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   Foreword  

 Humanity has entered the Anthropocene. If ever there was a time when we could 
take nature’s benefi cence for granted, it has passed. With seven billion people on the 
planet, and the eight-billionth arrival expected by 2025, human pressures on every 
ecosystem have multiplied, in some cases to the breaking point. The famine in the 
Horn of Africa reminds us that productive and resilient ecosystems are important 
not only for human well-being but also for human survival, especially in the dire 
circumstances of impoverished populations. 

 The urgent need to sustain ecosystems in the face of climate change, growing 
human populations, and rising demands for a multitude of primary commodities 
and agricultural outputs is giving rise to a burgeoning new discipline of sustainable 
development. More than ever, we need to understand how society depends on a 
range of complex and subtle ecosystem functions, and conversely, how ecosystem 
functions are impacted by human activities. The intellectual challenge is enormous. 
Both ecosystems and human systems are immensely complex. Their interactions 
add further dimensions of complexity. And understanding natural and human sys-
tems requires a range of analytical tools that surpass traditional academics’ disci-
plinary boundaries. 

 The present volumes, Integrating Ecology and Poverty Reduction, are a powerful 
and innovative addition to this vital fi eld of research. These volumes are also a per-
sonal thrill for me, since their genesis is the multidisciplinary setting of the Earth 
Institute at Columbia University. I am most grateful to our former Earth Institute 
postdocs who conceived and carried out these studies. They and the contributors to 
these volumes have earned our admiration and gratitude. 

 Every chapter in these volumes shows that the emerging scientifi c discipline of 
sustainable development is both vital and diffi cult. This is especially the case when 
it is viewed as an applied science that aims to fi nd practical solutions in specifi c 
human-ecological contexts. It is one thing to recognize that ecosystem functions are 
vital to a society’s health and economic productivity (as explored in the fi rst vol-
ume, Integrating Ecology and Poverty Reduction: Ecological Dimensions), and 
quite another to devise institutions and policies that protect ecosystems in the face 
of climate change, growing populations, and rising economic pressures (as explored 
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in the second volume,  Integrating Ecology and Poverty Reduction: The Application 
of Ecology in Development Solutions ). The case studies in these volumes describe 
as many failures as successes in the policy sphere and illuminate the subtle and 
multidimensional approaches to both science and policy that are necessary for suc-
cess in managing complex and interacting systems. 

 Despite the range of geographies, ecologies, and development challenges cov-
ered in these volumes, there is a unifi ed and highly successful intellectual approach. 
This is development seen through the ecologist’s eyes and with the ecologist’s tools. 
The overriding theme is how the science of ecology – with its focus on complex 
systems, interacting components and networks, threshold effects, and strong non-
linearities – can and should inform development thinking and design. 

 As one would expect, the detailed ecological context of development looms 
large. The details of ecological stress, resource ownership, community organiza-
tion, gender relations, migration patterns, biodiversity, land use patterns, transport 
conditions, and vulnerability to environmental hazards and climate change, all con-
dition the interactions of society and ecosystems, and all shape the ways to fi nd 
sustainable approaches to economic development. It is a vast challenge to under-
stand these complex relations. It is an even greater challenge to ensure that the 
impacted communities themselves can appreciate the ecological and social context 
in which they operate, so that they can devise effective means to solve pressing 
problems. 

 The chapters put a great deal of emphasis on how ecological knowledge is shared 
and diffused within a community. There is need for formal training and scientifi c 
knowledge, of species, climate, and ecological changes. There is need for a deep 
understanding of the key actors in the communities. There is an especially vital need 
for gender awareness and women’s empowerment. Women are often disempowered 
in local communities, and yet play the vital role in managing croplands, water 
resources, fuelwood, and other ecosystem services. Without women’s empower-
ment, sustainable solutions are impossible to identify, much less to achieve. 

 Population dynamics, including the challenges of the demographic transition to 
low fertility rates and the management of migration, loom large in the challenges. 
Both the issues of natural population increase caused by continued high fertility 
rates in low-income settings and the challenges of massive migration, from rural to 
urban areas and across national boundaries, are among the most vexing problems of 
sustainable development. Population growth is highest in the poorest and most frag-
ile ecosystems, such as the drylands of the Horn of Africa. Migration from such 
regions can also trigger social confl icts and violence. Migration is leading to a dra-
matic surge of urbanization, beyond the planning and management capacity of many 
sprawling urban areas. The second volume has excellent discussions of these dimen-
sions of demographic-ecological interactions. 

 Many of the chapters in the second half of the second volume deal with various 
strategies for monetizing the social value of ecosystem services. The basic idea is 
straightforward: since ecosystem services provide great value to society, there ought 
to be a way to create economic incentives to sustain those services, and more gener-
ally to benefi t poor communities that manage the services. Yet the wonderful case 
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studies and analyses make clear that this strategy is much easier said than done. 
There is no off-the-shelf strategy for creating appropriate incentives. Each situation, 
type of ecosystem service, and pattern of local culture and politics calls for a tai-
lored design. 

 The cases are fascinating. We gain insight into community-based management of 
forests, fi sheries, non-forest products, biodiversity conservation, ecotourism, and 
much more. We learn about a fascinating project to “pay for ecosystem services” 
(PES) in a wildlife reserve in Tanzania. Even though the community receives very 
modest compensation for its conservation activities, and for forgoing other eco-
nomic activities around the site, the project has proved to be very popular with the 
community and has successfully combined conservation with development initia-
tives; in short, PES proved to be “a highly cost-effective model for community-based 
conservation” (Chap. 12, Vol.2). In other cases, however, with different ecological 
and social dynamics, PES proved to be less robust and less effective. 

 What is most exciting about these volumes is the consistently high quality of 
ecological analysis combined with an equally high quality of keen social observa-
tion. This collection of chapters is, in short, sustainable development analysis at its 
best, drawing strength by acknowledging the complexity of biological and social 
systems, avoiding oversimplifi cation, and always giving due attention to the interac-
tions of nature, culture, and economy. Readers will savor these chapters as bold and 
cutting-edge approaches to a budding scientifi c discipline of enormous practical 
importance. The fi eld of sustainable development is enormously enriched by this 
pioneering effort. 

  Professor Jeffrey D. Sachs, Director of the Earth Institute  
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   Preface   

 The two volumes comprising the series  Integrating Ecology and Poverty Reduction  
address the ecological dimensions of some of the major challenges in reducing 
poverty in developing countries (Vol. 1) and potential solutions and opportunities 
for more effectively leveraging ecological science and tools to address some of 
those challenges (Vol. 2). Collectively, we hope these volumes serve to foster a 
deeper, more nuanced understanding of the ecological dimensions of various aspects 
of poverty, particularly in rural areas of developing countries where some of the 
world’s poorest people live, and a heightened appreciation for the role that ecologi-
cal science and tools can play in poverty reduction efforts. We acknowledge that no 
development challenge is uniquely ecological in its provenance or its resolution, 
but posit that ecological science and tools are critical components of effective 
solutions to some of the world’s most vexing international problems. 

 This fi rst volume,  Integrating Ecology and Poverty Reduction: Ecological 
Dimensions , identifi es some of the most pressing challenges related to rural poverty 
in developing countries and critically reviews the ecological dimensions of those 
problems. Specifi cally, we address key ecological processes and principles associated 
with food security, water provisioning, human health, energy security, climate change, 
and disaster reduction. These topics are by no means an exhaustive list of the many 
challenges facing poor, rural communities nor are the ecological factors discussed the 
only ones to consider when evaluating a problem. Rather, these chapters address some 
of the major obstacles to human well-being and economic development and demon-
strate how ecological thinking can be applied to understand and address these prob-
lems. The second volume, Integrating Ecology and Poverty Reduction: The 
Application of Ecology in Development Solutions, addresses ways in which ecology 
can be applied in the context of education, gender relations, demography, markets 
and governance to address many of the challenges addressed in the fi rst volume. 

 Bronx, New York, NY Jane Carter Ingram
Turrialba, Costa Rica Fabrice DeClerck
New York, NY Cristina Rumbaitis del Rio    
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   Background 

 At the writing of this book, the world is at a critical crossroads. The year 2010 was 
the United Nations (U.N.) year of biodiversity and the year when the targets of the 
Convention of Biological Diversity (CBD), which was signed in 2002, were sup-
posed to have been met. The CBD aimed to achieve by 2010 a “signifi cant reduction 
of the current rate of biodiversity loss at the global, regional and national levels as a 
contribution to poverty reduction and to the benefi t of all life on Earth.” However, 
progress remains elusive – species extinction rates continue to be 1,000 times greater 
than background rates in the geological record (Secretariat of the CBD  2006 ; 
Walpole et al.  2009 , 2010; Butchart et al.  2010  ) . 

 We are also at a critical stock-taking point on progress towards meeting the 
Millennium Development Goals (MDGs), a set of time-bound goals for achieving 
measurable improvements in the lives of the world’s poorest people by the year 
2015 (  www.un.org/millenniumgoals/    ). The MDGs were agreed upon by every 
member nation of the United Nations in 2000 as a global commitment to reducing 
extreme poverty. Progress towards the goals was recently reviewed in an MDG sum-
mit convened during the 2010 annual United Nations General Assembly meeting. 
The eight goals can be summarized as follows: (1) eradicate extreme economic 
poverty and hunger; (2) achieve universal primary education; (3) promote gender 
equality and empower women; (4) reduce child mortality; (5) improve maternal 
health; (6) combat HIV/AIDS, malaria, and other diseases; (7) ensure environmen-
tal sustainability; and (8) develop a global partnership for development. 

    Chapter 1   
 Introduction to Integrating Ecology 
and Poverty Reduction       

     Fabrice   DeClerck,          Jane   Carter   Ingram,          and Cristina   Rumbaitis   del   Rio            

    F.   DeClerck   (*)    
 Centro Agronómico Tropical de Investigación y Enseñanza (CATIE) , 
  Turrialba, Cartago ,  Costa Rica    
e-mail:  fdeclerck@catie.ac.cr     

http://www.un.org/millenniumgoals/
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 Despite the historical separation between biodiversity conservation and poverty 
reduction efforts (Adams et al.  2004 ; Sanderson and Redford  2003,   2004 ; Redford 
et al.  2008  ) , there is increasing consensus that the maintenance of biodiversity is an 
integral part of reducing extreme poverty reduction. Biodiversity conservation is a 
core focus of the MDGs, in particular, MDG 7 that focuses on environmental sus-
tainability and includes the CBD goal of achieving a signifi cant reduction in the rate 
of biodiversity loss. Progress towards MDG 7 is measured in terms of the proportion 
of land area covered by forest, a reduction of carbon dioxide (CO2) emissions and 
of ozone-depleting substances, the proportion of fi sh stocks within safe biological 
limits, a reduction in the proportion of the total water resources used, an increase in 
the proportion of terrestrial and marine areas protected, and a reduction in the pro-
portion of species threatened with extinction (Secretariat of the CBD  2006  ) . 

 Despite widespread international commitment to all of these goals, including 
MDG 7, integrating environmental sustainability, and biodiversity conservation 
specifi cally, into development projects and national development strategies remains 
a challenge. In 2004, Adams et al. wrote that biodiversity conservation scientists 
face a dilemma as a result of the increasing global concern that international conser-
vation efforts are in confl ict with efforts to reduce poverty and that lasting positive 
outcomes of conservation-with-development projects are elusive. Indeed, many per-
ceive biodiversity conservation and poverty reduction to be two completely dispa-
rate goals. Adams et al.  (  2004  )  addressed these perceived confl icts and proposed a 
typology for clarifying the different relationships between conservation and poverty 
reduction: (1) poverty and conservation are separate policy realms, (2) poverty is a 
critical constraint on conservation, (3) conservation should not compromise poverty 
reduction, and (4) poverty reduction depends on living resource conservation. Much 
of this discussion, however, has focused on the impact that protected areas and 
reserves have on poverty reduction – which in many cases will be minimal. For 
example, Redford et al.  (  2008  )  demonstrate that only about 0.25% of the world’s 
poorest people are found in areas that are somewhat or extremely wild. 

 These two volumes focus predominately on the fourth typology proposed by 
Adams et al.  (  2004  ) , that poverty reduction depends on living resource conserva-
tion. However, there are several important clarifi cations to be made. First, the chap-
ters included in these volumes push beyond the notion that poverty reduction is 
disproportionately dependent on living species simply for production services 
obtained from nature, but that integrating ecological concepts into development 
strategies can be a useful approach for achieving multiple MDGs and improving 
livelihoods (Rumbaitis del Rio et al.  2005 ; DeClerck et al.  2006  ) . Second, we dis-
tinguish between integrating ecological tools into development practice, and the 
conservation of critically endangered biodiversity. That is, many of the interven-
tions and tools highlighted in these volumes address conserving ecological integrity 
in human-dominated landscapes with the specifi c aim of sustaining and restoring 
ecosystem services that contribute to human well-being. Multiple studies have dem-
onstrated that practices that target biodiversity conservation in human-dominated 
landscapes can make signifi cant contributions to biodiversity conservation (see 
Gardner et al.  2010  ) , and to ecosystem services (Naeem et al.  2009  ) , but that these 
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interventions often fail to protect sensitive species (Milder et al.  2010  ) . Thus, eco-
logical science will continue to be important for informing conservation planning 
aimed at protecting threatened  biodiversity, but will also be critical for successfully 
achieving the MDGs in human-dominated landscapes that may not be high priori-
ties for biodiversity conservation, but where poverty is high and persistent (Kareiva 
and Mavier  2007  ) . Finally, we acknowledge that poverty is a multidimensional 
condition resulting from a lack of access to  material and non-material needs (Anand 
and Sen  2000 ; Alkire and Santos  2010  ) . However, in these volumes, we have focused 
and expanded upon the multiple  components of poverty represented by the MDG 
framework (Sachs  2005 ; UN  2010  ) , while recognizing that some aspects of poverty 
may not be addressed explicitly in these volumes. Rather, these volumes can be 
viewed as a starting point for  illustrating how ecology underpins certain compo-
nents of poverty (Volume 1) and considering how several types of mediating social 
forces can be leveraged to increase the  benefi ts that ecosystems provide to the poor 
(Volume 2). 

 Certainly, conservation and poverty reduction “win-win” situations are by no 
means commonplace nor easy to achieve, as they may require compromise with 
respect to one or both goals. For example, in a global meta-analysis using 11 case 
studies from Latin America, Africa, and Asia, Tekelenburg et al.  (  2009  )  investigated 
how biodiversity and poverty are related to each other by exploring the ways in which 
indicators of conservation and development changed over a 10-year period. In all but 
one example, gains in biodiversity were uncorrelated with poverty reduction. The 
single example of gains in both was found within the Chorotega Biological Corridor 
in the Guanacaste peninsula of Costa Rica. The Chorotega Biological Corridor is part 
of the greater Mesoamerican Biological Corridor (MBC), which aims to facilitate the 
movement of biodiversity from southern Mexico to northern Colombia. Although at 
its conception, the MBC consisted entirely of conservation goals (biological connec-
tivity), recent analysis of the most functional corridors indicate that these goals have 
been supplemented with more development-focused goals such as ensuring water 
quantity and quality (Estrada and DeClerck  2010 ; see also Chap. 14 in Vol. 2). 
Although many factors have led to positive results for conservation and livelihoods in 
the Chorotega Biological Corridor, part of the success can be attributed to the integra-
tion of local needs (water) with conservation goals. 

 Achieving conservation and poverty reduction goals, as exhibited by the Chorotega 
example, will require cross-disciplinary approaches, which have been growing (NAS 
 2005 ; Ostrom et al.  2007 ; Ostrom  2009  ) . Thus, it is now timely to ask what is and 
should be the role of ecology in efforts to alleviate poverty? Why should ecological 
understanding of the way in which biological communities work be relevant to solv-
ing complex development problems? How can ecological knowledge be integrated 
into cross-disciplinary approaches to support development planning? These questions 
are the central starting points for these volumes. While the importance of ecosystem 
services for human well-being is now widely accepted, the challenge remains as to 
how we can practically maintain biodiversity and ecosystem function alongside pov-
erty reduction initiatives? This is the key challenge these volumes seek to explore 
across a range of development goals and through the lens of several potential solutions 
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that may provide a way to achieve both conservation and poverty reduction. 
Specifi cally, these volumes explore what the role of ecologists and the science of ecol-
ogy is in addressing these challenges and contributing to potential solutions.  

   The Science of Ecology 

 Ecology is the science of studying the interactions of organisms and their environ-
ment. During the relatively short history of ecology as a fi eld of study, this has 
focused on understanding how populations of species are shaped and infl uenced by 
the environment (e.g., temperature, humidity, latitude, and elevation) and by inter-
actions with other species (e.g., predation, competition for resources, and coopera-
tion). Much of the early work of ecologists has specifi cally and intentionally focused 
on areas characterized by low human impact – relatively intact wilderness or pro-
tected areas, or laboratory microcosms – with the explicit goal of understanding 
how ecological communities are formed and operate in the absence of human infl u-
ences. Much of this early ecological research documented the effects of human 
perturbations on ecosystems as an external forcing, but has not looked at humans as 
an important component in the system. In large part, traditional ecology has sought 
to minimize human infl uence and even to exclude the human footprint in our under-
standing of how the biosphere works, rather than disentangling the complex rela-
tionships between humans, other species, and the physical environment. For 
example, Real and Brown’s  (  1991  )  edited volume “Foundations of Ecology” 
includes 40 classic ecological papers that form the theoretical foundation for most 
students of ecology. However, not a single one of these papers includes humans as 
a critical ecological player. In fact, much of the research about the interactions 
between humans and the ecosystems in which they live, also referred to as social-
ecological systems, has occurred within disciplines such as geography and the bur-
geoning fi eld of sustainability science (Kauffman  2009  )  and has been promoted 
within programs such as the International Human Dimensions Program (IHDP, 
  www.ihdp.org    ). Only recently have ecologists shifted their focus to consider not 
only how humans impact the environment, but also how functional ecosystems con-
tribute to human well-being (Daily  1997 ; Rumbaitis et al.  2005 ; DeClerck et al. 
 2006 ; Kareiva and Marvier  2007 ; Naeem et al.  2009  ) . 

 An important fi rst question is what are the contributions of ecology and its subdis-
ciplines, beyond conservation implications? As previously stated, ecology is the sci-
ence of studying organisms in their environment and of understanding the relationships 
between communities of organisms. This includes a multitude of branches such as 
population ecology that specializes in how organisms of the  same  species interact 
with one another to acquire resources and reproduce. In contrast, community ecology 
studies the interactions  among  species, which includes multiple classes of interac-
tions such as predation and competition, but also facilitation and cooperation. 
Landscape ecology, one of the youngest branches of ecology, considers how spatial 
context or position in a landscape affects ecological interactions. 

http://www.ihdp.org
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 Early ecologists focused primarily on the impacts of the environment on the dis-
tribution of organisms and ecological communities through observations of how 
these communities changed from the poles to the tropics, or at smaller scales, from 
valley bottoms to mountaintops, rather than how organisms and communities infl u-
ence the functioning of the environment in which they exist. Today, ecologists 
increasingly recognize that species are not just passive recipients of the environment, 
but that they play a very active role in shaping and driving ecological processes 
(Naeem  2002  ) . This functional view of biodiversity is a signifi cant paradigm shift 
that pushes the work of ecologists into the cross-disciplinary realm where biodiver-
sity and ecosystems are understood to be essential contributors to human well-being 
through the provisioning of essential goods and services (Naeem et al.  2009  ) . 
The chapters comprising these volumes refl ect on that role with a particular focus on 
how ecological knowledge, tools, and understanding can contribute to improving the 
living conditions of the world’s poorest people.  

   A Functional Role for Ecology in Poverty Reduction 

 The important distinction between the MDGs and other development initiatives is 
the renewed focus on cross-disciplinary (Fig.  1.1 ; Eigenbrode et al.  2007  ) , and 
multi-scalar approaches. Past development interventions have been criticized for 

  Fig. 1.1    The Millennium Development Goals were agreed upon by all member countries of the 
UN in 2000 and aim to signifi cantly reduce poverty by 2015. This schematic illustrates 
development challenges the Millennium Development Goals aim to address         
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their shotgun approach. In many cases, there has been little to no interaction among 
different disciplines, or when there was, there have been negative impacts, where 
the advances made by one discipline negated the efforts made by another. Multiple 
development projects have resulted in unintended consequences, where well-mean-
ing interventions have not considered the indirect, systemic effects of actions 
(Ranganathan et al.  2008  ) . One example is agriculture’s Green Revolution, which 
undoubtedly saved millions of lives by increasing the agricultural productivity of 
the world’s most important grain crops, but with a large associated environmental 
cost (Tilman  1998  ) . The question remains, whether the negative environmental 
impacts of the Green Revolution might have been reduced had ecosystem science 
been more developed as a discipline at the time, and had there been greater dialogue 
between ecologists and agronomists on the imperative to sustainably meet global 
food production needs without compromising the ecosystem services important for 
meeting other basic needs?  

 This is much more diffi cult than it might appear and although development goals, 
including the MDGs, may be multidisciplinary and combine several usually sepa-
rate branches of learning; they are far from being truly interdisciplinary by fostering 
increased interaction and integration of contributing disciplines. The primary differ-
ence between the two, according to Eigenbrode et al.  (  2005  ) , is that multidisci-
plinary research is conducted by scientists from different disciplines, but is designed 
to address a question pertaining to a single system. In contrast, interdisciplinary 
research requires a greater degree of coordination among disciplines from the start 
with research questions that often span several temporal and spatial scales and fi elds 
of study. When considering the MDGs as presented in Fig.  1.1 , it is easy for a pro-
fessional in a specifi c discipline to focus on the goal most relevant to his or her 
work. This approach, however, limits the opportunity for fi nding novel solutions 
and avoiding confl icts (NAS  2005  ) . 

 We propose, however, that rather than identifying with individual goals, profes-
sionals consider each goal through the lens of their respective discipline (Fig.  1.2 ). 
For example, ecologists could consider their role not only in ensuring environmen-
tal sustainability, but also in reducing hunger, improving maternal health, or achiev-
ing universal primary education. Certainly, ecological expertise, knowledge, and 
methods, which we term the “ecological toolbox” (Rumbaitis et al.  2005  ) , will have 
limited application in achieving some development goals, and greater application in 
others, but we may be surprised by the solutions that arise simply by looking at a 
problem in a new light. Such an exercise serves not only to identify how ecologists 
can contribute to areas outside of their typical remit, and to highlight the interaction 
between the fi elds, but also serves to highlight areas of potential confl ict between 
fi elds where cross-disciplinary discussion and considerable negotiations will be 
needed to identify tradeoffs and/or negative impacts before they occur.  

 Of course, we do not suggest that ecology or any single approach is a panacea 
capable of solving all of the world’s most pressing problems, or even a single 
problem alone (Ostrom et al.  2007 ; Ostrom  2009  ) . However, we do strongly 
believe that ecology can make signifi cant contributions to most of the MDGs, and 
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that the integration of the ecological perspective with that of other disciplines will 
present solutions that are novel, sustainable, and may result in fewer trade-offs in 
the long-term than quick-fi x solutions that deliver immediate returns on a single 
development goal. Examples of this integrative thinking are becoming more popu-
lar. For instance, the increasing collaboration of ecologists with agronomists in the 
fi eld of agroecology focuses largely on how ecological interactions can be used to 
reduce the need for agrochemicals while maintaining competitive yields (Smukler 
et al.   Chap. 3    , Vol. 1). Many ecologists also work directly alongside engineers and 
farmers to design riparian (riverside) forests whose functional role is to improve 
water quality before it enters rivers and streams, reducing the cost of water treat-
ment for downstream communities. Interaction of ecologists with nutritionists and 
medical professionals has shed new light on how species composition, interac-
tions, and distributions can be manipulated to decrease malnutrition (  Chap. 4    , Vol. 1) 
and the risk of infectious diseases (  Chaps. 13     and   14    , Vol. 1). The purpose of these 
volumes is to focus specifi cally on these issues in relation to major development 
challenges and how knowledge of interactions and trade-offs can be integrated 
into solutions.  

  Fig. 1.2    The role of ecology in achieving poverty reduction should not be restricted to development 
goals that are explicitly environmental. Rather, ecology offers useful concepts and tools for achiev-
ing progress towards other development goals, as discussed throughout these volumes and illustrated 
in this fi gure. For some development goals, the role of ecology will be more direct and signifi cant 
than for others. Nevertheless, considering a problem through the lens of multiple disciplines, as 
encouraged throughout these volumes and as demonstrated herein with the fi eld of ecology, may lead 
to new, innovative solutions for addressing poverty         
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   Organization of These Volumes 

 To prepare the two volumes comprising the series  Integrating Ecology and Poverty 
Reduction , we have asked authors to address a major development challenge or 
solution and to assess if/how an ecological approach is relevant within that context 
and the advantages and/or limitations of using the ecological toolbox. This task 
was more straightforward for some development goals and solutions than others. 
Nevertheless, all of the chapters have highlighted the utility of ecological science 
for addressing development problems and solutions through the direct application 
of ecological theory and tools, as well as the more indirect application of ecological 
thinking, which emphasizes the importance of spatial and temporal scales, feed-
backs, and trade-offs. We recognize that entire books can be written on each of the 
topics presented herein and, thus, we do not attempt to cover all possible applica-
tions of ecology with respect to development challenges, a task that is beyond the 
scope of this project. Rather, these two volumes seek to highlight how major devel-
opment challenges can be viewed through an ecological lens and addressed through 
the use and applications of the ecological toolbox. We do not propose that ecology 
alone will be able to answer many of these critical questions; rather, we suggest that 
ecological science combined with the tools of other disciplines can make a greater 
contribution to developing a sustainable future and reducing the tremendous pov-
erty that persists in our world. 

 The series is divided into two volumes. The fi rst volume,  Integrating Ecology 
and Poverty Reduction: Ecological Dimensions , focuses on the ecological dimen-
sions to global development challenges. The chapters in this volume deal with the 
biophysical aspects of ecology and demonstrate two primary points. First, that 
understanding the ecological foundations of human-dominated landscapes can pro-
vide a better understanding of how we are impacted by ecological processes. The 
American conservationist Aldo Leopold once famously stated that “to keep every 
cog and wheel is the fi rst precaution of intelligent tinkering.” We would add to that 
by stating that applying the right tool for the job should be the second rule of intel-
ligent tinkering. In the chapters included in this volume, we explore the direct appli-
cation of ecological tools to achieving distinct development goals of reducing 
hunger, improving human health and nutrition, decreasing vulnerability to extreme 
events, and increasing access to clean water and energy. These chapters present 
specifi c examples of the application of ecological principles in poverty reduction – 
or examples of how ecological tools fi t and function in a development toolbox. 

 The second volume,  Integrating Ecology and Poverty Reduction: The Application 
of Ecology in Development Solutions , focuses on mediating forces and solutions for 
poverty reduction and addresses the relevance and role of ecology in relation to 
these. We recognize that the mediating forces and the solutions that we have 
addressed – education, gender, demography, innovative fi nancing, and ecosystem 
governance – represent far from an exhaustive list of topics that we could have cov-
ered in this volume. Nevertheless, these chapters collectively address many ways in 
which humans interact with each other and the ecosystems in which they live and 
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how these interactions inform how ecological science and tools can be applied to 
positively infl uence forces shaping human societies and the creation of solutions that 
conserve biodiversity and ecological processes alongside poverty reduction. For 
example, demographic trends in population growth, urbanization, and migration 
infl uence the nature of human interactions with the environment (see the chapters  
on population, Vol. 2). Similarly, gender dynamics infl uence how the sexes perceive 
and interact with the environment and how natural resource access and management 
decisions are made (Gutierrez et al. Chap. 4, Vol. 2). An understanding of the dynam-
ics underlying these forces must be factored into developing successful poverty 
reduction measures in communities that rely directly on natural resources for their 
livelihoods. In the section on Innovative Financing, the authors of various chapters 
demonstrate that implementation of mechanisms, such as Payments for Ecosystem 
Services, requires an application of sound ecological science and tools, in addition 
to an understanding of the social, economic, and governance constraints and oppor-
tunities where such programs may be developed, if they are to be effective. In the 
section on Ecosystem Governance, the authors emphasize the importance of strong 
ecological science, tools, and targets for governing and managing a land or sea-
scape for multiple, often confl icting purposes. These chapters demonstrate that 
reducing poverty will require understanding the interplay of ecological, social, eco-
nomic, and political systems and illustrate that ecologically sound solutions will 
require major shifts in conventional thinking, which society may or may not be willing 
to make. In a fi nal concluding piece, Naeem critically addresses the overarching role 
of ecology in sustainable development, and states what this role is currently and 
proposes what it should be, if we are to have truly, sustainable development.  

   Conclusions 

 Traditionally, the science of ecology has not been an integral component of many 
aspects of international development for a variety of reasons. Increasingly, however, 
there has been a renewed interest in fi nding more sustainable means of develop-
ment, grounded in ecological knowledge. Yet, a range of concepts and approaches 
that are becoming more widely used across a range of sectors, such as ecosystem 
services, resilience, and social-ecological systems thinking, are signs of a paradigm 
shift. Our goal with these volumes is to build upon this recent momentum at this 
important moment in time to increase the dialogue between ecologists and devel-
opment practitioners. We have produced these volumes for both audiences in the 
hope that ecologists who read them will see the contribution that the fi eld can make 
to poverty reduction and that development practitioners will gain an understanding 
of the contribution that ecology as a discipline can make to sustainable development. 
Our ultimate intention is that these volumes will facilitate increased dialogue among 
multiple disciplines, including ecology, and that this dialogue will result in a more 
effective use of ecological science and tools to improve the livelihoods of the world’s 
poorest people alongside the conservation of functioning ecosystems.      
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   Introduction 

 Global hunger is a complex multi-faceted problem that typically has been the 
domain of agronomists, economists, and rural socialists. Less frequently, however, 
have we asked what ecology’s, and ecologists’ contribution might be to alleviating 
extreme and hidden hunger. Ecology has many contributions to make in fi nding, and 
developing ecologically based, sustainable solutions to this development goal. The 
hunger section of this book, in addition to several other chapters, provides compel-
ling evidence of ecosystem services that are critical to sustaining agricultural 
 production including pollination, pest control, and increasing the stability of agro-
ecosystems (Chap   .   3    ). Milder et al. (Chap.   5    ) demonstrate how taking a landscape 
scale approach permits the co-existence of production, conservation, and livelihood 
improvement goals in human dominated landscapes, and gives detailed information 
on relevant landscape measures appropriate to evaluating the conservation, produc-
tion, and livelihood status of such landscapes. Remans et al. (Chap.   4    ) demonstrate 
that human nutrition is a critical ecosystem function with direct ties to farm-scale 
agrobiodiversity. All three chapters demonstrate, and defi ne how integrated 
approaches, including a focus on ecosystem functions in agricultural landscapes, 
can reduce both acute and hidden hunger. 

 The UN Hunger Task Force Report, “Halving Hunger: It can be done,” published 
in 2005 by Sanchez and colleagues, reminded us that too many people (852 million 
in 2005) are still chronically or acutely malnourished. They made a series of general 
recommendations including calling for the restoration and conservation of the natural 
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resources essential for food security, securing local ownership, access, and management 
rights to forests, fi sheries, and rangelands, developing natural resource-based “green 
enterprises” and paying poor rural communities for environmental services. 
Agricultural food production is, at its heart, an ecological enterprise that relies on the 
management of species interactions. Food production is also probably one of the few 
ecosystem services that has been fully exploited by humans and is the only service to 
be increasing rather than decreasing as highlighted by the Millennium Ecosystem 
Assessment. The ecological tradition of elucidating complex systems and relation-
ships between species and the environment while working across multiple scales and 
disciplines equips ecologists with the tools necessary to tackle similarly and multi-
faceted problems associated with alleviating hunger. 

 Agricultural production and biological conservation have often been presented 
as diametrically opposed. However, agricultural food production is important not 
only in terms of being the source of our sustenance, it is also the human activity that 
occupies the greatest extension of the global terrestrial surface area. The “natural 
capital” of clean water, soils, fi sh, wildlife, and other resources encompassed in 
these landscapes provide about two-thirds of household income for the rural poor. 
As such, agriculture is not only critical to producing the food that sustains us, 
and to employing the rural poor, it is also essential in maintaining ecosystem 
services (Chap.   3    ). 

 The ecosystem services paradigm highlights synergies between conservation and 
production, and provides a framework for simultaneously meeting both essential 
development goals. Farming communities can put wild and associated biodiversity 
to use for a multitude of ecosystem services including pollination services, pest 
control services, and multiple soil and water related services (highlighted in 
Chap.   3    ). International attention on payment for ecosystem services (PES) has 
largely focused on payments for carbon, biodiversity conservation, and hydrologi-
cal services. However, many ecosystem services operate on a much smaller spatial 
scale, such as the benefi ts of integrating biodiversity conservation into farm man-
agement. Fortunately, interventions that improve the provisioning of ecosystem ser-
vices at the farm scale frequently are the same as those that improve ecosystem 
services at larger scales (see Chaps.   3     and   18    ). 

 Though there is increasing scientifi c knowledge regarding ecological integra-
tion in agroecosystems, several hurdles remain. For one, the dialog between scien-
tifi c knowledge and local knowledge must be improved (Chap. 3, Vol. 2) to fi ll the 
gap between these distinct worldviews. Improving the role of ecology in education 
will be essential in bridging this gap, particularly if the future global economy is to 
be based on a sound understanding of the impact of humans on ecosystems and the 
environment. In a similar vein, March (Chap.   23    ) in this volume discusses a new 
model in seed distribution systems for rural farmers that stresses the importance of 
understanding farmers’ seed needs and preferences, which helps build resilience 
into social and agroecological systems. 

 Second, the planning and management of ecosystem services for hunger allevia-
tion must take a landscape scale perspective in order to be truly integrative as is 
highlighted by Milder et al. in Chap.   5    . The landscape scale is the level at which 
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many ecosystem processes operate and at which synergies and tradeoffs between 
and among environment and development objectives are often mediated (O ¢ Neill 
et al. 1997). Bringing multiple stakeholders to the table to understand individual 
perspectives is the fi rst step in building a shared vision that includes ecological 
integration leading to actions and policies that increase synergies while decreasing 
tradeoffs. Milder et al. in their chapter, demonstrate that by revealing landscape 
dynamics across multiple spatial and temporal scales, these processes can also help 
identify the “bottlenecks” to sustainable rural development, many of which may be 
non-obvious. The landscape highlighted by Milder et al. includes the explicit recog-
nition that conservation and production goals are critical components of landscape 
management. Estrada and DeClerck (Chap. 14, Vol. 2) provide an example as to 
how landscape ecology can be used to locate farms that are critical to providing 
ecosystem services within a larger landscape. 

 Remans et al. (Chap.   4    ) adopt the concept of econutrition, highlighting the rela-
tionships between agricultural production, ecology, and human nutrition. The 
authors discuss how interdisciplinary approaches that combine the knowledge bases 
of ecologists, nutritionists, and agronomists to develop strategies to alleviate hidden 
hunger. Increasing crop functional diversity, for example, can alleviate anemia, par-
ticularly in communities that are strongly dependent on subsistence agriculture. 
Second, the integration of ecology with nutrition fosters environmental interven-
tions that simultaneously have direct and indirect impacts on human health and 
nutritional well-being. 

