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The Millennium Ecosystem Assessment (MA) introduced a new framework for analyzing social–ecological systems that has had wide
influence in the policy and scientific communities. Studies after the MA are taking up new challenges in the basic science needed to
assess, project, and manage flows of ecosystem services and effects on human well-being. Yet, our ability to draw general conclu-
sions remains limited by focus on discipline-bound sectors of the full social–ecological system. At the same time, some polices and
practices intended to improve ecosystem services and human well-being are based on untested assumptions and sparse information.
The people who are affected and those who provide resources are increasingly asking for evidence that interventions improve eco-
system services and human well-being. New research is needed that considers the full ensemble of processes and feedbacks, for a
range of biophysical and social systems, to better understand and manage the dynamics of the relationship between humans and
the ecosystems on which they rely. Such research will expand the capacity to address fundamental questions about complex social–
ecological systems while evaluating assumptions of policies and practices intended to advance human well-being through improved
ecosystem services.

S
ustainability science is motivated
by fundamental questions about
interactions of nature and society
as well as compelling and urgent

social needs (1). Research topics tran-
scend the issues of traditional academic
disciplines and focus instead on complex
interactions of people and nature (2).
Progress in sustainability science does
not resemble the usual paths of scien-
tific inquiry, where action lies outside
the domain of research (3). Instead, sci-
entific inquiry and practical application
are commingled. By the turn of the cen-
tury, fundamental research questions of
sustainability science were stated (3). At
about the same time, the policy and sci-
ence communities undertook a massive
synthesis of scientific knowledge about
global ecosystems and their capacity to
support human well-being, the Millen-
nium Ecosystem Assessment or MA
(www.MAweb.org).

The MA combined the applied and
basic motives of sustainability science. It
challenged the research community to
synthesize what was known about sus-
tainability science in policy-relevant
ways. The results exposed strengths and
gaps in the underlying science (4). Since

the completion of the MA in 2005, on-
going research has revealed new possi-
bilities for measuring and projecting the
effects of policy choices and human ac-
tions on the structure and processes of
ecosystems, the services they provide,
and human well-being. New develop-
ments are evident on diverse fronts,
such as ecosystem services (5), land use
dynamics (6), governance of common-
property resources (7), connections of
human and earth system history (8) and
earth system modeling (9). At the same
time, demand from the policy commu-
nity for this information is expanding.

Progress in this fast-moving field is
revealing new challenges in the basic
science needed to assess, project, and
manage flows of ecosystem services and
changes in human well-being. This arti-
cle highlights salient research needs in
light of recent progress. We begin with
a brief summary of the MA as a basis
for understanding the gaps that it ex-
posed. We then turn to research priori-
ties, based on findings of a joint study
conducted in 2007 and 2008 by the In-
ternational Council of Science, the
United Nations Educational, Scientific,
and Cultural Organization, and the

United Nations University (10). We
stress the urgency and importance of
accelerated effort to understand the dy-
namics of coupled human–natural
systems.

Millennium Ecosystem Assessment
The Millennium Ecosystem Assessment
(11–15) used a new conceptual frame-
work for documenting, analyzing, and
understanding the effects of environ-
mental change on ecosystems and hu-
man well-being. It viewed ecosystems
through the lens of the services that
they provide to society, how these ser-
vices in turn benefit humanity, and how
human actions alter ecosystems and the
services they provide. The focus on eco-
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system services has been adopted widely
among the scientific and policy commu-
nities and has resulted in new ap-
proaches for research, conservation, and
development (5).

MA findings showed that human use
of ecosystem services is expanding, com-
mensurate with growth in earth’s human
population and expansion of consump-
tion (Fig. 1). Human use is increasing
for all ecosystem services studied, ex-
cept for wood fuel, agricultural fibers,
wild terrestrial foods, and wild-caught
fishes [but see recent evidence of declin-
ing trends for some recreational use
(16)]. Improvements in life expectancy
and reduction in poverty over the last
few decades have been predicated on
human efforts to enhance the provision
of food (crops, livestock, cultured fish).
Even as these services have increased,
most of the other services have de-
creased during the past 50 years (12).
The decline of regulating services is of
special concern because it foreshadows
future declines in other ecosystem ser-
vices (12, 13). Indications are that the
future trajectory will continue to be un-
favorable unless society takes action to
combat the adverse trends (13). All of
the major drivers, climate change, land

use change, invasive species, overexploi-
tation, pollution, population increase,
and economic growth, continue to grow,
and the trends have taken us beyond the
bounds of human experience. Thus, so-
ciety faces a challenge of unprecedented
proportions.

Global degradation of ecosystem ser-
vices has many causes, including dys-
function of institutions and policy, gaps
in scientific knowledge, unpredictable
events, and other factors. We often do
not know if, or why, policy instruments
have succeeded or failed. The MA made
a thorough effort to assess the effects of
policies on ecosystem services and hu-
man well-being (14). However, rigorous
evaluation requires appropriate reference
systems and before–after data that are
often absent. We lack basic information
on the dynamics of social–ecological
systems and the relationships of ecosys-
tem services to human well-being. We
first highlight some key needs in these
topic areas. Then we consider critical
research needs for place-based research,
evaluation of ongoing management pro-
grams to learn by doing, and monitoring
of social–ecological systems. We con-
clude that most management of ecosys-
tem services is grounded in assumptions

that have not yet been vetted by evi-
dence. Evaluation of assumptions, policy
instruments, and practices is sorely
needed.

