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A novel conceptual framework is presented that proposes to apply trait-based
approaches to predicting the impact of environmental change on ecosystem ser-
vice delivery by multi-trophic systems. Development of the framework was

based on an extension of the response—effect trait approach to capture functional
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relationships that drive trophic interactions. The framework was populated with
worked examples to demonstrate its flexibility and value for linking disparate

data sources, identifying knowledge gaps and generating hypotheses for quanti-

tative models.
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Introduction

Understanding the processes that underpin ecosystem ser-
vice delivery is crucial if the impact of change on current
and future ecosystem services is to be quantified (Kremen
2005; Cardinale et al. 2012). Recent syntheses of empiri-
cal studies have highlighted that functional diversity more
often determines ecosystem functioning than does species
richness per se (Diaz et al. 2006). This has led to the devel-
opment of trait-based approaches designed to identify bio-
tic control over ecosystem service delivery (Diaz et al.
2007; de Bello et al. 2010; Luck et al. 2012; Lavorel
2013), and the mechanisms underpinning synergies and
trade-offs among ecosystem services (Lavorel & Grigulis
2012). Quantifying the overlaps or correlations between

these ‘effect traits’ that determine service delivery and the
‘response traits’ that determine how the functional
diversity of a community responds to an environmental
driver has been hypothesized as a way of enhancing
predictability of ecosystem functioning (Lavorel & Garnier
2002; Suding et al. 2008), known as ‘the response—effect
model’.

An increasing number of studies support this hypothesis
for plant communities. For example, functional traits that
determine plant response to resource availability (e.g. spe-
cific leaf area, leaf N content, height) also affect the effi-
ciency of key functions such as biomass production
(Minden & Kleyer 2011; Pakeman 2011; Laliberté & Tyli-
anakis 2012; Lienin & Kleyer 2012). However, many eco-
system services ultimately rely on interactions between
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plants and organisms belonging to other trophic levels
(Zhang et al. 2007; Cardinale et al. 2012; Mulder et al.
2012), for example the maintenance of soil fertility (Bardg-
ett & Wardle 2003; Brussaard et al. 2007; Schmitz 2008)
and pollination (Kremen et al. 2007). Combining a multi-
trophic perspective and interaction networks with a trait-
based approach has thus been proposed in principle as the
next breakthrough for advancing biodiversity—ecosystem
functioning research (Reiss et al. 2009).

Here, we present a novel conceptual framework for
addressing this research need in practice. The framework
explicitly incorporates into the original ‘response—effect
model’, trait linkages of plants with higher trophic levels to
capture indirect effects of environmental change on ecosys-
tem services delivered by consumers. The framework rep-
resents an important step in moving from qualitative to
quantitative predictions of these systems by formulating
hypotheses for statistical models, organizing existing data
on individual functional linkages within a system and iden-
tifying knowledge gaps. As such, the proposed framework
isnot meant to be a tool for a comprehensive systems’ anal-
ysis. Rather, it is intended to identify and test key trait-
based mechanisms that underlie ecosystem service deliv-
ery, with the ultimate objective of quantifying the direction
and magnitude of the response of an ecosystem service to
environmental change. Unlike food web or interaction net-
work approaches, this trait-based approach does not
require a detailed, mechanistic understanding of complex
species-specific trophic interactions (Mulder et al. 2012).

The framework

The framework is broken into a series of four sequential
steps, although in practice they could be completed in any
order. Figure 1 presents a simple case with two trophic lev-
els, where an environmental driver affects trophic level 1
and the ecosystem function of interest is determined by
trophic level 2. This would apply to fertilization effects on a
plant—herbivore system, with secondary production (e.g.
herbivore biomass) as the ecosystem service, or to grass-
land management effects on a plant—pollinator system
with wild flower or crop pollination as the ecosystem ser-
vice of interest. We use this second example to populate
the framework.

