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Abstract

The global decline of biodiversity caused by human domination of ecosystems

worldwide is supposed to alter important process rates and state variables in these

ecosystems. However, there is considerable debate on the prevalence and importance of

biodiversity effects on ecosystem function (BDEF). Here, we argue that much of the

debate stems from two major shortcomings. First, most studies do not directly link the

traits leading to increased or decreased function to the traits needed for species

coexistence and dominance. We argue that implementing a trait-based approach and

broadening the perception of diversity to include trait dissimilarity or trait divergence will

result in more realistic predictions on the consequences of altered biodiversity. Second,

the empirical and theoretical studies do not reflect the complexity of natural ecosystems,

which makes it difficult to transfer the results to natural situations of species loss. We

review how different aspects of complexity (trophic structure, multifunctionality, spatial

or temporal heterogeneity, and spatial population dynamics) alter our perception of

BDEF. We propose future research avenues concisely testing whether acknowledging

this complexity will strengthen the observed biodiversity effects. Finally, we propose that

a major future task is to disentangle biodiversity effects on ecosystem function from

direct changes in function due to human alterations of abiotic constraints.
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I N T R O D U C T I O N

During the last 15 years, ecology has undergone a major

paradigm shift in the scientific perception of diversity

(Naeem 2002; Gamfeldt & Hillebrand 2008). Classically,

diversity has been analysed as a reflection of community

composition regulated by abiotic and biotic constraints on

species coexistence and dominance, where the main

scientific objective is to understand the regulation and

maintenance of diversity (Chesson 2000; Hillebrand et al.

2007). This emphasis has shifted towards biodiversity effects

on ecosystem functions (BDEF), where diversity is a driver

of ecosystem processes and the main objective is to

understand consequences of altered diversity in ecosystems.

Although some elements of this concept were published

much earlier (Darwin 1859; Trenbath 1974; McNaughton

1993), the new phase of research on BDEF was initiated by

a book (Schulze & Mooney 1993) and a series of seminal

papers at the beginning of the 90s (Naeem et al. 1994;

Tilman & Downing 1994). BDEF research was criticized

from the outset (Aarssen 1997; Huston 1997) resulting in an

unusually fierce debate about the validity of the concept as

well as about details of study design and interpretation

(Grime 1997; Naeem et al. 2002). These criticisms led to

more awareness of potential artifacts and the evolution of

more refined studies and analysis methods.

Recent years have seen a phase of synthesis in BDEF

research, marked by a series of reviews and meta-analyses

(Hooper et al. 2005; Balvanera et al. 2006; Cardinale et al.

2006a, 2007; Worm et al. 2006; Stachowicz et al. 2007).

Without reiterating the details of these reviews, the

emerging picture is that (1) losing diversity in an assemblage

tends to reduce ecosystem process rates mediated by this

assemblage, e.g. the production of organic biomass and the
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efficiency of resource use (Hooper et al. 2005; Balvanera

et al. 2006; Cardinale et al. 2006a), (2) both effects become

stronger over time (Cardinale et al. 2007; Stachowicz et al.

2008), and (3) loosing diversity also affects certain (but not

all) aspects of stability (Hooper et al. 2005; Balvanera et al.

2006). These conclusions are based on a broad array of

studies from marine, terrestrial and freshwater ecosystems

(> 400 effect sizes were included in Balvanera et al. 2006).

However, we argue in this manuscript that this evidence

does not enable us to resolve some of the most critical

concerns about BDEF: (1) the degree to which our present

models and experiments reflect the actual strength of BDEF

relationships in nature, (2) the relative contribution of

biodiversity to an important ecosystem function compared

to direct drivers of this functions, e.g. the role of diversity in

primary production compared to direct controls by resource

availability and temperature (Huston & McBride 2002;

Grace et al. 2007), and (3) the potential to scale up from

individual functions to the community and ecosystem level,

which implies an understanding of the mechanistic basis of

the multifunctional consequences of biodiversity.

These concerns arise because the state of the art is based

on experiments and models which are to a large extent

stripped of environmental and biological complexity. We

strongly want to emphasize that our position does not

ignore the importance of these pioneering studies in

establishing the idea of a functional role played by

biodiversity. These studies have highlighted potential

ecological consequences of a major aspect of global change

and triggered an avalanche of exciting research. However, in

order to transfer these results to realistic scenarios of

biodiversity change, it is not sufficient to simply fill

knowledge gaps over the role of certain organism groups,

ecosystem types, and functions considered. Rather, we need

to enter a new round of BDEF research, which has to

critically examine whether the proposed links between

diversity and ecosystem function are both predictable and

relevant in complex natural environments. This information

is mandatory to implement our understanding of BDEF in

ecosystem management, conservation issues and environ-

mental policy.

To achieve this goal, we will review some new directions

in BDEF research, discuss recent conceptual advancements,

and also highlight gaps of understanding. We will focus on

aspects of complexity, which are hitherto poorly reflected in

BDEF research (�Complexity�). A major conclusion from

this part is the importance of understanding the relationship

between traits mediating coexistence and functional �effect�
traits to predict consequences of altered diversity (�Coexis-

tence�). However, we will begin with a section �Consolida-

tion� refining our mechanistic understanding of BDEF, as

both terms �biodiversity� and �ecosystem function� are often

rather loosely defined in this context.

C O N S O L I D A T I O N

What is the biodiversity in BDEF?

From the 446 effect sizes calculated by Balvanera et al.

(2006) from published BDEF experiments, 393 (> 88%)

were based on the manipulation of local species

richness. Just 5% of the studies used number of

functional groups as a diversity measure, 2.5% evenness

and the remaining < 5% used another measure of

diversity. Referring to BDEF research to date, the

conclusion would arise that the local number of species

in an assemblage is the only relevant (or at least by far

the most important) aspect of biological diversity for

ecosystem functioning. Below, we formulate four argu-

ments against this conclusion.

First, the intrinsic motivation of the entire research field

of BDEF is the global loss of diversity. Because biodiversity

is declining in many ecosystems, we want to know if this has

functional consequences for ecosystems. However, local

species richness alone is not a good measure of changing

biodiversity (Wilsey et al. 2005). Before species richness is

altered by anthropogenically induced extinctions or inva-

sions, the human domination of earth ecosystems and

biogeochemical cycles often results in changes in dominance

(or rarity) (Hillebrand et al. 2008). Human trade and travel

result in the transportation of species, which leads to a

regional homogenization of species composition (McKinney

& Lockwood 1999). Thus, local evenness or beta-diversity

may be more sensitive to global change than local richness,

but neither has been intensively studied. In microbial

microcosms, a strong effect of evenness on functional

stability was detected (Wittebolle et al. 2009), whereas

grassland studies have shown varied responses of produc-

tivity and stability to plant community evenness (reviewed in

Hillebrand et al. 2008). The consequences of changing beta-

diversity have to our knowledge not been systematically

assessed in the BDEF framework.

Second, species richness reflects only one level of

biological organization. Early studies often argued that

functional group richness is more important than species

richness (Hooper et al. 2002), whereas recent studies have

also addressed intraspecific (genotypic) richness as an

important driver of ecosystem processes (Gamfeldt et al.

2005b; Reusch et al. 2005; Crutsinger et al. 2008; Ehlers et al.

2008). Although the argument on the importance of

functional group richness continues in the literature, the

debate is superficial as it creates new points of dissent on the

classification of functional groups and ignores the point that

the organizational level of diversity relevant to function may

differ dramatically depending on the function addressed. The

sometimes assumption-prone classification of functional

groups can be transcended by using functional diversity as

a continuous measure of individual trait diversity (Diaz &
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Cabido 2001; Petchey & Gaston 2006; Wright et al. 2006).

Different approaches to functional diversity exist, which can

be used to measure trait differentiation between individuals

within population, between species within communities, or

between functional or phylogenetic groups (see Box 1 for a

more detailed account of functional diversity).

Box 1 A trait-based approach to BDEF

The idea that the mechanistic understanding of functional consequences of diversity has to be based on the knowledge of

species traits has been put forward very early in BDEF research. Traits were considered the units defining �functional

diversity�, which numerous empirical studies highlighted as driving the performance of communities (recent examples

include Finke & Snyder 2008; Mokany et al. 2008; Cadotte et al. 2009; Wacker et al. 2009). Consequently, conceptual

contributions (Diaz & Cabido 2001; Petchey & Gaston 2002, 2006) and theoretical models (Loreau 1998; Norberg et al.