Dynamics of Coupled Social–Ecological
Systems
Synthesis of knowledge about social–
ecological systems was a daunting task
for MA. Participants had to address the
effects and interactions of multiple
global drivers, differing spatial extents
and turnover times of key ecological and
social processes, and connections of in-
dividual actions, institutional responses,
and ecological changes across these mul-
tiple dimensions of scale (Fig. 2 and ref.
17). Global biophysical and social driv-
ers affect both ecological and social as-
pects of regional systems (Left and Right
sides, respectively, of Fig. 2). Within a
given region, scales of both space and
time must be considered. Changes in
social–ecological dynamics can be un-
derstood through relationships of slow
and fast variables (components of the
system with longer vs. shorter turnover
times, respectively). Diverse human ac-
tors respond to ecosystem services, envi-
ronmental factors, and social factors,
and they influence institutional re-
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Fig. 1. Trends in human use (Upper) and condition (Lower) of ecosystem services. Provisioning, regulating, or cultural ecosystem services are shown in Left,
Center, and Right, respectively. Length of black radial lines shows the degree of change in human use or condition of the service. Modified from data in Table
C.1 of ref. 12.
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sponses that feed back to components of
the regional system. Long-term trends,
thresholds of nonlinear change, and re-
silience of ecosystem services are re-
lated to the feedbacks among slow and
fast variables.

The relevant information needed to
analyze social–ecological systems is both
vast and fragmented, encompassing
most of the natural and social sciences
as well as the humanities (e.g., through
roles of cultural ecosystem services).
The MA was able to bridge among is-
lands of solid knowledge, and advances
are ongoing. Nonetheless, future assess-
ments modeled on the MA would bene-
fit from concerted effort to understand
effects of biodiversity in social–ecological
context, improve quantitative modeling
across a range of social–ecological top-
ics, address nonlinear and abrupt
changes, and improve assessment and
communication of uncertainty.

Analyze Biodiversity Effects in Social–
Ecological Context. Biodiversity embraces
a host of structural features of ecosys-
tems: heterogeneity of genomes, species,
or ecosystems on landscape units; vari-
ety of ecological functions; or variety of
responses to environmental shocks, for
example. The MA showed that genetic
and species diversity is declining at high
rates compared with the norm over geo-
logic time and that landscapes have be-
come more homogeneous as more of
the terrestrial land surface is converted
to human uses (12). These losses diminish
options for management and increase
vulnerability of ecosystem services. For
example, heterogeneity in the responses
of species to fluctuating environments
can reduce the variability of services

provided by an ensemble of species, so
loss of this type of diversity may de-
crease reliability of services (18, 19).
Many studies have documented effects
of biodiversity on ecosystem processes
and services, but most of these studies
have addressed effects of species rich-
ness in small-scale, short-term experi-
ments that do not resemble real-world
ecosystem management (20, 21). Only a
few aspects of stability or resilience have
been studied experimentally, and often
theories and experiments are mis-
matched so the tests are inconclusive
(22). Since the MA, researchers have
developed more comprehensive research
frameworks for quantifying connections
of biodiversity and ecosystem services
for spatial extents and time frames use-
ful in management (23).

Biodiversity effects must be under-
stood in social–ecological context. Driv-
ers that affect biodiversity (however it is
defined) also have direct effects on eco-
system services, and these changes in
ecosystem services may then evoke feed-
backs through human responses. For
example, a road network that alters spe-
cies richness and fragments a landscape
will at the same time have direct im-
pacts on hydrology and landscape nutri-
ent cycles and thereby alter water supply
and water quality independent of any
direct impacts of species richness on
freshwater resources. Moreover, human
responses to the road network will have
further effects on ecosystem structure,
hydrology, nutrient cycling, and freshwa-
ter resources.

Studies that isolate biodiversity effects
from this crucial context are incomplete
for understanding how policy affects
ecosystem services. It is rare to find a
linear causal path from changes in driv-
ers 3 biodiversity 3 ecosystem pro-
cesses 3 ecosystem services 3 human
well-being 3 human responses 3 feed-
backs to drivers and biodiversity. In-
stead, causal patterns are much more
complex. Linkages may jump forward or
backward over steps (e.g., drivers may
affect human well-being without affect-
ing biodiversity or ecosystem services, or
ecosystem processes may feed back di-
rectly to drivers, independent of human
intervention). Moreover, feedbacks may
be different at particular locations or
over particular time scales. The MA
subglobal assessments (15) are replete
with examples of complex feedbacks
that cannot be represented as simple
causal chains. For example, the Carib-
bean Sea Ecosystem Assessment
(CARSEA) showed how coral reef
biodiversity (of species and spatial het-
erogeneity) is embedded in complex
linkages of indirect drivers (urbaniza-
tion, investment in unsustainable tour-

ism, international shipping practices,
fragmentation of authority among 22
island states), direct drivers (land and
sea use, coastal pollution, fish harvest,
climate change, river discharge, alien
species introductions), ecosystem ser-
vices (principally ecotourism and fish
harvest), and amenity values measured
as jobs, GDP, and investment (24). In
this context, no simple policy lever can
change outcomes. Instead, CARSEA
focused on a suite of interventions, in-
cluding institutions for international co-
ordination among the island states, eco-
nomic policy instruments for marine
conservation, monitoring, and regular
assessment to adapt policy to changing
circumstances.

Future research should focus on con-
trols of ecosystem services themselves,
addressing the effects of multiple driv-
ers, structural factors including biodiver-
sity, and human feedbacks. Such re-
search would directly address needs for
information about how drivers and man-
agement interventions change ecosystem
services. It would evaluate not only the
direct effects of biodiversity, but the
role of biodiversity in modifying the ef-
fects of drivers on ecosystem services.
These effects are the essential ones for
understanding changes in ecosystem ser-
vices and projecting the consequences of
policies intended to improve ecosystem
services.

