons

Experiment

8. Final experimental assemblages

Fig. 1. Methodological framework showing the steps to design exper-
iments with constructed assemblages to disentangle the effects of
CWM and FD on ecosystem processes. Graph next to the flow dia-
gram shows a schematic representation of the hump-shaped relation-
ship between CWM and FD, including the orthogonal CWM–FD
combinations (small squares).
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traits, CWM can only be calculated for a single trait. If more
than one trait is important for the ecosystem process of inter-
est, we envisage two possible scenarios. First, when the effect
traits considered are correlated to each other (Díaz et al.
2004; Wright et al. 2004), reduction of dimensionality, for
example, via PCA axis scores, can be used to calculate CWM
(Laughlin 2011; Mouillot et al. 2011). Alternatively, it is pos-
sible to choose one single trait that best correlates with the
ecosystem process or that has better documented mechanisms
explaining such effects. In the second scenario, when two
uncorrelated traits are equally important on determining the
effect of species on an ecosystem process, two experimental
designs need to be applied, one for each trait while selecting
species assemblages that can be used for both designs in
order to reduce the size of the experiment. This scenario is
presented and discussed in the case study below.
2 Selecting species and abundance range: From the total
pool of species, for which data on effect traits are available,
the researcher should select the species that will be used in
the experiment. An increase in the number of species will
enlarge the size of the experiment considerably so that the
final number of species to be included will depend on the
resources available to run the experiment. Selected species
should cover a substantial range of trait values. Additionally,
to make sure that species effects are not due to differences in
species abundance, the total biomass per species should be
comparable within assemblages. For this, the smaller species
should necessarily have a higher number of individuals in the
assemblages.
3 Running simulations: By using the trait and biomass val-
ues of the selected species (steps 1 and 2), we recommend
simulating many assemblages (>5000) to be sure that a repre-
sentative set of all possible species combinations will be pres-
ent in the outcome. For the simulated assemblages, calculate
FD indices (see Introduction), CWM, species richness and
additional descriptors (i.e. total number of individuals and
total biomass).
4 Evaluating the relationship between CWM and FD:
Depending on the species selected in step 2, a complete
hump-shaped relationship between assemblage CWM and FD
might not appear. This happens, for instance, when one spe-
cies’ trait value is very dissimilar from the others’. In this
case, most of the assemblages will be constrained to a very
restricted part of the CWM and FD space, ruling out the pos-
sibility to disentangle their relative effects. If that happens,
the species selection should be refined (back to step 2) by
removing species with extremely dissimilar trait values. How-
ever, the effect of species with such extreme trait values,
which have been documented in natural communities, can
also be tested by designing the experiment without it and
including a treatment with and without the addition of such
species.
5 Selecting orthogonal CWM and FD combinations: If a
hump-shaped relationship between CWM and FD is found,
select orthogonal combinations of the two community func-
tional components, that is, both high CWM and FD (HH),
both low CWM and FD (LL), high CWM and low FD (HL)

and low CWM and high FD (LH). The selected combinations
of CWM and FD should be as distant as possible while still
containing a considerable number of simulated assemblages to
be selected.
6 Evaluating species composition within the four CWM–FD
combinations: Evaluate whether species compositions are bal-
anced across the four selected CWM–FD combinations. If
one of the four CWM–FD combinations is comprised of only
assemblages with a very similar species composition, it will
not be possible to disentangle the effect of the presence of a
particular species (i.e. selection effect sensu Huston 1997)
from those of assembly CWM or FD. If an unbalanced spe-
cies composition is present, a new selection of species will be
needed (back to step 2). Adding more species will probably
solve this problem.
7 Selecting assemblages within CWM–FD combinations:
Within each CWM–FD combination, different assemblages
can be selected for the experiment. This should be constructed
as a random stratified selection, where assemblages are ran-
domly selected but not allowing assemblages with the same
or very similar species composition to be selected. It is also
important to have the same levels of species richness for each
CWM–FD combination and a similar number of assemblages
for each level of species richness. At least four to five differ-
ent assemblages in each CWM–FD combination should be
selected as real replicates for each combination of CWM and
FD.

