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The diversity of life on Earth is 
dramatically affected by human 
alterations of ecosystems [1]. 

Compelling evidence now shows that 
the reverse is also true: biodiversity in 
the broad sense affects the properties 
of ecosystems and, therefore, the 
benefi ts that humans obtain from 
them. In this article, we provide a 
synthesis of the most crucial messages 
emerging from the latest scientifi c 
literature and international assessments 
of the role of biodiversity in ecosystem 
services and human well-being. 

Human societies have been built 
on biodiversity. Many activities 
indispensable for human subsistence 
lead to biodiversity loss, and this trend 
is likely to continue in the future. We 
clearly benefi t from the diversity of 
organisms that we have learned to use 
for medicines, food, fi bers, and other 
renewable resources. In addition, 
biodiversity has always been an integral 
part of the human experience, and 
there are many moral reasons to 
preserve it for its own sake. What has 
been less recognized is that biodiversity 
also infl uences human well-being, 
including the access to water and basic 
materials for a satisfactory life, and 
security in the face of environmental 
change, through its effects on the 
ecosystem processes that lie at the core 
of the Earth’s most vital life support 
systems (Figure 1). 

Three recent publications from the 
Millennium Ecosystem Assessment 
[2–4], an initiative involving more 
than 1,500 scientists from all over the 
world [5], provide an updated picture 
of the fundamental messages and key 
challenges regarding biodiversity at the 
global scale. Chief among them are: 
(a) human-induced changes in land 
cover at the global scale lead to clear 
losers and winners among species in 
biotic communities; (b) these changes 
have large impacts on ecosystem 

processes and, thus, human well-being; 
and (c) such consequences will be felt 
disproportionately by the poor, who are 
most vulnerable to the loss of ecosystem 
services.

What We Do Know: Functional 
Traits Matter Most

Biodiversity in the broad sense is the 
number, abundance, composition, 
spatial distribution, and interactions 
of genotypes, populations, species, 
functional types and traits, and 
landscape units in a given system 
(Figure 2). Biodiversity infl uences 
ecosystem services, that is, the benefi ts 
provided by ecosystems to humans, 
that contribute to making human life 
both possible and worth living [4] (Box 
1). As well as the direct provision of 
numerous organisms that are important 
for human material and cultural life 
(Figure 1, path 1), biodiversity has 
well-established or putative effects on a 
number of ecosystem services mediated 
by ecosystem processes (Figure 1, path 
2). Examples of these services are 
pollination and seed dispersal of useful 
plants, regulation of climatic conditions 
suitable to humans and the animals 
and plants they consider important, 
the control of agricultural pests and 
diseases, and the regulation of human 
health. Also, by affecting ecosystem 
processes such as biomass production 
by plants, nutrient and water cycling, 
and soil formation and retention, 
biodiversity indirectly supports the 
production of food, fi ber, potable 
water, shelter, and medicines. The links 
between biodiversity and ecosystem 
services have been gaining increasing 
attention in the scientifi c literature of 
the past few years [2–4,6]. However, 
not until now has there been an effort 
to summarize those components 
of biodiversity that do, or should, 
matter the most for the provision of 
these services, and the underlying 
mechanisms explaining those links 
(Table 1; see also [3]).

A few key messages can be drawn 
from existing theory and empirical 

studies. The fi rst is that the number 
and strength of mechanistic 
connections between biodiversity 
and ecosystem processes and services 
clearly justify the protection of 
the biotic integrity of existing and 
restored ecosystems and its inclusion 
in the design of managed ecosystems. 
All components of biodiversity, 
from genetic diversity to the spatial 
arrangement of landscape units, may 
play a role in the long-term provision 
of at least some ecosystem services. 
However, some of these components 
are more important than others in 
infl uencing specifi c ecosystem services. 
The evidence available indicates that 
it is functional composition—that is, 
the identity, abundance, and range of 
species traits—that appears to cause 
the effects of biodiversity on many 
ecosystem services. At least among 
species within the same trophic level 
(e.g., plants), rarer species are likely 
to have small effects at any given point 
in time. Thus, in natural systems, if 
we are to preserve the services that 
ecosystems provide to humans, we 
should focus on preserving or restoring 
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their biotic integrity in terms of species 
composition, relative abundance, 
functional organization, and species 
numbers (whether inherently species-
poor or species-rich), rather than on 
simply maximizing the number of 
species present. 

Another key message is that, 
precisely because ecosystem processes 
depend on the presence and 
abundance of organisms with particular 
functional traits, there is wide variation 
in how ecosystem services—that in 
turn depend on ecosystem processes—
respond to changes in species number 
as particular species are lost from or 
get established in the system. So, to the 
question of how biodiversity matters 
to ecosystem services, we have to reply 
that it depends on what organisms 
there are. Daunting? Certainly, but 

not hopeless. We know from recent 
assessments [1,2,7,8] that global 
biodiversity loss is not occurring at 
random. As a consequence of global 
change drivers, such as climate, 
biological invasions, and especially 
land use, not only is the total number 
of species on the planet decreasing, 
but there are also losers and winners. 
On average, the organisms that are 
losing out have longer lifespans, bigger 
bodies, poorer dispersal capacities, 
more specialized resource use, lower 
reproductive rates, and other traits that 
make them more susceptible to human 
activities such as nutrient loading, 
harvesting, and biomass removal by 
burning, livestock grazing, ploughing, 
clear-felling, etc. A small number of 
species with the opposite characteristics 
are becoming increasingly dominant 

around the world (Figure 3). Because 
there are well-established links between 
functional traits of locally abundant 
organisms and ecosystem processes, 
especially for plants [9–12], it may 
become possible to identify changes in 
ecosystem processes and in ecosystem 
services that depend on them under 
different biodiversity scenarios. 

What We Do Not Know: Cascades, 
Surprises, and Megadiversity Hot-
Spots

Some ecosystem services show a 
saturating relationship to species 
number—that is, the ecosystem-service 
response to additional species is large 
at low number of species and becomes 
asymptotic beyond a certain number 
of species. We seldom know what this 
threshold number is, but we suspect 

Box 1. From Ecosystem Processes to Human Well-Being
Ecosystem processes are intrinsic processes and fl uxes whereby an ecosystem 

maintains its integrity (such as primary productivity, trophic transfer from plants to 
animals, decomposition and nutrient cycling, evapotranspiration, etc.). They exist 
independently from human valuation, and their magnitude and rate can be established 
regardless of the cultural, economic, and social values and interests of different human 
groups (Figure 1, Ecosystem Processes box). 

Ecosystem services are the benefi ts provided by ecosystems that contribute to 
making human life both possible and worth living. Ecosystem services are context-
dependent; that is, the same ecosystem process can produce an ecosystem service 
that is highly valued by one society or stakeholder group but not highly valued by 
other societies or groups. Some ecosystem services involve the direct provision of 
material and non-material goods and are associated directly with the presence of 
particular species of plants and animals—for example, food, timber, medicines, and 
ritual materials (Figure 1, path 1 and bottom sub-box of Ecosystem Services box). Other 
ecosystem services arise, either directly or indirectly, from the continued functioning of 
ecosystem processes. For example, the service of formation, retention, and sustained 
fertility of soils necessary for the production of plants and animals considered important 
by different human societies depends on the ecosystem processes of decomposition, 
nutrient cycling by soil microbiota, and the retention of water and soil particles by a 
well-developed root network (Figure 1, path 2 and top sub-box in red of Ecosystem 
Services box). Some authors (e.g., [30]) have advocated a stricter defi nition of ecosystem 
services as components of nature that are directly enjoyed, consumed, or used in order 
to maintain or enhance human well-being.  Although such an approach can be useful 
when it comes to ecosystem service accounting, our emphasis here is conceptual, and 
therefore we prefer to use the broader, widely accepted defi nitions and classifi cation 
adopted by the Millennium Ecosystem Assessment [4]. This is because some ecosystem 
services (e.g., food provision) can be quantifi ed in units that are easily comprehensible 
by policy makers and the general public. Others—for example, the services that 
regulate and support the production of tradable goods—are more diffi cult to quantify. 
If a criterion based on economic accounting is applied too strictly, there is a risk 
that ecosystem service assessment could be biased toward services that are easily 
quantifi able, but not necessarily the most critical ones [29].

Human well-being is a human experience that includes the basic materials for a good life, freedom of choice and action, health, 
good social relationships, a sense of cultural identity, and a sense of security. The sense of well-being is strongly dependent on the 
specifi c cultural, geographical, and historical context in which different human societies develop, and is determined by cultural-socio-
economic processes as well as by the provision of ecosystem services. However, the well-being of the vast majority of human societies 
is based more or less directly on the sustained delivery of fundamental ecosystem services, such as the production of food, fuel, and 
shelter, the regulation of the quality and quantity of water supply, the control of natural hazards, etc. (see Figure 1, path 3).

DOI: 10.1371/journal.pbio.0040277.g001

Figure 1. Biodiversity Is Both a Response 
Variable Affected by Global Change Drivers 
and a Factor That Affects Human Well-Being 
Links developed in this article are indicated 
in red. In the biodiversity box, the hierarchical 
components of biodiversity (genotypes, 
species, functional groups, and landscape 
units) each have the characteristics listed 
in the sub-box and explained in Figure 2 
(number, relative abundance, composition, 
spatial distribution, and interactions involved 
in “vertical” diversity).
Modifi ed from [3,4]. 
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it differs among ecosystems, trophic 
levels, and services. The experimental 
evidence indicates that, in the case of 
primary production (e.g., for plant-
based agricultural products), nutrient 
retention (which can reduce nutrient 
pollution and sustain production in the 
long term), and resistance to invasions 
(which incur damage and control costs 
in agricultural and other settings) by 
temperate, herbaceous communities, 
responses often do not show further 
signifi cant increases beyond about ten 
plant species per square meter [3,13]. 
But in order to achieve this number 
in a single square meter, a much 
higher number of species is needed at 
the landscape level [14]. What about 
slow-growing natural communities, 
or communities that consist of plant 
species with more contrasting biology? 
What about communities that typically 
include many more species—for 
example, the megadiverse forest hot-
spots of the Amazon and Borneo, 
where species number can exceed 100 
tree species per hectare [15]? To what 
extent are all those species essential for 
the maintenance of different ecosystem 
processes and services? Ecological 
theory [16] and traditional knowledge 
[17,18] suggest that a large number of 
resident species per functional group, 
including those species that are rare, 
may act as ‘insurance” that buffers 
ecosystem processes and their derived 
services in the face of changes in the 
physical and biological environment 
(e.g., precipitation, temperature, 
pathogens), but these ideas have yet 
to be tested experimentally, and no 
manipulative experiment has been 
performed in any megadiversity hot-
spot. 

Most of the links between biodiversity 
and ecosystem services summarized 
in Table 1 emerged from theory and 
manipulative experiments, involved 
biodiversity within a single trophic level 
(usually plants), and operated mostly 
at the level of local communities. 
However, the most dramatic examples 
of effects of small changes in 
biodiversity on ecosystem services have 
occurred at the landscape level and 
have involved alterations of food-web 
diversity through indirect interactions 
and trophic cascades. Most of these 
have been “natural experiments,” 
that is, the unintended consequence 
of intentional or accidental removal 
or addition of certain predator, 

pathogen, herbivore, or plant species to 
ecosystems. These “ecological surprises” 
usually involve disproportionately 
large, unexpected, irreversible, and 
negative alterations of ecosystem 
processes, often with repercussions at 
the level of ecosystem services, with 
large environmental, economic, and 
cultural losses. Examples include the 
cascading effects of decreases in sea 
otter population that led to coastal 
erosion in the North Pacifi c [19], 
and a marked decrease in grassland 
productivity and nutritional quality in 
the Aleutian islands as a consequence 
of decreased nutrient fl ux from the 
sea by the introduction of Arctic foxes 
[20] (see [3] for a comprehensive 
list of examples). The vast literature 
on biological invasions and their 
ecological and socio-economic impacts 
[21] further illustrates this point. 
Ecological surprises are diffi cult to 
predict, since they usually involve 
novel interactions among species. They 
most often result from introductions 
of predators, herbivores, pathogens 

and diseases, although cases involving 
introduced plants are also known. 
They do not depend linearly on 
species number or on well-established 
links between the functional traits of 
the species in question and putative 
ecosystem processes or services [3,22].

Uneven Impacts: Biodiversity 
and Vulnerable Peoples

People who rely most directly on 
ecosystem services, such as subsistence 
farmers, the rural poor, and traditional 
societies, face the most serious and 
immediate risks from biodiversity loss. 
First, they are the ones who rely the 
most on the “safety net” provided by 
the biodiversity of natural ecosystems 
in terms of food security and sustained 
access to medicinal products, fuel, 
construction materials, and protection 
from natural hazards such as storms and 
fl oods [4]. In many cases the provision 
of services to the most privileged sectors 
of society is subsidized but leaves the 
most vulnerable to pay most of the cost 
of biodiversity losses. These include, 
for example, subsistence farmers in 
the face of industrial agriculture [23] 
and subsistence fi shermen in the face 
of intensive commercial fi shing and 
aquaculture [24]. Second, because 
of their low economic and political 
power, the less privileged sectors 
cannot substitute purchased goods 
and services for the lost ecosystem 
benefi ts and they typically have little 
infl uence on national policy. When 
the quality of water deteriorates as a 
result of fertilizer and pesticide loading 
by industrial agriculture, the poor 
are unable to purchase safe water. 
When protein and vitamins from local 
sources, such as hunting and fruit, 
decrease as a result of habitat loss, the 
rich can still purchase them, whereas 
the poor cannot. When the capacity of 
natural ecosystems to buffer the effects 
of storms and fl oods is lost because of 
coastal development [25], it is usually 
the people who cannot fl ee—for 
example, subsistence fi shermen—who 
suffer the most. In summary, the loss 
of biodiversity-dependent ecosystem 
services is likely to accentuate 
inequality and marginalization of the 
most vulnerable sectors of society, 
by decreasing their access to basic 
materials for a healthy life and by 
reducing their freedom of choice and 
action. Economic development that 
does not consider effects on these 

DOI: 10.1371/journal.pbio.0040277.g002

Figure 2. The Different Components of 
Biodiversity
All of these components can be affected by 
human intervention (arrows), and in turn have 
repercussions for ecosystem properties and 
services. Symbols represent individuals or 
biomass units. Symbols of different shades 
represent different genotypes, phenotypes, or 
species.
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ecosystem services may decrease the 
quality of life of these vulnerable 
populations, even if other segments 
of society benefi t. Biodiversity change 

is therefore inextricably linked to 
poverty, the largest threat to the future 
of humanity identifi ed by the United 
Nations. This is a sobering conclusion 

for those who argue that biodiversity is 
simply an intellectual preoccupation of 
those whose basic needs and aspirations 
are fulfi lled. 

Table 1. Biodiversity Components Affect Ecosystem Services in Multiple and Complex Ways

Ecosystem Services Main Components of Diversity Involved and Mechanisms That Produce the Effect

Amount of biomass produced by plants considered 

important by humans

*** Functional composition—Faster-growing, bigger, more locally adapted plants produce more biomass, 

irrespective of the number of species present; in species-poor systems, coexisting plants with different resource use 

strategies or that facilitate each other’s performance may take up more resources.

** Number of species—Within a constant resource and disturbance regime, a large species pool is more likely to 

contain groups of complementary or facilitating species and highly productive species, both of which could lead to 

higher productivity of the community.

Stability of biomass production by plants considered 

important by humans

*** Genetic diversity—Large genetic variability within a crop species buffers production against losses due to 

diseases and environmental change.

*** Number of species—Cultivation of more than one species in the same plot or landscape maintains production 

over a broader range of conditions.

*** Functional composition—Life history characteristics and resource use strategy of dominant plants determine the 

capacity of ecosystem processes to remain unchanged or return to their initial state in the face of perturbations.

Preservation of the fertility of soils that sustain 

the production of plants and animals considered 

important by humans

*** Functional composition—Fast-growing, nutrient-rich plants enhance soil fertility; dense root systems prevent soil 

erosion.

Regulation of quantity and quality of water available 

to humans, domestic animals, and crops

*** Arrangement and size of landscape units—Intact riparian corridors and extensive areas with dense vegetation 

cover reduce erosion and improve water quality.

*** Functional composition—Vegetation dominated by large, fast-growing, big-leafed, deep-rooted plants has high 

transpiration rate, reducing stream fl ow.

Pollination essential for the immediate production 

of fruits by, and the perpetuation of, important plant 

species

*** Functional composition of pollinator assemblage—Loss of specialized pollinators leads to genetic 

impoverishment and lower number and quality of fruits.

** Number of species of pollinator assemblage—Lower number of pollinator species leads to genetic 

impoverishment of plant species.

** Arrangement and size of landscape units—Large and/or well-connected landscape units allow movement of 

pollinators among plants of the same species, thus maintaining plant genetic pool.

Resistance to invasive organisms that have negative 

ecological, economic, and/or cultural impacts

*** Functional composition—Some key native species are very competitive or can act as biological controls to the 

spread of aliens.

*** Arrangement of landscape units—Landscape corridors (e.g., roads, rivers, and extensive crops) can facilitate the 

spread of aliens; size and nature of suitable corridors are likely to be different for different organisms.

** Number of species—All else being equal, species-rich communities are more likely to contain highly competitive 

species and to contain less unused resources, and therefore be more resistant to invasions.

Pest and disease control in agricultural systems *** Genetic diversity of crops—High intraspecifi c genetic diversity reduces density of hosts for specialist pests and, 

thus, their ability to spread.

** Number of crop, weed, and invertebrate species—High number of species acts similarly as genetic diversity and 

also increases habitat for natural enemies of pest species.

** Spatial distribution of landscape units—Natural vegetation patches intermingled with crops provide habitat for 

natural enemies of insect pests.

Regulation through biophysical feedbacks of climatic 

conditions suitable to humans and the animals and 

plants they consider important 

*** Arrangement and size of landscape units—Size and spatial arrangement of landscape units over large areas 

infl uence local-to-regional climate by lateral movement of air masses of different temperature and moisture; the 

threshold for effect is patch size of about 10 km diameter, depending on wind speed and topography.

** Functional composition—Height, structural diversity, architecture, and phenology modify albedo, heat absorption, 

and mechanical turbulence, thus changing local air temperature and circulation patterns.

Regulation through carbon sequestration in the 

biosphere of climatic conditions suitable to humans 

and the animals and plants they consider important

*** Arrangement and size of landscape units—Carbon loss is higher at forest edges, therefore as forest fragments 

decline in size or area/perimeter ratio, a larger proportion of the total landscape is losing carbon.

** Functional composition—Small, fast-growing, fast-decomposing, short-lived plants retain less carbon in their 

biomass than large, slow-growing, slow-decomposing, long-lived plants.

* Number of species—High number of species can slow down the spread of pests and pathogens, which are 

important agents of carbon loss from ecosystems.

Protection against natural hazards (storms, fl oods, 

hurricanes, fi res) that cause damage to humans and 

the animal production systems that they depend on

*** Arrangement and size of landscape units—Large patches of structurally complex vegetation or small, close-by 

patches are likely to offer more shelter to nearby ecosystems, and buffer them against fl ooding, sea intrusion, and 

wind.