Match Quantitative Models to Conceptual
Goals. Explicit models of coupled social–
ecological systems are essential for re-
search, synthesis, and projection of the
consequences of management actions.
Useful models may be qualitative rela-
tionships, toy heuristics, or complex sim-
ulation tools. Whatever the format,
models are used to clarify spatial bound-
aries of systems, units of analysis, time
horizons, inputs and drivers, key compo-
nents of the system and their relation-
ships, and outputs. Therefore, the MA
used a diverse array of models to de-
scribe systems, synthesize information,
interpolate within the historical record,
and project future outcomes (12, 13).
These models provided crucially impor-
tant information. Yet, there were gaps
(13). The MA used only peer-reviewed
published models. Although this practice
enhanced the credibility of results, it
made the analyses more cumbersome
and precluded quantitative analysis of
some important questions.

Integrated, quantitative models of so-
cial–ecological systems do not match the
scope of existing conceptual and quali-
tative models. Existing models of ecosys-
tem services were developed to address
particular sectors (e.g., agriculture, ma-
rine fisheries, land use, water supply) or

Global
biophysical &

social
drivers

Soils, sediments,
disturbance regime,
functional types, etc.

Property & use rights,
wealth & infrastructure,
cultural ties to land, etc.

Animal behavior,
soluble nutrients,
fires, floods, etc.

Ecosystem services

Environmental impacts Social impacts
Human
actors

In
st

it
u

ti
o

n
al

re
sp

o
n

se

Fa
st

er
va

ri
ab

le
s

Sl
o

w
er

va
ri

ab
le

s
Re

g
io

n
al

 c
o

n
te

xt

Community income,
migration,

access to resources, etc.

Regional climate,
landscapes,
ecosystems

biota, etc.

Space scales

Regional governance
economy, etc.Ti

m
e 

Fig. 2. Conceptual framework for integrated
analysis of coupled social–ecological systems, high-
lighting key issues of space and time scales, social–
ecological interactions, dynamics of individual
actors, and institutional responses. Modified from
ref. 17.

Carpenter et al. PNAS � February 3, 2009 � vol. 106 � no. 5 � 1307



particular intersections of issues (e.g.,
biodiversity and land use change).
Moreover, models for sectors must be
coupled with projections from other
models of climate, demography, macro-
economic development, and other drivers
to assess or project ecosystem services.
It would be far better to have models
that correspond in scope and content to
the conceptual frameworks used by the
MA or future assessments. Integrated
models should be built from scratch to
address the scales and drivers that are
directly relevant for the question at
hand, rather than patching together ex-
isting models aimed at disparate scales
and objectives. There is ongoing
progress toward models that better
match conceptual frameworks for eco-
system assessment (25–29). Nonetheless,
a great deal of work is needed. This
model development should be done in a
research setting, not under the stringent
time constraints of an assessment.

Address Nonlinear and Abrupt Changes. A
recurring theme of the MA was ‘‘the
absence of theories and models that an-
ticipate thresholds, which once passed
yield fundamental system changes or
even collapse’’ (13, Chapter 4, p. 107).
Some important ecosystem services sub-
ject to nonlinear changes include dry-
land agriculture, fisheries, and freshwa-
ter quality (13). Once degraded, these
services may recover slowly or not at all.
Slow recovery and irreversibility trans-
late into long-term losses of ecosystem
services and persistent problems for
managers aiming to sustain human well-
being. Social systems are also subject to
rapid massive changes (30), and the in-
teractions of social and ecological
thresholds have scarcely been explored
(31). Research is needed to build the
empirical base for understanding thresh-
olds of massive persistent changes in
social–ecological systems, the factors
that control probabilities of such
changes, and leading indicators of incipi-
ent thresholds (32). Further work is
needed to develop policy approaches
that build resilience for massive changes
that are hard to predict and have long-
lasting consequences (33, 34). Current
research on resilience addresses ques-
tions about avoiding dangerous thresh-
olds, destabilizing degraded system
states as a prelude to restoring systems,
adapting to unpredictable change, and
transforming brittle systems to more
adaptable ones (32–34).

Expand the Scope of Probabilistic Analysis.
Many decision analyses require esti-
mates of the probabilities or uncertain-
ties of outcomes. In most cases, the MA
addressed uncertainty by stating the de-

gree of scientific consensus or the
team’s degree of confidence about con-
clusions. Only rarely was it possible to
estimate uncertainties by using rigorous
quantitative methods. Yet any decision
to mitigate the risks of ecosystem change
depends on our capacity to predict the
consequences of mitigation actions with
some stated degree of confidence. Re-
search should seek to enhance our ca-
pacity to identify the outcomes of
current activities and to compute proba-
bilities for the different outcomes.

Many of the environmental challenges
that we face are unprecedented in hu-
man history (8, 9, 12), so we lack rele-
vant data for prediction. In such cases it
is important to expand the scope of
questions being asked, in the hope that
important possibilities are not over-
looked. For this purpose, the MA used
scenarios at global and local scales (13,
15). Use of scenario methods should be
expanded, and tools for coupling scenar-
ios with quantitative models should be
improved. Scenarios also provide a tool
for communicating uncertainties and
complexity among diverse groups of
experts and stakeholders.

Relationships of Ecosystem Services and
Human Well-Being
Connections among ecosystem services
and aspects of human well-being were
core topics for the MA. The main feed-
back loops are evident in even the most
simplified versions of the MA concep-
tual framework (Fig. 3 and ref. 35). This
diagram represents a specified region
over a specified time interval. The situa-
tion becomes vastly more complicated
when feedbacks are considered among
regions, across spatial extents from local
to global, or across time horizons as

when short-term decisions affect long-
term flows of ecosystem services (13).