2001; Fox & Harpole 2008) have dwelled on the role of species traits in ecosystem functioning. Trait-based approaches have

been strongly advanced in the recent ecological literature (Ackerly & Cornwell 2007; De Deyn et al. 2008; Litchman &

Klausmeier 2008; Suding et al. 2008) and a comprising analysis of trait-based approaches would go beyond the scope of this

review. Therefore, we will focus on two aspects which seem most relevant to BDEF research: a definition of traits and a

definition of functional diversity based on traits.

Traits: In the context of BDEF research, individual traits are considered to be �functional traits�, which are defined as

morphological, physiological or phenological characteristics of an organism affecting its individual performance (Violle et al.

2007). Body size, resource uptake rates, growth rates or life history phases (e.g., resting stage production) can be considered

such functional traits (Litchman & Klausmeier 2008). Thus, functional traits influence an organism�s fitness by affecting

survival, growth and reproduction. By upscaling from the individual to the community level, functional traits are

characterized as �components of an organisms�s phenotype that influence ecosystem level processes� (Petchey & Gaston

2006). Thus, functional traits are considered to be related to �effect traits�, i.e., traits affecting ecosystem processes (Violle

et al. 2007). The central process in this correlation, i.e. the scaling from individual functional traits to community

performance, is the focus of yet unresolved debates. Community functions can be envisioned as being based on the

abundance- or biomass-weighted mean of individual (functional) traits (Grime 1998; Diaz et al. 2007). However, traits might

be context-specific and the link between functional traits and contribution to community performance might change with

environmental changes or changes in biodiversity (Fox & Harpole 2008).

Functional diversity measures: Functional diversity is a measure of trait diversity, which should allow to predict the changes

in ecosystem processes based on changes in community composition. Instead of defining functional groups classified

according to a priori defined schemes, functional diversity can also be described in continuous gradients of different traits,

which are directly linked to certain functions (Diaz & Cabido 2001; Petchey & Gaston 2006; Weigelt et al. 2008; Griffin et al.

2009; Wacker et al. 2009). Functional diversity comprises different descriptors of variation in traits (Mouillot et al. 2005),

Figure 1 Abundance of traits along an environmental (niche) axis for low or high estimates of functional diversity aspects: trait richness,

trait dissimilarity, trait evenness and trait divergence.
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which together give a much more comprising picture of diversity. These descriptors are unique, but not necessarily

independent of each other (Fig. 1). Trait richness corresponds to the number of distinct traits or traits attributes present

(Mouillot et al. 2005). In the form of species richness or the number of functional groups, richness has dominated the

literature on BDEF.

The more species are included in an assemblage, the more likely is an increase in the dissimilarity of the species (i.e., the

coverage of the environmental axis). However, dissimilarity can also be different between two assemblages of the same

richness (�trait range� according to Mouillot et al. 2005). The role of trait dissimilarity for BDEF has been highlighted in a

number of recent studies. In an experimental study on rock pool metacommunities, sampling from a broader regional

species pool (i.e., including increased trait dissimilarity) led to increased zooplankton production and cascading effects on

phytoplankton (Naeslund & Norberg 2006). Likewise, a higher degree in soil macrofauna functional dissimilarity among a

constant number of species led to enhanced soil respiration and leaf litter mass loss (Heemsbergen et al. 2004). Cadotte et al.

(2008) showed that increasing trait dissimilarity by increasing phylogenetic diversity explained a higher proportion of plant

community biomass production than any other measure of diversity.

Also the evenness or dominance structure of an assemblage (i.e., the evenness of trait abundance sensu Mouillot et al.

2005) can have strong consequences of ecosystem processes, either directly or by altering the functional consequences of

richness (Hillebrand et al. 2008). If dominance becomes very high community function will reflect the traits of single species.

The higher the dominance of a single trait is, the more important it is to evaluate the divergence of this trait or the

regularity of trait distribution (Mouillot et al. 2005). The dominant trait might reflect the average of the assemblage.

Alternatively, it might represent an �outlier� trait compared to the remainder of species. This divergence will affect the

functional role of the entity (genotype, species, functional group) reflecting this trait.

Trait divergence and trait dissimilarity are two aspects of �species identity�. Several studies partitioned the effects of

diversity and identity on ecosystem functions (Bruno et al. 2006; Mokany et al. 2008), but we see �identity� as integral parts

of biological diversity related to richness and evenness. Instead, we request a more careful approach to the formulation of

hypotheses for testing BDEF relationships (see main text). That is, if a function hinges on the presence of a certain trait, the

hypothesis should involve trait dissimilarity and trait divergence. If a function depends on the coverage of a trait axis,

richness and trait dissimilarity are to be involved. If a function depends on interactions within an assemblage (mutualistic or

trophic interactions), richness and evenness are integral parts to be considered.

The implementation of trait-based approaches into BDEF research awaits further refinement. The statistical properties of

functional diversity measures (Petchey & Gaston 2006) and the dependency of functional diversity measures on

methodological choices (Poos et al. 2009) require further investigation. Our description of axes of functional diversity only

considered a univariate environment axis along which traits were sorted. However, a trait-based approach becomes essential

across different environmental axes and across different functions given potential trade-offs between functional traits (i.e.,

traits within a species) and between species (i.e., species across a functional trait axis) (see section �Complexity:

Multifunctionality� in the main text). The importance of trait-based approaches has independently been suggested in another

recent review on BDEF (Reiss et al. 2009).

Third, richness and evenness measure the number of

species and their relative abundance, but do not contain any

information on the identity of the species in an assemblage.

Including such information, however, may be needed to

make real causal inferences on BDEF (Benedetti-Cecchi

2004). The predominant focus on richness has created much

confusion about whether there is a functional consequence

of diversity at all and has fueled much of the discussions

about �idiosyncratic� outcomes (Wardle et al. 1997; Emmer-

son et al. 2001) or identity effects (Bruno et al. 2006; Mokany

et al. 2008). Integrating information on the identity of a

species (or population or functional group) is necessary to

successfully predict BDEF relationships.

Finally, the narrow focus on richness effects reflects a

poor mechanistic understanding of BDEF relationships

(Hooper et al. 2005). Species richness is comparably

straightforward to manipulate, but richness is not a good

measure of functional diversity (Diaz & Cabido 2001). The

future assessment of BDEF critically relies on formulating

causal linkages between particular aspects of diversity and

particular functions. Relevant aspects of diversity can

comprise the number of traits, the dissimilarity between

traits, the dominance of traits, and the divergence of

dominant traits (Mouillot et al. 2005; see Box 1).

What is the ecosystem functioning in BDEF?

Early BDEF research focused on primary production as

the ecosystem function most often investigated. From the

effects sizes in the Balvanera et al. (2006) database, 199

Box 1 continued
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(�45%) reflect changes in primary producer abundance or

biomass (or the variability of this over time) with changing

diversity. However, the definition of �function� has broad-

ened considerably over the years and now covers a variety of

important process rates (primary and secondary production,

decomposition, element cycling, bioturbation, etc.) and

ecosystem states (stability, nutrient retention, physical

structure). A more comprehensive list published for aquatic

ecosystems (Giller et al. 2004) also includes ecosystem goods

and services, i.e. ecosystem processes and states utilized

directly or indirectly by humans.

Whereas the development of BDEF research has led to a

much broader array of functions considered, the mainstream

study in the BDEF framework defines ecosystem function

still by one ecosystem process or very few related processes.

Balvanera et al. (2006) derived their effect sizes from > 100

studies. Almost half of these (45%) addressed only one

function, whereas a minority addressed more than three

functions at a time (12.8%).

A recent conceptual advancement has been the notion of

biodiversity effects on ecosystem multifunctionality, which

was proposed independently in two studies (Hector &

Bagchi 2007; Gamfeldt et al. 2008). Both papers argue that

studies hitherto have underestimated the functional role of

biodiversity because they have focused on single ecosystem

processes. If more processes are considered in combination,

the effect of species loss becomes much more dramatic as

species show trade-offs in their ability to perform certain

functions. The number of species needed to sustain a

minimum proportion of all functions considered increases

with the number of functions and with the lack of

functional overlap between species (Hector & Bagchi

2007; Gamfeldt et al. 2008). Thus, diversity effects on

ecosystem multifunctionality (as the sum of states and rates

in an ecosystem) are potentially much larger than diversity

effects on single functions.

