
rspb.royalsocietypublishing.org
Review
Cite this article: Turnbull LA, Isbell F, Purves

DW, Loreau M, Hector A. 2016 Understanding

the value of plant diversity for ecosystem

functioning through niche theory. Proc. R. Soc.

B 283: 20160536.

http://dx.doi.org/10.1098/rspb.2016.0536
Received: 8 March 2016

Accepted: 19 September 2016
Subject Areas:
ecology

Keywords:
biodiversity, ecosystem functioning, niche,

coexistence, value, ecosystem services
Author for correspondence:
Lindsay A. Turnbull

e-mail: lindsay.turnbull@plants.ox.ac.uk
One contribution to a special feature ‘The value

of biodiversity in the Anthropocene’.
& 2016 The Author(s) Published by the Royal Society. All rights reserved.
Understanding the value of plant diversity
for ecosystem functioning through
niche theory

Lindsay A. Turnbull1, Forest Isbell2, Drew W. Purves3, Michel Loreau4

and Andy Hector1

1Department of Plant Sciences, University of Oxford, Oxford OX1 3RB, UK
2Department of Ecology, Evolution and Behavior, University of Minnesota, Minneapolis, MN 55108, USA
3Google Deepmind, 6 Pancras Square, London N1C 4AG, UK
4Centre for Biodiversity Theory and Modelling, Theoretical and Experimental Ecology Station, CNRS and
Paul Sabatier University, 09200 Moulis, France

LAT, 0000-0002-8035-2879; AH, 0000-0002-1309-7716

Biodiversity experiments have generated robust empirical results supporting

the hypothesis that ecosystems function better when they contain more species.

Given that ecosystems provide services that are valued by humans, this inevi-

tably suggests that the loss of species from natural ecosystems could diminish

their value. This raises two important questions. First, will experimental results

translate into the real world, where species are being lost at an alarming rate?

And second, what are the benefits and pitfalls of such valuation exercises?

We argue that the empirical results obtained in experiments are entirely consist-

ent with well-established theories of species coexistence. We then examine the

current body of work through the lens of niche theory and highlight where

closer links with theory could open up opportunities for future research. We

argue that niche theory predicts that diversity–functioning relationships are

likely to be stronger (and require more species) in the field than in simplified

experimental settings. However, we caution that while many of the biological

processes that promote coexistence can also generate diversity–function

relationships, there is no simple mapping between the two. This implies that

valuation exercises need to proceed with care.
1. Introduction
The ongoing loss of biodiversity [1] has prompted ecologists to investigate the

role of species in ecosystems in much the same way as molecular biologists

investigate how individual genes affect the functioning of organisms. Molecular

biologists often create ‘knock-out mutants’—individuals that lack a gene of

interest—and compare their structure and function with the respective wild-

type [2]. Losing a gene can have major, sometimes fatal, consequences for the

functioning of the organism; but genomes have also evolved redundancy, in

which there is total or partial compensation for the ‘lost’ gene and phenotypic

effects are minimized [3].

Over the past 20 years, ecologists have begun to investigate the role of

species in ecosystems in a similar way. Biodiversity experiments measure the

functioning of experimental ecological communities from which chosen species

have been deliberately left out. Ecosystem functioning is used as a collective

term for various biogeochemical processes, including stocks and flows of

both energy and matter. These include processes familiar to ecosystems ecolo-

gists such as biomass production and the cycling of elements (nutrients) and

water. The ecosystems used in these experiments have mostly been commu-

nities of grasses and herbaceous plants (but more recently forests, marine and

freshwater ecosystems) owing to the relative ease of manipulating diversity

and in measuring the response of different aspects of functioning.
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Figure 1. Competitive divergence creates niches and the presence of niches has two major ecological consequences. First, niches create stabilizing forces that lead to
coexistence. Second, the presence of niches makes it highly likely that ecosystem functioning will be enhanced when more species are present, owing to better
coverage of the niche space. Thus, the services delivered by ecosystems are likely to be diversity-dependent, as is the value that we place on ecosystems. However,
the precise mapping between species, ecosystem functioning, services and value is likely to be complex.
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Currently, we do not know enough about complex natu-

ral systems to understand how they function in detail (for

example, the global carbon cycle is still not fully understood

[4]). It is also unclear whether, and to what degree, evolution

may act on ecosystem processes directly. Theory predicts that

ecosystem-level selection, if it exists, should be relatively

weak [5] and currently, we are not aware of any evidence

that ecosystems have been selected to maximize any particu-

lar process or function (like productivity). However, we do

know that natural ecosystems inadvertently contribute to

the regulation of the biosphere in many ways that are ben-

eficial to humans via the so-called ecosystem services [6,7].