 It is important to recognize that development interventions should not occur in 
isolation, and that fi nding opportunities for synergies between development goals 
are essential. Synergies are found when providing corridors for wild biodiversity 
simultaneously increases crop production by increasing pollinator services, creates 
barriers for crop pests (Chap.   3    ), improves water quality (Chap.   6    –  9    ), or improves 
human health (Chap.   10    –  14    ). Such examples for bundling ecosystem services pres-
ent opportunities for reducing the cost of ecosystem services. Effective manage-
ment of multiple services will require a strong ecological understanding of the 
relationship between land use and the provisioning of these services. 

 The world’s poor do not solely depend on terrestrial landscapes as a primary 
source of food. Millions of medium and small-scale fi shers and fi sh farmers, often 
very poor, depend on fi shing and aquaculture, with over 97% of fi shers living in 
developing countries. For these people, fi sh provide their primary source of protein. 
In contrast to terrestrial food production, where wild biodiversity makes a relatively 
small contribution to the human diet, marine and fi sheries are populated by pre-
dominately wild species and managed through a complex framework of national 
and international agreements. More so than in terrestrial landscapes, management 
of fi sheries must and has begun to take an ecosystems approach. McClennen details 
the use of ecosystem approaches in Chap. 16, Vol. 2 highlighting the ecological 
principles for sustainable fi sheries. 

 In addition, agricultural landscapes and their management have impacts that reach 
far beyond alleviating hunger. Myers demonstrates the important  consequences of 
land use change on human health in Chap.   11    , and Keesing  highlights the role of 
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landscape and community ecology in understanding how  fragmentation and altering 
of ecological communities affects the spread of infectious diseases. Agricultural 
lands are also one of the biggest users of water for irrigation. Food grows where 
water fl ows, as the saying goes. Access to water is often the biggest limitation to 
increasing production as well as maintaining year-round production in arid 
systems. 

 Increased agricultural productivity through “Green Revolution” technologies, 
including inorganic fertilizers, improved seed, and small-scale irrigation projects 
are likely to contribute signifi cantly towards meeting the United Nation’s goal of 
halving global poverty by 2015, but sustained poverty alleviation will require more. 
Ecology and ecologists alone will not be able to solve these critical development 
challenges; what is clear, however, is that the tools and skills that ecologists manage 
provide essential components to lasting, sustainable solutions. Ecologists must 
begin to consider how their fi eld can contribute not only to the conservation of bio-
diversity, but to the relationship between conserved biodiversity and provisioning of 
nontraditional ecosystem services such as human health. Likewise, nutritionists, 
agronomists, and other development practitioners must recognize that many of the 
solutions to increasing human well-being and health can best be achieved by focus-
ing on a healthy environment and the conservation of ecosystem services.     
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   Introduction 

 There is a tenuous relationship between the world’s rural poor, their agriculture, and 
their surrounding environment. People reliant on farming for their livelihood can no 
longer focus on current food production without considering the ecosystem pro-
cesses that ensure long-term production and provide other essential resources 
required for their well-being. Farmers are now expected to not only produce food, 
but also steward the landscape to ensure the provisioning of drinking water, wood 
products for construction and cooking, the availability of animal fodder, the capac-
ity for fl ood attenuation, the continuity of pollination, and much more. Farmer stew-
ardship of the landscape helps ensure ecological functions that, when benefi cial to 
human well-being, are referred to as ecosystem services. Human activities strongly 
affect ecosystem services and there is often a resulting trade-off among their avail-
ability, which frequently results in the loss of many at the expense of few, most 
notably when producing food (Foley et al.  2005  ) . 

 Ecosystem services have been categorized into four basic groups which include 
supporting services such as soil formation, photosynthesis, and nutrient cycling that 
are essential for providing provisioning services such as fodder, food, water, timber, 
and fi ber production; regulating services that affect agricultural pests, climate, 
fl oods, disease, wastes, and water quality; and cultural services that provide recre-
ational, aesthetic, and spiritual benefi ts (Fig.  3.1 ) (MA  2005a ; Daily and Matson 
 2008  ) . While provisioning services provided by agriculture have been and promise 
to remain a primary gateway for overcoming poverty, the dynamics of how to 
achieve poverty alleviation are changing rapidly with the declining availability of 
ecosystem services (MA  2005b ; Witcover et al.  2006 ; Sachs  2008  ) .  

    S.M.   Smukler   (*)    
 Tropical Agriculture Program, The Earth Institute, Columbia University , 
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 The strategy of using agriculture as the primary means for economic development 
has been successful primarily because of the availability and consumption of eco-
system services, many of which were supplied by natural ecosystems (Tilman et al. 
 2002 ; Evenson and Gollin  2003 ; Semwal et al.  2004 ; Robertson and Swinton  2005  ) . 
For example, a farm’s current yield may be largely dependent on nutrients supplied 
by thousands of years of plant decomposition and cycling (supporting services) 
prior to agricultural production and irrigation using water originating in natural 
watersheds (provisioning services). The availability of ecosystem services has both 
direct and indirect links to economic development and can be considered a form of 
capital. The processes by which this “natural capital” can be sustainably used to 
support the livelihoods of impoverished people requires an understanding of eco-
logical and socioeconomic processes, particularly its links to other forms of capital, 
such as: (1) human capital: skills, knowledge, health, ability to labor and to pursue 
livelihood strategies; (2) fi nancial capital: savings, livestock, supplies of credit, 
remittances; (3) physical capital: basic infrastructure (e.g., transport, energy, market 
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  Fig. 3.1    Ecosystem services provided by agricultural landscapes and their connection to the 
Millennium Development Goals (Modifi ed from the MA  2005a,   b  )        
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access, communication, irrigation); and (4) social capital: membership of groups, 
networks, access to wider institutions of society (Bebbington  1999  ) . These forms of 
capital are intrinsically interconnected in how they contribute to management 
of agricultural landscapes, but here we focus mainly on natural capital and more 
specifi cally on the ecosystem services that defi ne this capital. 

 It is clear that around the world natural capital is diminishing and the availability 
of ecosystem services provided by natural ecosystems is becoming more uncertain 
as populations and urban development expand, and farmers seek new or better land 
for agriculture to meet increasing food demands (Bennett and Balvanera  2007 ; 
Srinivasan et al.  2008  ) . Already farmers in many regions of the world are no longer 
able to expand into forests, wetlands, and savannahs to produce or gather food and 
fi ber, and many can no longer expect to rely on the resources provided by the 
remaining intact natural ecosystems (DeFries et al.  2007  ) . To exacerbate the situa-
tion, climate change is adding to the variability in availability of ecosystem services 
and will dramatically impact natural capital over the coming century (Schmitz et al. 
 2003 ; Rosenzweig et al.  2004  ) . While those with fi nancial means are able to pur-
chase necessities such as cooking fuel, timber or even clean water produced in dis-
tant locations, the most impoverished do not have this option. They are restricted to 
utilizing what they can, where they are. With recent loss of natural ecosystems, 
looming threats of climate change, and rapid expansion and intensifi cation of agri-
cultural production using non-renewable resources, ecosystem services must be bet-
ter managed within farmed landscapes to ensure the well-being of the poor. 

 Land management decisions are often framed as a dilemma that involves a trade-
off between agricultural productivity and the preservation of natural ecosystems 
(Balmford et al.  2005 ; Green et al.  2005  ) . However, the apparent trade-off between 
agricultural productivity and other ecosystem services is an over-simplifi cation of 
management choices available; farmers may be able to manage for both (Foley et al. 
 2005 ; Perfecto and Vandermeer  2008  ) . Some have questioned the validity of achiev-
ing win–win situations for both conservation and agricultural benefi ts and argue that 
the best way to preserve nature is to intensify or maximize agricultural productivity 
(Balmford et al.  2005 ; Green et al.  2005  ) . Intensifi cation may spare land from agri-
cultural conversion but it by no means ensures the preservation of ecosystem ser-
vices, especially when it is based on inputs of synthetic fertilizers and pesticides 
that have adverse effects on biota and resources in adjoining natural areas (Perrings 
et al.  2006  ) . It is therefore critical that any effort towards agricultural intensifi cation 
include goals beyond crop and livestock yields. 

 The objective of this chapter is to give agricultural, environmental, and develop-
ment practitioners a basic understanding of the many ecosystem services provided by 
agricultural landscapes, their relationship to poverty alleviation, and a brief introduc-
tion to some of the ways to manage for optimum availability using a variety of strate-
gies at multiple scales. In addition, the long-term consequences of environmental 
degradation for the rural poor will be highlighted (Dasgupta  2007  ) . We have selected 
a series of examples that demonstrate the relationship between ecosystem services and 
poverty alleviation in agricultural landscapes. We also recognize that there is much yet 
to learn about this relationship and try to illustrate the areas in need of more research. 
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 As agricultural landscapes are managed by numerous farmers, the overall supply 
of ecosystem services provided is dependent on aggregated practices, thus we discuss 
management decision made at scales ranging from the farm fi eld, to the farmscape 
(the area of land managed by a farmer including the non-production areas), and 
the landscape. The aggregated results of farmers’ management decisions impact the 
availability of ecosystem services not only for themselves but for people in distant 
places or in the distant future (Fig.  3.2 ). Our intent is to illustrate the origins and 
main benefi ciaries of ecosystem services to show the various potential links of man-
agement decisions to poverty alleviation. In the fi rst section of the chapter we dis-
cuss how agroecological management strategies at the fi eld and farmscape scales 
can directly improve human well-being through increased agricultural production 
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  Fig. 3.2    Farm management when aggregated across a landscape can impact not only the ecosystem 
services available at a local scale but also the services available at regional and global scales. Here 
runoff from a farm in a watershed of Lake Victoria in western Kenya can negatively affect water 
quality and fi sheries (image provide by Keith Shepherd). Practices such as agroforestry, if adopted 
widely, could reduce erosion, improve water quality, and mitigate greenhouse gas emissions but at 
time scales that may be beyond the farmer’s season to season fi nancial horizon          
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and other ecosystem services such as soil health, nutrient cycling, pest regulation 
and crop pollination. In the second part we describe how many of the same manage-
ment practices designed to increase local benefi ts when scaled up to the landscape 
can benefi t regional water quality and global greenhouse gas (GHG) mitigation. 
Because the adoption of services with regional or global impacts may not have 
immediate economic benefi ts we introduce the role of payments for ecosystem 
 services (PES) for poverty alleviation. Finally, we discuss the need for conserving 
biodiversity and assessing the potential trade-offs and synergies of ecosystem ser-
vices across scales.   

   Modes of Agricultural Intensifi cation 

 There is growing recognition that agricultural intensifi cation must entail ecologi-
cally sustainable management. This goes beyond past efforts to improve the living 
standard of the world’s rural poor, e.g., by increasing agricultural productivity using 
improved crop varieties and inputs such as inorganic fertilizers, biocides and irriga-
tion (Matson et al.  1997 ; Tilman et al.  2002  ) . While agricultural intensifi cation 
strategies reliant on high inputs increased food production in Latin America and 
Asia (Evenson and Gollin  2003  ) , this “Green Revolution” strategy was often at a 
cost to other ecosystem services and their societal impacts continue to be debated 
(Kiers et al.  2008  ) . Moreover, these strategies were not universally successful and in 
many regions, such as sub-Saharan Africa, they were largely not adopted (Smaling 
 1993 ; Smaling et al.  1993 ; Stoorvogel et al.  1993 ; Sanchez et al.  2009  ) . 

 Agricultural intensifi cation that has focused on provisioning of agricultural 
products has often resulted in severe impacts to other ecosystem services because 
of inappropriate use of irrigation, tillage, and fossil fuel-based industrial farm inputs 
such as pesticides and fertilizers. Such intensifi cation has contributed to degrada-
tion of 1.9 billion ha impacting some and 2.6 billion people, the withdrawal of 70% 
of global freshwater (2.45% of rainfall) for irrigation (   IAASTD  2008 ), biocide 
effects on health of humans and other organisms (Maumbe and Swinton  2003 ; 
Atreya  2008  ) , the massive coastal anoxic zones (Prepas and Charette  2007  ) , and 
biodiversity loss that has exceeded historical rates (Tilman et al.  2001 ; Cassman 
et al.  2003 ; MA  2005b ; Robertson and Swinton  2005  ) . These impacts, while promi-
nent in the developed world, are often exacerbated in the developing world where 
institutional recognition of environmental impacts and agricultural extension ser-
vices are limited, safety equipment is prohibitively expensive and regulation is 
often minimal (Dasgupta et al.  2002 ; Atreya  2008  ) . Furthermore, industrial inputs, 
most of which are reliant on fossil fuels for production and delivery, are susceptible 
to increasing fl uctuations in availability and price, which could negatively impact 
cost–benefi t ratios and thus farmers’ livelihoods as seen in recent food crises 
(Gomiero et al.  2008  ) . 

 There is a growing recognition that increasing agricultural productivity at the 
expense of other ecosystem services is not a sustainable means of alleviating  poverty. 
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M.S. Swaminathan, one of the founders of the “Green Revolution,” has called for a 
new “Ever-Green Revolution” that encompasses the principles of ecology, eco-
nomics, and social and gender equality (Swaminathan  2005  ) . The United Nations 
has taken up this charge and on the eve of the millennium, in their commitment to 
halve poverty by 2015, included environmental sustainability as one of the eight 
goals designed to be road markers for meeting their objective. The eight Millennium 
Development Goals (MDGs) are an interdisciplinary task list; each task carefully 
selected to help reduce poverty. While there is much debate as to the best strategies 
to achieve the MDGs, it is likely the inextricable link between each MDG and the 
availability of ecosystem services (Fig.  3.1 ) has been underestimated as their role is 
ignored in many of the current poverty alleviation approaches (MA  2005b  ) . Lack of 
conclusive evidence linking ecosystem services to human well-being is often cited 
as a reason for this neglect particularly in regions where the poor are most reliant on 
them. Meanwhile 60% of the earth’s ecosystem services continue to be degraded or 
used unsustainably (MA  2005b  ) .  

   Increasing Ecosystem Services for On-Farm and Local Benefi ts 

 Many of the one billion people who earn less than a dollar a day are reliant on 
agriculture for survival. The needs of these farmers are largely dependant on the 
success of very specifi c farm practices. Farmers often grow food for personal con-
sumption on small pieces of land, and are typically challenged by uncertain land 
tenure, little access to capital for investments, labor constraints, no available agri-
cultural extension, and limited access to markets (Sachs  2005  ) . In this context it 
may be diffi cult for farmers to think about managing resources beyond their farm. 
We will examine how utilizing ecological principles for management at multiple 
scales to intensify on-farm production can improve the availability of ecosystem 
services for farmers adopting such practices. 

   Agroecological Management from the Field to the Farmscape 

 The aim of agroecological management strategies on and around the farm is to 
focus beyond immediate crop yields to increase the production of ecosystem ser-
vices through effi cient use of resources to create a farming system that is profi table 
over time without compromising future well-being (Altieri  2002 ; Ananda and 
Herath  2003 ; Witcover et al.  2006  ) . Ecological intensifi cation of farm management 
can include incorporating a diversity of species to fi ll available openings or “niches” 
and can help ensure critical supporting and regulating services such as soil forma-
tion, pest control, and nutrient cycling required for sustaining provisioning services. 
Essentially this corresponds to the idea of increasing the agricultural use and con-
servation of biodiversity (Jackson et al.  2007  ) . 
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   Supporting Services Example: Building Healthy Soil 

 Many of the ecosystem services provided by agricultural landscapes are contingent 
upon the status and management of soil, e.g., tillage negatively impacts soil aggre-
gate stability affects and thus water infi ltration rates (Cannell and Hawes  1994  ) . 
Thus, collective management of on-farm soil properties can mediate the land-
scape’s potential for supporting services underpinning numerous other ecosystem 
services (Fig.  3.1 ). Low soil fertility is a basic and immediate constraint limiting 
farmers’ ability to meet consumption needs at the household level (Lal  2006 ; 
Sanchez et al.  2009  ) . Identifying and improving the soil’s ability to provide a 
favorable growing environment for crops is an important step in restoring ecological 
function and increasing food security, production, and income for smallholder 
farmers. 

 Converting natural ecosystems to simplifi ed agroecosystems and maintaining a 
constant state of disturbance through annual cultivation and management causes 
drastic changes in soil conditions, including the decline of soil organic matter 
(SOM) (Fig.  3.3 ). Maintaining or increasing SOM may be the single most important 
management strategy designed to improve supporting services.  

 The addition of even small quantities of SOM can have substantial benefi ts for 
the biological, chemical, and physical properties of the soil (Stevenson and Cole 

  Fig. 3.3    Changes in soil organic carbon (SOC) an indicator of SOM resulting from changes in 
land management. This is from a study that reviewed 537 cases of land use changes. The bars 
indicate the 95% confi dence intervals and the number of observations is shown in parentheses 
(Modifi ed from Guo & Gifford  2002 )       
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 1999  ) . Soil organic matter consists mainly of soil organic carbon (SOC), and pro-
vides the substrate required by bacteria to mineralize nitrogen and other nutrients 
stored in complex molecules (e.g., carbohydrates, amino acids, lignin) that would 
otherwise be unavailable to plants. SOM is a critical component of sustained nutri-
ent cycling and has numerous other benefi ts such as increasing soil water holding 
capacity, infi ltration rates, nutrient storage capacity, aggregation and reducing bulk 
density (Lal  2006  ) . Continual cropping without suffi cient organic matter inputs 
leads to depletion and unproductive soils resulting in reduced net primary produc-
tivity (NPP) or the rate an ecosystem accumulates energy or biomass. Eventually 
continued depletion causes a negative feedback loop where the landscape can no 
longer support the plants needed to provide the organic matter required for their 
growth (McDonagh et al.  2001  ) . 

 Once soils have been degraded, improving their functions requires substantial 
active management and a clear understanding of the driving factors that led to deg-
radation (Whisenant  1999  ) . Using nitrogen fi xing plants in agricultural fi elds can 
begin to rehabilitate soils. Alternatively inorganic fertilizers can be used to increase 
crop productivity and the amount of residue that can be returned to the soil (Palm 
et al.  2007  ) . Incorporating residues can increase SOM resulting in a positive feed-
back loop, where yields continue to increase, and soil becomes responsive to further 
inputs. For example every 1 Mg ha −1  increase in the SOC pool in the rooting zone 
has been shown to increase wheat yields by 20–70 kg ha −1 , rice yields by 10–50 kg ha −1  
and maize yields by 30–300 kg ha −1  over un-amended soils (Lal  2006  ) . 

 Although inorganic fertilizer use may be an important tool for jump starting sub-
stantially degraded systems and increasing crop productivity, fertilizer use does not 
come without substantial trade-offs. The most important trade-off may be fi nancial, 
as the use of inorganic fertilizer does not necessarily translate into increased liveli-
hoods. Inorganic fertilizers are expensive, particularly for smallholder farmers, and 
their price may be increasingly volatile (Sogbedji et al.  2006 ; Gomiero et al.  2008 ; 
Huang et al.  2009  ) . In 2008, for example, worldwide inorganic fertilizer prices rose 
as much as 200%. Furthermore, smallholder farmers living in impoverished regions 
may have limited access to inorganic fertilizers due to lack of infrastructure, capital 
or fi nancing (Sachs  2005  ) . The excessive or inappropriate use of inorganic fertilizers 
can also lead to substantial reductions in other ecosystem services. Therefore, devel-
oping locally derived sources of nutrients from plants and animals used instead of, 
or in combination with inorganic fertilizers may help farmers achieve greater eco-
nomic returns over time and promote various ecosystem services. 

 Filling every available niche with carefully selected plants and animals can help 
balance nutrient losses from agricultural systems. Selecting appropriate plants for 
different niches can increase the availability of organic matter and retains nutrients 
otherwise lost through erosion and leaching (Fig.  3.4 ). To increase organic matter 
inputs, farmers may improve water management to increase NPP, incorporate woody 
biomass (trees or shrubs) within the cropping system (i.e., agroforestry), use cover 
crops to minimize erosion, green manures (nitrogen fi xing legumes), mulch, or 
increase animal manure inputs. Once organic matter production is increased, com-
bining inorganic fertilizers and organic materials can become even more effective in 
restoring fertility to nutrient-poor soils than either alone. Research in sub-Saharan 
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Africa shows that the application of inorganic fertilizers on soil amended with 
manure increased grain yields compared to plots to which just inorganic fertilizers 
or just manure was added (Kimani and Lekasi  2004  ) . In another long-term study, 
maize yields in Kenya were compared along a climatic and amendment gradient; 
demonstrating the benefi ts of incorporating a combination of high-quality manure, 
crop residue, and inorganic fertilizers (Okalebo et al.  2004  ) . Research on combining 
inorganic and organic soil amendments in smallholder systems is not new, but its 
current focus on the timing of nutrient availability, interactions between inorganic 
and organic sources, and the residual benefi ts to the system over the long-term is 
critical (Giller  2002 ; Vanlauwe et al.  2002 ; Drinkwater and Snapp  2007  ) .  

 Utilizing plants that fi x their own nitrogen (legumes) through symbiotic relation-
ships with micro-organisms associated with their root system can also increase 
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  Fig. 3.4    Management practices that can either increase organic matter inputs across the agricultural 
landscape or reduce nutrient losses (Modifi ed from Neider and Benbi  2008  )        
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overall nitrogen capital of the site. Legumes can be planted as annuals or perennial 
either in the fi eld as a cover, relay crop, or intercrop or in the fi eld margins as a hedge-
row. Estimates for N fi xation from legumes range from 58–120 kg N ha −1  year −1  for 
 annuals to 228 kg N ha −1  year −1  for perennial legumes such as alfalfa (Nieder and 
Benbi  2008  ) . A meta-analysis of over 94 studies of maize yields in sub-Saharan 
Africa reports that while yields increased most signifi cantly using inorganic fertilizer 
applications (2.3 t ha −1 ), yields also increased by 1.6 t ha −1  using coppiced woody 
legumes, 1.3 t ha −1  using non-coppiced woody legumes, and 0.8 t ha −1  using herbaceous 
green manure legumes (Sileshi et al.  2008  ) . These authors concluded that the combi-
nation of inorganic fertilizer and organic matter inputs increased effi ciency of fertil-
izer use, as there were no signifi cant differences in crop yield between organic inputs 
combined with 50% vs. 100% of the recommended fertilization rate in 48 studies 
with paired treatments (Sileshi et al.  2008  ) . This study suggests that the use of organic 
inputs could increase the effi ciency of inorganic fertilizer use by at least 50%. 

 In addition to increasing organic matter inputs, management practices that reduce 
erosion can also have substantial benefi ts for soil nutrients. Clearing land for pro-
duction has resulted in erosion rates 1–2 orders of magnitude greater than rates of 
erosion in natural ecosystems systems (Montgomery  2007  ) . Generally, manage-
ment that reduces the amount of soil disturbance or the impacts of disturbance, are 
likely to improve nutrient retention on the site (Lal  2004a  ) . To decrease nutrient 
losses through erosion and leaching, farmers can eliminate or limit soil disturbance 
by reducing the amount of tillage. They could also fi ll the niche opened by tillage 
during land preparation or harvesting by mulching or planting non-production crops 
such as improved fallows, cover crops, or green manures. Mulching with crop or 
agroforestry residues can protect otherwise bare soil from dislodging due to rainfall 
impact or wind (Roose and Ndayizigiye  1997  ) . Cover crops also protect soil and 
have been shown to reduce nitrate losses as the roots scavenge the soil for any 
residual nutrients which can then be incorporated and made available for subse-
quent production crops (Jackson et al.  1993 ; Wyland et al.  1996 ; Sileshi et al. 
 2008  ) . 

 Many of the practices just described are done so in the context of maintaining 
supporting services, mainly nutrient cycling required for primary productivity. 
Unfortunately, many of these practices generally introduce complexity and increased 
labor to the production system without necessarily increasing immediate economic 
returns. This creates an obvious draw towards the use of simpler methods relying 
solely on inorganic fertilizer inputs that promise immediate income even though the 
alternative integrated soil fertility management approach may have greater long-
term fi nancial benefi ts. In addition, it may not be apparent to those on such short 
time horizons that the soil provides the support services critical for the provisioning 
of many other ecosystem services, including ensuring a buffering capacity for envi-
ronmental perturbations caused by climate change (e.g., resilience to drought 
through increased soil moisture capacity) (Pimentel et al.  2005  ) . Therefore educa-
tion, through demonstration and outreach or even short-term economic incentives, 
will help promote the adoption of soil management practices key to ensuring long-
term agricultural productivity and well-being (Table  3.1    ).   
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   Provisioning Services Examples: Providing Food, Fiber, Fuel, and Timber 

 Small-holder farmers trying to escape poverty must fi nd a way move beyond 
subsistence to produce goods and services that are profi table. For the rural poor 
their ability to profi t is often constrained by limited availability of capital for invest-
ment in equipment, inputs, and land, limited access to markets both for sales and 
purchasing of inputs, and lack of infrastructure for irrigation or extension. While 
the focus of “Green Revolution” agricultural development on increasing the pro-
ductivity of a few high yielding crops has had great success increasing the caloric 
output of the farm, it has not ensured profi t, nutrition, or other provisioning services 
that the landscape may provide (Evenson and Gollin  2003 ; Kiers et al.  2008  ) . These 
services can include timber, fodder, fuel wood, medicine, and many other products 
that are of direct use to farming communities or marketed for income generation. 
One approach for maximizing these services would be to fi ll all available niches 
with useful plant or animal species, capitalizing on synergistic interactions when-
ever possible. 

 Filling niches by managing farmland for multiple species or agroforestry has 
been promoted as a means of maximizing production potential for small landhold-
ers. Agroforestry systems improve soil conditions (Young  1997 ; Sanchez  1999  ) , 
provide habitat for species (Somarriba et al.  2003 ; Schroth et al.  2004 ; Harvey and 
Villalobos  2007  ) , mitigate against global climate change (Montagnini and Nair  2004 ; 

   Table 3.1    The importance, challenges, and strategies for securing provisioning ecosystem  services 
key to rural well-being such as food, fi ber, fuel, and timber production   

 Provisioning 
service  Importance  Challenges  Strategies 

 Food 
and fi ber 

 Food security  
 Independence  
 Textiles  
 Income 

 Biophysical constraints: 
water and nutrients  

 Farm size  
 Land tenure 
 Labor 

 Identify most profi table 
agroecological crop 
management techniques  

 Increase access to: markets, 
seeds, and soil 
amendments  

 Diversify production  
 Develop cooperatives 

 Fuel  Means to cook food  
 Provide heat 

 Ineffi ciency of stoves  
 Distance to available 

wood  
 Labor 

 Improve stove effi ciency  
 Increase fuel resources  
 Develop alternative fuel 

sources 

 Timber  Construction 
materials  

 Carbon sequestration 
in biomass  

 Litterfall inputs 

 Incorporation into 
farming system 
without impacting crops  

 Land tenure  
 Farm size  
 Labor 

 Identify optimal design 
and management of 
agroforestry system 
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Verchot et al.  2005  ) , and provide alternative sources of income (Sanchez  1999 ; 
Alavalapati et al.  2004  ) . Agroforestry systems is defi ned as multiple cropping of 
at least two plant species that interact biologically where one of the plant species 
is a woody perennial and at least one of the plant species is managed for forage, 
annual or perennial crop production and thus, can provide food, fuel, fi ber, and 
timber resources (Somarriba  1992  ) . Ecological interactions in agroforestry sys-
tems can have both positive (soil fertility improvement, improved nutrient cycling, 
carbon sequestration) and negative affects (shading, allelopathy) (Kohli et al.  2008  ) ; 
therefore, careful, ecologically based management that maximizes synergies is 
essential to ensure the greatest benefi ts at multiple scales. 

 There are numerous examples of the success of agroforestry systems to maintain 
ecosystem services from around the world, particularly in regions where there has 
been a strong infrastructure for research and extension (Graves et al.  2004  ) . Remnant 
trees in otherwise treeless pastures in the highlands of Costa Rica provision food for 
birds and animals (90% of the tree species), timber (37%), fi rewood (36%), and 
fence posts (20%) (Harvey and Haber  1999  ) . A spatial evaluation of agroforestry 
systems in Talamanca, Costa Rica demonstrated that cacao agroforestry systems 
can mimic the structural diversity of native tropical forests (Suatunce et al.  2003  ) . 
Farmer interviews in Talamanca demonstrated that species incorporated into their 
agricultural landscapes had numerous ecosystem functions, for example fi ber, 
timber, and fruit (Córdova et al.  2003 ; Somarriba and Harvey  2003  ) . If farmers use 
their land as sources of fuel, fi ber, and timber, the encroachment into native forests 
is minimized.    

   Agroecological Management from the Farmscape 
to the Landscape 

 Farmers can benefi t directly from ecosystem services other than supporting and 
provisioning services by managing beyond the production fi eld. There are a num-
ber of regulating services that farmers can manage that will directly enhance their 
well-being by maintaining or increasing crop productivity or the availability of 
other resources. These services can include the regulation of climate, water for 
drinking and irrigation, pollination and pest reduction. Most of these services 
require farmers to manage the farmscape and the surrounding landscape. Filling 
available niches around and between fi elds with a diversity of plants selected for 
multiple uses or maintaining already existing patches of natural vegetation can cre-
ate windbreaks that generate favorable micro-climates for crops (Seck et al.  2005  ) , 
maintain hydrologic processes that ensure water availability (e.g., percolation into 
ground water) (Rockström et al.  2004  ) , reduce the prevalence of weeds (Bokenstrand 
et al.  2004  ) , and provide habitat for pollinators and other benefi cial organisms 
(Tscharntke et al.  2008  ) . The management of areas of the agricultural landscape 
past the edge of the production fi eld can result in a complex landscape mosaic of 
diverse vegetation types. 
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   Regulating Services Example: Maintaining Pollinators 

 Recently, the importance of pollinators as a key element of agricultural diversity 
supporting human livelihoods has been increasingly recognized. The great majority 
of plant species benefi t from pollination provided by bees, fl ies, birds, bats, and 
other taxa. For example, 90% of fl owering species in tropical rainforests rely on 
animal pollination (Bawa  1990  )  and 75% of the most important crop species benefi t 
from pollination services (Klein et al.  2007  )  accounting for €153 billion annually    
(Gallai et al.  2009  ) . As much of the diversity of marketable horticultural products 
originates from developing countries (Aizen et al.  2008  ) , crop diversifi cation and 
pollinator-crop interactions could play a key role in poverty alleviation. 

 Agricultural intensifi cation in many parts of the world has necessitated managed 
pollination services, as wild pollinators are not available in suffi cient numbers to 
ensure crop yield (Potts et al.  in press  ) . At the global scale, populations of managed 
honey bees have not increased at the same rate as the proportion of agricultural 
crops that depend on pollinators (Aizen and Harder  2009  ) . Hence, the demand for 
pollination services is likely to outstrip current honeybee hive numbers in many 
areas of the world (Aizen and Harder  2009  ) . Because wild bees may be able to pro-
vide insurance against ongoing honeybee losses (Winfree et al.  2007  ) , the demand 
for wild pollination is increasing. Concerns about the delivery of future pollination 
services are high for tropical countries as habitat isolation affects pollinators in 
tropical landscapes (Ricketts et al.  2008  ) . 

 Managing pollination services solely reliant on the European honeybee is a risky 
strategy because it relies on single species management. Almond pollination in 
California relies on the European honey bee and oil palm pollinations in South-East 
Asia depend on a single imported African beetle (Kremen et al.  2002  ) . Recent stud-
ies highlight the need to promote biodiversity to improve resilience in the provision-
ing of pollination services by buffering pollination against asynchronous annual 
fl uctuations in bee abundance (Kremen et al.  2002 ; Winfree et al.  2007 ; Klein  2009  ) . 
Different pollinating species also occupy different spatial, temporal, and conditional 
niches in which only a diversity of pollinator groups will lead to high quality and 
quantity services (Hoehn et al.  2008 ; Klein et al.  2008,   2009 ; Blüthgen and Klein 
 2011 ). These facts suggest pollinator diversity must be protected or restored across 
agricultural landscapes to ensure pollination services under various conditions and 
across space and time. 

 Local (farmscape) alterations that impact pollination services include changes in 
the abundance, diversity, distribution, and temporal continuity of fl oral resources 
(Klein et al.  2002 ; Greenleaf and Kremen  2006 ; Potts et al.  2006 ; Holzschuh et al. 
 2007 ; Williams and Kremen  2007  )  and availability of nesting sites and materials 
(Shuler et al.  2005  ) . Therefore, local management practices must include planting and 
preservation of year-round foraging resources (e.g., understory blooming herb, fl ower 
strips), nesting resources (e.g., open ground, dead wood, and whole twigs), and should 
avoid agro-chemical use during pollinators’ times of activity (Brittain et al.  2010  ) . 

 Management recommendations should include possible risks and trade-offs or 
dis-services that might be promoted through the establishment of pollinator-friendly 
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management practices. These include the promotion of pest species or the repelling 
of pollinators from crop species by planting fl ower resources (pollinators attracted 
to the fl owering resources planted rather than to the crop species of interest). It is 
especially important to collect information and train local people to shift human 
labor from providing hand pollination services (e.g., passion fruit pollination in 
Brazil) to the management of pollinator-friendly agricultural practices. 

 The conservation of natural or semi-natural habitats that provide additional pol-
linator resources is essential to promote pollination (Kremen et al.  2002 ; Ricketts 
et al.  2008  ) . These natural or semi-natural habitats are often large in area, which 
seems to be important for many rare pollinating species. Therefore, pollination man-
agement practices should be promoted not only at the farmscape but also at land-
scape scales. These practices include natural habitat protection and creating stepping 
stones or corridors to connect agriculture and bee (semi- and natural) habitats of 
high quality. The complexity of managing habitats across a landscape suggests the 
coordination by local farmers and organizations may be critical for maintaining wild 
pollination services and sustaining the continued health pollinators.  

   Regulating Services Example: Managing Agricultural Pests 

 Many of the strategies used to promote soil and pollinator functions can also be 
employed to increase pest regulation services. The importance of local and land-
scape factors in pest regulation services has long been a topic of ecological studies. 
In theory, strategies that limit density and diversity of herbivores and increase den-
sity and diversity of predators should enhance pest regulation services, but relation-
ships between farm management, pests, and predators are complex (Tscharntke 
et al.  2005 ; Clough et al.  2010  ) . In fact, crop diversity, landscape complexity, and 
predator diversity all have important implications for provisioning of pest regula-
tion services within agroecosystems. 

 Diversity of crop and non-crop plants within agroecosystems affects pest regula-
tion. Theory on the relationship between crop diversity and pest regulation hypoth-
esizes that natural enemies are more diverse in polycultures because alternative prey 
or other food resources are available (“enemies hypothesis”) and that prey popula-
tions are lower in polycultures where locating host plants is diffi cult (“resource 
concentration hypothesis”) (Root  1973  ) . Subsequently Andow  (  1991  )  reviewed 
>200 studies on pests, predators, and crop diversity fi nding that the majority of 
herbivore species (52%) had larger population sizes in monocultures than polycul-
tures; only a few herbivore species (15.3%) were more abundant in polycultures. 
A number of different strategies such as habitat diversifi cation (e.g., intercropping, 
use of cover crops and trap crops, allowing weed growth, crop rotation, inclusion of 
perennial plants), agroforestry with a diverse, dense mix of trees as or in addition to 
crop plants, and organic management (e.g., elimination of pesticides, and organic 
matter addition) all contribute to maintenance of diversity and density of natural 
enemies within agroecosystems leading in some cases to enhanced pest regulation 
(e.g., Altieri  1999 ; Rao et al.  2000 ; Östman et al.  2001 ; Eilers and Klein  2009  ) . 
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Increased vegetation complexity in agroforests, for example, can harbor greater 
abundance and diversity of insectivorous birds enhancing pest control services 
(Perfecto et al.  2004 ; Van Bael et al.  2008  ) . However, plant diversity may not always 
benefi t pest regulation if, for example, trees serve as alternate hosts for pests, com-
pete with crops for water or nutrients making crops more susceptible to pest prob-
lems, or limit the movement of olfactory cues that attract natural enemies to pest 
species (Rao et al.  2000  ) . 