Why should BD affect EF?

The present discussion about neutral (Hubbell 2001) or

niche-based (Chase & Leibold 2003) configurations of

assemblages has strong ramifications for BDEF research.

Almost all postulated mechanistic relationships between

diversity and ecosystem functions require differences in

traits. Therefore, BDEF holds only in a world of ecological

niches. The only major exception is the so called portfolio

effect, where higher richness leads to higher temporal

stability of functions aggregated over the assemblage

(Cottingham et al. 2001; Tilman et al. 2006). As long as the

species in an assemblage show uncorrelated random

fluctuations, adding more species leads to reduced variation

in temporal fluctuations due to averaging effects (Doak et al.

1998).

For all other functions, differences in traits are necessary

to explain BDEF. Trait differences in resource uptake and

resource conversion into biomass production (Litchman

et al. 2007; Thein et al. 2008) potentially underlie the

complementarity effects (Diaz & Cabido 2001; Loreau &

Hector 2001) used to explain diversity effects on produc-

tivity and resource use efficiency. Decomposition rates have

been shown to depend on plant traits more strongly than on

abiotic forces (Cornwell et al. 2008). Likewise, selection

effects (Loreau & Hector 2001) must be based on species

trait differences in performing certain functions. Regarding

diversity effects on stability, higher resilience of assemblages

relates to higher response diversity (Elmqvist et al. 2003),

which equates with different species traits conferring ability

to cope with a disturbance or stress. BDEF relationships

based on positive interspecific interactions such as facilita-

tion (Tiunov & Scheu 2005) or mutualistic interactions

(Fontaine et al. 2006) also require trait differences resulting

in strong interspecific interactions.

As functional trait diversity is necessary to explain most

patterns in BDEF research, we define �functional traits� and

the different aspects of functional diversity in Box 1.

Functional traits are characteristics of individual morphology,

physiology and phenology (Violle et al. 2007). To relate these

characteristics to the processes observed at the ecosystem

level, there has to be an upscaling from individuals to

communities (see Box 1), but also knowledge about �effect

traits�, i.e., traits directly affecting ecosystem functions (Violle

et al. 2007; Suding et al. 2008). As these effect traits may be

context dependent, the relationship between functional

diversity and ecosystem functions depends on the correlation

between functional diversity and effect traits (Fig. 2). If

increasing functional diversity optimizes effect traits, a

positive BDEF relationship is to be expected. This would

be the case if increasing functional diversity (e.g., trait

richness) increases the average value of important effect traits

(e.g., plant size, resource acquisition) related to the function

Figure 2 Potential relationships between aspects of functional

diversity (see also Box 1) and effects traits, i.e., those traits defining

the ecosystem effect of a species. See text for details.
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investigated (e.g., biomass production). If, however, average

effects traits are not related to functional diversity or even

decrease with functional diversity, we might see no to negative

BDEF relationships. This correlation can switch when

looking at another suite of functional traits or when looking

at another ecosystem function.

This seemingly simple framework comprising functional

diversity and effect traits allows to making a number of

important predictions. First, BDEF relationships do not

have to be positive. If the relative abundance or even the

presence of certain traits is changed, we expect to see

changes in processes and states related to these traits.

Depending on the specific effect-function relationship

(Fig. 2) and aspects of trait divergence and trait dissimilarity,

both negative and positive changes are possible, which

counteracts the one-sided view of diversity �promoting�
ecosystem function. Second, trait differences need environ-

mental heterogeneity to play out. In a highly uniform and

stable environment, functional diversity will have a small

role to play. We will dwell more on this topic in the section

on �Complexity�. Third, evolutionary trade-offs between

functions in species lead to trade-offs between species

performance, which are a major mechanism maintaining

species diversity (Chesson 2000). The same trade-offs

stabilizing coexistence also define BDEF. We will get back

to this topic in the section on �Coexistence�.

C O M P L E X I T Y

The section on �Consolidation� provided evidence that the

loss of species or their change in relative abundance should

matter for ecosystem functions as soon as there is a

relationship between functional traits of the organisms lost

and their effect traits. So the relevant question might not be

whether there is a BDEF relationship, but why the diversity

effects observed in recent reviews (Balvanera et al. 2006;

Cardinale et al. 2006a) are not generally much stronger.

A major point of dissent on BDEF research is the structural

simplicity of most empirical systems (and most models) used

to test this concept. Ecologists experience ecosystems as

complex systems with spatial and temporal heterogeneity

within and across local habitat patches and characterized by

a multitude of biotic and abiotic processes leading to very

intricate states with regard to standing stocks, nutrient

content and different aspects of stability. Most experiments

in the BDEF framework do not reflect this complexity.

Mainly one aspect of biodiversity (number of species) was

manipulated for one (rarely two) trophic group(s) of

organisms to assess the effect on one (rarely two or more)

ecosystem process(es) or state variable(s). Most experimen-

tal systems and models lacked environmental heterogeneity

in space and time, most studies ran too short to assess

whether species were able to coexist and the array of

functions addressed is a very narrow subset of important

ecosystem processes.

However, the addition of environmental complexity to

BDEF research only makes sense if it actually changes our

understanding of functional consequences of altered biodi-

versity. If the simple experiments and models already

capture the majority of the dynamics of BDEF relation-

ships, additional aspects should – in analogy to Occam�s
razor – not be added without necessity. The plea for more

realistic studies is not new (Loreau et al. 2001; Hooper et al.

2005) and over the last years, BDEF studies have evolved to

include more aspects of this complexity (Gamfeldt &

Hillebrand 2008). We will address in this section, whether

these additional aspects have changed the general conclu-

sion that diversity affects ecosystem process rates. For each

of these points, we will additionally address open questions

to highlight some new directions in BDEF research.

Trophic structure

In a series of papers, Duffy (2002, 2003) highlighted the

need to address consequences of consumer richness loss

(in contrast to the predominant focus on plants and algae),

as consumers in general were more prone to extinction

and had strong effects on ecosystem function (see also

Stachowicz et al. 2007). Consequently, trophic structure has

been implemented in numerous studies, investigating the

consequences of changes in microbivore, herbivore and

predator richness or prey richness (see recent reviews in

Duffy et al. 2007; Srivastava et al. 2009). At first glance,

effect sizes for biodiversity on productivity and resource

use efficiency did not significantly differ between trophic

levels (Cardinale et al. 2006a). However, we suggest two

specific aspects of trophic structure that are missing in

many studies, which might limit our ability to predict

effects of trophic diversity (or vertical biodiversity accord-

ing to Duffy et al. 2007) on ecosystem functions:

First, very few studies have analysed both prey and

consumer diversity changes simultaneously (Gamfeldt et al.

2005a; Bruno et al. 2008), although verbal arguments

(Hillebrand & Shurin 2005) and theoretical insights

(Thebault & Loreau 2003, 2005) propose that diversity

changes across both levels result in highly interdependent

consequences for consumption rates, resource use effi-

ciency and resistance to consumption. In aquatic micro-

cosms, e.g., a more diverse assemblage of consumers was

more responsive to altered prey diversity than a single

consumer species (Gamfeldt et al. 2005a). In a benthic

marine system, both predator and herbivore diversity had

unique effects on different ecosystem processes (Douglass

et al. 2008).

Second, the details of trophic interactions are not well

resolved in most studies. In their model, Thebault & Loreau
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(2003, 2005) elegantly showed that the consequences of

consumer diversity can strongly depend on consumer

specialization and the edibility of prey. However, few

studies have actually manipulated the degree of specializa-

tion in trophic links. In a very insightful study (Finke &

Denno 2005), increasing predator diversity increased the

strength of trophic cascades only if intraguild predation was

absent. If omnivores were involved, more predator species

weakened the trophic cascades. The same should be true if

interference competition is the main mode of consumer

interaction (Amarasekare 2003).

Spatial and temporal heterogeneity

The BDEF experiments analysed by Cardinale et al.

(2006a) showed the general trend that mixtures were more

effective in biomass production and resource use than the

average monoculture, whereas there was no consistent

transgressive overyielding compared to the best monocul-

ture. In other words, the most productive single species

was on average as productive as the mixture. Such

transgressive overyielding was only found in long-term

experiments (> 4.5 years for plant experiments, Cardinale

et al. 2007), indicating that biodiversity plays a different

role on short time scales compared to the long-term.