First, the relevant trophic levels and groups of organisms
are identified along with the traits that are expected to
respond directly to the environmental driver of interest. In
the example developed in Fig. 1, intensification of grass-
land leads to decreased plant height, lower leaf dry matter
content and a decreased legume component (Garnier et al.
2007). The possible direct effects of management changes
on pollinators are not considered explicitly in Fig. 1, but
could be incorporated. The second, and most novel, step is
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to identify the trophic effect and response traits that can be
used to quantify functional linkages which cascade
through the primary producer community to the con-
sumer ecosystem service providers. In the case of the polli-
nator example (Fig. 1), there is good agreement that, at
species level, floral ‘trophic effect traits’ including
morphology, colour, fragrance and reward to pollinators
(Fenster et al. 2004; Ibanez 2012), influence pollinator
communities. At the community level, the amount and
nature of flowering resources, and their spread over time,
are important determinants of pollinator abundance and
species diversity, and ultimately of pollination success
(Kremen et al. 2007). For instance, higher floral diversity
promotes a diversity of functional groups of pollinators
(Potts et al. 2003; Fenster et al. 2004). The linkage
between floral traits and pollinator traits has been demon-
strated at species level, for instance linking proboscis
length with nectar holder depth, or with nectar holder
depth and width (Stang et al. 2007; Ibanez 2012). The
third step in populating the framework is to identify the
‘functional effect traits” of the consumer community and
appropriate metrics (CWM, functional dissimilarity or,
where processes are driven by idiosyncratic species effects,
trait attributes for individual species) that determine eco-
system service delivery (Diaz et al. 2007). To our knowl-
edge, such an analysis has not yet been carried out at
community level for pollination services; although there is
evidence that increased functional diversity of pollinator
communities can increase pollination success (Bluethgen
& Klein 2011).

The final step is to identify linkages between response
and effect traits within each trophic level to predict the
likelihood of the driver of change impacting on service
delivery. A study quantifying the effects of habitat man-
agement on pollinators found that the assemblage of bee
communities responded to the CWMs of flower colour and
forage index (Carvel et al. 2006). These, in turn, appear to
be correlated with plant response traits via phylogenetic
effects such as the presence of specific families/growth
forms (Pakeman & Stockan 2013). Although pollinator
traits were not included in these previous studies, it is
likely that there will be functional differences between bee
communities in terms of trophic response and pollination
efficiency. For example, if management selects for short-
tongued bees, pollination services for plants requiring
long-tongued species will decline. If this is found to be the
case, predictions of the impact of management on pollina-
tor services based on the direct effects on pollinator abun-
dance alone may differ from models that include the
indirect effects of plant traits on pollinator function. How-
ever, this level of understanding of the system will require
more comprehensive data on the relevant plant effect and
bee response traits and their coupling.
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Step 1: Identify traits that respond to environmental driver of
interest

Environmental driver

Grassland management intensity

U

/Driver response traits
Height
LDMC
Legumes

o

Trophic level 1

Step 3: Define and identify appropriate metrics of functional
effect traits that determine efficiency of service delivery.

Trophic level 2

Body size )

Proboscis length
Foraging range

Functional effect traits/

U

Trophic level 1

Ecosystem service

Pollination efficiency
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Step 2: Identify the trophic effect and response traits of the
lower and upper trophic levels respectively.

Trophic level 2

Trophic response traits

Body size
Proboscis length

Corolla length
Flower colour

Trophic effect traits

Trophic level 1

Step 4: Analyse linkages among different response and effect
traits within each trophic level.

Environmental driver

Grassland management intensity

U

Trophic level 2

/Driver response traita 6ophic response trai@
Height >
LDMC

" Legumes~ "\ e Body size ~
Corolla length, 4
Flower colour Proboscis length
- y

Foraging range

\Trophic effect traits / \Functional effect traity

U

Trophic level 1

Ecosystem service

Pollination efficiency

Fig. 1. Method for articulating functional responses and effects within and across two trophic levels to predict changes in ecosystem functioning, and
methodological steps for its application. Step 1 identifies response traits for each of the trophic levels to the environmental driver of interest. In this case,
only effects on the plants are considered. Within each trophic level i, the response of organisms to the environmental driver can be related to particular
functional traits (driver response traits). Step 2 identifies the trophic effect traits of a lower trophic level which affect the next trophic level up, and the
corresponding trophic response traits of the upper trophic level. Step 3 defines the identity and appropriate metrics of the functional effect traits
contributing to the ecosystem function. Step 4 analyses linkages among the different response and effect traits within each trophic level. Such linkages can
occur through direct overlap (response trait = effect trait) or through association (indicated by ~), e.g. where traits are linked through evolutionary trade-
offs.

The framework is intended to be used as a conceptual tool to challenge these hypotheses (Shipley 2000). SEMs

tool to identify relevant traits and integrate data from dis-
parate studies on individual linkages, and to generate
hypotheses on the response of the whole system to given
drivers, which can lead to quantitative models. Structural
equation modelling (SEM), or path analysis, is a powerful

944

have recently been applied to test response—effect linkages
for plants, making it possible to confirm the pivotal role of
plant height and the leaf economics spectrum as linkages
between abiotic and management factors, and a variety of
ecosystem processes involved in carbon and nitrogen
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Grassland management intensity ]
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colour length effect traits
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[ Pollination efficiency J
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response traits

Fig. 2. Hypothesis for a structural equation model (SEM) depicting effects
of grassland management intensity on pollination. The SEM tests how
management effects on plant traits feed forward to pollinator traits
involved in pollination efficiency. Plant height and leaf dry matter
concentration (LDMC) would not be retained in the final model given their
lack of direct links with floral traits relevant to pollinators. Black arrows
indicate positive effects; grey arrows indicate negative effects.