*** Functional composition—Deep-rooted plants are less susceptible to uprooting by hurricanes; extensive, mat-

forming, superfi cial root systems protect soil against erosion by fl oods and storms; deciduous canopy types decrease 

fl ammability.

Asterisks indicate importance and/or degree or certainty (*** > ** > *) of the link between the ecosystem service in question and different components of biodiversity. Biodiversity 
components refer to plant assemblages unless otherwise specifi ed. The putative mechanisms have been empirically tested in some cases, but remain speculative in others (modifi ed from 
[3]). The list of ecosystem services is illustrative, rather than exhaustive.
DOI: 10.1371/journal.pbio.0040277.t001
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Future Directions
Most of the concrete actions to slow 
down biodiversity loss fall under 
the domain of policy making by 
governments and the civil society. 
However, the scientifi c community 
still needs to fi ll crucial knowledge 
gaps. First, we need to know more 
about the links between biodiversity 
and ecosystem services in species-rich 
ecosystems dominated by long-lived 

plants. Second, if we are to anticipate 
and avoid undesirable ecological 
surprises, better models and more 
empirical evidence are needed on 
the links between ecosystem services 
and interactions among different 
trophic levels. Third, we need to 
reinforce the systematic screening for 
functional traits of organisms likely to 
have ecosystem-level consequences. 
In this sense, our knowledge of how 

the presence and local abundance of 
organisms (especially plants) bearing 
certain attributes affect ecosystem 
processes has made considerable 
progress in the past few years. However, 
we know much less of how the range 
of responses to environmental 
change among species affecting the 
same ecosystem function contributes 
to the preservation of ecosystem 
processes and services in the face of 
environmental change and uncertainty 
[16,26]. This is directly relevant 
to risk assessment of the sustained 
provision of ecosystem services. Fourth, 
experimental designs for studying links 
between biodiversity and ecosystem 
processes and services need to not only 
meet statistical criteria but also mimic 
biotic confi gurations that appear in 
real ecosystems as a result of common 
land-use practices (e.g., primary forest 
versus monospecifi c plantations versus 
enrichment planting, or grazing-timber 
agroforestry systems versus a diverse 
grazing megafauna versus a single 
grazer such as cattle). In pursuing 
this, traditional knowledge systems 
and common management practices 
provide a valuable source of inspiration 
to develop new designs and testable 
hypotheses [27,28]. Finally, in order to 
assist policy decisions and negotiation 
among different local, national, 
and international stakeholders, 
considerable advance is needed in the 
evaluation and accounting of ecosystem 
services [29,30]. The challenge here 
is to fi nd ways to identify and monitor 
services that are as concrete as possible, 
but at the same time not alienate the 
view of less powerful social actors or 
bias the analysis against services that are 
diffi cult to quantify or grasp. 

The Bottom Line 

By affecting the magnitude, pace, and 
temporal continuity by which energy 
and materials are circulated through 
ecosystems, biodiversity in the broad 
sense infl uences the provision of 
ecosystem services. The most dramatic 
changes in ecosystem services are 
likely to come from altered functional 
compositions of communities and 
from the loss, within the same trophic 
level, of locally abundant species 
rather than from the loss of already 
rare species. Based on the available 
evidence, we cannot defi ne a level of 
biodiversity loss that is safe, and we 
still do not have satisfactory models to 

DOI: 10.1371/journal.pbio.0040277.g003

Figure 3. Lost Ecosystem Services and Vanishing Ecological Roles
Forest ecosystems in the tropics and subtropics are being quickly replaced by industrial crops 
and plantations. This provides large amounts of goods for national and international markets, but 
results in the loss of crucial ecosystem services mediated by ecological processes. In Argentina 
and Bolivia, the Chaco thorn forest (A) is being felled at a rate considered among the highest in 
the world (B), to give way to soybean cultivation (C). In Borneo, the Dypterocarp forest, one of 
the species-richest in the world (F), is being replaced by oil palm plantations (G). These changes 
are irreversible for all practical purposes (H). Many animal and plant populations have been 
dramatically reduced by changing land use patterns, to the point that they could be considered 
functionally extinct, such as the maned wolf (D) and the giant anteater in the Chaco plains (E), and 
the orangutan (I) and several species of pitcher plants (J) in the Bornean rainforest.
Photos by Sandra Díaz, except (A and C), courtesy by Marcelo R. Zak.
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account for ecological surprises. Direct 
effects of drivers of biodiversity loss 
(eutrophication, burning, soil erosion 
and fl ooding, etc.) on ecosystem 
processes and services are often more 
dramatic than those mediated by 
biodiversity change. Nevertheless, there 
is compelling evidence that the tapestry 
of life, rather than responding passively 
to global environmental change, 
actively mediates changes in the Earth’s 
life-support systems. Its degradation 
is threatening the fulfi llment of basic 
needs and aspiration of humanity 
as a whole, but especially, and most 
immediately, those of the most 
disadvantaged segments of society. �
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Where does biodiversity go from here? A grim
business-as-usual forecast and a hopeful portfolio
of partial solutions
Paul R. Ehrlich* and Robert M. Pringle
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The threats to the future of biodiversity are many and well known.
They include habitat conversion, environmental toxification, cli-
mate change, and direct exploitation of wildlife, among others.
Moreover, the projected addition of 2.6 billion people by mid-
century will almost certainly have a greater environmental impact
than that of the last 2.6 billion. Collectively, these trends portend
a grim future for biodiversity under a business-as-usual scenario.
These threats and their interactions are formidable, but we review
seven strategies that, if implemented soundly and scaled up
dramatically, would preserve a substantial portion of global biodi-
versity. These are actions to stabilize the human population and
reduce its material consumption, the deployment of endowment
funds and other strategies to ensure the efficacy and permanence
of conservation areas, steps to make human-dominated landscapes
hospitable to biodiversity, measures to account for the economic
costs of habitat degradation, the ecological reclamation of de-
graded lands and repatriation of extirpated species, the education
and empowerment of people in the rural tropics, and the funda-
mental transformation of human attitudes about nature. Like the
carbon ‘‘stabilization wedges’’ outlined by Pacala and Socolow
[Pacala S, Socolow R (2004) Stabilization wedges: Solving the
climate problem for the next 50 years with current technologies.
Science 305:968–972] (1), the science and technologies needed to
effect this vision already exist. The remaining challenges are
largely social, political, and economic. Although academic conser-
vation biology still has an important role to play in developing
technical tools and knowledge, success at this juncture hinges
more on a massive mobilization of effort to do things that have
traditionally been outside the scope of the discipline.

biodiversity loss � conservation trust funds � global warming �
national parks � population extinction

The fate of biological diversity for the next 10 million years will
almost certainly be determined during the next 50–100 years

by the activities of a single species. That species, Homo sapiens,
is �200,000 years old. It has been fabulously successful by
ecological standards: it boasts as-yet-unchecked population
growth and a cosmopolitan distribution, and it has vanquished its
predators, competitors, and some of its parasites. The fossil
record suggests that the typical mammal species persists for
approximately one million years (2), which puts Homo sapiens in
mid-adolescence. This is a fitting coincidence, because Homo
sapiens is now behaving in ways reminiscent of a spoiled teen-
ager. Narcissistic and presupposing our own immortality, we
mistreat the ecosystems that produced us and support us,
mindless of the consequences.

The state of biodiversity today is a reflection of that abuse, but
the reflection is hazy because we know neither the total number
of populations or species nor how many have gone extinct. Our
best information is on the rate and extent of habitat destruction
and degradation. For example, we know from long-term mon-
itoring that coral cover in Jamaican reef ecosystems declined
from �50% to �5% between the late 1970s and 1994 (3). From
remote-sensing studies, we know that the rate of selective logging
in the Brazilian Amazon ranged from 12,000 to 20,000 km2/year

between 1999 and 2002 (4) and that the rate of deforestation in
the Peruvian Amazon averaged 645 km2/year from 1999 to 2005
(5). Likewise, we know from global mapping studies that nearly
50% of all temperate grasslands, tropical dry forests, and
temperate broadleaf forests have been converted to human-
dominated uses worldwide, whereas only 4–10% of those biome
types are formally protected (6).

Of the total number of species on Earth, we still cannot say
much more than that it is likely to be ‘‘of the general order of 107’’
(7). Estimates of species extinction rates—often based on esti-
mates of habitat loss in conjunction with the species–area
relationship—are similarly imprecise (8, 9) and are sensitive to
multiple assumptions (e.g., refs. 10 and 11). The number of
animal and plant extinctions certified since 1600 is only slightly
greater than 1,000 (8), but our pitiful knowledge of biodiversity’s
extent and the inherently inconspicuous nature of extinction
ensures that this figure is a small fraction of the true number.
Although no scientific consensus is forthcoming on the exact rate
of extinction for any region or group of organisms, much less for
global biodiversity, there is a consensus that current extinction
rates vastly exceed background ones, perhaps by two to three
orders of magnitude (12, 13).

Although species loss occupies an overwhelming proportion of
the literature, genetically distinct populations are also an im-
portant component of biodiversity. Estimates of population
diversity and extinction rates are even more uncertain than those
for species, but even these crude estimates are alarming: of
perhaps one to seven billion populations worldwide, 16 million
may be extinguished each year in tropical forests alone (14).
Trends in key parameters of well studied populations are con-
sistent with this picture of decline. Amphibian populations have
declined locally and globally in recent years (15, 16), and many
mammal species worldwide exhibit range-size contractions in-
dicative of heavy population loss (17).

When we were first asked to prepare a paper addressing the
question ‘‘Where does biodiversity go from here?’’ a variety of
cynical answers leapt to mind. The principal threats to biodi-
versity—direct overexploitation of organisms, habitat destruc-
tion and degradation, environmental toxification, climate
change, and biological invasions, among others—have been
known for decades. Yet despite a ballooning number of publi-
cations about biodiversity and its plight, there has been dispir-
itingly little progress in stanching the losses—so little that some
commentators have characterized applied ecology as ‘‘an ever-
more sophisticated refinement of the obituary of nature’’ (18).
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As conservation-oriented scientists, we are responsible for biodi-
versity. Its loss is our failure.

We draw on the literature to sketch a brief and incomplete
answer to the question posed to us, assuming that society
continues business as usual. Because that outlook is bleaker than
we are willing to accept, we then outline a more hopeful set of
answers. These amount to a portfolio of strategies for combating
biodiversity loss.

Business as Usual: Where Does Biodiversity Go from Here?
There are �6.7 billion people in the world as we write this, a
number that is projected to grow (according to a mid-range
forecast) to 9.3 billion by 2050 (19). The continued growth of the
human population displaces biodiversity directly, as land is
developed to create living room. In one recent example, Vene-
zuelan president Hugo Chavez aims to translocate 100,000
people into a brand new city in El Avila National Park to
alleviate overcrowding in Caracas (20). Providing a huge global
populace with the resources necessary for survival (much less
comfort) also displaces biodiversity. A recent spatially explicit
analysis showed that humanity already appropriates nearly a
quarter of global terrestrial net primary productivity, and up to
80% in large regional swaths (21).

Supplying the consumption of the next 2.6 billion people will
almost certainly have a greater environmental impact than
supplying the last 2.6 billion added since 1975. Our species has
already plucked the lowest-hanging resources and converted the
richest lands. To maintain the pace, metals will have to be won
from ever-poorer ores, and oil, natural gas, and water will need
to be obtained from ever-deeper wells and transported farther—
all requiring accelerating energy use. So-called ‘‘marginal lands,’’
often the last holdouts of biodiversity, are the final frontier,
awaiting conversion into more human biomass. Whenever biodi-
versity preservation poses a threat to human livelihood, comfort,
or convenience, the politically expedient choice is usually to
liquidate the natural capital. In sum, every increment in the
human population accelerates competition with other organisms
for Earth’s primary production. And, of course, not only do the
present poor need more consumption, the present rich also
demand it—as certainly will the newcomers. This is all in the face
of signs that average per capita consumption is already unsus-
tainable in developed regions (22), indicating a stark tradeoff
between today’s consumption and the basic human rights of
future generations.

A major byproduct of human consumption is the toxification
of Earth’s ecosystems. Human agriculture and fossil-fuel com-
bustion have multiplied the emission and deposition of nitrogen
in recent decades, with negative consequences for biodiversity in
grasslands (23) and aquatic ecosystem (24). Widely used herbi-
cides such as atrazine and glyphosphate harm amphibians (25,
26), potentially contributing to global amphibian decline, and the
use of antiinflammatory drugs such as diclofenac and ibuprofen
to treat livestock in India has ravaged scavenging birds, for which
cattle carcasses are a major food source (27, 28).

Anthropogenic climate change stems from a special case of
toxification: carbon pollution. Many biological impacts of global
heating are evident, as animals and plants undergo changes in
phenology, distribution, and local abundance (29). More alarm-
ing, anthropogenic heating has already been directly implicated
in several extinctions (30) and seems likely to precipitate others.
In the oceans, heating is already reducing the extent and altering
the structure of coral reefs via breakdown of the coral–algal
symbiosis (31). Moreover, rising CO2 concentrations are lower-
ing oceanic pH, with potentially disastrous consequences for
coral reefs and other marine ecosystems (32, 33).

Direct exploitation of wildlife species by human beings takes
a variety of forms, from subsistence hunting (34) to the harvest-
ing of wild plants and animals for conversion into luxury goods

and pets (35, 36). Large mammals and fish suffer disproportion-
ately from direct human predation. Many of these vertebrates
(e.g., apex carnivores, large ungulates, etc.) are strongly inter-
acting species in their native ecosystems (37–40), and overhar-
vesting them may have destabilizing effects on biodiversity and
ecological processes such as seed dispersal, nutrient cycling, and
even primary production. In oceans, top piscivores suffer dis-
proportionately as fleets fish down the food web (41). Industri-
alized fisheries have often devastated community biomass of
predatory fish within a few decades (42), with even sharper
declines common among the apex predators (43).

Nonnative species introduced by people into naive ecosystems
have occasionally wrought havoc on local biodiversity via pre-
dation, competition, and the disruption of co-evolved interac-
tions. Biotic interchange is likely to increase with increasing
mobility in an increasingly globalized world; under business as
usual, biogeography will be increasingly homogeneous.

A cryptic yet critical threat to biodiversity is the loss of future
evolutionary potential. Extinction of genetically distinct popu-
lations, decreases in effective population sizes, and homogeni-
zation of habitat types are all likely to have negative effects on
future biodiversity (13, 44). The positive relationship between
speciation rate and habitat area (45) indicates that decreases in
species geographic ranges will diminish future speciation rates,
which in turn will impoverish future diversity (46). Speciation of
large vertebrates, which are highly mobile and require large
habitats, may cease entirely (13), and biodisparity—the range of
morphological and physiological variety on Earth—will decrease
as phylogenetically distinct, species-poor branches are pruned
from the tree of life (47).

Loss of microevolutionary potential will also limit the capacity
of populations to adapt to changing environmental conditions,
highlighting another important point: The drivers of biodiversity
loss will often act synergistically in imperiling populations and
species. Habitat loss and fragmentation compound the effects of
climate change, as species are unable to track their thermal
niches spatially (48). The interactions among logging, fire, and
climate change threaten to transform the Amazon rainforest into
savanna (49, 50). Such positive feedbacks seem to be a rule,
rather than an exception, and they make it impossible to generate
precise estimates of future biodiversity.

In short, although there are many uncertainties about the
trajectories of individual populations and species, we know
where biodiversity will go from here in the absence of a rapid,
transformative intervention: up in smoke; toward the poles and
under water; into crops and livestock; onto the table and into yet
more human biomass; into fuel tanks; into furniture, pet stores,
and home remedies for impotence; out of the way of more cities
and suburbs; into distant memory and history books. As biodi-
versity recedes, we also lose the stories that go with it and many
ways of relating to the world in which we evolved.

We now consider what might happen if humanity changes the
way it does business. Ours is not a comprehensive treatment of
this issue. The Millennium Ecosystem Assessment (51) contains
a thorough and colorful summary of the state of biodiversity, and
it provides important (and necessarily overarching) recommen-
dations for softening human impact on ecosystems—things like
increasing governmental accountability, eliminating environ-
mentally malign subsidies, and reducing greenhouse-gas emis-
sions. However, the breadth and complexity of these objectives,
and the considerable political clout required to enact them, can
engender the misconception that only governments can deter-
mine where biodiversity goes from here. That misconception, in
turn, is a recipe for paralysis among concerned individuals.
Therefore, we try to focus more narrowly on seven more-or-less
concrete sets of actions that individuals or small groups have
already set in motion. If implemented more broadly and scaled
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up dramatically, these actions would collectively enable a dif-
ferent, more appealing fate for biodiversity.

Although each of the following strategies is being used
somewhere, none is yet realizing its full potential. Some may not
be achievable in all times and places, but none is exclusive of any
other. Most of these strategies are familiar to most people in the
conservation community; the notion that they are all ‘‘correct’’
ways to conserve biodiversity is perhaps less so. Indeed, squab-
bles over strategy are endemic within the conservation commu-
nity, perhaps because different strategies are seen as competing
for funding and for primacy in the scholarly idea-scape. The
alacrity with which international conservation nongovernmental
organizations have ‘‘branded’’ themselves (52) and the some-
times absurdly acrimonious exchanges between conservation
academics seem to manifest a widespread ‘‘either–or’’ belief that
there are absolutely right and wrong ways to protect biodiversity
(53). Ostrom et al. (54), in a recent PNAS Special Feature, wrote
of the need ‘‘to go beyond relying on abstract cure-all proposals
for solving complex problems related to achieving sustainable
social–ecological systems.’’ By emphasizing a portfolio of partial
solutions, we hope to reinforce the idea that maximizing future
biodiversity will require a plurality of approaches in creative
admixtures that are tailored to local realities. Each place needs
a different mixture.

Business as Unusual: Where Else Might Biodiversity
Go from Here?
Into a Less Peopled, Less Hostile Planet. The human impact on
biodiversity is a product of three root factors, summarized in the
heuristic I�PAT identity (55). The overall Impact (encompass-
ing all of the drivers of biodiversity loss discussed above) is the
product of Population size, per capita Aff luence, and the Tech-
nologies (and socioeconomic–political systems) used to generate
affluence. ‘‘Affluence’’ in this context is simply per capita
consumption, and ‘‘socioeconomic–political systems’’ refer to
the strictures that regulate technology use.

Tangible steps to reduce any of these factors will lessen their
product and help produce a more hospitable future for biodi-
versity. A current example that integrates all three factors is the
drive to produce biofuel (T) to satisfy the expanding energy
consumption (A) of a growing population (P). Unchecked
biofuel production has the potential to destroy all moist-tropical
biodiversity that lacks conservation status. Biologically impov-
erished monocultures of oil palm, soybeans, and sugarcane for
biodiesel and ethanol are devouring swaths of Brazilian Amazon
and Cerrado, Indonesian, and Malaysian tropical rainforests and
other vast reservoirs of biodiversity (56, 57). However, the
production of biofuels from native grassland perennials on
agriculturally degraded lands has the potential to reduce carbon
emissions without displacing food production or converting
native habitats (58). In this case, an innovative Technological
adjustment would reduce overall Impact. Likewise, simple shifts
in socioeconomic–political systems—instituting high-occupancy
vehicle lanes to reduce carbon emissions, for example, or de-
manding high-seas ballast water exchange for cargo ships to
reduce species introductions—would do a great deal.

