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Abstract 
Recent syntheses demonstrate that functional composition more often controls ecosystem 
functioning than does species diversity. Functional trait approaches thus provide a framework 
to identify biotic mechanisms relevant to ecosystem service delivery. Many ecosystem 
functions rely on interactions between primary producers and other trophic levels (consumers, 
detritivores, predators). However, the mechanisms through which these interactions influence 
ecosystem functioning are still poorly understood. Overlap between traits underlying 
organisms' response to environment, and traits determining their effects on ecosystem 
processes, may enhance predictability of ecosystem functioning. This, however, has only been 
confirmed in a small number of plant-based studies. We present a new conceptual framework 
which builds on this ‘Holy Grail’ hypothesis by considering functional composition at 
multiple trophic levels. This framework contributes to the fundamental understanding of 
complex dynamics underlying ecosystem service provision, and supports assessments of the 
effects of environmental change on ecosystem services provided by biodiversity at several 
trophic levels. 

 

Keywords: functional traits, biotic interactions, ecosystem functioning, ecosystem services, 
complex ecological dynamics, environmental change 
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INTRODUCTION 
There is an urgent need for ecosystem management that enhances synergies between 
economically viable commodity production, biodiversity conservation and ecosystem services 
such as carbon storage and protection of water quality (Bennett & Balvanera 2007). This goal 
is currently limited by basic understanding of relevant biotic processes (Kremen 2005). 
Recent syntheses and empirical studies have highlighted that functional diversity, broadly 
defined as the values, range and relative abundance of functional traits in an ecosystem, more 
often controls ecosystem functioning than does species diversity per se (Hooper et al. 2005). 
Approaches based on functional traits thus provide a framework to identify biotic control over 
ecosystem service delivery (Díaz et al. 2007). 

Although functional traits and their relationships to ecosystem functioning have been studied 
overwhelmingly in plants, there is strong evidence for their relevance across other trophic 
levels, such as soil biota, insect herbivores and pollinators, and aquatic organisms, and for the 
joint involvement of traits at several trophic levels in the control of many ecosystem services 
(de Bello et al. 2008). Recent studies also highlight the role of functional traits in interactions 
between trophic levels and their outcomes in terms of ecosystem functioning (e.g. Bardgett & 
Wardle 2003, Schmitz 2008). Indeed many ecosystem functions ultimately rely on 
interactions between primary producers (plants) and other trophic levels such as soil food 
webs or aboveground herbivores and predators. For example, nitrogen cycling involves 
complex interactions between plants, herbivores and soil biota (Bardgett & Wardle 2003). 
Pollination relies on interactions between the diversity of plants, of pollinators, and of the 
organisms they interact with (e.g. predators) (Kremen et al. 2007). The mechanisms through 
which such biodiversity across trophic levels influences ecosystem functioning are still poorly 
known (Thébault & Loreau 2006 and references therein). However, there is growing evidence 
for the importance of biotic interactions as causes of complex responses of ecosystem 
functioning to environmental change (Eviner 2004, Thébault & Loreau 2006, Suding et al. 
2008a). A few theoretical and experimental studies have examined effects of species richness 
on ecosystem functioning in multitrophic systems (see Thébault & Loreau 2006), but the 
effects of functional diversity have not been considered. The objective of this paper is to 
present a new conceptual framework that analyses the vulnerability of ecosystem services to 
environmental changes by explicitly incorporating functional traits at multiple trophic levels. 

In order to predict effect of environmental change on ecosystem services delivery, not only is 
it necessary to know which components of functional diversity affect ecosystem functioning, 
but it is also essential to understand how functional diversity itself will change (Suding et al. 
2008b). Functional traits are generically defined as any morphological, physiological, 
behavioural or phenological features measurable at the individual level (Violle et al. 2007). 
An important distinction is made between ‘response’ traits, which affect the response of 
organisms to environmental or biotic factors, and ‘effect’ traits, which affect ecosystem 
functioning (Lavorel & Garnier 2002). It has been suggested that overlap or correlation 
between response and effect traits enhances predictability of ecosystem functioning (Lavorel 
& Garnier 2002). Only a small number of studies on plants have tested this ‘Holy Grail’ 
hypothesis, showing that some traits that determine plant response to resource availability 
(e.g. specific leaf area, leaf nitrogen content) also affect basic functions such as the efficiency 
of biomass production or decomposition (Garnier et al. 2004, Fortunel et al. 2009). Recent 
studies open perspectives for the application of the ‘Holy Grail’ to other biota. As an 
example, the response to land use intensification of the functional diversity for traits 
representing resource capture and use in birds, mammals and plants was used to discuss 
potential effects on important ecosystem services including pollination (Flynn et al. 2009). 
There is indeed increasing evidence for overlap or correlation between response and effect 
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traits within different groups of organisms. For instance, response groups of soil microbivore 
nematodes to grassland management can be relevant effect groups to soil food web 
functioning (Mulder et al. 2005a, 2005b). In freshwater and marine macro-invertebrates, 
feeding groups (i.e. groups sharing feeding-related response traits) can be subdivided into 
effect groups according to species’ mechanical activities that determine their effects on 
biogeochemistry through bioturbation (Gérino et al. 2003). Nevertheless, neither such 
functional trait studies, nor analyses of the effects of multitrophic diversity on ecosystem 
functioning (see Thébault & Loreau 2006), have explicitely considered the way through 
which response and effect traits at different trophic levels can interact so as to influence 
ecosystem service provision. 

We propose a novel conceptual framework that incorporates trait linkages within but also 
across trophic levels into the original ‘Holy Grail’ model to analyse biodiversity–ecosystem 
functioning relationships and to assess the vulnerability of ecosystem services to 
environmental change. We first present the framework and underlying hypotheses. We then 
illustrate its flexibility and relevance to a range of ecosystem services and associated biotic 
interactions. Finally we explore how the framework makes it possible to analyse complex 
relationships that may limit predictability of ecosystem service delivery. 

 

THE FRAMEWORK 
We extend the 'Holy Grail' model to functions involving more than one trophic level by 
applying the response-effect hypothesis within and across trophic levels. Figure 1 presents a 
simple case with two trophic levels where an environmental pressure affects level 1 and the 
ecosystem function of interest is determined by level 2. For instance, this would apply to 
fertilisation effects on a plant-herbivore system, with secondary production (e.g. herbivore 
biomass) as the function, or to grassland management effects on a plant-pollinator system 
with pollination as the function. We illustrate in the following how the framework is 
adaptable to a range of configurations beyond this simple case, such as: more than one trophic 
level responding to environmental pressures and/or contributing to the ecosystem function; 
feedbacks among trophic levels; and non-trophic relationships among groups of organisms 
that jointly contribute to an ecosystem function. 
Given a particular function in a specific context (e.g. a given fertility level for a grassland), 
the trophic levels and groups of organisms involved are identified. The assumption is that the 
response of the ecosystem function of interest to the environmental pressure results from the 
responses of each trophic level to this pressure, both directly and indirectly through biotic 
interactions with adjacent trophic levels. Thus, the following set of hypotheses is introduced: 
- Hypothesis 1: The effects of organisms within each trophic level i on the ecosystem 

function of interest can be related to particular functional traits (functional effect traits 
FEi); in Figure 1 only trophic level 2 determines the ecosystem function. 