 Landscape context is extremely important in determining the strength and persis-
tence of pest regulation within agricultural systems. Placement of non-crop habitats 
such as hedgerows, windbreaks and early succession fallow areas at edges of crop 
fi elds can enhance predation by providing overwintering sites for natural enemies, 
facilitating dispersal, and providing habitat for alternative hosts of parasitoids of 
crop pests and necessary food resources like pollen, and nectar (Altieri  1999 ; Rao 
et al.  2000 ; Tscharntke et al.  2005 ; Bianchi et al.  2006 ; Zhang et al.  2007  ) . Non-crop 
habitats act as sources for intensively managed agricultural systems to maintain 
biodiversity of natural enemies (Tscharntke et al.  2005 ; Eilers and Klein  2009  ) . At 
larger spatial scales, maintaining a balance between the proportion of crop and non-
crop vegetation may be critical as diversity and abundance of some natural enemies 
declines far away from natural habitats (Perfecto and Vandermeer  2002  ) . Similarly, 
a greater degree of landscape complexity can enhance natural enemy density and 
specifi cally increase predator activity, fecundity, oviposition rate, predation area, 
and condition of natural enemies, and can reduce pest pressure (Bianchi et al.  2006  ) . 
In some cases, complex habitats with smaller crop fi elds relate to slow establish-
ment of pests (Östman et al.  2001  ) ; however, complex habitats and landscapes may 
also benefi t populations of pests that subsequently invade crops (Bianchi et al. 
 2006  ) . Finally, both vertical intensifi cation (large numbers of trees in same area) 
and horizontal intensifi cation (great expanses planted with the same species) may 
increase pest outbreaks (Rao et al.  2000  ) . Thus, diversifi ed landscapes can enhance 
pest control services when they result in higher natural enemy diversity and density 
of enemies that colonize crop fi elds, reduce pest densities, reduce damage levels, 
and increase crop yields keeping in mind possible trade-offs in maintaining com-
plex landscapes (Bianchi et al.  2006  ) . 

 Finally, natural enemy diversity may actually enhance or hinder pest control, 
depending on the exact context examined. The combined effects of predators 
depend on two main groups of factors: (1) degree of complementarity in the assem-
blage of predators and parasitoids; and (2) the occurrence of predation or competi-
tion among predators and parasitoids of pests. In assemblages with a high degree of 
complementarity, there may be behavioral or diet differences among predator 
 species that mean that multiple predator species are more effective than single pred-
ator species for controlling pests (Cardinale et al.  2003 ; Tscharntke et al.  2005 ; 
Snyder et al.  2006  ) . For example, Cardinale et al.  (  2003  )  found synergistic effects 
of two  ladybird beetles and one parasitoid species on aphid pests of alfalfa, and 
cascading effects on alfalfa yield, such that their effects were greater with all three 
natural enemies present than expectations based on their individual effects. Likewise, 
others have found additive effects of multiple predator species controlling cabbage 
aphids (Snyder et al.  2006  ) . In other situations, however, multiple predators performed 



32 S.M. Smukler    et al.

worse then each predator alone due to the prevalence of intraguild predation (one 
predator consuming another instead of feeding on herbivore species among the 
predator assemblage) (Finke and Denno  2005  ) . Thus, the exact relationship between 
natural enemy diversity and pest suppression and crop benefi t may depend on pred-
ator and parsitoid species composition, and the type of agroecosystem examined.   

   Managing Agricultural Landscapes for Regional 
and Global Ecosystem Services 

 Many practices that maximize ecosystem services that directly benefi t farmers have 
impacts far beyond farm borders. Soil management, irrigation, use of pesticides, 
inorganic fertilizers, fuel, and non-production areas all can affect ecosystem ser-
vices at the regional or even global scale (Tilman et al.  2001 ; Prepas and Charette 
 2007 ; Smith et al.  2008  ) . From the perspective of those living in distant locations 
the impact of individual farms may seem small and irrelevant but collectively can be 
dramatic. Although the impacts may not necessarily directly affect the farmers that 
manage them the impacts are indirectly connected to their livelihoods and the alle-
viation of poverty. We focus on two of the most obvious ecosystem services result-
ing from management of agricultural landscapes that have impacts at multiple 
scales: the regulation of water and GHG emissions. One example shows how agri-
cultural practices regulate quality and quantity of water from upland to downstream 
users to the coastal communities (Fig.  3.1 , Table  3.2 ) (Prepas and Charette  2007  ) . 
Another example shows how management of nutrients across the agricultural land-
scape collectively results in GHG reductions on a scale that infl uences global atmo-
spheric conditions. In both of these examples the impacts most likely will not be 
directly or immediately felt. Water scarcity and climate change will be chronic, 
slowly developing problems that will invariably disproportionally affect the poor 
(Parry et al.  2004 ; Srinivasan et al.  2008  ) . It is important to recognize that the agro-
ecological management practices that benefi t regional and global population may be 
challenging for poor farmers to adopt for a number of reasons (van Noordwijk et al. 
 2002  ) . It is, therefore, in the best interest of the recipients, particularly those in rich 
countries, to see themselves as stakeholders in the management of these potentially 
distant agricultural landscapes and support policy and actions that promote prac-
tices that maximize ecosystem  services and alleviate poverty.  

   Regional Regulating Service Example: Protecting 
Water Quality and Availability 

 The amount of rainfall intercepted by agricultural landscapes and the immense 
 volume of water applied as irrigation makes agricultural production one of the most 
important modifi ers of water-related ecosystem services. More than 15% of the 
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water that runs across the global terrestrial surface area fl ows in or through  cultivated 
landscapes and agriculture accounts for 70% of global water withdrawals (MA 
 2005a,   b  ) . This interaction with agriculture affects a number of water-related ecosys-
tem functions, including water availability, water quality and fl ood attenuation, all 
of which impact local human well-being and regional populations. Ensuring an 
adequate supply of clean water for both human consumption and the maintenance 
of natural habitat will be among the most signifi cant global challenges of this 
 century (MA  2005a,   b  ) . More than 1.1 billion people do not have access to clean 
water (WHO/UNICEF  2004  ) , yet already 5% to possibly 25% of water use exceeds 
the long-term accessible supply of global freshwater (MA  2005a,   b ; see the chapters 
on water in this volume). As demand increases, water scarcity will inevitably result 
in problems for food production, human health, economic development, and biodi-
versity (Postel et al.  1996 ; Rockström et al.  2004  ) . In addition, the degradation of 
water quality from agricultural runoff further threatens the viability of freshwater 
and coastal ecosystems and people dependant on coastal fi sheries for their liveli-
hood (see chapter on Fisheries   , Vol. 2). 

 One aspect of human well-being that can be directly measured is human health, 
which is tightly linked in a number of ways to water availability and quality (see 
the chapters on Health, this volume). Nitrate losses from fi elds into waterways and 
aquifers may adversely impact human health. For example, high nitrate concentra-
tions in drinking water have been attributed to methemoglobinemia (blue baby 
syndrome) and impaired immune response (Fewtrell  2004  ) . Due to a lack of reli-
able data and diffi culties of proper analysis, the extent of high nitrate levels in 
drinking water is unknown but suspected to surpass the 10 ppm nitrate limits set by 
the World Health Organization (WRI  1989  )  in many regions or the world. High 
nitrate levels can also cause toxic algal blooms (toxic cyanobacteria) associated 
with chronic disease such as liver cancer (WCD  2000  ) . Irrigation ditches, canals, 
rice fi elds, and reservoirs harbor and spread vector-borne diseases, particularly in 
tropical regions where Rift Valley Fever and Japanese encephalitis occur (WCD 
 2000  ) . For people with little access to medical care, poor water management can 
threaten their very survival. 

 Impaired water quality in aquatic habitats also indirectly affects human well-
being. Movement of soil, nutrients, and pesticides from agricultural fi elds to adja-
cent waterways has already caused massive reduction of ecosystem services. The 
physical impact of rainfall hitting bare soil dislodges soil particles and can result 
in sealing and runoff of soil particles, nutrients, and pesticide residues. Likewise, 
irrigation can dislodge soil, nutrients, and pesticides affecting water quality and 
fl ow. Runoff of nitrogen from terrestrial to aquatic ecosystems has doubled from 
111 million tons per year in pre-industrial times to between 223 and 268 million 
tons per year (Galloway et al.  2004  ) . Inputs of nitrogen (N) and phosphorus (P) 
into aquatic ecosystems stimulate primary production including algal growth, 
thereby consuming much of the water’s dissolved oxygen. This depletion of oxy-
gen causes eutrophication, kills fi sh in streams, rivers, lakes, and coastal regions, 
and leads to substantial economic impacts to communities reliant on fi sheries 
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(Prepas and Charette  2007  ) . For example, in Lake Victoria, eutrophication threat-
ens fi sheries and the livelihoods of rural poor living around the lake (Prepas and 
Charette  2007  ) .The impacts of pesticide runoff are not well understood as their 
release into the environment often creates synergistic or unanticipated effects. 
Pesticide runoff negatively affects humans (Rola et al  1993 ; Polidoro and Bosque-
Perez  2007 ; Luo and Zhang  2009 ) and non-humans alike (Hayes et al.  2002 ; 
Jarrard et al.  2004  ) . 

 Strategies to improve water-related ecosystem services in agricultural landscapes 
might be as simple as changing crop management practices (e.g., growing cover 
crops) or extremely involved (e.g., constructing detention ponds with irrigation 
return capabilities). In general, water-related ecosystem services can be improved 
by effi cient use of inputs (i.e., nutrients, pesticides and irrigation), limiting bare soil, 
reducing the speed or volume of irrigation water or runoff, or by capturing and 
retaining runoff. Agroecological management strategies for increasing local ecosys-
tem services also serve to increase water-related services that ensure the availability 
of clean water on a larger scale. 

 Beyond the agricultural fi elds or pastures, management of water-related ecosys-
tem services may require more investment in time, labor, and money since strate-
gies may not show obvious benefi ts for farm production, or may require longer 
time horizons or complex construction. However, basic practices could include 
protecting waterways by fi lling niches and covering the soil surrounding the farm 
fi elds with organisms that can utilize excess nutrients or pesticides or slow the 
movement of water. Planting vegetation along pathways that lead to water bodies 
is effective at capturing sediments and phosphorus (Uusi-Kamppa et al.  2000  ) . 
Grassed waterways, once mature, can reduce the fl ow rate of runoff and cause sedi-
ment to drop out of suspension before reaching aquatic systems (Maass et al.  1988  ) . 
One study found 92% of sediment, and 71% of nutrients contained in irrigation 
runoff was reduced in the fi rst 4 m of a grass fi lter strip (Blanco-Canqui et al.  2004  ) . 
Another showed that an 8 m buffer of grasses decreased nitrate loads by 28% and 
a 16 m buffer decreased loads by up to 42% (Bedard-Haughn et al.  2004  ) . More 
complex buffer zones can be created by planting woody vegetation either along 
waterways or even adjacent to fi elds as hedgerows. The deep roots of hedgerow 
plantings of trees and shrubs reach niches in the soil where nutrients otherwise 
untapped by shallow rooted annual crops would leach from and enter water bodies 
via sub-surface fl ow (Wigington et al.  2003  ) . Riparian buffers that included switch 
grass and woody plants removed 97% of the sediments, 94% of the total nitrogen, 
85% of the nitrate, 91% of the total phosphorus, and 80% of the phosphate in run-
off (Lee et al.  2003  ) . 

 Alternatively, existing wetlands could be used to fi lter agricultural runoff and can 
remove as much as 59% of the total phosphorus, 38% of the total nitrogen, and 41% of 
the total organic carbon (Jordan et al.  2003  ) . Practices such as planting and maintaining 
woody vegetation or infrastructure development may not be adopted without fi nancial 
capital, as there is little incentive for farmers lacking fi nancial capital to make the large 
investment required to ensure their success, and this will be discussed in more general 
terms below.  
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   Global Regulating Service Example: Mitigating Climate Change 

 Global climate change resulting from GHG emissions is another major upcoming 
challenge that will inevitably and disproportionately impact the poor (Srinivasan 
et al.  2008  ) . Impoverished people reliant on agricultural production will be highly 
susceptible to fl uctuating temperatures and rainfall, movement of disease and pests, 
and many other anticipated results of climate change (MA  2005b  ) . Some of the 
agroecological management strategies described here have potential to help farmers 
adapt to climate impacts and to mitigate climate change. Agriculture directly con-
tributed 13.5% of total global GHG emissions in 2004, and when the additional 
17.4% of total emissions from deforestation (much of which is for farming and 
grazing) are considered, managing to reduce these emissions represent a major 
pathway for mitigation (Smith et al.  2008  ) . 

 Agriculture-related emissions result from deforestation caused by extensifi cation, 
use of pesticides and inorganic fertilizers, livestock production, fuel use for mecha-
nized production including irrigation pumping, and transportation of goods. While 
these practices may be a sizeable proportion of the global emissions they also repre-
sent ways that emissions could be reduced if alternative practices are adopted. 
Although policy discussions are largely focused on carbon dioxide, other more pow-
erful GHGs can also be mitigated through changes in agricultural practices. 
Agriculture accounts for about 60% of the nitrous oxide and 50% of the methane 
emitted globally by anthropogenic sources in 2005 (Smith et al.  2007  ) . Much of the 
emissions from agriculture landscapes, like other nutrient losses, indicate ineffi ciency 
in management practices. 

 Emissions from agricultural landscapes can be categorized into primary, second-
ary, or tertiary emissions (Lal  2004b  ) . Primary emissions are those due to mobile 
operations (e.g., tillage, harvesting) that are not largely used in small-holder farm-
ing reliant on manual labor for most operations. Secondary emissions result from 
stationary sources (e.g., crop drying, irrigation pumping) that may be more impor-
tant for small-holder operations. Tertiary emissions are a result of the equipment 
manufacture, construction of farm buildings and acquisition of raw materials (Lal 
 2004b  ) . The adoption of agroecological management strategies may help limit 
emissions at each of these stages (Fig.  3.5    ).  

 Agroforestry practices, i.e., woody perennial shrubs and trees in hedgerows sig-
nifi cantly increase carbon storage across the landscape (Smith et al.  2008  ) . The 
potential of agroforests to sequester carbon varies widely depending on soil type, 
climate, and rainfall. Values for biomass sequestration rates in agroforestry systems 
can range from 0.29 to 15.21 Mg C ha −1  year −1  (Nair et al.  2009  ) . Reforesting sites 
that are marginal for crop production could sequester between 0.8 and 
18.8 Mg C ha −1  year −1  depending on site conditions and management. (Richards and 
Stokes  2004  )  While both agroforestry and reforestation may substantially increase 
carbon storage, this may come at a cost to ecosystem services directly useful to the 
farmers (e.g., fuel wood, timber or food production). Alternatively, managing cropland 
soils for carbon may increase the mitigation potential and enhance crop production. 
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Reducing tillage and increasing residue inputs could sequester on average 
 0.2–0.7 Mg C ha −1  year −1  or improved management of grazing lands could sequester 
0.1–0.8 Mg C ha −1  year −1  depending on climate zone (Smith et al.  2007  ) . Managing 
soils for carbon sequestration, i.e., increasing SOM, may seem the most promising 
means of mitigating GHG emission in agricultural landscapes, but if additional ben-
efi ts to farmers can materialize, then efforts to provide incentives should weigh the 
trade-offs in terms of labor and yield costs in the short-term.   

   Conservation of Biodiversity to Provide Ecosystem Services 

 Agrobiodiversity refers to the biological resources (genes, species, and habitats) 
that contribute to food, agriculture, and human well-being in agricultural landscapes 
(Qualset et al.  1995  ) . It serves as a source of adaptation for crops and livestock, and 
in a larger context, for transformation to new production systems under unknown 
future environmental conditions. It also encompasses the biodiversity in natural 
ecosystem fragments and the organisms that move across the mosaic of ecosystems 
within agricultural landscapes (Jackson et al.  2007  ) . For the poor, agrobiodiversity 
is one of the greatest sources of natural capital, especially in the form of traditional 
varieties of crops, medicinal plants, and useful wild species, e.g., that may be moved 

  Fig. 3.5    The technical global mitigation potential of various agricultural management practices 
for nitrous oxide (N 

2
 O), methane (CH 

4
 ), and carbon dioxide (CO 

2
 ) (Source Smith et al.  2007  )        
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into home gardens (Jarvis et al.  2008  ) . Evaluating the actual value of agrobiodiversity 
is diffi cult to assess, given the lack of knowledge on ecosystem functions of most of 
the biodiversity in agricultural landscapes, and the discrepancy between private vs. 
social benefi ts derived from it (Pascual and Perrings  2007  ) . 

 The conservation of biodiversity can be managed for at multiple scales across 
the landscape and is thought to be critical for many other services that can benefi t 
poor farmers, besides the provisioning services generated by crop genetic resources. 
In Daily’s  (  1997  )  pioneering work on ecosystem services, she defi nes these ser-
vices as “the conditions and processes through which natural ecosystems and the 
species that make them up, sustain and fulfi ll human life.” There is increasing evi-
dence that ecosystem services are regulated by ecological communities yet global 
trends indicate that biodiversity losses are resulting in losses in ecosystem func-
tioning (Flynn et al.  2009 ; Jackson et al.  2009  ) . There is a growing recognition of 
a strong relationship between the biodiversity of an agricultural system or land-
scape and the provisioning of services (Chan et al.  2006  ) , and the willingness of 
the some consumers (especially in the developed world) to pay for biodiversity 
friendly products (Wendland et al.  in press  ) . A small, though increasing number of 
studies demonstrate that conserving both natural and semi-natural elements in 
agricultural landscapes can make signifi cant contributions to biodiversity conser-
vation. Harvey et al.  (  2006  )  found that the abundance of bird, beetle, tree, and 
butterfl y diversity could be conserved by increasing tree cover and that even mini-
mal number of trees on pastures can enhance biodiversity (Daily and Ehrlich  1995 ; 
Harvey and Haber  1999 ; Ricketts  2004 ; Schroth et al.  2004  ) . Likewise, maintain-
ing forest cover in agricultural landscapes, and minimizing the distance between 
forest fragments can make signifi cant contributions to conserving wild biodiver-
sity and their related services (Daily and Ehrlich  1995 ; Ricketts  2004  ) . Management 
of these patches can also contribute to the provisioning of ecosystem services, 
particularly pollination and pest control (Schroth et al.  2004  ) , and carbon storage 
(Smukler et al.  2010 ). 

 Petit and Petit  (  2003  )  demonstrated that although many species are conserved in 
managed landscapes, few of these are species of conservation concern. Flynn et al. 
 (  2009  )  used a metric of functional diversity, where species were classifi ed not by 
their taxonomy or evolutionary relationships, but rather were classifi ed by their con-
tributions to ecosystem functions (insectivores, frugiviores, omnivores, canopy spe-
cies, leaf gleaners, etc.) and found that functional diversity was lost more rapidly 
than species richness. This work suggests that the loss of biodiversity may have 
important consequences for the provisioning of ecosystem services. 

 There are several overarching ecologically based management strategies that can 
be used to guide development practitioners and land managers. These are outlined 
by McNeely and Scherr  (  2003  )  who provide six general recommendations: (1) create 
biodiversity reserves that also benefi t local farming communities; (2) develop habitat 
connectivity in non-farmed areas; (3) reduce or reverse the conversion of natural 
ecosystems to agriculture by increasing farm productivity; (4) minimize agricultural 
pollution; (5) modify management of soil, water, and vegetation resources; and 
(6) modify farming systems to mimic natural ecosystems.  
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   Tradeoffs and Synergies 

 The current situation of diminishing natural areas and the loss of biodiversity with 
its associated ecosystem services is coupled with increased demands for food pro-
duction. This forces farmers to make diffi cult management choices that can have 
serious long-term consequences for economic prosperity of their farming opera-
tions, as well as broader impacts on ecological and human well-being (Jordan et al. 
 2007 ; Scherr and McNeely  2008  ) . The decisions farmers make will inevitably incur 
trade-offs in the availability of ecosystem services. At the same time some decisions 
could actually have synergistic effects on multiple ecosystem services (Robertson 
and Swinton  2005 ; Swallow et al.  2009  ) . Converting forests to agriculture is obvi-
ously a trade-off between forest goods and services for food (Fig.  3.6 ). In a land-
scape where trees and food are produced together, such as in multistrata agroforestry 
systems, important synergies can be achieved. Planting trees in agricultural land-
scapes may enhance water quality and quantity, provide habitat for pollinators and 
benefi cial insects, store carbon, and improve long-term agricultural productivity. 

  Fig. 3.6    A hypothesized comparison of the trade-offs in ecosystem services from a biodiverse 
intact wildland forest landscape, a monoculture farmed landscape, and a biodiverse farmed landscape 
(Modifi ed from Foley  2005  ) . The relative availability of ecosystem services could be compared as 
percentages of a reference landscape as indicated here       
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  Fig. 3.7    A theoretical degradation and rehabilitation U-shaped trajectory curve. The possible 
relative degradation status of three categories of agricultural production, biodiverse, low diversity 
and degraded agricultural landscapes. Over time as agricultural production becomes more 
simplifi ed (e.g. less biodiverse) due to intensifi cation, ecological theory suggests that ecosystem 
stocks, functions and services are likely to decline. As biodiversity is restored to these systems, the 
stocks, functions and services may increase but never quite to the original state       

Similarly planting trees may incur signifi cant trade-offs in terms of a large short-
term cash and labor investment to purchase seeds or seedlings and to ensure sur-
vival, or in some cases depending on the species, may actually reduce water 
availability (Farley et al.  2005  ) .  

 Tradeoffs and synergies also occur among the communities that actually utilize 
the services. For example, people living at the top of a watershed may receive the 
benefi ts of food provisioning services from agricultural production while the people 
at the bottom of the watershed suffer from the loss of clean water that would have 
been provided by an intact forested watershed (Falkenmark and Folke  2002  ) . This 
type of geographical disconnect between management practices and the availability 
of ecosystem services has lead to large-scale reduction in these services. Unless 
these two groups of stakeholders can interact to negotiate management strategies that 
have mutually benefi cial outcomes, one group will continue to benefi t from certain 
services and the trade-off will be loss of services to the other (Lant et al.  2008  )  
Fig.  3.7 .  

 These examples illustrate how evaluating the trade-offs and synergies for a par-
ticular management decision is extremely diffi cult given that many benefi ts may be 
felt in geographically or temporally distant places. Maximizing the benefi ts of eco-
system services requires an effective ecological assessment of the potential trade-offs 
and synergies of various agricultural land management options at a variety of scales 
that incorporate all those who could be potentially impacted. The need for an effective 
ecological assessment is clear but the methodologies for doing so are still in the devel-
opment stage. To accurately assess the potential trade-offs and synergies requires 
simultaneous quantifi cation of multiple ecosystem services over long periods of time. 
Given the diffi culties of such research, most studies of ecosystem services are con-
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fi ned to 2 or 3 years and one or two services. To date there are only few examples of 
projects that have assessed multiple services required to observe trade-offs and syner-
gies let alone generate accurate quantifi cation at a meaningful scale (Gamfeldt et al. 
 2008 ; Tallis et al.  2008 , Smukler et al.  2010 ). Currently analysis must rely on com-
plex biophysical process models that still need development and validation for agro-
ecosystems (Tallis et al.  2008  ) . A number of other models and planning tools are 
being employed to provide fi nancial incentives directly to land managers for the pro-
visioning of ecosystem services in developed countries (Eigenraam et al.  2006  ) , but 
models directly relevant to farmers in developing countries seem a long way off. 
Furthermore, in order for assessments to actually infl uence management decisions, 
rural communities must be involved through a participatory or economic approach, 
evaluating and prioritizing their ecosystem service needs. The infrastructure required 
for such an approach in impoverished regions may be prohibitively expensive and 
require institutional intervention not currently in place, but the fi nancial promise of 
PES may help initiate some form of such analysis in these regions.  

   Conclusions 

 Increased agricultural productivity through “Green Revolution” technologies, 
including inorganic fertilizers, improved seed and small-scale irrigation projects 
will contribute towards meeting the United Nation’s goal of halving global poverty 
by 2015 (Sachs  2005 ; Denning et al.  2009 ; Sanchez et al.  2009  )  but sustained pov-
erty alleviation will require a diversity of interventions. We must manage agricul-
tural landscapes for multiple ecosystem services, or else our efforts to alleviate rural 
poverty may in fact just transpose dire economic conditions to other regions (e.g., 
downstream), or even exacerbate poverty in coming generations. 

 Examining solutions to poverty through the lens of ecology means seeing the 
situation holistically both spatially and temporally. Ecological research illustrates a 
number of principles that can be applied to management of agricultural landscapes 
to ensure the availability of multiple ecosystem services. Management practices that 
increase soil organic matter, or maximize biodiversity by fi lling niches with a vari-
ety of plants that cycle nutrients and provide habitat for benefi cial organisms, are 
examples of ways to increase natural capital across the landscape that have been 
effectively demonstrated. Given that many of these practices do not directly increase 
agricultural productivity or income immediately, novel approaches will be required 
to convince farmers to adopt them. 

 The plight of the rural poor cannot be isolated from either regional or global 
markets, and poverty has to be viewed as inextricably tied to regional and global 
ecosystem processes. Human well-being is reliant on a complex interconnection 
between the management of individual farms and the sustained availability of eco-
system services on a much broader scale. Those that recognize this relationship 
have a responsibility to help forge policy, markets, education, and community outreach 
required to plan for trade-offs and synergies that will empower impoverished rural 
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farmers to maximize the availability of ecosystem services that will have long-term 
benefi ts for society at large.      
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   One of the very nicest things about life is that we must regularly stop whatever it is we are 
doing and devote our attention to food (Pavarotti)   

   Introduction 

 Adequate nutrition lies at the heart of the fi ght against hunger and poverty (Sanchez 
et al.  2005  ) . Great strides in reducing hunger through increases in agricultural pro-
ductivity have been made worldwide; however, more than 900 million of people 
remain chronically underfed, i.e. do not have access to continuously meet dietary 
requirements (FAO  2008  ) . It has long been known that malnutrition undermines 
economic growth and perpetuates poverty (World Bank  2006  ) . Healthy individuals 
contribute to higher individual and country productivity, lower health care costs, and 
greater economic output by improving physical work capacity, cognitive develop-
ment, school performance, and health (Grosse and Roy  2008  ) . Unrelenting malnu-
trition is contributing not only to widespread failure to halve poverty and hunger, the 
fi rst of the eight Millennium Development Goals (MDG), but if not appropriately 
eradicated, many of the other MDGs such as reducing maternal and child health, 
HIV/AIDS, universal education, and gender equity will be diffi cult to achieve (World 
Bank  2006  ) . Yet the international community and most governments in developing 
countries continue to struggle in tackling malnutrition in all its complexity. 

 Malnutrition has many dimensions, including not only insuffi cient amount of 
food and calories, but also lack of essential nutrients, poor absorption, and excessive 
loss of nutrients. It is increasingly recognized that the current global crisis in mal-
nutrition fi nds roots in dysfunctional agricultural and food systems that do not 
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deliver enough essential nutrients to meet the dietary requirements of all (Graham 
et al.  2007 ; Pollan  2008  ) . Agricultural practices are almost always directed at maxi-
mizing production while minimizing costs. Recently, preserving the environment 
has become one of the more prominent goals of agriculture worldwide (see Chap   .   3    ), 
but maximizing nutrient output of farming systems has never been a primary objec-
tive in modern agriculture, human health, or public policy. 

 Increased crop production during the Asian Green Revolution prevented mass 
starvation in many nations. The focus, however, was primarily on cereal crops (rice, 
wheat, and maize), which are mainly sources of carbohydrates and contain only 
modest amounts of protein and a few other nutrients essential to meet human nutri-
tional requirements. The change in agricultural production from diversifi ed crop-
ping systems towards ecologically more simple cereal-based systems may have 
contributed to poor diet diversity, signifi cant micronutrient defi ciencies, and result-
ing malnutrition (Graham et al.  2007  ) . 

 One of the areas often not associated with malnutrition is ecology, the study of the 
interactions between organisms and their environment. Yet the relationship between 
organisms, in this case humans, and resource acquisition (nutrients) is fundamentally 
an ecological question. The environment is a critical determinant of which species 
occur in an area, and the interactions among species results in a local assemblage of 
species or communities. As humans modify their environment, they select and pro-
tect some species and exclude and eradicate others. Many have argued that the rela-
tionship between humans and their crops were critical to the development of 
civilization as we know it (Diamond  1997 ; Quinn  1999  ) . In natural communities, the 
structure and function of the population revolves around food as an energy source 
(Elton  1927  ) . This situation is also true for human societies. Early societies used 
foods as the medium of exchange long before currency was used. They traded sur-
pluses of crops and in this way not only improved their own diets by obtaining more 
diverse foods but also had the opportunity to interact with other groups. 

 Increasingly, ecologists have focused on the impact of communities and their inter-
actions on ecological processes, functions and ecosystem services. These studies, 
known as biodiversity and ecosystem function studies, explore the relationship between 
the number and kinds of organisms in a community and the ecosystem services that 
are derived from them. Though many ecologists have focused on the relationship 
between biodiversity and ecosystem functioning, there has been little focus on the role 
that ecosystems play in providing the essential elements of human diets. How does the 
combination of environment, communities, and species, and human modifi cation 
of these assemblages impact human nutrition? How can ecological knowledge of 
species–environment interactions be used as a means of improving human nutritional 
well-being? What is gained through increased interactions between ecologists, agron-
omists and nutritionists? These are questions that this chapter tackles. 

 We distinguish between agricultural production as an ecosystem service, which is 
covered in Chap.   3    , and focus on the capacity of ecosystems to provide the diversity of 
elements required for complete human diets resulting in healthy and productive lives. 
Figure  4.1  presents the cyclical approach schematically of ecosystem services, human 
nutrition, and agroecosystems using the framework of the Millennium Ecosystem 
Assessment  (  2005  ) .  
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 The notion that nutrition, human and agricultural productivity, and environmental 
sustainability are interrelated was discussed by Deckelbaum et al.  (  2006  )  and has 
been described as “econutrition.” Deckelbaum et al.  (  2006  )  argued that to tackle mal-
nutrition much can be gained by linking agriculture and ecology to human nutrition 
and health. Biodiversity hotspots and hunger hotspots almost directly overlap, and 
although the intellectual paths of agronomists, ecologists, and nutritionists rarely 
cross, their geographic extensions are the same. The areas where there is hunger, loss 
of biodiversity, and a need for improved agricultural systems are largely identical. 
Cyclical feedbacks between soil fertility decline, biodiversity loss, decreased food 
production, and malnutrition can be identifi ed and need to be turned around through 
an interdisciplinary approach (Deckelbaum et al.  2006 ; Sanchez et al.  2005  ) . Indeed, 
these disciplines share a common concern, notably the rapid loss of biodiversity that 
typically accompanies agricultural intensifi cation. While ecologists tend to focus on 
nondomesticated species, agriculturalists on improving crop yields of a few crops, 
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  Fig. 4.1    A schematic diagram of the cyclical approach to human nutrition as an ecosystem service 
of agroecosystems using the Millennium Ecosystem Assessment framework (Millennium 
Ecosystem Assessment  2005  )        
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and nutritionists on the availability and utilization of food crops and specifi c nutri-
ents, there is no reason to think that lessons learned by ecologists on the functional 
consequences of species losses (Flynn et al.  2009  )  should not apply within a nutri-
tional framework. Several subdisciplines of ecology pertain to the linkages and use 
of ecology to improve human nutrition. These areas include community ecology, 
biogeochemistry, and human ecology. 

 In this chapter, we explore how ecological knowledge, models, and tools can be 
used in tackling questions of human nutrition, more specifi cally how to address 
human malnutrition that is linked to extreme poverty.  

   Malnutrition and Hidden Hunger 

 Massive numbers of people are dying each year because of a lack of suffi cient nutri-
ents to thrive. Symptoms of micronutrients defi ciency including vitamin A, zinc, 
iodine, iron, and B vitamins, are not always visible which has led to the term hidden 
hunger in contrast to acute hunger often associated with lack of calories and starva-
tion. The magnitude of this crisis in human health is enormous with over 50% of 
annual deaths worldwide associated with malnutrition (WHO  2003  ) . In 2003, 
approximately 30 million deaths, mostly among the resource-poor people in devel-
oping countries, were associated or directly caused by malnutrition (Muller and 
Krawinkel  2005 ; WHO  2003  ) . 

 In the developing world, malnutrition is often defi ned as insuffi cient food intake 
that includes being underweight for one’s age, too short for one’s age (stunted), 
dangerously thin (wasted), or defi cient in vitamins and minerals (micronutrient mal-
nutrition). In sub-Saharan Africa (SSA), 28% of children are underweight, and in 
Eastern/Southern Africa and West/Central Africa, 40% and 36% of children are 
stunted, respectively (UNICEF  2008  ) . Malnutrition has devastating impacts on the 
health of individuals, particularly women and children. During the fi rst 2 years of 
life, malnutrition signifi cantly affects child survival, growth, and development 
(World Bank  2006  ) . Malnourished children are more likely to die from common yet 
preventable childhood sicknesses such as diarrhea and airway respiratory infec-
tions, have lowered resistance to infection, and have irreversible harm to their cog-
nitive development. 

 To live healthy and productive lives, humans require a diversity of at least 51 
known nutrients in adequate amounts consistently (Table  4.1 , Graham et al.  2007  ) .  

 In order to consider how ecological tools can be used to redress malnutrition, it 
is important to understand which nutrient defi ciencies are drivers of malnutrition. 
We now briefl y outline critical nutrients that are frequently lacking in the diets of 
the poor. 

 Probably one of the most devastating nutritional problems is protein-energy mal-
nutrition (PEM) which affects about 800 million people globally (WHO  2002  ) . Failure 
to grow is the fi rst and most important manifestation of protein-energy defi ciency. 
The current view is that most PEM is the result of inadequate intake or poor utilization 
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of food and energy, not a defi ciency of one nutrient and usually not  simply a lack of 
dietary protein (FAO  1997  ) . Over three billion people are known to be affl icted with 
one or more micronutrient defi ciencies (Mason and Garcia  1993  ) . An estimated 
100–140 million children are affl icted with vitamin A defi ciency (VAD), and an addi-
tional 43 million children in SSA are at risk of VAD, a defi ciency which is a major 
cause of blindness, lowered immunity, and increased risk of maternal mortality 
(   Aguayo and Baker  2005 ). Although diffi cult to quantify, approximately two billion 
people are thought to be zinc-defi cient (Hotz and Brown  2004  ) , which leads to stunted 
growth and immunodefi ciency syndromes. 