Simplified as it is, Fig. 3 nonetheless
depicts the main interactions that must
be considered to understand the rela-
tionships of ecosystem services and
human well-being. The MA defined
well-being as a multivariate state com-
prising 5 dimensions: basic material for
a good life, health, security, good social
relations, and freedom of choice and
action. Poverty was defined as the ex-
treme deprivation of well-being. The 5
dimensions are qualitative and situation-
dependent and must be studied by using
surrogates or correlates that are ex-
pressed as indicators. Any discussion of
indicators immediately evokes debate
about weights and preferences. For ex-
ample, the Human Development Index
[HDI (36)] assigns equal weight to 3
variables (life expectancy, literacy, and
GDP). However, any weighting structure
is likely to be criticized by some, be-
cause assigning weights is a value-
dependent process. Yet, one must start
somewhere, and the alternative is no
indicators at all. The MA used many
indicators of human well-being, reflect-
ing the diverse literature that was syn-
thesized by the project.

Even when indicators are defined,
significant challenges remain. Quantifi-
cation of tradeoffs among ecosystem
services and their interactions with hu-
man well-being are among the most
pressing areas for research.

Quantify Tradeoffs of Ecosystem Services.
There is great enthusiasm for win–win
solutions in the conservation-and-devel-
opment debate, despite counterexamples
(5, 37–39). The unfortunate reality is
that in an increasingly resource-con-
strained world, increases in one ecosys-
tem service or human activity typically
result in the reduction in other services
or activities (39). The general increase
in provisioning services over the past
century has been achieved at the expense
of decreases in regulating and cultural
services, and biodiversity (12, 40, 41).

Making these tradeoffs explicit is a
core function of ecosystem assessments.
Economic analysis is often used to
quantify tradeoffs. A principal reason
for the decline of ecosystem services is
because their true values are not consid-
ered in economic decision making (12).
Most decisions are based on market
prices, but for many ecosystem services
no markets exist, and decision makers
have no clear signal for the value of the
services. Understanding the true social
value of nonmarketed ecosystem ser-
vices depends on the ways that services
are used by different stakeholders.
There are a number of existing method-
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Security
Good social relations
Freedom  of choice & action

Indirect drivers

Global change drivers

Ecosystem processes
Supporting ecosystem

services

Ecosystem &
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Biodiversity
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ecosystem services
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ecosystem services

Regulating
ecosystem services

Fig. 3. The overarching feedback loop consid-
ered by MA involved indirect drivers (such as eco-
nomic growth or social values that affect human
well-being but do not directly affect ecosystems),
direct drivers that directly alter ecosystems (such as
human-driven land use change or natural volcanic
eruptions), ecosystem structure and processes, eco-
system services, and human well-being. Modified
from ref. 35.
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ologies for estimating the value of spe-
cific nonmarketed ecosystem services,
yielding shadow or accounting prices for
those services. However, new methodol-
ogies need to be developed to derive the
value of the ecosystem configurations
that deliver different bundles of
services (42).

Tradeoff analysis prompted the MA
to quantify and determine the value of
services, insofar as possible. Economic
analysis of tradeoffs employs the mar-
ginal value, or the value of a small in-
crement or decrement of that service
from its current supply. When tradeoff
decisions are made within a well-
informed, relatively homogeneous deci-
sion-making community, where the loss
of one benefit is balanced by the gain of
another, the community can be assumed
to make nuanced value-based judgments
regarding such tradeoffs without techni-
cal interventions. However, a large num-
ber of ecosystem service tradeoffs fail
this test. The affected parties are neither
homogeneous nor well-informed. In
many cases, there is a disconnection be-
tween the location where the benefits
are derived and the location where the
costs are borne; for instance, better
catchment management is a cost to
highland people, but a benefit to down-
stream lowlanders. Increasingly, people
live in cities, whereas the ecosystem ser-
vices on which they depend (but of
which they are largely unaware) are gen-
erated far away from cities. A special
but prominent case of tradeoff asymme-
try involves intergenerational inequities,
where actions taken in the present result
in a loss of ecosystem services in the
future. The notion of a discount rate is
often used to address this tradeoff, but
many outcomes are critically dependent
on the precise value adopted for this
discount rate, which is highly contested.
There is an active debate about whether
far-future effects should be discounted
at all, particularly where future losses
may be severe and irreversible (43).

If people’s preferences over two or
more services are known and can be
expressed accurately in the same units
of value, for instance, in monetary
terms, then making the tradeoff decision
is (at least conceptually) straightforward
and involves a simple cost–benefit calcu-
lation. Although the denominator of
economic value need not be in mone-
tary terms (for instance, for diseases
and natural hazards it is often expressed
in disability-adjusted life expectancies)
much effort goes into estimating the
‘‘dollar value’’ of nonmarketed ecosys-
tem services. In some particular cases,
research has quantified tradeoffs among
two or more ecosystem services in the
context of policy options (5). For exam-

ple, incentives to induce joint manage-
ment of landscape carbon sequestration
and biodiversity have been evaluated (44).