Materials and methods

CASE STUDY

We measured the selected leaf litter traits (leaf nitrogen content and
total phenolic content, step 1) for seven common tree species, repre-
senting a gradient of traits that relate to decomposability: Acer cam-
pestre, Alnus glutinosa, Corylus avellana, Crataegus monogyna,
Fraxinus excelsior, Quercus petraea and Sambucus nigra. These
species commonly co-occur in natural communities in central and
western Europe (Ellenberg & Strutt 2009) and form an important
part of the diet of macrodetritivores. We collected recently fallen
leaves of these species in the vicinity of the VU University, Amster-
dam (52°33 N, 4°86 E), during time of leaf abscission (October
2010). Leaf biomass and two other leaf litter traits of interest, leaf N
and leaf phenolic content, were measured for each species with stan-
dard protocols (following Cornelissen et al. 2003). The two litter
traits were correlated (Pearson, r = 0.70), so that, in theory, choos-
ing only one of the two traits (or a single condensed PCA axis)
would have been sufficiently informative. To show that the frame-
work can also be applied to multiple uncorrelated traits, we artifi-
cially disrupted the correlation between the two leaf litter traits by
shuffling the leaf phenolic content values across species (Pearson,
r = 0.33).

ASSEMBLAGE SIMULAT IONS

We simulated assemblages for plant litter using the criteria described
in the framework (steps 2 and 3). We built a simple R function
(called ‘Funziona’, Appendix S1 in Supporting Information) to calcu-
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late assembly CWM, number of species, total community biomass
and different FD indices for the simulated assemblages that can be
used to apply the framework. It should be noted that FD can be opti-
mally summarized mainly by three families of metrics: functional
richness (FRic), reflecting the amount (or range) of functional trait
variability in a given species assemblage; functional evenness (FEve),
representing the evenness of abundance distribution across species
trait values; and functional divergence (FDiv), capturing the degree of
divergence in the abundance distribution of species functional traits
(Villeger, Mason & Mouillot 2008). These metrics are expected to
express different mechanisms by which the community affects ecosys-
tem processes (Mouchet et al. 2010). FDiv was computed here with
the Rao quadratic entropy index of diversity (Rao Q). This index
expresses the sum of the dissimilarities in the trait space among all
possible pairs of species weighted by the product of relative species
abundance and underpins a family of related functional divergence
indices (Pavoine & Bonsall 2011).

As CWM can be computed only for a single trait (or a single mul-
tivariate axis reflecting multiple correlated traits, see step 1 of our
framework), we first analysed the simulated assemblages for each trait
separately. Consecutively, FD based on one and two traits was com-
puted according to standard procedures (Lalibert�e & Shipley 2011)
and included into our R function (Appendix S1). Among the seven
plant species, we first selected five species (i.e. Alnus, Corylus, Fraxi-
nus, Quercus and Sambucus) which were more evenly distributed
among the range in leaf litter N and phenolic content values. We sim-
ulated communities ranging from 2 to 5 species, and species maxi-
mum abundance was negatively related to species average leaf mass,
varying from 5 (Corylus) to 18 (Fraxiuns) leaves. These differences
in maximal abundance between species were chosen to ensure that
total biomass per species had comparable values within assemblages.
For a second test, we selected the four species (i.e. Acer, Corylus,
Crataegus and Quercus) with more similar values for leaf N and one
(Alnus) with a considerably higher value for leaf litter N content.
Again, species richness of simulated communities ranged from 2 to 5
and species maximum abundance from 5 (Corylus) to 35 (Crataegus)
leaves.

Results

RELATIONSHIP BETWEEN ASSEMBLAGE CWM AND FD

Following our expectations, we found hump-shaped relation-
ships between CWM and FD, although the relationships
showed some differences across the three metrics of FD, that
is, FRic, FEve and FDiv (Fig. 2). For instance, FEve showed
higher variation within intermediate levels of CWM, followed
by FDiv and FRic. The relationships were very similar for all
studied traits; all were hump-shaped. The shape of CWM–FD
relationships was, however, dependent on the species included
in the simulations (see step 4 in our framework). Hump-
shaped relationships were obtained using leaf litter species
evenly spaced along the whole range in leaf N and phenolic
content values. However, when using four plant species with
low leaf litter N content (0.71–0.97% N) and only one species
(Alnus) with much higher leaf litter N content (2.89% N), the
majority of the assemblages were strongly skewed towards
low CWM values, covering very restricted parts of the CWM
–FD space (Fig. 3). This result was obtained for all three FD
metrics. Most of the assemblages fell into a strong positive

relationship between CWM and FDiv (Rao Q). This happened
because if one species with an extremely high trait value is
selected, assemblages with a high CWM will always have a
high FD as those assemblages will necessarily contain at least
two very dissimilar species. Therefore, it will not be possible
to generate assemblages with high CWM and low FD, ruling
out the possibility to disentangle their effects on ecosystem
processes. This skewness was also observed for FRic, where
an increase in CWM leads to a sharp increase in the range of
N content due to the inclusion of Alnus with extreme high N
content as compared to the other litter species. Contrastingly,
most assemblages with a high FEve value had a low CWM
value. This is because to increase assemblage CWM, a species
with an extreme high N content must be included, minimizing
the regularity of distances between species trait values. This
indicates that without selecting an appropriate set of species, it
is impossible to select orthogonal combinations of CWM and
FD and consequently to decouple their effects on ecosystem
processes.