 Anemia is one of the most common and intractable nutritional problems (WHO 
 2008  ) . The World Health Organization estimates that some two billion people are 
anemic defi ned as hemoglobin concentrations that are below recommended thresh-
olds. Anemia occurs at all stages of the life cycle, but is more prevalent in pregnant 
women and young children. It has negative consequences on cognitive and physical 
development of children, and on physical performance, particularly work productivity 
in adults and severe anemia can lead to death. 

 The primary cause for anemia is iron defi ciency, but it is seldom present in isola-
tion. More frequently it coexists with a number of other causes, such as malaria, 
parasitic infection, hemoglobinopathies, and other nutritional defi ciencies such as 
Vitamin A defi ciency (WHO  2008 ; McLean et al.  2009  ) . Low dietary intake of iron 
as well as poor absorption from diets high in phytate and phenolic compounds, 
increase the risk of iron defi ciency anemia. Phytate and phenolic compounds are, 
among others, considered as anti-nutritional factors. They interact with essential 
nutrients to form biochemical complexes that cannot be absorbed by humans. Heme 
food sources, predominantly red meats, on the other hand, contain highly absorb-
able iron and promote the absorption of iron from other less bioavailable food 
sources (Stolzfus and Dreyfuss  1998  ) . 

 Although malnutrition is most commonly associated with gross defi ciencies, 
overnutrition is increasingly becoming a global problem. Overnutrition and subse-
quent obesity, or what has been coined the ‘nutrition transition’ occurs as people 
in low-income countries with more disposable income change their eating habits 
and move from locally produced foods to more processed foods or a “western 
diet.” As poor countries become more affl uent, they acquire some of the benefi ts 
along with some of the problems of industrialized nations which include obesity 
due to changes in diet, physical activity, health, and nutrition (Popkin  2001 ; Popkin 
and Ng  2007  ) . 

 Urban areas in developing countries are much further along in this nutritional 
transition, but rural areas are susceptible as well. Increased mechanization of farm 
activity leads to reduced physical activity at the same time that more food, but not 
necessarily a better variety of foods, becomes available (Popkin  2004  ) . Many rural 
farmers have changed from farming multiple crops that provide a more balanced 
diet in favor of a single, high-yielding cash crop. The transition is often linked to a 
growing trend in increased noncommunicable disease risk, and this can occur quite 
rapidly as demonstrated in Brazil and China (Monteiro et al.  2004  ) . 
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 Nutritionists have long recognized that malnutrition is a complex phenomenon, 
involving different nutrient defi ciencies. It is clear that current global nutrition gaps 
can not be corrected by increased supply of only one or a couple of nutrients. The 
role of micronutrients in human health and the synergies in their physiologic func-
tions are being increasingly recognized and support the notion that nutrient defi -
ciencies rarely occur in isolation (Frison et al.  2006  ) . The challenge is to provide the 
diversity and adequate amount of nutrients required for a complete human diet. This 
urges a multidimensional approach. Ecologists also work in multidimensional sys-
tems, composed of organisms, energy, and the physical environment interacting at 
various spatial and temporal scales, which can be described in terms of composi-
tion, structure, functions, fl uxes, resilience, or other dynamics (Pickett and Cadenasso 
 2002 ; DeClerck et al.  2006  ) . Optimizing for nutrient diversity can be presented 
schematically as maximizing the various arms of an ecological spider diagram as 
illustrated in Fig.  4.2 .  

 While supplementation and food fortifi cation programs have been quite success-
ful in improving nutrition conditions, these programs are costly and strongly depen-
dent on external funding including government programs, overseas development 
assistance, or access to clinics and markets. In contrast, improving local crop and 
livestock production combined with adequate processing and storage methods, can 
provide a more sustainable and long-term solution to nutrition security. The strate-
gic linkages between agriculture and nutrition to combat malnutrition have been 
described as “food systems,” “fi eld fortifi cation,” and “food based” strategies 
(Kataki  2002 ; Kataki and Babu  2002  ) . It is in these food systems that ecological 
concepts can be of particular use to study and optimize the sustainability and nutri-
tional value of the underlying food-systems.  

Carbohydrates

Protein

Lipids-fat

Macro-mineralsTrace elements

Vitamins

Bioavailability

a
Carbohydrates

Protein

Lipids-fat

Calcium

Iron

Vitamin A 

Vitamin C

Dietary fiber

b

  Fig. 4.2    Ecological spider’s web presenting nutrient diversity requirements in a human diet. 
( a ): Nutrient composition of an ideal diet that meets all nutritional needs is shown in pink. An 
example of nutrient composition of a diet that meets carbohydrate demand but lacks protein and 
micronutrients or trace elements is shown in blue. ( b ): Nutrient composition data of three food 
crops are shown as % of daily requirement (100%). The blue line represents one cup of white corn 
(166 g), the green line one cup of black beans (194 g) and the orange line one cup of pumpkin 
(116 g) (nutrition facts from www.nutritiondata.com). The spider diagram shows the complemen-
tarity between the three food crops for carbohydrates, proteins, dietary fi ber and vitamin A       
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   Food Systems and System Diversity 

 In the past, food-based interventions in developing countries have been mostly 
 single-nutrient oriented (Frison et al.  2006  ) . This approach may in part be attributed 
to a lack of knowledge in earlier years of the interactions among nutrients in human 
physiology and metabolism. From various recommendations for high-protein diets 
(Brock et al.  1955  )  and later for high-carbohydrate diets (McLaren  1966,   1974  ) , to 
more recent efforts directed at the elimination of micronutrient defi ciencies (UN 
committee on nutrition  2000 ; Ruel and Levin  2002  ) , the attention was generally 
concentrated on single nutrient approaches. The introduction of crops focusing on 
single nutrients serves as an important means to address specifi c nutrients (macro or 
micronutrients), but caution must be exercised as any single crop, including fruit or 
vegetable crops, does not address the complex nutritional needs that humans require 
(Graham et al.  2007  ) . The importance of nutrient diversity for human well-being, as 
discussed above, calls for dietary diversifi cation. 

 Diet diversity is often defi ned as the number of certain food groups consumed by 
and individual or family Table  4.2 . Many studies done on several different age 
groups show that an increase in individual dietary diversity is related to increased 
nutrient adequacy of the diet. Diet diversity has been positively correlated with 
micronutrient density of diets of non-breastfed children, adolescents, and adults 
(Hatloy et al.  2000 ; Ruel et al.  2004 ; Steyn et al.  2006 ; Kennedy et al.  2007 ; 
Mirmiran et al.  2004 ; Foote et al.  2004  ) . More research is ongoing to improve the 
understanding of the association between dietary diversity and micronutrient uptake 
(FAO, IFPRI, Bioversity International and others).  

 One means of assuring adequate dietary diversity for all would be to manage 
agroecosystems in ways that will result in a plentiful and diversifi ed nutrient output 
of farming systems. In our opinion, achieving such dietary diversity in agroecosys-
tems is best achieved through interdisciplinary collaborations between nutritionists, 
agronomists, ecologists, and local communities as we demonstrate below. 

 Agricultural biodiversity and diet diversity illustrate the nexus of nutrition and 
ecology. Ecologists have studied the effects of species removals or additions in eco-
logical communities. For instance, several large-scale grassland studies in the U.S. 
and in Europe have demonstrated that as the number of species in a grassland area 
increases, so does the net primary productivity. In addition, increasing species rich-
ness has increased the stability of the community; as indicated during drought years, 
species-rich communities exhibited less reduction in biomass produced than the 
species-poor communities (Rees et al.  2001  ) . 

 The mechanisms that drive these relationships between species richness and 
enhance ecological performance are still heavily debated, but are largely due to two 
processes. The fi rst is known as the sampling effect, and simply argues that as you 
increase the number of species in a plot, the probability of including a highly pro-
ductive species is greater. From a nutritional point of view, this is analogous to 
considering that as you increase the number of crops produced on a farm, or in a 
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region, the probability that one of those crops be high in a particular nutrient, for 
example Vitamin A, also increases. Thus, simply by chance, if we increase the num-
ber of crops available to local communities, we increase the probability that they 
will obtain the nutrients needed for healthy, productive lives. 

 The second mechanism is known as the complementary effect, where interac-
tions between species result in a yield or function greater than expected by chance, 
also called over-yielding. There are numerous possible interactions that can lead 
to complementarity; these interactions range from resource partitioning where dif-
ferent organisms use resources differently thus reducing competition, to symbiotic 
and mutual interactions where species facilitate the presence or success of 
another. 

 Probably one of the best known examples of such ecological complementarity 
that also results in net nutritional benefi t comes from the Mesoamerican “three sis-
ters.” The combination of corn (a grass), beans (a nitrogen-fi xing legume) and 
squash (a low-lying creeper) maximizes trait differences for growth and resource 
use effi ciency between species (Risch and Hansen  1982  ) , resulting in higher yields 
compared to those obtained through three monocultures of these crops. The corn is 
a grass species particularly effi cient in maximizing photosynthesis in warm envi-
ronments. In structure, the corn grows straight and tall adding a vertical dimension 
to the system. The vine-like bean takes advantage of the growth form of the corn for 
structural support that also enables it to reach more sunlight. The beans are also 
unique in their capacity to bring atmospheric nitrogen in the system by symbiotic 
nitrogen fi xation; this nitrogen becomes available to the corn in subsequent crop-
ping seasons. The interaction between the corn and beans is an example of comple-
mentarity where the over-yielding is due to a positive interaction between the 
species. The third member of this assemblage, squash, does not perform as well as 
corn in direct sunlight, and thus occupies the remaining space near the ground where 
light is somewhat reduced, and humidity is increased reducing photorespiration 
(Gliessman  2006  ) . The addition of squash can decrease the amount of soil lost to 
erosion by its low lying nature and broad leaves ensuring greater soil coverage. The 
added productivity from squash does not so much come from positive interactions 
with the beans and maize, but rather comes from the capacity of the squash to use 
resources (namely light) that are not captured by the corn and beans, an example of 
resource partitioning. 

 It is not only that these crops are ecologically complementary that is notable, but 
also that they are nutritionally complementary. The corn is an important source of 
carbohydrates and some amino acids. By adding the beans, the set of essential amino 
acids for a human diet becomes complete and important contributions in carbohy-
drates, dietary fi ber, vitamin B 

2
  and B 

6
 , zinc, iron, manganese, iodine, potassium, 

magnesium and phosphorus are made. Squash in contrast can be an important source 
of vitamin A depending on the variety. It is important to note that each of these crops 
can make an important contribution to human diet; however, none of these crops in 
isolation provides total nutrition.  
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   Ecological and Nutritional Functions 
of Compounds in the Plant World 

 Why is there an association between crop diversity and human nutrition? Or the 
question can be rephrased as why is there such a great diversity of nutritional com-
pounds within the plant world? The evolution of nutritional traits is purely a func-
tion of either rewarding us or other animals for dispersing their seeds in the case of 
almost every piece of fruit we consume, a defense against plant pests in the case of 
chili peppers and mint for example, or ensuring that their seeds are best prepared for 
the ultra-competitive world of seedlings as in the case of beans. The point is that 
ecological interactions are at the heart of the nutritional content of most species we 
consume. 

 Members of the genus  Capsicum , more commonly known as chili peppers, are 
frequently consumed in the tropics and enjoyed by many in either their sweet or 
spicy form. Why are these chili peppers so pungent? Birds consume the fruit and 
facilitate the dispersal of chili seeds, apparently unaffected as mammals are by the 
spiciness. However, recent research (Tewksbury et al.  2008 ) has shown that plants 
with greater rates of insect piercing on the fruit had higher levels of the phytochemi-
cal capsaicin and that the plant uses this chemical primarily as a defense against 
fungi which enter the fruit on the backs of insects to consume the seed. From a 
nutritional point of view,  Capsicum  has amongst the highest levels of vitamins A, C, 
and beta-carotene of crops commonly consumed in poverty hotspots. Capsaicin has 
been shown to have an antibacterial function (Billing and Sherman  1998 ; Molina-
Torres et al.  1999 ; Xing et al.  2006  )  and some researchers propose that the preva-
lence of spicy foods in tropical regions is no coincidence but rather a means of 
preserving food or killing off bacteria in food (Billing and Sherman  1998 ; Sherman 
and Billing  1999  ) . 

 Another example of ecological application in human nutrition is the use of nitro-
gen-fi xing plants in agricultural systems. Nutritionists, development specialists, and 
most farmers recognize that legumes, such as common beans, groundnuts, and soy-
beans are important sources of protein. This comes as no surprise to agronomists or 
ecologists, who recognize that all three of these food items come from a unique and 
third largest plant family, the legumes or  Fabaceae . This plant family is also a major 
player in the nitrogen cycle in terrestrial ecosystems and is recognized as a driver of 
several ecosystem functions including primary productivity in natural systems. 
From a nutritional point of view, legumes contain fi ve times the amount of high 
quality protein of maize, and 18 times the protein content of potatoes and are also 
superior to cereals as a source of micronutrients (Broughton et al.  2003  ) . 

 It is worth exploring the ecological foundation for these high protein levels. 
Manufacturing protein has a high nitrogen demand, and although 80% of our atmo-
sphere is composed of nitrogen (N 

2
 ), none of this is available to plants. To further 

exacerbate the problem, most soils are nitrogen-limited. Many species in the legume 
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family have developed the unique symbiotic association with  Rhizobium , a type of 
soil bacteria found in the roots of most legumes that allows the plant to convert atmo-
spheric dinitrogen gas into ammonium which the plant then uses to form amino acids, 
the building blocks of proteins. The plant in return provides the bacteria with photo-
synthetic sugars. This relationship is energetically expensive to legumes; this cost, 
however, provides unique access to one of the nutrients most limiting to primary 
production in terrestrial ecosystems. This access to nitrogen allows legumes to colo-
nize soils that are inhospitable to many other plant families or to outcompete other 
plants in nitrogen-poor environments. The high protein content of legume seeds pro-
vides the plants progeny with a competitive advantage for growth in systems low in 
nitrogen (Andersen et al.  2004 ; Andersen  2005  ) . Humans have learned to take advan-
tage of this high nitrogen content both in terms of our own nutritional well-being, as 
well as a natural source of organic nitrogen fertilizer (see Chap.   3    , this volume). 

 Legumes are often advocated in diets because of their benefi cial effects and 
because they are a low cost source of protein (Borade et al.  1984 ). However, com-
pared to other food crops, legumes also show high content of secondary metabolites 
with antinutritional effects, such as amylase inhibitors, lectins, and trypsin inhibi-
tors, which can cause adverse physiological responses or diminish the availability 
of certain nutrients (Wink  2004 ; Muzquiz  2004  ) . This raises the question as to why 
do legumes combine such attractive nutritional characteristics like high protein and 
mineral content with relatively high contents of antinutritional factors. Secondary 
metabolites including antinutrients have shown to provide natural mechanisms of 
defense for plants against microbes, insects, and herbivores (Wink  1997,   2004  ) . In 
many agricultural crops which have been optimized for yield, their original lines of 
defense have often been selected out because the underlying metabolites were 
unpalatable or toxic for humans or livestock. But in legumes, the numerous nitro-
gen-containing metabolites with antinutritional properties appear to function both 
as chemical defenses and as nitrogen storage compounds that facilitate germination 
in low N systems. Legume genotypes selected for low amounts of to no antinutri-
ents show reduced germination power and thus a general selection advantage 
(Savelkoul et al.  1992 ; Wink  2004  ) . During germination, however, these antinutri-
ents degrade to a lower level by the action of several enzymes resulting in improved 
digestibility of bean sprouts for humans as compared to dry beans. This example 
illustrates how enhanced knowledge of underlying ecological functions can benefi t 
human nutrition. 

 Though we tend to consider humans outside of natural systems, the examples 
above demonstrate that the interactions between species are literally the spice of 
human life. Long-term interaction between plants and animals and the active selec-
tion of plants from various families by humans have resulted in a large diversity of 
nutritional traits. It is proposed that the long-term approach toward diversifi cation of 
nutrient rich crops will address the signifi cant defi cits in micronutrients amongst the 
diets and the particular nutrition needs of communities. A promising example is the 
tree species  Moringa oleifera .  Moringa oleifera  can grow well in the humid tropics 
or hot dry lands, can survive destitute soils, and is little affected by drought (Morton 
 1991  ) . It tolerates a wide range of rainfall (Palada and Changl  2003  )  and is native of 
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the western and sub-Himalayan tracts, India, Pakistan, Asia Minor, Africa, and 
Arabia (Somali et al.  1984 ; Mughal et al.  1999  ) . In addition, the leaves, fruit, fl ow-
ers, and immature pods of this tree are highly nutritive.  Moringa  leaves have been 
reported to be a rich source of b-carotene, protein, Vitamin C, calcium, and potas-
sium and act as a good source of natural antioxidants (Siddhuraju and Becker  2003 ; 
Sabale et al.  2008  ) . However, more research on its ecological function and its impact 
on human health and nutrition is required.  

   Nutritional Diversity 

 Community ecology has demonstrated that increases in biodiversity can lead to 
increases in plant community productivity when species complement each other, or 
use resources differently as discussed above. Though increasingly ecologists have 
focused on the relationship between biodiversity and ecosystem functioning, there 
has been very little focus on the capacity, or role that ecosystems play in providing 
the essential elements and nutrients of the human diet. Many studies of biodiversity 
and ecosystem function have demonstrated that there is much variance that cannot 
be explained by species richness. This leads to the question of whether the relation-
ship between the taxonomic identity of a species and its functional identity are not 
completely related. For example, does it matter that an ecosystem has fi ve species, 
or would it be more important that a system has fi ve different functional groups? Is 
a fi eld with maize, rice, wheat, sorghum, and millet the equivalent of a fi eld with 
maize, beans, squash, sweet potato, and guava? Both have fi ve species, but the latter 
contains fi ve functional distinct species from a nutritional point of view in contrast 
to the former where all of the species are from the grass family, high in carbohy-
drates, but poor in essential nutrients. 

 To illustrate, a fi eld survey on 30 farms in western Kenya identifi ed over 146 
plant species including 39 edible species important to the local diet. Edible plant 
diversity was relatively high in farmer fi elds with an average of 14 edible plants 
ranging between 5 and 22 species per fi eld. Rather than simply look at the relation-
ship between crop diversity and nutrition, we classifi ed the edible species according 
to their nutritional content for seven nutrients of importance: protein, carbohydrates, 
vitamin A, vitamin C, iron, zinc, and folate. With this classifi cation, species high in 
protein (beans, peanuts and amaranthus) form a distinct cluster in the dendrogram; 
species high in vitamin A (sweet potato and chili) form a second important cluster 
and species with high carbohydrate content (sugar, sorghum, and maize) also form 
a unique cluster (Fig.  4.3 ).  

 Using this same dendrogram, where functional diversity is measured as branch 
length (see Petchey and Gaston  2002  for details), we regressed functional diversity 
(FD) against species richness of each of the 30 farms. Several patterns became 
apparent through this regression. The fi rst is that there is a relatively strong rela-
tionship between functional richness and species richness. That is, as the number 
of edible species increases, the functional richness of that farm also increases. 
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This confi rms the notion that increasing farm agrobiodiversity increases the capacity 
of the farm to provide a multitude of nutritional functions to its owner. The second 
notable pattern is that although species richness and functional richness are corre-
lated, it is possible for a farmer to have a fi eld with many species but low nutritional 
diversity, or for a farm to have fewer species but greater nutritional diversity in addi-
tion to the general trend of increasing nutritional functional diversity with species 
richness. A look at Fig.  4.4  shows that an important cluster made up of amaranth, 
soy bean, and mung bean is entirely missing from Farm “A,” and that the absence of 
this cluster suggests that an important nutritional function may also be absent from 
this farm.  

 Why is there a relationship between species richness and functional richness and 
human nutrition? It would be reasonable to expect that nutrients would be normally 
distributed between the crops grown in this example with a few species that have 
low content for any particular nutrient, many species with moderate nutrient levels, 
and a few species that have high nutritional values. However, this is not the case, and 
as with many ecological variables, nutritional content for any particular element is 
log-normally distributed with most species containing low levels of any particular 

  Fig. 4.3    Agrobiodiversity 
of 30 farms of a typically 
western Kenya village. Edible 
plant diversity was relatively 
high in farmer fi elds with an 
average of 14 edible plants 
ranging between 5 and 22 
species per fi eld. Here we 
classify the edible species 
according to their nutritional 
content for seven nutrients 
of importance: protein, 
carbohydrates, vitamin A, 
vitamin C, iron, zinc, and 
folate identifying distinct 
cluster of species high in 
protein (beans, peanuts and 
amaranthus), high in vitamin 
A (sweet potato and chili) 
and species with high 
carbohydrate content (sugar, 
sorghum and maize)       
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nutrient, and few containing high levels. The other distinct pattern in nutrient distribution 
amongst these species is that there is little redundancy of plants that contain the 
same nutritional content and there is no single species that is capable of providing 
all the nutrients needed for a human diet. While a single species may be good for 

  Fig. 4.4    Comparisons of the species diversity and the functional nutritional diversity of 30 farms 
in Kenya demonstrating the positive relationship between species richness and nutritional diversity. 
Note however that when nutritional functions of the crops are taken into consideration it is possible 
to have a fi eld with high nutritional diversity but low species richness as in farm “C.” Random 
assemblages of plants can lead to high species richness but low nutritional diversity as in farm “C”       
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providing a single nutrient, there are no crop species capable of providing all essential 
nutrients. The importance of a diversifi ed diet increases with the number of nutri-
tional functions we expect agricultural systems to provide. In the example of this 
Kenyan village, community members that had low agricultural functional agrobio-
diversity demonstrated statistically signifi cant levels of anemia; as functional agro-
biodiversity increased, anemia became absent. 

 Focusing on those nutritional elements most severely missing in many develop-
ing countries – energy, protein, iron, vitamin A, vitamin C, folate, and zinc-based on 
the fi ndings from this village survey, corn is the greatest provider of carbohydrates, 
beans, and amaranthus are by far the greatest providers of iron, protein, and folate, 
orange-fl eshed sweet potato for vitamin A, guava for vitamin C, and amaranthus, by 
far the greatest source of zinc. In order to have a diet suffi cient in these essential 
nutrients, a family would have to consume at least fi ve different plant species, but 
more importantly, not just any fi ve species, but those fi ve species that belong to the 
different nutritional functional groups that together make a nutritious diet. 

 As in agricultural systems, past interventions have focused on the most pressing 
defi ciencies (nitrogen in agriculture, carbohydrates in human hunger). The focus 
must now shift to increasing functional agricultural diversity to tackle these micro-
nutrient defi ciencies, or hidden hunger. A clear understanding of which crops play 
specifi c nutritional as well as ecological functions shows tremendous promise for 
selecting plants and managing agricultural systems that provide numerous functions 
by identifying and combining species assemblages that maximize functions.  

   Food-Systems and Biogeochemistry 

 Since plants obtain their nutrients from the soil, soils play a critical role in fueling 
the entire food chain (Daily  1997  ) . Soils are a key source of nutrients and are crucial 
for nutrient cycling. The provisioning of food from crops and livestock has increased 
by 170% in the past four decades. The large increases in production, however, have 
come with trade-offs that include degradation of soils and many of the regulatory 
and supporting ecosystem services they provide, such as the regulation of hydro-
logical and nutrient cycles. These trade-offs between provisioning and regulatory 
services can ultimately undermine the ability of the ecosystems to provide the 
essential nutrients for human diets (Palm et al.  2007  ) . 

 Agriculture practiced in many poor regions without replenishing nutrients soon 
results in soils that for crop production are defi cient in nitrogen (N), available phos-
phorus (P) and to a lesser extent, potassium (K) and sulfur (S). In addition, Sillanpaa 
 (  1990  )  estimated that of the important agricultural soils of the world, 49% are defi -
cient in zinc, 31% defi cient in boron, 15% defi cient in molybdenum, 14% defi cient 
in copper, 10% defi cient in manganese ,and 3% defi cient in iron for crop produc-
tion. These fi gures may be compared with corresponding fi gures for the human 
population that depends on the same soils. Many of those countries, where human 
micronutrient defi ciencies are a problem, are also the countries that have large areas 
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of micronutrient-poor/defi cient soils (White and Zasoski  1999 ; Graham  2008 ; 
Welch  2008  ) . 

 Plants are able to supply all the known essential minerals for human diets even 
though they may not necessarily require all of them for their own growth. In particu-
lar, plants contain Se, I, and Co in concentrations high enough to fully satisfy human 
requirements if the soils on which they grow are not too poor in these same  elements. 
However, probably half of all soils are defi cient in one of these three ultra-micronu-
trients (daily requirements about 100 times less than those of Fe and Zn) and although 
plant production is not restricted by this defi ciency, human diets based on the crops 
grown on these soils can be defi cient. ‘Linking unhealthy people and unhealthy soils’ 
was emphasized by Sanchez and Swaminathan  (  2005  )  in reference to integrated 
approaches to tackling hunger in Africa. The critical point is that crop diversity alone 
may not be suffi cient to meeting nutritional needs. The health of the soils upon which 
these crops are grown can play an important role in ensuring human health.  

   Food Systems and Soil Ecology 

 Soils are ecosystems unto themselves with numerous ecological interactions of impor-
tant consequences to the capacity of crop plants to be both productive and nutritious. 
Management interventions that alter the soil environment have an impact on these 
ecological interactions and can change the nutritional value of crops. The use of farm-
yard manure and other forms of organic matter can increase plant-available micronu-
trients by changing both the physical and biological characteristics of the soil (Allaway 
 1975,   1986  ) . These changes improve soil physical structure and water-holding 
capacity resulting in more extensive root development and enhanced soil microfl oral 
and faunal activity, all of which can increase available micronutrient  levels in soils that 
impact plants and then humans (Stevenson  1991,   1994  ) . Very few controlled experi-
ments have been conducted to determine which types of organic matter inputs and 
practices signifi cantly enhance or depress trace elements levels, or micronutrients in 
the edible portions of major food crops. More research should be carried out to under-
stand the impact of various types of organic matter on crop nutritional quality with 
respect to trace elements (Welch  2008  ) , and its impact on human nutrition. 

 Another interesting relation between soil practices and the nutrient value of crops 
is found in the anti-nutritional activity of oxalate in plants. Oxalate is considered as 
an anti-nutrient because it forms insoluble precipitates with many minerals, a prom-
inent example being calcium, and thereby reduces the availability of these minerals 
for human absorption. In plants, such as the iron-rich leafy vegetable Amaranth, two 
dominant fractions of oxalate are found, a boiling water soluble fraction that is pre-
dominantly in the form of potassium and magnesium oxalate, and an associated 
insoluble residue which is predominantly the calcium oxalate form (Vityakon and 
Standal  1989  ) . The insoluble oxalate cannot further inactivate Ca in the diet, whereas 
the soluble forms can combine with Ca from other foods and reduce its availability. 
Interestingly, oxalate also interacts with minerals in the soil and the amount of 
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oxalate and the soluble/insoluble ratio is dependent on soil conditions. Soil  practices 
that manipulate the soil nutrient environment, such as liming of acid soils to increase 
soil calcium, have been suggested to reduce soluble oxalates (Vityakon and Standal 
 1989 ; Bakr and Gawish  1997  )  and thereby increase availability of Ca in diets. 
Fertilization with urea, on the other hand, has shown to result in higher oxalate 
levels in spinach and lettuce as compared to plants that did not receive urea supply 
reducing the nutritional quality of the crop (Bakr and Gawish  1997  ) . 

 Though the term biodiversity conjures images of toucans, jaguars, giant sequoias, 
and panda bears, a signifi cant portion of biodiversity consists of largely invisible 
micro-organisms inhabiting the below-ground realm. A pinch of soil is said to hold 
more than ten billion bacteria (Wilson  1999  )  contributing tremendously to numer-
ous ecosystem services. Plants live in intimate association with this tremendous 
diversity of soil microorganisms that can result in deleterious, benefi cial, or no 
effects for the plant. Plant species composition and diversity play a signifi cant role 
in shaping soil microbial communities and in determining the biological outcome of 
such associations. Benefi cial plant-associated microorganisms can contribute to 
plant growth and/or nutritional value by suppressing disease, promoting root devel-
opment, fi xing atmospheric nitrogen, and enhancing or facilitating nutrient uptake 
from the soil. 

 An example of microorganisms affecting the nutritional outcome of the plant is 
illustrated through iron acquisition by plants. Under nonsterile soil system, plants 
show no iron-defi ciency symptoms and have fairly high iron level in roots in con-
trast to plants grown in sterile system (Masalha et al.  2000  ) .  Pseudomonas spp.  are 
bacteria that produce siderophores (Crowley et al.  1992 ; Gamalero et al.  2003 ; 
Carrillo-Castaneda et al.  2005  ) , which are low molecular weight chelators with high 
binding affi nity and specifi city for iron (Fe 3+ ). Siderophores are released by the 
bacteria under iron-limited conditions and creates iron starvation conditions for 
phytopathogens but also establishes a crucial competition for iron in the rhizosphere 
(Glick  1995  ) . This competition ultimately determines the population structure of 
organisms living around the roots of the plant and some of the microbial sidero-
phores can be utilized by plant systems resulting in increased Fe content in the plant 
(Ma and Nomoto  1996 ; Masalha et al.  2000  ) . 

 These examples illustrate some of the effects that soil ecosystems can have on 
the nutritional value of crops and ultimately on humans diets. In present-day farm-
ing systems, soil is often treated as if it were mainly a medium for physically sup-
porting the plant. When soil is managed for sustainable production and emphasis is 
placed on the role of soil ecosystems, however, the role of soil is greatly expanded.  

   Additional Ecosystem Services Affecting Human Nutrition 

 In addition to the provision of the diversity of nutrients required for complete 
human diets, ecosystems can provide services that help increasing the bioavailabil-
ity and absorption of nutrients by the consumer. Above, we addressed the issue of 
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antinutritional factors present in food crops and the role they may play in ecosystems. 
However, seemingly unrelated topics such as access to fi rewood or other sources of 
energy and water (see chapters on energy and water, this volume) are also directly 
related to nutritional well-being. 

 Access to water and fuel allows cooking of food which reduces the amount of 
antinutritive factors and facilitates digestion and nutrient absorption of many food 
items. The simple process of cooking thereby enlarges the spectrum of edible foods 
enormously. For example, dry beans contain relatively high amounts of antinutri-
ents and require 1 – 2 h of prolonged cooking to enable digestion and nutrient absorp-
tion by humans (Elsheikh et al.  2000 ). In communities dependent on fi rewood for 
cooking, forest and woodland degradation occur impacting many ecosystem ser-
vices. In Ruhiira, in Southwestern Uganda, the landscape is dominated by banana 
plantations and few trees remain. Women in Ruhiira comment that regularly they 
lack fi rewood to prepare harvested beans (Remans, unpublished data). Their diet 
diversity is therefore directly impacted by fi rewood shortage. Human nutrition could 
benefi t in this area from reforestation and woodlot that provide sustainable wood 
supply or from alternative energy sources. 

 Access to clean drinking water is also critical to human nutrition aiding in diges-
tion and nutrient uptake. Diarrhea, often caused by pathogens present in contami-
nated water sources, disturbs the human gut ecosystem and drastically reduces 
nutrient uptake effi ciency (Petri et al.  2008  ) . Without adequate access to clean, pota-
ble drinking water children fail to thrive, regardless of diet diversity. The mainte-
nance or rehabilitation of ecosystem services that fi lter and clean water and provide 
drinking water quality are a critical component of an integrated approach to ensur-
ing improved human nutrition.  

   Conclusion 

 The global health crisis of malnutrition affl icts massive numbers of people and urges 
changes in global food systems to provide adequate nutrition for all. 

 In this chapter we argue that ecological knowledge, tools, and models have an 
important role to play in efforts to direct food systems at improved human nutrition. 
Undernutrition has many dimensions and the complex nature of human nutrition 
calls for dietary diversifi cation. If agricultural practices are directed at improving the 
nutritional quality and diversity of their output, they must encompass a holistic sys-
tem perspective to assure that the intervention will be sustainable. It is here where 
ecology through studying interactions between species and their environment can 
identify synergies and tradeoffs between agriculture and nutrition and has an impor-
tant role to play in guiding agriculture interventions for improved human nutrition. 
Agricultural biodiversity and diet diversity illustrate the nexus of nutrition and ecol-
ogy. Examples in community ecology, biogeochemistry, and soil ecology described 
in this chapter pertain to the linkages between ecology, nutrition and agriculture and 
are only a start of using ecology to improve food systems for human nutrition. 
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 A clear understanding of which species play specifi c nutritional as well as ecological 
functions shows tremendous promise for managing agricultural systems that pro-
vide numerous functions by identifying and combining species assemblages that 
maximize functions. If you say you want a truly new green revolution in agriculture, 
you’d better invite ecologists at the table.

  The excitement of vitamins, nutrition and metabolism permeated the environment.

(Paul D. Boyer)        
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 The Río Copán watershed in western Honduras is not unlike many agricultural 
landscapes throughout the developing world. A journey through this 800 km 2  water-
shed reveals a mixture of small and mid-sized farms producing cattle, coffee, and 
subsistence crops. Residents here face many challenges: recent population growth 
has led to deforestation and water pollution, while agricultural productivity is gen-
erally low and poverty levels remain high, especially among the indigenous Mayan 
population. 

 Environmental degradation is both a cause and a consequence of these problems. 
Poverty has driven many local people to cut wood in the vanishing native pine-oak 
forests or to cultivate or graze hillsides that are too steep for these purposes. Such 
practices, in turn, contribute to silted rivers unsuitable for human or livestock con-
sumption and to landslides that routinely close roads and isolate villages from 
needed goods and services for weeks or months at a time. To meet the Millennium 
Development Goals (MDGs) in the Río Copán watershed will require not just new 
schools, new health centers, and new crop varieties; it will require a suite of coordi-
nated activities, many of them focused on environmental restoration and natural 
resource management. 

 Fortunately, unlike many rural communities that address poverty issues piecemeal 
at the household or village level, Copán’s communities have recognized that these 
challenges grow from—and, in turn, infl uence—key dynamics and ecosystem pro-
cesses operating at the scale of the entire watershed, and sometimes beyond. For local 
leaders, the wake-up call that spurred this landscape-level thinking arrived suddenly, 
drenching them, quite literally, like a bucket of cold water from above. In 1998, 
Hurricane Mitch tore through the region, wreaking havoc not just on devegetated 
hillsides but on the farms, villages, waterways, and infrastructure below. 
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 After taking stock of the extensive damage, the four municipalities in the 
 watershed decided to band together to form a regional coalition aimed at preventing 
such devastation in the future, and at fi nding solutions to shared problems such as 
erosion, water pollution, and poor human health. They created a vision and plan for 
the watershed’s future and, for the past several years, have been using this plan to 
target and guide externally-funded rural development activities. The problems and 
challenges in the watershed are not solved, but their root causes and interactions are 
now better understood. This knowledge encourages leaders to fi nd solutions that do 
not trade off one landowner’s wellbeing for another’s, or one development objective 
for another, but that seek to maintain and restore the landscape’s natural and human 
capital for the benefi t of all. 