Although population growth has slowed or is slowing in many
developed countries, it remains high in many developing regions.
Much is known about how to hasten the transition to a stable and
then declining world population. Education and employment—
for women especially—along with access to contraception and
safe abortions are the most important components (59). Less is
known about how to prevent overconsumption of natural re-
sources (22). Mass media are a powerful tool for raising envi-
ronmental awareness and influencing attitudes toward consump-
tion, as demonstrated by Al Gore and his documentary film An
Inconvenient Truth. To this end, we should exploit the media to
the fullest possible extent. Although more environmentally

benign technologies will also help, the battle will not be won
without a transformative collective decision by consumers that
less can be more. For example, although an 80% shift from beef
and pork to farmed fish and poultry could enable displacement
of up to 22% of U.S. gasoline consumption with low-impact,
high-diversity biofuel (D. Tilman, personal communication),
such a shift will not happen without hundreds of millions of
conscious decisions that a sustainable economy is worth more
than the taste of bacon cheeseburgers.

Into Perpetuity via Endowments for Conserved Areas. As many
conservation biologists have noted, formally protected areas are
not realizing their full potential, being too few, too small, too far
apart, too expensive to establish and maintain, and/or too poorly
administered (60, 61). These pitfalls notwithstanding, nature
parks and other conservation areas are central to the future of
biodiversity (62).

The outstanding national parks of North America and Aus-
tralia demonstrate that well fed voter/taxpayers, whatever their
environmental shortcomings, are at least willing and able to
support biological preserves; people in poorer countries, the
argument goes, cannot necessarily afford that luxury. Of the
various forms of revenue used to support protected areas in poor
countries, conservation trust funds—specifically, endowment
funds intended to last in perpetuity—are the most promising.
Unlike taxes, user fees, and debt swaps, endowments provide
sustained funding and are relatively resilient to political whims
and fluctuations in the demand for ecotourism (63). As of 2000,
conservation trust funds had been established in more than 40
countries, and nine developing nations boasted endowments of
US$10 million or more (63).

Spergel (63) argues that conservation trust funds should be
additional to existing government funding, but this may not always
be the case. Consider the following initiative being considered
in Costa Rica. It is called Paz Con la Naturaleza—Peace with
Nature—and it aims, among other things, to generate $500 million
to endow the country’s entire conserved-area system. Crucially,
this would relieve Costa Rican taxpayers of the burden of financing
conservation. Under the plan, $100 million would be spent to
consolidate the existing national park system—25% of the
country—into 11 large conservation areas (ref. 64 and D. H.
Janzen, personal communication). The remaining $400 million
would be invested outside the country in a university-like endow-
ment; $20 million of annual revenue from that endowment would
be divided among the conservation areas and used to cover
operating costs, with any remaining income plowed back into the
fund for growth. Although the financing would operate at a national
and international scale, the plan calls for decentralized local ad-
ministration of the individual conservation areas. This plan, with
an endowment as its centerpiece, simultaneously redresses most of
the frequently cited shortcomings of conservation areas: it aims to
make them bigger, closer together, better administered, and essen-
tially free to their users (aside from the opportunity cost of the
land use).

It is an ambitious goal, to be sure. The price tag is steep by
traditional conservation standards, but with many U.S. research
universities boasting endowments in the multiple billions of
dollars, $500 million to conserve 25% of a nation and 4% of
global biodiversity forever—creating the world’s first explicitly
green country in the process—seems like a bargain. It remains
to be seen whether the plan can be implemented in small, stable,
‘‘green’’ Costa Rica, much less anywhere else; we will not know
until money is pledged. In any event, perpetual endowment funds
have tremendous potential in conservation (e.g., as a source of
revenue for restoration and other projects: refs. 63 and 65) and
will generally increase the ‘‘localization’’ and longevity of con-
servation initiatives by tying funds to long-term programs in
particular areas.
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Into Human-Modified Landscapes, as Best It Can. Unbroken tracts of
conserved wild area, if they exist, will always be the greatest
reservoirs of biodiversity and the most interesting places to visit.
But under certain conditions, human-dominated pastoral and
agricultural landscapes can also harbor an appreciable amount of
biodiversity (66–68). Simple and inexpensive management tech-
niques, such as maintaining living hedges around agricultural
plots (69) and preserving remnant trees in pasture (70), can often
buttress the biodiversity of these areas.

There are many compelling reasons to conserve countryside
biodiversity. One is that most human-dominated landscapes will
not revert to wildness anytime soon; enabling wild populations
to persist in these areas is the best plausible outcome for
biodiversity. Another is that habitat types vary in their tolerance
of human activity. Whereas tropical forests are quite sensitive to
burning, wood chopping, and hunting, tropical savannas are
relatively resilient to anthropogenic disturbance. In many parts
of Africa, much or most wildlife occurs outside of nationally
protected areas (68), and wildlife can coexist alongside limited
livestock populations (71). That people also share this space does
not necessarily diminish its conservation value. Moreover, main-
taining nonconserved areas in biodiversity-friendly ways aids
migration and dispersal between protected areas, a process that
will become even more important as climate change rearranges
species’ distributions (48, 72). Finally, maximizing biodiversity in
areas where humans are active in their daily lives increases the
frequency of interactions between human and nonhuman or-
ganisms, which enhances the potential for ecosystem-service
delivery and bioliteracy development (see Onto the Cultural
Radar Screen). Economic incentives (or legal strictures) can be
developed to encourage (or require) biodiversity-friendly use of
privately held lands (73, 74).

Biodiversity maximization in human-dominated landscapes
does not in any respect reduce the need for large conserved
wildlands. How to allocate conservation resources among these
two different frameworks is a local problem, and answers will
vary depending on such factors as the habitat types involved,
local land-use history, the state of the region’s government and
protected-area system, and the availability and price of land for
purchase. As in most other respects, Britain is different from
Kenya is different from Amazonia. The challenges in planning
for conservation in human-dominated landscapes are perhaps
most pronounced in fragmented tropical forest–pasture–field
mosaics, because tropical-forest biodiversity is so great and the
alternate landscape states are so dramatically different from the
baseline. One uncertainty is whether the apparently high con-
servation value of these mosaics (e.g., refs. 66 and 75) will be
sustained over centuries, or whether it will ultimately succumb
to the ‘‘extinction debt’’ (76, 77). A related concern is that the
diversity of interspecific interactions in human-dominated land-
scapes will decline more quickly and less perceptibly than the
diversity of populations or species and that this will eventually
lead to additional population and species loss. A 300-year-old
canopy tree species in a Brazilian pasture may serve as a roost
for a diversity of birds, epiphytes, and other organisms. But if its
pollinator or seed disperser has been lost or will not venture into
the pasture (78), or if its seeds will not germinate in a pasture,
or if its seedling crop will be devastated by pasture-tolerant
seedling predators, then it is among the living dead (76): it will
not replace itself, and, when it goes, so go the other species that
used it.

Toward a (Protected) Role Within the Global Economy. Ecotourism
has long been one of the most potent forces favoring conserva-
tion and will continue to be so. Ecotourists are consumers of
services that nature provides (beauty, adventure, life lists, etc.),
and they obligingly pay for these services in many ways (paying

for park entry fees, rooms at hotels, vehicle repairs at the local
mechanic, etc.).

But ecotourism is exceptional in these respects. The biosphere
provides a steady stream of other direct and indirect benefits to
humanity for which nobody pays. The last decade has seen
‘‘ecosystem services’’ transformed from an abstract academic
concept (79) into an applied research program and a powerful
policy tool (51, 80). These services include, but are not limited
to, providing raw materials, natural water filtration, carbon
sequestration and storage in forests, f lood and erosion mitigation
by plant communities, and pollination of crops by wild animals
(80). Ecosystems, in addition to being reservoirs of biological
diversity and an integral part of our planetary and cultural
heritage, are capital assets.

The global economy does not in any serious way account for
the value of ecosystem services. The perversity of this situation
is obvious. The costs, both in the traditional economic sense and
in terms of human health and well being, of losing these services
would be immense: many economic institutions would either
collapse outright or require technological surrogates vastly more
expensive than simply conserving the relevant ecosystems. The
archetypal example of an ecosystem service in action is the
conservation of the Catskill watershed, which has (thus far)
spared the city of New York the $8 billion cost of building a
water-filtration plant. Elsewhere, there are indications that
mangroves and other coastal vegetation might have protected
some coastal villages from the devastating Asian tsunami of 2004
(81). Recent population crashes of honey bees (Apis mellifera)
have threatened an approximately $15 billion crop-pollinating
industry in the United States, highlighting the importance of
conserving diverse native-bee communities (82, 83). These case
studies are small components of a total-biosphere value that is,
effectively, infinite (84).

The idea that economic growth is independent of environ-
mental health, and that humanity can therefore indefinitely
expand its physical economy, is a dangerous delusion. The
problem is that although we know that individual ecosystem
services are valuable, we rarely know precisely how valuable.
And although quantitatively estimating the dollar value of
individual services can be an eye-opening exercise, the effort
required makes doing so prohibitive for every ecosystem (to say
nothing of the futility of trying to add up to infinity). The
challenges, then, are to provoke society to acknowledge ecosys-
tem-service values (even though approximate or only qualita-
tive) and to maintain service provision by protecting service
sources.

In addition to the individual efforts of a growing number of
academics and practitioners, innovative programs are emerging
to tackle these twin challenges at large scales. The Natural
Capital Project is an international collaboration involving Stan-
ford University, The Nature Conservancy, and World Wildlife
Fund that aims to integrate ecosystem-service values into land-
use and policy decisions (85). By developing new decision-
support tools—including software to quantify and map the value
of ecosystem services across landscapes and seascapes—and
applying them in several demonstration sites across the world,
the project hopes to promote more forward-thinking land-use
decisions.

In some cases, protecting ecosystem services (or even engi-
neering them) may not enhance biodiversity conservation (86,
87), but it may be useful for other anthropocentric reasons. We
should be frank about that when pondering how to justify and
finance our operations. We should also think about how in-
creased valuation of ecosystem services might spill over into
other sectors of the economy: If we rely on an ecosystem to do
a job, are we putting a human being out of work, and might that
person retaliate against the service-providing ecosystem?

Finally, we must recognize that, for whatever reason, demand
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for particular ecosystem services will wax and wane, but that the
sources of the services must not be allowed to wax and wane in
sync. As proponents and critics of market-based conservation
approaches both point out, complete commodification of eco-
systems is not the goal. Yes, ecosystem services have enormous
value in traditional economic terms for their role in sustaining
and enriching human life, and efforts to ascertain these values
are important. No, ecosystems and their biodiversity cannot
compete on the open market as service providers alone (88). To
subject ecosystems to all of the same demands and risks that
commodities and corporations face in capitalist economies
would be to ensure their eventual diminution and demise.

Globalization intensifies this hazard. In a globalized, demodu-
larized world, goods and services can often be imported and
outsourced more cheaply than they can be obtained locally—and
this includes goods and services provided by ecosystems. ‘‘En-
demic’’ ecosystem services, which cannot be supplanted by goods
and services from distant sources, will likely be the most effective
allies to biodiversity in the future.

Into Ecologically Reclaimed and Restored Habitats. Experience has
shown not only that science can inform more rapid, more
effective restoration of local habitats (89), but also that contig-
uous ecosystems can be built from scattered pieces at large scales
(90). This process has several names—restoration, rewilding,
renaturalization—and provides a constructive, creative counter-
point to the stop-loss approach of traditional conservation. Thus,
the future of biodiversity is not just what we can save of what is
left, but also what we can create from what is left (see also ref.
91). As Young (92) put it, ‘‘The conservation mindset is one of
loss on a relatively short time horizon, whereas the restoration
mindset is one of long-term recovery.’’

Successes abound. The regeneration of tropical forest in
Guanacaste Province, northwestern Costa Rica (90, 93), is
particularly heartening for several reasons: it involves restoration
of multiple habitat types; it is large-scale yet local and decen-
tralized; and it was achieved by using a portfolio of innovative
mechanisms and via broad collaboration among scientists, busi-
nesspeople, politicians, and the local community. The result has
been the regeneration and conservation of 700 km2 of tropical
dry forest along with abutting chunks of rain and montane forest.
In poverty-stricken Niger on the fringe of the Sahara, farmers
have helped hold off desertification in many areas by nurturing
saplings in their fields rather than removing them—and they
have begun to reap benefits from this greening of the country-
side (94). In the oceans, researchers have had some success
transplanting live coral fragments onto degraded reefs (95).
Likewise, efforts to rebuild damaged watersheds and wetlands
have been a major focus of scientific restoration ecology (e.g.,
ref. 96), with important implications for the availability of
potable water.

Large animals are particularly extinction-prone, at both the
population and species levels. They are also often particularly
important to ecological dynamics. Returning megafaunal species
to what remains of their historical ranges (97) can yield a number
of overlapping benefits: the return of these charismatic species
undoes population extinctions, makes habitats more interesting
and exciting, and can restore ecological interactions with ap-
pealing system-wide consequences. The repatriation of wolves to
Yellowstone National Park in 1995 not only titillated tourists but
also revived a multispecies trophic interaction involving elk,
beavers, and trees, which has rejuvenated the region’s riparian
ecosystems (98, 99).

These examples and others illustrate that ecological restora-
tion has a critical role in determining where biodiversity goes
from here; we hope for enormous and rapid expansion of such
revival efforts, even if the ultimate ecological goals take centu-
ries to achieve. The only caveat is that many projects branded as

‘‘restoration’’ may be only weakly beneficial or neutral for
biodiversity (100). Tree plantations are not forests.

Into the Fabric of Local Communities. For various reasons, conser-
vation programs in developing regions are likely to fail when they
are imposed from the top down by outsiders/foreigners (101).
That realization has spurred interest in (i) involving local
communities in conservation planning and (ii) fostering their
desire and capacity to help achieve conservation goals. In some
ways, these can be seen as short- and long-term components of
the same strategy. Earning local support for a conservation
initiative is needed to get the ball rolling; building local capacity
ensures that the ball keeps rolling once the outsiders leave.

Community involvement in conservation planning and
protected-area establishment/maintenance can take a variety of
forms (102, 103) and is the subject of a gargantuan literature. At
its most straightforward, it involves dialogue and follow-up with
local stakeholders to establish what kinds of compensation
(broadly construed) would sweeten the prospect of restrictions
on habitat use, but more nuanced and sophisticated schemes
have also been used (104, 105).

Local capacity building can also operate at multiple scales.
Education is clearly central to this goal, from providing on-the-
ground biodiversity training in parataxonomy (106, 107) to
training professional national park staffs to facilitating advanced
degrees for local students via scholarships and other mechanisms
(52). But even more basic contributions (local-language publi-
cations and extension efforts, computer and telecommunications
access, etc.) can be extremely beneficial.

As conservationists increasingly realize, programs along these
lines should attend every tropical conservation effort. Such
programs are crucial—not only for the long-term success of the
given conservation effort, but also for the augmentation and
transmission of biodiversity knowledge. Efforts to ‘‘engage’’
local communities in conservation and land management can
and have gone awry, and there are often important tradeoffs
between conservation and development (88). None of this alters
the fact that, without local acceptance of biodiversity and the
rationale for its conservation, any gains will be ephemeral.

Onto the Cultural Radar Screen. For decades, conservationists have
appealed to aesthetics as a principal reason to conserve wild
areas and species. But beauty is in the eye of the beholder, and
the 13-billion-plus beholding eyes of the world are drawn to many
things that are hostile to biodiversity: large families, tractors,
treasure, pavement, goats, and Cadillacs, to name a few. The
processes of economic and infrastructural development help to
divorce people from the natural world. Moreover, although
outdoor recreation and ecotourism are still important parts of
many lives in rich countries, biophilic impulses seem increasingly
swamped by other stimuli. In the United States, the rise of
electronic media has coincided with a 20-year downturn in
National Park visitation, after 50 years of steady increase (108).
Recent findings indicate that similar declines in contact with
nature are common to developed nations worldwide (109).

Such trends will not be reversed and the biodiversity crisis will
not be resolved until nature can rival virtual reality as a source
of entertainment, intrigue, and inspiration. Janzen (110, 111)
offers a compelling analogy: as books are uninteresting and
useless to an illiterate person, so is biodiversity uninteresting
and useless to a bioilliterate person. People keep what they use,
and increasing bioliteracy would enable more people to find uses
for biodiversity. Demand for ecotourism and perceived ‘‘exis-
tence values’’ would increase and, with them, biodiversity-
sustaining revenues. In a world of stingy appropriations for
conservation, we have a wonderful academic literature on how
to maximize returns on conservation investments (112). But we
have spent comparatively little effort figuring out ways to create
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a world of biodiversity fanatics and conservation voters, where
conservation resources would presumably flow more freely.

The earlier in the developmental process comes exposure to
nature, the better the odds of inspiring devotion to biodiversity
and its conservation. It is a rare conservationist who did not
encounter nature as a child. Every one of us can go to elementary
schools to show pictures of animals and plants and tell funny
stories about ecology. The teachers will be happy to have us.
More ambitious people might think about how to finance and
institutionalize school field trips to natural areas. Those of us
who work in the tropics can do these things there, too.

Clearly, we can also use other strategies. One method is to
appropriate the very technologies that are currently enforcing
the divide between people and biodiversity. Biodiversity is
increasingly on the World Wide Web via projects such as the
Encyclopedia of Life (www.eol.org) and Wikispecies (http://
species.wikimedia.org). But we can do more. We can upload
science and nature shorts to YouTube and contribute our
knowledge to Wikipedia and its offshoots. We can post our
lectures online (113). We can work to add ecological dimensions
to online virtual-reality platforms and video games like Second
Life, which currently has 10 million registered accounts. These
are obvious ideas; many more are possible. There is hope here:
Online sales have helped to revitalize classical music (114),
which is like biodiversity in that its devotees have long been
predicting and lamenting its demise.

Some have argued that the key to widespread biodiversity
appreciation is the ability to know immediately what is what in
nature. Janzen (110) believes that this requires a comprehensive
library of DNA barcodes (115) along with a handheld, nano-
technological, field-portable sequencing device. We are hopeful
about this dream, as well as any other means of achieving the
same end.

Profound social transformations are not impossible or ‘‘un-
realistic.’’ Shifts happen. They have happened in our lifetimes.
We all know these terms: segregation, Iron Curtain, apartheid.
‘‘Anthropogenic extinction’’ belongs on that list. More than
anything else, the long-term future of biodiversity will be
determined by our success or failure in helping to precipitate
such an overhaul in popular perceptions of nature and what it
means.

Concluding Thoughts
A substantial amount of biodiversity—enough to preserve many
functional ecosystems and to satisfy the desire felt by many to
coexist with our only known living companions in the universe—
can be saved via the pluralistic deployment of the seven sets of
actions that are discussed above and that have been discussed for
years in countless other corners of academia.

The subheadings sound ambitious, but the actions they com-
prise are demonstrably doable. As with the atmospheric ‘‘stabi-
lization wedges’’ of Pacala and Socolow (1), each of the strategies

above has passed beyond the laboratory bench and demonstra-
tion phase, but none has yet been implemented on a large-
enough scale or in conjunction with enough of the others. Part
of the reason for this shortfall is that most of us in the academic
community who are familiar with all of these ideas do not see
implementing them as part of our job description.