- Hypothesis 2: The interactions between multiple trophic levels linking the environmental 
pressure to the service can be related to trophic effect (TEi - effects of organisms within 
trophic level i on the adjacent trophic level i+1) and trophic response (TRi+1 - response of 
organisms within trophic level i+1 to organisms from trophic level i) traits. 

- Hypothesis 3: Within each trophic level i, the response of organisms to the environmental 
pressure can be related to particular functional traits (pressure response traits PRi); in 
Figure 1 only trophic level 1 is affected by the environmental pressure. 

- Hypothesis 4: Within each trophic level i, linkages Li among the different types of 
response and effect traits can be identified; linkages can occur through direct overlap 
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(response trait = effect trait) or through association resulting from functional mechanisms 
or evolutionary constraints (although these mechanisms may not always be known). 

Hypotheses 1 and 3 are the same as in the original Holy Grail model, but are here applied 
within each of the trophic levels as opposed to a single level. Hypothesis 2 introduces a new 
type of functional linkage with the consideration of trait effects (TE i) on, and trait responses 
(TR i) to biotic interactions, rather than effects on ecosystem functioning sensu stricto (e.g. 
biogeochemistry) (FE i) and responses to environmental pressures (resources, disturbances or 
abiotic stressors) (PR i). In addition, hypothesis 4 is extended as compared to the original 
model with the consideration of possible overlaps or associations not only between pressure 
response (PR i) and functional effect (FE i) traits, but also between trophic effect / response 
traits and these two sets of traits, thereby increasing the potential number of linkages. 

This framework can be applied to a specific service in a specific context following four steps 
corresponding to each of the hypotheses (Figure 1). To predict the net outcome of the four 
steps a quantitative approach is required. For this each compartment of the framework (boxes 
on Figure 1) should be specified in terms of functional diversity (FD) metrics, for example 
community weighted means or the spread of values for the relevant traits within the 
community, or trait attributes for individual species 

 

CASE STUDIES AND APPLICATION 

Having established the key concepts and hypotheses for the framework, and a generic 
methodology for its application, we now present detailed case studies to illustrate the 
framework, and extend it to selected examples compiled in Table 1. This selection of 
examples provides semi-quantitative information on effects and responses of FD metrics 
rather than the fully quantitative relationships that should ultimately be produced. This 
illustrates the current extreme scarcity of such relationships, especially when needing to cover 
several trophic levels simultaneously. 

 

Case study 1. Plant-microbial linkages and soil N availability in grazed grasslands  
Here we illustrate how the framework can depict a well-documented tri-trophic set of 
responses and interactions. Plant functional diversity can have relatively predictable, albeit 
context-dependent, effects on key soil functions such as the rate of litter decomposition and of 
specific aspects of the N cycle which determine N availability to plants, such as 
ammonification and nitrification (Wardle et al. 2004). Moreover, these effects appear to be 
linked to the composition of the soil microbial community and activity of specific microbial 
groups, although our understanding of such linkages is limited given the enormous diversity 
of organisms that live in soil and the potential for multiple and highly complex interactions to 
occur between plants and soil microbes (van der Heijden et al. 2008). Here, we use the 
functional framework shown in Figure 2 to demonstrate how changes in soil N availability 
related to above-ground grazing in grassland are related to interactions among the functional 
diversity of plants and specific groups of soil microorganisms involved in N cycling, namely 
microbial mineralisers and nitrifiers. 

Step 1: The maintenance of soil fertility in grassland depends predominately on the supply of 
soluble inorganic (NH4

+ and NO3
-) and organic (amino acid) N, which is regulated by the 

abundance and activity of mineralisers and nitrifiers. The main functional effect traits (FEi) of 
soil microbes contributing to these processes are their maximal growth rate and specific 
activity, which respond to resource availability and other soil properties such as pH and 
moisture availability. For instance, in the case of nitrite-oxidisers, Nitrobacter-like bacteria 
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are commonly assumed to be fast-growing r-strategists with low affinities for nitrite, whereas 
Nitrospira-like bacteria are considered to be K-strategists with higher affinities for nitrite 
(Blackburne et al. 2007). The main functional traits differ across the two key mineraliser 
taxonomic groups, fungi and bacteria, with bacteria having high specific growth rate and 
metabolic activity, and fungi having slow growth rates and metabolic activity. In addition, the 
ability of bacteria to use urea as a substrate is also an important functional trait that promotes 
nitrifying activity (Webster et al. 2005). 

Mineralisation (FE2) – Elevated rates of microbial mineralisation are favoured by a high 
abundance of bacteria with high growth rates and specific activities, whereas reduced rates of 
microbial mineralisation, or net immobilisation, are associated with greater abundance of 
fungi which have low growth rates and specific activities, highly conservative nutrient use, 
and which immobilise substantial quantities of nutrients in their hyphal networks (Boddy 
1999). Among commonly used soil microbial community metrics, an elevated biomass ratio 
of bacteria to fungi is often associated with increased rates of N mineralisation, whereas a 
decrease in this ratio has been linked to reduced mineralisation or net N immobilisation and 
processing of recalcitrant organic N-containing compounds (van der Heijden et al. 2008). 
Nitrification (FE3) – Elevated rates of nitrification are favoured by a greater abundance of 
nitrifying microbes, especially bacteria and archaea with high growth rates and specific 
activities (FE3a), and of bacteria that are able to use urea as a substrate, which in turn favours 
NO3 supply (FE3b) (Webster et al. 2005). 

Step 2: 
Mineralisers - Resource quality is a key parameter determining rates of microbial 
mineralisation. High availability of N-rich plant litter (TE1) and labile root exudates (i.e. low 
substrate C:N ratios, resulting in C-limitation of microbial growth) directly favours 
mineralising bacteria with an exploitative nutrient use strategy, high maximal growth rate and 
specific activity (TR2 = FE2), thereby influencing the functional composition of the 
mineraliser community. Conversely, N-poor plant material (i.e. high substrate C:N ratios, 
resulting in N-limitation of microbial growth) favours low rates of microbial mineralisation 
and net immobilisation, and is typically linked with a high abundance of fungi relative to 
bacteria. 

Nitrifiers - A trophic relationship explains the link observed between the activity of 
mineralisers and that of nitrifiers, because mineralisers supply nitrifiers with ammonia. 
Therefore, the growth rate and specific activity of mineralisers (TE2 =  FE2) directly 
determines the growth rates of nitrifiers (TR3). 