Empirical evidence suggests an initially increasing and then

stabilizing complementarity effect (Cardinale et al. 2007;

van Ruijven & Berendse 2009). Likewise, marine seaweed

diversity had higher impacts on ecosystem functions in

long-term compared to short-term experiments, showing

that the �mainstream� short-term experiment published on

BDEF reflect only a small subset of potential mechanisms

detailing how diversity can affect ecosystem processes and

properties (Stachowicz et al. 2008).

In the short-term, a single species may be able to

outperform a species mixture. The single most productive

species can even show higher biomass yield than a

corresponding mixture, when in the mixtures resources are

channelled into less productive species (Norberg et al. 2001).

However, over longer time scales, more traits are needed to

allow for higher community flexibility, which enhances the

importance of diversity for function (Norberg et al. 2001).

Across a temporal gradient, the sign of the diversity –

function relationship might change as different species

become dominant with different traits (Weis et al. 2007).

Otto et al. (2008) provided evidence that additive effects of

additional predators in a trophic cascade relied on temporal

niche separation. In this case, the phenology of arthropod

predators played a substantial role such that increasing

temporal niche complementarity (non-overlapping phenol-

ogy) increased the additive effect of predator richness. Otto

et al. (2008) also concluded that aspects of the identity of

species (analogous to trait dissimilarity and divergence,

Box 1) become more important in variable than in uniform

environments.

The same argument holds for spatial heterogeneity.

Most BDEF experiments have been conducted in highly

uniform environments, although spatially more hetero-

geneous environments enhance the number of potential

mechanisms linking trait diversity to ecosystem function

(Stachowicz et al. 2008). Some aspects of heterogeneity

have been addressed in recent BDEF experiments, with

somewhat mixed results. When manipulating diversity and

soil heterogeneity in a grassland experiment, soil hetero-

geneity increased the complementarity component of the

net diversity effect, whereas in uniform environments

selection effects prevailed (Wacker et al. 2008). Using

structural equation models, Tylianakis et al. (2008) were

able to show that the effect of diversity on different

ecosystem functions (production, pollination, predation)

increased with increasing spatial heterogeneity in resource

distribution. However, an algal microcosm study showed

that spatial variation in resource conditions did not per se

lead to stronger BDEF relationship, leading to the

conclusion that heterogeneity has to be coupled to

differences in the relative fitness of organisms to enhance

BDEF (Weis et al. 2008).

Figure 3 Conceptual diagram on functional turnover. (a) Correla-

tion between proportional contributions p of each species i to

two different functions, A and B. r = correlation coefficient,

FTO = functional turnover. (b) Minimum species richness (Smin)

needed to maintain a certain threshold level of multiple functions

depending on the number of functions considered. (c) Decay of

similarity of species composition with environmental distance,

b = slope of the similarity vs. distance relationship. (d) Minimum

species richness depending on the environmental distance.
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Multifunctionality

The few studies analysing multifunctionality converge on

the conclusion that consequences of diversity loss appear

more dramatic if more functions are addressed (Hector &

Bagchi 2007; Gamfeldt et al. 2008). However, these results

were derived using calculations from monocultures and

have not yet been analysed across diversity gradients.

Moreover, the concept presented so far only comprised

redundancy across function, which is based on the fact that

a species sustaining one function in an assemblage might be

less able to perform a second function due to �functional

trade-offs�. Such a functional trade-off involves different

adaptations to, e.g., growth and competition, or carbon

fixation and habitat structuring. As an example, the

efficiency of resource use for one resource often is

negatively correlated to the resource use efficiency of

another resource (Tilman et al. 1982) such that more species

lead to a more complete resource use (Bracken &

Stachowicz 2006). Therefore the optimization of multiple

functions (or more generally ecosystem multifunctionality)

depends on more species than any single function

(Gamfeldt et al. 2008).

Multifunctionality comprising different functions might

be intensified if different species carry out a function along

an environmental gradient in time or space as indicated

above. A species may have limited ability to perform a

certain function under different environmental conditions.

In a spatially heterogeneous habitat or along temporal

changes in the environments, we might see compositional

turnover, i.e. the decay of similarity with increasing spatial

distance (Soininen et al. 2007) or temporal distance

(Korhonen et al. in press). In that case different species

maintain certain functions under different conditions and

the larger the environmental difference, the stronger the

need for high trait dissimilarity.

In consequence, functional trade-offs and compositional

turnover will lead to functional turnover (FTO), which we

define as the rate of increase in the minimum number of

species needed to perform a threshold level of each function

in a multifunctional framework (Fig. 3). If FTO is based on

functional trade-offs, the proportion p contributed by each

species i for two functions A and B can be calculated

(Fig. 3a). If the traits needed to perform these two functions

are positively correlated (limiting case of no trade-off), a

high ability to perform A includes a high ability to perform

B. Then, the proportional contributions of each species to

the functions A and B are positively correlated and there is

no FTO (Fig. 3a). Thus, Smin remains constant if the

number of functions considered increases (Fig. 3b). If the

traits required for the different functions are uncorrelated

(r = 0), FTO is estimated to be 0.5 (Fig. 3a), i.e., there is a

50% chance that species driving function A are also able to

drive B. In this case, Smin increases gradually for each new

function considered, resulting in a monotonically increasing,

but decelerating function of Smin with the number of

processes considered (Fig. 3b). If the functional trade-offs

for function A and B are strong, a negative correlation

between piA and piB appears (Fig. 3a). In this case the

species needed to perform function A do not overlap with

those performing function B, leading to a FTO = 1 and a

linear increase of Smin with increasing number of functions

(Fig. 3b). (Actually, linearity would require an unrestricted

species pool, whereas – if the species pool is finite – the

relationship between Smin and number of functions will

decelerate and saturate).

This graphical display represents limiting cases assuming

that all functions are either positively or negatively

correlated. In reality, trait correlations may be nonlinear

(Litchman et al. 2007) and vary for different pairs of

functions as some require similar and other dissimilar

adaptations (Vinebrooke et al. 2004; Litchman & Klausmeier

2008). Thus, the average correlation between proportional

contributions to different functions may be close to zero. In

fact, Gamfeldt et al. (2008) found very weak correlations

()0.2 < r < 0.3) between proportional contributions of

species to different functions, suggesting uncorrelated

functional traits.

In addition, FTO might also arise from temporal or

spatial complementarity of species. If species are adapted to

certain conditions, the similarity of species composition will

decrease with increasing environmental distance, i.e., slope

b < 0 (Fig. 3c). In a spatially or temporally heterogeneous

environment, more species are therefore needed to maintain

an overall threshold level of function across all environ-

mental conditions (Fig. 3d). Only if single species show very

broad environmental tolerances, similarity does not decay

over environmental distance (Fig. 3c; slope b = 0) and Smin

does not increase with increasing environmental distance

(Fig. 3d).

The implementation of FTO into BDEF research might

strongly enhance our ability to retrieve more realistic

estimates for biodiversity effect sizes. Especially, it remains

to be evaluated how the two sources of FTO, functional

trade-offs and compositional turnover, interact. FTO from

considering multiple environments or multiple functions

might be additive or interactive (sub- or super-additive),

potentially increasing the role biodiversity plays in ecosys-

tem functioning.

Spatial dynamics

In addition to the spatial heterogeneity within patches,

spatial dynamics between patches have been considered in

BDEF experiments recently. Metacommunity dynamics

have been explicitly used in models (Mouquet et al. 2002;
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Loreau et al. 2003; Mouquet & Loreau 2003; Cardinale

et al. 2004) and experiments (France & Duffy 2006;

Matthiessen & Hillebrand 2006; Matthiessen et al. 2007;

Venail et al. 2008). The inclusion of spatial dynamics is

important for two reasons: on the one hand spatial

dynamics allows for natural community assembly and the

establishment of diversity gradients (in contrast to the

artificial maintenance of gradients by the experimentator).

In fact, the effects of species in a community can depend

on their temporal arrival (Fukami & Morin 2003). On the

other hand, spatial dynamics provide different mechanisms

of coexistence, and we will show below that these different

mechanisms relate to different expectations for the BDEF

relationship (see �coexistence�). Another appeal of the

metacommunity framework is that the alteration of spatial

dynamics directly corresponds to anthropogenic fragmen-

tation and isolation, which are major drivers of global

biodiversity decline.