The experience of the MA was that
such economic valuation was hard to
achieve with consistency and confidence
for multiple ecosystem services in di-
verse locales. In very many cases, the
information needed to monetize the ser-
vices does not yet exist, and some eco-
system services, in particular cultural
services, do not lend themselves to eco-
nomic valuation in any event. In particu-
lar, peoples’ preferences over the range
of services offered by ecosystems may
not be known. This is often the case
where the services are public goods.
Multicriteria analysis may then be used
to uncover the tradeoffs between ser-
vices that groups of people are willing
to make (45). In the absence of infor-
mation on preferences, a useful contri-
bution can still be made by describing
(and where possible, quantifying) the
causal chain by which value is delivered,
even without the final step of imputing
monetary value. Even a narrative de-
scription of the pathway of impact is an
advance over having no information at
all, and many decisions are made with-
out having all of the factors in common-
denominator form. An important piece of
qualitative information is the shape of the
curves relating various levels of activity
and the corresponding levels of delivery
for key services. From these, it is often
possible to agree on certain thresholds
that should not be exceeded (46).

Evaluate Interactions of Ecosystem Services
with Other Determinants of Human Well-
Being. Even though all human life ulti-
mately depends on ecosystem services,
the relationships of incremental changes
in ecosystem services to human well-
being are difficult to discern. Many
kinds of capital, including natural capi-
tal, contribute to human well-being (47).
The components of human well-being
may be strongly influenced by other fac-
tors, such as national politics or social
values, independent of any direct effects
of ecosystem services. Research is
needed to understand how changes in
ecosystem services interact with other
determinants of human well-being.

In addition, research is needed to un-
derstand the effect of changes in ecosys-
tem services on wealth and poverty.
Poverty is frequently quantified by using
the poverty datum line, the minimum
income required to purchase a person’s
basic nutritional needs (12). This in-
come threshold is then transformed to
reflect the purchasing power in the re-
spective countries. However, ecosystem
services are often outside the market
economy, affecting human well-being in

multidimensional ways. So too are the
ecosystems that support those services.
They are part of people’s wealth. In-
deed, access to the benefits offered by
ecosystems in communal ownership is
frequently much more important to the
poor than to the rich. Compounding this
problem is the fact that people often
benefit from ecosystem services pro-
duced elsewhere and that managers of
remote ecosystem services may not be
compensated for them. Research is
needed to clarify how changing flows of
ecosystem services affect the most vul-
nerable members of society.

From Theory to Practice
The fundamental challenge is to under-
stand the dynamics of ecosystem ser-
vices and human well-being as they
interact from local to global scales in
the context of multiple changing drivers.
What combinations of ecosystem ser-
vices can flow sustainably from a partic-
ular landscape? How do changing land
use, nutrient mobilization, species com-
position, and climate affect f lows of
ecosystem services? For a given land-
scape, what drivers can be managed, and
how? What mixes of ecosystem services
do people prefer? How do human
choices and actions affect local f lows of
ecosystem services and spill over to af-
fect other regions? When do human ac-
tions aggregate to cause consequences
for larger regions or the earth system?
What institutions, incentives, and regula-
tions are effective in sustaining flows of
ecosystem services? Such questions are
emblematic of the challenge before us.

The gaps in knowledge that exist to-
day cannot be addressed through un-
coordinated studies of individual
components by isolated traditional
disciplines. Instead, a new kind of inter-
disciplinary science is needed to build
understanding of social–ecological sys-
tems. At the broadest scale, the research
that is needed overlaps with the pro-
gram of Earth System Science (48). To
understand changes in ecosystem ser-
vices, the interactions of social and eco-
logical constituents of the earth system
must be considered. Discipline-bound
approaches that hold one component
constant while varying the other lead to
incomplete and incorrect answers. Al-
though many important questions of
basic interdisciplinary science must be
addressed, here we are most concerned
with the problem-solving aspects of
social–ecological research (1). We focus
on the need for networked, place-based
long-term social–ecological research,
opportunities to learn from existing
programs, and needs for improved
monitoring.
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Place-Based, Comparative, Long-Term Re-
search. Productive research on social–
ecological systems must ground concepts
and theories in real-world observations
and analysis. There are long traditions
of empirical field research in both natu-
ral and social sciences. Regardless of the
disciplinary origins, successful projects
share common features: (i) study designs
address specific research questions
within an overarching conceptual frame-
work; (ii) contrasts that reveal key in-
sights emerge from comparisons among
places or regions, across spatial extents
from local to global, and across periods
of time; (iii) comparisons are guided by
models that bridge observations to con-
cepts and theories; (iv) consistent data-
sets are maintained by using easily
repeatable methods. To understand
changes and interactions of ecosystem
services, contrasts across locales, scales,
and time periods are particularly impor-
tant. To achieve this capacity, study de-
signs must be coordinated across a
network of places. This does not mean
that each place implements the same
design. It does mean that at each place
the design allows for comparisons across
the network of places and opportunities
for unique place-specific research. Such
research must be guided by a conceptual
framework that can be applied at multi-
ple scales and accounts for interactions
across scales (6, 15, 35). Networked re-
search also demands consistency in data
collection across places and through
time, as well as shared, transparent, in-
teroperable capacity for information
management, analysis, modeling, and
synthesis.

Some of the most important questions
for place-based research address the
connections of ecosystem processes and
institutions across local, regional, and
global scales (Fig. 4). The MA found
that some losses of ecosystem services
were related to mismatch between the
scales of ecosystem processes and the
scales at which institutions were effec-
tive. In other cases, governance and
feedback control mechanisms, prices,
property rights, sanctioning systems, and
the like, seem to operate at scales that
conform to those of ecosystem services.
Conceptual frameworks for multiscale
systems of governance and economics
offer a range of ideas for matching the
scales of ecosystem governance to those
of ecosystem dynamics and providing
institutions with the fluidity needed to
track long-term change in ecosystems
(7, 33, 49). Clearly, however, successful
governance of ecosystem services re-
quires more than just scale-matching.
Coordinated stewardship of multiscaled
ecosystem services is hard to achieve in
practice (50).