SELECTION OF ASSEMBLAGES WITHIN CWM –FD

COMBINATIONS

The boxes in Fig. 2 represent the quasi-orthogonal combina-
tions of CWM and FD values (whose definition is necessary
for step 5). The assemblages within these combinations are
comprised of distinct species compositions and species rich-
ness varying from 2 to 5 (step 6). Due to the high number of
assemblages that fall within these combinations and their vari-
ation in species richness and composition, it is possible to
select assemblages to control for a diverse range of species
richness, number of individuals and total biomass while test-
ing the effects of CWM and FD (step 7).

USING MULTIPLE UNCORRELATED TRAITS

To demonstrate how to construct assemblages that consider the
effect of multiple unrelated traits on ecosystem functions, we
used leaf litter N and phenolic content to calculate FD indices
based on both traits (Fig. 4). First, we followed all the steps in
the framework for each of these traits separately. Assemblages
falling in the quasi-orthogonal combinations of CWM and FD
based on leaf N are widespread in the relationship between
CWM and FD based on leaf phenols (Fig. 4, left and central pan-
els). This means that producing testable assemblages of CWM
and FD for litter N content does not guarantee that these assem-
blages can also be used for testing CWM and FD for phenolic
content. Many assemblages that could be selected for leaf N,
however, also fall in the quasi-orthogonal combinations for leaf
phenolics and could therefore be used to evaluate both traits
simultaneously. This would help reducing the number of assem-
blages necessary to test the effects of CWM and FD, that is, it is
not necessary to run two complete sets of assemblages for each
trait, but some assemblages can be applied for both. Finally,
when using the two traits to calculate multivariate FD, it is also
possible to select the same assemblages as those used for the
traits separately (Fig. 4, right panel).
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Fig. 3. Example of a strong coupling between CWM and FD components on simulated plant assemblages based on leaf N content (%). This rela-
tionship was obtained by selecting one species with much higher values of leaf N content (Alnus) compared to the other species (Acer, Corylus,
Crataegus and Quercus).

Fig. 2. Hump-shaped relationships between CWM and FD on simulated plant assemblages based on leaf litter N content (%) and phenolic
content (%). Three indices corresponding to different aspects of functional diversity are shown: FDiv, FEve and FRic. Boxes indicate orthogonal
combinations of CWM and FD.
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Discussion

It is now accepted that community trait composition has
strong effects on ecosystem processes and services (Garnier
et al. 2004; Heemsbergen et al. 2004; Petchey, Hector &
Gaston 2004; Mouillot et al. 2011), but only recently a con-
ceptual and methodological framework was proposed to incor-
porate both CWM and FD in ecosystem service assessments
in the field (Díaz et al. 2007; Lavorel et al. 2011). Although
this represents a great advance in using community trait com-
position to reduce uncertainty in the prediction of ecosystem
processes and services, formal experimental tests on the rela-
tive importance of these two community functional compo-
nents are still lacking. Here, we showed for the first time that
these two key functional components of the community trait
composition cannot be considered independent of each other
and that the relationship between CWM and FD greatly
depends on the trait values of the species considered. Our
assemblage simulation framework makes it possible to ana-
lyse the interdependence of these two functional components
of community trait composition and to select assemblages
within orthogonal combinations of CWM and FD. These
assemblages in turn can be used in experiments testing the
relative importance of CWM and FD in driving ecosystem
processes and services.
Selecting assemblages within the orthogonal combinations

of CWM and FD is a crucial step that, in light of our results,
deserves attention. For each CWM–FD combination, it is pos-
sible to find assemblages with distinct species richness and
composition and, ideally, the assemblages selected for the
experiment should be representative of this variation. This
can be done by constrained random selection, where selecting
an assemblage with a certain species composition twice is not
allowed. Importantly, not necessarily all levels of species rich-
ness will be present within the four CWM–FD combinations.

Still, possible effects of species richness on ecosystem
processes could be tested by including it as a variable in the
statistical analyses. As in classical BEF experiments, another
important decision is whether to replicate specific assem-
blages or not. Because only unique assemblages can be con-
sidered as true replicates for a given diversity level, many
researchers have decided to use constrained random selection
of the assemblages and construct as many distinct assem-
blages as possible for each level of diversity without replicat-
ing them (Tilman, Wedin & Knops 1996; van Ruijven &
Berendse 2003; Marquard et al. 2009). The same rationale
applies for our experimental framework with different levels
of CWM and FD. However, replicating assemblages can be
important, for instance, when large variability among experi-
mental units (e.g. plots, microcosms or litterbags) is expected
or when testing the effect of given species assemblages is
desired (Bardgett & Shine 1999; Hector et al. 1999;
Heemsbergen et al. 2004). In fact, monocultures should
always be replicated as they are used to estimate the effects
of each individual species, which is necessary to test for non-
additive effects.
In our study, we also applied the proposed framework to