   Integrating Rural Development 
and Natural Resource Management 

 Leaders in the Río Copán watershed have learned through experience what thou-
sands of scientists have documented over the past two decades: ecosystem services 
are critical to human wellbeing, especially in rural landscapes in developing coun-
tries. The Earth’s natural capital of clean water, soils, fi sh, wildlife, and other 
resources provides about two-thirds of household income for the rural poor (MA 
 2005  )  and 26% of all wealth in low-income countries (World Bank  2006  ) . 
Environmental causes are responsible for nearly one-fourth of the global disease 
burden, and more than four million children die each year from illnesses such as 
diarrhea, malaria, and respiratory infections that could be signifi cantly mitigated by 
improved environmental management (Prüss-Üstün and Corvalán  2006  ) . In light of 
the fundamental role of natural capital in supporting human wellbeing, it is espe-
cially worrisome that 15 of the 24 key ecosystem services upon which humans 
depend are being degraded or used unsustainably (MA  2005  ) . 

 World leaders and major development funding agencies have acknowledged that 
environmental factors are either at the root of, or closely linked to, MDGs 1–6—
those relating to food security, human health, education, and gender equality (Sachs 
and Reid  2006 ; DFID et al.  2002 ; DFID  2006  ) . This connection means that much of 
the recent progress toward meeting the MDGs (UN  2008  )  is likely to be fl eeting if 
the natural capital that underlies these improvements continues to decline (WRI 
 2005  ) . Yet, despite these well-documented linkages, the treatment of the environ-
ment in the MDGs “…harkens back to old, outmoded ways of thinking” (WRI 
 2005 :154). Rather than being framed as a cross-cutting theme that underlies the 
long-term achievement of other poverty alleviation goals, the environment is 
addressed only in MDG 7. And although the revised MDG targets and indicators 
issued in 2008 provide more specifi c measures of success for MDG7, these mea-
sures still fail to address many of the aspects of environmental management that are 
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most relevant for sustaining the ecosystem services that are critical for poverty 
 alleviation (WRI  2005 ; DFID  2006  ) . 

 Unfortunately, this inattention to natural capital as a foundation of human well-
being has been refl ected in global funding priorities and implementation frame-
works for poverty alleviation. For example, Poverty Reduction Strategy Papers 
(PRSPs)—the vehicle by which national governments formulate objectives for 
meeting the MDGs and establish their priorities for international aid—have often 
paid insuffi cient attention to the environment (Bojö et al.  2004 ; WRI  2005  ) . This 
undervaluing of environmental factors is likely a result both of the stated priorities 
of the aid agencies themselves (World Bank and IMF  2005  )  and of the apparent 
tendency of some governments preparing PRSPs to favor more fundable infrastruc-
ture projects over environment and agriculture projects identifi ed as priorities by 
local communities and district-level agencies (Swallow  2005  ) . The general result, at 
the fi eld level, has been an overly sectoral approach to rural development that nei-
ther integrates environmental and livelihood objectives nor adequately addresses the 
environmental drivers underlying development goals (Sanderson  2005  ) . 

 In light of these shortcomings, many have argued that the rural development 
agenda must be reformulated to integrate environmental sustainability at all scales, 
from international funding priorities to on-the-ground projects. This chapter sug-
gests that such integration needs to include a strong focus on the landscape scale—
the level at which many ecosystem processes operate and at which interactions 
among environment and development objectives are often mediated (O’Neill et al. 
 1997  )  (see Box  5.1 ). For example, in many landscapes, conservationists and rural 
development advocates have both targeted the same land or water resources for 
advancing their respective objectives—often with little communication or recogni-
tion of the confl icts between these aspirations (Wood et al.  2000 ; McNeely and 
Scherr  2003  ) . In such situations, landscape-scale assessment, negotiation, planning, 
and monitoring can help identify actions and policies that increase synergies while 
decreasing tradeoffs (Palm et al.  2005  ) . On the other hand, if tradeoffs are not explic-
itly acknowledged and addressed through negotiated solutions, sectoral programs 
and investments will move forward in isolation, leading to composite outcomes that 
are likely to be far sub-optimal, especially for less powerful stakeholders. 

 The purpose of this chapter is to explore the theory and practice of landscape 
approaches to sustainable rural development and to illustrate the ways in which this 
paradigm can be applied to address the MDGs. The chapter begins by introducing 
and reviewing existing landscape approaches. Next, we present the Landscape 
Measures framework, a landscape approach that we developed specifi cally for use 
in ‘ecoagriculture’ landscapes where food production is a key objective. We then 
introduce some tools for implementing the Landscape Measure approach, focusing 
on those that apply ecological knowledge and methods. We illustrate the use of such 
tools by elaborating on the Copán case study introduced above as well as a recent 
project in Kenya. Finally, we conclude by identifying important actions for main-
streaming landscape approaches to help achieve the MDGs.   
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   Box    5.1 Why Use a Landscape Perspective to Address Food Security and Rural 
Poverty? 

 The reasons for working at a landscape scale stem not only from the biophysi-
cal realities of how natural resource-dependent systems function, but also 
from the growing interdependence and interconnectedness of rural regions. 
Motivations include:

    1.     Scale of key ecological functions and processes . Recent scientifi c research has 
demonstrated that fl ows of water, nutrients, sediment, plants, animals, and 
disease organisms in agricultural regions often operate beyond the farm or 
village level to encompass the entire landscape (Forman  1995  ) . Many of these 
fl ows are critical to human wellbeing, providing ecosystem services such as 
clean water for human consumption, irrigation water, and natural pest control. 
Major threats, such as insect-borne diseases, crop and livestock predation, and 
various natural disasters, are also mediated at the landscape scale.  

    2.     Scale of key institutional frameworks . In many developing nations, govern-
ment authority and social programs have been devolved to smaller units of 
government operating at the district level (Molnar et al.  2007  ) . At the same 
time, villages, communities, and NGOs are increasingly forming partner-
ships, networks, and alliances to addressed shared objectives (Pretty and 
Ward  2001  ) . Both trends create opportunities to analyze and address chal-
lenges at a landscape scale. Conversely, inaction or ineffective policies at 
the landscape or sub-regional levels can keep rural households mired in 
“poverty traps” even when effective action is taken at the farm or village 
scale (Barrett and Swallow  2006  ) . Thus meso-scale institutional arrange-
ments are especially important in determining whether rural communities 
can spring out of self-reinforcing poverty traps.  

    3.     Changing face of the rural agricultural economy . Throughout the world, 
the role of subsistence farming is in decline, while market-linked agricul-
ture becomes more widespread, even among small farmers. This trend is 
being reinforced by development and aid agencies, many of whom empha-
size market access and rural enterprise development in their programs 
(WRI  2008  ) . As rural communities become more tied to one other, more 
dependent on physical infrastructure and regional markets, and more infl u-
enced by global economic forces, it is necessary to widen the lens through 
which rural livelihoods are understood and advanced.  

    4.     New market opportunities . Markets are beginning to place value on rural 
land uses that protect or enhance ecological values. Eco-certifi cation allows 
producers to receive price premiums for ecologically friendly production 
practices, while payments for ecosystem services compensate land stew-
ards for protecting carbon stocks, biodiversity, or watershed functions. 

(continued)
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   An Introduction to Landscape Approaches 

 Notwithstanding the limitations of current mainstream rural development priorities, 
many rural land stewards, non-governmental organizations (NGOs), researchers, 
and supporters have come to embrace the complexity of rural landscapes and have 
developed evidence-based management approaches that address the spatial, the-
matic, and human scope of the challenges themselves (Lal et al.  2001  ) . We refer to 
these as landscape approaches and suggest that they have fi ve defi ning characteris-
tics: (1) a landscape-scale focus, (2) treatment of landscapes as complex systems, 
(3) management for multiple objectives, (4) adaptive management, and (5) manage-
ment through participatory processes of social learning and multi-stakeholder nego-
tiation. Each of these characteristics is discussed below. 

 First and most obviously, landscape approaches seek to address livelihood needs 
and environmental challenges at a landscape scale. There are many possible ways to 
defi ne landscapes, but for management purposes it is helpful to defi ne them function-
ally according to the objectives at hand and the physical extent of the features and 
processes that mediate these objectives (Buck et al.  2006  ) . Precise boundaries are 
often ambiguous because the various biophysical gradients, socio-cultural attributes, 
and political jurisdictions found on the land operate at multiple scales and rarely 

Box 5.1 (continued)

These new market opportunities will shift incentives for rural land managers 
and motivate a greater focus on management at the landscape or watershed 
scale, where many ecosystem services are mediated.  

    5.     Climate change . Resulting largely from anthropogenic forcing mechanisms, 
climate change is occurring faster and more dramatically than at any time 
in recent history. Without greater emphasis on resilience, adaptation, and 
regional cooperation to accommodate shifting patterns of agricultural suit-
ability, water availability, and habitat quality, these rapid climate shifts 
could easily undermine local development or conservation successes 
(Fairhead  2004  ) .  

    6.     Increased emphasis on resilience and adaptation . The reality of climate 
change combined with ecologists’ recognition of ecosystems as dynamic, 
non-equilibrium systems has led to an increased interest in resilience and 
adaptation as important objectives for rural landscapes (Sayer and Campbell 
 2004  ) . As population growth and ecosystem degradation combine to create 
increasingly thin margins of error for human wellbeing in many land-
scapes, the ability to re-evaluate circumstances and adapt management 
solutions based on new information will be critical for human wellbeing 
(Diamond  2004  ) . Doing so requires the continual development and use of 
knowledge at appropriate scales within an adaptive management frame-
work (Röling and Wagemakers  1998 ; Plummer and Armitage  2007  ) .      
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coincide with one another. Thus, landscape approaches incorporate multi-scale 
linkages, helping to coordinate small-scale management efforts while considering 
relevant aspects of the landscape’s regional and global context. 

 Second, landscapes are analyzed as complex systems—that is, assemblies of 
interconnected components that are expected to fulfi ll a specifi c set of purposes 
(Collins et al.  2007  ) . Recent research on coupled human and natural systems has 
solidifi ed the analytical foundations for understanding the reciprocal infl uences 
between humans and their environment at multiple scales (Liu et al.  2007  ) . This 
fi eld proposes increased emphasis on indirect linkages, feedbacks, and multi-tem-
poral analysis when investigating or managing properties of interest such as the 
resilience and vulnerability of agroecosystems, which, by defi nition, encompass 
human goals, human behavior, and ecosystem dynamics. A range of methods for 
aiding in such analysis already exists, including system dynamics modeling, agent-
based modeling, and various GIS-based tools. For example, Parker and colleagues 
 (  2003  )  illustrate how multi-agent system models of land use/land cover change can 
elucidate feedbacks between land stewards and the environment in the (very com-
mon) circumstance where landscape change is largely a composite outcome of 
numerous of household-level decisions. In practice, coupled systems thinking can 
help policy makers anticipate future trends, manage interactions among landscape 
components, and expose “blind spots” that can emerge from unanticipated feed-
backs (Maarleveld and Dangbegnon  1999  ) . 

 Third, landscape approaches manage for multiple objectives, among which there 
are likely to be both synergies and tradeoffs. Multi-objective management is essential 
when landscapes are expected to provide more than one type of product or  service— as 
indeed most landscapes are—and when stakeholders disagree on the goals of man-
agement and their relative importance. Furthermore, indicators for the various man-
agement goals are likely to be non-commensurable (‘apples and oranges’) such that 
it is diffi cult to defi ne any aggregate measure of landscape success even if the relative 
importance of each goal can be ascertained (Munda  2005 ; López-Ridaura et al. 
 2005  ) . For this reason, multi-objective management is rarely amenable to the type of 
optimization algorithms that have transformed the management of single-objective 
initiatives such as maximizing corporate profi tability or designing the most cost-
effective system of nature reserves (Röling  2002  ) . Instead, multi-objective initiatives 
are likely to be understood and reported using a combination of quantitative and 
qualitative metrics that track whether the landscape is progressing toward the sustain-
able provision of the desired environmental and socioeconomic outcomes (Buck 
et al.  2006  ) . 

 Fourth, landscape approaches are predicated on adaptive management: “…a 
 formal, systematic, and rigorous approach to learning from the outcomes of man-
agement actions, accommodating change and improving management” (Nyberg 
 1999  ) . Adaptive management is essentially the scientifi c method applied to real-
world challenges. Resource managers begin by hypothesizing models of cause and 
effect, then test these models through specifi c interventions and policies, monitor 
the outcomes of these interventions, and use the resulting information to refi ne the 
causal models and improve the interventions. Over time, managers become more 
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knowledgeable about the system and better able to respond to changing conditions, 
thereby increasing the resilience of ecosystems and communities in the face of 
natural and anthropogenic dynamics (Folke et al.  2002  ) . Adaptive management has 
its intellectual roots and early experience in ecosystem management (Holling  1978  )  
and is now widely viewed as the preferred approach for addressing complex natural 
resource management challenges amid incomplete information (Lee  1993 ; Salafsky 
et al.  2001  ) . More recent formulations of this paradigm recognize that resource 
management is not simply a technical puzzle to be solved through better informa-
tion, analysis, and planning. It is a social dilemma in which the perceptions, priori-
ties, capabilities, and negotiation capacity of land stewards and institutions determine 
sustainability at least as much as the management practices themselves (Ison et al. 
 2007 ; Röling  2002  ) . These ideas underlie the practice of adaptive collaborative 
management, which positions ‘experts’ and their technical tools in the role of facili-
tators or technical advisors to assist a process that is guided by stakeholders them-
selves (Buck et al.  2001 ; Colfer  2005  ) . 

 This leads to the fi fth and fi nal characteristic of landscape approaches: an ongo-
ing, participatory process of ‘social learning’ through which stakeholders itera-
tively discover and generate relevant knowledge, negotiate goals and objectives, 
implement management plans, and evaluate outcomes (Leeuwis and Pyburn  2002 ; 
Steyaert et al.  2007  ) . In the context of adaptive management, social learning 
encourages stakeholders to articulate and discuss their understanding of reality 
and mental models of cause and effect when formulating goals, objectives, and 
plans (van Noordwijk et al.  2001  ) . These understandings are refi ned over time based 
on evidence from project monitoring as well as external sources. Because it pro-
vides a built-in mechanism for incorporating new information and responding to 
novel circumstances, social learning is essential for ensuring the sustainability and 
resilience of human and natural systems (Röling and Wagemakers  1998 ; Olsson 
et al.  2004  ) . 

   Contemporary Uses of Landscape Approaches 

 We conducted a literature review to identify the ways in which landscape approaches 
have been used to address rural poverty and natural resource conservation challenges. 
This section provides a brief history of the development of landscape approaches and 
some leading examples of recent practice. 

 The roots of landscape approaches can be traced to the emergence of the sustain-
able development concept in the late 1980s (WCED  1987 ; Lele  1991  ) . This frame-
work ushered in a wave of Integrated Conservation and Development Projects 
(ICDPs) that included both rural development and environmental (particularly biodi-
versity protection) objectives. However, the outcomes of ICDPs proved generally to 
be disappointing. In many projects, the nexus between the development activities and 
conservation objectives was poorly conceived or fallacious: win-win solutions were 
assumed rather than acknowledging and addressing tradeoffs. Furthermore, local 
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participation was often token, resulting in mis-directed efforts yielding transient 
benefi ts that evaporated when project funding ended (McShane and Wells  2004  ) . 
Some observers blamed these failures on fundamental fl aws in the integrated project 
model itself (Terbough  1999  )  while others argued that the basic ideas were sound but 
had not been fully embraced in most fi rst-generation ICDPs (Brechin et al.  2003  ) . In 
retrospect, we can say that these projects aspired to multi-objective rural land man-
agement but typically lacked most of the other attributes of landscape approaches, 
such as adaptive management in a social learning context. These omissions were 
often important causes of the projects’ shortcomings. 

 The disappointing results of early ICDPs coincided with a growing awareness of 
ecosystem services and their role in sustaining society (Daily  1997 ; Costanza et al. 
 1998  ) . This theme was echoed in the 1998 systemwide review of the Consultative 
Group on International Agricultural Research (CGIAR), which urged the 16 
CGIAR centers to move beyond crop research to advance the fi eld of natural 
resource management to support global food production (CGIAR  1998  ) . Building 
on earlier formative work by the World Agroforestry Center and Center for 
International Forestry Research, the centers responded by adopting a program on 
Integrated Natural Resource Management (INRM), which they defi ned as a research 
and management approach that “…aims at improving livelihoods, agroecosystem 
resilience, agricultural productivity and environmental services [by] augment[ing] 
social, physical, human, natural and fi nancial capital” (ICARDA  2005  ) . While 
INRM is not specifi cally a landscape approach, it envisions management and anal-
ysis at multiple nested scales including that of the landscape (Campbell et al.  2001 ; 
Izac and Sanchez  2001  ) . Recent INRM initiatives by several of the CGIAR centers 
have included a strong landscape emphasis and illustrate how ‘action research’ can 
facilitate stakeholder dialogue, planning, and management for conservation, food 
production, and livelihood objectives (Gottret and White  2001 ; Frost et al.  2006 ; 
Pfund et al.  2008  ) . 

 Despite these promising initiatives, landscape-level planning and analysis does 
not yet play a signifi cant role in mainstream agricultural investment, management, 
or policy. Nevertheless, there is some tradition of spatial thinking in agriculture, and 
this is gradually expanding to encompass larger scales and broader disciplinary foci. 
For instance, agricultural investment decisions are commonly made using spatially-
sensitive methods such as agroecological suitability classifi cation (based on factors 
such as altitude, rainfall, and soil type) and market analysis (based on transportation 
costs, access to inputs, value chain mapping, and distance to storage or processing 
facilities). Spatial zoning for agriculture is now becoming more nuanced, with cer-
tain agricultural uses contingent on the adoption of conservation management prac-
tices. Farmers are increasingly choosing to coordinate across sites to address 
challenges such as pest control, salinization, and limited availability of irrigation 
water. Such efforts are being supported by new scientifi c tools such as spatial mod-
eling of nutrient fl ows, and by new policy instruments such as nutrient trading sys-
tems. The concept of foodsheds has encouraged more systematic spatial analysis of 
food supplies and value chains around major population centers (Kloppenburg 
et al.  1996  ) . All of these approaches are beginning to increase the scale at which 
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agricultural management is considered as well as the level of integration among 
production, conservation, and livelihood dimensions. 

 Concurrently, conservationists have begun to implement landscape approaches 
such as biological corridors, landscape-scale conservation planning, and green 
infrastructure planning to address the challenges of habitat fragmentation and eco-
system degradation in populous regions (Rosenberg et al.  1997 ; Benedict and 
McMahon  2006  ) . Many such projects seek to address livelihood needs in concert 
with biodiversity conservation by engaging private and communal land stewards in 
transitioning to more conservation-friendly agriculture and livelihood strategies 
(e.g., Miller et al.  2001  ) . A new generation of multi-objective landscape-scale proj-
ects by groups such as WWF and the Wildlife Conservation Society can be seen as 
a maturation of the ICDP concept to embrace genuine local participation and a 
broader set of spatial and temporal scales to address the poverty-biodiversity nexus 
(USFS  2006 ; Redford and Fearn  2007 ; COMACO  2009  ) . For instance, the IUCN/
WWF Forest Landscape Restoration initiative aims to restore ecosystem goods and 
services by increasing tree cover in degraded landscapes while engaging stakehold-
ers to address institutional barriers at multiple scales (Barrow et al.  2002 ; Sayer and 
Buck  2008  ) . A complementary process for landscape monitoring and adaptive man-
agement has also been developed, which uses the Capital Assets Framework (Carney 
 1998  )  to track multiple landscape variables and to use this information to aid in 
participatory decision-making (Sayer et al.  2007  ) . 

 The preceding examples were of landscape approaches initiated by international 
NGOs and research centers. However, much of the impetus for landscape-level 
planning and management emerges from local and regional initiatives. For example, 
the practice of participatory watershed management arose as an alternative to inef-
fective top-down watershed planning. In this approach, priorities are negotiated at 
the watershed scale but implemented at the community level through micro-water-
shed plans focused on practices such as re-vegetation, soil management, and erosion 
control (Hinchcliffe et al.  1999 ; Kerr  2002  ) . More generally, the concept of commu-
nity-based natural resource management has been widely applied to forest, water, 
wildlife, rangeland and other common property or state-owned resources to secure 
tenure rights and support collective management and shared benefi ts (Borrini-
Feyerabend et al.  2000 ; Leach et al.  1999  ) . At a larger scale, the concept of territo-
rial management has been used to assert local control over rural development 
processes, including land and resource use. This approach is best developed in Latin 
America, where it has been applied in the context of indigenous reserves as well as 
mainstream planning for rural areas (Sepúlveda et al.  2003  ) . 

 Overall, our analysis revealed many instances of both community-led and exter-
nally driven initiatives that met three or four of the characteristics of landscape 
approaches described above, but relatively few that met all fi ve. Of those cases that 
exhibited all fi ve characteristics, most were being carried out in forested landscapes 
where the objective was to reconcile biodiversity conservation and poverty allevia-
tion. To our knowledge, landscape approaches have rarely been applied to areas 
where cropland or rangeland is a major land use and where food production for a 
large local population is a central goal.   
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   Ecoagriculture and the Landscape Measures Approach 

 The lack of methods and tools for landscape-scale management and monitoring of 
agroecosystems was a frequent theme at the fi rst Ecoagriculture Conference and 
Practitioners’ Fair in Nairobi in 2004. Many of the researchers, government and 
NGO representatives, community leaders, donors, and farmers at the meeting were 
involved in implementing or promoting ecoagriculture—that is, efforts to simulta-
neously achieve food production, conservation, and rural livelihood goals at a land-
scape level (McNeely and Scherr  2003 ; Scherr and McNeely  2008  ) . Conference 
participants could point to many examples where ecoagriculture principles had been 
implemented successfully. Yet, their ability to sustain, document, and scale up these 
successes was limited by the dearth of existing frameworks or processes for plan-
ning and monitoring ecoagriculture landscapes. What was needed was a landscape 
approach that spoke to the particular issues and challenges of ecoagriculture con-
texts where food production (cropping, livestock, agroforestry, or fi sheries) com-
prises a signifi cant portion of the land base and the local economy. 

 The Landscape Measures approach (LM), which we describe and illustrate in the 
remainder of this chapter, addresses this need. Developed as part of Ecoagriculture 
Partners’ Landscape Measures Initiative (LMI), the LM consists of a set of pro-
cesses and tools for negotiating, planning, implementing, and evaluating ecoagri-
culture practices and innovations (Buck et al.  2006  ) . Like other landscape approaches, 
the LM is predicated on stakeholder-driven adaptive management embedded in a 
social learning process (see Fig.  5.1 ). However, the LM is designed around the four 
major goals of ecoagriculture: (1) conserving biodiversity and ecosystem services, 
(2) producing food, (3) improving rural livelihoods, and (4) building effective insti-
tutions for cross-sector planning, analysis, and action. As such, the LM includes 
monitoring tools and methods specifi cally oriented toward these goals and toward 
measuring and negotiating the interactions among them.  

   The Landscape Measures Framework 

 One of the salient challenges of working at a landscape scale is to incorporate the 
important goals, processes, and dynamics into adaptive management without get-
ting mired in excessive detail and layers of complexity (Lynam et al.  2007  ) . To 
address this challenge, the LMI conducted a year-long consultative process that 
engaged scientists and practitioners from diverse disciplines and sectors in conver-
sations about how to track change across multiple dimensions at landscape scale 
(Buck et al.  2006  ) . One outcome of these conversations was a set of “20 Questions” 
about landscape performance that represented the key variables that are likely to be 
important in ecoagriculture landscapes worldwide (Buck et al.  2006 ; see  Box 5.2 ). 
The 20 Questions offer tangible criteria for assessing progress toward the four broad 
goals of ecoagriculture. In turn, stakeholders can answer the questions by selecting 
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  Fig. 5.1    Key roles of the Landscape Measures approach ( LM ) for guiding adaptive management 
for food production, conservation, and livelihoods in rural landscapes. The standard adaptive man-
agement cycle is depicted in  gray , while key LM processes and tools for each phase of the cycle 
are shown as  black ovals        

   Box    5.2 Twenty Questions for Assessing the Performance of Ecoagriculture 
Landscapes 

  Conservation goal : The landscape conserves, maintains, and restores wild 
biodiversity and ecosystem services.
    Criterion C1 :  Does the landscape contain an adequate quantity and suitable 

confi guration of natural and semi-natural habitat to protect 
native biodiversity?  

   Criterion C2 :  Do natural and semi-natural habitats in the landscape approxi-
mate the composition and structure of the habitats historically 
found in the landscape?  

   Criterion C3 :  Are important species within the landscape biologically viable?  
   Criterion C4 :  Does the landscape provide locally, regionally, and globally 

important ecosystem services?  
   Criterion C5 :  Are natural areas and aquatic resources degraded by produc-

tive areas and activities?    

(continued)
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  Box 5.2 (continued)

Production goal : The landscape provides for the sustainable production of 
crops, livestock, fi sh, forests, and wild edible resources.
    Criterion P1 :  Do production systems satisfy demand for agricultural prod-

ucts (crops, livestock, fi sh, wood) by consumers inside and 
outside the landscape?  

   Criterion P2 :  Are production systems fi nancially viable and can they adapt to 
changes in input and output markets?  

   Criterion P3 :  Are production systems resilient to disturbances, both natural 
and human?  

   Criterion P4 :  Do production systems have a neutral or positive impact on 
wild biodiversity and ecosystem services in the landscape?  

   Criterion P5 :  Are species and varietal diversity of crops, livestock, fi sheries 
and forests adequate and maintained?    

  Livelihoods goal : The landscape sustains or enhances the livelihoods and 
wellbeing of all social groups who reside there.
    Criterion L1 :  Are households and communities able to meet their basic needs 

while sustaining natural resources?  
   Criterion L2 :  Is the value of household and community income and assets 

increasing?  
   Criterion L3 :  Do households and communities have sustainable and equita-

ble access to critical natural resource stocks and fl ows?  
   Criterion L4 :  Are local economies and livelihoods resilient to change in 

human and non-human population dynamics?  
   Criterion L5 :  Are households and communities resilient to external shocks 

such as fl ooding, drought, changes in commodity prices, and 
disease epidemics?    

  Institutions goal : The landscape hosts institutions that support the planning, 
negotiation, implementation, resource mobilization, and capacity-building 
needed to integrate conservation, production and livelihood functions.
    Criterion I1 :  Are mechanisms in place and functioning for cross-sectoral 

interaction at landscape scale?  
   Criterion I2 :  Do producers and other community members have adequate 

capacity to learn and innovate about practices that will lead to 
integrated landscapes?  

   Criterion I3 :  Does public policy support integrated landscapes?  
   Criterion I4 :  Are market incentives conducive to integrated landscapes?  
   Criterion I5 :  Do knowledge, norms, and values support integrated 

landscapes?    

 Source: Buck et al.  (  2006  )  and LMI  (  2009  ) .  
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   Table 5.1    Hierarchical framework of the Landscape Measures approach (LM) for identifying and 
tracking progress toward landscape objectives. Similar to other recent methods for landscape eval-
uation (e.g., CIFOR  1999 ; LAC-Net  2006  ) , this hierarchical approach helps ensure that all major 
system components are considered while leaving room to interpret these components in relation to 
the landscape’s specifi c biophysical and socio-cultural context   

 Hierarchical level  Selection process  Description 

 Goals  Universal; part of 
the LM framework 

 Comprises the four broad goals of ecoagriculture: 
sustainable food production, viable rural 
livelihoods, conservation of biodiversity and 
ecosystem services, and effective supporting 
institutions 

 Criteria  Universal; part of 
the LM framework 

 The 20 Questions, which enumerate fi ve specifi c 
sub-goals for each of the four ecoagriculture 
goals 

 Indicators  Place-specifi c; 
selected by 
stakeholders 

 Tangible factors or characteristics in the landscape 
that are measured to reveal how well each 
criterion is being fulfi lled. Stakeholders select 
indicators that are relevant to the landscape 
context and to their specifi c objectives 

 Means of 
measure 

 Place-specifi c; 
selected by 
stakeholders 

 Methods or techniques for evaluating indicators, 
such as land cover analysis or household 
interviews. Stakeholders select means 
of measure that are appropriate to the 
desired level of precision and availability 
of monitoring resources 

and evaluating context-appropriate indicators and means of measure (see Table  5.1 ). 
Because many of the 20 Questions focus explicitly on the interactions among con-
servation, food production, rural livelihoods, and supporting institutions, they can 
help spur cross-sector dialogue and encourage stakeholders to negotiate tradeoffs 
among competing interests rather than avoiding such important conversations.  

 The 20 Questions provide a useful complement to the MDG goals, targets, and 
indicators for monitoring the performance and sustainability of rural landscapes. 
Whereas the targets for MDGs 1–6 are focused on specifi c human wellbeing out-
comes, the 20 Questions help elucidate some of the ecological drivers that undergird 
long-term human wellbeing in rural landscapes. In addition, the 20 Questions offer 
a more detailed framework for monitoring MDG 7 (environmental sustainability) 
by focusing on local and landscape-scale ecosystem structure and function. The LM 
thus helps to address recent calls for improved monitoring of ecosystem services in 
assessing progress toward the MDGs—for example, by tracking soil fertility, hydro-
logical function, and the maintenance of biodiversity, as well as the ways in which 
local people value, utilize, and sustain such ecosystem services (WRI  2005  ) . 

 The LM is designed to be used in all phases of the adaptive management cycle, 
including goal setting, planning, and monitoring (see Fig .   5.1 ): 

  Goal setting and stakeholder negotiation . The framework and 20 Questions provide 
a ‘roadmap’ to landscape multi-functionality, identifying those functions that local 
and external stakeholders typically expect a landscape to fulfi ll. In our experience, 
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nearly all of these 20 factors have proven relevant in landscapes across a diverse range 
of contexts. By providing a broad view of what would constitute successful landscape 
management, the framework can also help ensure that goals are not skewed too far 
toward or away from any single interest group. Under-represented stakeholders are 
given greater legitimacy in negotiations while all participants are encouraged to con-
sider landscape processes or objectives that may be outside their ordinary purview. 

  Landscape planning . In rural landscapes in developing countries, there is a signifi -
cant history of spatial planning for single objectives or projects (plantation forestry, 
large-scale agriculture, conservation networks, and so forth), but much less experi-
ence with multi-functional landscape planning (Selman  2002  ) . Such planning can 
identify and promote synergies among disparate landscape objectives to a much 
greater degree than sectoral plans that optimize for a single outcome. Essentially, 
multi-functional landscape planning for ecoagriculture is the process of making the 
20 Questions spatially explicit by establishing land and resource use parameters that can 
be implemented locally. The resulting spatial plans will often have a high proportion 
of multi-use zones (such as agroforestry or rotational grazing), substantial integration 
of activities on the landscape, and a relatively fi ne spatial resolution, refl ecting the 
knowledge-intensive, ecosystem-based management that is proposed (Scherr et al. 
 2009  ) . Integrated planning can also help ensure that sectoral plans are consistent 
with broader goals and will register positively against multiple criteria in the LM 
framework. Although landscape planning requires technical expertise, the process 
need not be controlled by outside experts; indeed, facilitated multi-objective plan-
ning processes can be an effective vehicle for engaging diverse stakeholders to 
infl uence management and policy outcomes (Wollenberg et al.  2000  ) . 

  Landscape monitoring . One constraint to the use of ecosystem-based approaches to 
poverty alleviation is the inadequacy of environmental monitoring systems in many 
parts of the developing world (WRI  2005 :161). Tracking landscape change requires 
going beyond project-based evaluation monitoring that focuses on a small set of 
landscape variables that the project expects to infl uence. Instead, monitoring should 
track all key system components such that it can reveal unexpected results of inter-
ventions as well as complex interactions of policy or management changes with 
other landscape dynamics. The LM helps defi ne the scope of landscape monitoring 
by identifying a series of objectives for which stakeholders can select context-
appropriate indicators for measuring progress over time. Data on these indicators 
then feeds back into the social learning process, expanding the base of information 
upon which future plans and decisions are made (Sayer and Campbell  2004  ) .   

   Implementation Process 

 As with other landscape approaches, the LM is implemented through a process 
of social learning and negotiation among landscape stakeholders to adaptively man-
age land, natural resources, capital assets, and market and policy structures. 



915 Landscape Approaches to Achieving Food Production…

Consistent with the multi-scaled nature of landscapes, adaptive management must 
engage participants at many levels. Local participation and leadership are essential, 
but external stakeholders and higher-level agencies must also be represented to the 
extent that they have a legitimate interest in the landscape. Processes that fail to 
engage external actors who have the will and power to exert signifi cant infl uence 
(such as agri-business companies or international NGOs) are naïve and unlikely to 
be successful. Instead, confl ict and trade-offs between local and external interests 
must be acknowledged and clarifi ed so that negotiation can occur. 

 Implementation of the LM usually requires a ‘landscape facilitator’—individual(s) 
or organization(s) who work on a systematic and sustained basis to convene stakehold-
ers, guide negotiation, manage information, and promote collective action (Laumonier 
et al.  2008 ; Buck and Scherr  2009  ) . Steyaert and Jiggins  (  2007  )  defi ne facilitation as 
“…a combination of skills, activities and tools used to support and guide learning pro-
cesses among multiple interdependent stakeholders [to] bring about systemic change 
in complex situations….” Ideally, the landscape facilitator should be a neutral party 
that is dedicated only to the social learning process itself, as guided by the 20 
Questions—not to any specifi c outcomes. Truly disinterested parties are rarely avail-
able as they have little incentive to participate; instead, facilitators are often drawn from 
the ranks of NGOs and research organizations, which often have a disciplinary or nor-
mative bias, if not a deliberate agenda. In these cases, facilitators must be scrupulous in 
acknowledging their biases and working to subordinate them to the larger process. 

 One key role of the landscape facilitator is to integrate stakeholders’ disparate 
knowledge systems, data needs, and ways of communicating and using information. 
Past experience indicates that for scientifi c information to support sustainable devel-
opment, greater efforts are needed to bridge the realms of knowledge generation and 
decision-making by ensuring that information is credible, salient, and legitimate to 
decision makers (Cash et al.  2003 ; Dietz et al.  2003  ) . Yet, farmers, government agen-
cies, and international donors each have very different conceptions of credibility, 
salience, and legitimacy. Furthermore, knowledge of rural landscapes can be rooted in 
many different epistemologies. Landscape level innovation systems integrate experi-
ential or ‘tacit’ knowledge—gained by people who live in the landscape and are inti-
mately familiar with aspects of its workings over time—with evidence of phenomena 
that are revealed through scientifi c inquiry and likely to be less visible to local people. 
Combining these approaches can provide a richer understanding of the landscape, and 
one that is credible to local and external stakeholders alike (Bell and Morse  2001  ) . 

 Although the LM is predicated on signifi cant coordination among sectors and scales 
in rural landscapes, the goal is not to establish a centralized landscape ‘secretariat’ 
but rather a web of activity nodes that are knit together by shared purpose, shared 
information, and dedication to evidence-based decision making. These nodes come 
together from time to time to negotiate and establish broad-level goals, formulate plans, 
identify needed collaborations, and share monitoring results to understand the interac-
tive effects of different projects and programs on the landscape. Actual management 
and policy interventions are carried out at a range of scales—from the household to the 
region or beyond—but these interventions occur within the context of the landscape 
planning and monitoring process (see Fig.  5.2 ).   
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   Ecologically-Based Tools for Implementation 

 To aid in the implementation of the LM, we assembled, developed, and tested a set of 
tools for landscape planning and monitoring. These are described in an online portal for 
practitioners known as the Landscape Measures Resource Center (LMRC) (LMI  2009  ) . 
Some of the more promising tools draw on recent thinking in the fi eld of ecology to 
quantify the performance and resilience of rural land-use systems to advance conserva-
tion, food production, and livelihood goals. Given this book’s focus on the contribution 
of ecology to rural development, here we highlight some of the LMRC monitoring 
tools in which ecological science offers an especially valuable perspective. 