We see mainly two aspects how this inclusion could be

more fruitful. First, spatial dynamics have been analysed

mainly within trophic groups, although space use probably

increases with increasing trophic position if predators are

more mobile than their prey. In a terrestrial study, the

diversity effect by a mobile ladybeetle predator guild on

aphid prey localized in constrained habitat patches was

mainly negative due to interference competition, whereas

patchiness in prey availability led to aggregation of

ladybeetles in habitats with high aphid density and thus

to higher predator richness (Cardinale et al. 2006b).

Second, the importance of temporal dynamics and

synchronicity in metacommunities is poorly acknowledged.

Temporal synchronization of within patch dynamics may

lead to the regional dominance of species (Hillebrand et al.

2008), which will alter regional coexistence. If local patches

are synchronized, the same species will dominate all

patches, and only this species will profit from spatial

dynamics, leading to low diversity and altered ecosystem

functions. Corroborating this expectation, non-synchroniz-

ing fluctuations enhanced the stabilizing effect of diversity

in experimental plankton communities (Downing et al.

2008).

C O E X I S T E N C E

The mechanisms leading to coexistence will have strong

impact on the shape of BDEF relationships (Mouquet et al.

2002). Chesson (2000) stressed that coexistence needs

stabilizing mechanisms and is enhanced by equalizing

mechanisms. The critical condition for stable coexistence

is that intraspecific competition is stronger than interspecific

competition. In his review on the maintenance of diversity,

stabilizing mechanisms increase the negative feedback of

intraspecific competition and can comprise a number of

factors such as trade-offs in resource use [trade-off in R*,

the minimal growth requirement for different elements

(Tilman 1982; Tilman et al. 1982)], mortality [trade-off in P*,

the ability to withstand and sustain predation (Holt et al.

1994)] as well as spatial or temporal fluctuations in

environment-trait relationships (Chesson 2000). Equalizing

mechanisms do not suffice to maintain coexistence, but can

promote coexistence by reducing fitness differences

between competing species and thus allowing for stronger

intra than interspecific regulation (Fig. 4a).

Traits which minimize niche overlap or equalize fitness

differences have thus a strong importance for coexistence.

Whether or not biodiversity alters ecosystem functioning

consequently depends on, whether this importance for

coexistence is correlated to the importance for function.

Thus, predicting diversity effects requires knowledge how

particular coexistence traits are related to effect traits in a

community (Fig. 4b). Negative, positive or neutral BDEF

relationships are possible depending on this correlation.

Because to date experimental tests of these correlations are

lacking, we will describe a few theoretical examples showing

that different coexistence mechanisms can lead to positive

or negative BDEF relationships.

Coexistence by trade-offs in R* leads to niche parti-

tioning and complementarity in resource use and hence to

a positive effect of coexistence trait diversity on resource

(a) (b)

Figure 4 Conceptual diagram on relationships between mechan-

isms of coexistence and effects of diversity on ecosystem

functions. (a) Conditions for coexistence according to Chesson

2000 and Chesson & Kuang 2008. Species potentially coexist when

their niche overlap is low or their fitness ratio tends towards one.

The more similar the niche requirement of two species here, the

more important is the absence of fitness differences. Grey arrows

symbolize equalizing or stabilizing mechanisms (sensu Chesson

2000) that minimize niche overlap or fitness differences. To these

mechanisms belong trade-offs in functional traits etc. The traits

allowing species x to invade a community including species a, b, c,

…, s are termed coexistence traits. (b) The BDEF relationship

depends on the correlation of the value a trait has for coexistence

and the value it has for the function (effect trait) in the community.

A positive correlation suggests that traits favouring coexistence

also favour the function under consideration, which will lead to a

positive BDEF relationship. If the traits important for coexistence

are not important for function, we expect a neutral BDEF

relationship.
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efficiency and productivity (Tilman et al. 1997) (Fig. 4b).

Here, the number of limiting resources defines the

maximum number of coexisting species (traits) and

the maximum function which can be performed by the

community. Similar predictions apply to coexistence via

regional niche partitioning. In metacommunities with

heterogeneous habitat patches (i.e. with patches represent-

ing different combinations of environmental variables

(Mouquet & Loreau 2002; Loreau et al. 2003; Mouquet &

Loreau 2003) trade-offs in R* result in regional niche

partitioning as long as all species can reach all patches by

sufficient dispersal (species sorting; Leibold 1998, Shurin

et al. 2004). Regional coexistence through species sorting

leads to a positive BDEF relationship through regional

complementarity because local resources across a region

are most efficiently used when local patches are dominated

by the best adapted species and thus the match between

species� traits and the environments are maximized

(Mouquet et al. 2002).

However, coexistence of more species than limiting

resources can potentially implicate a negative BDEF

relationship. Metacommunity models predict that dispersal

between communities leads to added diversity beyond the

level possible by resource competition. Such spatial dynam-

ics maintain locally inferior competitors with good dispersal

abilities which otherwise would not sufficiently grow and

reproduce under the given local conditions. These inferior

species weaken local dominance by altering local species�
resource use efficiency (Amarasekare & Nisbet 2001; Loreau

et al. 2003; Mouquet & Loreau 2003). Here, distraction of

resources from the superior species leads to a negative

relationship between diversity and community productivity

(Mouquet et al. 2002).

Also coexistence by trade-offs between R* and P*

(Chesson & Kuang 2008) might lead to lower productivity

if traits leading to high P* reduce resource use efficiency.

Conversely, aspects of stability (resilience or resistance) may

require traits which are not correlated to R* or P*,

preventing significant biodiversity – function relationships.

Thus, both the mechanism stabilizing coexistence and the

function under consideration can potentially lead to negative

or positive BDEF relationships.

S P E C I E S E X T I N C T I O N A N D G L O B A L C H A N G E

Changes in biodiversity are only one aspect of global

change. Human domination of ecosystems has changed

among others the overall availability and stoichiometry of

elements, the size and connectivity of habitats, the

atmospheric CO2 concentration, and the mean and vari-

ability of temperature and precipitation. These changes alter

both stabilizing and equalizing mechanisms maintaining

diversity and thus indirectly affect ecosystem functioning,

but they also directly change ecosystem process rates and

states (Fig. 5a). To date an important question remains to be

answered: how strong are relative effect sizes of diversity on

ecosystem functioning compared to direct alterations of

ecosystem functioning by human mediated global change?

Using the increase in resource availability as an example,

some have argued that diversity has little role to play (Grace

et al. 2007), whereas others found that diversity significantly

mediated the way biomass production changed with

resource availability (Ptacnik et al. 2008; Cardinale et al.

2009a,b).

Suding et al. (2008) provided a highly valuable trait-based

framework allowing for general predictions paving the way

for experimental tests and modelling. The framework

connects response traits (i.e. species abundance responses

to environmental change), the relationship between

response and effect traits (Fig. 5b), and the consequential

altered sum of effect traits. The correlations between

response and effect traits will strongly influence how

changes in diversity caused by environmental change will

transform into changed community performance (Fig. 5b).

If response and effect traits are positively correlated the

model predicts a strong nonlinear decline in function

relative to random extinctions. That means response and

effect traits are the same and the best performing species are

also the ones most likely to go extinct in response to

environmental change which in turn leads to abrupt loss of

functioning (Fig. 5b). Compensation for the loss of effect

traits in this scenario is unlikely because the remaining

Figure 5 Graphical representation of effects of anthropogenic

environmental change and biodiversity loss on ecosystem functions

(a). The importance and sign of the indirect pathways depend on

the correlation between response traits and effect traits (Suding

et al. 2008). If species responding strongly to environmental change

are also those driving functions, we see a strong negative effect of

diversity change (b). Thus, BDEF relationships are able to modify

functional changes as a consequence of environmental changes (c).
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species perform worse. In contrast, if the correlation is

negative, i.e. the worse performing species are prone to

extinction, small loss of community functioning relative to

random extinction scenarios is expected. If response and

effect traits are uncorrelated the community might be able

to compensate for the loss of effect traits (see related

concept of response diversity, Elmqvist et al. 2003). Here,

the different effect traits are evenly distributed across all

response traits and thus remain available in the community.