Examples include the provision of clean air and water,

and regulation of the climate. Somewhat contentiously,

ecosystems have therefore been assigned monetary value [8].

However, ecosystems depend on the organisms within

them. Over the past quarter century, biodiversity experiments

have revealed that communities with fewer species generally

function less efficiently [5,7,9–11]. This literature is now large

and has been well synthesized, including several detailed

meta-analyses [12,13]. Net primary productivity (or a surro-

gate variable) is one of the most widely examined response

variables because it is easy to measure and is an energy bottle-

neck for organisms at higher trophic levels. Although the

diversity dependence of functions varies among systems, and

depends on which species are lost, the overwhelming majority

of studies show that loss of species will decrease ecosystem

functioning [12,13]. The shape of the relationship between

diversity and functioning is often decelerating, although this

is not always the case [14], particularly in long-term studies

[15]. Hence the on-going loss of biodiversity is predicted to

have increasingly negative impacts on ecosystem functioning.

While relatively few species may be required to support a

particular function—at least in the short term—different func-

tions generally require different species. This has led to the

concept of ecosystem multi-functionality [16–21]. In general,

studies have found that the more functions they consider, the

greater the number of species that play a functionally impor-

tant role. Similarly, if functions are measured over a wider

range of environmental conditions or over a longer period of

time then a greater number of species are shown to play a

role [17,22]. The relationship between diversity and stability

has been studied since at least the 1950s, when the focus

tended to be on the stability of community composition and

structure rather than the associated ecosystem functions

[23,24]. More recently, the field of ecosystem functioning has

focused on measures of long-term temporal stability (e.g. the
coefficient of variation of biomass production over time) and

measures of resistance to, and recovery from (resilience),

large perturbations such as extreme climatic events. Biodiver-

sity experiments often show that year-to-year stability of

biomass production increases with diversity [25–27]. Diversity

can also increase the resistance of ecosystem productivity to

climatic extremes [28].

If ecosystems have value because they provide services to

humans and ecosystems function better when they contain

more species, then the loss of species could diminish the

value of ecosystems. This raises two important questions.

First, can we ever hope to know the precise nature of the

relationships between species, ecosystem functioning, services

and value in the real world (figure 1)? Second, is it sensible or

desirable to value species in such a narrow way? To answer

the first question, we suggest that niche theory provides a

strong theoretical framework for understanding relationships

between species and ecosystem functioning, which can

(among other things) help us to decide how widely we can

apply lessons learned in experiments to the real world. To

answer the second question, we briefly review the merits and

perils of valuation systems.
2. Niche theory
Niche theory is the centre of gravity of community ecology.

Niche theory states that guilds of competing species will

diverge, leading to reduced niche overlap [29], otherwise all

but one of them will be driven extinct (the competitive exclu-

sion principle). This means that we expect, a priori, that

species will not only look different in ways that enable us

to easily identify them, but that they will be ecologically

different in ways that are functionally important. Indeed,

Darwin [30,31] recognized this consequence of his principle

of divergence [32]. The ubiquity of ecological niches

provides a general explanation for the positive relationship

between diversity and functioning: through competitive

divergence each species only covers some part of the total

niche space available in a community [33].

In traditional theory, the niche space is defined by a number

of niche axes, but in practice these are difficult to measure,

especially for plants. One scheme [34] distinguishes niche

axes that relate to: (i) resources (that decrease when the abun-

dance of focal organisms increases); (ii) natural enemies (that

increase as the abundance of focal organisms increases) and

(iii) abiotic ‘stress’ factors (that neither increase nor decrease



rspb.royalsocietypublishing.org
Proc.R.Soc.B

283:20160536

3
as the abundance of focal organisms changes). Thus, species

might differ in how they use resources, in their resistance to

different natural enemies and in their response to abiotic con-

ditions. Of course many species are highly plastic, especially

plants. When competitors are removed, the remaining species

might expand their niche space (fundamental versus realized

niches)—which probably explains the nonlinear response to

diversity loss. However, we would still expect a loss of function,

through a loss of efficiency. Species generally outcompete

others because they are ‘better’ at using the resource in question.

