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BACKGROUND: Many key global sustain-
ability challenges are closely intertwined (ex-
amples are provided in the figure). These
challenges include air pollution, biodiver-
sity loss, climate change, energy and food sec-
urity, disease spread, species invasion, and
water shortages and pollution. They are inter-
connected across three dimensions (orga-
nizational levels, space, and time) but are
often separately studied and managed. Sys-
tems integration—holistic approaches to in-
tegrating various components of coupled

human and natural systems (for example, social-
ecological systems and human-environment
systems) across all dimensions—is necessa-
ry to address complex interconnections and
identify effective solutions to sustainability
challenges.

ADVANCES: One major advance has been
recognizing Earth as a large, coupled human
and natural system consisting ofmany smaller
coupled systems linked through flows of in-
formation, matter, and energy and evolv-

ing through time as a set of interconnected
complex adaptive systems. A number of in-
fluential integrated frameworks (such as eco-
system services, environmental footprints,
human-nature nexus, planetary boundaries,
and telecoupling) and tools for systems in-
tegration have been developed and tested
through interdisciplinary and transdiscipli-

nary inquiries. Systems
integration has led to fun-
damental discoveries and
sustainability actions that
are not possible by using
conventional disciplinary,
reductionist, and compart-

mentalized approaches. These include find-
ings on emergent properties and complexity;
interconnections among multiple key issues
(such as air, climate, energy, food, land, and
water); assessment of multiple, often conflict-
ing, objectives; and synergistic interactions
in which, for example, economic efficiency can
be enhanced while environmental impacts are
mitigated. In addition, systems integration
allows for clarification and reassignment of
environmental responsibilities (for example,
among producers, consumers, and traders);
mediation of trade-offs and enhancement of
synergies; reduction of conflicts; and design of
harmonious conservation and development
policies and practices.

OUTLOOK: Although some studies have rec-
ognized spillover effects (effects spilling over
from interactions among other systems) or
spatial externalities, there is a need to simul-
taneously consider socioeconomic and envi-
ronmental effects rather than considering
them separately. Furthermore, identifying
causes, agents, and flows behind the spill-
over effects can help us to understand better
and hence manage the effects across multi-
ple systems and scales. Integrating spillover
systems with sending and receiving systems
through network analysis and other advanced
analytical methods can uncover hidden in-
terrelationships and lead to important in-
sights. Human-nature feedbacks, including
spatial feedbacks (such as those among send-
ing, receiving, and spillover systems), are the
core elements of coupled systems and thus
are likely to play important roles in global
sustainability. Systems integration for glob-
al sustainability is poised for more rapid
development, and transformative changes
aimed at connecting disciplinary silos are
needed to sustain an increasingly telecoupled
world.▪
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Integrating
human and natural

systems

Illustrative representation of systems integration. Among Brazil, China, the Caribbean, and the
Sahara Desert in Africa, there are complex human-nature interactions across space, time, and
organizational levels. Deforestation in Brazil due to soybean production provides food for people and
livestock in China. Food trade between Brazil and China also contributes to changes in the global food
market, which affects other areas around the world, including the Caribbean and Africa, that also
engage in trade with China and Brazil. Dust particles from the Sahara Desert in Africa—aggravated by
agricultural practices—travel via the air to the Caribbean,where they contribute to the decline in coral
reefs and soil fertility and increase asthma rates.These in turn affect China andBrazil,which have both
invested heavily in Caribbean tourism, infrastructure, and transportation. Nutrient-rich dust from
Africa also reachesBrazil,where it improves forest productivity. [Photo credits clockwise fromright top
photo: Caitlin Jacobs, Brandon Prince, Rhett Butler, and David Burdick, used with permission]



REVIEW
◥

SUSTAINABILITY

Systems integration for
global sustainability
Jianguo Liu,1* Harold Mooney,2 Vanessa Hull,1 Steven J. Davis,3 Joanne Gaskell,4

Thomas Hertel,5 Jane Lubchenco,6 Karen C. Seto,7 Peter Gleick,8

Claire Kremen,9 Shuxin Li1

Global sustainability challenges, from maintaining biodiversity to providing clean air and
water, are closely interconnected yet often separately studied and managed. Systems
integration—holistic approaches to integrating various components of coupled human
and natural systems—is critical to understand socioeconomic and environmental
interconnections and to create sustainability solutions. Recent advances include the
development and quantification of integrated frameworks that incorporate ecosystem
services, environmental footprints, planetary boundaries, human-nature nexuses, and
telecoupling. Although systems integration has led to fundamental discoveries and
practical applications, further efforts are needed to incorporate more human and natural
components simultaneously, quantify spillover systems and feedbacks, integrate multiple
spatial and temporal scales, develop new tools, and translate findings into policy and
practice. Such efforts can help address important knowledge gaps, link seemingly
unconnected challenges, and inform policy and management decisions.