Step 3:  
Plants - In fertile habitats, high grazing pressure favours early-successional plants with high 
growth rate over late-successional plants with slow growth rate (PR1). The former tend to 
have high tissue N content, high specific leaf area, short leaf life span, high forage quality, 
and high rates of C allocation to growth and root exudation, whereas the latter show high 
allocation of C to secondary metabolites and low specific leaf area, and thus produce fodder 
and litter of poorer quality. 

Mineralisers - Grazers can directly enhance N availability for mineralisers through the supply 
of amino acids and proteins in their waste products, and for nitrifiers through the supply of 
urea, favouring those nitrifiers that are able to use it (PR3 = TR3 = FE3b). However, enhanced 
supply of urea can also generate stressful conditions for these microbes through changing pH 
or osmotic pressure to sub-optimal levels (Rooney et al. 2006) and selection of nitrifiers will 
depend on their sensitivity to high ammonium/urea levels (PR3 = TR3).  
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Step 4: Predicting outcomes of increased grazing 
Steps 1-4 have shown that, consistent with hypothesis 4, there are several direct overlaps 
among the different sets of response and effect traits for the three groups of organisms 
involved in soil N supply. These overlaps make it possible to project effects of increased 
grazing intensity on the maintenance of soil fertility. Increased grazing favours plants with 
high tissue N content (low C:N ratios) (PR1a,b~PR1c = TE1) and enhances root exudation, 
which enhance mineralisation directly and indirectly through selection of mineralisers with 
high growth rate and specific activity (TR2), including bacteria over fungi. These same traits 
determine greater rates of mineralisation (TR2 = FE2) which results in increased NH4 
availability and hence directly increases soil fertility for plants. This supply of NH4 is also a 
resource for nitrifiers (TE2 =  FE2). Nitrifying microorganisms are then selected towards 
increased nitrification activity through enhanced growth rates and specific activities (TR3 = 
FE3a). Finally, more intense grazing also increases urea supply (PR3) and thereby favours 
nitrifiers that can transform urea into NO3 (PR3 = FE3b). Finally, the resulting high availability 
of NO3 and NH4 contributes to favouring fast-growing plants with high tissue quality, thereby 
fostering a feed-forward loop towards increased mineralisation and nitrification and increased 
N availability (Bardgett & Wardle 2003). 

For nitrifiers, selection by increased grazing intensity of nitrifying bacteria with higher 
growth rates and specific activity, which allows them to use efficiently the higher substrate 
(and urea) availability and to maintain high rates of nitrification, has been confirmed under 
experimental conditions (Webster et al. 2005). Likewise, high grazing pressure and 
consequent dominance of fast-growing grasses, and also defoliation of grazing tolerant 
grasses, is known to enhance mineraliser activity and the growth of bacteria over fungi, 
leading to enhanced availability and uptake of N by plants, thereby creating a positive 
feedback on soil fertility (Guitian & Bardgett 2000, Hamilton & Frank 2001). 

A similar set of linkages across trophic levels and functional relationships applies to soil 
carbon storage. Here, changes in plant functional composition and plant traits associated with 
tissue quality, for instance caused by climate change, link through to components of the soil 
food web and processes of decomposition which regulate carbon flux from soil (Table 1, 
example 12). 

 

Case study 2: Applying the framework for the engineering of ecosystem services. 
Ultimately, the understanding of functional relationships underlying ecosystem service 
provision can be applied in order to manage or engineer ecosystem services. We illustrate this 
concept with an example on riparian buffer restoration and its effect on the provision of fish. 
Intensified agricultural land use is linked to the decrease or lack of natural woody riparian 
vegetation, as natural succession is often inhibited by mowing or ploughing that extends to 
the stream bank. As a consequence the input of organic material to the riverine foodweb is 
disrupted. Restoration of riparian vegetation aims at re-establishing organic material provision 
to the river system. For the sake of simplicity we focus here on three trophic levels: riparian 
trees, leaf-shredding invertebrates, and fish which feed on insects, small crustaceans and other 
invertebrates: sturgeon (Acipenser sturio), salmon (Salmo salar), trout (Salmo trutta ssp.), and 
perch (Perca fluviatilis). The trophic relationships between riparian trees and fish have not 
been studied in the published literature using a functional trait approach, therefore we used 
expert knowledge in this case to establish hypotheses on traits and linkages (Figure 3). 

Step 1: The fish effect traits (FE3) associated with the availability of fish for angling include 
body size (minimum allowable catch size provided an overall appreciation of larger fish by 
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anglers) and fish growth rate to sustain viable populations under fishing pressure. Increased 
mean body size at community level increases availability of fishable individuals, i.e. 
individuals of a legally allowable size. Although in the short term anglers may prefer a 
predominance of large fish, sustainable management should promote a viable and self-
sustaining population with a natural size class distribution. Higher individual growth rates 
under natural conditions are overall beneficial to fish availability and its sustainability. 

Step 2: Trophic effects, associated trophic responses, and associated traits 
Plants (TE1) - Plant leaf traits determining palatability and decomposability, such as leaf C:N, 
leaf toughness or the abundance of secondary compounds including lignin are key to resource 
quality for shredding invertebrates (see Graca 2001 for a review). Feeding on tough (lignin-
rich) leaves can reduce larval growth rates and requires compensation by increased ingestion 
(Li and Dudgeon 2008). The effect of leaf size is unclear: Moline & Poff (2008) found higher 
growth rate of crane flies (Tipula sp.) associated with small leaves, while greater leaf size was 
reported to favour higher decomposition rates associated with the presence of many shredders 
(Ruetz et al. 2006). Wood accumulation in rivers (branches, trunks) promotes a dense and 
diverse shredder community as they constitute a stable habitat, shelter and food source (e.g. 
Hax & Golladay 1993). The quantity of riverine particulate organic matter is directly related 
to tree size and canopy cover. 

Leaf shredders - The quality, quantity and phenology of leaf and wood litter exert a bottom-up 
control on leaf shredder communities, although still poorly known in their details (but see 
Grubbs & Cummins 1996, Azevedo et al. 2006). Initial testing of hypotheses might, for 
instance, examine the relation of leaf traits with feeding behaviour of leaf shredders (Graca et 
al. 2001), and of leaf fragmentation rate (i.e., individual capacity to shred leaves) and 
individual growth rates with development time (TR2bottom) (Friberg & Jacobsen 1999, Stanko-
Mishic et al. 1999). However, it is still unknown how these within-species responses translate 
to community patterns of functional composition. Shredder richness may show a seasonal 
pattern and is not likely to control leaf breakdown rates per se. The sequential palatability of 
coarse detritus, from easily degraded to more resistant matter, is likely to promote within-
community phenological diversity (Bjelke et al. 2005). 