Hence, the impacts of species loss are reduced by plasticity, but

they are not removed entirely.

A recent re-framing of niche theory provides a more explicit

way in which the field of biodiversity research could poten-

tially be linked with coexistence theory. Chesson suggested

that we could understand the coexistence of species by identi-

fying and distinguishing between equalizing and stabilizing

forces [35]. Species differences affect both of these forces [36].

On the one hand, differences between species can lead to differ-

ences in fitness, which can lead to competitive exclusion. But,

differences between species inevitably arise as they evolve

into different niches, providing a stabilizing force. Coexistence

occurs when the differences between species lead to stabilizing

forces that are strong enough to overcome fitness differences

[37]. The larger the fitness differences, the larger the stabilizing

forces needed to offset them. Small differences between species

can lead to small fitness differences requiring only weak

stabilizing forces to ensure coexistence.

There are potential parallels between the Chesson scheme

for coexistence and the additive partitioning method that is

commonly applied to biodiversity experiments [38]. The

additive partition defines a net biodiversity effect and splits

it into selection and complementarity effects. The selection

effect quantifies the covariance between monoculture yields

and relative performance in mixture. Positive selection effects

indicate that high-yielding species dominate mixtures and

negative selection effects indicate the reverse. The comple-

mentarity effect (or overyielding) is positive when increases

in the relative yields of some species are not exactly compen-

sated by decreases in others and is commonly interpreted as

evidence for complementarity, for example, with regard to

resource use, natural enemy impacts or other diversity-

dependent factors. Unfortunately, however, there is no

one-to-one mapping between the two schemes [39–41]. Selec-

tion and complementarity effects are influenced by both

fitness differences and niche differences.

While a formal one-to-one mapping between coexistence

theory and the field of biodiversity and ecosystem functioning

research may not be possible, the two areas of research are

highly interrelated and should draw more strength from each

other. In the following section, we highlight how niche

theory in its broadest sense can help to inform current results

from biodiversity experiments and illuminate how the lessons

learned using experimental platforms are likely to apply in the

real world.
3. Understanding biodiversity experiments
through niche theory

In this section, we focus on three key results from biodiversity

experiments: biomass overyielding, ecosystem multi-functionality

and temporal stability. In each case, we demonstrate how niche
theory can help us to better understand these results. We also

highlight where confusion remains and indicate potential

directions for future research.

Community overyielding occurs when increases in the rela-

tive yields of species that are doing better than expected in

mixture (based on monoculture yields and planted pro-

portions) are not perfectly compensated by concomitant

declines in the relative yields of their competitors [38]. In the

context of niche theory, Vandermeer [42] and Loreau [5,43]

have shown that this is directly analogous to the reduction of

interspecific relative to intraspecific competition that is necess-

ary for coexistence of species within the Lotka–Volterra

framework. There are a number of ways in which this can

come about. The interpretation of the earliest biodiversity

experiments often focused on differential use of resources:

resource-use complementarity. Different functional groups

and species of plants have been shown to be complementary

in their use of a range of resources, including the form of

nitrogen, water and light [44–46]. Hence, resource-use comple-

mentarity seen in biodiversity experiments is generally

consistent with resource-based theories of coexistence [33,47].

However, we have previously shown that complementarity

effects can arise even when stabilizing forces are insufficient for

long-term coexistence [39]. The development of better methods

for assessing the evidence for resource-use complementarity

and long-term coexistence in biodiversity experiments is an

important direction for future research [48].

Overyielding can also result from partitioning enemy-free

niche space [5]. For example, diversity can lead to overyield-

ing when pests and diseases have reduced incidence and

severity when species are grown in mixture [49]. The impacts

of pests and diseases in natural communities of plants are still

poorly known and there have been mixed results from bio-

diversity experiments [50–52]. But a higher incidence of

pests and diseases has been recorded in monocultures of

some species in forestry [53] and in agriculture [54,55] and

is one reason to favour the intercropping of different species.