Where Does Conservation Biology Go from Here? Academic ecolog-
ical papers are often tinseled with one or two sentences about the
applied significance of the science (116), which accomplishes
little. The selective pressures of academia, as currently set up,
promote this practice by insisting on work that is at once
scientifically transformative and socially beneficial. Yet many of
the most useful things that we can do for biodiversity—like
talking to kindergartners—are not at the cutting edge of science.
Thus, we are implicitly encouraged to deck our papers with
references to the urgent biodiversity crisis while quietly opting
out of the grittier work. (We do not excuse ourselves from this
indictment.)

This phenomenon is the very definition of the Ivory Tower,
but it need not apply here. It is up to us. We can maintain the
status quo, which has not yet enabled us to stop or even slow
biodiversity loss. Alternatively, we can go a few steps down from
our cathedral by systematically rewarding (or even mandating) a
certain tithe to society and incorporating it into our system for
evaluating one another. Each institution seems free to make its
own decision on this front. Major funding bodies, such as the
U.S. National Science Foundation, rightly insist that applicants
explain both the intellectual importance and the ‘‘broader
impacts’’ of their science. However, we suspect that scientists
face more accountability to the former than to the latter. Closer
scrutiny of the delivery of societal benefits promised from
previous grants would likely prompt an increase in tithing.

Where Does Humanity Go from Here? Where the human juggernaut
goes from here will depend in many ways on where biodiversity
goes. In this article we have tried to suggest one hopeful answer:
from here, humanity goes to grips with biodiversity as a part of
society that we accept, accommodate, need, use, pay for, puzzle
over, admire, and enjoy. The alternative future is much uglier,
but we still have time to reject it.

ACKNOWLEDGMENTS. We thank the many contributors to the ideas summa-
rized here. In particular, we are indebted to Hal Mooney, Dan Janzen, Winnie
Hallwachs, Gretchen Daily, John Terborgh, Peter Raven, Todd Palmer, Jake
Goheen, Josh Goldstein, Liba Pejchar, and Beth Pringle, whose thoughts and
constructive comments permeate our review. We are grateful to Peter and
Helen Bing, Larry Condon, Wren Wirth, the late LuEsther T. Mertz, the Heinz
Family Philanthropies, the Northern California Association of Phi Beta Kappa,
the Sherwood Family Foundation, and the U.S. National Science Foundation,
whose generous support has enabled us to contemplate these issues.

1. Pacala S, Socolow R (2004) Stabilization wedges: Solving the climate problem for the
next 50 years with current technologies. Science 305:968–972.

2. Martin RD (1993) Primate origins: Plugging the gaps. Nature 363:223–234.
3. Hughes TP (1994) Catastrophes, phase-shifts, and large-scale degradation of a Carib-

bean coral reef. Science 265:1547–1551.
4. Asner GP, et al. (2005) Selective logging in the Brazilian Amazon. Science 310:480–

482.
5. Oliveira PJC, et al. (2007) Land-use allocation protects the Peruvian Amazon. Science

317:1233–1236.
6. Hoekstra JM, Boucher TM, Ricketts TH, Roberts C (2005) Confronting a biome crisis:

Global disparities of habitat loss and protection. Ecol Lett 8:23–29.
7. May RM (1988) How many species are there on Earth? Science 241:1441–1449.
8. May RM, Lawton JH, Stork NE (1995) in Extinction Rates, eds Lawton JH, May RM

(Oxford Univ Press, Oxford), pp 1–24.
9. Balmford A, Green RE, Jenkins M (2003) Measuring the changing state of nature.

Trends Ecol Evol 18:326–330.
10. Regan HM, Lupia R, Drinnan AN, Burgman MA (2001) The currency and tempo of

extinction. Am Nat 157:1–10.

11. Seabloom EW, Dobson AP, Stoms DM (2002) Extinction rates under nonrandom
patterns of habitat loss. Proc Natl Acad Sci USA 99:11229–11234.

12. Pimm SL, Russell GJ, Gittleman JL, Brooks TM (1995) The future of biodiversity. Science
269:347–350.

13. Woodruff DS (2001) Declines of biomes and biotas and the future of evolution. Proc
Natl Acad Sci USA 98:5471–5476.

14. Hughes JB, Daily GC, Ehrlich PR (1997) Population diversity: Its extent and extinction.
Science 278:689–692.

15. Houlahan JE, Findlay CS, Schmidt BR, Meyer AH, Kuzmin SL (2000) Quantitative
evidence for global amphibian population declines. Nature 404:752–755.

16. Rachowicz LJ, et al. (2006) Emerging infectious disease as a proximate cause of
amphibian mass mortality. Ecology 87:1671–1683.

17. Ceballos G, Ehrlich PR (2002) Mammal population losses and the extinction crisis.
Science 296:904–907.

18. Jackson JBC (2007) Economic incentives, social norms, and the crisis of fisheries. Ecol
Res 22:16–18.

19. Population Reference Bureau (2007) 2007 World Population Data Sheet (Population
Reference Bureau, Washington, DC).

11584 � www.pnas.org�cgi�doi�10.1073�pnas.0801911105 Ehrlich and Pringle



20. Forero J (November 12, 2007) Venezuela’s Chavez attempts new city. Morning Edition
(National Public Radio, Washington, DC).

21. Haberl H, et al. (2007) Quantifying and mapping the human appropriation of net
primary production in earth’s terrestrial ecosystems. Proc Natl Acad Sci USA
104:12942–12945.

22. Ehrlich PR, Goulder LH (2007) Is current consumption excessive? A general framework
and some indications for the United States. Conserv Biol 21:1145–1154.

23. Stevens CJ, Dise NB, Mountford JO, Gowing DJ (2004) Impact of nitrogen deposition
on the species richness of grasslands. Science 303:1876–1879.

24. Carpenter SR, et al. (1998) Nonpoint pollution of surface waters with phosphorus and
nitrogen. Ecol Appl 8:559–568.

25. Hayes TB, et al. (2002) Hermaphroditic, demasculinized frogs after exposure to the
herbicide atrazine at low ecologically relevant doses. Proc Natl Acad Sci USA 99:5476–
5480.

26. Relyea RA (2005) The lethal impact of roundup on aquatic and terrestrial amphibians.
Ecol Appl 15:1118–1124.

27. Oaks JL, et al. (2004) Diclofenac residues as the cause of vulture population decline in
Pakistan. Nature 427:630–633.

28. Cuthbert R, Parry-Jones J, Green RE, Pain DJ (2007) NSAIDs and scavenging birds:
Potential impacts beyond Asia’s critically endangered vultures. Biol Lett 3:90–93.

29. Parmesan C (2006) Ecological and evolutionary responses to recent climate change.
Annu Rev Ecol Evol Syst 37:637–669.

30. Pounds JA, et al. (2006) Widespread amphibian extinctions from epidemic disease
driven by global warming. Nature 439:161–167.

31. Hughes TP, et al. (2003) Climate change, human impacts, and the resilience of coral
reefs. Science 301:929–933.

32. Orr JC, et al. (2005) Anthropogenic ocean acidification over the twenty-first century
and its impact on calcifying organisms. Nature 437:681–686.

33. Hoegh-Guldberg O, et al. (2007) Coral reefs under rapid climate change and ocean
acidification. Science 318:1737–1742.

34. Brashares JS, et al. (2004) Bushmeat hunting, wildlife declines, and fish supply in West
Africa. Science 306:1180–1183.

35. Root TL, Bishop KD, Ehrlich PR, Schneider SH, Ehrlich AH (2006) Conservation of
southeast Asian birds: The role of bird markets and avian flu. Environ Awareness
29:57–65.

36. O’Brien S, et al. (2003) Decline of the Madagascar radiated tortoise Geochelone
radiata due to overexploitation. Oryx 37:338–343.

37. Terborgh J, et al. (2001) Ecological meltdown in predator-free forest fragments.
Science 294:1923–1926.

38. Ripple WJ, Beschta RL (2007) Hardwood tree decline following large carnivore loss on
the Great Plains, USA. Front Ecol Environ 5:241–246.

39. Pringle RM, Young TP, Rubenstein DI, McCauley DJ (2007) Herbivore-initiated inter-
action cascades and their modulation by productivity in an African savanna. Proc Natl
Acad Sci USA 104:193–197.

40. Palmer TM, et al. (2008) Breakdown of an ant-plant mutualism follows the loss of
large mammals from an African savanna. Science 319:192–195.

41. Pauly D, Christensen V, Dalsgaard J, Froese R, Torres F (1998) Fishing down marine
food webs. Science 279:860–863.

42. Myers RA, Worm B (2003) Rapid worldwide depletion of predatory fish communities.
Nature 423:280–283.

43. Baum JK, Myers RA (2004) Shifting baselines and the decline of pelagic sharks in the
Gulf of Mexico. Ecol Lett 7:135–145.

44. Myers N, Knoll AH (2001) The biotic crisis and the future of evolution. Proc Natl Acad
Sci USA 98:5389–5392.

45. Losos JB, Schluter D (2000) Analysis of an evolutionary species-area relationship.
Nature 408:847–850.

46. Rosenzweig ML (2001) Loss of speciation rate will impoverish future diversity. Proc
Natl Acad Sci USA 98:5404–5410.

47. Jablonski D (1995) in Extinction Rates, eds Lawton JH, May RM (Oxford Univ Press,
Oxford), pp 25–44.

48. Travis JMJ (2003) Climate change and habitat destruction: A deadly anthropogenic
cocktail. Proc Biol Sci 270:467–473.

49. Oyama MD, Nobre CA (2003) A new climate-vegetation equilibrium state for tropical
South America. Geophys Res Lett 30.

50. Terborgh J (2007) The green vs. the brown Amazon. NY Rev Books LIV:33–35.
51. Millennium Ecosystem Assessment (2005) Ecosystems and Human Well-Being: Syn-

thesis (Island, Washington, DC).
52. Rodriguez JP, et al. (2007) Globalization of conservation: A view from the south.

Science 317:755–756.
53. Wiens J (2007) The dangers of black-and-white conservation. Conserv Biol 21:1371–

1372.
54. Ostrom E, Janssen MA, Anderies JM (2007) Going beyond panaceas. Proc Natl Acad Sci

USA 104:15176–15178.
55. Ehrlich PR, Holdren JP (1971) Impact of population growth. Science 171:1212–1217.
56. Fearnside PM (2001) Soybean cultivation as a threat to the environment in Brazil.

Environ Conserv 28:23–38.
57. Klink CA, Machado RB (2005) Conservation of the Brazilian Cerrado. Conserv Biol

19:707–713.
58. Tilman D, Hill J, Lehman C (2006) Carbon-negative biofuels from low-input high-

diversity grassland biomass. Science 314:1598–1600.
59. Rindfuss RR, Bumpass L, St. John C (1980) Education and fertility: Implications for the

roles women occupy. Am Sociol Rev 45:431–447.
60. Noss RF, Cooperrider AY (1994) Saving Nature’s Legacy: Protecting and Restoring

Biodiversity (Island, Washington, DC).

61. Kareiva P (2006) Conservation biology: Beyond marine protected areas. Curr Biol
16:533–535.

62. Terborgh J, van Schaik C (2002) in Making Parks Work: Strategies for Preserving
Tropical Nature, eds Terborgh J, van Schaik C, Davenport L, Rao M (Island, Washing-
ton, DC), pp 3–14.

63. Spergel B (2002) in Making Parks Work: Strategies for Preserving Tropical Nature, eds
Terborgh J, van Schaik C, Davenport L, Rao M (Island, Washington, DC), pp 364–382.

64. Dalton R (2006) Biodiversity: Cashing in on the rich coast. Nature 441:567–569.
65. Schuyt K (2005) in Forest Restoration in Landscapes: Beyond Planting Trees, eds

Mansourian S, Vallauri D, Dudley N (Springer, New York), pp 161–165.
66. Daily GC, Ehrlich PR, Sanchez-Azofeifa GA (2001) Countryside biogeography: Use of

human-dominated habitats by the avifauna of southern Costa Rica. Ecol Appl
11:1–13.

67. Pimentel D, et al. (1992) Conserving biological diversity in agricultural-forestry sys-
tems: Most biological diversity exists in human-managed ecosystems. BioScience
42:354–362.

68. Western D (1989) in Conservation for the Twenty-First Century, eds Western D, Pearl
MM (Oxford Univ Press, Oxford), pp 158–165.

69. Robinson RA, Sutherland WJ (2002) Post-war changes in arable farming and biodi-
versity in Great Britain. J Appl Ecol 39:157–176.

70. Luck GW, Daily GC (2003) Tropical countryside bird assemblages: Richness, composi-
tion, and foraging differ by landscape context. Ecol Appl 13:235–247.

71. Georgiadis NJ, Olwero JGN, Ojwang G, Romanach SS (2007) Savanna herbivore
dynamics in a livestock-dominated landscape: I. Dependence on land use, rainfall,
density, and time. Biol Conserv 137:461–472.

72. Ricketts TH (2001) The matrix matters: Effective isolation in fragmented landscapes.
Am Nat 158:87–99.

73. Stoneham G, Chaudhri V, Ha A, Strappazzon L (2003) Auctions for conservation
contracts: An empirical examination of Victoria’s BushTender trial. Austr J Agric
Resource Econ 47:477–500.

74. Farrier D (1995) Conserving biodiversity on private land: Incentives for management
or compensation for lost expectations? Harvard Environ Law Rev 19:303–408.

75. Mayfield MM, Daily GC (2005) Countryside biogeography of neotropical herbaceous
and shrubby plants. Ecol Appl 15:423–439.

76. Janzen DH (1986) The future of tropical ecology. Annu Rev Ecol Syst 17:305–324.
77. Tilman D, May RM, Lehman CL, Nowak MA (1994) Habitat destruction and the

extinction debt. Nature 371:65–66.
78. Cordeiro NJ, Howe HF (2003) Forest fragmentation severs mutualism between seed

dispersers and an endemic African tree. Proc Natl Acad Sci USA 100:14052–14056.
79. Ehrlich PR, Mooney HA (1983) Extinction, substitution, and ecosystem services. Bio-

Science 33:248–254.
80. Daily GC (1997) Nature’s Services: Societal Dependence on Natural Ecosystems (Island,

Washington, DC).
81. Danielsen F, et al. (2005) The Asian tsunami: A protective role for coastal vegetation.

Science 310:643–643.
82. Kremen C, Williams NM, Thorp RW (2002) Crop pollination from native bees at risk

from agricultural intensification. Proc Natl Acad Sci USA 99:16812–16816.
83. Winfree R, Williams NM, Dushoff J, Kremen C (2007) Native bees provide insurance

against ongoing honey bee losses. Ecol Lett 10:1105–1113.
84. Dasgupta P, Levin S, Lubchenco J (2000) Economic pathways to ecological sustain-

ability. BioScience 50:339–345.
85. Aldhous P, Holmes B (2007) Innovate or watch them die. New Scientist 195:6–8.
86. Chan KMA, Shaw MR, Cameron DR, Underwood EC, Daily GC (2006) Conservation

planning for ecosystem services. PLoS Biol 4:2138–2152.
87. Turner WR, et al. (2007) Global conservation of biodiversity and ecosystem services.

BioScience 57:868–873.
88. Chan KMA, et al. (2007) When agendas collide: Human welfare and biological

conservation. Conserv Biol 21:59–68.
89. Young TP, Petersen DA, Clary JJ (2005) The ecology of restoration: Historical links,

emerging issues and unexplored realms. Ecol Lett 8:662–673.
90. Janzen DH (2000) in Norway/UN Conference on the Ecosystem Approach for Sus-

tainable Use of Biological Diversity (Norwegian Directorate for Nature Research,
Trondheim, Norway), pp 122–132.

91. Soule ME, Terborgh J (1999) Conserving nature at regional and continental scales: A
scientific program for North America. BioScience 49:809–817.

92. Young TP (2000) Restoration ecology and conservation biology. Biol Conserv
92:73–83.

93. Janzen DH (2002) in Handbook of Ecological Restoration, Volume 2: Restoration in
Practice, eds Perrow MR, Davy AJ (Cambridge Univ Press, Cambridge, UK), pp 559–
583.

94. Polgreen L (February 11, 2007) In Niger, trees and crops turn back the desert. NY
Times, World Section, www.nytimes.com/2007/02/11/world/africa/11uiger.html.

95. Guzman HM (1991) Restoration of coral reefs in Pacific Costa Rica. Conserv Biol
5:189–195.

96. Mitsch WJ, Wilson RF (1996) Improving the success of wetland creation and restora-
tion with know-how, time, and self-design. Ecol Appl 6:77–83.

97. Donlan CJ, et al. (2006) Pleistocene rewilding: An optimistic agenda for twenty-first
century conservation. Am Nat 168:660–681.

98. Ripple WJ, Beschta RL (2007) Restoring Yellowstone’s aspen with wolves. Biol Conserv
138:514–519.

99. Wolf EC, Cooper DJ, Hobbs NT (2007) Hydrologic regime and herbivory stabilize an
alternative state in Yellowstone National Park. Ecol Appl 17:1572–1587.

100. Zedler JB, Callaway JC (1999) Tracking wetland restoration: Do mitigation sites follow
desired trajectories? Restor Ecol 7:69–73.

101. Chapin M (2004) A challenge to conservationists. World Watch Mag 2004:17–31.

Ehrlich and Pringle PNAS � August 12, 2008 � vol. 105 � suppl. 1 � 11585



102. Western D, Wright MA (1994) Natural Connections: Perspectives in Community-Based
Conservation (Island, Washington, DC).

103. Borgerhoff Mulder M, Coppolillo P (2005) Conservation: Linking Ecology, Economics
and Culture (Princeton Univ Press, Princeton).

104. Berkes F (2007) Community-based conservation in a globalized world. Proc Natl Acad
Sci USA 104:15188–15193.

105. Kremen C, et al. (1999) Designing the Masoala National Park in Madagascar based on
biological and socioeconomic data. Conserv Biol 13:1055–1068.

106. Sheil D, Lawrence A (2004) Tropical biologists, local people and conservation: New
opportunities for collaboration. Trends Ecol Evol 19:634–638.

107. Janzen DH (2004) Setting up tropical biodiversity for conservation through non-
damaging use: Participation by parataxonomists. J Appl Ecol 41:181–187.

108. Pergams ORW, Zaradic PA (2006) Is love of nature in the US becoming love of electronic
media? 16-year downtrend in national park visits explained by watching movies, playing
video games, internet use, and oil prices. J Environ Manag 80:387–393.

109. Pergams ORW, Zaradic PA (2008) Evidence for a fundamental and pervasive shift
away from nature-based recreation. Proc Natl Acad Sci USA 105:2295–2300.

110. Janzen DH (2004) Now is the time. Phil Trans R Soc London B 359:731–732.
111. Janzen DH (2005) in Plant Conservation: A Natural History Approach, eds Krupnick G,

Kress J (Univ of Chicago Press, Chicago), pp ix–xiii.
112. Wilson KA, et al. (2007) Conserving biodiversity efficiently: What to do, where, and

when. PLoS Biol 5:e223.
113. Rimer S (December 19, 2007) At 71, physics professor is a web star. NY Times,

Education Section http://www.nytimes.com/2007/12/19/education/19physics.html.
114. Kozinn A (May 28, 2006) Check the numbers: Rumors of classical music’s demise are

dead wrong. NY Times, Arts Section http://www.nytimes.com/2006/05/28/arts/music/
28kozi.html.