The composition of leaf shredder communities affects food availability for invertebrate-eating 
fish bottom-up through functional characteristics (TE2): higher abundance of large species, 
higher overall abundance through fast intrinsic population growth rates, and phenological 
diversity should be beneficial to invertebrate-eating fish (e.g. Rundio & Lindley 2008). 
In contrast, there is also strong evidence of top-down controls from fish on leaf shredders, for 
which trophic response traits can be identified (TR2top). Trout, for instance, select for larger 
prey and control biomass and trait pattern of leaf shredders, such as body size and weight per 
unit length (Boyero et al. 2008).  

Invertebrate-eating fish - Little is known about how fish community functional composition 
(TR3) is influenced by the abundance, types of species (e.g. large / small) and phenology of 
leaf shredders. Glova & Sagar (1994) reported a larger mean size of trout in willowed sections 
compared to non-willowed sections of New Zealand streams, which was consistent with 
variations in the abundance, biomass, and richness and diversity of benthic invertebrates 
including shredders. Yet terrestrial insects falling from the overstory into a stream do provide 
another important food source for fish (Rundio & Lindley2008) and, thus, may mask pure 
effects of plant organic material.  

Step 3: Successful restoration of riparian buffers would depend on the growth rate of selected 
tree species, suckering ability, physiological resistance to flooding (root anoxia), and 
mechanical resistance against floods (shear stress) (PR1). 
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Step 4: Directing restoration efforts: The above analysis of trait linkages across the three 
trophic levels offers guidance for the choice of plants for riparian buffer restoration so as to 
maximise fish availability for angling. According to hypothesis 4, this requires that the 
species of planted trees are directly chosen in order to match desirable properties for the food 
chain (PR1~TE1), i.e. deciduous leaves providing good quality and abundant food, and large 
tree size. These traits are likely to favour shredder guilds with larger body size, faster 
individual growth rates and developmental cycles (TR2). Branch shedding would in addition 
provide coarse material that supports shredder guilds with a greater range of phenologies 
(TR2~TE2). These traits of the shredders are those that are likely to favour greater fish 
population growth rates and abundance (TR3 = FE3) by providing them with abundant and 
sustained food. It is still unclear, whether bottom-up (i.e. shredder-driven) or top-down (i.e. 
fish-controlled) processes dominate here and their balance is unpredictable. The analysis of 
successive functional linkages, however, suggests that it is possible to promote fish for 
angling by restoration of riparian buffers with fast-growing, large and suckering deciduous 
tree species, and a nitrogen-rich and tannin-poor foliage. The benefits of a more diverse mix 
of tree species (i.e. leaf types) are not obvious in terms of benefits to the shredder community 
and its activity (Bastian et al. 2008), although variability in leaf shedding phenology should 
be beneficial. 
 

Case study 3: Impact of field margin management on delivery of multiple services in 
cropping landscapes 

There is increasing pressure for agro-ecosystems to provide not only direct farming products, 
but also a range of other ecosystem services, either of direct benefit to production activities 
(e.g. pollination, pest and weed control), or of other benefit to society (e.g. landscape cultural 
and aesthetic value, water quality). The provision of these services relies on the diversity of 
plants and other organisms within and around cropped fields (Kremen et al. 2007, Zhang et 
al. 2007). One option for managing field margins is to regularly cultivate or scarify the soil 
surface to encourage an early successional plant community (Westbury et al. 2008). Figure 4 
depicts the application of the framework to assessing the impact of this management change 
on three services that flow on from the functional composition of non-crop plants; weed seed 
predation by granivorous beetles, natural biocontrol of crop pests and the cultural service 
provided by diverse and abundant farmland bird populations.  

Step 1:  
1a - Seed predation - Polyphagous and granivorous beetles, particularly of the Carabidae, 
make a significant contribution to the removal of weed seeds from the soil surface within crop 
fields, regulating weed population dynamics (Tooley & Brust 2002). Service delivery depends 
on the abundance of the key effect traits (FE2); feeding guild and insect body mass. Larger 
insects have the greatest predation effect (Honek et al. 2007) and are able to handle a larger 
range of seed sizes.  

1b - Biocontrol – One aim of agri-environment schemes is to develop management practices 
that encourage natural biological control through provision of resources and refuges for 
natural enemies of pests (Gurr et al. 2003). The level of service delivery will depend on the 
abundance of functional groups with the appropriate effect traits (FE3) of searching 
behaviour, voracity, host switching capacity and phenology.  

1c - Farmland birds - The decline of farmland bird species as a result of agricultural 
intensification has become a major European policy concern and they have been adopted as 
an important target for public service delivery (Gregory et al. 2005). In this case, the level of 
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service depends upon the diversity of functional effect traits (FE3), such as size, and 
behaviour, represented in the community.  

Step 2: Carabids, natural enemies and farmland birds will all respond directly to field margin 
flora. Plant trophic effect traits (TE1) include those that determine habitat structure (height 
and growth habit) and food quality and quantity (including seed size and abundance, leaf N 
and nectar provision). The preferred over-wintering site of carabids (TR2) will determine their 
response to changes in plant growth habit with higher densities of carabids being found where 
margins are dominated by tussock grasses (Dennis et al. 1994). The foraging and nesting 
behaviour of farmland birds will also respond to structural traits of the plant canopy, such as 
height. The phenology of adult natural enemies (TR2) using margin plants as a nectar resource 
will determine their response to flowering time (Bianchi & Wackers 2008) and the response 
of farmland birds to changes in the distribution of seed sizes will be mediated by the trophic 
response trait of bill size (Diaz 1990). 

As well as the direct effects of margin plants, natural enemies and farmland birds will also 
respond indirectly to the pressure via the invertebrate community feeding on them. In the case 
of biocontrol, the community of natural enemies will be determined by the trait profile of the 
alternative prey items including size (which is related to voracity) and phenology (TE2). This, 
in turn will depend on the plant trophic effect traits (TE1). The size and phenology of the 
alternative prey must be such that they provide food for natural enemies at the time when 
there are no crop pests requiring control. The increased palatability of a ruderal plant 
community may also lead to a greater abundance and diversity of invertebrate herbivore prey 
items for birds (Sotherton 1992). Invertebrate trophic effect traits include body size and 
phenology and trophic response traits bird bill size.  

Step 3: Increased disturbance will generally decrease the dominance of perennials and 
competitive grasses and increase the occurrence of ruderal, annual forbs. As well as life 
history, pressure response traits will also include height, leaf N and specific leaf area 
(Hodgson et al. 1999). It is also likely that more disturbed margins will provide a greater 
abundance and diversity of seed from a flora with an extended period of flowering. Although 
a change in the disturbance regime of field margins will also have a direct impact on natural 
enemy, carabid and farmland bird communities, for simplicity, only the effects mediated 
through the plant community are presented in this example. 