T
he goal of achieving global sustainability
is to meet society’s current needs by using
Earth’s natural resources without compro-
mising the needs of future generations (1).
Yet, many disparate research and manage-

ment efforts are uncoordinated and unintention-
ally counterproductive toward global sustainability
because a reductionist focus on individual com-
ponentsof an integratedglobal systemcanoverlook
critical interactions across system components.
Although our planet is a single system compris-
ing complex interactions between humans and
nature, research and management typically iso-
late system components (such as air, biodiversity,
energy, food, land, water, and people). As a re-
sult, the compounding environmental impacts of
human activities have too often been missed be-
cause they gobeyond the organizational level, space,
and time of focus. For example, large amounts
of affordable and reliable energy are available in
fossil fuels, but concomitant emissions of carbon
dioxide (CO2) will alter global climate and affect
other human and natural systems—a trade-off that
current policies have not adequately addressed
(2). Likewise, attention to growing more food on

land may inadvertently result in excess use of
fertilizers and in turn eutrophication of down-
stream coastal waters that compromises food
production from the ocean. Progressing toward
global sustainability requires a systems approach
to integrate various socioeconomic and environ-
mental components that interact across organi-
zational levels, space, and time (3–5).
Systems integration generates many benefits

comparedwith isolated studies, including under-
standing of interconnectivity and complexity
(Table 1). Here, we review recent advances in de-
veloping and quantifying frameworks for systems
integration of coupled human and natural sys-
tems; illustrate successful applications, focusing
on unexpected impacts of biofuels and hidden
roles of virtual water and discuss future direc-
tions for using systems integration toward global
sustainability.

Framework development
and quantification

The development and quantification of frame-
works are critical steps in integrating human
and natural systems (6–9). For instance, inter-
actions between sectors and stakeholders in the
human system or between biotic and abiotic fac-
tors in the natural system at different organiza-
tional levels (for example, government agencies
from local to national levels, and food trophic
levels from producers to consumers in ecosys-
tems) lead to emergent properties that individual
components do not have (10). All coupled sys-
tems evolve over timeas complex adaptive systems
(11). Their interactions, emergence, evolution,
and adaptation also vary with spatial scales (12).
Accordingly, integration along organizational, spa-

tial, and temporal dimensions is needed to avoid
sustainability solutions in one system that cause
deleterious effects in other systems. Such in-
tegration can also enhance positive and reduce
negative socioeconomic and environmental effects
acrossmultiple systems at various organizational
levels over time (Table 1).
Integration requires blending and distilling

of ideas, concepts, and theories from multiple
natural and social science disciplines as well as
engineering and medical sciences (4, 13), various
tools and approaches (such as simulation, re-
mote sensing, and life cycle assessment), and
different types and sources of biophysical and
socioeconomic data (14). For example, integrated
assessment models such as those used by the In-
tergovernmental Panel on Climate Change (IPCC)
analyze information from diverse fields to under-
stand complex environmental problems (such as
acid rain, climate change, energy shortages, and
water scarcity) (15, 16). The Global Trade Analy-
sis Project has recently evolved from a database
for analyzing global trade-related economic issues
to a platform for integrating trade with global
land use and associated greenhouse gas (GHG)
emissions (17). The Global Biosphere Management
Model analyzes and plans land use among sec-
tors (agriculture, forestry, and bioenergy) across
the globe in an integrated way (18). Below, we il-
lustrate the development and quantification of
some important integration frameworks that have
led to substantial advances.

Ecosystems services, environmental
footprints, and planetary boundaries

Human and natural systems interact in a multi-
tude of ways. Several integration frameworks
bring multiple aspects of human-nature interac-
tions together (Fig. 1). Quantifying the services
that ecosystems provide (Fig. 1A) for societal
needs (such as clean water, nutrient cycling, and
recreation) (6) helps assign value to natural com-
ponents for humans. Recent advances consider
a variety of ecosystem services simultaneously in
order to evaluate trade-offs and synergies among
them (19). Environmental footprint (20) and
planetary boundary (21) frameworks attempt to
quantify the negative effects that human activities
have on natural systems. The environmental
footprints framework quantifies resources (such
as natural capital) consumed and wastes gener-
ated by humans (Fig. 1B) (20). Recent manifes-
tations of the concept go beyond the previously
developed ecological footprints framework by
including more diverse types of footprints [for
example, water, carbon, and material footprints
(20)]. Planetary boundaries are threshold levels
for key Earth system components and processes
(such as stratospheric ozone, global freshwater,
and nitrogen cycling) beyond which humanity
cannot safely be sustained (21) (Fig. 1C).
Quantifying the above frameworks relies on

systems integration. For instance, organizational
integration in environmental footprint analysis
demonstrates how different human activities con-
tribute to human impacts at local to global levels
(20). Spatial integration is illustrated in integrated
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