 As discussed above, a key challenge of multi-stakeholder adaptive management 
is to bridge different types and uses of knowledge by different landscape actors. 

  Fig. 5.2    Idealized representation of the interactions among stakeholder groups in the Landscape 
Measures approach ( LM ). Moving from  left to right  in the diagram: ( 1 ) A wide range of actors—
operating at multiple scales—have a stake in rural landscapes. Many of these groups are already 
linked to each other through social networks, joint projects, and so forth, and the LM can strengthen 
or augment such linkages. ( 2 ) These diverse actors come together to participate in the LM under the 
auspices of a landscape facilitator. Negotiation and social learning supported by technical analysis 
lead to the formulation of an integrated, multi-functional landscape plan. ( 3 ) Landscape actors then 
incorporate information, insights, and agreed-upon goals and objectives from the broader LM pro-
cess into their geographically- and sectorally-focused activities, programs, and plans. These activi-
ties are implemented on the ground and communicated to stakeholders operating at other scales 
(especially donors and policy makers). Over time, the relationships depicted here are sustained and 
strengthened in an iterative process, while the resulting plans and activities are frequently revisited 
in light of new circumstances, new priorities, and new landscape monitoring data       
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One way to do so is through landscape monitoring programs that incorporate both 
 scientifi c and community knowledge (Place and Were  2005  ) . For example, several 
of the methods in the LMRC combine social learning with scientifi cally rigorous 
sampling and analysis methods to add external credibility to community-generated 
datasets while bringing local relevance to monitoring data demanded by outside 
donors and program evaluators. A second challenge is to generate suffi cient knowl-
edge about multi-faceted landscape systems with limited funding and personnel 
resources. We therefore advocate approaches that derive additional value from exist-
ing monitoring efforts, employ participatory monitoring, and take advantage of new 
low-cost data collection and analysis tools. 

 One such method—repeat ground-based photo-monitoring—can be a cost- effective 
way to track changes in vegetation and land use when aerial imagery is unavailable or 
unaffordable (Lassoie et al.  2006  ) . In this method, scientists use stratifi ed sampling to 
establish points throughout the landscape from which digital  photographs are taken in 
all directions. The photos are analyzed according to a standard protocol that yields 
quantitative descriptors, which are entered into a database. As the photo points are 
re-visited over the course of months and years, the data begin to reveal trends in land 
use, agricultural management, vegetation condition, and other factors. The digital 
photographs themselves can be taken by local people, providing a credible and easily 
interpretable data source for household- and village-level adaptive management while 
generating ‘research quality’ data through systematic aggregation across the network 
of photo points. More generally, participatory monitoring and evaluation can often 
yield data that are widely credible if it follows a scientifi cally designed protocol 
(Bonney et al.  2009  ) . 

 A second method in the LMRC toolkit achieves the opposite type of knowledge 
transfer, taking data that are collected for external evaluators and making them 
relevant to local land stewards to use in adaptive management. On eco-certifi ed 
farms throughout the world, large amounts of data are collected annually to meet the 
auditing requirements of various certifi cation systems. Yet much of this information 
is fi led away, never to be used by land stewards in the service of improved manage-
ment. For these data to be useful to landscape stakeholders, they must be entered 
into appropriate information systems, aggregated, analyzed, and communicated 
 effectively. For example, monitoring data on agrochemical usage, cover cropping, 
or soil erosion potential could be spatially plotted in a geographic information 
system (GIS) to visualize trends across space and time. This information could 
then be combined with downstream water quality monitoring data to track the 
relationship between on-farm practices and watershed-level ecosystem services. 
Again, approaches from the fi eld of ecology can be used to help establish appropri-
ate sampling protocols, aggregation methods, and analysis techniques. 

 Central to the LM is the use of integrative indicators that provide answers to several 
of the 20 Questions at once. An important integrative indicator in almost every land-
scape is the composition and confi guration of land use and land cover. Basic land cover 
maps can be created by interpreting aerial imagery or by compiling data from fi eld 
surveys or repeat ground-based photography. Maps can then be analyzed quantitatively 
to derive key measures of composition (e.g., area under native forest) and structure 
(e.g., degree of interspersion of complementary or confl icting land uses). Often, these 
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measures can be further extrapolated to estimate outcomes related to food production, 
species viability, hydrological functions, and other key landscape parameters. 

 Given the great interpretive power of such composition and structure measures, 
landscape design principles have been proposed as heuristics for maintaining eco-
logical integrity in the context of endeavors such as regional planning (Forman 
 1995 ; Dramstad et al.  1996 ; Lindenmeyer et al.  2008  )  and agroecosystem manage-
ment (Fischer et al.  2006 ; Harvey  2008  ) . We believe that similar principles and 
proxies could be developed for other objectives of landscape multi-functionality, 
including increased agricultural production, decreased disease burden attributable 
to environmental factors, and other goals related to the long-term fulfi llment of the 
MDGs. Recent work on ecosystem service mapping has begun to relate landscape 
composition, ecological integrity, livelihood potential, and economic value in a spa-
tially explicit manner (e.g., Troy and Wilson  2006 ; Egoh et al.  2008  ) . These efforts 
suggest how GIS-based analyses can be used to track many of the 20 Questions with 
relatively fi ne spatial and temporal resolution. 

 A fi nal tool that we wish to highlight is the use of systems dynamics modeling—
computer applications that allow a user to simulate complex systems by tracking 
numerous interacting variables over time (Sterman  2000  ) . Although system dynam-
ics modeling is based on a mechanistic view of systems, its great advantage is that 
it can account for much higher levels of complexity than is possible through human 
intuition and  ad hoc  methods, making it valuable for landscape approaches. Key 
applications include understanding causal relationships in the landscape, identify-
ing high-leverage ‘pressure points’ for landscape change, determining thresholds at 
which dramatic changes may occur, exploring alternative scenarios through partici-
patory modeling, and measuring the success of interventions by comparing actual 
landscape outcomes to simulated outcomes under alternative management programs 
(Campbell et al.  2001 ; Sandker et al.  2007  ) .   

   Case Study 1: Applying the Landscape Measures 
Approach in Copán, Honduras 

 The Copán case study illustrates the application of the Landscape Measures frame-
work to conduct a broad-reaching baseline evaluation of landscape conditions, eluci-
date and prioritize community needs, and track progress toward all four ecoagriculture 
goals. Honduras currently has the highest poverty rate in Central America (70%) and 
ranks 115 out of 170 countries globally in the index of human development (Programa 
Estado de la Nación  2008  ) . The Copán region is somewhat insulated from the worst 
poverty due to the signifi cant tourism revenue associated with local Mayan ruins. 
Ironically, however, the most impoverished landscape residents remain the Chorti 
Maya, whose ancestors built these temples. As such, the landscape contains a diverse 
mix of stakeholders, ranging from wealthier landowners concentrated around the 
colonial town of Copán Ruinas—whose income is principally drawn from ecological 
and cultural tourism—to coffee and cattle farmers and the  campesinos  they hire to 
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work their lands, to the Chorti Maya, who are largely segregated from the Mestizo 
majority and work as farm laborers or depend on subsistence agriculture. 

 As discussed earlier, Copán already has some institutional capacity for carrying 
out landscape approaches to natural resource management and community develop-
ment. A regional governing body known as the MANCOSARIC represents the water-
shed’s four municipalities and works to improve basic human services while 
facilitating adaptive co-management with an emphasis on improving fl ows of ecosys-
tem services and reducing risks from natural disasters such as fl ooding and landslides. 
The MANCOSARIC also helps empower local governments to take responsibility for 
natural resource stewardship through integrated watershed management. 

 In 2007, the MANCOSARIC and its partners decided to implement the 
Landscape Measures approach and the 20 Questions to provide a baseline evalua-
tion of the watershed that would help them understand the current status of the 
landscape, identify priorities, and refi ne current landscape management plans. 
The landscape was particularly suitable for such evaluation because of the existence 
of the MANCOSARIC governing body, which was well positioned to utilize 
the information generated. The evaluation also promised to offer a wider perspec-
tive on the region and a staring point for initiating critical discussion on stakeholder 
priorities. 

 The baseline evaluation conducted by Bejarano  (  2009  )  was designed to synthe-
size useful information from pre-existing studies while generating strategic new 
data to answer some of the 20 Questions deemed most critical by local stakeholders. 
Consistent with the Landscape Measures approach, many landscape performance 
measures were derived or extrapolated from land use patterns and dynamics. In this 
regard, the MANCOSARIC was fortunate to have a 1-m resolution IKONOS satel-
lite image of the landscape taken in 2007 that was classifi ed into land uses at the plot 
scale (Sanfi orenzo  2008  ) . This land use map provided a foundation for much of the 
landscape evaluation, allowing stakeholders to analyze information on production, 
conservation and livelihood indicators in a spatially explicit manner to understand 
where interventions and improvements were most needed. 

 One application, for example, was the interpretation of land use patterns to esti-
mate the provision of ecosystem services throughout the watershed (see Fig.  5.3 ). 
While land use is not a precise proxy for such services, prior study has yielded 
enough information on the relationships between land use, biodiversity conserva-
tion, and carbon storage to help identify hotspots where ecosystem services have 
been eroded and where restoration efforts could address both conservation and live-
lihood goals. The spatially explicit nature of these maps facilitates negotiation by 
identifying specifi c property owners and municipalities that could benefi t from 
interventions.  

 While landscape composition and structure metrics were an important part of the 
landscape evaluation, it was critical to supplement these measures with household 
interviews and plot-level fi eld studies to answer many of the 20 Questions. For 
example, one of the surrogate measures for Conservation criteria 1 and 3 ( Box 5.2 ) 
was to ask farmers when they had last seen a wild deer. Representative patches 
of each forest type in each community were also surveyed to evaluate vegetation 



  Fig. 5.3    Current status of the provisioning of carbon sequestration ( a ) and biodiversity conserva-
tion ( b ) in the Copán landscape based on estimates of the capacity of each land use to provide each 
of these ecosystem services. Indices of carbon sequestration and biodiversity conservation were 
adapted from Murgueitio and colleagues  (  2004  )        
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structure and evidence of degradation from grazing, timber or fuelwood extraction, 
and other human interventions. This study indicated that forests are more degraded 
in Cabañas—where the economy is heavily based on natural resources—than in 
Copán Ruinas, a larger town with a more diversifi ed economy. 

 The evaluation of livelihood indictors was primarily based on household inter-
views (45 per municipality), but these were spatially stratifi ed and located with GPS 
coordinates to allow spatially explicit analysis of the relationships among multiple 
goals. Interviews revealed household members’ education levels, production activi-
ties, agricultural yields, farm income, total income, and other factors. Results were 
integrated with those from earlier household surveys focusing on farm-level conser-
vation practices and access to water and energy resources. Both sets of interviews 
also assessed the degree to which local social service and resource management 
entities were providing households with services, training, or sharing of ideas—or 
even the degree to which farmers were aware of relevant projects. These data helped 
defi ne the effectiveness and sphere of infl uence of local institutions relative to their 
mission and objectives. The data also revealed spatial patterns of wealth and 
 poverty—including both current income and capacity to improve and adapt house-
hold livelihood strategies. Again, the evaluation documented greater levels of pov-
erty and need in the more resource-dependent communities outside of the tourism 
nexus (and MANCOSARIC headquarters) in Copán Ruinas. 

 The landscape evaluation reported answers to each of the 20 Questions individu-
ally but also amalgamated outcomes into the four basic ‘axes’ of ecoagriculture to 
help frame stakeholder discussion about landscape priorities (see Fig.  5.4 ). This 
type of synthesis is rife with challenges and value judgments (How do you weigh 
each indicator? Can landscape outcomes be traded off against each other, or must 
some or all objectives be met at a basic level?). But rather than forming an insur-
mountable barrier, such value questions can provide a starting point for dialogue 
about synergies and tradeoffs among disparate objectives.  

 In addition to providing a baseline assessment of landscape performance, the 
evaluation also explored various policy alternatives for improving outcomes to sev-
eral of the 20 Questions. Framing policy analysis in terms of the 20 Questions is an 
alternative to sectoral analyses that predict the direct results of interventions while 
ignoring their indirect or feedback effects. For example, Sanfi orenzo  (  2008  )  con-
ducted landscape modeling to evaluate the effects on biodiversity of proposed poli-
cies for reducing erosion, landslides, and water pollution in the landscape, which 
hinder progress toward several of the MDGs. A baseline analysis evaluated forest 
patch size, fragmentation, and functional connectivity of the existing landscape 
from the perspective of the genus  Trogon —forest dependent birds that are also 
highly sought after by ecotourists. Existing forest cover in the landscape was both 
limited (comprising only 22% of the 680 km 2  landscape) and highly fragmented 
into 145 isolated patches. Sanfi orenzo  (  2008  )  then evaluated the effects of three 
potential policies: (1) enforcing the Honduran law to protect 10-meter forested 
buffers alongside all rivers and streams, (2) converting steep slopes (14–40%) to 
agroforestry systems such as shaded coffee or pasture with high tree density, and 
(3) re-vegetating all very steep slopes (>40%) to natural forest or timber plantations. 
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The models revealed that riparian buffers would decrease the number of isolated 
forest fragments from 145 to less than 40, while the three policies in combination 
would increase suitable trogon habitat from 22% to 38% of the landscape. The 
analysis not only sheds light on several of the 20 Questions (e.g., C1, C4, P4, L3, 
and L5); it also identifi es the most promising target areas for restoration. 

 Refl ecting on the LM evaluation in Copán, the approach at fi rst glance seems 
similar to standard assessment methods—such as Rapid Rural Appraisal—that 
combine interviews and other forms of baseline data collection to identify needs and 
priorities. However, on closer examination, several key differences emerge. One is 
the use of an integrative framework to steer communities and fi eld technicians to 
consider the possible importance or feedback effects of issues that have been 
neglected locally. Second is an emphasis on land use and landscape patterns as dura-
ble—though manageable—underlying drivers of many of the socioeconomic themes 

  Fig. 5.4    Spider diagram indicating current conditions in each of the four municipalities in the Río 
Copán watershed with respect to each of the four principal axes of ecoagricultural development 
(food production, conservation, livelihoods, and institutional support). These indices are derived 
from mixed methods including household interviews, ecological fi eld sampling, and land use anal-
yses, as described in the text. The diagram provides a simplifi ed performance evaluation to help 
assess progress toward community goals, set priorities for future projects, and evaluate progress 
over time       
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that are often the focus of rural appraisals. Third is a focus on quantitative indicators 
that can be readily and cost-effectively measured on a regular basis to track both the 
direct and indirect effects of landscape interventions, as well as the feedbacks 
between these interventions and exogenous policy and market forces. Based on the 
cost of the initial assessment, we estimate that repeating LM evaluations every 
2–3 years as part of a landscape planning and adaptive management program would 
cost $50,000–$70,000. As the MANCOSARIC has learned, however, such up-front 
investment can pay for itself many times over by helping to attract and target foreign 
assistance to communities that have a clear vision for the future and understand 
which projects and interventions will help them achieve this vision.  

   Case Study 2: Applying the Landscape Measures 
Approach in Kijabe, Kenya 

 The second case study documents the use of the 20 Questions and two participatory 
evaluation tools within the Landscape Measures Resource Center as a basis for 
initiating dialogue about landscape dynamics and priorities. The case takes place 
in the Kijabe landscape on the eastern slopes of the Aberdare Mountains, just 
northwest of Nairobi, Kenya. Here lies the Kikuyu Escarpment Forest, a hotspot 
for plant and bird diversity that is also the watershed supplying water to more than 
a million of Nairobi’s inhabitants. The landscape is a mosaic of ancient forests, 
tree plantations, and diverse agricultural plots, supporting a mixed agricultural 
economy and extensive tea production. However, recent population growth had led 
to increased pressure on the forest: cattle and sheep were killing seedlings, resi-
dents were cutting wood for charcoal production, and illegal loggers were exploit-
ing the forest. 

 Recognizing the dependence of local livelihoods on the health of the forest, local 
leaders, with fi nancial support from BirdLife International, established the Kijabe 
Environmental Volunteers (KENVO) to educate, train and support local residents in 
forest conservation and restoration efforts. KENVO began with a seedling initiative 
that organized landscape residents to plant and protect native trees to restore the ailing 
forest. By raising and selling the trees to KENVO, women and youth groups were able 
to earn income while supplying their farms with useful agroforestry trees. Meanwhile, 
a growing contingent of innovative farmers was building on KENVO’s ideas by diver-
sifying and intensifying their production systems to integrate small animals, bees, and 
fi sh farming and by utilizing organic wastes to enhance soil fertility. As these farmers 
increased their incomes and were able to realize prized education and health benefi ts 
for their families, others took notice and the ideas began to spread. 

 By 2007, KENVO had enjoyed signifi cant success, ridding the area of illegal 
loggers and spawning numerous community-led forest restoration groups where 
none had existed before. KENVO’s founder, David Kuria, remarked on residents’ 
deep pride in these achievements but emphasized that “for conservation in this area 
to succeed, communities must continue to benefi t.” 
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   Participatory Landscape Evaluation 

 In this context, KENVO was interested in using the Landscape Measures approach 
to re-assess its strategic direction and provide local stakeholders a forum in which 
to express their needs and priorities. For its part, Ecoagriculture Partners’ Landscape 
Measures team sought to apply and evaluate the ‘landscape performance scorecard’ 
and ‘institutional performance scorecard’ tools, which it had recently designed for 
a Ugandan landscape with similar land use and livelihood dynamics. Both score-
cards are based on the 20 Questions and offer a format for discussion and participa-
tory evaluation of these questions to initiate dialogue on landscape dynamics. 

 KENVO convened a group of 22 stakeholders for a 5-h workshop at its strategi-
cally-located offi ce and meeting space in the landscape. About two-thirds of the par-
ticipants were farmers, while others represented public agencies of forestry and natural 
resources, agriculture and livestock, and social services as well as leaders of church 
groups and other local organizations. KENVO’s multi-lingual professional staff issued 
the invitations, arranged for teas and lunch to be provided, and co-led the workshop 
with Landscape Measures Initiative (LMI) staff. The LMI team prepared color-coded 
copies of scorecards, data capture forms, and written instructions for the exercise. 

 The group began by translating each of the 20 Questions (see  Box 5.2 ) into terms 
that made sense in the Kijabe landscape, a process that involved discussing various 
local examples that were meaningful to participants. Next, each participant fi lled 
out a copy of the landscape performance scorecard, which required evaluating each 
question on a fi ve-point scale for the Kijabe landscape. The group then prepared for 
the institutional scoring exercise by brainstorming to identify all public, private, 
civic, or hybrid organizations that they considered to have an effect on the land-
scape’s current status and future direction. Using a similar scorecard format, partici-
pants scored each institution based on its fulfi llment of its mission and its contribution 
to the objectives articulated in the 20 Questions. The meeting facilitators entered all 
scorecard data into a Microsoft Excel data capture form, computed summary results, 
and generated illustrative spider diagrams of the results, all of which were projected 
for the group to view. Discussion ensued about the results and what they implied 
about the landscape’s current balance among conservation, food production, and 
livelihood performance. Following the meeting, a group of Kenyan participants met 
with the LMI team to review the workshop process, assess the relevance and usabil-
ity of the scoring tools, and determine whether the landscape perspective was help-
ful or viewed by participants as abstract and irrelevant.  

   Outcomes of the Landscape Evaluation 

 The landscape evaluation process exceeded the expectations of KENVO and 
the LMI team in three respects. First, the level of engagement and application of 
participants’ knowledge to the tasks at hand were impressive and inspiring. 
Participants devoted much more time and effort to the institutional scoring than we 
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had anticipated, producing an institutional map of the landscape that KENVO and 
its members have used subsequently in publications, presentations, and discussions 
with collaborators. 

 Second, the exercise stimulated creative thinking and discussion about strategic 
new directions for KENVO’s activities. For example, the landscape scorecard made 
evident the fact that Kijabe was performing better with respect to conservation goals 
than livelihood goals. Refl ecting on this result, participants realized that recent 
external investment in the landscape had been driven for some time by the agendas 
of conservation groups whose aims were to restore forest habitat for wildlife. While 
participants were proud of their conservation achievements, they articulated a need 
to pursue parallel improvements in food production and livelihood security. This 
discussion generated a list of concrete steps toward which the group agreed to orga-
nize, including improving farmers’ access to markets for specialty products and 
securing credit for new enterprises. Results of the institutional scoring exercise 
stimulated participants to target private sector organizations—particularly compa-
nies dealing in agricultural products—for recruitment into KENVO’s activities. 
They also used the newly-created institutional map to explore the potential of link-
ing organizations to create agri-eco-tourism enterprises that would benefi t entrepre-
neurs and the community by taking advantage of the landscape’s strategic location 
and dramatic views into the rift valley. 

 A third outcome of the exercise was KENVO’s decision to invest in the devel-
opment of additional tools and analyses for assessing landscape performance and 
promoting ‘landscape literacy’ among residents and stakeholders. This decision 
stemmed partly from a growing realization—supported by the landscape scoring 
process—that important conservation benefi ts and other ecosystem services were 
being provided in the agricultural mosaic itself, not just in the Kikuyu forest. With 
encouragement and a modest seed grant from Ecoagriculture Partners, KENVO’s 
leaders generated suffi cient resources to commission the National Museums of 
Kenya to conduct a biodiversity inventory in the agricultural portions of the 
landscape to complement the previous inventory of the forest. KENVO also 
commissioned a socio-economic study of farming households to increase their 
understanding of local livelihood strategies and generate baseline information 
against which change could be measured over time. And KENVO worked with the 
Ecoagriculture Working Group at Cornell University to create a land use/land 
cover map that they could used to communicate with residents about land use 
dynamics and opportunities for forest restoration to provide conservation and live-
lihood benefi ts.  

   Conclusion 

 The post-workshop evaluation revealed that the landscape and institutional scoring 
tools—and the process by which they were implemented—were relevant and worth-
while. Participants were visibly engaged throughout the workshop and contributed 
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impressive knowledge and insight from their individual perspectives. The  discussion 
and use of the scorecards ran smoothly, with no apparent confusion, and the result-
ing baseline evaluations were judged to be credible by the people and organizations 
who participated. At the same time, however, the landscape evaluation did not 
merely reiterate what participants already knew. New information was brought 
 forward through the multi-stakeholder forum and, more importantly, participants 
were able to organize and understand existing knowledge in new ways that made the 
trajectory, opportunities, and threats in the Kijabe landscape more apparent. This 
new understanding helped generate ideas about KENVO’s future priorities for land-
scape level planning and management while solidifying KENVO’s commitment to 
continuing to invest in strategic landscape information to support such planning and 
management. A further measure of impact, to be assessed later, would be KENVO’s 
repeat use of the scorecard tools to evaluate changes in landscape performance 
attributable to its programs and to other factors.   

   Toward Mainstreaming of Landscape Approaches 

 The case studies from Honduras and Kenya illustrate the ways in which landscape-
scale negotiation, planning, and monitoring will be crucial for meeting the MDGs 
on a sustained basis in rural landscapes. As documented in this chapter, landscape 
approaches have begun to be used in recent years, but further work is needed to 
continue to develop the science and practice of multi-stakeholder, multi-objective 
adaptive management at the landscape scale. Mainstreaming landscape approaches 
will also require the adoption of favorable policy, market, and institutional frame-
works at the national and international levels. Many of these changes will entail 
substantial re-allocations of power, authority, and resources, and could take years or 
decades to achieve. Key actions needed to support landscape approaches include:

    1.    Shift power over land and resource management to landscape-level institutions 
that have (or can develop) the capacity to carry out such management. Continued 
devolution of government authority will be an important part of this process in 
many countries.  

    2.    Legitimize and provide sustained support for multi-stakeholder processes in 
landscapes. Re-orient government line agencies toward a service role in which 
they provide technical resources and facilitation for these processes and subse-
quently incorporate landscape-level goals and plans into agency priorities and 
programs. Recognize roles for business, NGOs, farmers’ organizations and 
citizen groups in implementing action and tracking progress based on these 
plans.  

    3.    Expand opportunities for training and knowledge sharing around landscape-scale 
analysis, planning and monitoring, moving beyond fi xed-curriculum extension 
to include demand-driven programs and peer-to-peer networks, with learning 
across sectors. Support action learning through partnerships between practitio-
ners and researchers.  
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    4.    Clarify and adjust land and resource tenure arrangements so that households and 
communities are motivated and able to implement concepts or plans that emerge 
from landscape-level adaptive management processes.  

    5.    Create more equitable approaches to the governance of natural resources so that 
corporate and government interests are required to participate in multi-stake-
holder planning processes rather than shortcutting such negotiations through 
inside channels. This applies to both common-pool resources such as forests and 
oceans and privately-owned resources whose management affects public goods 
like water supply and biodiversity.  

    6.    Eliminate market-distorting policies and subsidies that hinder evidence-based 
management of water, soil, crops, and land use. Establish markets for ecosystem 
services to internalize externalities associated with the management of rural 
landscapes, and encourage public and private procurement of agricultural prod-
ucts from farmers using ecoagriculture practices.  

    7.    Re-align the priorities of government agencies, donors and NGOs to incorporate 
environmental sustainability and ecosystem management into agricultural and 
rural development programs, and to track human welfare in a way that accounts 
for the stocks and fl ows of natural capital that support rural livelihoods.     

 Historically, the link between environmental sustainability and the wealth of 
rural communities has been widely ignored or neglected, especially in the fertile, 
productive landscapes that supply much of the world’s food. Technological innova-
tions, inexpensive farm inputs, large subsidies from nature, and the relief valve of 
the agricultural frontier have all held crisis at bay in many rural landscapes. Going 
forward, however, we expect this picture to change. As population pressures mount, 
suitable vacant land diminishes, and productivity gains from technological innova-
tion plateau in post-Green Revolution areas, healthy ecosystems will become 
increasingly fundamental to human wellbeing. As the margin of error for meeting 
livelihood needs in rural landscapes shrinks, the demand for effective landscape 
approaches will grow. Acting now to develop the science, the tools, and the institu-
tional support mechanisms for landscape-scale adaptive management will ensure 
that such processes are fully functional at the time they are most needed.      
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 The chapters in this section address the issue of water and the challenge presented 
by its complex roles within ecology and poverty. Essential to all life on earth and 
seemingly connected to all facets of our lives, water defi es succinct summary and 
easy solutions. Panacea have arrived and departed and our water systems exhibit 
some incremental changes, but typically only the slogans endure. Meanwhile, water 
grows scarcer around the world, the poor suffer limited access to water, aquatic 
ecosystems are among the most threatened by human alteration, societies remain 
vulnerable to water hazards such as fl oods and drought and most water use is inef-
fi cient in both physical and economic terms. Why is this so? The reasons are myriad, 
and in water issues, the details are critical and too often superseded by the force of 
strong convictions. Nonetheless, one often fi nds that a root cause of many complex 
water issues relates to the diffi culty of managing the ever present intricacies of 
poverty and ecology. These are the issues that make water different from other, 
more easily commoditized, mediums. 

 People have long been challenged by the need for a practical valuation of water. 
Early economists, including Adam Smith, were perplexed by the water-diamond 
paradox. Why was water which is essential to life worth so little, while a diamond 
which has little practical use worth so much? The answer lay in the concept of marginal 
value, which means that a good is valued at its marginal use, that is, the use that 
would be the fi rst to go if less water were available. Since water was so plentiful, the 
very lowest valued uses of water, such as unused river fl ows, were of no value to this 
early economic thinking. Since then we have learned much more about the value of 
water including the value of its instream fl ows. These include the importance of 
streamfl ow patterns for aquatic ecosystems that have evolved in concert with the 
variability that characterizes natural fl ows. It also includes the services that these 
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ecosystems provide for many poor and often indigenous communities such as 
sources of protein through fi sh harvesting and irrigation through fl ood recession 
agriculture. Now that we are reaching the limits of water availability, we face the 
prospect of choosing which of our current water uses will not receive water in the 
future. 

 As the authors in this section describe, there are no easy choices. Those who lose 
access to water when it is scarce suffer real damages regardless of our ability to 
quantify or moderate those damages. Yet these chapters also describe how careful 
thinking and rethinking of our objectives and the means of achieving those objec-
tives can lead to better outcomes and, in many cases, avoid water confl icts. From 
this viewpoint, we have yet to fully rise to the challenge that water issues present 
and much remains that can be done. 

 The fi rst chapter by Timothy Randhir and Ashley Hawes provides an overview 
of the watershed as the medium through which our decisions are translated to water 
quality and quantity with ecological and socioeconomic ramifi cations. This includes 
population growth and land use, the construction of dams, and the withdrawal of 
water for agriculture and other purposes. The concept of the connectedness of all 
things within a watershed is then used to explore its sustainability. The authors 
discuss the benefi t of integrated approaches that incorporate social and ecological 
factors in addition to the usual economic ones. Finally, they discuss the manage-
ment challenges that characterize most water discussions, issues that reappear in the 
following chapters. 

 The chapter by Thomas FitzHugh, Colin Apse, Ridge Schuyler, and John 
Sanderson focuses on the real issues that arise when the objectives of urban water 
supply appear to be in confl ict with the water needs of the environment and/or the 
poor. As they describe, the robust trend in the population growth of urban centers 
and the accompanying increase in water demand implies that these challenges are 
not only pressing now, but will certainly increase in the foreseeable future. Given 
the typical approach to the management of urban water supply systems, a growth in 
these confl icts could easily lead to substantial damage to affected ecology and the 
people directly dependent on it. In response, the authors outline a process called 
“ecologically sustainable water management” that is designed to lessen negative 
impacts while maintaining the ability of the water supply systems to meet their 
objectives. In several cases, they describe how the process often leads to resolutions 
through consensus building and common sense approaches that multiple stake-
holder groups can embrace. By focusing on the details they fi nd small changes that 
can have large benefi ts in ecological terms. 

 The fi nal chapter by Casey Brown focuses on the variability of water supplies 
and the challenges that it poses to the management of water resources and ulti-
mately to economic growth in poor countries. With expectations that hydrologic 
variability will increase with climate change, there is likely to be a greater demand 
for water infrastructure with greater impact on the poor and ecosystems in the places 
where it is built. However, there are underutilized tools available, such as economic 
mechanisms for water allocation and hydrologic forecasting derived from remote 
sensing and global modeling data sources that have the potential to improve the 
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management of water variability and decrease the negative impacts of infrastructure. 
If the potential of these tools are to be realized, a concerted research effort is needed 
that focuses on updating the science of water management to be consistent with our 
current priorities and to facilitate the integration of new technology. 

 In the end, the value of water will not be quantifi ed easily. However, perhaps this 
impediment to the successful resolution of water issues can be a source of strength 
for fi nding enduring solutions. For water forces us to face the limits of the reduc-
tionism upon which our analytical house of cards is often built. As our authors 
demonstrate, practical solutions to water challenges can be found through discus-
sions of diverse groups with varied and at times confl icting interests. Together they 
fi nd commonalities and points of agreement that become a basis for a “shared 
vision” of the future. Models provide our best understanding of the system and are 
a practical means for organizing the data that is available. Yet the model is not 
expected to provide the solution, but rather to support the conversation. As a result, 
resolutions include a group of committed stakeholders with an interest in seeing a 
plan succeed. Through the research agenda and the experience of practical applica-
tion described in these chapters, the messy realities of the water challenge can be 
met with a scientifi c rigor designed to solve it. A vision for sustainability in water 
may just emerge.      



113J.C. Ingram et al. (eds.), Integrating Ecology and Poverty Reduction: 
Ecological Dimensions, DOI 10.1007/978-1-4419-0633-5_7, 
© Springer Science+Business Media, LLC 2012

   Introduction 

 As population growth expands throughout the globe, there is an increasing demand 
on watershed systems for goods and services that are vital to the survival of human 
population and ecosystems. These goods and services are innumerable and include 
food, timber, genetic resources, medicines, water purifi cation, fl ood control, coast-
line stabilization, carbon sequestration, waste treatment, biodiversity conservation, 
soil generation, disease regulation, maintenance of air quality, and esthetic and cul-
tural benefi ts (Ayensu et al.  1999  ) . Due to impacts to watershed systems, many parts 
of the world are facing increasing economic and environmental problems. Poverty, 
unemployment, access to fresh water, poor sanitation, loss of biodiversity, and 
depletion of habitat are some of the diffi culties societies are facing today. 

 There is an increasing need to improve or maintain the structure and function of 
watersheds to enhance their role in supporting human populations while simultane-
ously maintaining ecosystem needs. Palmer et al.  (  2004  )  observes that current trends 
show a growth in both population and resource consumption, indicating an increase 
in anthropogenic impacts on the natural environment. As development intensifi es in 
response to population growth, rates of resource consumption will continue to 
increase. Sustaining these crucial resources will require an international effort 
towards a more integrated knowledge of development impacts on natural systems 
(Ayensu et al.  1999  ) . 

 Land use, infrastructure development, and technology have substantially modi-
fi ed natural systems beyond their ability to recover. Required to sustain watershed 
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services in the long term are integrated policies that address the relationships 
between human activity and the environment. Considering human activities as part 
of the watershed ecosystem encourages sustainable approaches to resource manage-
ment and socioeconomic development. This chapter aims to provide a background 
on the ecological dimension of watershed management and the implications for 
sustainable development and alleviation of poverty.  

   Importance of Watershed Systems to Poverty and Development 

 A background on the state of population and poverty is useful for understanding the 
pressure on watershed systems and the need to integrate developmental issues into 
watershed management. World population continues to grow at an annual rate of 
1.3%, adding 78 million people to the planet each year (United Nations  2000  ) . At 
this rate, global population is expected to reach 7.2 billion in 2015 and 8.9 billion in 
2050 (United Nations  1999,   2000  ) . Eighty percent of the population lives in devel-
oping countries, and less developed regions are expected to absorb 98% of future 
population growth (United Nations  2000  ) . A large proportion of the population in 
the developing world still lives without access to safe water and sanitation, limiting 
the health and productivity of those populations (United Nations  2000  ) .    Johnson 
et al. ( 2001 ) estimates that 2.3 billion people currently live in stressed river basins 
(where per capita water supply is below 1,700 m 3 ) and this is expected to increase 
to 3.5 billion by 2025. 

 Population densities are unevenly spread throughout the world, intensifying 
pressure on natural systems. The global average population density has been esti-
mated at 48 persons per sq. km (square kilometer) in 2005 and is expected to 
increase to 67 persons per sq. km by 2050 under medium variant scenario (UN 
 2008  ) . The population density of developed countries was 24 persons per sq. km in 
2005; in less developed countries, the density was 64 persons per sq. km during the 
same period, and is expected to increase to 95 persons per sq. km by 2050 (UN 
 2008  ) . UNEP  (  2007  )  estimates that land available to each person is shrinking from 
7.91 ha in 1900 to 2.02 ha in 2005 and is expected to reduce to 1.63 ha in 2050. This 
illustrates the increased pressure watersheds within less developed countries are 
expected to face in the coming decades from increasing population growth and 
densifi cation. 