Learn from Existing Management Programs.
Conservation organizations, global insti-
tutions, and governments are increas-
ingly engaged in projects intended to
improve human well-being in concert
with ecosystem services. In view of the
current state of knowledge, such
projects must be regarded as hopeful
hypotheses to be tested rather than
guaranteed prescriptions for success.
Yet, only rarely is the success of these
projects evaluated by using appropriate
data and indicators (51, 52). Recent
studies, for example, reviewed the con-
ditions that lead to success or failure of
incentives for conservation (53), showed
that fisheries with property rights sys-
tems such as tradeable catch shares are
less prone to collapse than open-access
fisheries (54), and quantified the effects
of protected-area networks in decreasing
deforestation (55).

Considering projects for development
and conservation, the most extensive use
of consistent records may be those of the
World Bank, where �18% of develop-
ment projects have included ‘‘environ-
ment and natural resources management’’
as a major theme (39, 56). Of the
projects that were evaluated between
1998 and 2006 and included both envi-
ronmental and human development
goals, only 5 of 32 (16%) documented
substantial gains in both environmental
and poverty mitigation outcomes. Evi-
dently, win–wins are possible but not
common. Unfortunately, the available
information is insufficient to reveal
which practices lead to success or fail-
ure. Outcomes could be explained by
project design or implementation, un-
avoidable tradeoffs among ecosystem
services, or uncontrolled factors such as

armed conflict or weak rule-of-law. It is
impossible to tell from available data.

Ongoing and future projects are an
opportunity to learn the factors that in-
f luence the outcomes of programs in-
tended to improve ecosystem services
and human well-being. What must be
added is a framework for assessing
changes in social–ecological systems, by
using metrics and indicators that can be
collected consistently and compared
across the range of cases. The cost of
implementing such a framework will be
small compared with the cost of the
projects themselves. The potential bene-
fit is huge from assessing changes in
ecosystem services and human well-
being associated with conservation and
development projects. If the failure rate
is as high as suggested by the World
Bank sample, there are enormous gains
to be had from improving the design
and implementation of development
projects.

Upgrade and Maintain Monitoring Systems.
The MA made extensive use of the
world’s storehouse of long-term data on
social–ecological variables. Nonetheless,
the scarcity of such data made it difficult
to evaluate trends and draw conclusions
about relationships of social–ecological
variables (4). Despite improvements in
monitoring technology, in some cases
the currently collected data are of lower
quality than historical data. Fundamen-
tal research on sustainability and sus-
tainable practices depends on reliable,
ongoing monitoring of social–ecological
systems.

Improved monitoring of ecosystem
services could build on a number of ex-
isting programs. We offer 3 examples at
different scales. For the United States,
the Heinz Center’s recently released re-
port, The State of the Nation’s Ecosys-
tems, shows what can be accomplished,
what gaps remain, and what must be
done to secure an adequate monitoring
program in the future (57). For the con-
tinent of Europe, the Advanced Terres-
trial Ecosystem Analysis and Monitoring
program (www.pik-potsdam.de/ateam/)
has mapped and quantified ecosystem
services (27). The Global Earth Obser-
vation System of Systems (GEOSS;
www.earthobservations.org) provides
access to data and analysis tools in 9
core areas (disasters, health, energy,
climate, water, weather, ecosystems, ag-
riculture, and biodiversity). Although all
of these areas pose challenge for data
gathering, analysis, and modeling, biodi-
versity is particular demanding because
it involves the variety of kinds, spatial
patterns, and interactions of biotic sys-
tems at multiple levels of organization
(genes, species, ecosystems, and land-
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scapes or seascapes). The technical
problems of comprehensive biodiversity
monitoring appear tractable but will
require concerted international effort
(58, 59).

Critical data needs include (i) com-
prehensive time series information on
changes in land cover and land use, bi-
otic systems, and changes in use and
ecological characteristics of oceans; (ii)
locations and rates of desertification;
(iii) spatial patterns and changes in
freshwater quantity and quality, for both
ground and surface waters; (iv) stocks,
f lows, and economic values of ecosystem
services; (v) trends in human use of eco-
system services; (vi) changes in institu-
tions and governance arrangements; and
(vii) trends in components of human
well-being (particularly those not tradi-
tionally measured, such as access to nat-
ural products that are not marketed). In
addition to these core global datasets,
indicators are needed to bridge raw ob-
servations to scientific hypotheses or
policy questions. Ideally, the set of indi-
cators would be broad enough to ad-
dress a range of sustainability issues,
small enough to be manageable, and
simple enough to be applied consistently
and affordably in different regions over
long periods of time. Clear guidelines
are needed for estimating and communi-
cating uncertainties. The indicators
should be relevant for projecting future
changes in ecosystem services and hu-
man well-being. At present, we lack
agreement on a set of indicators that
meets these criteria and serves the
needs of researchers and decision mak-
ers. The research and policy communi-
ties need to work together to design a

set of appropriate indicators and imple-
ment the sustained monitoring programs
that will be needed to ensure the avail-
ability of data and indicators for the
long run.

From Assumptions to Evidence
Earth’s life support systems and society
have entered an era of enormous
change. In the last 50 years, ecosystems
and their services have changed more
than any previous period in human his-
tory (12). Further huge changes are in-
evitable, as human population increases
2 to 5 more billions by midcentury, hu-
man per-capita consumption continues
to expand, drivers of ecosystem change
intensify, and feedbacks among ecosys-
tem services and human well-being be-
come stronger and more complex (13).
A number of existing policies and prac-
tices can mitigate damage to ecosystem
services (14). Although these policies
and practices are not widely adopted at
present, some offer the prospect of a bet-
ter path through the ongoing transitions.