Thus, different correlations between response and effect

traits from positive to negative will strongly influence how

changes in diversity caused by environmental change will

transform into changed community performance (Suding

et al. 2008). The relationship between effect and response

traits allows presenting a conceptual framework to under-

stand the relative role in ecosystems� responses to global

change. For example, humans alter the overall availability of

elements important for primary production (Vitousek et al.

1997). Higher availability of resources will lead to higher

primary production but will also alter species richness and

dominance (Hillebrand et al. 2007). Depending on the

efficiency of conversion of nutrients into biomass produc-

tion, a maximum attainable (optimal conversion) and a

minimum (worst conversion) productivity can be defined

(Fig. 5c). With increasing resource supply, both maximum

and minimum productivity increase. The simultaneous

alteration of diversity changes the probability of attaining

the maximum (or minimum) function, depending on the

correlation of response and effect traits. Thus, the realized

productivity should depend on an interaction between direct

effects of resource supply on the maximum attainable

production and the presence of functional traits determining

both the response to increase resource supply and the

resource use efficiency.

We expect the relative contribution of changed diversity

to become high when response and effect functional traits

are positively correlated, i.e., when species with high

resource use efficiency will be lost first due to increasing

resource availability, because the remaining species do not

add much to the sum of effect traits (function). In the case

of a negative correlation, we expect the relative contribution

of diversity to be lower because the good performing

species remain in the community even though diversity

declines.

The relative effect sizes of indirect (via diversity) vs. direct

(via abiotic constraints) effects on ecosystem functioning

in a rapidly changing world remain to be evaluated. Our

conceptual diagrams only indicate that the realized response

to global change involve both components. Especially at the

edges of gradients (warm temperatures, extreme stoichiom-

etry, low pH), where immigration from a differently adapted

species pool is not possible, the loss of species may have

strong consequences in natural systems.

C O N C L U S I O N S

Many of the aspects dealt with in our review have been

addressed in previous original research papers and reviews

(Loreau et al. 2001; Mouquet et al. 2002; Hooper et al.

2005; Petchey & Gaston 2006; Suding et al. 2008). Our

review is not novel in that it views BDEF research from

a different angle, but by pulling together information

from different aspects of ecology, including trait-based

approaches, coexistence and metacommunity theory, and

global change biology. It has been our intention to answer

the question, what kind of information we need to

successfully predict consequences of changing biodiversity

in real ecosystems (see Duffy 2009 for similar arguments).

This kind of information is essential to provide ecologists

with the tool to transfer BDEF knowledge into conser-

vation biology and ecosystem management (Srivastava &

Vellend 2005). We summarize our conclusions in five

theses.

(1) In a world based on traits and trait-based coexistence,

changes in diversity will eventually have an effect on

process rates and state variables in ecosystems.

(2) Such BDEF relationships are not general; instead, the

shape of the relationships depends on the match

between coexistence traits and effect traits.

(3) Most BDEF relationships mechanistically rely on trait

differences. In order to retrieve reliable estimates of the

magnitude of BDEF, empirical studies have to com-

prise environments comprising the complexity to allow

for these trait differences to play out.

(4) Biodiversity effects may be stronger than estimated until

now if different aspects of multifunctionality are

acknowledged, including that different species drive

different functions (trade-off between effect traits for

different process rates and state variable) and that

different species drive a certain function under different

environmental conditions assuming environmental het-

erogeneity in space or time (compositional turnover).

Both aspects potentially increase functional turnover.

(5) An empirically unresolved central question is how

important diversity effects are in comparison to direct

effects of globally changing constraints of ecosystems.
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diversity matters to ecosystem processes. Trends Ecol. Evol., 16,

646–655.

Diaz, S., Lavorel, S., De Bello, F., Quetier, F., Grigulis, K. &

Robson, T.M. (2007). Incorporating plant functional diversity

effects in ecosystem service assessments. Proc. Natl. Acad. Sci.

USA, 104, 20684–20689.

Doak, D.F., Bigger, D., Harding, E.K., Marvier, M.A., O� Malley,

R.E. & Thomson, D. (1998). The statistical inevitability of sta-

bility-diversity relationships in community ecology. Am. Nat.,

151, 264–276.

Douglass, J.G., Duffy, J.E. & Bruno, J.F. (2008). Herbivore and

predator diversity interactively affect ecosystem properties in an

experimental marine community. Ecol. Lett., 11, 598–608.

Downing, A.L., Brown, B.L., Perrin, E.M., Keitt, T.H. & Leibold,

M.A. (2008). Environmental fluctuactions induce scale-depen-

dent compensation and increase stability in plankton ecosys-

tems. Ecology, 89, 3204–3214.

Duffy, J.E. (2002). Biodiversity and ecosystem function: the con-

sumer connection. Oikos, 99, 201–219.

Duffy, J.E. (2003). Biodiversity loss, trophic skew and ecosystem

functioning. Ecol. Lett., 6, 680–687.

Duffy, J.E. (2009). Why biodiversity is important to the functioning

of real-world ecosystems. Front. Ecol. Environ., 7, 437–444.

Duffy, J.E., Carinale, B.J., France, K.E., McIntyre, P.B., Thebault,

E. & Loreau, M. (2007). The functional role of biodiversity in

ecosystems: incorporating trophic complexity. Ecol. Lett., 10,

522–538.

Ehlers, A., Worm, B. & Reusch, T.B.H. (2008). Importance of

genetic diversity in eelgrass Zostera marina for its resilience to

global warming. Mar. Ecol.-Prog. Ser., 355, 1–7.

12 H. Hillebrand and B. Matthiessen Review and Synthesis

� 2009 Blackwell Publishing Ltd/CNRS



Elmqvist, T., Folke, C., Nyström, M., Peterson, G., Bengtsson, J.,

Walker, B. et al. (2003). Response diversity, ecosystem change,

and resilience. Front. Ecol. Environ., 1, 488–494.

Emmerson, M.C., Solan, M., Emes, C., Paterson, D.M. & Raffaelli,

D. (2001). Consistent patterns and the idiosyncratic effects of

biodiversity in marine ecosystems. Nature, 411, 73–77.

Finke, D.L. & Denno, R.F. (2005). Predator diversity and the

functioning of ecosystems: the role of intraguild predation in

dampening trophic cascades. Ecol. Lett., 8, 1299–1306.

Finke, D.L. & Snyder, W.E. (2008). Niche partitioning increases

resource exploitation by diverse communities. Science, 321, 1488–

1490.

Fontaine, C., Dajoz, I., Meriguet, J. & Loreau, M. (2006). Func-

tional diversity of plant-pollinator interaction webs enhances the

persistence of plant communities. PLoS Biol., 4, 129–135.

Fox, J.W. & Harpole, W.S. (2008). Revealing how species loss

affects ecosystem function: the trait-based price equation parti-

tion. Ecology, 89, 269–279.

France, K.E. & Duffy, J.E. (2006). Diversity and dispersal inter-

actively affect predictability of ecosystem function. Nature, 441,

1139–1143.

Fukami, T. & Morin, P.J. (2003). Productivity-biodiversity rela-

tionships depend on the history of community assembly. Nature,

424, 423–426.

Gamfeldt, L. & Hillebrand, H. (2008). Biodiversity effects on

aquatic ecosystem functioning – maturation of a new paradigm.

Int. Rev. Hydrobiol., 93, 550–564.

Gamfeldt, L., Hillebrand, H. & Jonsson, P.R. (2005a). Species

richness changes across two trophic levels simultaneously affect

prey and consumer biomass. Ecol. Lett., 8, 696–703.

Gamfeldt, L., Wallen, J., Jonsson, P.R., Berntsson, K.M. & Haven-

hand, J.N. (2005b). Increasing intraspecific diversity enhances

settling success in a marine invertebrate. Ecology, 86, 3219–3224.

Gamfeldt, L., Hillebrand, H. & Jonsson, P.R. (2008). Multiple

functions increase the importance of biodiversity for overall

ecosystem functioning. Ecology, 89, 1223–1231.

Giller, P.S., Hillebrand, H., Berninger, U.G., Gessner, M.O.,

Hawkins, S., Inchausti, P. et al. (2004). Biodiversity effects on

ecosystem functioning: emerging issues and their experimental

test in aquatic environments. Oikos, 104, 423–436.