cycling (Minden & Kleyer 2011; Laliberté & Tylianakis
2012; Lavorel & Grigulis 2012; Lienin & Kleyer 2012).
Figure 2 illustrates a possible hypothesis for a SEM of
the impact of grassland intensification on wild flower or
crop pollination mediated by plant—pollinator functional
interactions derived from the framework illustrated in
Fig. 1. To date, this approach has only been used to test the
framework in its comprehensive form in an analysis of
coupled plant- and grasshopper-trait effects on primary
productivity (Moretti et al. 2013). A combination of uni-
variate and multivariate approaches was used first to select
traits relevant to grassland management response (step 1),
to plant—grasshopper interactions (step 2), and to primary
production (step 3), while linkages flowing through the
two trophic levels were identified manually as both
responding to management and/or the other trophic level
and traits affecting primary production (step 4). The two
functional metrics thus retained, i.e. CWM leaf dry matter
concentration (LDMC) and CWM body mass, were then
used to build a structural equation model demonstrating
the effects of management on primary production, both
directly through CWM LDMC, and indirectly through the
effects of these plant metrics on CWM body mass. The fact
that the final SEM retained the path through grasshopper
body mass and its response to plant LDMC, rather than
only a direct path through plant traits, provides strong
evidence for the relevance of using our framework which
included a quantification of the trophic path, and thereby
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of biomass consumption by grasshoppers proportional to
their body size.

Discussion

The example developed in Fig. 1 has a single driver of
change and two trophic levels. However, the modular
structure of the framework means that it has the flexi-
bility to incorporate more than two trophic levels or
multiple services and drivers. Two examples from tem-
perate agro-ecosystems, for which extensive knowledge
can be synthesized from the literature, have been devel-
oped in Appendix S1 (Supporting Information) to dem-
onstrate this flexibility. They illustrate the potential of
the framework for articulating often fragmented knowl-
edge from complex systems into a comprehensive analy-
sis. The first example shows how, by introducing traits
explicitly for the soil microbial component, the applica-
tion of the framework provides a conceptual basis for
testing the mechanisms that underpin a well-known
feedback loop of the nitrogen cycle involving plants and
soil micro-organisms. This example also highlights the
potential to incorporate the direct impact of the environ-
mental driver on multiple trophic levels. The second
example demonstrates how the framework can support
the analysis of trait-based trade-offs and synergies among
multiple ecosystem services using the functional compo-
sition of the plant community to integrate functions.
Although both examples only include a single driver of
change, in many cases several drivers, such as land use
and climate change, are likely to interact with unpredict-
able effects on biotic interactions and the functions that
they drive (Tylianakis et al. 2008). In such cases the
framework would be used to identify multiple groups of
response traits and analyse independence or association
among them as well as their linkages with effects traits
of interest.

In applying the framework to multiple case studies, the
authors encountered a number of constraints. First,
although linear interaction networks are relatively
straightforward to formulate using the framework, difficul-
ties arise as more trophic levels, with intrinsic feedbacks,
are added (e.g. the full decomposer food web) unless there
is a clear effect of ecosystem engineers (e.g. earthworms)
that overrides all other trophic groups (Lavorel et al.
2009). Future applications of the framework should
explore its value and limits for more complex cases (Mul-
der et al. 2012). Second, the framework is most suited to
addressing processes operating at local scale. Addressing
services depending on non-linear spatial processes,
whether for ecosystem fluxes or for the dynamics of eco-
system service-providing organisms (e.g. Woodcock et al.
2010), will require that the framework be used in conjunc-
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tion with spatial theory (Fahrig et al. 2011), and that rele-
vant traits such as dispersal ability are incorporated (Kre-
men et al. 2007). This represents a key research frontier at
the intersection of trait-based functional ecology, commu-
nity ecology and landscape ecology (see e.g. Kennedy et al.
2010; Ockinger et al. 2010). Finally, current knowledge
on traits for biota other than plants remains a constraint
for the application of the framework and to the develop-
ment of corresponding quantitative analyses. Attempts to
apply the framework will guide the production of the nec-
essary trait lists and measurement methodologies (Corne-
lissen et al. 2003), and hopefully, in time, of shared
databases (Kattge et al. 2011).
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online version of this article:

Appendix S1. Formalizing available knowledge into
the framework.
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Figure S1. Framework implementation for analysing
the effects of changes in the intensity of grassland manage-
ment through grazing and its influence on soil N provision
via N transformations.

Figure S2. Using trait linkages to assess the impact of
field margin management on multiple ecosystem services.
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