The policy and science communities
offer a hopeful vision that human well-
being can be enhanced through certain
approaches, including those that im-
prove or maintain ecosystem services.
Indeed, there are encouraging case stud-
ies from scattered locations and times.
Yet, evidence suggests that success and
failure are context-specific and that no
policy or practice is a panacea (60). In
any particular situation, available op-
tions must be evaluated, selected, imple-
mented, tested, and then replaced or
modified in an ongoing search for better
outcomes. Global rehabilitation of eco-
system services and human well-being is

therefore a long-term, spatially complex
experiment that requires continuous in-
novation and learning. Many elements
of the experimental design are based at
present on assumptions rather than data-
based outcomes. The people who are
affected and those providing resources
for this experiment are increasingly ask-
ing for evidence of improvement in eco-
system services and human well-being.
Actions will have to be backed up by
data and analysis that evaluate how
global policies and practices are benefit-
ing people and nature.

To this end, it is imperative that the
policy and science communities establish
a capacity to create and implement
policies for social–ecological systems,
predict consequences, and evaluate out-
comes. Basic research on social–ecological
systems must be expanded to build this
capacity, and more appropriate, inte-
grated approaches to research must be
developed. This research must build on
existing disciplinary strengths, bridge
disciplines effectively, and create new
areas of knowledge that are needed to
build resilient social–ecological systems.
Key results of this research must be ap-
plied promptly, and monitoring pro-
grams must be put in place to evaluate
outcomes. Such a massive effort in
social–ecological science is unprece-
dented in human history, yet it is com-
mensurate with the problems we face
and with the potential of sustainability
science.

ACKNOWLEDGMENTS. We thank T. Rosswall for
guidance in every phase of the work and W.
Clark, G. Daily, P. Matson, and two anonymous
referees for helpful comments. This work was
supported by the Zayed Prize awarded to the
Millennium Ecosystem Assessment.

1. Clark WC (2007) Sustainability science: A room of its
own. Proc Natl Acad Sci USA 104:1737–1738.

2. Liu J, et al. (2007) Complexity of coupled human and
natural systems. Science 317:1513–1516.

3. Kates RW, et al. (2001) Environment and development:
Sustainability science. Science 292:641–642.

4. Carpenter SR, et al. (2006) Millennium Ecosystem As-
sessment: Research needs. Science 314:257–258.

5. Daily GC, Matson PA (2008) Ecosystem services: From
theory to implementation. Proc Natl Acad Sci USA
105:9455–9456.

6. Turner BL II, Lambin EF, Reenberg A (2007) The emer-
gence of land change science for global environmental
change and sustainability. Proc Natl Acad Sci USA
104:20666–20671.

7. National Research Council (2002) The Drama of the
Commons (National Academy Press, Washington, DC).

8. Costanza R, Graumlich LJ, Steffen W (2007) Sustainabil-
ity or Collapse? An Integrated History and Future of
People on Earth (MIT Press, Cambridge, MA).

9. Steffen W, et al. (2004) Global Change and the Earth
System (Springer, Berlin).

10. ICSU-UNESCO-UNU (2008) Ecosystem Change and Hu-
man Well Being: Research and Monitoring Priorities
Based on the Millennium Ecosystem Assessment (Inter-
national Council of Science, Paris).

11. Millennium Ecosystem Assessment (2005) Ecosystems
and Human Well-Being: Synthesis (Island Press, Wash-
ington, DC).

12. Millennium Ecosystem Assessment (2005) Ecosystems
and Human Well-Being: Current State and Trends (Is-
land Press, Washington, DC).

13. Millennium Ecosystem Assessment (2005) Ecosystems
and Human Well-Being: Scenarios (Island Press, Wash-
ington, DC).

14. Millennium Ecosystem Assessment (2005) Ecosystems
and Human Well-Being: Policy Responses (Island Press,
Washington, DC).

15. Millennium Ecosystem Assessment (2005) Ecosystems
and Human Well-Being: Multiscale Assessments (Island
Press, Washington, DC).

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

17. Chapin FS, et al. (2006) Policy strategies to address
sustainability of Alaskan boreal forests in response to a
directionally changing climate. Proc Natl Acad Sci USA
103:16637–16643.

18. Yachi S, Loreau M (1999) Biodiversity and ecosystem
productivity in a fluctuating environment: The insur-
ance hypothesis. Proc Natl Acad Sci USA 96:1463–
1468.

19. Ives AR, Gross K, Klug JL (1999) Stability and variabil-
ity in competitive communities. Science 286:542–544.

20. Diaz S, Symstad AJ, Chapin FS, Wardle DA, Huenneke LF
(2003) Functional diversity revealed by removal exper-
iments. Trends Ecol Evol 18:140–146.

21. Balvanera P, et al. (2006) Quantifying the evidence for
biodiversity effects on ecosystem functioning and ser-
vices. Ecol Lett 9:1146–1156.

22. Ives AR, Carpenter SR (2007) Stability and diversity of
ecosystems. Science 317:58–62.

23. Diaz S, et al. (2007) Incorporating plant functional
diversity effects in ecosystem service assessments. Proc
Natl Acad Sci USA 104:20684–20689.

24. Agard J, Cropper A (2007) Caribbean Sea ecosystem
assessment (CARSEA). Caribbean Mar Stud 8:1–85.

25. Alcamo J, Florke M, Marker M (2007) Future long-term
changes in global water resources driven by socio–
economic and climatic changes. Hydrol Sci J 52:247–
275.

26. Chan KMA, Shaw MR, Cameron DR, Underwood EC,
Daily GC (2006) Conservation planning for ecosystem
services. PLoS Biol 4:e379.