115. Janzen DH, et al. (2005) Wedding biodiversity inventory of a large and complex
Lepidoptera fauna with DNA barcoding. Philos Trans R Soc London B 360:1835–1845.

116. Marris E (2007) What to let go. Nature 450:152–155.

11586 � www.pnas.org�cgi�doi�10.1073�pnas.0801911105 Ehrlich and Pringle



DOI: 10.1126/science.1187512
, 1164 (2010);328 Science

, et al.Stuart H. M. Butchart
Global Biodiversity: Indicators of Recent Declines

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): September 9, 2011 www.sciencemag.org (this infomation is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/328/5982/1164.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

http://www.sciencemag.org/content/suppl/2010/04/28/science.1187512.DC1.html 
can be found at: Supporting Online Material 

 http://www.sciencemag.org/content/328/5982/1164.full.html#related
found at:

can berelated to this article A list of selected additional articles on the Science Web sites 

 http://www.sciencemag.org/content/328/5982/1164.full.html#ref-list-1
, 8 of which can be accessed free:cites 21 articlesThis article 

9 article(s) on the ISI Web of Sciencecited by This article has been 

 http://www.sciencemag.org/content/328/5982/1164.full.html#related-urls
21 articles hosted by HighWire Press; see:cited by This article has been 

 http://www.sciencemag.org/cgi/collection/ecology
Ecology

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2010 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

S
ep

te
m

be
r 

9,
 2

01
1

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/328/5982/1164.full.html
http://www.sciencemag.org/content/328/5982/1164.full.html#related
http://www.sciencemag.org/content/328/5982/1164.full.html#ref-list-1
http://www.sciencemag.org/content/328/5982/1164.full.html#related-urls
http://www.sciencemag.org/cgi/collection/ecology
http://www.sciencemag.org/


between ORC binding and nucleosome turnover,
suggesting that turnover facilitates ORC binding.
In contrast, other chromatin features that would
be expected for open or dynamic chromatin, in-
cluding nucleosome density, mononucleosome/
oligonucleosome ratio (a measure of micrococcal
nuclease accessibility), H2Av (an H2A.Z his-
tone variant enriched in active chromatin), and
salt-soluble nucleosomes, show little if any de-
pendence on ORC abundance (Fig. 3, H to P).
Our findings support the hypothesis that repli-
cation origins are determined by chromatin, not
by sequence features (20, 21). The better quan-
titative correspondence of ORC to CATCH-IT
data than to other chromatin measurements implies
that the ORC occupies DNA that is made acces-
sible by nucleosome turnover. In support of this
interpretation, we note that very similar corre-
spondences are seen when CATCH-IT data are
aligned with GAF sites (fig. S9) and that GAF
directs nucleosome turnover in vivo (22, 23).

Our direct strategy for measuring the kinetics
of nucleosome turnover does not rely on trans-
genes or antibodies but rather uses native his-
tones and generic reagents. Thus, CATCH-IT
provides a general tool for studying activities
that influence nucleosome turnover. With use of
CATCH-IT, we found direct evidence that epige-
netic maintenance involves nucleosome turnover,
a process that erases histone modifications (10).

The fact that EZ is responsible for di- and tri-
methylation of H3K27, but the nucleosomes that
it modifies turn over faster than a cell cycle,
argues against proposals that histone modifica-
tions required for cellular memory themselves
transmit epigenetic information (24). Rather, by
simply increasing or decreasing accessibility of
DNA to sequence-specific binding proteins, regu-
lated nucleosome turnover may perpetuate active
or silent gene expression states and facilitate ini-
tiation of replication.
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In 2002, world leaders committed, through the Convention on Biological Diversity, to achieve
a significant reduction in the rate of biodiversity loss by 2010. We compiled 31 indicators to report
on progress toward this target. Most indicators of the state of biodiversity (covering species’
population trends, extinction risk, habitat extent and condition, and community composition)
showed declines, with no significant recent reductions in rate, whereas indicators of pressures
on biodiversity (including resource consumption, invasive alien species, nitrogen pollution,
overexploitation, and climate change impacts) showed increases. Despite some local successes
and increasing responses (including extent and biodiversity coverage of protected areas,
sustainable forest management, policy responses to invasive alien species, and biodiversity-related
aid), the rate of biodiversity loss does not appear to be slowing.

In2002, world leaders committed, through the
Convention on Biological Diversity (CBD),
“to achieve by 2010 a significant reduction of

the current rate of biodiversity loss” (1), and this

“2010 target” has been incorporated into the
United Nations Millennium Development Goals
in recognition of the impact of biodiversity loss
on human well-being (2). The CBD created a

framework of indicators to measure biodiversity
loss at the level of genes, populations, species,
and ecosystems (3, 4). Although a minority have
been published individually (5), hitherto they have
not been synthesized to provide an integrated
outcome. Despite suggestions that the target is
unlikely to be (6–8), or has not been (4, 9, 10),
met, we test this empirically using a broad suite of
biodiversity indicators.

To evaluate achievement of the 2010 target,
we (i) determined the trend, and timing anddirection
of significant inflections in trend for individual
indicators (11) and (ii) calculated aggregated in-
dices relating to the state of biodiversity, pres-
sures upon it, policy and management responses,
and the state of benefits (ecosystem services) that
people derive from biodiversity, using the best
available sources. To calculate aggregate indices,
we first scaled each of 24 indicators (out of 31)
with available trend information to a value of 1 in
the first year with data from 1970 onward (only
eight indicators had earlier trends) and calculated
annual proportional change from this first year.
Then we used a generalized additive modeling
framework (5, 12, 13) and determined significant
inflections (12). Although absolute values are
difficult to interpret because they aggregate dif-
ferent elements of biodiversity, this approach
permits a synthetic interpretation of rate changes
across the elements measured: For example, the
aggregated state index should show positive
inflections if biodiversity loss has been signifi-
cantly reduced.
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Our analyses suggest that biodiversity has
continued to decline over the past four decades,
with most (8 out of 10) state indicators showing
negative trends (Fig. 1 and Table 1). There have
been declines in population trends of (i) ver-
tebrates (13) and (ii) habitat specialist birds; (iii)
shorebird populations worldwide; extent of (iv)
forest (14, 15); (v) mangroves; (vi) seagrass beds;
and (vii) the condition of coral reefs. None show

significant recent reductions in the rate of decline
(Table 1), which is either fluctuating (i), stable (ii),
based on too few data to test significance (iii to vi),
or stable after a deceleration two decades ago (vii).
Two indicators, freshwater quality and trophic in-
tegrity in the marine ecosystem, show stable and
marginally improving trends, respectively, which
are likely explained by geographic biases in data
availability for the former and spatial expansion
of fisheries for the latter (5). Aggregated trends
across state indicators have declined, with no sig-
nificant recent reduction in rate: The most recent
inflection in the index (in 1972) was negative (Fig.
2). Because there were fewer indicators with trend
data in the 1970s, we recalculated the index from
1980, which also showed accelerating biodiversity
loss: The most recent inflection (2004) was neg-
ative. Finally, aggregated species’ extinction risk
(i.e., biodiversity loss at the species level) has ac-
celerated: The InternationalUnion for Conservation
of Nature (IUCN) Red List Index (RLI), measuring
rate of change (16, 17), shows negative trends.

The majority of indicators of pressures on
biodiversity show increasing trends over recent
decades (Fig. 1 and Table 1), with increases in (i)
aggregate human consumption of the planet’s
ecological assets, (ii) deposition of reactive nitro-
gen, (iii) number of alien species in Europe, (iv)
proportion of fish stocks overharvested, and (v)
impact of climate change on European bird pop-
ulation trends (18). In no case was there a signif-
icant reduction in the rate of increase (Table 1),
which was stable (i, iii, and v), fluctuating (iv), or
based on too few data to test significance (ii),
although growth in global nitrogen depositionmay
have slowed, and this may explain why the most
recent inflection in aggregated trends (in 2006)
was negative (Fig. 2) (5). Global trends for
habitat fragmentation are unavailable, but it is
probably increasing; for example, 80% of remain-
ing Atlantic Forest fragments are <0.5 km2 in
size (19), and 59% of large river systems are
moderately or strongly fragmented by dams and
reservoirs (20).
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Fig. 1. Indicator trends for (A) the state of biodiversity, (B) pressures upon it, (C) responses to address its
loss, and (D) the benefits humans derive from it. Data scaled to 1 in 1970 (or for first year of data if
>1970), modeled (if >13 data points; see Table 1), and plotted on a logarithmic ordinate axis. Shading
shows 95% confidence intervals except where unavailable (i.e., mangrove, seagrass, and forest extent,
nitrogen deposition, and biodiversity aid). WBI, Wild Bird Index; WPSI, Waterbird Population Status Index;
LPI, Living Planet Index; RLI, Red List Index; IBA, Important Bird Area; AZE, Alliance for Zero Extinction
site; IAS, invasive alien species.

www.sciencemag.org SCIENCE VOL 328 28 MAY 2010 1165

REPORTS

 o
n 

S
ep

te
m

be
r 

9,
 2

01
1

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org/


Table 1. Summary of global biodiversity indicator trends.

Indicator
Data

availability
(years)†

% Change since
1970‡

Mean annual % change§ Trends in
rate of change║1970s 1980s 1990s 2000s Since 1970

State
Living Planet Index (LPI)

(mean population trends of vertebrates)
1970–2006 –31* –0.2 –1.4 –1.4 –0.9 –1.0 F

Wild Bird Index [mean population trends
of habitat specialists in Europe and North
America, disaggregated for terrestrial (t)
and wetland (w) species]

1980–2007 –2.6*
–16*(t)
+40*(w)

–0.6
–1.3
+1.1

–0.2
–0.7
+1.3

+0.6
+0.3
+1.1

–0.1
–0.7
+1.2

S
D 1982–2007

S

Waterbird Population Status Index
(% shorebird populations increasing,
stable, or decreasing)

1985–2005† –33 –1.4 –2.0 –2.4 –2.0 A?

Red List Index (RLI) (extinction risk of
mammals, birds, amphibians, and corals)

1986–2008 –6.1* –0.1 –0.2 –0.5 –0.3 A

Marine Trophic Index
(shift in fishing catch from top
predators to lower trophic levels)

1950–2006 +3.0* +0.1 –0.1 +0.1 +0.1 +0.1 S

Forest extent 1990–2005† –3.1 –0.2 –0.2 –0.2 S?
Mangrove extent 1980–2005† –19 –1.0 –0.7 –0.7 –0.8 S?
Seagrass extent 1930–2003† –20 –0.4 –0.5 –0.5 –2.4 –0.7 A?
Coral reef condition

(live hard coral cover)
1980–2004 –38* –3.9 –0.3 +0.2 –1.8 D 1985–1988

Water Quality Index
(physical/chemical quality of freshwater)

1980–2005 0 +0.1 +0.0 –0.2 +0 S

Number of state indicators declining 2/3 8/9 8/10 7/10 8/10
Pressures

Ecological footprint
(humanity’s aggregate resource-consumption)

1961–2006 +78* +2.0 +1.3 +1.3 +2.1 +1.6 S

Nitrogen deposition rate
(annual reactive N deposited)

1850–2005† +35 +2.0 +1.3 –0.3 +0.2 +0.9 D?

No. alien species in Europe
(Mediterranean marine, mammal, and freshwater)

1970–2007 +76* +2.0 +1.4 +1.6 +1.1 +1.5 S

Exploitation of fish stocks
(% overexploited, fully exploited, or depleted)

1974–2006 +31* +0.6 +0.6 +1.1 +1.2 +0.9 F

Climatic Impact Indicator
(degree to which European bird population trends
have responded in the direction
expected from climate change)

1980–2005 +23* –0.8 +3.2 +1.2 +1.2 S

Number of pressure indicators increasing 4/4 4/5 4/5 5/5 5/5
Responses

Extent of Protected Areas (PAs) 1888–2006 +400* +7.6 +4.5 +3.4 +2.4 +4.7 S
Coverage by PAs of Important

Bird Areas and Alliance for Zero Extinction sites
1888–2009 +360* +5.6 +4.6 +2.6 +0.8 +3.4 D 1999–2008

Area of forest under sustainable
management (FSC certified)

1995–2008 +12,000* +100 +20 +46 D 2006

International IAS policy adoption
(no. signatories to conventions
with provision for tackling IAS)

1952–2008 +2700* +10 +6.9 +14 +5.1 +9.1 S

National IAS policy adoption
(% countries with relevant legislation)

1964–2009 +10,000* +30 +8.7 +12 +4.1 +13 D 2004–2009

Official development assistance
(US$ per year provided in support of CBD)

2005–2007† +17 +8.4 +8.3 D?

Number of response indicators increasing 4/4 4/4 5/5 6/6 6/6
Benefits

LPI for utilized vertebrate populations 1970–2006 –15* +1.0 –0.3 –1.3 –1.7 –0.4 A 1972–2006
RLI for species used for food and medicine 1986–2008 –3.5* –0.2 –0.2 –0.2 –0.2 A
RLI for bird species in international trade 1988–2008 –0.5* –0.01 –0.03 –0.02 –0.03 A
Number of benefits indicators declining 0/1 3/3 3/3 3/3 3/3
*Significant trends (P < 0.05). †Identifies indicators with insufficient data to test significance of post-1970 trends, usually because annual estimates are unavailable. ‡Since earliest
date with data if this is post-1970. §Because the indicators measure different parameters, some comparisons of mean annual % change between indicators are less meaningful than
comparisons between decades for the same indicator. ║Rate of change decelerating (D), accelerating (A), stable (S, i.e., no years with significant changes), fluctuating (F, i.e., a sequence of
significant positive and negative changes), or with too few data points to test significance (?); years indicate periods in which second derivatives differed significantly from zero (P < 0.05).
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All indicators of policy and management
responses show increasing trends (Fig. 1 and
Table 1), with increases in (i) extent of protected

areas (PAs) (Table 2); (ii) coverage by PAs of two
subsets of Key Biodiversity Areas (21) [39% of
the area of 10,993 Important Bird Areas and 42%

of the area of 561 Alliance for Zero Extinction
sites (22) by 2009]; (iii) area of sustainably
managed forests [1.6 million km2 under Forest
Stewardship Council (FSC) certification by 2007];
(iv) proportion of eligible countries signing inter-
national agreements relevant to tackling invasive
alien species (IAS) [reaching 82% by 2008 (23)];
(v) proportion of countries with national legisla-
tion to control and/or limit the spread and impact
of IAS [reaching 55% by 2009 (23)]; and (vi)
biodiversity-related aid (reaching US$3.13 billion
in 2007). The rate of increase was stable (i and iv),
slowing (ii, iii, and v), or based on too few data to
test significance (vi) (Table 1). The last three in-
flections in aggregated trends (2002, 2004, and
2008) were all negative (Fig. 2), indicating that
the rate of improvement has slowed. Two other
indicators have only baseline estimates: Manage-
ment effectiveness was “sound” for 22% of PAs
(“basic” for 65% and “clearly inadequate” for
13%), and the proportion of genetic diversity for
200 to 300 important crop species conserved ex
situ in gene banks was estimated to be 70% (24).

Only three indicators address trends in the
benefits humans derive from biodiversity (Fig.
1 and Table 1): (i) population trends of utilized
vertebrates have declined by 15% since 1970, and
aggregate species’ extinction risk has increased

Fig. 2. Aggregated indices of (A) the state of bio-
diversity based on nine indicators of species’ population
trends, habitat extent and condition, and community
composition; (B) pressures on biodiversity based on five
indicators of ecological footprint, nitrogen deposition,
numbers of alien species, overexploitation, and climatic
impacts; and (C) responses for biodiversity based on six
indicators of protected area extent and biodiversity cov-
erage, policy responses to invasive alien species, sustain-
able forest management, and biodiversity-related aid.
Values in 1970 set to 1. Shading shows 95%confidence
intervals derived from 1000 bootstraps. Significant
positive/upward (open circles) and negative/downward
(filled circles) inflections are indicated.

A

B

C

Table 2. Examples of successes and positive trends relevant to the 2010 target (5).

Indicator Successes and positive trends

State
Living Planet Index of Palearctic

vertebrate populations
Increased by 43% since 1970 (e.g., Eurasian beaver and common buzzard)

Waterbird populations in
North America and Europe

Increased by 44% since 1980 owing to wetland protection and sustainable management
(but populations remain below historic levels).

Species downlisted on the
IUCN Red List

Species qualifying for downlisting to lower categories of extinction risk owing to successful
conservation action include 33 birds since 1988 (e.g., Lear’s macaw), 25 mammals since
1996 (e.g., European bison), and 5 amphibians since 1980 (e.g., Mallorcan midwife toad).

Wild Bird Index and Red List
Index for species listed on the
European Union Birds Directive

Annex 1–listed species’ population trends have improved in EU countries (27) and
extinction risk reduced (RLI increased 0.46% during 1994–2004) owing to designation of
Special Protected Areas and implementation of Species Action Plans under the directive
(e.g., white-tailed eagle).

Extinctions prevented At least 16 bird species extinctions were prevented by conservation actions during 1994–2004,
e.g., black stilt (28).

Water Quality Index in Asia Improved by 7.4% since 1970.
Pressures

Deforestation in
Amazonian Brazil

Slowed from 2.8 million ha in 2003–2004 to 1.3 million ha in 2007–2008, but it is uncertain
to what extent this was driven by improved enforcement of legislation versus reduced
demand owing to economic slowdown.

Responses
National biodiversity strategies

and action plans (NBSAPs)
87% of countries have now developed NBSAPs and therefore have outlined coherent plans
for tackling biodiversity loss at the national scale.

Protected areas (PAs) Nearly 133,000 PAs designated, now covering 25.8 million km2: 12% of the terrestrial
surface (but only 0.5% of oceans and 5.9% of territorial seas), e.g., Juruena National Park,
Brazil, designated in 2006, covering 19,700 km2 of Amazon/cerrado habitat.

Invasive alien species (IAS)
policy, eradication, and control

82% of eligible countries have signed international agreements relevant to preventing the
spread and promoting the control/eradication of IAS. Successful eradications/control of IAS
include pigs on Clipperton Atoll, France (benefiting seabirds and land crabs), cats, goats and
sheep on Natividad, Mexico (benefiting black-vented shearwater), and red fox in southwest
Australia (benefiting western brush wallaby).

Official development
assistance for biodiversity

Increased to at least US$3.13 billion in 2007.
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at an accelerating rate (as shown by the RLI) for
(ii) mammals, birds, and amphibian species used
for food and medicine (with 23 to 36% of such
species threatened with extinction) and (iii) birds
that are internationally traded (principally for the
pet trade; 8% threatened). Trends are not yet
available for plants and other important utilized
animal groups. Three other indicators, which lack
trend data, show (iv) 21% of domesticated an-
imal breeds are at risk of extinction (and 9% are
already extinct); (v) languages spoken by fewer
than 1000 people (22% of the current 6900 lan-
guages) have lost speakers over the past 40 years
and are in danger of disappearing within this
century (loss of linguistic diversity being a proxy
for loss of indigenous biodiversity knowledge);
and (vi) more than 100 million poor people live
in remote areas within threatened ecoregions and
are therefore likely to be particularly dependent
upon biodiversity and the ecosystem services it
provides.