Step 4: Predicting effects of field margin management on multiple services 
4a - Seed predation - One of the main functions of margin plants in supporting carabid 
populations is the provision of over-wintering sites by tussock grasses (TR1 = TE2). There is 
also an indirect relationship with the functional effect trait of feeding guild with tussock 
grasses favouring granivorous carabids (TR2 ~ FE2). The increased disturbance will select 
against perennial grasses with this growth habit (PR1 = TR1). Therefore, the increased density 
of forbs in a disturbed field margin would be expected to select against the agents delivering 
the ecosystem service of weed seed predation. The additional seed resources in the margins 
may also reduce the efficacy of weed seed predation in the field centre by providing an 
alternative food source for granivorous carabids. 

4b - Biocontrol - Management of field margins that promotes plant diversity, and especially 
diversity in flower and palatability characteristics (where PR1~TE1), will increase the 
diversity and abundance of alternative prey for natural enemies (TR3), and greater biocontrol 
will be achieved if phenologies of these alternative prey are selected such that their abundance 
declines to match the critical period of crop pest build up (TR3 = FE3), forcing the natural 
enemies into the crop to feed. A regular disturbance regime is likely to increase plant 
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functional diversity but this would need to be interpreted in the context of the shift in the 
community weighted mean of the plant response and effect traits.  

4c - Farmland birds - The reduction in plant height as a result of regular disturbance of a 
margin will have a direct beneficial effect on birds that prefer foraging or nesting in a more 
open canopy (PR1 = TE1 = TR3 = FE3). The increased diversity of annual forbs will also lead 
to a wider range of seed sizes and diversity of invertebrate prey, providing resources for birds 
with varying bill sizes (TE2 associated with TR3 = FE3). The value of field margins to 
farmland birds would, therefore be expected to increase if regularly disturbed and this has 
been observed from a direct comparison of bird numbers on margins under different 
management regimes (Henderson et al. 2007).  

Because the delivery of all three services in this case study depends on the traits of the same 
plant and invertebrate community, linkages can be used to compare the relative impact of 
management on different services. Biocontrol and farmland birds both benefit from the 
increased functional diversity of plant and invertebrate traits resulting from disturbance. 
However, it is likely that weed predation by carabids will decrease as the plant effect trait that 
is important for providing over-wintering sites (tussock growth habit) is selected against by 
regular disturbance. The conceptual framework, therefore, provides a useful way of trading-
off or optimising bundles of services that are provided by the same habitat. 

Similar functional linkages across services resulting from the involvement of common traits 
can be depicted for grasslands, and their response to management intensification (e.g. 
fertilisation). Without going into a detailed description of each of them, these linkages regard, 
for example, fodder production (and its regulation by vertebrate and invertebrate herbivores; 
Table 1, examples 4 & 5), maintenance of soil fertility (example 6; see case study 1), 
pollination (example 7) and enjoyment of the countryside through the observation of 
butterflies (example 8). Here, key plant response traits associated with plant architecture and 
tissue quality (e.g. N content) determine directly herbivory effects on fodder production and 
maintenance of soil fertility, while their phylogenetic association with traits determining 
reproductive ecology (flower traits and phenology) results in indirect effects on pollination 
and butterfly availability. 

 

DISCUSSION 

The proposed extension of the Holy Grail model starts by applying the original hypotheses (1, 
3 and 4) to more than one trophic level to examine trait overlaps and associations within each 
of several trophic levels. We then consider new sets of effect and response traits associated 
with biotic interactions among levels (hypothesis 2), and extend hypothesis 4 to overlaps and 
associations among different kinds of response and effect traits. This conceptual model is first 
a heuristic tool to summarise existing knowledge, test hypotheses, and identify knowledge 
and data gaps on biotic relationships and processes that underpin different ecosystem services. 
As such, it will advance basic ecological understanding by identifying traits at different 
trophic levels involved in ecosystem processes, and quantifying the contribution of different 
functional diversity components (different types of traits; different FD metrics). Our case 
studies and examples showed how to organise existing knowledge to improve understanding 
of mechanisms (case study 1), how to generate hypotheses for new trait-based research when 
knowledge is scant (case study 2), or how new understanding can emerge by analysing 
multiple functions and services under this common framework (case study 3). Further, 
comparative analyses for a given service across a range of contrasting contexts (e.g. low / 
high fertility) will reveal generic or contingent sets of traits and functional linkages across 
trophic levels. Finally, the framework will be particularly useful to identify and model 
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complex dynamics of ecosystem services in the face of environmental change. Specifically it 
could reveal vulnerabilities resulting from trait linkages across trophic levels. In the following 
we first discuss how basic ecological understanding can progress through the application of 
the framework in a wide range of configurations. We then specifically consider its merits 
towards the prediction of complex effects of environmental change on ecosystem services. 

 

A flexible tool for understanding ecosystem services dynamics 

The three case studies, and further examples in Table 1, illustrate the flexibility of this trait-
based framework to predict changes in ecosystem services associated with a variety of multi-
trophic response-effect relationships. A range of more complex configurations than those 
depicted in Figure 1 can be accommodated. Environmental pressure may directly affect a 
single (case study 3 and most examples in Table 1) or several (case study 1) trophic levels. 
For instance, climate can affect simultaneously two partners in a biotic interaction, such as 
plants and pollinators (Hegland et al. 2009), or their pathogens (Garrett et al. 2006), with 
impacts on services such as food production or carbon sequestration (Ayres & Lombardero 
2000, Tubiello et al. 2007). Many ecosystem services depend on several ecosystem functions 
performed by more than one trophic level (de Bello et al. 2008). This is illustrated in case 
study 1, where maintenance of fertility depends on the supply of ammonium and nitrate, and 
related effect traits of two microbial groups, mineralisers and nitrifiers. Likewise climate 
regulation through carbon sequestration is a complex outcome of several functions including 
wood production, litter decomposition and microbial carbon immobilisation, each dependent 
on a series of traits of plants and interactions with soil biota (de Deyn et al. 2008). 

Future biodiversity conservation and ecosystem service management requires a better 
ecological understanding of ecosystem processes that underlie ecosystem services. Such 
breakthroughs will require the identification of specific mechanisms for each step of the 
framework. For instance, plant response traits related to resource availability, such as growth 
rate, and plant effect traits related to decomposition, such as biomass quality, tend to overlap 
and are co-determined by plant resource economy (Cornwell et al. 2008, Fortunel et al. 2009). 
Likewise, the specific resource or environmental factor involved in inter-trophic effects needs 
to be identified, e.g. root exudation and other plant-induced changes in the soil environment 
for plant-soil microorganism interactions (Ehrenfeld et al. 2005). Biotic interactions need not 
be trophic for the framework to apply. Pollination (Table 1, example 7), mycorrhizal 
(example 11) or other belowground mutualisms, and diseases can be addressed. Behavioural 
hunting traits of predatory spiders determined grasshopper feeding behaviour with resulting 
effects on plant diversity, nitrogen mineralisation and aboveground primary productivity 
(Schmitz 2008). Previous studies have emphasised the possible positive or negative effects on 
biodiversity of global environmental changes via the disruption of biotic interactions, for 
instance through phenological mismatch (Schweiger et al. 2008), or conversely new 
synchronies (Chown et al. 2007). The framework makes it possible to investigate the 
consequences of such phenomena on ecosystem services. 