 Many countries where the population is expected to increase are currently 
burdened by high levels of soil, water, and forest degradation. With increasing envi-
ronmental degradation, these countries are more susceptible to declining incomes, 
increased unemployment rates, higher poverty rates, habitat loss, decreased biodi-
versity, reduced sanitation facilities, and reduced access to safe water. 

 Increasing population densities tend to aggravate watershed resource management 
problems. Population growth affects the extent of resource use, changes land cover, 
alters hydrology, and infl uences ecosystem services of a watershed. Higher popula-
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tion densities often result in higher per capita use of watershed resources, and result 
in increasing allocation of land to human uses. Expanding development alters the 
land cover conditions toward cropland, pasture, or urban cover and changes the 
characteristics of watershed ecosystems. Increased demand for water for agricul-
tural and industrial purposes can reduce the availability of safe drinking water for 
all. 

 High human population densities intensify pressure on wildlife and tend to 
reduce native biodiversity in watersheds. Construction and other urbanization activ-
ities, while improving economic livelihoods, can increase soil loss in watershed 
systems. Soil loss reduces the capacity of water systems to provide abundant clean 
water by increasing sedimentation and contaminant loads in water bodies. Johnson 
et al. ( 2001 ) observes that population growth and associated human activity have 
impacted ecosystems by fragmenting river basins (altering fl ow paths), diverting 
water (altering water quantity), and decreasing water quality. 

 In addition to impacts derived from human densifi cation, extensifi cation of 
human land uses can also have negative impacts on watershed systems. For instance, 
forest loss for agricultural production depletes habitat necessary for native species. 
Forest loss also makes ecosystems vulnerable to the impact of storm events and 
hurricanes, which can result in large-scale land-form modifi cations, such as land-
slides, and associated economic losses. In intensive agricultural and logging land 
use areas, soil loss can reduce fertile top soil and increase sediment loading into 
water bodies. 

 Impacts from resource depletion have a direct effect on people dependent on 
natural resources for survival. For instance, poor water and sanitation facilities 
increase health costs and reduce productivity of the population. Waterborne dis-
eases continue to be the leading cause of death of people throughout the world 
(WHO  2002  ) . Every year 1.5 million people die from water related diseases, out of 
which 1.3 million are from developing countries (Prüss-Üstün et al.  2008  ) . Similarly, 
depleted soils and poor water quality can also impact agricultural yield in water-
sheds throughout the world, thereby reducing safe and reliable food supplies for 
human consumption and decreasing food available to the poor. 

 Often, land use and technology have greatly altered ecosystems beyond their ability 
to recover. Johnson et al. ( 2001 ) indicates that ecosystem services, particularly 
watershed services, can be irreplaceable or cost prohibitive to replace, as is the case 
with production of fresh water through desalinization. Given that watersheds provide 
economic goods and ecosystem services that affect the livelihoods of people, a proac-
tive approach is needed that incorporates information on tradeoffs in economic and 
ecological impacts (Randhir and Shriver  2009  ) . As resource consumption shows no 
sign of slowing, compatible use is necessary to meet human needs (Palmer et al.  2004  ) . 
Properly designed rural and ecosystem-based enterprises can create economic, 
social, and environmental resilience that can be fi rst steps on the path out of poverty 
(World Resources Institute  2008  ) . To design these interventions properly, though, it 
is important to adequately understand local watershed and poverty contexts.  
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   System Dimensions of Watersheds and Poverty 

 Watershed systems are connected and differentiated internally and externally by 
several interrelated dimensions – lateral, longitudinal, vertical, and temporal (Ekness 
and Randhir  2007  ) . Watershed dimensions, especially longitudinal and lateral, play 
a vital role in the distribution of amphibians, reptiles, birds, and mammals in a 
watershed (Ekness and Randhir  2007  ) . In addition to ecological changes, the extent 
of poverty and potential for poverty alleviation can also change along these dimen-
sions. The spatial variability in income and risk levels in watershed systems is 
important information to consider in watershed management for economic and 
environmental objectives (Randhir et al.  2000  ) . Incorporating these dimensions into 
watershed analysis provides an integrated examination of watershed functions and 
effi cient modeling of tradeoffs in support of developing sound poverty alleviation 
strategies. This, in turn, allows for more informed and balanced policy decisions to 
reduce poverty and the risk of unforeseen ecological costs. 

 The spatial boundaries of watershed ecosystems are generally determined by 
topographic and physical characteristics that delineate an area draining to a particu-
lar water body. This lateral dimension is not always static, but may be altered by 
natural or anthropogenic processes. An example of large-scale lateral boundary 
modifi cation may be found in the periodic cycles of glaciation. Large erosive forces 
produced by a moving mass of ice hundreds of meters thick are capable of carving 
a landscape into valleys that preferentially direct surface water toward a receiving 
water body. Less imposing, but not insignifi cant, are the daily wind and water ero-
sional processes that remove sediment from one area of a watershed and deposit it 
to another area, which may be outside the watershed entirely. Another lateral com-
ponent of a watershed system is the riparian area, which is the interface between the 
aquatic and upland environments. The riparian area is connected hydrologically to 
the terrestrial environment by surface runoff, as well as groundwater, and is strongly 
infl uenced by the quantity and duration of water in the system. 

 Most human activities that depend on water tend to be located in close proximity 
to water bodies. Communities that are dependent on agriculture, fi sheries, and natu-
ral resource industries are sited in proximity to water bodies for irrigation, transport, 
and waste servicing. Thus, riparian areas provide food and resources for communi-
ties and improve the livelihoods of those with access to riparian resources. The fl ood 
plains also have higher frequency of fl oods than other areas of the watersheds, 
thereby increasing the uncertainty in income. Other regions in the lateral dimension 
are headwaters, the areas of higher slope angles within fi rst-order streams. These 
regions, if deforested, can be vulnerable to landslides and increased topsoil erosion. 
As was demonstrated by the impact of hurricane Mitch in Honduras, the lack of 
protection of headwaters can make these regions more prone to landslides following 
hurricanes and other natural disasters with catastrophic consequences for poor com-
munities and lasting effects on water pollution. 

 The quantity of water in a system is altered by the introduction of dams, increa-
sed water usage for agriculture, and drought management programs. While dam 
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construction can increase economic productivity through increased availability and 
stability of water supply, expansion in irrigated area, and fl ood control benefi ts, 
ecosystem impacts are often severe. The ecosystem impacts can affect livelihoods 
of the poor and natural resource based communities. Thus, there are clear tradeoffs 
between economic and ecological benefi ts that require evaluation for effective 
watershed management. 

 The duration of water in a system may be modifi ed by activities that increase or 
decrease the rate at which water enters the stream channel, such as an increase in the 
area of an impervious surface. These variable hydrologic conditions within riparian 
systems create distinctive conditions, such as hydric soils, that encourage unique 
vegetation communities and provide habitat for many aquatic and terrestrial species 
during various life cycles stages. Riparian areas have also been recognized as per-
forming such functions as removing contaminants from surface water, reducing 
stream temperature, and contributing coarse woody debris into aquatic communi-
ties. Loss of the riparian habitat can have severe impacts on income, employment, 
and subsistence resources of local people. 

 Human activity has the potential to greatly alter watershed boundaries by creating 
obstacles to surface and groundwater fl ow. These obstacles may be created by vari-
ous developmental activities that include placement of roads, constructing impervious 
areas, and deforestation. These developmental activities can intercept and redirect 
precipitation outside of the catchment. Large scale earth-moving activities can also 
redirect hydrologic fl ows. Watersheds and riparian boundaries may be altered to 
increase the proportion of tillable or otherwise developable land. Development activ-
ities that ignore these critical ecosystem processes and dimensions may result in 
changes that are irreversible without direct restoration activity. 

 Rivers and streams longitudinally connect upstream areas of the watershed with 
the downstream areas. Hence, the impacts from each upstream section compound 
the effects on the sections below. The interplay between land use and poverty in 
watersheds is important to understand for effective management. Poverty can result 
in increased incentives for land uses that can rapidly exploit resources for quicker 
gains. For example, vegetation cover may be reduced by forest clearing for agricul-
ture or urban development. Forests may also be thinned by fuel wood collection or 
other harvestable materials. Decreasing cropfi eld fallow periods can result in 
decreased crop yields that do not meet the nutritional needs of the human popula-
tion. The effect of poverty on changing land use can be substantial where land use 
policies are lacking or not implemented and enforced. In turn, land use can affect 
poverty by reducing access to resources and income or employment potential. 
Furthermore, these land use changes can also create ecosystem impacts that alter 
natural hydrology and ecosystem health that can in turn reduce water quality, nega-
tively impacting human health. 

 Changes in land use, particularly within the headwaters, have the potential to 
greatly impact the economic and ecological conditions of downstream locations. 
Increased impervious surface resulting from development activities in headwaters 
increases the quantity and rate at which runoff enters a stream during a storm event, 
ultimately increasing the rate of discharge at the watershed outlet. In addition to 
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water, sediment, nutrients, and contaminants carried in the stormwater can be more 
rapidly transported from upstream reaches of the watershed with fl ash fl ood and 
other potentially catastrophic impacts. The potential for confl ict arises when 
upstream management policies do not incorporate strategies to mitigate impacts to 
downstream communities which are often separated by political boundaries. As 
with the lateral dimension of watersheds, the longitudinal dimension may vary 
depending on climatic and hydrologic conditions, separating watershed communities 
that share perennial streams during times of drought and connecting communities 
linked by intermittent streams during periods of high fl ow. 

 The atmosphere and groundwater systems are connected vertically by processes 
such as precipitation, evapotranspiration, and infi ltration. These processes infl uence 
the quantity, quality, and duration of water entering the watershed system. Although, 
largely controlled by climatic conditions, human activities can also alter these pro-
cesses. Increasing development and impervious surfaces decrease infi ltration rates, 
increase the quantity of water entering surface systems, and introduce anthropo-
genic contaminants. Development also has the potential to alter the micro-climate 
of the area, as is observed in urban communities. Policy decisions, such as incorpo-
rating rooftop gardens, community gardens or urban agriculture, and use of perme-
able building materials in community planning may decrease the effects of human 
activities on the watershed system. 

 The lateral, longitudinal, and vertical dimensions described above vary tempo-
rally as the system adjusts to varying physical, biological, and chemical conditions 
within the watershed. The signifi cance of changes in these watershed conditions is 
dependent on the scale at which the watershed is managed. Single storm or erosion 
events may have signifi cant impacts on a system managed for short term objectives, 
such as monthly water quality goals. These single events, however, could have less 
signifi cance over the long term. Cumulative effects occur when the combination of 
individual activities and events within the watershed result in signifi cant changes to 
watershed functioning. As with the temporal scale, the spatial scale may also modify 
the signifi cance of events or activities. Cumulative effects may be observed when 
activities that are inconsequential on a small scale are of great consequence when 
combined over a larger scale, and, thus, there is a need to account for economic and 
ecological tradeoffs to achieve sustainable watershed management. This will allow 
management of watershed resources to alleviate poverty with minimal effects on the 
ecosystem that sustains local people and resources.  

   Ecological Components of Watershed Systems 

 The ecological health of a watershed infl uences the functions of the watershed as 
well as its value to the human population. The components that comprise watershed 
ecology include interrelated abiotic, biotic, and socioeconomic elements, many of 
which may be measured, modeled, and analyzed to evaluate current and potential 
management decisions. Abiotic elements of a watershed are nonliving physical 
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factors, such as climate, hydrology, geochemistry, bedrock geology, and soils. These 
elements may be represented by precipitation statistics and trends in seasonal mean 
temperature, stream hydrographs and hydrologic response, water quality, and soil 
chemistry. Biotic elements of a watershed are comprised of the living organisms and 
their associated communities, including vegetation, microbes, wildlife, and people. 
Biotic elements may be represented by species number and distribution surveys, 
stress evaluations, and interaction analyses. 

 Abiotic and biotic elements interact to produce biogeochemical processes that 
greatly infl uence watershed ecology (Moldan and Cerny  1994  ) . These physical and 
weathering processes may alter the physical boundaries of the watershed and veg-
etation communities throughout the catchment. Biota in riparian areas remove nutri-
ents and contaminants from water originating in agricultural and developed regions 
of the watershed, improving the water quality in stream and downstream (Lowrance 
et al.  1984  ) . The permeable structure of watershed ecosystems allows species mobil-
ity and hydrologic connections, permits the transfer of abiotic and biotic elements 
between ecosystems, and creates dynamic communities. This transfer of material is 
modifi ed by socioeconomic factors that fragment watershed structure. 

 The socioeconomic component of the watershed affects the ecosystem through 
management decisions that refl ect the values and priorities of the human popula-
tion. Conversion of undeveloped areas to suburban and urban communities can 
result in direct habitat loss, fragmentation, and alteration. Increasing development 
often increases the cover of impermeable surfaces that increase runoff and reduce 
vegetation cover and groundwater infi ltration. Natural features, such as streams, 
wetlands, and forests, may be altered through channelization, industry manage-
ment for silviculture or aquaculture, and to increase the land available for agricul-
ture. Increasing population densities can place uneven or unsustainable demand 
on local resources that may not support the population under times of natural envi-
ronmental stress. The complex relationships among abiotic, biotic, and anthropo-
genic factors require careful assessment and planning to assess ecosystem impacts 
in the watershed system. A multi-attribute framework involves the combined 
assessment of multiple attributes of the watershed ecosystem (Randhir and Shriver 
 2009  ) . This approach can be helpful to identify baseline conditions, prioritize 
policies, and adapt community planning to maintain ecosystems (Shriver and 
Randhir  2006  ) . 

 Maintaining biodiversity requires habitat management techniques that include 
both the preservation of individual species, as well as, the processes necessary for 
overall ecologic health (Naiman et al.  1995  ) . Human activities have the potential to 
cause ecosystem simplifi cation by inhibiting the fl ow of species individuals between 
watershed boundaries (Doppelt et al.  1993  ) . Fostering high water quality, maintain-
ing natural dynamic biogeochemical processes, and reducing human impact on the 
ecosystem encourage biological integrity and promote overall biodiversity. Main-
tenance of ecosystem integrity is vital to balanced economic development and 
requires careful inventory of ecosystem resources. Tradeoffs in economic and eco-
logical objectives are essential to the decision-making framework. For this, a partici-
patory approach that informs and involves the people directly affected by a decision 
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can enable sustainable solutions to watershed management. While there is a wide 
range of management ideals, from pure economic development and pure ecologi-
cal conservation, a balance between these objectives is necessary to achieve poverty 
alleviation and sustainable development in watersheds. In the issue of poverty, the 
success of sustainable watershed management relies on the ability of stakeholders to 
consider the concerns of others and arrive at mutually supported policies.  

   Watershed Sustainability 

 The sustainability of watersheds becomes important as we consider economic and 
ecological services critical to support the increasing demands of human populations 
and wildlife. The World Commission on Environment and Development (Brundtland 
Report) in  1987  defi nes sustainability as “meeting the needs of the present without 
compromising the ability of future generations to meet their own needs.” While the 
defi nition is straightforward, it is more complicated in implementation because of 
the primacy of current needs over those of future generations. 

 Watershed sustainability requires the use of watershed goods and services with-
out impairing ecosystem integrity and without compromising the ability of future 
generation to use these services. This is a diffi cult and complex task requiring exten-
sive information about ecosystem components and dynamics, stakeholder values, 
and resource constraints faced by watershed managers. The watershed context is 
defi ned by the state of ecosystem components, their interactions, depletion rates, 
recovery rates, the nature of stressors, and system resilience. The stakeholders’ con-
text is defi ned through population demography, community norms, values, institu-
tions, organizations, community interaction, and public participation. Sustainability 
is infl uenced by such economic parameters as include the nature of markets, resource 
constraints, incentive structures, technology, and prices. 

 Achieving watershed sustainability requires balancing economic and ecological 
goods and services provided by a watershed system through time, while considering 
intergenerational ethics. This balance defi nes the rate of net depletion in watershed 
resources and services that can be maintained without compromising the future use 
of watershed services. 

 Watershed activities of the current generation can produce negative externalities 
that compromise intergenerational equity. Examples of negative externalities include 
accumulation of pollutants, deforestation, soil loss, excess water use, habitat loss, 
and reduction in biodiversity. These activities by the current generation can reduce 
watershed benefi ts for future generations. For instance, accumulated pollutants 
increase the cost of water treatment and public health costs of a future generation. 
However, current generations may not want to bear the cost of maintaining water-
shed services for future generations. Values and priorities change among genera-
tions, making it diffi cult to evaluate the cost-effectiveness of a particular activity 
over multiple generations. 

 Most ecosystem goods and services provided by watershed systems do not have 
market-based transactions. This makes it diffi cult to value ecosystem goods and 
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services, since there are no revealed preferences for them through prices. Thus, 
ecosystem functions that are vital to future and current generations are diffi cult to 
value. This results in undervaluation and in inequitable distribution of damages 
from environmental degradation. However, new efforts have arisen to value water-
shed services through water markets. There are relatively few examples of func-
tioning water markets, one kind of which is described further in Chap. 14, Vol. 2. 
Non-market valuation techniques are also being developed to monetize watershed 
services. These techniques use stated preference and other indirect methods to 
quantify the nominal value of watershed services. Non-market valuation of water-
shed commodities and services quantify ecosystem values that could be used to 
optimize management practices in watershed systems. Such integrated assessments 
based on both ecological and economic information are the basis of ecological 
economic approaches to developing sustainable management plans for watershed 
systems.  

   Integration Towards a Systems Framework 

 Integrating ecological and socioeconomic information into a systems framework 
based on watershed boundaries promotes management decisions that incorporate 
resource capabilities (Montgomery et al.  1995  ) . Traditionally, resource and environ-
mental policy has followed a single aspect or reactive approach, focusing on a par-
ticular resource or management factor without recognizing other interrelated 
components (Ayensu et al.  1999  ) . This approach incorrectly isolates individual 
components of the system and creates an unrealistic system vacuum where external 
inputs and outputs are not adequately considered. Policy decisions based on this 
model create an unbalanced policy framework that is ultimately unsuccessful in 
achieving the initial management goal. 

 By incorporating ecological and socioeconomic factors, watershed management 
identifi es environmental issues within and across various dimensions and facilitates 
an integrated policy response. Recognition of various interests and stakeholders 
encourages the development of adaptive solutions across political boundaries, clari-
fying jurisdiction and improving the success of management decisions. These solu-
tions can be specifi cally structured to anticipate future environmental problems and 
thereby encourage a proactive management approach. 

 Challenges toward implementing an integrated system include incorrectly incor-
porating the multiple distinct elements, thereby creating a faulty framework 
(Omernick and Baily  1997  ) . Holistic knowledge of the system, including ecology, 
resource potential, and management goals, requires research, model generation, and 
model validation across traditional boundaries. An integrated systems approach 
also necessitates coordination among experts across various scientifi c and socioeco-
nomic fi elds and among regulatory agencies, which often have confl icting resource 
goals. The direct monetary cost of implementing the system presents challenges as 
the execution often produces non-market benefi ts that are diffi cult to recognize and 
measure. An integrated approach also needs to account for dynamic changes in the 
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system attributes and people’s values and norms, including factors, such as uncer-
tainty in budgets, technological constraints, and the impact of natural disasters. 
Thus, an adaptive planning approach is needed to develop sound integrated solu-
tions. In this frame, new information on the ecosystem, values, and constraints are 
constantly added to update management strategies.  

   Challenges 

 Several challenges in watershed management increase the complexity of decision 
making. Multiple boundaries, common pool resource issues, valuation of watershed 
services, the need to maintain watershed resilience, and the need for integrated 
modeling, and incorporating participatory approaches all add complexity to man-
agement plans. Each of these will be discussed in turn. 

   Handling Boundaries 

 One aspect of watershed management that becomes complex is dealing with a variety 
of boundaries. Most local, state or provincial, and national boundaries are adminis-
trative in purpose and do not typically coincide with watershed or other ecosystem-
based boundaries. Watersheds can cross several administrative and ecosystem 
boundaries, increasing the complexity of watershed assessments and management, 
and requiring cooperation among different administrative units and agencies. 

 Three natural units in ecosystem management are watersheds, ecosystems, and 
biomes. Ecosystems are defi ned as a community of organisms interacting with one 
another and with the environment. Biomes are major regional communities of plants 
and animals with similar characteristics and environmental conditions. Given a vari-
ety of landscape units, a hierarchical approach can be used to accommodate multiple 
boundaries and units in watershed management. For example, biomes can be divided 
into river basins and further into watersheds. This requires an overlay of administra-
tive lines to identify the nature of jurisdictions. The overlay can be hierarchically 
nested to smaller scales: sub-basins, reaches, and ecosystem patches. A hierarchical 
approach can be used to link small groups to larger groups as they relate to river 
reaches, sub-watersheds, and larger regions. This allows decisions at an appropriate 
scale, while also understanding scales below and above the current decision scale.  

   Valuing Watershed Services 

 Ecosystem services are often not transacted in commercial markets, which make them 
diffi cult to value. The rural poor rely on these services for supporting their livelihoods 
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and meeting their basic needs. Costanza et al.  (  1997  )  observed that the economic 
value of ecosystem services and natural capital in the world ranges from $16–54 
trillion each year. The economic valuation of watershed services and natural capi-
tal is useful in assessing changes in benefi ts and costs of restoration. This is useful 
in developing protection programs and in identifying levels of damage to water-
shed ecosystem. Compensation and other incentive programs can be designed for 
restoring impairment in watershed systems. Non-market valuation methods that 
include the Contingent Valuation Method, travel cost, and hedonic methods are 
common in arriving at stated values of ecosystem services. These values are vital 
to watershed management to prioritize and protect watershed goods and services 
that are vital to poverty alleviation.  

   Common Pool Resource Management 

 Most watershed resources can be classifi ed as common pool resources, where users 
cannot be excluded and the resource use is rivalrous. Thus, watershed resources 
have a tendency to be overused when there are no management strategies in place. 
Understanding the nature of common resources and their successful governance is 
an important aspect of watershed management. Several factors infl uence successful 
management of the commons – size of the resource, boundary, number of users, 
monitoring, mobility of users, cooperation, mutual trust, and the nature of the 
resource itself. Optimal management of the common pool thus requires an institu-
tional design that includes characteristics of both the resource and of the users, as 
well as a performance assessment based on effi ciency, sustainability, and equity 
(Dietz et al.  2002  ) .  

   Ecosystem Resilience 

 Resilience is the ability of a watershed system to recover from the impact of stres-
sors by human, climatic, and other factors. Resilience of a watershed can be associ-
ated with the extent of wetlands, riparian ecosystems, forest cover, natural river 
fl ows, soil conditions, and geological conditions. While some of the factors are 
beyond human control, watershed resilience could be increased by restoring to 
historic conditions and minimizing characteristics that reduce resilience. For example, 
maintaining forest cover, wetlands, and riparian systems increases resilience of 
watersheds to damage from fl oods and hurricanes. River systems are dynamic and 
often resilient to large impacts on water quality. For example, rivers in the United 
States with high pollution levels in the 1960s recovered substantially to fi shable and 
swimmable levels after the Clean Water Act.  
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   Integrated Modeling 

 Palmer et al.  (  2004  )  observe that understanding how natural systems provide ecologi-
cal services entails measuring services and assessing their dynamics at scales that 
match ecosystems properties. Modeling is an important tool in watershed manage-
ment to address complexities and make effective decisions. Quantifying impacts and 
exploring the relationships among various ecosystem properties often requires statis-
tical and simulation methods. To identify optimal practices, mathematical optimiza-
tion can be used to identify effi cient practices in watersheds. Integrated modeling that 
combines a variety of quantitative tools to address a problem is useful in watershed 
management. Ayensu et al.  (  1999  )  observe that integrated models allow policy mak-
ers to explore the consequences of management decisions and promote pro-active 
policy approaches. Decision support systems are being used to provide timely and 
appropriate information that is useful in arriving at particular watershed decisions.  

   Participatory Approaches 

 Participation is an important part of effective and sustainable solutions to watershed 
problems. This includes involvement and interaction of stakeholders, scientists, and 
managers in planning and management of watershed systems (Shriver and Randhir 
 2006  ) . Good ecosystem management deals with confl icting goals and takes into 
account the linkages among environmental problems that require stakeholder par-
ticipation to resolve (Ayensu et al.  1999  ) . For example, management of watersheds 
for poverty alleviation need to include representatives of the poor, business com-
munity, planners, banks, and development agencies. This enables the processing of 
tradeoff information and development of outcomes that are consensus based. 
Incorporation of information and acceptance of a project by all stakeholders reduces 
confl icts, increases participation, and increases the effectiveness of the project. 
Public participation is often diffi cult to garner due to a lack of interest or disenfran-
chisement of community members from resource protection. Participation is also 
hindered by diffi culties in organization, higher costs of participatory approaches, 
lack of awareness, and poor leadership. Some strategies that increase participation 
include public awareness campaigns, voluntary programs, compensation for time, 
and increased transparency in organizational procedures. Other methods that are 
useful in increasing public participation include working groups, public meetings, 
feedback sessions, watershed teams, and use of the Internet.   

   Conclusion 

 Watershed systems provide valuable goods and services to support human popula-
tions and ecosystems. There is an increasing need to improve and maintain the 
structure and function of watershed systems to achieve sustainable resource use. 
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Evaluating human activities as a part of the ecosystem is necessary to reach this 
goal. 

 Many countries with rapid population growth are already burdened with high rates 
of degradation in soil, water, and forest resources. With increased environmental 
degradation, further negative impacts are likely on income, unemployment, poverty, 
biodiversity, and water resources protection. Watershed management allows careful 
planning of strategies that mitigate these impacts and enable sustainable growth. 

 Watershed ecosystems are comprised of four major dimensions that are dynamic 
and interactive: the longitudinal, lateral, vertical, and temporal dimensions. These 
dimensions should be incorporated into watershed analysis for integrated assessment 
and effi cient modeling of the system. Recognizing changes in biotic and abiotic 
processes along multiple dimensions is important for understanding the ecosystem 
transformations in a watershed. Similarly, incorporating the spatial and temporal 
changes is important in understanding cumulative impacts in a watershed system. 

 The sustainability of watershed systems becomes important as we consider 
increasing the extent and effi ciency of economic and ecological services to satisfy 
the needs of human beings and wildlife. Information on the state of the ecosystem, 
interactions, rates of depletion, recovery, extent of stressors, and resilience are 
important characteristics of watershed systems. An integrated assessment of eco-
logical and economic aspects is useful in developing sustainable watershed man-
agement plans. 

 Several challenges in ecosystem-based watershed management include multiple 
boundaries, the nature of common pool resources, ecosystem valuation, resilience, 
integrated modeling, and participatory approaches. Some potential solutions to 
these issues are also discussed. Understanding the ecology and economics behind 
watershed systems is critical for effective management. Complex information, 
dynamics in ecosystem processes, and human dimensions make watershed manage-
ment a diffi cult task. Adaptive planning, integrated modeling, and participatory 
solutions provide hope for addressing complexity in watershed decision making.      
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   Introduction 

 Worldwide population and water use trends indicate that management of water 
 supplies for urban areas will be a critical issue in the twenty-fi rst century. Between 
2005 and 2050, global population is expected to increase from 6.5 billion to over 
9.2 billion, with population living in urban areas increasing from 3.2 billion to 
6.4 billion (UN  2006 ;  2007  ) . Such population growth will place increasing pressure 
on available water supplies for cities, as will water demands for industrial produc-
tion associated with economic development. Current predictions of global non- 
agricultural water demands indicate a continuing uptrend in withdrawals, assuming 
continuation of existing consumption patterns (Rosegrant et al.  2002 ; Shen et al. 
 2008 ; 2030 Water Resources Group  2009  ) . Given that 90% of the 3.2 billion person 
increase in urban populations by 2050 will be in developing countries (UN  2007  ) , 
clearly there will be immense pressure to build additional infrastructure to supply 
water for cities over the next 40 years in the developing world. 

 These trends in urban water use are an important issue from an ecological per-
spective because of the negative impacts that urban water management and infra-
structure typically have on natural freshwater ecosystems and biodiversity (FitzHugh 
and Richter  2004  ) . The typical pattern of urban water development in the twentieth 
century has been expansion of water supply infrastructure without regard for eco-
logical needs. Continuation of this pattern will have serious consequences for not 
only the health of freshwater ecosystems, but also the ecosystem services that those 
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systems provide for people. Because populations in developing countries are generally 
more directly dependent on freshwater ecosystem services than most people in the 
developed world, managing any negative effects of infrastructure development will be 
particularly important, and even more so for poor people who often do not benefi t from 
engineered urban water provision. 

 To manage negative ecological effects, it will be critical to implement a more 
informed process of water planning and management, so as to store and extract 
water for urban use in much less ecologically damaging ways than those used in the 
past. The goal of this chapter is to describe such a process, building on recommenda-
tions made previously in FitzHugh and Richter  (  2004  ) . The level of investment that 
will be needed to supply water for growing urban populations in the developing 
world will clearly be immense, and this provides an opportunity to follow a different 
path that better takes into account ecosystem needs. After summarizing some typical 
ecological impacts of urban water systems, we will describe methods for incorporat-
ing ecosystem fl ow needs into water supply planning and management, both in general 
and through use of three case studies of environmental fl ow projects involving The 
Nature Conservancy (TNC). The case studies described here are projects where 
TNC has worked and is working with urban water suppliers to better incorporate 
ecosystem needs into system planning and operations. TNC is a global biodiversity 
conservation organization whose work includes the conservation and restoration of 
natural freshwater ecosystems. 

 The three case studies to be described are all projects in the United States, but we 
believe that the same process can be applied in the developing world. In fact, when 
construction of new infrastructure is necessary to extend water supplies to un-served 
populations, in one sense, the process can actually be used more fruitfully, since 
environmental needs can be incorporated into system planning from the beginning, 
rather than having to retrofi t existing systems and restore already damaged ecosys-
tems. In situations where data is lacking, which may be common in the developing 
world, there will have to be greater emphasis on fi eld data collection to assess site 
conditions and investigate fl ow–ecology relationships, use of expert opinion to 
make up for the lack of quantitative information, and adaptive management to 
improve environmental fl ow recommendations and their implementation over time. 
But the same general framework can still be applied. The concluding sections will 
summarize the three case studies and further expand on the applicability of this 
framework in the developing world.  

   Ecological Impact of Urban Water Supply Systems 

 The focus of this chapter will be on the impact of water withdrawal and storage infra-
structure on natural patterns of fl ow, which is one of the primary ecological impacts 
of urban water supply systems. The natural fl ow regime is defi ned as the characteris-
tic pattern of water quantity, timing, and variability that occurs in freshwater ecosys-
tems. It has been called a “master variable” in these systems, because of its direct 
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infl uence on ecological integrity and also its relation to other important ecological 
processes, such as provision of water quality, energy sources, physical habitat, and 
biotic interactions (Poff et al.  1997  ) . Consequently, alteration of natural fl ow regimes 
can have serious ecological impacts, and in fact damming of rivers and the accompa-
nying impact on natural patterns of fl ow and sediment is recognized as a leading 
cause of the decline of freshwater biodiversity globally (Richter et al.  2006  ) . 

 FitzHugh and Richter  (  2004  )  documented fl ow impacts of urban water develop-
ment in fi ve cities in the USA: Los Angeles, Phoenix, New York, San Antonio, and 
Atlanta. Ecological impacts in ecosystems affected by these cities range from extir-
pation and endangerment of native fi sh and other aquatic organisms, to elimination 
of riparian vegetation because of dewatering of rivers and streams, to reduction of 
habitat for migrating and nesting birds. Impact was most severe in situations where 
water was transferred out of a basin, which occurred in almost all of these cities due 
to the growth of the urban area beyond the water supply capacity of the local river 
basin or aquifer. The sources of alteration of natural fl ow regimes were water with-
drawals from both river and aquifer systems, and operations of reservoirs to provide 
storage of water for use during drier parts of the year. These practices are increas-
ingly common in developing world cities that are rapidly out-growing their local 
water supplies. 

    Weiskel et al. ( 2007 ) have introduced a useful typology for classifying the 
hydrologic impact of human activities. Affected systems can be classifi ed according 
to changes in the quantity of fl ows, or alteration of fl ow patterns over time (without 
changes in quantity), as analyzed on an annual, monthly, or other time-scale. 
Generally, the impact of urban water supply systems involves either a decrease in 
the quantity of fl ow or a change in the pattern of fl ow (depending on the time scale 
being analyzed), because of the need to transfer and use water in the city. Less com-
mon are increases in annual fl ows, which can occur when water is transferred 
from one basin to another and a natural river course is used to move the water to 
another location. 

 Figures  8.1 – 8.3  show graphs of streamfl ow alteration from FitzHugh and Richter 
 (  2004  ) , exemplifying some of the different types of fl ow alteration that can occur 
from water supply system operations. Figure  8.1  shows the reduction of fl ood fl ows 
below dams operated in the Salt River in Arizona, which is a primary water source 
for the city of Phoenix. Reduction or elimination of natural fl oods has created seri-
ous problems for native cottonwood forests in the Salt River Valley, and all of the 
native fi sh species have been extirpated from the Salt River. Figure  8.2  shows the 
projected impacts of future water use on dry season fl ows in the lower Apalachicola 
River in Florida, which is affected by water withdrawals for the city of Atlanta. 
Reduction of low fl ows in the river could have serious impacts on the productivity 
of the downstream Apalachicola Bay estuary. Figure  8.3  shows increases in stream-
fl ow in the upper Owens River in California, which was used to transfer water from 
an adjacent basin prior to entering an aqueduct to the city of Los Angeles. These 
increased infl ows during all months of the year contributed to severe alterations of 
river habitat, including changes in important temperature and sediment regimes and 
accelerated rates of bank erosion.    
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  Fig. 8.1    Maximum 1-day fl oods on the Salt River, above the uppermost dam (Roosevelt Dam) and 
below the lowest storage reservoir (Stewart Mountain Dam) near Phoenix, Arizona. Data are from 
US Geological Survey stream gauging stations 09498500 and 09502000 (Reprinted from FitzHugh 
and Richter  2004  )        

  Fig. 8.2    Simulated impacts of future water use on fl ows in the lower Apalachicola River. The 
1939–1993 measured September low fl ows are compared with model simulated low fl ows based on 
projected 2030 levels of water use in the basin, as submitted by the state of Florida during interstate 
water compact negotiations in February 2002 (Reprinted from FitzHugh and Richter  2004  )        
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 In addition to the impacts on ecosystem processes and native biota, development 
of water resources in these cities has affected or threatened important ecosystem 
services, including fi sheries production, wildlife habitat, and mitigation of water 
and air pollution. A few examples can be cited here. Water development in Atlanta 
and San Antonio threatens productive estuarine fi sheries along the Texas and 
Florida coast. One of the potential threats is to the productivity of the Apalachicola 
Bay estuary, which accounts for 90% of Florida’s oyster production (ACOE  1998 ) 
and depends on freshwater infl ows. Similarly, the Delaware River tributaries below 
New York City’s dams harbor a sport fi shery that provides signifi cant economic 
benefi ts for the local economy (Maharaj et al.  1998  ) . Removal of water for urban 
supply can also exacerbate pollution problems. Dry lake beds at Owens Lake and 
Mono Lake in California, dewatered because of transfer of water to Los Angeles, 
led to dust storms and serious air pollution (Wiens et al.  1993 ; Hundley  2001 ). 
The dams that New York City operates on the upper Delaware River tributaries 
must now be carefully managed to protect recreational fi sheries, federally endan-
gered species, and to control the salt front intrusion in the Delaware estuary 
(NYCDEP  1998 ), because of the potential impacts of increased salinity on down-
stream water supplies. 