Grace, J.B., Anderson, T.M., Smith, M.D., Seabloom, E., Andel-

man, S.J., Meche, G. et al. (2007). Does species diversity limit

productivity in natural grassland communities? Ecol. Lett., 10,

680–689.

Griffin, J.N., Mendez, V., Johnson, A.F., Jenkins, S.R. & Foggo,

A. (2009). Functional diversity predicts overyielding effect of

species combination on primary productivity. Oikos, 118, 37–

44.

Grime, J.P. (1997). Biodiversity and ecosystem function: the debate

deepens. Science, 277, 1260–1261.

Grime, J.P. (1998). Benefits of plant diversity to ecosystems:

immediate, filter and founder effects. J. Ecol., 86, 902–910.

Hector, A. & Bagchi, R. (2007). Biodiversity and ecosystem mul-

tifunctionality. Nature, 448, 188–190.

Heemsbergen, D.A., Berg, M.P., Loreau, M., van Haj, J.R., Faber,

J.H. & Verhoef, H.A. (2004). Biodiversity effects on soil pro-

cesses explained by interspecific functional dissimilarity. Science,

306, 1019–1020.

Hillebrand, H. & Shurin, J.B. (2005). Biodiversity and aquatic food

webs. In: Aquatic Food Webs – an Ecosystem Approach (eds Belgr-

ano, A., Scharler, U.M., Dunne, J. & Ulanowicz, R.E.). Oxford

University Press, Oxford, UK, pp. 184–197.

Hillebrand, H., Gruner, D.S., Borer, E.T., Bracken, M.E.S., Cle-

land, E.E., Elser, J.J. et al. (2007). Consumer versus resource

control of producer diversity depends on ecosystem type and

producer community structure. Proc. Natl. Acad. Sci. USA, 104,

10904–10909.

Hillebrand, H., Bennett, D.M. & Cadotte, M.W. (2008). Conse-

quences of dominance: a review of evenness effects on local and

regional ecosystem processes. Ecology, 89, 1510–1520.

Holt, R.D., Grover, J. & Tilman, D. (1994). Simple rules for

interspecific dominance in systems with exploitative and

apparent competition. Am. Nat., 144, 741–771.

Hooper, D.U., Solan, M., Symstad, A., Diaz, A., Gessner, M.O.,

Buchman, N. et al. (2002). Species diversity, functional diversity,

and ecosystem functioning. In: Biodiversity and Ecosystem Func-

tioning (eds Loreau, M., Naeem, S. & Inchausti, P.). Oxford

University Press, Oxford, UK, pp. 195–208.

Hooper, D.U., Chapin, F.S., Ewel, J.J., Hector, A., Inchausti, P.,

Lavorel, S. et al. (2005). Effects of biodiversity on ecosystem

functioning: a consensus of current knowledge. Ecol. Monogr., 75,

3–35.

Hubbell, S.P. (2001). The Unified Neutral Theory of Biodiversity and

Biogeography. Princeton University Press, Princeton.

Huston, M.A. (1997). Hidden treatments in ecological experiments:

re-evaluating the ecosystem function of biodiversity. Oecologia,

110, 449–460.

Huston, M.A. & McBride, A.C. (2002). Evaluating the relative

strengths of biotic versus abiotic controls in ecosystem pro-

cesses. In: Biodiversity and Ecosystem Functioning (eds Loreau, M.,

Naeem, S. & Inchausti, P.). Oxford University Press, Oxford,

UK, pp. 47–60.

Korhonen, J.J., Soininen, J. & Hillebrand, H. (in press) A quanti-

tative analysis of temporal turnover in aquatic species assem-

blages across ecosystems. Ecology.

Leibold, M.A. (1998). Similarity and local coexistence of species in

regional biotas. Evol. Ecol., 12, 95–110.

Litchman, E. & Klausmeier, C.A. (2008). Trait-based community

ecology of phytoplankton. Ann. Rev. Ecol. Evol. Syst., 39, 615–

639.

Litchman, E., Klausmeier, C.A., Schofield, O.M. & Falkowski, P.G.

(2007). The role of functional traits and trade-offs in structuring

phytoplankton communities: scaling from cellular to ecosystem

level. Ecol. Lett., 10, 1170–1181.

Loreau, M. (1998). Biodiversity and ecosystem functioning: a

mechanistic model. Proc. Natl. Acad. Sci. USA, 95, 5632–5636.

Loreau, M. & Hector, A. (2001). Partitioning selection and com-

plementarity in biodiversity experiments. Nature, 412, 72–76.

Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J.P.,

Hector, A. et al. (2001). Biodiversity and ecosystem functioning:

current knowledge and future challenges. Science, 294, 804–808.

Loreau, M., Mouquet, N. & Gonzalez, A. (2003). Biodiversity as

spatial insurance in heterogeneous landscapes. Proc. Natl. Acad.

Sci. USA, 100, 12765–12770.

Matthiessen, B. & Hillebrand, H. (2006). Dispersal frequency

affects local biomass production by controlling local diversity.

Ecol. Lett., 9, 652–662.

Matthiessen, B., Gamfeldt, L., Jonsson, P.R. & Hillebrand, H.

(2007). Effects of grazer richness and composition on algal bio-

mass in a closed and open marine system. Ecology, 88, 178–187.

Review and Synthesis Consolidation and progress in BDEF research 13

� 2009 Blackwell Publishing Ltd/CNRS



McKinney, M.L. & Lockwood, J.L. (1999). Biotic homogenization:

a few winners replacing many losers in the next mass extinction.

Trends Ecol. Evol., 14, 450–453.

McNaughton, S.J. (1993) Biodiversity and function of grazing

ecosystems. In: Biodiversity and Ecosystem Function (eds. Schulze,

E.D. & Mooney, H.A.). Springer Verlag Berlin (D), pp. 361–383.

Mokany, K., Ash, J. & Roxburgh, S. (2008). Functional identity is

more important than diversity in influencing ecosystem pro-

cesses in a temperate native grassland. J. Ecol., 96, 884–893.

Mouillot, D., Mason, W.H.N., Dumay, O. & Wilson, J.B. (2005).

Functional regularity: a neglected aspect of functional diversity.

Oecologia, 142, 353–359.

Mouquet, N. & Loreau, M. (2002). Coexistence in metacom-

munities: the regional similarity hypothesis. Am. Nat., 159,

420–426.

Mouquet, N. & Loreau, M. (2003). Community patterns in source-

sink metacommunities. Am. Nat., 162, 544–557.

Mouquet, N., Moore, J.L. & Loreau, M. (2002). Plant species

richness and community productivity: why the mechanism that

promotes coexistence matters. Ecol. Lett., 5, 56–65.

Naeem, S. (2002). Ecosystem consequences of biodiversity loss:

the evolution of a paradigm. Ecology, 83, 1537–1552.

Naeem, S., Thompson, L.J., Lawler, S.P., Lawton, J.H. & Woodfin,

R.M. (1994). Declining biodiversity can alter the performance of

ecosystems. Nature, 368, 734–737.

Naeem, S., Loreau, M. & Inchausti, P. (2002). Biodiversity and

ecosystem functioning: the emergence of a synthetic ecological

framework. In: Biodiversity and Ecosystem Functioning (eds Loreau,

M., Naeem, S. & Inchausti, P.). Oxford University Press,

Oxford, UK, pp. 3–11.

Naeslund, B. & Norberg, J. (2006). Ecosystem consequences of the

regional species pool. Oikos, 115, 504–512.

Norberg, J., Swaney, D.P., Dushoff, J., Lin, J., Casagrandi, R. &

Levin, S.A. (2001). Phenotypic diversity and ecosystem func-

tioning in changing environments: a theoretical framework. Proc.

Natl. Acad. Sci. USA, 98, 11376–11381.

Otto, S.B., Berlow, E.L., Rank, N.E., Smiley, J. & Brose, U. (2008).

Predator diversity and identity drive interaction strength and

trophic cascades in a food web. Ecology, 89, 134–144.

Petchey, O.L. & Gaston, K.J. (2002). Functional diversity (FD),

species richness and community composition. Ecol. Lett., 5, 402–

411.

Petchey, O.L. & Gaston, K.J. (2006). Functional diversity: back to

basics and looking forward. Ecol. Lett., 9, 741–758.

Poos, M.S., Walker, S.C. & Jackson, D.A. (2009). Functional-

diversity indices can be driven by methodological choices and

species richness. Ecology, 90, 341–347.