Indicator development has progressed sub-
stantially since the 2010 target was set. However,
there are considerable gaps and heterogeneity in
geographic, taxonomic, and temporal coverage
of existing indicators, with fewer data for devel-
oping countries, for nonvertebrates, and from
before 1980 and after 2005 (4, 5, 25). Interlink-
ages between indicators and the degree to which
they are representative are incompletely under-
stood. In addition, there are gaps for several key
aspects of state, pressures, responses, and espe-
cially benefits (4, 5, 7, 26).

Despite these challenges, there are sufficient
data on key dimensions of biodiversity to con-
clude that at the global scale it is highly unlikely
that the 2010 target has been met. Neither indi-
vidual nor aggregated indicators of the state of
biodiversity showed significant reductions in their
rates of decline, apart from coral reef condition,
for which there has been no further deceleration
in decline since the mid-1980s. Furthermore, all
pressure indicators showed increasing trends, with
none significantly decelerating. Some local system-
specific exceptions with positive trends for par-
ticular populations, taxa, and habitats (Table 2)
suggest that, with political will and adequate re-
sources, biodiversity loss can be reduced or re-
versed.More generally, individual and aggregated
response indicators showed increasing trends, albeit
at a decelerating rate (and with little direct infor-
mation on whether such actions are effective).
Overall, efforts to stembiodiversity loss have clearly
been inadequate, with a growingmismatch between
increasing pressures and slowing responses.

Our results show that, despite a few encour-
aging achievements, efforts to address the loss of
biodiversity need to be substantially strengthened
by reversing detrimental policies, fully integrating
biodiversity into broad-scale land-use planning,
incorporating its economic value adequately into
decisionmaking, and sufficiently targeting, funding
and implementing policies that tackle biodiversity
loss, among other measures. Sustained investment
in coherent global biodiversity monitoring and in-

dicators is essential to track and improve the ef-
fectiveness of these responses.
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Plectasin, a Fungal Defensin,
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Anders S. Andersen,2,4 Lora K. Gammelgaard,4 Hans-Georg Sahl,1 Hans-Henrik Kristensen4*

Host defense peptides such as defensins are components of innate immunity and have retained
antibiotic activity throughout evolution. Their activity is thought to be due to amphipathic
structures, which enable binding and disruption of microbial cytoplasmic membranes. Contrary to
this, we show that plectasin, a fungal defensin, acts by directly binding the bacterial cell-wall
precursor Lipid II. A wide range of genetic and biochemical approaches identify cell-wall
biosynthesis as the pathway targeted by plectasin. In vitro assays for cell-wall synthesis identified
Lipid II as the specific cellular target. Consistently, binding studies confirmed the formation of an
equimolar stoichiometric complex between Lipid II and plectasin. Furthermore, key residues in
plectasin involved in complex formation were identified using nuclear magnetic resonance
spectroscopy and computational modeling.

Plectasin is a 40–amino acid residue fungal
defensin produced by the saprophytic as-
comycete Pseudoplectania nigrella (1).

Plectasin shares primary structural features with
defensins from spiders, scorpions, dragonflies and
mussels and folds into a cystine-stabilized alpha-
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            T
he Millennium Development Goals 

(MDGs) are designed to inspire efforts 

to improve people’s lives by, among 

other priorities, halving extreme poverty by 

2015 ( 1). Analogously, concern about global 

decline in biodiversity and degradation of eco-

system services ( 2) gave rise in 1992 to the 

Convention on Biological Diversity (CBD). 

The CBD target “to achieve by 2010 a signifi -

cant reduction of the current rate of biodiversity 

loss” was incorporated into the MDGs in 2002. 

Our lack of progress toward the 2010 target ( 3, 

 4) could undermine achievement of the MDGs 

and poverty reduction in the long term. With  

increasing global challenges, such as popu-

lation growth,  climate change, and overcon-

sumption of ecosystem services, we need fur-

ther integration of the poverty alleviation and 

biodiversity conservation agendas.

The links between poverty and the environ-

ment are, unsurprisingly, complex (5, 6) ( Fig. 

1). Some attempts have been made to identify a 

relation between development and biodiversity, 

but these have yielded mixed results ( 5). Action 

is urgently needed to identify and quantify the 

links between biodiversity and ecosystem ser-

vices on the one hand, and poverty reduction on 

the other, while taking into account the global, 

regional, and local drivers of biodiversity loss 

in poor areas. 

Tackling the root causes of both biodiver-

sity loss and poverty can lead to complemen-

tary positive results. For example, reducing 

population pressure by promoting voluntary 

reductions in fertility in impoverished regions 

could support conservation of biodiversity and 

faster poverty alleviation (  7). However, there 

may be complex trade-offs, especially in the 

short term. Trade liberalization, for instance, 

might increase the supply of food commodi-

ties and could reduce prices in food-import-

ing countries, which would remove some 

pressure on these countries’ natural habitats. 

But reductions in trade barriers might also 

lead to increased production in food-export-

ing countries where commercial agriculture 

could increase vulnerability to deforestation, 

pests, diseases, and/or natural disasters, and 

might reduce the availability of ecosystem 

services ( 8,  9). Nevertheless, countervailing 

efforts to maintain biodiversity must be sensi-

tive to human needs if they are to retain public 

support ( 10).

The scientifi c and development policy com-

munities should focus on jointly articulating 

and addressing the critical research questions 

that, when answered, will help ensure that pov-

erty alleviation and conservation efforts pro-

duce win-win outcomes, or at least minimize 

harm to either agenda. To ensure greater syner-

gies, we suggest the following actions. Atten-

tion must focus on constructing and meeting a 

new biodiversity target for the remaining MDG 

period and beyond. The next target should be 

more specifi c, similarly time-limited, reason-

ably achievable, and should address the con-

sequences of  biodiversity loss globally and 

for the most vulnerable people and societies. 

It should be supported by a small set of indi-

cators ( 11) that measure trends in the state of 

biodiversity and ecosystem services, drivers 

of biodiversity loss and activities to safeguard 

biodiversity.

We need evidence-based interventions that 

can address both poverty reduction and envi-

ronmental sustainability. In agriculture, for 

instance, we can use existing land more effi -

ciently; we can pursue development that pro-

tects or enhances biodiversity; and we can 

improve productivity in ways that maintain eco-

system services, through institutional changes 

to secure better access to seeds, markets, and 

expertise, combined with adaptive applications 

of technologies ( 12). Similarly, finance and 

technology for adaptation, disaster manage-

ment, and reduced emissions from deforesta-

tion and forest degradation ( 13) are particularly 

important in helping developing countries deal 

with climate change.

Future projects should explicitly monitor 

the impact poverty alleviation efforts have on 

ecosystems and their services; similarly, con-

servationists must better document the impact 

their interventions have on the poor. Ideally,  

interdisciplinary science that helps to identify 

the most cost-effective solutions will ensure 

that future environment and development proj-

ects are implemented, not just simultaneously, 

but in an integrated fashion.

Poverty alleviation and biodiversity agen-

   das need to be jointly presented to policy-

makers. Establishment of a proposed Inter-

governmental Platform on Biodiversity and 

Ecosystem Services to complement the exist-

ing Intergovernmental Panel on Climate 

Biodiversity Conservation and the 
Millennium Development Goals

ECOLOGY

Jeffrey D. Sachs, 1* Jonathan E. M. Baillie, 2 William J. Sutherland, 3 Paul R. Armsworth, 4 Neville 
Ash, 5 John Beddington, 6 Tim M. Blackburn, 2 Ben Collen, 2 Barry Gardiner, 7 Kevin J. Gaston, 4 H. 
Charles J. Godfray, 8 Rhys E. Green, 3 ,9 Paul H. Harvey, 2,8 Brett House, 1 Sandra Knapp, 10 Noëlle F. 
Kümpel, 2 David W. Macdonald, 8 Georgina M. Mace, 11 James Mallet, 12 Adam Matthews, 13

Robert M. May, 8 Owen Petchey, 4 Andy Purvis, 6 Dilys Roe, 14 Kamran Safi , 2 Kerry Turner, 15 
Matt Walpole, 16 Robert Watson, 15, 17 Kate E. Jones 2  †

Any near-term gains in reducing extreme

poverty will be maintained only if

environmental sustainability is also achieved.

10% quantiles

Th
re

a
te

n
ed

 s
p
ec

ie
s

Poverty

Fig. 1. Map of poverty and potential biodiversity loss, showing the level of poverty (proxied by the log rate 
of human infant mortality) combined with the log number of threatened species of mammals, birds, and 
amphibians per one-degree grid square (Behrmann equal-area projection). White areas represent missing 
data. Data from ( 14) and ( 15).

*Full affiliations for all authors are provided online. 
†Author for correspondence. E-mail: kate.jones@ioz.ac.uk

1Columbia University. 2Zoological Society of London. 3Univer-
sity of Cambridge. 4University of Sheffi eld. 5IUCN. 6Imperial 
College London. 7House of Commons, London. 8University of 
Oxford. 9Royal Society for The Protection of Birds. 10Natural 
History Museum London. 11Imperial College London. 12Univer-
sity College London. 13GLOBE International, London. 14Inter-
national Institute for Environment and Development, London. 
15University East Anglia. 16United Nations Environment Pro-
gramme World Conservation Monitoring Centre. 17Depart-
ment for Environment, Food and Rural Affairs, London.

Published by AAAS

 o
n 

S
ep

te
m

be
r 

9,
 2

01
1

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org/


www.sciencemag.org    SCIENCE    VOL 325    18 SEPTEMBER 2009 1503

POLICYFORUM

Change may provide a means to enhance 

the quality and timeliness of the inter actions 

between scientists and policy-makers at 

national scales and above. The GLOBE Inter-

national Commission on Land Use Change 

and Ecosystems, made up of senior legisla-

tors from the G8+5 and several developing 

countries, provides another opportunity to 

bring policy-makers and scientists together. 

Similar initiatives will also be needed at the 

subnational scale.

The United Nations will convene a sum-

mit in 2010 to consider the second 5-year 

review of the MDGs and to catalyze action 

ahead of the 2015 MDG target year. We must 

advise policy-makers and civil society organi-

zations on the most critical initiatives needed 

to achieve the MDGs while preserving biodi-

versity and ecosystem services. 
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            I
n response to global declines in biodiver-

sity, some 190 countries have pledged, 

under the Convention on Biological 

Diversity (CBD), to reduce the rate of bio-

diversity loss by 2010 ( 1,  2). Moreover, this 

target has recently been incorporated into 

the Millennium Development Goals in rec-

ognition of the impact of biodiversity loss on 

human well-being  ( 3). Timely information on 

where and in what ways the target has or has 

not been met, as well as the likely direction 

of future trends, depends on a rigorous, rele-

vant, and comprehensive suite of biodiversity 

indicators with which to track changes over 

time, to assess the impacts of policy and man-

agement responses, and to identify priorities 

for action. How far have we come in meeting 

these needs, and is it suffi cient?

In 2006, the CBD adopted a framework 

of 22 cross-disciplinary headline indicators 

with which to measure progress toward the 

target at a global level ( 4,  5). Countries are 

being encouraged to report progress at the 

national level using this framework, which 

is also being applied in regional initiatives 

such as “Streamlining European Biodiversity 

Indicators” (SEBI 2010). Other global mul-

tilateral environmental agreements, includ-

ing the Ramsar Convention on Wetlands, the 

Convention on Migratory Species, and the 

Convention on International Trade in Endan-

gered Species of Wild Fauna and Flora, are 

also adopting and adapting relevant subsets 

of the indicators.

However, with 2010 fast approaching, 

the indicator set is by no means complete. 

This is unsurprising given the short time 

since the framework was agreed upon. Of 

the 22 headline indicators, 5 are not being 

developed at a global scale, and there will 

be none to measure the status of access and 

benefi t sharing, one of the three objectives 

of the CBD. The remainder has been sub-

divided into 29 actual measures, of which 

only 9 can be considered well-developed, 

with established methodologies, reasonable 

global coverage (all continents except Ant-

arctica, tropical and temperate regions, and 

developed and developing countries), and 

suffi cient time-series data (at least three data 

points spanning at least 10 years) to demon-

strate changes over time [( Table 1) and sup-

porting online material (SOM)].

 Even for these well-developed global 

indicators, there are challenges in terms 

of data availability, consistency, and rele-

vance. Some indicators are only weak prox-

ies for biodiversity, because the urgent need 

for indicators has often meant relying on 

existing measures designed for purposes 

other than tracking biodiversity change. For 

example, forest cover may be an acceptable 

proxy for timber stocks, but says less about 

the condition of forest biodiversity. Like-

wise, protected area coverage signals gov-

ernment commitments but does not in itself 

measure effectiveness in reducing biodiver-

sity loss. These subtleties are beginning to 

be explored but require further effort.

Patchy data are another challenge, includ-

ing gaps in data submissions for indicators 

compiled from national reports ( 6– 9) and 

incomplete taxonomic and geographic cover-

age of indicators compiled directly from data. 

The most well developed direct measures of 

biodiversity are species indicators, such as the 

IUCN Red List Index (RLI) ( 10) and the Living 

Planet Index (LPI) ( 11). They are being used to 

inform and underpin a variety of other indica-
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Change may provide a means to enhance 

the quality and timeliness of the inter actions 

between scientists and policy-makers at 

national scales and above. The GLOBE Inter-

national Commission on Land Use Change 

and Ecosystems, made up of senior legisla-

tors from the G8+5 and several developing 

countries, provides another opportunity to 

bring policy-makers and scientists together. 

Similar initiatives will also be needed at the 

subnational scale.

The United Nations will convene a sum-

mit in 2010 to consider the second 5-year 

review of the MDGs and to catalyze action 

ahead of the 2015 MDG target year. We must 

advise policy-makers and civil society organi-

zations on the most critical initiatives needed 

to achieve the MDGs while preserving biodi-

versity and ecosystem services. 
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            I
n response to global declines in biodiver-

sity, some 190 countries have pledged, 

under the Convention on Biological 

Diversity (CBD), to reduce the rate of bio-

diversity loss by 2010 ( 1,  2). Moreover, this 

target has recently been incorporated into 

the Millennium Development Goals in rec-

ognition of the impact of biodiversity loss on 

human well-being  ( 3). Timely information on 

where and in what ways the target has or has 

not been met, as well as the likely direction 

of future trends, depends on a rigorous, rele-

vant, and comprehensive suite of biodiversity 

indicators with which to track changes over 

time, to assess the impacts of policy and man-

agement responses, and to identify priorities 

for action. How far have we come in meeting 

these needs, and is it suffi cient?

In 2006, the CBD adopted a framework 

of 22 cross-disciplinary headline indicators 

with which to measure progress toward the 

target at a global level ( 4,  5). Countries are 

being encouraged to report progress at the 

national level using this framework, which 

is also being applied in regional initiatives 

such as “Streamlining European Biodiversity 

Indicators” (SEBI 2010). Other global mul-

tilateral environmental agreements, includ-

ing the Ramsar Convention on Wetlands, the 

Convention on Migratory Species, and the 

Convention on International Trade in Endan-

gered Species of Wild Fauna and Flora, are 

also adopting and adapting relevant subsets 

of the indicators.

However, with 2010 fast approaching, 

the indicator set is by no means complete. 

This is unsurprising given the short time 

since the framework was agreed upon. Of 

the 22 headline indicators, 5 are not being 

developed at a global scale, and there will 

be none to measure the status of access and 

benefi t sharing, one of the three objectives 

of the CBD. The remainder has been sub-

divided into 29 actual measures, of which 

only 9 can be considered well-developed, 

with established methodologies, reasonable 

global coverage (all continents except Ant-

arctica, tropical and temperate regions, and 

developed and developing countries), and 

suffi cient time-series data (at least three data 

points spanning at least 10 years) to demon-

strate changes over time [( Table 1) and sup-

porting online material (SOM)].

 Even for these well-developed global 

indicators, there are challenges in terms 

of data availability, consistency, and rele-

vance. Some indicators are only weak prox-

ies for biodiversity, because the urgent need 

for indicators has often meant relying on 

existing measures designed for purposes 

other than tracking biodiversity change. For 

example, forest cover may be an acceptable 

proxy for timber stocks, but says less about 

the condition of forest biodiversity. Like-

wise, protected area coverage signals gov-

ernment commitments but does not in itself 

measure effectiveness in reducing biodiver-

sity loss. These subtleties are beginning to 

be explored but require further effort.

Patchy data are another challenge, includ-

ing gaps in data submissions for indicators 

compiled from national reports ( 6– 9) and 

incomplete taxonomic and geographic cover-

age of indicators compiled directly from data. 

The most well developed direct measures of 

biodiversity are species indicators, such as the 

IUCN Red List Index (RLI) ( 10) and the Living 

Planet Index (LPI) ( 11). They are being used to 

inform and underpin a variety of other indica-
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tors (see SOM). Nevertheless, in the RLI, only 

a small number of taxonomic groups have been 

fully assessed, whereas, in the LPI, tropical 

species are poorly represented ( 12). Efforts are 

being made to improve representation in both 

of these indicators, including through a sam-

pled RLI approach ( 13).

Information on genetic- or ecosystem-

level changes in biodiversity is much patch-

ier. Despite the promise of remote sensing 

and the increasing quality and availability of 

satellite imagery, translating this into mean-

ingful metrics of change for freshwater sys-

tems, drylands, coastal and marine habitats, 

and other ecosystem types has proved chal-

lenging to date. Local and regional studies are 

available ( 14), but they are yet to be applied 

globally. Likewise, indicators of genetic 

biodiversity are slowly being compiled for 

domesticated and cultivated varieties but not 

yet for wild relatives.

For the indicators that are under develop-

ment, the race is now on to ensure adequate 

coverage and sufficient time-series data 

by 2010. Although progress has undoubt-

edly been made, for some, such as trends in 

genetic diversity and ecosystem fragmenta-

tion, a baseline and established methodology 

may be the most that can be expected. Some 

of these indicators require input from a range 

of disciplines not traditionally associated with 

biodiversity science, such as geophysics, eco-

nomics, sociology, anthropology, agronomy, 

and health. The scientifi c community must be 

encouraged to engage in the devel-

opment of these indicators and to 

provide case studies demonstrat-

ing how and why biodiversity 

losses have been reduced. 

Whatever the indicators tell us, 

it is widely held that the target can-

not and will not be achieved in its 

entirety ( 16). Although the current 

indicators will provide a partial 

story about both achievements and 

failures, there are gaps and missing 

linkages in the framework that mean 

it may not be suffi cient to commu-

nicate the urgency of the message, 

to hold politicians to account, or to 

inform them of how best to act.

In October 2010, the Confer-

ence of the Parties (COP) to the 

CBD will review progress and 

agree on a new set of targets and 

a revised indicator framework. 