We expect species in diverse communities to be less affected

by specialist pests and diseases because vulnerable hosts are

interspersed with species that are invulnerable (or at least less

vulnerable [56]). This might mean that specialist pests are less

able to effectively locate their hosts in mixtures (‘associational

resistance’) [57] or that pest and diseases achieve lower popu-

lation densities in mixtures (‘resource concentration effects’),

perhaps owing to reduced transmission rates. The higher

observed incidence of specialist pests and diseases in mono-

cultures and low-diversity ecosystems is well established in

community ecology, for example, through the so-called

Janzen–Connell effects [58,59] and negative soil feedbacks

[60]. Quantifying the role of natural enemies in diversity-

function experiments relative to resource partitioning and

abiotic factors would be an exciting future direction.

The link between niche theory and ecosystem multi-

functionality is inevitably more complex than the link to a

single ecosystem function such as productivity. One complexity

is that different ecosystem functions are rarely independent.

Instead, it is likely that in many cases pairs of functions are

positively or negatively correlated [18,19]. For example, across

monocultures drawn from a plant community we might

expect biomass to be negatively correlated with end-of-season

soil nutrient levels (if plants are equally efficient at convert-

ing nutrients into biomass). Surprisingly, these correlations

between functions are currently poorly explored (but see
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[20]). Niche theory predicts that negative correlations between

functions are expected to be widespread because of ecological

trade-offs (for example, between growth and defence [2]).

Competition is predicted to generate differences in traits

among species associated with ecological specialization and

hence with stabilization. But, constraints imposed by life-

history trade-offs ensure that not all trait combinations are

possible and differences are unlikely to have neutral conse-

quences for fitness [61]. Differences in traits therefore lead

to both fitness differences and niche differences. Many of

these traits also affect ecosystem functioning—hence they

are often termed functional traits [62]. Species can either be

assigned to discrete functional groups, or differences in trait

values can be used to calculate a continuous measure of func-

tional difference (FD, [63]) by analogy with phylogenetic

difference. Trait-based approaches have identified how the

average value of plant traits varies among communities but

have arguably been less successful in explaining variation in

functioning within a given ecosystem [64]. This might be

because of a lack of one-to-one mapping between traits and

ecological functions. One study with plants found that average

fitness differences were often correlated with single functional

traits, for example, late phenology and deep rooting. But niche

differences could only be described by combinations of traits,

perhaps reflecting the multi-dimensional nature of ecological

niches [65]. Gaining a better understanding of how traits

define the niche space and how this in turn contributes to

ecosystem functioning is an important goal for future research.

The potential mechanisms that generate stability in diverse

communities are complex in their fine detail, but the key in-

gredient is differential responses of species to environmental

variation. Put simply, asynchronous fluctuations in the per-

formance of different species over time mean that a bad year

for some species will inevitably be a better year for other com-

peting species. These differential responses of individual

species stabilize fluctuations in the biomass of the whole com-

munity. This idea is encapsulated in the two leading theories

on the stability of ecosystem functioning [66]: the insurance

effect [67] and compensatory dynamics [68]. Once again, we

can intuitively understand the effects of diversity on stability

in terms of niche theory. There are various theories of ‘fluctu-

ation-dependent coexistence’ in which species partition

environmental variation [69] to achieve different temporal

niches. Once again, the biological processes that promote coex-

istence are also the potential mechanisms by which diversity can

impact ecosystem functioning—or in this case, its temporal stab-

ility. Identifying the trade-offs that lie behind the seemingly

idiosyncratic responses of species to environmental variation

is an important future direction (for an example, see [70]).
4. Using niche theory to predict effects
in the field

Although biodiversity experiments generally convey a consist-

ent story, a question mark inevitably hangs over the relevance

of any work undertaken under controlled conditions for under-

standing effects in the real world [71]. Real-world scenarios of

species loss might differ from those represented in biodiversity

experiments in three key ways: (i) species might not be lost at

random, (ii) rare species might be lost more easily than

common species and (iii) environmental heterogeneity in the

real world is much higher than in experiments. While it is
relatively easy to list the ways in which the real word differs

from experimental plots, we argue that it is more useful

to ask whether changing these assumptions will lead to a

fundamentally different relationship between diversity and

functioning in the real world. If the results obtained in exper-

iments had no theoretical underpinning, then this would not

be possible, but again we suggest that niche theory can help

to supply answers. Further, we examine the common criticism

that direct loss of species from ecosystems is likely to be a lesser

threat than the indirect loss of species that occurs through other

drivers of global change, such as habitat loss or eutrophication

[71]. Throughout this section, we highlight the limits of current

understanding and the challenges for future work.