Our examples tend to favour bottom-up controls on ecosystem processes, where trait effects 
from the lower trophic level (usually primary producers) flow on to higher levels to determine 
the ecosystem service. However, the framework is equally applicable to top-down controlled 
services, such as biocontrol (case study 3), toadstools production (Table 1, example 11) or 
nutrient regulation in aquatic systems (Stief & Hölker 2006), or to more complex 
combinations of bottom-up and top-down linkages as in case study 2. The majority of 
examples with bottom-up controls by primary producers reflect a better knowledge of traits 
and traits-effects relationships for plants. Our search for examples to illustrate the framework 
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highlighted the paucity of knowledge on traits and of trait-based community analyses for 
other biota, as discussed for aquatic organisms in case study 2. The formal definition and 
identification of consensus trait lists with associated measurement methodologies 
(Cornelissen et al. 2003), and the promotion of trait-based analyses, a limiting resource to the 
application of the framework, needs to be a priority for soil biota (van Straalen et al. 2008), 
terrestrial insects (e.g. King et al. 1998) and aquatic biota (Gérino et al. 2003, Litchman & 
Klausmeier 2008) in order to advance our mechanistic understanding of ecosystem service 
delivery. 

Finally, in our examples we implemented the framework using specific traits, but it also 
allows using trait syndromes, as in some instances it is not a specific trait but the bundle of 
traits defining a syndrome that affects ecosystem services. For instance, the relationships 
between plant functional composition and soil biota are related to plant resource economy 
syndromes rather than to a single trait (e.g. Bardgett & Wardle 2003, Cornwell et al. 2008, de 
Deyn et al. 2008). Likewise, butterfly responses to grassland management can be related to 
individual plant traits (Table 1, example 8), but these really reflect plant syndromes in relation 
to disturbance and resource availability (Dennis et al. 2004). There is also evidence for the 
'plant defence syndromes hypothesis' where insect traits are tightly associated with syndromes 
of plant defence traits (Travers-Martin & Müller 2008). 

 

Analysing complex dynamics underlying the provision of ecosystem services 
How can this framework enhance our ability to predict the impacts of environmental change 
on ecosystem services? Based on our collective understanding on trait-function relationships 
and our experience with the framework, we propose three questions for further research. 

(1) Do stronger linkages between response and effect traits lead to more predictable effects of 
environmental change on ecosystem services? 

The framework, being applicable in diverse configurations, provides the ability to examine 
simultaneously direct effects of a given environmental pressure on ecosystem services via the 
linkage between response and effect traits for a single trophic level, and indirect effects via 
linkages through one or several other trophic levels. It makes it thereby possible to explain 
how biotic interactions amplify or buffer effects of environmental change on ecosystem 
service provision. This is especially the case when a mix of bottom-up and top-down controls 
are exerted. In case study 2, interactions between leaf shredders and fish, and ultimately fish 
stocks, are regulated by quantity and quality of leaf inputs. In grazed systems, selective 
grazing of more palatable species (e.g. in arctic shrublands large dicots and grasses, N-fixers) 
can regulate fertility and warming effects on primary productivity and thereby on leaf 
herbivory (Richardson et al. 2002). 

Interactions among trophic levels may also involve feedbacks such as from nutrient supply to 
plant community (Figure 2), and a broad array of plant-soil feedbacks involving root 
associated soil organisms, including pathogens, herbivores and symbionts (Wardle et al. 
2004, Ehrenfeld et al. 2005, van der Putten et al. 2007). The framework makes it possible to 
account for these feedbacks and to highlight some of the key mechanisms through which they 
influence ecosystem service delivery, and the possibility for non-linear effects in response to 
environmental change (e.g. Bardgett & Wardle 2003, Suding et al. 2008b). Such feedbacks, 
involving for example microbial processes similar to case study 1, may induce unpredicted 
threshold dynamics in community responses to environmental changes such as increased 
fertility through nitrogen deposition (Suding et al. 2008a). In other cases, they could buffer 
consequences of global change for ecosystem services. For instance, climate-induced 
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increases in winter snow depth changed wolf behaviour, leading to reduced moose 
populations and hence reduced browsing of understory fir trees (Post et al. 1999). 

 

(2) When do feedbacks to environmental pressures or between trophic levels enhance or 
reduce predictability of ecosystem services? 

Case study 1 illustrated how trait linkages between plants and soil microorganisms reinforce 
soil nitrogen availability through a positive feedback. Conversely, in case study 2 a mix of 
bottom-up and top-down controls between leaf shredders and fish reduce the predictability of 
the outcomes of tree species selection for riparian planting. In such cases a quantitative 
implementation of the framework is generally required to predict ecosystem services 
outcomes. The framework can indeed be applied in a qualitative fashion, as presented in 
Table 1, to identify relevant ecological mechanisms and formulate specific hypotheses. 
However, the projection of ecosystem services in response to environmental change and the 
detection of complex dynamics require quantitative models of responses and effects of 
functional diversity for different traits (Díaz et al. 2007). Obtaining such quantitative models 
is challenging, since the understanding of the mechanisms structuring functional diversity is 
still in its infancy (McGill et al. 2006), as is the quantification of the effects of functional 
diversity on ecosystem processes (Petchey & Gaston 2006, Díaz et al. 2007). We illustrated 
the use of semi-quantitative relationships using the mean fish size (case study 2), the diversity 
of seed sizes (case study 3), or the biomass ratio of fungi to bacteria (case study 1). The 
required quantitative functions for response and effect traits have only been produced in a 
small set of plant studies (reviewed by Suding & Goldstein 2008) and need urgent research 
for other organisms. 

 

(3) Do trait effects on ecosystem functioning weaken with increasing trophic levels, scales, 
and with multiple driver interactions? 

Several sources of complexity in the functioning of ecological systems may limit the 
prediction of ecosystem services. Studies of the effects of biodiversity at several trophic levels 
on ecosystem functioning have highlighted the role of species diversity within trophic levels, 
in addition to that of trophic complexity per se (Thébault & Loreau 2006). They have 
suggested that ecosystem effects depend on how the diversity of food source (plants) affects 
herbivore behaviour. At the same time, experimental and modelling studies for aquatic 
ecosystems have revealed the consequences of species identity, food web structure and 
extinction pathways for the relationships between multi-trophic species diversity and 
ecosystem functioning (e.g. Petchey et al. 2004). We suggest that these issues could be re-
analysed using our trait-based framework, making it possible to account for possible effects of 
trait identity and diversity. 