Whatever shape these targets take, 

the lessons for indicator develop-

ment are clear. Indicators must 

be closely linked to the targets, 

but also to each other. We believe 

that a revised framework compris-

ing a small set of headline indica-

tors in four focal areas (pressures–

threats, status–trends, benefits–

services, and actions–responses) 

with underlying measures that are 

causally linked, will make it clearer 

to policy-makers how biodiversity 

loss affects people and how actions 

to reduce threats make a difference.

Continued investment must be 

made in the existing indicators to 

improve taxonomic, geographic, 

and temporal coverage, along-

side support to develop measures 

at the fi ner (genetic) and broader 

(ecosystem) scales. Indicators of 

the biodiversity impacts of a wider range of 

threats, including climate change, should be 

incorporated. Critically, indicators must be 

developed to fi ll a major gap regarding the 

effect of biodiversity change on the provi-

sion of ecosystem services. A balance must 

be found between developing too large and 

confusing an array of individual measures 

versus relying on a few aggregate indices 

that appear compelling but that mask com-

plexity and can be misinterpreted. Quality-

control efforts are needed to ensure that indi-

cators are suffi ciently scientifi cally rigorous, 

free of bias, and sensitive enough to detect 

meaningful change ( 16).

Indicators cannot be developed in the 

absence of reliable biodiversity data. System-

atic global biodiversity monitoring ( 17,  18) 

would help, but this must be balanced with sig-

nifi cant indicator capacity development at the 

national level. Better national indicators, devel-

oped as part of an inclusive international pro-

cess, will enable better global syntheses beyond 

2010. The scientifi c community must engage 

and encourage governments in this regard. 
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Area under sustainable management

Proportion of products from sustainable sources

Ecological footprint and related concepts

Nitrogen deposition

Trends in invasive alien species

Marine Trophic Index

Water quality of freshwater ecosystems

Trophic integrity of other ecosystems

Connectivity/fragmentation of ecosystems

Human-induced ecosystem failure

Health and well-being of communities

Biodiversity for food and medicine

Linguistic diversity

Indigenous and traditional knowledge

Access and benefits sharing

Official development assistance

Technology transfer

Status of knowledge, innovations, and practices

Components of biodiversity

Biodiversity indicators

Sustainable use

Threats to biodiversity

Ecosystem integrity, goods and services

Status of access and benefits sharing

Status of resource transfers

Table 1. Current development of the headline biodiversity indi-

cators within the CBD framework. ■ Fully developed with well-
established methodologies and global time-series data, ■ under 
development, and ■ not being developed. Multiple labels indicate 
multiple measures under each headline. See also SOM and 2010 
Biodiversity Indicators Partnership, www.twentyten.net. 
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The 2010 target to achieve a significant reduction in the current rate of loss of biodiversity at global, regional and national
levels was not met. However, progress was made and the International Year of Biodiversity has kept biodiversity in the
spotlight—illuminating our limited successes as well as the failures. Much has been learned from the process and the new
generation of 2020 targets, agreed at Nagoya, includes a range of more focused practical goals as well as the longer-term,
aspirational changes that need to take place. We recognise that there is a shift in thinking towards increasing the
management of all ecosystems – “gardening the planet” – but we are concerned that the science of ecosystem management
is insufficiently developed to deliver. In particular, our knowledge of the components of biodiversity of many ecosystems,
and of their interactions, is dangerously incomplete and for many natural systems we are ill-informed to make decisions on
their management. Taxonomists must help to fill these gaps in the science underpinning the field of biodiversity and
ecosystem services. We welcome the proposed Intergovernmental Platform on Biodiversity and Ecosystem Services
(IPBES) as a mechanism for integrating the relevant science, from taxonomy and ecology to earth system modelling. Its
work will likely be subject to intense scrutiny, just like the reports of the International Panel on Climate Change, and its
focus must similarly always be on the evidence base and on the clarity and transparency of its arguments.

Key words: biodiversity, ecosystem management, targets, taxonomy

Introduction
Activities over the past year have focused minds, and hope-
fully hearts, on the plight of the rest of life on Earth. The
International Year of Biodiversity (IYOB) coincided with
the date made explicit in the 2010 target agreed by Heads of
State in 2002 to “achieve, by 2010, a significant reduction of
the current rate of biodiversity loss at the global, regional
and national levels as a contribution to poverty allevia-
tion and to the benefit of all life on Earth.” Unfortunately,
this target has not been met (Fisher, 2009; Walpole et al.,
2009; Butchart et al., 2010), but considerable progress has
been made in some of the more detailed aspects inherent
in such a broad ambition. For example, area of land in
protected areas has increased, and development assistance
related to biodiversity has greatly improved (Secretariat of
the Convention on Biological Diversity, 2010). The level of
attention being paid to conservation targets has greatly in-
creased; individual regions have set their own targets, both
for 2010 (Fontaine et al., 2007) and undoubtedly post-

Correspondence to: Sandra Knapp. E-mail: s.knapp@nhm.ac.uk

IYOB, beyond. At the CBD Conference of the Parties in
Nagoya, Japan, signatories assessed the extent to which the
2010 biodiversity target was met, and set new targets for
2020 as part of a strategic vision to 2050. If we concentrate
on the target at the expense of biodiversity itself, we will
have missed our big chance, that is, to use this IYOB to
generate a truly sustained change of heart towards the rest
of life on Earth. Targets, while a feature of 21st century life,
are not necessarily meant to be hit at the centre every time;
they should be aspirational and challenging, we ought to be
celebrating where things have gone right and progress has
been made. However, it is right to continue to be concerned
about biodiversity; it is central to achieving a range of other
societal imperatives (Sachs et al., 2009).

The indicators associated with the 2010 target that were
considered not developed (i.e., failures) include key pieces
of the ecological puzzle such as the trophic integrity of
ecosystems (Walpole et al., 2009) and decline in extent
of habitat (Secretariat of the Convention on Biological
Diversity, 2010). Rockström et al. (2009) developed a
concept of “planetary boundaries” in which they identified
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aspects of Earth’s systems whose measurement could iden-
tify parameters within which humanity could operate safely
– within the boundaries. The three planetary boundaries al-
ready transgressed by humanity are those involved with
climate change, nitrogen accumulation and biodiversity
(Rockström et al., 2009). They suggested that biodiver-
sity loss is both the least well-characterized and most likely
to have already entered into a zone where undesired system
change cannot be excluded, in other words, we may have
already passed the tipping point. One reason that biodi-
versity in their model is so unpredictable is that while the
real regulating role of biodiversity has been recognized it
has not yet been characterized in a quantitative way. Bio-
diversity itself, the components which generate all of the
services of ecosystems that are essential for continued hu-
man well-being (MEA, 2005), is not itself particularly well
characterized. It is telling that the indicators associated with
the 2010 target all depend upon a few taxa of vertebrates;
this is not to say of course that vertebrates are not important
components of the diversity of life on Earth, but the use and
re-use of these same taxa bring with it some risk. Most of
life on Earth is invertebrate or micro-organismal by orders
of magnitude; do the patterns of threat, extinction and tra-
jectory match those observed for vertebrates? We just don’t
know, but indications are that some of the correlates of risk
observed in vertebrates do not predict risk of extinction in
flowering plants (V. Savolainen, pers. comm., 2010) and in
Europe, listed protected species may not be those at most
risk of extinction (Fontaine et al., 2007). It is clear that we
need more data across the Tree of Life with which to assess
how best to preserve its evolutionary potential.

Taxonomy and systematics
This is where taxonomy and systematics come into the
equation. Understanding of the species or populations with
which we share the planet, comes from knowing what they
are, where they live and how they vary. With this baseline
knowledge we can proceed to study population dynamics,
or the effects of climate change. If ecosystem services are a
black box out of which flow benefits for humankind, then it
is the microbes, plants and animals that are inside the box
that generate the services. The sheer magnitude of the diver-
sity of life, especially in invertebrates and micro-organisms,
has in the past often caused paralysis and a sense of helpless-
ness in those involved in describing and documenting this
diversity, but new generations of tools have provided new
analytical approaches to studying functional diversity. The
other side of that coin is the feeling that the entire enterprise
is merely a listing exercise, tantamount to “fiddling while
Rome burns”. Accelerating global taxonomy has been a
topic of discussion for several years; most reviews have con-
cluded that both speed and scale need radical change, just
scaling up what was standard practice is not enough (EDIT,

2008). New technologies such as sequencing, both bar-
coding (http://www.barcodeoflife.org/) and next-generation
high-throughput sequencing, automated digital identifica-
tion and bioinformatics have all had an effect on taxonomy.
But at its core, taxonomy and systematics is partly about
recognizing units in nature, what we call species in eukary-
otes; other aspects of taxonomy are focused on identifica-
tion and the investigation of the evolutionary relationships
of organisms, phylogeny (Godfray & Knapp, 2004). Over-
all measures of diversity have long been used to assess
the health of ecosystems (Hector & Hooper, 2002); these
in general measure things like species richness or abun-
dance without taking into account the identities of individ-
ual species. For these indices, taxonomy might not really
matter. But the identity of species does matter; Magurran &
Henderson (2010) showed that taking into account species
identity rather than only species richness provides better
early warning of impact over time. They suggest that new
models tracking biodiversity change through time need to
account for changing species composition (what the species
actually are) as well as tracking changes in species abun-
dance (how many species there are). The former is utterly
dependent on good taxonomy, whether based on morphol-
ogy or molecules.

Taxonomy and systematics have themselves been consid-
ered under threat in the UK (House of Lords’ Select Com-
mittee on Science and Technology, 2008), and were iden-
tified as one of the critical skills gaps in a review of skills
requirements in the environmental sector over the next ten
years, undertaken by the UK’s Environment Research Fun-
ders’ Forum (ERFF, 2010). These skills were recognized as
crucial for “monitoring and understanding the functional-
ity of the marine environments”, and for “recognising the
role of biodiversity and ecosystem resilience in a changing
climate”. The critical shortage of same skills was also ap-
parent in other areas highlighted by the review, including
fieldwork – where “survey skills including species identifi-
cation” was a specific need, and Sustainability Science and
Planning – where “environmental impact assessment” was
a specific need. It appears that, at the very time when the
importance of biodiversity has been realised, our capability
of describing and documenting it has been eroded to a crisis
point.

The future
So what of the future? We have a new set of twenty key bio-
diversity targets for 2020 agreed at Nagoya, which include:

� Cutting the rate of loss of natural habitats, such as
forest, by at least 50%

� Restoring at least 15% of areas where biodiversity is
classified as degraded

� Increasing terrestrial nature reserves from 13% to 17%
of the global land area

D
ow

nl
oa

de
d 

by
 [

M
as

sa
ch

us
et

ts
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y]
 a

t 0
8:

13
 0

9 
Se

pt
em

be
r 

20
11

 



International Year of Biodiversity 421

� Increasing marine and coastal nature reserves from 1%
to 10% of the global ocean.

� Preventing the extinction of threatened plant and ver-
tebrate species

If achieved these practical targets should offer greater
protection for natural systems, although as Agardy et al.
(2003) point out, there is a danger that nature reserves
(specifically marine protected areas) implemented without
a firm understanding of the underlying conservation science
can actually threaten bona fide progress in conservation. As
these targets imply, there is a shift in thinking towards in-
creasing the management of ecosystems – encapsulated in
the emergence of the “gardening the planet” concept. Given
that all four of the scenarios developed by the Millennium
Ecosystem Assessment to explore the possible futures of
ecosystems predict loss of biodiversity, it is clear that the
science of ecosystem management does need to be devel-
oped strongly in order to meet the growing demands for
food and energy, and to enhance the ability of ecosystems
to deliver multiple benefits (IAP, 2010).

Biodiversity agenda
Improving knowledge of biodiversity will be central to the
development of ecosystem management, but we will need
to be transparent in acknowledging that there is a duality
at the heart of biodiversity research. There has long been a
biodiversity conservation agenda, built on moral and eth-
ical arguments, targeting the conservation of species and
ecosystems. A second biodiversity agenda has really grown
out of the study of ecosystem functioning. As the Mil-
lennium Ecosystem Assessment (MEA, 2005) articulated
so clearly, continued human well being is dependent upon
the provision of ecosystem services across all categories
from supporting and regulating services, through cultural
services to the more obvious provisioning services. The
agenda that has crystallised strongly over the past decade
has been that biodiversity must be maintained and respon-
sible stewardship practised because we are dependent on it;
i.e., it is in our own direct self interest to maintain biodi-
versity because it provides ecosystem services. This argu-
ment, despite its inherently abstract quality has generated
considerable traction with policy makers. But can evolution
continue to occur in a totally managed system? It is worth
thinking about.

These two approaches to biodiversity are different. They
may have overlapping or even shared goals at times, but it is
important to maintain clarity and transparency in our artic-
ulation of the issues surrounding biodiversity research. The
inconvenient fact is that key ecosystem services are often
provided by unnoticed, and probably unloved, organisms.
Bacteria, for example, effectively run the nitrogen cycle.
In the oceans, we now know that bacterial photosynthesis
can in certain areas contribute more to primary productivity

than typical green alga/chlorophyll based photosynthesis.
Using metagenomics methods, Venter et al. (2004), for ex-
ample, recorded hundreds of different bacterial rhodopsin
genes in a cubic metre of Sargasso Sea water. These bacteria
are undetected by the chlorophyll-attuned remote sensors
that measure oceanic primary productivity from satellites.
Their abundance illustrates how relatively crude our earth
system models still are. Key ecosystem services are often
provided by the least charismatic organisms and the argu-
ment that functioning ecosystems must be protected can be
harder to make than the need to conserve particular species
or fragile systems. So there is a tendency to conflate the
two core concepts: to conserve biodiversity because it is
the right thing (the moral/ethical approach) and to preserve
ecosystem functioning because we must (the self interest
approach). The planetary boundaries study of Rockström
et al. (2009) is an example. They identified the rate of bio-
diversity loss as being beyond a critical threshold, noting
that its importance was due to its impact on many other
boundaries, such as Carbon storage, freshwater, Nitrogen
and Phosphorus cycles and land systems. However, they
also added “Massive loss of biodiversity unacceptable for
ethical reasons”. So, even when focusing on functioning of
the earth system and using a semi-quantitative approach,
biodiversity loss and its impact are considered using argu-
ments marshalled both from the conservation and ecosys-
tem services agendas.

Conclusions
Science-policy links in biodiversity and ecosystem services
need to be strengthened and one mechanism for achiev-
ing this is the creation of the proposed Intergovernmental
Platform on Biodiversity and Ecosystem Services (IPBES),
modelled along the lines of the Intergovernmental Panel on
Climate Change (IPCC). Lessons the IPBES must learn
from the often rocky ride experienced by the reports of the
IPCC, include the need to be absolutely clear in the pre-
sentation of evidence, and to present clear and transparent
arguments. The duality at the core of biodiversity science
makes this harder to achieve. It is equally important that
the role of taxonomy and systematics in delivery of biodi-
versity research is articulated with clarity and transparency.
The legacy of the IYOB must include action in taxonomy:
action to accelerate the task of documenting and describing
the components of biodiversity. Failure to ensure the conser-
vation of a dynamic planet, with biota that are able to evolve
and change, and with ecosystems that have resilience and
adaptability, will move us closer to the fictional scenario
envisaged by Adams (2010).
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ROCKSTRÖM, J., STEFFEN, W., NOONE, K., PERSSON, A., CHAPIN,
F.S. III, LAMBIN, E. LENTON, T.M., SCHEFFER, M., FOLKE, C.,
SCHNELLNHUBER, H.J., NYKVIST, B., de WIT, C.A., HUGHES,
T., VAN DER LEEUW, S., RODHE, H., SÖRLIN, S., SYNDER,
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The mass extinction of species currently underway has
generated concern for many reasons, ranging from

aesthetic and spiritual to purely commercial. But from the
utilitarian perspective that underpins most policy, per-
haps the most important concerns involve the potential
consequences of species loss for the continued function-
ing of ecosystems and the services they provide to
humanity. This recognition stimulated a rapid growth of
research on links between biodiversity and ecosystem
functioning (BEF) over the past decade. These studies
have generated continuing controversy (eg Huston 1997;
Wardle et al. 2000; Leps 2004), leading some reviewers to
conclude that the results of BEF experiments are too vari-
able to draw general conclusions (Giller et al. 2004;
Thompson and Starzomski 2007). The latter concern has
now been largely resolved by two comprehensive meta-

analyses that examined the results of over 100 experi-
ments and > 400 measures of biodiversity effects
(Balvanera et al. 2006; Cardinale et al. 2006). These
analyses revealed evidence that mixtures of species pro-
duce more biomass and use more resources, on average,
than do single species. This pattern is surprisingly consis-
tent across taxa, trophic levels, and habitats. Even within
more realistic, multilevel food webs, experiments show
that biodiversity tends to have predictable effects, with
prey diversity generally supporting higher predator
growth, but lower predator impact on total prey biomass
(Duffy et al. 2007).

BEF research has often been justified in the context of
understanding the consequences of looming extinction
for human welfare. However, in practice, most research
has been more narrowly focused, employing small-scale,
highly controlled experiments with designs whose rele-
vance to natural ecosystems and realistic extinction sce-
narios is often unclear. For these reasons, research on BEF
links has persistently been criticized, suggesting to some
authors that invoking BEF relationships to justify biodi-
versity conservation may be misleading or counterpro-
ductive (Wardle 1999; Srivastava and Vellend 2005;
Thompson and Starzomski 2007). In this paper, I argue
that many of these criticisms are overstated, and that the
experimental evidence for BEF is generally consistent
and has important practical implications for conservation
and management.  

As others have emphasized elsewhere (eg Srivastava
and Vellend 2005), discussions of BEF research have
sometimes confused scientific concepts (functioning)
with value or normative judgments (services). I distin-
guish an ecosystem property as any aggregate structural
variable, ie a measure of the current state of the system,

CONCEPTS  AND QUESTIONS

Why biodiversity is important to the
functioning of real-world ecosystems   
JJ  EEmmmmeetttt  DDuuffffyy  

Controlled experiments have substantially advanced our understanding of the links between changing
biodiversity and ecosystem functioning (BEF) in recent years. However, controversy continues regarding
the relevance of BEF experiments to the complex ecosystems and large spatial and temporal scales of
interest in conservation and management. Here, I address some of the persistent criticisms regarding
experimental BEF research and argue that these have been overstated. Contrary to some suggestions,
many putative artifacts attributed to experiments render their conclusions about BEF links stronger,
rather than weaker. Like other broad ecological concepts, BEF focuses on general patterns, rather than
looking at species-level, applied conservation problems. Nevertheless, insights from BEF experiments con-
ducted to date are likely to underestimate, rather than overestimate, the importance of biodiversity to
ecosystem functioning and the provision of ecosystem services in the real world. These experiments sug-
gest that managing ecosystems to promote biodiversity can have important practical benefits.    