The first biodiversity experiments generated communities

of different species richness using randomly assembled sub-

sets of some larger community. However, extinction drivers

in the real world are unlikely to affect species equally. One

of the specific criticisms levied at the experimental work

therefore concerns the order of species loss. For example,

there is evidence from animal communities that the species

most likely to be lost: (i) are large-bodied, (ii) occur at low

relative abundance and (iii) are found at the top of food

chains [72]. In plants, species with large individuals are

again often targeted (e.g. selective logging of large tree

species with desirable wood qualities). But in other cases it

can be smaller, rarer species that are preferentially lost [73].

Clearly, the impact of species loss on ecosystem functioning

will be affected by species identity (see below). But niche

theory predicts that the loss of species is expected to reduce

ecosystem functioning, regardless of their specific traits,

hence changing the order of species loss is unlikely to lead

us to conclude that species loss has no impact on ecosystems.

Indeed, there are now several biodiversity experiments that

have mimicked a targeted sequence of species loss based on

vulnerability to extinction. As expected, in some cases the

impacts of this targeted species loss on ecosystem functioning

are reduced compared with random species loss [74], while in

others the effects are more intense [75] or even mixed [76].

Many species in real-world ecosystems are rare. How does

this change our expectations? Again, following niche theory

this is simply a question of degree. In the short term, we

would naively expect the loss of an abundant species to have

a greater impact on functioning than the loss of a rare one

[74]. But over the longer term, the complexity of food webs

allows for impacts that may be disproportionate to the abun-

dances of the species that are lost. Indeed, this is the basis of

the keystone species concept. For plants, effects on functioning

have been predicted to be proportional to their relative abun-

dance (the mass-ratio hypothesis; [77]) but it is easy to think

of cases where this is unlikely to be the case. For example,

some plants fix atmospheric nitrogen and can therefore have

impacts (e.g. on nitrogen cycling) disproportionate to their

biomass. Furthermore, abundances can change. A rare species

may well be rare because the prevailing ecological conditions

are less than ideal, but during unusual years (such as those

with extreme climatic events), the species may greatly increase

in abundance. This may bring stability to the community

and prevent a dramatic decline in ecosystem functions.

Indeed, there is a growing realization that the functioning of

many of our ecosystems—both terrestrial and marine—may

have been more severely impacted by the loss of rare

species, such as large predators, than was previously realized.

In several biodiversity experiments, rare species have had a



rspb.royalsocietypublishing.org
Proc.R.Soc.B

283:20160536

5
disproportionately large effect on ecosystem functioning [78]

or on multi-functionality [79]. More generally, the ubiquity of

species-level overyielding (and underyielding) observed

across hundreds of biodiversity experiments indicates that

species rarely influence ecosystem functioning in proportion

to their relative abundance. Yet unfortunately this assumption

remains common, particularly in observational studies [80].

By definition, experiments aim to manipulate one (or a

small number) of variables while holding other factors

constant. Biodiversity experiments therefore tend to include

lower levels of environmental heterogeneity than is likely to

be seen in real-world ecosystems. Do the higher levels of

environmental heterogeneity seen in natural ecosystems lead

us to expect a weaker relationship between biodiversity and

ecosystem functioning? No, quite the reverse. Theory predicts

that higher levels of heterogeneity make it harder for one

species to cover the niche space, and therefore we expect that

more species are required to support ecosystem functioning

when environmental heterogeneity is high. Experiments that

have included heterogeneity support this point already—

when a greater range of environmental conditions are included

in an experiment, more species are found to play a role in sup-

porting functioning [17,81]. Indeed, a spatial version of the

insurance hypothesis has been developed based on the similar

(although not identical) effects of spatial and temporal hetero-

geneity on the relationship between diversity and function [82].

In conclusion, critics of biodiversity experiments often

focus on the limitations of experiments, as outlined above.