In principle, any food web or biotic interaction network can be addressed with the framework 
as long as trait linkages can be identified. Our search for examples for this paper showed that 
linear interaction networks are easy cases, but that difficulties do arise to address complex and 
multiple trophic interactions (e.g. the full decomposer food web). The value and limits of the 
framework for clarifying such complex interaction webs need to be explored. For instance, 
referring to traits of interacting organisms may help clarify complex interaction outcomes 
when these are constrained by stoichiometry (e.g. Elser et al. 2000) or allometry (Mulder 
2006). 

Interactions of multiple environmental pressures seriously limit our understanding of biotic 
responses to global change (see Tylianakis et al. 2008). Although here we presented examples 
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with a single pressure, in many cases several pressures, such as land use and climate change, 
are likely to interact with unpredictable effects on biotic interactions and the functions that 
they drive (Tylianakis et al. 2008). Likewise, trait responses to combined pressures remain an 
urgent research priority, even in plants (Lavorel et al. 2007). 

Finally, it is important to note that the framework is mostly suitable for addressing processes 
and services operating at local scale. Addressing services depending on nonlinear spatial 
processes (whether for ecosystem fluxes or for the dynamics of ecosystem-service providing 
organisms) will require that the framework be used in conjunction with spatial theory, for 
instance metapopulation dynamics (see Kremen et al. 2007). 

 

Conclusion 
We have presented a new conceptual framework building on the ‘Holy Grail’ hypothesis of 
overlap between functional response and effect traits by considering functional composition at 
multiple trophic levels and integrating the analysis of biotic interactions with traits. This 
offers a promising avenue for advancing fundamental understanding of complex biotic 
dynamics underlying ecosystem service provision. It is proposed as a tool to be developed for 
quantitative assessments of the effects of environmental change on ecosystem services 
provided by biodiversity. This framework also provides a fresh view on indication of 
ecosystem services. Traits with strong effects feeding through trophic levels, such as the C:N 
ratio in plants or body size in animals, appear as good candidate indicators of service 
provision. It can also become a tool to guide ecological engineering through the choice of 
plant trait assemblages that promote the recovery of a multi-trophic community most likely to 
provide the desired ecosystem services. 
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Figure 1 – Conceptual framework articulating functional responses and effects within and 
across two trophic levels to predict changes in ecosystem functioning and methodological 
steps for its application. We refer to Level 2 as the ‘upper’ trophic level and to Level 1 as 
‘lower’ trophic level, although this may not always correspond to the order of levels in a 
trophic pyramid. 

Step 1 defines the identity and appropriate functional diversity metrics of the functional effect 
traits (FEi) contributing to the delivery of the ecosystem service at the trophic level most 
related to the ecosystem function (Level 2) and, if relevant, adjacent trophic levels. 

Step 2 identifies interactions among trophic levels, with the trophic effect traits (TEi) of a 
lower trophic level affecting the next trophic level, and corresponding trophic response traits 
(TRi+1) of the upper trophic level, and associated processes. 

Step 3 identifies the response traits (PRi) for each of the trophic levels (starting from the 
lowest) to the environmental pressure of interest. 

Step 4. This final step analyses linkages (Li) among the different response and effect traits 
within each trophic level, here between PR1 and TE1 and between TR2 and FE2. This is used 
to translate the response to the environmental pressure into effects on the ecosystem function 
by working through the framework (running through the boxes and arrows of the figure). 
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Figure 2 - Framework hypotheses for the case of changes in the intensity of grassland 
management through grazing and its influence on soil N provision via nitrogen 
transformations. The different groups of traits (PRi, TEi, TRi, FEi) are literature-based 
hypotheses. Note that plant response traits are considered both for grazing and for the 
feedback from soil NO3

-/NH4
+ pools. 
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Figure 3 - Framework hypotheses for the case of selection of tree species for riparian buffer 
restoration with characteristics favourable to the provision of fish for angling through their 
effects on the food chain. The different groups of traits (PRi, TEi, TRi, FEi) and linkages are 
from a restricted literature base mostly on species-specific studies and are therefore 
hypotheses for further research, based on expert knowledge. 
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Figure 4 - Using trait linkages to assess the impact of a management pressure on multiple 
ecosystem services. Three services delivered by arable field margins are illustrated; predation 
of weed seeds by granivorous invertebrates, biocontrol of crop pests by natural enemies (both 
supporting services) and the provision of farmland birds as a cultural service. In the first case, 
the service is provided by the second trophic level and, for biocontrol and farmland birds, by 
the third level. All three services will be impacted by a change in margin management such as 
increased disturbance. The response of the plant community to disturbance will be mediated 
through traits such as growth habit and RGR. In addition, more disturbed margins would be 
expected to have a longer period of flowering and seed rain. Some of these traits will have an 
effect on one or both of the next two trophic levels. For, example, RGR will be related to 
palatability. The resulting effect on service delivery needs to be assessed in parallel streams as 
the invertebrate traits that have an effect on the regulation of weed populations or the higher 
trophic groups delivering the other two services may be distinct. Conceptualising the system 
in this way allows generalisations to be made regarding trade-offs between services. 
However, additional linkages, such as direct impacts of disturbance on levels two and three 
would also need to be considered. 
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Table 1 – Examples of multi-trophic functional linkages underpinning the response of 
ecosystem service delivery to current environmental pressures in a variety of European 
terrestrial ecosystem types. The table, compiled as a synthesis of figures on the same model as 
Figures 1-4, summarises the responses (positive + or negative -, when a continuous trait) of 
the most relevant functional traits for each trophic level, including pressure response (PRi), 
trophic effect (TEi), trophic response (TRi), and functional effect (FEi) traits. Functional 
linkages Li are considered when traits are either shared across two of these categories (=), or 
correlated (~). Other response or effect traits are not listed when they are not involved in the 
linkages. Key references for each numbered example are provided as Supplementary Material. 