Ptacnik, R., Solimini, A.G., Andersen, T., Tamminen, T., Brettum,

P., Lepisto, L. et al. (2008). Diversity predicts stability and

resource use efficiency in natural phytoplankton communities.

Proc. Natl. Acad. Sci. USA, 105, 5134–5138.

Reiss, J., Bridle, J.R., Montoya, J.M. & Woodward, G. (2009).

Emerging horizons in biodiversity and ecosystem functioning

research. Trends Ecol. Evol., 24, 505–514.

Reusch, T.B.H., Ehlers, A., Hammerli, A. & Worm, B. (2005).

Ecosystem recovery after climatic extremes enhanced by geno-

typic diversity. Proc. Natl. Acad. Sci. USA, 102, 2826–2831.

van Ruijven, J. & Berendse, F. (2009). Long-term persistence of a

positive plant diversity-productivity relationship in the absence

of legumes. Oikos, 118, 101–106.

Schulze, E.D. & Mooney, H.A. (eds) (1993). Biodiversity and

Ecosystem Function. Springer Verlag, Berlin.

Shunn, J.B., Amarasekare, P., Chase, J.M., Holt, R.D., Hoopes,

M.F. & Leibold, M.A. (2004). Alternative stable states and

regional community structure. J. Theor. Biol., 227, 359–368.

Soininen, J., McDonald, R. & Hillebrand, H. (2007). The distance

decay of similarity in ecological communities. Ecography, 30,

3–12.

Srivastava, D.S. & Vellend, M. (2005). Biodiversity ecosystem

function research: is it relevant to conservation? Ann. Rev. Ecol.

Evol. Syst., 36, 267–294.

Srivastava, D.S., Cardinale, B.J., Downing, A.L., Duffy, J.E.,

Jouseau, C., Sankaran, M. et al. (2009). Diversity has stronger

top-down than bottom-up effects on decomposition. Ecology, 90,

1073–1083.

Stachowicz, J.J., Bruno, J.F. & Duffy, J.E. (2007). Understanding

the effects of marine biodiversity on communities and ecosys-

tems. Ann. Rev. Ecol. Evol. Syst., 38, 739–766.

Stachowicz, J.J., Best, R.J., Bracken, M.E.S. & Graham, M. (2008).

Complementarity in marine biodiversity manipulations: recon-

ciling divergent evidence from field and mesocosm experiments.

Proc. Natl. Acad. Sci. USA, 105, 18842–18847.

Suding, K.N., Lavorel, S., Chapin, F.S., Cornelissen, J.H.C., Diaz,

S., Garnier, E. et al. (2008). Scaling environmental change

through the community-level: a trait-based response-and-effect

framework for plants. Glob. Change Biol., 14, 1125–1140.

Thebault, E. & Loreau, M. (2003). Food-web constraints on bio-

diversity-ecosystem functioning relationships. Proc. Natl. Acad.

Sci. USA, 100, 14949–14954.

Thebault, E. & Loreau, M. (2005). Trophic interactions and the

relationship between species diversity and ecosystem stability.

Am. Nat., 166, E95–E114.

Thein, S., Roscher, C. & Schulze, E.D. (2008). Effects of trait

plasticity on aboveground biomass production depend on

species identity in experimental grasslands. Basic Appl. Ecol., 9,

475–484.

Tilman, D. (1982). Resource Competition and Community Structure.

Princeton University Press, Princeton, NJ.

Tilman, D. & Downing, J.A. (1994). Biodiversity and stability in

grasslands. Nature, 367, 363–365.

Tilman, D., Kilham, P. & Kilham, S.S. (1982). Phytoplankton

community ecology: the role of limiting nutrients. Annu. Rev.

Ecol. Syst., 13, 349–372.

Tilman, D., Lehman, C.L. & Thomson, K.T. (1997). Plant diversity

and ecosystem productivity: theoretical considerations. Proc.

Natl. Acad. Sci. USA, 94, 1857–1861.

Tilman, D., Reich, P.B. & Knops, J.M.H. (2006). Biodiversity and

ecosystem stability in a decade-long grassland experiment. Nat-

ure, 441, 629–632.

Tiunov, A.V. & Scheu, S. (2005). Facilitative interactions rather

than resource partitioning drive diversity-functioning relation-

ships in laboratory fungal communities. Ecol. Lett., 8, 618–625.

Trenbath, B.R. (1974). Biomass productivity of mixtures. Adv.

Agron., 26, 177–210.

Tylianakis, J.M., Rand, T.A., Kahmen, A., Klein, A.M., Buchmann,

N., Perner, J. et al. (2008). Resource heterogeneity moderates the

biodiversity-function relationship in real world ecosystems. PLoS

Biol., 6, 947–956.

Venail, P.A., MacLean, R.C., Bouvier, T., Brockhurst, M.A.,

Hochberg, M.E. & Mouquet, N. (2008). Diversity and

14 H. Hillebrand and B. Matthiessen Review and Synthesis

� 2009 Blackwell Publishing Ltd/CNRS



productivity peak at intermediate dispersal rate in evolving

metacommunities. Nature, 452, 210–U57.

Vinebrooke, R.D., Cottingham, K.L., Norberg, J., Scheffer, M.,

Dodson, S.I., Maberly, S.C. et al. (2004). Impacts of multiple

stressors on biodiversity and ecosystem functioning: the role of

species co-tolerance. Oikos, 104, 451–457.

Violle, C., Navas, M.L., Vile, D., Kazakou, E., Fortunel, C.,

Hummel, I. et al. (2007). Let the concept of trait be functional!

Oikos, 116, 882–892.

Vitousek, P.M., Aber, J.D., Howarth, R.W., Likens, G.E., Matson,

P.A., Schindler, D.E. et al. (1997). Human alterations of the

global nitrogen cycle: sources and consequences. Ecol. Appl., 7,

737–750.

Wacker, L., Baudois, O., Eichenberger-Glinz, S. & Schmid, B.

(2008). Environmental heterogeneity increases complementarity

in experimental grassland communities. Basic Appl. Ecol., 9, 467–

474.

Wacker, L., Baudois, O., Eichenberger-Glinz, S. & Schmid, B.

(2009). Diversity effects in early- and mid-successional species

pools along a nitrogen gradient. Ecology, 90, 637–648.

Wardle, D.A., Bonner, K.I. & Nicholson, K.S. (1997). Biodiversity

and plant litter: experimental evidence which does not support

the view that enhanced species richness improves ecosystem

function. Oikos, 79, 247–258.

Weigelt, A., Schumacher, J., Roscher, C. & Schmid, B. (2008). Does

biodiversity increase spatial stability in plant community bio-

mass? Ecol. Lett., 11, 338–347.

Weis, J.J., Cardinale, B.J., Forshay, K.J. & Ives, A.R. (2007). Effects

of species diversity on community biomass production change

over the course of succession. Ecology, 88, 929–939.

Weis, J.J., Madrigal, D.S. & Cardinale, B.J. (2008). Effects of algal

diversity on the production of biomass in homogeneous and

heterogeneous nutrient environments: a microcosm experiment.

PLoS ONE, 3, e2825.

Wilsey, B.J., Chalcraft, D.R., Bowles, C.M. & Willig, M.R. (2005).

Relationships among indices suggest that richness is an incom-

plete surrogate for grassland biodiversity. Ecology, 86, 1178–1184.

Wittebolle, L., Marzorati, M., Clement, L., Balloi, A., Daffonchio,

D., Heylen, K. et al. (2009). Initial community evenness favours

functionality under selective stress. Nature, 458, 623–626.

Worm, B., Barbier, E.B., Beaumont, N., Duffy, J.E., Folke, C.,

Halpern, B.S. et al. (2006). Impacts of biodiversity loss on ocean

ecosystem services. Science, 314, 787–790.

Wright, J.P., Naeem, S., Hector, A., Lehman, C., Reich, P.B.,

Schmid, B. et al. (2006). Conventional functional classification

schemes underestimate the relationship with ecosystem func-

tioning. Ecol. Lett., 9, 111–120.

Editor, Jonathan Chase

Manuscript received 15 May 2009

First decision made 27 June 2009

Manuscript accepted 27 August 2009

Review and Synthesis Consolidation and progress in BDEF research 15

� 2009 Blackwell Publishing Ltd/CNRS