It is therefore tempting to conclude that biodiversity exper-

iments cannot illuminate how species loss will affect

ecosystem functioning in the real world. However, critics

rarely explain why such extrapolations are unlikely to be

valid. Niche theory suggests that not only should the basic

results of biodiversity experiments translate into real-world

situations, but also that the relationship between biodiversity

and ecosystem functioning will be stronger, not weaker,

when assessed over larger areas and longer time scales.
5. Effects of biodiversity loss versus other global
change drivers

Biodiversity experiments investigate the effect of species loss

on ecosystems by removing species while holding other vari-

ables constant. But is this realistic? In the real world, species

can be lost in a variety of ways. For example, hunting or

over-harvesting may often deplete or remove targeted species

while having relatively little effect on other aspects of the eco-

system (although this is not always the case). However, species

may also be lost as a secondary consequence of global change

drivers that have other direct effects on ecosystem functioning,

for example, climate change, the introduction of exotic species

or habitat alterations by humans. One of the best examples of a

human-induced change that has both direct and indirect effects

on productivity is eutrophication by nitrogen (and other soil

nutrients). Nitrogen addition often causes loss of plant diver-

sity [83–85] while having a direct fertilizing effect on

productivity [86]. We use the example of eutrophication to

explore these more complex scenarios that involve teasing

apart both the direct effects of the change on functioning and

the indirect effects acting via species loss.

Once again it is helpful to begin with general concepts from

niche theory. The loss of species is predicted to impact
ecosystem functions because it leads to vacant or under-used

niches, for example, by leaving unconsumed resources or

unused enemy-free niche space. This is the scenario rep-

resented by most biodiversity experiments (where species are

deliberately omitted from communities while keeping all

other conditions constant), and occurs in the real world when

extinctions are caused by over-exploitation. By contrast,

when species are lost from ecosystems because changing con-

ditions mean that their niche no longer exists then the same

argument for impacts on ecosystem functioning would not

seem to apply (because if a niche is absent then it cannot be

empty or under-used). But fundamental changes to an ecosys-

tem can create new niches, so new species may be required to

fill them. These species may or may not be available, depend-

ing on dispersal opportunities and on whether the changed

conditions create truly novel conditions, to which no species

are currently adapted. If this is the case, then functions in an

altered ecosystem could still be diversity-dependent.

Studies have revealed that nitrogen enrichment can impact

diversity in a variety of ways. In grasslands, fertilization

usually leads to an increase in standing biomass and to more

intense shading of the understory [87]. This enhanced shading

has been experimentally shown to reduce diversity: artificially

countering the effects of increased shading by supplementing

light in the understory prevents the loss of diversity [88]. How-

ever, the story is sometimes more complex. For example, some

forms of nitrogen fertilization lead to enhanced species loss

through acidification [84,89]. In this case, it is still unclear

whether the additional species loss occurs because some

species simply cannot tolerate the lower pH (species lose

their fundamental niche) or whether the more acidic conditions

further alter fitness differences in a way that leads to additional

exclusion (species lose their realized niche).

If nitrogen additions fundamentally alter the niche struc-

ture, then we might expect that the secondary loss of species

following fertilization has no further consequences for ecosys-

tem functioning. However, Isbell et al. [90] demonstrated that,

in a US prairie, increased nitrogen deposition greatly increased

productivity when first applied, but that this effect diminished

rapidly over time. The rate of decrease was strongly linked to

the rate of species loss, indicating that the changing species

composition and diversity were partly responsible for the

decline in productivity. The loss of the dominant plant species

in this case had a much greater effect than would be expected

for the loss of an average species chosen at random, as assessed

by comparison with an adjacent biodiversity experiment.

Eutrophication can also affect other ecosystem metrics, such

as stability. Hautier et al. [91] used a global network of fertiliza-

tion experiments to investigate how the effects of diversity on

stability measured in grassland biodiversity experiments com-

pared with those seen under fertilization. Diversity–stability

patterns in unfertilized communities were similar to those

from biodiversity experiments, while fertilization appeared to

have direct effects on stability but little or no effect via the

loss of species. However, this may have been a type II error (fail-

ure to detect a real effect). An expanded follow-up analysis

revealed that a broad range of factors that cause indirect

losses of diversity (nitrogen, fire, elevated CO2, herbivory and

water) did indeed reduce stability via changes in diversity [92].

Finally, the new niche space that results from the action of

global change drivers such as nitrogen enrichment may also

produce a community that delivers a poorer quality of ser-

vice, as subjectively judged by humans. A green algal soup
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might be productive, but it is unlikely to attract tourists to

visit a watercourse near you.