27. Schroter D, et al. (2005) Ecosystem service supply and
vulnerability to global change in Europe. Science
310:1333–1337.

28. Verburg PH, Eckhout B, van Meijl H (2008) A multiscale,
multimodel approach for analyzing the future dynam-
ics of European land use. Ann Regional Sci 42:57–77.

29. Naidoo R, et al. (2008) Global mapping of ecosystem
services and conservation priorities. Proc Natl Acad Sci
USA 105:9495–9500.

30. Repetto RE (2006) Punctuated Equilibrium and the
Dynamics of U.S. Environmental Policy (Yale Univ Press,
New Haven, CT).

Carpenter et al. PNAS � February 3, 2009 � vol. 106 � no. 5 � 1311



31. Walker B, Meyers JS (2004) Thresholds in ecological and
social–ecological systems: A developing database. Ecol
Soc 9:3.

32. Carpenter SR (2002) Ecological futures: Building an
ecology of the long now. Ecology 83:2069–2083.

33. Folke C, Hahn T, Olsson P, Norberg J (2005) Adaptive
governance of social–ecological systems. Annu Rev En-
viron Resources 30:441–473.

34. Walker BH, Salt D (2006) Resilience Thinking (Island
Press, Washington DC).

35. Millennium Ecosystem Assessment (2003) Ecosystems
and Human Well-Being: A Framework for Assessment
(Island Press, Washington, DC).

36. United Nations Development Program (2003) Human
Development Report (Oxford Univ Press, New York).

37. Rosenzweig M (2003) Win--Win Ecology: How the
Earth’s Species Can Survive in the Midst of Human
Enterprise (Oxford Univ Press, New York).

38. Roe D, et al. (2000) Evaluating Eden: Exploring the
Myths and Realities of Community-Based Wildlife
Management (International Institute of Environment
and Development, London).

39. Tallis H, Kareiva P, Marvier M, Chang A (2008) An
ecosystem services framework to support both practi-
cal conservation and economic development. Proc Natl
Acad Sci USA 105:9457–9464.

40. Rodriguez JP, et al. (2006) Tradeoffs across space, time,
and ecosystem services. Ecol Soc 11:28.

41. Bennett EM, Balvanera P (2007) The future of produc-
tion systems in a globalized world. Front Ecol Environ
5:191–198.

42. Barbier E (2007) Valuing ecosystem services as produc-
tive inputs. Econ Pol 22:177–229.

43. Dasgupta P (2008) Discounting climate change. J Risk
Uncertainty 37:141–169.

44. Nelson E, et al. (2008) Efficiency of incentives to jointly
increase carbon sequestration and species conserva-
tion on a landscape. Proc Natl Acad Sci USA 105: 9471–
9476.

45. Kiker GA, Bridges TS, Varghese A, Seager TP, Linkov I
(2005) Application of multicriteria decision analysis in
environmental decision making. Integ Environ Assess
Manage 1:95–108.

46. Scholes RJ, von Maltitz GP (2007) Quantifying
Tradeoffs Between Sustainable Land Management
and Other Environmental Concerns (United Nations
Environment Programme, Nairobi).

47. Dietz T, Rosa EA, York R (2008) Environmentally
efficient well-being: Rethinking sustainability as
the relationship between human well-being and
environmental impacts. Human Ecol Rev 16:113–
122.

48. Clark WC, Crutzen PJ, Schellnhuber HJ (2004) Science
for global sustainability: Toward a new paradigm.
Earth System Analysis for Sustainability, eds Schelln-
huber HJ, Crutzen PJ, Clark WC, Claussen M, Held H
(MIT Press, Cambridge, MA), pp 1–28.

49. Perrings C (2006) Ecological economics after
the Millennium Assessment. Int J Ecol Econ Stat
6:8 –22.

50. Ostrom E (2008) The challenge of common-pool re-
sources. Environment 50:10–20.

51. Daily GC, et al. (2009) Ecosystem services in decision
making: Time to deliver. Front Ecol Env, in press.

52. Goldman RL, Tallis H, Kareiva P, Daily GC (2008) Field
evidence that ecosystem service projects support biodi-
versity and diversify options. Proc Natl Acad Sci USA
105:9445–9448.

53. Jack BK, Kousky C, Sims KRE (2008) Designing payments
for ecosystem services: Lessons from previous experi-
ence with incentive-based mechanisms. Proc Natl Acad
Sci USA 105:9465–9470.

54. Costello C, Gaines SD, Lynham J (2008) Can catch
shares prevent fisheries collapse? Science 321:1678 –
1681.

55. Andam KS, Ferraro PJ, Pfaff A, Sanchez-Azofeifa GA,
Robalino JA (2008) Measuring the effectiveness of pro-
tected area networks in reducing deforestation. Proc
Natl Acad Sci USA 105:16089–16094.

56. Kareiva P, Chang A, Marvier M (2008) Development
and conservation goals in World Bank projects. Science
321:1638–1639.

57. H John Heinz III Center for Science, Economics and the
Environment (2008) The State of the Nation’s Ecosys-
tems 2008 (Island Press, Washington DC).

58. Pereira HM, Cooper D (2006) Towards the global mon-
itoring of biodiversity change. Trends Ecol Evol 21:123–
129.

59. Scholes RJ, et al. (2008) Toward a global biodiversity
monitoring system. Science 321:1044–1045.

60. Ostrom E (2007) A diagnostic approach for going be-
yond panaceas. Proc Natl Acad Sci USA 104:15181–
15187.

1312 � www.pnas.org�cgi�doi�10.1073�pnas.0808772106 Carpenter et al.