Front Ecol Environ 2009; 7(8): 437–444, doi:10.1890/070195  (published online 27 Aug 2008)

Virginia Institute of Marine Science, The College of William and
Mary, Gloucester Point, VA (jeduffy@vims.edu)

IInn  aa  nnuuttsshheellll::
• The dominant influence of individual species (compared with

diverse communities) on ecosystem functioning in experimen-
tal settings is largely an artifact of their simplified environ-
ments and the single response variables considered

• As a result, experiments have probably underestimated the
importance of biodiversity to real-world ecosystem functioning 

• Suggested discrepancies between diversity–productivity rela-
tionships in nature versus those in experiments are largely
illusory, and stem from the bidirectional influence between
productivity (potential or realized) and diversity 

• Several lines of evidence indicate that maintaining multiple
ecosystem services over time in a changing world is enhanced
by high local and regional diversity
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such as biomass or soil nitrogen content, and an ecosys-
tem function as any aggregate process, such as production,
respiration, or grazing rate. The sign, whether positive or
negative, and the magnitude of these variables are nei-
ther “good” nor “bad”. In contrast, an ecosystem service is
a process considered to have some, necessarily subjective,
value to humanity. Thus, a diversity-mediated increase in
the ecosystem function of primary production can be
considered either a service (eg a crop, or the foundation
species of a valued ecosystem) or a disservice (eg a
eutrophic water body). For the sake of clarity, I refer to
changes in any of these aggregate ecosystem variables as
ecosystem responses. Most BEF experiments and theory
have focused on species richness as the metric of biodi-
versity, so I follow that usage here, although a growing
body of evidence suggests that the influence of biodiver-
sity on ecosystem functioning is broadly similar across
levels of organization. 

� Responses to some criticisms of BEF research

Criticism 1: Most BEF relationships result from
statistical sampling effects, rather than from
“true” effects of diversity 

In experiments, diverse mixtures of species can show
higher productivity than the average single-species plot,
simply because they are more likely to contain the one
species that grows best under local conditions, if that
species then comes to dominate the plot. This statistical
phenomenon has been termed the “sampling effect”
(Huston 1997; Tilman et al. 1997). Since, under this
hypothesis, functioning is dominated by a single species,
it has been considered an artifact, rather than a “true”
effect of diversity (Huston 1997; Wardle 1999). From a
conservation perspective, even BEF relationships that
can be explained by this sampling mechanism are impor-
tant in showing that species loss can substantially change
normal ecosystem functioning (Srivastava 2002). But the
question remains: is the sampling effect in fact common
and important? Meta-analysis of 111 experiments con-
firmed that diverse mixtures of species rarely produced
more biomass than the most productive single species
(Cardinale et al. 2006), a result superficially consistent
with the sampling effect. 

However, three points caution against accepting this
interpretation at face value. First, the failure of polycul-
tures to outperform the best monoculture can result not
only from the sampling effect, but also from a combina-
tion of positive complementarity (ie resource partition-
ing or facilitation) and negative selection effects (ie dom-
inance by a poor performer; Loreau and Hector 2001). In
fact, experiments with both terrestrial (Hector et al.
2002; Hooper and Dukes 2004) and marine (Bruno et al.
2005) plants found that the failure of diverse assemblages
to outperform the best monoculture was indeed due to a
combination of negative selection and complementarity,

not to the sampling effect. Although this may seem an
arcane distinction, it is fundamentally important because
this interaction of selection and complementarity allows
multiple species to coexist in the community, whereas in
the classical sampling effect model (Huston 1997; Tilman
et al. 1997), the single best-performing species outcom-
petes the others, which eventually results in a monocul-
ture. The second point is that the complementary
resource use that underlies BEF relationships is predicted
to emerge over time (Pacala and Tilman 2002), yet many
experiments have not run for long enough to see comple-
mentarity become important. Those that have done so
(Tilman et al. 2001; Hooper and Dukes 2004; Stachowicz
et al. 2008) found that, over time, the BEF relationship
and the importance of complementarity become stronger,
and that the number of species required to maximize
function increases. These general patterns are confirmed
by a recent meta-analysis of 44 experiments (Cardinale et
al. 2007; Figure 1). Third, and finally, the sampling effect
implicitly focuses on a single response variable, typically
plant biomass accumulation. In the context of manage-
ment and conservation, we are interested in ecosystems
that perform multiple functions and services. Even in
cases where a single species dominates a given ecosystem
process, it is unlikely to dominate all of the processes of
interest. Indeed, simulations of empirical data show that,
as the number of ecosystem processes we consider
increases, redundancy among species decreases and the
relationship between species richness and (multivariate)
ecosystem functioning grows stronger (Petchey and
Gaston 2002b). Recent BEF experiments support this
prediction, showing that, even where particular species
monocultures can match diverse mixtures for individual
ecosystem processes, different species maximize different
ecosystem properties. The result is that only the diverse
mixture maximizes multiple properties simultaneously, a
phenomenon termed “multivariate complementarity”
(Duffy et al. 2003; Bracken and Stachowicz 2006; Hector
and Bagchi 2007; Gamfeldt et al. 2008; Figure 2). These
considerations show that, from the perspective of main-
taining integrity of multifunctional ecosystems, the
classical argument about the sampling effect in BEF
experiments is a red herring, arising from a narrow focus
on single response variables and short-term experiments.
Maintenance of the multiple functions provided by real,
complex ecosystems requires multiple species.

Criticism 2: BEF relationships usually reach an
asymptote at very low species richness

Arguments for the functional importance of biodiversity
seem incompatible with the common finding that, in
experiments, ecosystem function typically saturates at a
species richness much lower than that found in nature
(Schwartz et al. 2000). The probable reason for this is
that ecosystem processes tend to be most strongly influ-
enced by dominant species (Grime 1998; Polley et al.



JE Duffy Biodiversity and ecosystems 

439

© The Ecological Society of America wwwwww..ffrroonnttiieerrssiinneeccoollooggyy..oorrgg

2007). An obvious conclusion would be that
very few species are needed to maintain nor-
mal ecosystem functioning, but recent
research shows that this conclusion is unjus-
tified for several reasons. First, as the previ-
ous section showed, the short durations of
many previous experiments probably pre-
cluded expression of diversity effects.
Second, and perhaps more importantly,
nearly all BEF experiments to date have
focused on a single response variable at a
time. But, as discussed above, even where
sampling might explain individual ecosys-
tem responses, different species can domi-
nate different ecosystem response variables,
so maintaining multiple functions requires
more species (Figure 2). Third, most experi-
ments have been conducted in small plots,
under highly controlled, homogenized con-
ditions, yet theory predicts that the influ-
ence of diversity increases in heterogeneous
environments or landscapes (Tilman et al.
1997; Cardinale et al. 2000; Loreau et al.
2003). Recent evidence from several wild,
non-experimental systems supports this pre-
diction (Tylianakis et al. 2008; Figures 3, 4).
More generally, there is considerable evi-
dence that rare species can make important
contributions to ecosystem processes under
changing conditions (Lyons et al. 2005).
Finally, because of the well-documented
relationship between species richness and
area, maintenance of a given level of diver-
sity at the local (plot) level depends on a
considerably higher regional diversity. Thus,
maintaining a given level of local species
richness requires conserving a larger number
of species at the regional scale. All of these
considerations suggest that the apparent sat-
uration of ecosystem function at low species
richness is largely an artifact of the homoge-
neous conditions, short time scales, small plot sizes, and
narrow focus of experiments conducted to date. Again,
the conclusion is that experiments have underestimated,
not overestimated, the importance of biodiversity to the
functioning of real, complex ecosystems. 

Criticism 3: Experimental diversity gradients bear no
resemblance to real-world extinction scenarios

The artificiality of random assembly in BEF experiments
has been noted repeatedly (eg Huston 1997; Srivastava
2002; Giller et al. 2004; Leps 2004). Random assembly
designs were used in many early BEF experiments,
because they avoid confounding the effects of species
richness – the object of most such experiments – with the
effects of species composition. Although the first genera-

tion of BEF experiments required these designs to sepa-
rate richness and complementarity effects (Huston 1997),
it has long been recognized that random assembly trades
off realism for this precision in interpretation. To remedy
this, researchers have used theory (Gross and Cardinale
2005), simulations (Petchey and Gaston 2002a; Ostfeld
and LoGiudice 2003; Solan et al. 2004), and experiments
(Jonsson et al. 2002; Zavaleta and Hulvey 2004) to
explore effects of non-random loss scenarios. These stud-
ies confirm the intuitive expectation that order of loss
affects ecosystem responses, and most show more specifi-
cally that realistic extinction orders have larger effects on
ecosystem responses than do random loss sequences.
Thus, if existing experimental results can be generalized,
they suggest that random loss designs underestimate the
ecosystem consequences of diversity loss. Again, conclu-

FFiigguurree  11.. The importance of biodiversity and complementary resource use to plant
productivity increases with time. (a) In a grassland experiment, both the magnitude
of the diversity effect on primary production (upper panel) and the relative
importance of complementarity (lower panel) increased through time; colored lines
and numbers indicate the number of years after beginning of the experiment (± SE;
after Tilman et al. 2001). (b) Similarly, in a marine intertidal experiment, en-
hancement of biomass accumulation by seaweed diversity increased as the
experiment matured from 3 months to 3 years (± SE; Stachowicz et al. 2008).
(c) Quantitative meta-analysis confirms that these examples are not atypical. Among
44 experiments, both the net effect of species richness on production (upper panel)
and the magnitude of the diversity effect relative to the most productive monoculture
(lower panel) increased with time (adapted from Cardinale et al. 2007).
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sions about the functional consequences of diversity loss
from random assembly experiments appear conservative. 

Criticism 4: Diversity may enhance productivity in
experiments, but the opposite pattern is found in
nature

It has been suggested by some authors that the frequently
negative relationship between resource availability (“pro-
ductivity”) and plant diversity in nature contradicts the
results of BEF experiments (Huston 1997; Wardle et al.
2000). However, others have shown that this contradic-
tion is illusory, stemming from conflation of two distinct
phenomena that are both referred to as “productivity”.
The apparent discrepancy can be explained by the fact
that relationships between species diversity and “produc-
tivity” are bidirectional (Loreau et al. 2001). Within-
habitat diversity generally increases as resource availabil-
ity (productivity potential) rises from low to moderate
levels, because the more favorable environment allows
species to persist that could not do so with less abundant
resources. However, as resources increase in abundance,
intensifying competition reduces diversity, illustrating
the “paradox of enrichment”. Thus, cross-site compar-
isons over the higher end of this resource availability
range often show negative relationships between envi-
ronmental “productivity” (eg nutrient supply) and plant
diversity (reviewed by Huston 1997). Such comparisons

consider a gradient in the abiotic environment and
assume implicitly that a large regional pool of species is
available to colonize all sites. In this situation, one
expects a negative correlation between aggregate bio-
mass, which reflects carrying capacity and local diversity.
However, this relationship occurs because variance in
resource availability (environmental “productivity”) is
determining diversity, rather than vice versa. 

In contrast, BEF experiments seek implicitly to address
the opposite phenomenon, the consequences of global or
regional species loss from a system in which resources and
the abiotic environment are held constant. Thus, surveys
and experiments test different causal directions of the
biodiversity–productivity relationship. Surveys of unma-
nipulated systems test how local diversity responds to
changing resource availability (“productivity”), whereas
experiments test how productivity (biomass production
per unit time) responds to changing species diversity.
Importantly, the two phenomena are not mutually exclu-
sive: at any given site along a resource gradient, resource
availability will determine which, and how many, species
from the available pool persist in the community (ie
diversity). However, as theory and experiments show, the
actual production of plant biomass at that site is likely to
be lower when the pool of species available to colonize it
is reduced (Loreau et al. 2001). Thus, the patterns in
nature and in experiments are not contradictory.
Moreover, the apparent discrepancy between experi-

FFiigguurree  22.. Multifunctional ecosystems require many species. (a) In experimental seagrass systems, different herbivore species
maximized different ecosystem properties, but only the diverse assemblage containing all species (black) maximized all simultaneously
(± SE; data from Duffy et al. 2003). (b) In grassland experiments, the number of species required to maximize ecosystem
functioning increased with the number of ecosystem processes considered (modified from Hector and Bagchi 2007). (c) Similarly, in
a seaweed assemblage, uptake of individual nutrients was predictable by summing contributions of individual species (predicted
= measured), whereas total nitrogen uptake (NH4

+ + NO3
–) was greater than predicted from individual species contributions

(± SE; modified from Bracken and Stachowicz 2006).
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ments and field patterns for land plants is not seen in
some marine benthic systems, where the greater impacts
of diverse assemblages on invaders and on prey are consis-
tent with patterns in the field (Stachowicz et al. 2002;
Byrnes et al. 2006; see also Figure 3). 

Criticism 5: Biodiversity effects, when present, are
probably minor as compared with resource supply
and other drivers of ecosystem processes

At regional or continental scales, plant production is
closely correlated with resource availability. How much
extra variance, if any, is explained by plant diversity? Few
experiments have explicitly compared the quantitative
importance of changing diversity within trophic levels to
that of nutrient loading, cascading predator effects, and
other factors. The few that have done so suggest that
changing biodiversity within trophic levels can be of
comparable importance to realistic ranges of bottom-up
and top-down forcing. In the most comprehensive exam-
ple, changing species richness of herbivorous pond snails
had comparable or greater effects on a range of ecosystem
processes than did a fourfold change in nutrient supply or
exclusion of predators (Wojdak 2005). Experiments in
seagrass ecosystems showed similar results; effects of
changing herbivore diversity were comparable in magni-
tude to those of cascading predator effects (Duffy et al.
2005) and often greater than those of changing light
availability or seasonal forcing (Spivak et al. 2007; Duffy
et al. unpublished data). Earlier experiments that manipu-
lated both nutrients and plant diversity (Fridley 2002)
concluded that nutrient effects overwhelmed diversity
effects, but used large ranges in nutrient supply and rela-
tively modest ranges in diversity. Again, cases where field
patterns and experimental results are concordant
(Stachowicz et al. 2002; Byrnes et al. 2006) further sup-
port the importance of diversity in some real ecosystems.
Thus, the few available experimental data suggest that
changing diversity within trophic levels has non-trivial
consequences, even within the context of dynamic
ecosystems impacted by other factors. 

Criticism 6: Effects of declining biodiversity on
ecosystem functioning are indirect and weaker
than direct impacts of habitat destruction

This is a compelling argument for terrestrial systems,
where habitat destruction is the major threat to ecosys-
tems (Srivastava 2002; Srivastava and Vellend 2005). It
arguably carries less weight in the oceans, where the
greatest threat to biodiversity is direct overharvesting
(Figure 5). Even on land, this argument applies more to
short-term than to long-term effects of biodiversity loss.
Clearly, habitat destruction, which involves both biodi-
versity loss and abiotic habitat alteration, will usually
have stronger impacts on ecological processes than will
species loss alone. And, in practice, focusing conserva-

tion effort on protecting habitat is likely to conserve both
biodiversity per se and the abiotic and structural compo-
nents necessary to sustain it. Nevertheless, biodiversity
loss remains uniquely important because, within limits,
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FFiigguurree  33..  The influence of biodiversity on ecosystem processes
increases with environmental heterogeneity in wild, non-
experimental systems. More spatially heterogeneous
environments exhibit stronger relationships between (a) plant
richness and plant biomass production in a European grassland;
(b) natural enemy richness and rates of parasitism on wasps in
coastal Ecuador; and (c) wild bee richness and pollination
effectiveness on coffee plantations in Indonesia. In each panel,
data are divided into three classes of environmental
heterogeneity: low (blue symbols, dotted line), medium (red
symbols, dashed line), and high (green symbols, solid line). After
Tylianakis et al. (2008).
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degraded habitats can potentially be restored, whereas
extinction of species is permanent. In Costa Rica, for
example, forest cover had declined by 80% before recla-
mation and tree planting brought it back above 50%. Yet,
any species lost to extinction during that deforestation
cannot be reclaimed. Thus, over the long term and across
systems, conserving species is probably as important as
preventing habitat loss. 

� Conclusions

Experimental BEF research has now matured sufficiently
to allow us to conclude with some confidence that, on
average, higher species richness increases biomass accu-

mulation and resource use within trophic levels, and
decreases variance in those responses through time. In
many cases, these effects on structure and functioning
also have implications for ecosystem services of value to
humanity. Although the real-world implications of this
BEF research have often been questioned, the issues con-
sidered here suggest that experimental results generally
underestimate the influence of biodiversity on function-
ing of complex ecosystems and, thus, are conservative.
Maintenance of the multiple ecosystem services that sup-
port society over extended time scales in a changing
world will probably require a much greater number of
species than are typically used in BEF experiments. Thus,
management to conserve biodiversity should often pro-
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(a) (b)

FFiigguurree  44.. Examples in which species or genetic diversity have been shown to enhance important ecosystem services in the real world.
(a) Crop pollination is often more effective in areas with higher native bee diversity (Klein et al. 2003). The picture shows the native
bee Andrena cerasifolii visiting an almond flower in California. (b) Harvest of salmon in Alaska has been relatively stable over
recent decades, despite strong fluctuations in individual stocks, because ecologically differentiated stocks respond differently to climate
change and other environmental variation (Hilborn et al. 2003).
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FFiigguurree  55.. Drivers of environmental change differ among
systems, with implications for how biodiversity affects ecosystem
processes. (a) In terrestrial systems, such as Southeast Asian
rainforests, habitat loss and degradation drive changes in
ecosystem processes both directly and indirectly, through their
impacts on biodiversity. (b) In the ocean, overharvesting is a
pervasive human impact and is likely to influence ecosystem
functioning indirectly, through the changing interactions that
stem from loss or ecological extinction of species.  
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vide utilitarian benefits, which serve as one among the
several rationales for conservation. Palumbi et al. (2009)
have made essentially the same case in the context of
implementing ecosystem-based management (EBM) of
marine fisheries. EBM has been federally mandated, in
part because of frequent failure of, and conflict involved
in, management efforts focusing on single fishery species.
Palumbi et al. argue that ecosystems are so complex that
we will rarely understand their workings mechanistically,
so that maintenance of biodiversity may serve as a useful
proxy for a system state that supplies the multiple ecosys-
tem services of interest. Thus, managing to maximize bio-
logical diversity (however defined) may be a workable
way to ensure long-term maintenance of an acceptable
balance among the sometimes competing demands for
various ecosystem services. This is an example where a
broad-brush approach, informed by BEF research, may
actually prove more effective in conservation than one
based on the biology of individual species. Clearly, man-
aging for biodiversity is not a substitute for identifying
key ecosystem service providers, community interactions,
and environmental drivers within particular systems
(Kremen 2005). However, by providing a conceptual
framework based on general principles, it can provide a
complementary approach. 

Previous research and controversies offer several
points of guidance for future work and application. One
way to make BEF research more realistic and applicable
is to focus on key traits of organisms – specifically, the
covariance between traits that predispose species to
extinction and traits that influence ecosystem proper-
ties (Gross and Cardinale 2005). There is a growing
body of empirical data on extinction sequences and
extinction traits (eg Purvis et al. 2000; Dulvy et al. 2004)
and a growing interest in how traits influence vital
ecosystem processes. An important step involves unit-
ing these bodies of knowledge with community ecologi-
cal theory to build predictive models of how realistic
extinction scenarios will influence ecosystem processes
and services (Srivastava 2002; Kremen 2005). Since one
of the most consistent extinction predictors is high
trophic level, practical application of BEF research will
also require a more intensive focus on effects of chang-
ing diversity in multitrophic systems (Duffy et al. 2007).
In the meantime, we have learned enough from theory
and experiments about how biodiversity affects ecosys-
tem functioning to justify a general goal of conserving
biodiversity for utilitarian as well as other reasons.
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