effect traits of terrestrial isopods (data not shown), which are
important members of macrodetritivore communities. We used
leaf litter consumption rate as an effect trait because it is
directly related to the amount of litter processed by isopods,
and the results of the simulations showed very similar pat-
terns as those presented here for litter traits. This suggests that
our framework is a flexible tool that can be used to design
experiments across a wide range of organisms belonging to
different trophic groups (e.g. plants, decomposers, herbivores
and pollinators), functional diversity metrics (e.g. FRic, FDiv
and FEve) and ecosystem processes and services (e.g. produc-
tivity, decomposition and pollination). This is particularly rel-
evant as the relative importance of CWM and FD might
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Fig. 4. Hump-shaped relationships between CWM and FDiv (Rao) on simulated assemblages based on two uncorrelated traits: leaf litter N con-
tent (%) and phenolic content (%). The assemblages within orthogonal combinations of CWM and FDiv based on leaf N (black circles, left panel)
are widespread along the hump-shaped relationship between CWM and FDiv based on leaf phenolic content (middle panel). Some of the assem-
blages within orthogonal combinations based on leaf phenolic content (white circles, middle panel) coincide with those for the first trait and
could, therefore, be selected to design an experiment testing both traits. Also, some assemblages within orthogonal combinations based on multi-
variate FDiv coincide with those for individual traits (right panel).
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differ depending on the ecosystem service of interest (Mouillot
et al. 2011). While some studies found a preponderant effect
of CWM of plant traits on ecosystem processes, such as litter
decomposition and productivity (Meier & Bowman 2008;
Mokany, Ash & Roxburgh 2008; Laughlin 2011; Grigulis
et al. 2013), there is evidence that higher FD of pollinators
can increase pollination success from single flowers to whole
plant communities (Hoehn et al. 2008; Bluethgen & Klein
2011). Moreover, studies showed that both CWM and FD of
plant traits explain an important part of variation of distinct
ecosystem processes and services, such as primary productiv-
ity and decomposition (Mouillot et al. 2011), carbon seques-
tration (Butterfield & Suding 2013; Conti & Díaz 2013) and
fodder production (Butterfield & Suding 2013), as well as
ecosystem multifunctionality (i.e. mean ecosystem perfor-
mance averaging different processes). This indicates that to
reach high levels of predictability when modelling distinct or
multiple ecosystem processes, CWM and FD have to be
included in a common conceptual and analytical framework.
The framework presented here is an important step in this
direction, assisting the design of manipulative experiments,
which will add a more comprehensive understanding of the
mechanisms behind the relationships between community trait
composition and ecosystem processes and service deliveries.
The distinct metrics of FD indicate different mechanisms

by which FD can drive ecosystem processes and services
(Mason et al. 2005; Villeger, Mason & Mouillot 2008).
Therefore, a careful approach for formulating hypotheses
about the relationships between FD and ecosystem processes
is required, and the appropriate metric of FD to test those
hypothesized relationships should be chosen (Hillebrand &
Matthiessen 2009). Accordingly, when focusing on response
traits (i.e. traits related to species response to changes in the
environment, Lavorel & Garnier 2002), distinct components
of FD can also indicate distinct mechanisms governing com-
munity assembly (i.e. competitive and environmental filters;
Cornwell, Schwilk & Ackerly 2006; Villeger, Mason &
Mouillot 2008). In this way, using response traits, our frame-
work can be extended to assist designing experiments testing
how communities respond to environmental change. For
instance, experiments with factorial levels of CWM and FD
based on response traits could be used to test whether com-
munities with higher FD are more resilient to environmental
changes, as predicted by the insurance hypothesis (Naeem &
Li 1997), while controlling for CWM.

Conclusions

While experiments with artificial assemblages make up the
methodological core of the species diversity–ecosystem func-
tioning debate, the effect of community functional compo-
nents has been mostly tested through observational studies. It
is now time to fully merge these two research approaches and
test the relative importance of these two community func-
tional components on ecosystem processes and services deliv-
ery. Here, we showed that incorporating the trait-based
approach into BEF experiments cannot be restricted to include

trait values when analysing experiments with species-richness
gradients, but must start by using the trait values and commu-
nity functional metrics to design next-generation BEF experi-
ments. In this context, our simulation framework provides a
novel approach for designing experiments to decouple the
effects of CWM and FD on ecosystem processes that can be
applied to different organisms and ecosystem processes under-
lying important ecosystem services.
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