In conclusion, it is certainly true that the threats to eco-

systems are often wider and more profound than simply

the direct loss of native species. In particular, abiotic changes

like eutrophication have reconfigured ecosystems: directly

changing productivity, which indirectly causes the loss of

species. Nevertheless, niche theory tells us that we should

still be concerned about the loss of species, however it

occurs. Overall, we therefore conclude that it still seems

reasonable to support the current consensus that emerges

from experimental studies: reduction of diversity has nega-

tive impacts on ecosystem functioning both in the short

term and with respect to long-term stability [7,9,10], and

these impacts of biodiversity loss on ecosystem functioning

are of a similar order of magnitude to other major drivers

of global change [93,94].
:20160536
6. The nature of value
Only 25 years ago, we had little idea of what species did in eco-

systems. The intervening period has seen dramatic advances in

our understanding of the underlying natural science. More

recently, it has also seen an overlap of the natural science of ecol-

ogy with its socio-economic aspects. In particular, there are now

many efforts to value the importance of the services that ecosys-

tems provide to humans. These efforts are highly controversial

[95–100]. Put simply, some people object to these valuations on

principle, while others believe that the efforts will be too com-

plex to properly quantify and protect the true value of nature

to humanity. On the other hand, others argue that failure

to assign monetary value to ecosystem services may result in

ecosystems having no value at all [101–103].

Supporters of valuation exercises focus on the failure of

more conventional conservations efforts to halt the overall

global decline in biodiversity (including recent assessments of

the efforts of the Convention on Biological Diversity). Our

focus here is on the importance of biodiversity for ecosystem

functioning (and by extension ecosystem services). Given the

link between diversity and function, it seems only a matter of

time before the attempts to value the importance of biodiversity

(as a whole) to ecosystem services extends into efforts to place a

monetary value on the importance of individual species to eco-

system services. We close by re-examining our overview of the

research on the value of biodiversity to ecosystem functioning

and asking what it implies for these efforts—how well could

we do this and how wise would it be?

The fact that biodiversity has a measurable impact on eco-

system functioning and, by extension, on ecosystem services

has often been viewed as scientific support for a utilitarian

worldview, whereby biodiversity maps onto effects on ecosys-

tem functioning through niche differences, which in turn map

onto ecosystem services, human well-being and, ultimately,

monetary value. While monetary valuation appears to provide

a transparent and explicit expression of relative preferences in
principle, it is not clear how well this simplistic view works

in practice, as it assumes a linear chain of cause and effect

that is not currently supported by scientific evidence.

First, each of these mappings is much more complex than

traditionally believed [104]. A species’ ecological niche is a

multi-dimensional concept that involves a large number of bio-

logical traits [65]. Only some of these traits (sometimes called

‘effect traits’) have a measurable effect on ecosystem processes,

and different traits are often involved in different ecosystem

processes (as reviewed above). On the other hand, the so-

called ‘response traits’ affect the ability of the species to

respond to a wide array of environmental changes and thereby

determine its contribution to ecosystem stability, and in many

cases these response traits will be different from effects traits.

As a result, biodiversity affects ecosystem functioning and

stability through a complex network of interacting effects of

species traits, which precludes a simple one-to-one mapping

between any particular type or component of biodiversity

and ecosystem functioning. As reviewed above, ecosystem

functioning is also a multi-dimensional concept, which again

precludes any simple one-to-one mapping between ecosystem

functioning and ecosystem services. Indeed, many different

ecosystem processes may be involved in a single ecosystem

service, just as a single ecosystem process may be involved in

many different ecosystem services [105].

Second, value itself is a multi-dimensional concept that

includes such different dimensions as monetary value, use

value, non-use value, cultural value and intrinsic value.

Some provisioning services map onto monetary value in a rela-

tively straightforward way when they concern the production

of goods that are exchanged in a market, but most ecosystem

services do not. And the intrinsic value of biodiversity is, by

definition, foreign to any utilitarian framework and hence to

any form of monetary evaluation. Values ultimately derive

from human fundamental needs, and these needs include

many non-utilitarian dimensions, including respecting and

loving the natural world around us [106].

In conclusion, although recent research has vastly improved

our knowledge of the ways in which ecosystems function and

how biodiversity affects human societies, it reveals a complex,

incomplete and limited view that should at least invite caution

when assigning a monetary value to biodiversity. We concur

with a recent call [107] for an inclusive approach to valuation

that embraces a diversity of voices and would only emphasize

that what ultimately matters is halting the catastrophic current

decline in biodiversity. However you choose to value species,

we are currently losing them far too quickly.
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