Commonly used plant traits and abbreviations: Specific Leaf Area (SLA), Leaf Dry Matter 
Content (LDMC), Leaf Nitrogen Content (LNC) Stem Dry Matter Content (StDMC), Relative 
Growth Rate (RGR) 
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Ecosystem type and 
environmental 
pressure 

Ecosystem 
service 

Trophic level 1 
Linkage 1 

Trophic level 2 
Linkage 2 

Trophic level 3 
Linkage 3 

Net effect of pressure on 
service 

1. Field margin 
management 

(Case study 3a) 

Weed 
population 
control 

Weeds and other non-crop 
plants 
PR1 = TE1 Growth habit ((-) 
tussock grasses) 

Granivorous insects 
TR2 Overwintering site ~ FE2 
Diet 

- (-) decrease in quality of 
overwintering habitat for 
carabids; the main ESP for 
weed seed predation 

2. Field margin 
management: 
grow plants with 
appropriate traits 

(Case study 3b) 

Biocontrol Non-crop plants  
PR1 = TE1 flower colour, nectar 
yield and quality (+), palatability 
(+) defence mechanisms (-) 

Alternative hosts 
TR2 = TE2 size (+), phenology 

Natural enemies 
TR3 = FE3 size (+), voracity (+), 
phenology 

(+) Improved biocontrol through 
diversification of field margin 
flora 

3. Field margin 
management: 
increased 
disturbance 

(Case study 3c) 

Enjoyment of 
the 
countryside 
(bird watching) 

Non-crop plants 
PR1 RGR (+) ~ TE1 palatability 
(+) 
PR1 = TE1 Height (-) 
PR1 = TE1 fecundity (-) ~ seed 
size (-) 

Phytophagous insects 
TR2 = TE2 body size (+); 
responds to TE1 Palatability (+) 

Farmland birds 
No direct linkage, but: 
TR3 Foraging behaviour 
responds to TE1 Height (+) 
TR3 bill size (+) responds to 
TE1 seed size (+) 
TR3 bill size (+) responds to 
TE2 body size (+) 

(+) improved habitat quality for 
farmland birds by increasing the 
occurrence of annuals which 
provide a more useful food 
source and more accessible 
canopy 

4. Intensified 
grassland cutting 
or burning  

Grassland 
fodder 
production 

Herbaceous plants 
PR1 growth rate (+) ~ TE1 LDMC 
(-), StDMC (-) 

Mammalian herbivores 
TR2 gut transit time (-) ~ FE2 
body size (-) 

- (+) Increased production 

5. Intensified 
grassland cutting 

Grassland 
fodder 
production 

Herbaceous plants 
PR1 growth rate (+) ~ TE1 SLA 
(+), LNC (+) 
TE1 leaf toughness (-), 
phenolics (-) ~ FE1 LNC (+), 
SLA (+) 

Grasshoppers 
TR2 = FE2 body size (+), 
mandible size (+) 
TR2 = FE2 feeding 
specialisation (-) 

- (-) decreased production, (+) 
increased quality 

6. Intensified grazing 
(Case study 1) 

Maintenance 
of fertility (via 
soil N 
availability) 

Herbaceous plants 
PR1 = TE1 LNC (+), phenolic 
content (-) root exudation (+) 

Mineralisers 
TR2 = TE2 = FE2 population 
intrinsic growth rate (+), 
bacteria:fungi ratio (+) 

Nitrifiers 
PR3 = TR3 sensitivity to high 
NH4+/urea levels (+) 
PR3 = TR3 = FE3 urease 
activity (+) 

(+) increased NO3-based fertility 

7. Intensified 
grassland 
management: 
earlier and more 
frequent mowing, 
N fertilisation 

Pollination of 
legume 
species 

Wild plants 
PR1 growth habit monocot (+) 
dicot ( -) ~ TE1 nectar yield and 
quality (-), corolla length (-) 

Bees 
TR2 = FE2 tongue length  (-) 

- (-) decreased pollination of 
legumes due to decrease in 
pollinator tongue length 
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8. Grassland 
eutrophication 
(fertilisation, N 
deposition) 

Enjoyment of 
the 
countryside 
(butterflies) 

Plants 
PR1 = TE1 LNC (+) 
PR1 LNC (+) ~ TE1 Nectar yield 
(+) 

Butterflies - larvae and adults 
TR2 Larval development time (-
), Larval growth rate (+) linked to 
TE1 LNC (+) 
TR2 Larval growth rate (+) ~ 
FE2 Adult size (+) 
TR2 Adult mobility (+) linked to 
TE1 Nectar yield (+) = FE2 Adult 
mobility (+) 

- (+) Increase in butterfly 
species with a short 
development time and high 
mobility 

9. Stream pollution Provision of 
sediment to 
estuaries 

Crayfish 
PR1 body size (-) ~ TE1 
Feeding efficiency (-) 
PR1 Intraspecific aggression (+) 
~ FE1 Locomotion (+) 
PR1 body size (-) ~ FE1 
Bioturbation activity (-) 

Algae 
TR2 = TE2 Fusiform (+) vs 
epiplithic (-) 

Lithophilic fish 
TR3 growth rate (-) ~ FE3 
Spawning rate (-) 

(-) Decreased sediment 
movement and provision to 
estuaries 

10. Riparian 
management: 
plant trees with 
appropriate traits 

(Case study 2) 

Provision of 
sport fish 

Plants 
PR1 = TE1: 
Leaf traits: N (+), size (+/-), 
toughness (-), secondary 
compounds (lignin) (-), 
phenology 
Tree size (+) 
Branch shedding (+) 
 

Leaf shredder invertebrates 
TR2bottom = TE2 Growth rate 
(+), development time (-) 
~ TE2 Phenology 
~ TR2top: Body size (+), weight 
per unit length (+) 

Fish 
TR3 = FE3 = TE3: Body size (+), 
growth rate (+) 

(+) increased availability of fish 
for sport fishing 

11. Climate warming 
in subarctic 
forest 

Wild foods 
production 
(toadstools) 

Autumn moth and winter moth 
PR1 Moth egg tolerance of 
extremely low winter 
temperature (-) ~ TE1 Egg 
quality (+) ~ TE1 Caterpillar 
potential consumption rate (+) 

Birch (Betula pubescens) 
genotypes 
PR2 Response to higher T for 
budbreak and photosynthesis 
(+) ~ TR2 Capacity for fast 
foliage regrowth after defoliation 
(-), Mobile C (-) ~ TE2 Mobile C 
for export to ectomycorhizae (-) 

Ectomycorrhizal fungi 
TR3 Ability to produce high-
quality sporocarps during 
carbon-stress (-) ~ FE3 
Toadstool number per length of 
hyphae (-), Toadstool size and 
taste (-) 

(-) Toadstool availability, but 
effect depends on (1) the 
development of an additional 
trophic level: parasitoids that 
can slow moth population 
growth; (2) on pupation failure in 
case of wet late-summer 
weather  

12. Decreased 
precipitation in 
temperate forest 

Climate 
regulation 
through C 
sequestration 
(also 
maintenance 
of fertility) 

Plants 
Leaf quality traits PR1 = leaf 
litter traits TE1: LNC (-), lignin 
content (+), tannin content (+), 
tissue toughness (+) 

Macrodetritivore: isopods 
PR2 = TR2: demographic traits 
growth rate (-), fertility (-), 
longevity (-) 
TR2 = FE2: litter consumption 
(TR2) and mineralisation rates 
(FE2). 

- (-) decomposition: (+) C 
sequestration (and (-) fertility) 

 