 In sum, patterns of water development in these fi ve cities have been typical of the 
twentieth century water development paradigm, which has focused on construction 
of physical infrastructure such as dams and aqueducts, relied on unsustainable use of 
groundwater, and included little attention to ecological values (Gleick  2000 ; Revenga 
et al.  2000 ). But trends in these cities, in recent decades, also point toward a solution, 

  Fig. 8.3    Median monthly fl ows in the upper Owens River, California, above and below the East 
Portal, where water being transferred from the Mono Basin enters the Owens River, 1940–1989. 
Flows are drastically increased during all months of the year (Data are from CSWRCB  (  1994  )  
Reprinted from FitzHugh and Richter  2004  )        
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showing that improved planning and management that takes into account ecosystem 
needs, coupled with greater attention to water productivity and conservation, are both 
feasible and essential as a solution in the face of the continued pressures on ecosys-
tems from urban water development. Litigation in both the Los Angeles and San 
Antonio cases has forced those cities to improve conditions in unique ecosystems 
such as Mono Lake and the Edwards Aquifer, and urban water supplies have not suf-
fered as a result. Los Angeles, New York, and San Antonio have all signifi cantly 
reduced per capita water use in recent decades through water conservation programs, 
making it easier to incorporate ecosystem needs into their water system operations.  

   Ecological Sustainable Water Management for Cities 

 Richter et al.  (  2003  )  presented a framework for ecologically sustainable water man-
agement (ESWM), which is defi ned as “protecting the ecological integrity of 
affected ecosystems while meeting intergenerational human needs for water and 
sustaining the full array of other products and services provided by natural freshwa-
ter ecosystems.” In terms of the application of this framework to urban water man-
agement, an important point is that this is not a proposal to reduce water withdrawals 
and greatly increase release volumes everywhere to restore freshwater ecosystems 
to their natural state. Clearly this would be both undesirable from an economic 
development perspective and unrealistic. What is being proposed is that by using 
existing technologies and management tools, and by spurring further innovations in 
their use, urban water managers can do a better job of protecting freshwater ecosys-
tems while meeting current and future human needs. 

 The six-step ESWM process to accomplish this goal consists of: “(1) [develop] 
initial numerical estimates of key aspects of river fl ow necessary to sustain native 
species and natural ecosystem functions; (2) [account] for human uses of water, both 
current and future, through development of a computerized hydrologic simulation 
model that facilitates examination of human-induced alterations to river fl ow regimes; 
(3) [assess] incompatibilities between human and ecosystem needs with particular 
attention to their spatial and temporal character; (4) collaboratively [search] for solu-
tions to resolve incompatibilities; (5) [conduct] water management experiments to 
resolve critical uncertainties that frustrate efforts to integrate human and ecosystem 
needs; and (6) [design and implement] an adaptive management program to facilitate 
ecologically sustainable water management for the long term” (Richter et al.  2003  ) . 
The process is designed to be continually adaptive, with steps (5) and (6) feeding 
back into improvements in the earlier steps. This chapter will primarily discuss steps 
(1) to (4) in the above process, as applied to management of urban water supplies. 

 There are a variety of methods for conducting step (1), specifying the environ-
mental fl ow needs of the ecosystem (see Tharme  2003  for a review). Richter et al. 
 (  2006  )  describes the process used in many TNC environmental fl ow projects, which 
is a holistic process aimed at quantifying the fl ow needs of all parts of the ecosys-
tem, using available literature and expert opinion on important fl ow–ecology rela-
tionships (see Fig.  8.4 ). This holistic approach can also incorporate habitat modeling 



1338 Balancing Human and Ecosystem Needs for Water in Urban Water Supply Planning

for key species and communities of concern, as illustrated in the Upper Delaware 
basin case study later in this chapter. This approach refl ects the growing understand-
ing in recent decades that environmental fl ow standards need to move beyond just 
maintaining minimum fl ows, to include all components of the hydrograph (Poff 
et al.  1997 ; Richter et al.  1997  ) . A particularly useful framework that has emerged 
in recent years is to describe natural fl ow regimes in terms of fi ve different fl ow 
components: extreme low fl ows, low fl ows, high fl ows, small fl oods, and large 
fl oods (Mathews and Richter  2007  ) . Recommendations will ideally be specifi ed in 
these terms, describing the relevant characteristics – magnitude, frequency, dura-
tion, timing, rates of change – of these different events. Also, it is very important for 
fl ow recommendations to be expressed quantitatively, to facilitate implementation 
and analysis of trade-offs between human and ecosystem needs.  

 Step (2) in the process involves accounting for human uses of water. Many water 
supply systems in the United States are beginning to engage in quantitative water 
supply planning using demand forecasts and hydrologic modeling, which is suffi -
ciently detailed for use in an analysis of the trade-offs between human and ecosys-
tem needs. But methods for actually conducting the trade-off analysis (steps (3) and 
(4)) are much less developed. Vogel et al.  (  2007  )  found that the existing literature on 
methods for managing and quantifying trade-offs between water supply and envi-
ronmental fl ow goals is fairly limited, especially if studies that used fi xed minimum 
fl ow targets are excluded. A few of these studies that do exist and are most relevant 
to this chapter are as follows: Homa et al.  (  2005  )  introduced the concept of an “eco-
defi cit,” a metric for quantifying the impact of human water withdrawals on the 
natural fl ow regimes, and showed that an optimization procedure can be used to 

  Fig. 8.4    The scientifi c process for developing environmental fl ow recommendations comprises 
fi ve steps. Steps 3–5 are repeated indefi nitely to enable iterative refi nement of the fl ow recommen-
dations over time (Reprinted from Richter et al.  2006  )        
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maintain the reliability of water supply yield, while also improving the satisfaction 
of environmental fl ow requirements. Vogel et al.  (  2007  )  showed that the choice of 
reservoir operating rules has a signifi cant impact on both water yield and environmen-
tal fl ows, and that incorporating a drought management policy can improve the over-
all trade-off between these two goals. Shiau and Wu  (  2006,   2007a,   b  )  showed that 
environmental fl ow standards that incorporated monthly and inter-annual variability 
infl ows can increase the ability to meet both water supply and ecological needs. 

 The subsequent sections will describe three projects that TNC has been involved 
in, working with municipal water supply agencies to specify environmental fl ow 
recommendations and to incorporate those recommendations into system opera-
tions. The rivers involved in these projects are the Upper Delaware basin, a major 
water source for the city of New York; the Rivanna River basin, the water source for 
Charlottesville and Albemarle County, Virginia; and the Fraser River watershed on 
the west slope of the Rocky Mountains, an important water source for the city of 
Denver, Colorado. The exact approaches used in these projects vary, due to the par-
ticular circumstances of each project and also the lack of a standardized approach 
for evaluating the trade-offs between water supply and environmental goals. The 
Delaware and Rivanna case studies cover the evolution of environmental fl ow poli-
cies in two watersheds that contain reservoirs, aqueducts, and other water supply 
infrastructure. The Fraser River case study, a project that is not as far along, details 
how environmental fl ow releases could be prioritized in a watershed with a number 
of diversions from smaller streams.  

   Moving Towards Environmental Flow Management Below 
New York City’s Delaware System Reservoirs 

 New York City has the largest unfi ltered surface water supply system in the world, 
delivering over 4.6 billion liters of high-quality water to a population of over nine 
million people (NYC DEP  2007  ) . As an unfi ltered system, it is analogous to many 
in the developing world. The system was continually expanded from the nineteenth 
to the middle twentieth centuries, culminating with the construction, between 1937 
and 1965, of four large reservoirs and aqueducts to transfer water over 150 km from 
the three upper tributaries of the Delaware River. Currently, New York City obtains 
nearly half of its drinking water from the Delaware basin (USGS  2008  )  and its 
Delaware System is considered its highest quality source. Figure  8.5  shows the res-
ervoirs in the Delaware system.  

 Controversy over early development of the Delaware System led to a US Supreme 
Court case in 1931, which allowed New York City to divert an average of up to 1670 
million liters per day (mld) from the Delaware Basin. Over the objections of New 
Jersey and Pennsylvania, it was amended in 1954 to allow New York City to increase 
its diversions to 3,030 mld. The organization responsible for oversight and manage-
ment of waters in the basin is the Delaware River Basin Commission (DRBC), 
which was created in 1961 by a unique federal-interstate compact. 
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 The history of environmental fl ows in the Delaware basin goes back to these 
initial court decisions, as do prescient concerns about the impacts of out-of-basin 
diversions on fi sheries (including anadromous American shad), recreation, oyster 
resources in the lower basin, and water quality (Hogarty  1970  ) . The 1954-amended 
decree established a “streamfl ow objective” of 49.6 cms, equivalent to 0.0055 cms 
per square kilometer for a 9,065 km 2  watershed, at Montague, New Jersey (just 
downstream of Port Jervis, see Fig.  8.5 ), which was to be maintained in all non-
drought periods and administered by a River Master for the Delaware (USGS  2008 ). 
In the 1960s, non-regulatory standards for summertime minimum releases below 

  Fig. 8.5    Map of the Delaware basin       
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the reservoirs were established, but these were as low as 0.00018 cms for every 
square kilometer of watershed area, over thirty times less than the Montague stream-
fl ow objective (Elliot  1998  ) . In the 1970s, emerging science and a public push for 
increased releases to protect aquatic insects and fi sh (primarily trout) led New York 
State to enact regulations to increase minimum reservoir releases by 3–14 times the 
original values, with additional releases to meet maximum summer temperature 
targets, and these releases were made by New York City on an experimental basis 
starting in 1977 (USGS  2008  ) . Over the subsequent 25 years, a number of other 
relatively minor experimental revisions were made to this release framework. 

 But despite these incremental changes to the release requirements over the years, 
reservoir operations and out-of-basin transfers of water have had severe impacts on 
the natural pattern of fl ows in the Delaware River tributaries for a half century 
(FitzHugh and Richter  2004  ) . The ecosystems directly downstream have suffered 
habitat stresses from low water when the reservoirs were not spilling, high summer 
temperatures, and a “boom and bust cycle” of low minimum releases followed by 
high fl ows from spills or releases to meet the Montague objective (Elliot  1998  ) . This 
boom and bust cycle was particularly pronounced on the West Branch Delaware 
below Cannonsville Reservoir, which was heavily relied on for releases to meet the 
Montague objective due to its relatively poor water quality. Alteration of natural 
fl ow conditions gained additional scrutiny with the discovery in 2000 of the feder-
ally endangered dwarf wedgemussel ( Alasmidonta heterodon ) in the Upper Delaware 
River, in an area heavily infl uenced by fl ow releases from New York City’s Delaware 
System reservoirs (Lellis  2001  ) . 

 The growing evidence of the impacts of fl ow alteration, combined with the 
increasing prominence of ecological and natural resource protection issues, occurred 
at the same time as New York City was becoming more effi cient in its use of water, 
reducing its total annual water consumption and per capita water consumption by 
over 26% from 1980 to 2005 (NYC DEP  2008  ) . All of these trends converged to 
create an opportunity for improved environmental fl ow management in the Delaware, 
which culminated in 2003 with the creation of the Delaware River Basin’s 
Subcommittee on Ecological Flows (SEF). The SEF is made up of state, federal, 
non-profi t, and academic representatives engaged in resource management and 
assessment in the Delaware Basin. The mission of this volunteer committee is to 
develop ecological fl ow requirements for the maintenance or restoration of healthy, 
self-sustaining, and managed aquatic ecosystems in the Delaware Basin. 
Recommendations from the SEF are forwarded to the basin states and New York 
City representatives that make up the Parties to the 1954 Supreme Court Decree. 
Creation of the Subcommittee on Ecological Flows allowed for a new, collaborative 
focus on fl ow management issues. The SEF was chaired by TNC for the fi rst 5 years 
of its existence. 

 The SEF’s work began with a strong vote of confi dence from the federal govern-
ment in the form of a $500,000 Congressional appropriation to the US Geological 
Survey (USGS), a federal science agency with a mission to provide “information 
that contributes to the wise management of the Nation’s natural resources,” to ana-
lyze issues of fl ow and temperature management in relation to the aquatic resources 
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of the Upper Delaware. This funding was used to complete “A Decision Support 
Framework for Water Management in the Upper Delaware River” (Bovee et al. 
 2007  ) . This USGS study broke new ground for the Delaware Basin by directly 
assessing the habitat needs of a wide range of species and natural communities in 
relation to fl ow and temperature patterns in the West Branch Delaware, East Branch 
Delaware, Neversink, and upper mainstem Delaware Rivers. The study resulted in a 
decision support system, available for use in 2006 on the Internet, which presented 
species/community habitat metrics and temperature metrics in a manner permitting 
comparison of different water management alternatives. Water management alter-
natives were modeled through basin-customized software called OASIS, a water 
management model allowing for virtual experiments with varying reservoir release 
regimes (Hydrologics, Inc.  2008  ) . 

 Given this set of tools, the Parties to the Decree, the SEF and interested environ-
mental groups such as Trout Unlimited set about re-examining the underlying struc-
ture of reservoir release management from the Delaware System. The new 
framework, eventually released to the public as the “Flexible Flow Management 
Program” (FFMP) in early 2007. The specifi c release provisions of FFMP included 
eight release seasons, or “bioperiods,” that allowed for varying releases across each 
year from each reservoir, designed to protect ecological fl ow conditions without 
threatening water supply. More importantly, the new framework included seven 
release zones, with increasing release volumes directly tied to increasing levels of 
storage in each of the reservoirs (USGS  2008 ). Thus, during wetter years, more 
water would be automatically released from each of the reservoirs in a manner 
designed to provide high-quality habitat conditions for the ecosystem and particu-
larly for species of interest. In drier years, the framework moves to a “share the 
pain” approach, in which some degree of stress is accepted on the river ecosystem 
in recognition that extended drought benefi ts neither human or ecological health. 
Releases from all reservoirs are, on average, increased from previous plans through 
a program that restores some of the inter- and intra-annual variability considered so 
important for ecosystem health (Power et al.  1995 ; Bunn and Arthington  2002 ; 
Postel and Richter  2003  ) . The simplistic temperature targets that were a feature of 
the previous release regimes are removed in FFMP, eliminating unnatural fl uctua-
tions in releases for temperature management, and facilitating implementation. 
Finally, recommendations from the SEF on rate-of-change in reservoir releases have 
been used as guidance to modify practices from New York City’s reservoirs. 

 The FFMP was approved by DRBC and the Parties to the Decree and was imple-
mented beginning in September 2007. This is an accomplishment and a cause for 
optimism among water mangers and stakeholders in the basin. Yet much can be 
done to improve FFMP in the future to increase the ecological benefi ts. Potential 
improvements include further increasing spring releases to promote American shad 
spawning conditions and trout habitat, examining how fl ows can be managed to 
improve estuarine health, formalizing limits on rate-of-change in releases, and cre-
ating fl exibility in the seven decade-old Montague streamfl ow objective. Also criti-
cal to the future is a commitment from relevant resource agencies to adaptive 
management, especially in light of climate change. As the Flexible Flow Management 
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Program is implemented, new investment in the collection and interpretation of 
basin-wide ecological monitoring information would enable refi nements over time 
based on data, rather than modeling results and expert opinion. 

 Environmental fl ows in the Delaware Basin have moved from an afterthought, as 
with the provisions of 1954 Supreme Court Decree, into a central role in shaping the 
future of water management in the basin. Justice Oliver Wendell Holmes, Jr., in his 
opinion on the 1931 Supreme Court case dividing the waters of the Delaware, stated 
it well. “A river is more than an amenity, it is a treasure. It offers a necessity of life 
that must be rationed among those who have power over it.” This “rationing” can 
now be informed by environmental fl ow science and sophisticated water manage-
ment models. These tools, combined with institutional structure, stakeholder involve-
ment, and continuing political will, make it possible to envision ecologically 
sustainable water management in a basin as disputed and treasured as the Delaware.  

   Integrating Water Supply and Environmental Flow 
Objectives in the Rivanna River Basin, Virginia 

 From its headwaters in the Blue Ridge Mountains, the Rivanna River winds its way 
through central Virginia’s Piedmont plateau region to Columbia, where it joins the 
historic James River on its way eastward to the Atlantic Ocean. The river and its 
tributaries provide many benefi ts to the residents of this watershed, including water 
quality, fi shing, wildlife viewing, and other forms of recreation. The basin is also 
the water source for the city of Charlottesville and Albemarle County, Virginia, 
providing water for more than 90,000 residents in a fast-developing part of the state. 
The current public water supply system was initiated in 1885 with construction of 
the Ragged Mountain Reservoir to the west of Charlottesville. This reservoir was 
later expanded in size and connected by pipeline to the headwaters of the Moormans 
River, where a second reservoir (Sugar Hollow) was also built, all to reduce the refi ll 
time of a system that originally drained only 4.66 km 2 . When this proved insuffi -
cient due to the growth in water demand, in 1966, Charlottesville built a dam on the 
South Fork Rivanna River, which essentially doubled the storage capacity of the 
system. 

 In the early 2000s, after suffering through a severe drought, the community initi-
ated an integrated water supply planning effort. Expanding the community’s water 
storage capacity was essential for two reasons. First, burgeoning growth in the 
region is projected to increase demand from 41.6 mld in 2000 to 70.8 mld in 2055. 
Second, the South Fork Reservoir receives substantial sediment from an eroding 
landscape, and is projected to lose 75% of its capacity over the next 50 years. This 
effort to increase the community’s water storage coincided with a parallel effort by 
TNC to protect and restore the Rivanna River ecosystem—with a focus on restoring 
its vital headwaters. The primary fl ow-related issue in the Rivanna basin is maintain-
ing suffi cient low fl ows during drier parts of the year, as the dams in the system are 
not large enough to control the higher fl ows. When the reservoirs are not spilling, the 
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established streamfl ow standard was to release only minimum fl ows from the 
reservoirs, 0.017 cms on the Moormans River and 0.34 cms on the South Fork 
Rivanna River. These reservoir releases are equal to less than 20% of the fl ows in 
these rivers under normal summer conditions (Richter  2007  ) . 

 Over the course of 2 years beginning in late 2004, TNC facilitated a comprehen-
sive scientifi c assessment of the Rivanna River Basin, including evaluating the envi-
ronmental fl ows needed to sustain a healthy river ecosystem. Following the process 
outlined in Richter et al.  (  2006  ) , the assessment began with an orientation session 
where scientists throughout the region could learn about and shape the process for 
developing fl ow recommendations. Next, scientists from two regional universities 
were commissioned to produce a report summarizing the known information about 
the watershed and its ecological needs. Armed with this “summary report,” the 
experts developed a set of fl ow principles during a two- and one-half day working 
session. More than 40 regional scientists were involved in this workshop. Despite 
the paucity of data in this watershed, the experts were able to use their best profes-
sional judgment to generate fl ow targets for low fl ows (basefl ow) during each month, 
as well as minimum allowable extreme low fl ows that must be maintained during 
severe droughts. An overarching recommendation from the scientists was to man-
age reservoir releases to mimic natural, non-depleted fl ows to the greatest extent 
possible. After development of these recommendations, TNC worked with the local 
water utility, the Rivanna Water and Sewer Authority, to analyze out how to best 
integrate the recommendations into water supply planning for the basin. 

 One of the important decisions that had to be made was how to expand the 
 capacity of the system, and to this end, the OASIS model (Hydrologics Inc.  2008  )  
was used to simulate various water storage expansion options and determine which 
infrastructure improvements would supply the needs of people, restore variable 
fl ows to the rivers for wildlife, and cost the least for ratepayers. Four fi nal infrastruc-
ture options were evaluated, including: (1) dredging the South Fork Rivanna 
Reservoir, (2) building a pipeline to another nearby river, the James River, 
(3) expanding the storage capacity of the South Fork Rivanna Reservoir, and (4) 
expanding the Ragged Mountain Reservoir. Ultimately, the community opted to 
expand the Ragged Mountain Reservoir and also link it through a new pipeline to 
the South Fork Rivanna Reservoir. From the standpoint of environmental fl ows, this 
option restored a natural fl ow regime to the Moormans River by ending the 81-year-
old practice of diverting water from the headwaters of the river to the Ragged 
Mountain reservoir in another drainage 21 km away. And it also made sense from 
the perspective of replacing unsafe and aging infrastructure (the Ragged Mountain 
dam and pipeline from Sugar Hollow) and reducing costs, because by connecting 
the  system’s two main reservoirs, it allowed for sharing of treatment plant capacity 
and avoided costly treatment plant expansion in the future. 

 Some changes were made to the environmental fl ow recommendations from the 
workshop, to make it easier to integrate them into the water supply planning process. 
The primary modifi cation was to express the desired releases in terms of a percent-
age of the amount of water fl owing into the reservoirs. The original recommenda-
tions had set fi xed standards for fl ow that would vary only depending on whether a 
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year was classifi ed climatically as wet, average, or dry. By basing releases on the 
percent of incoming daily fl ow, the system could more easily mimic the natural vari-
ability of fl ows, even when it cannot achieve the full volume. Review by scientists 
involved in the original fl ow recommendation indicated that standards expressed in 
such a way would satisfy the spirit of the original recommendations, if not the exact 
numbers. 

 Modeling was again conducted to assess the ability to meet various percent of 
fl ow standards, while also supplying suffi cient water for the system. In the case of 
the Moormans River, where the dam is at the headwaters of a sensitive system, the 
fl ow standard set was that fl ow releases can never be less than 90% of infl ow. 
Forecasting indicates that this standard can be met out to the year 2050, and that 
even with increased water demands, the river will have a natural fl ow 99% of the 
time, compared to 64% currently (Richter  2007  ) . In the case of the South Fork 
Rivanna Reservoir, the imperative of balancing human demands and nature’s needs 
is more acute, and the fl ow requirements refl ect those competing interests. 
Forecasting indicates that for the South Fork Reservoir environmental fl ow releases 
will range from 70% to 100% of natural infl ow at least 90% of the time, dropping to 
30–50% of natural infl ow only during extreme droughts (Richter and Thomas  2007  ) . 
On the mainstem Rivanna River, compared to current releases, there will be essen-
tially no change in fl ows 89% of the time based on 2020 demand projections, and 
76% of the time based on 50-year demand projections. 

 The environmental fl ow releases being implemented in the Rivanna will substan-
tially restore natural fl ow variability, as compared to the static environmental fl ow 
releases provided historically. Critical to the success of this effort was a coming 
together of the community in a stakeholder-driven process backed up by detailed 
information about the needs of the environment and needs for water supply. The 
stereotypical battle pitting so-called “developers” against “environmentalists” was 
avoided because the vast majority of citizens were able to come together around a 
plan that met the needs of both the human and aquatic communities. This was 
accomplished because the community itself set the standards it wanted from its 
expanded water supply system: the community wanted its drinking water system to 
meet its growing needs, it wanted its drinking water to come from within its water-
shed, and it wanted the water to be withdrawn in the most ecologically sustainable 
manner possible. And the plan that was adopted met all three objectives.  

   Evaluating Flow Management in Denver 
Water’s Moffat Collection System 

 Colorado’s oldest and largest water utility, Denver Water, currently serves 1.1 mil-
lion people in the Denver, Colorado, metropolitan area, who use 351 million cubic 
meters of water annually. By mid-twenty-fi rst century, population and water use are 
projected to grow an additional 73% and 63%, respectively (Denver Water  2002  ) . 
Denver Water’s Moffat Collection System (MCS) provides 20–30% of Denver 
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Water’s total demand (ACOE  2003  ) . This proportion may increase as additional 
storage facilities are built. The MCS operates by diverting water from eight small 
streams in the upper part of the Fraser River watershed, located 80 km west of 
Denver in the headwaters of the Colorado River. Water diverted from the streams is 
transported to the Moffat Tunnel, and thereby out of the Colorado River basin and 
into east-slope storage reservoirs prior to transfer to the city of Denver. Snowmelt 
dominates the hydrographs of these streams, with annual high fl ows occurring 
around June 1. 

 Unlike the two previous cases studies, the MCS has no storage capacity in the 
basin where the diversions occur, so Denver Water’s ability to manage for environ-
mental fl ows in the Fraser River watershed is restricted to a binary choice of 
diverting or not at one or more locations. In 2006, Denver Water began working 
with TNC to develop a tool for objectively evaluating potential changes in opera-
tions that could lead to greater ecosystem health. The tool was designed specifi -
cally to provide guidance on this question: if Denver Water were to change 
operations or to leave a next increment of water in the river, where should they 
focus? A particular emphasis was placed on the potential to change diversion 
patterns during high-runoff years, because this could conceivably be done with no 
loss of yield. High-gradient and elevation streams in the Fraser Watershed were 
the focus of the project. 

 The fi rst step in the project was to convene a workshop of scientists, project 
directors, and outside experts to list the key ecological attributes associated with 
streamfl ow in the Fraser River watershed, to identify the key components of the fl ow 
regime that sustain those values, and to set preliminary, quantifi able criteria that 
could be used to make informed management decisions. Results of the workshop 
were summarized and expressed as explicit relationships between ecological status 
and fl ow status for fl ow metrics (Arthington et al.  2006 ; Poff et al.  2009  ) . Based on 
the needs of fi ve biological components of the system (cutthroat trout, amphibians, 
riparian plant communities, beaver, and aquatic macroinvertebrates) and two abiotic 
characteristics (sediment and water quality), six streamfl ow parameters were selected 
as essential for maintaining the health of the system (Table  8.1 ). Statistical parame-
ters such as those listed in Table  8.1  are common tools for quantifying the various 
characteristics of natural and altered fl ow regimes and setting environmental fl ow 
targets, as described in Richter et al. ( 1996 ) and Mathews and Richter  (  2007  ) . In gen-
eral, fl ood fl ow parameters indicate condition of channel maintenance and sediment 
transport functions, and low fl ow parameters indicate total habitat availability.  

 Next the level of hydrologic alteration of the different characteristics of fl ow 
listed in Table  8.1  was evaluated. Four condition classes were defi ned (Table  8.2 ): 
natural, minimally altered, moderately altered, and strongly altered. Choosing spe-
cifi c criteria to defi ne condition classes was challenging, because few empirical 
data were found to link specifi c fl ow conditions to specifi c ecological responses. 
Criteria used in the template came from a variety of sources. For several parame-
ters, 10% was used to defi ne a minimally altered mean, based on Arthington and 
Pusey  (  2003  ) , who suggest that 80–90% of natural fl ows may be needed to maintain 
a low risk of environmental degradation. Results of a study by Ryan  (  1997  )  in the 
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   Table 8.1    Flow parameters with key functions in support of ecological targets in subalpine, high-
gradient streams   

 Flow parameter  Relationship to ecological targets 

 1-day minimum fl ow for the year  Short-term minimum can limit aquatic 
organisms that require fl owing water. 

 Extreme low fl ow duration (number of days 
in the lowest 10th percentile of the natural 
fl ow regime) 

 Many organisms (e.g., fi sh) can withstand 
short-duration but not long-duration 
extreme low fl ows. 

 1-day maximum fl ow for the year  Indicates the magnitude of annual fl oods, 
which transport sediment and maintain 
active channel width. 

 Small fl ood Frequency (2–10 year 
return interval) 

 Over time, most sediment is transported under 
bankfull conditions (Andrews  1980 ; 
Troendle and Olsen  1994 ); small fl ood 
frequency indicates the regularity of this 
condition. 

 Mean small fl ood duration (from beginning 
of rising limb to end of falling limb) 

 Over time, most sediment is transported under 
bankfull conditions (Andrews  1980 ; 
Troendle and Olsen  1994 ); small fl ood 
duration indicates the period of which this 
condition is sustained. 

 Mean daily fl ow for each month  Monthly mean fl ows relate to total habitat 
availability and ecosystem productivity 
(Annear et al.  2004  ) . 

   Table 8.2    Flow parameter departures from natural that defi ne condition class   

 Flow parameter (units) 

 Departure from natural 

 Natural 
 Minimally 
altered 

 Moderately 
altered 

 Strongly 
altered 

 Mean 1-day minimum 
fl ow (cms) 

 <10%  10% to 1 std. dev.  1 std. dev. 
to 90% 

 >90% 

 Mean extreme low fl ow 
duration (days) 

 <10%  10% to 1 std. dev.  1 std. dev. to 
2 std. dev. 

 >2 std. dev. 

 Mean 1-day maximum 
fl ow (cms) 

 <10%  <45%  45–90%  >90% 

 Small fl ood frequency 
(proportion of years 
where bankfull is reached) 

 0.50  0.33  0.14  < 0.10 

 Mean small fl ood 
duration (days) 

 <10%  10% to 1 std. dev.  1 std. dev. 
to 2 std. dev. 

 >2 std. dev. 

 Mean monthly fl ows 
(all months meet criterion) 

 <10%  <1 std. dev.  Smaller of 
(<2 s.d. or 
90%) 

 >2 std. dev. 
or 90% 
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Fraser watershed were used to defi ne minimally altered peak fl ows. Alteration of 
one standard deviation was used as a defi ning criterion for several parameters, from 
Richter et al.  (  1997  ) . Preliminary data on aquatic macroinvertebrate diversity 
(Albano  2006 ; McCarthy  2008  )  were used to defi ne strongly altered conditions.  

 Using the template in Table  8.2 , hydrologic status of key fl ow parameters was 
evaluated for six locations (see Fig.  8.6 ) using the Indicators of Hydrologic Alteration 
software (IHA, Richter et al.  1996  ) . Inputs to IHA were modeled natural and man-
aged mean daily streamfl ow for 1947–1991. The degree of alteration among fl ow 
parameters varied both within and among streams. Small fl ood duration was the most 
impacted across streams, being strongly altered in fi ve of six streams, with reductions 
from 37% to 72%. One-day maximum fl ows were the least impacted across streams, 
being minimally altered in fi ve of six streams (reductions from 15% to nearly 45%), 
and natural in the sixth (4% reduction). The greatest percent alteration was in extreme 
low fl ow duration, which increased from 117% to 482% in three of six streams.  

 The information generated was used to conduct an evaluation of trade-offs among 
streams for the management of bypass fl ows during high runoff, in order to identify 
which parts of the fl ow regime it would be most useful to restore, and in which loca-
tions the most ecological benefi t could be expected (Table  8.3 ). The conclusion 
reached was that the greatest ecological benefi t would be achieved by improving 
fl ood conditions where low fl ow conditions are either natural or minimally altered, 
thereby bringing all fl ow metrics at those streams to minimally altered or better.  

 Because operations managers cannot be expected to develop an in-depth under-
standing of the complex concepts and analyses just described, simple operational 
principles were developed that could be readily implemented by Denver Water, as 
follows:

    1.      Achieve bankfull conditions.  Bankfull defi nes the fl ood threshold, and typically 
is the fl ow rate at which signifi cant sediment transport and channel maintenance 
occurs. Bankfull can be achieved readily in wet years simply by ensuring that 
diversions do not reduce the fl ow rate below the magnitude of the natural 2-years 
recurrence interval fl ood.  

    2.      Minimize abrupt changes infl ow rate; avoid frequent reversals.  In snowmelt 
dominated streams, organisms may not be capable of the rapid behavior adjust-
ments needed to respond to abrupt rate changes. Hydrologic data indicate that on 
the ascending limb of the fl ood, fl ow rate typically does not increase by more 
than ~40% from day to day; on the descending limb, it typically does not decrease 
more than ~20% from day to day. High ecological function of fl oods is more 
likely if these rates are not exceeded by diversion management.  

    3.      Rotate between and among streams over time.  Under natural conditions, by defi -
nition, fl oods occur in 50% of years, but typically not every other year; depend-
ing on snowpack, fl oods may or may not occur several years in a row. Reducing 
fl ood frequency to 33% or even once in 7 years would likely provide signifi cantly 
more benefi t than no fl oods.     

 While signifi cant conceptual progress has been made in evaluating how to 
 prioritize and implement each increment of water available for environmental fl ows 
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  Fig. 8.6    Results of fl ow parameter analysis at six diversion points in the Moffat Collection system       

   Table 8.3    An analysis of potential trade-offs between the Fraser River diversion and the Englewood 
Ranch system   

 Node 
 Flow 
component 

 Current 
Status 

 To achieve 
moderate a  

 To achieve 
minimal a  

 Fraser River 
Diversion 

 1d max  Minimal  −2.15  cms  No change 

 Small fl ood 
freq 

 Moderate  No change  dump ~2× as 
often 

 Small fl ood 
duration 

 Strong  28  days  44  days 

 Englewood 
Ranch System 

 1d max  Natural  −2.7  cms  −1.05  cms 

 Small fl ood 
freq 

 Natural  Reduce to 1 
in 7 years 

 Reduce to 1 
in 3 years 

 Small fl ood 
duration 

 Strong  9  days  23  days 

 St. Louis Creek 
Diversion 

 1d max  Minimal  −1.8  cms  No change 

 Small fl ood 
freq 

 Minimal  Reduce to 1 
in 7 years 

 No change 

 Small fl ood 
duration 

 Strong  20  days  33  days 

   a Minus (−) sign indicates fl ow could be reduced  
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in the Fraser basin, translation of this progress into actual environmental fl ow releases 
is still a work in progress. Attempts at ecologically oriented diversion management 
during 2008 illustrated that system operations can provide substantial barriers to 
implementation of these principles, as implementation of fl ow recommendations had 
to be deferred to permit infrastructure maintenance. Other barriers include: main-
taining system fl exibility to allow for trans-basin tunnel capacity, legal barriers to 
instream fl ows, social impacts from an on-going environmental impact study, and, of 
course, the need to fulfi ll water supply needs. An evaluation of these and other poten-
tial barriers is on-going. Upcoming discussions with the county and local water users 
in the Fraser Watershed are expected to present further opportunities for application 
of these fl ow–ecology concepts to management of Fraser River diversions.  

   Summary of Case Studies 

 FitzHugh and Richter  (  2004  )  stated that “achieving ecological sustainable water 
management [for cities] will require a proactive planning process that examines the 
economic and ecological trade-offs between water conservation, options for increas-
ing supply, and the integrity of freshwater and estuarine ecosystems.” The case stud-
ies of the Upper Delaware, Rivanna, and Fraser watersheds show that progress is 
being made in developing planning processes that factor the needs of ecosystems 
into decisions about the design and operation of urban water supply systems. The 
details of how these three projects are being implemented differ, both because of the 
particular circumstances of each project and because of the lack of a standardized 
approach to balancing human and ecological needs in urban water management, but 
some commonalities do exist among the case studies. 

 First, it is clear that management of fl ows during droughts is an important compo-
nent of any successful water supply plan, and the Upper Delaware and Rivanna cases 
both show that the “share the pain” approach, where drought restrictions on water 
use are accompanied by reductions in environmental fl ows, is an acceptable solution 
from a societal standpoint. Second, another important commonality is the need for 
quantitative information about ecosystem needs for water and the operations of the 
water supply system, which can be used in a decision support system or other tool 
for analyzing trade-offs. None of these projects could have moved forward without 
such information. Analysis of such information often yields important insights that 
were not obvious beforehand, but are critical to implementing the project. 

 A third commonality is the need to represent ecosystem needs and environmental 
fl ow goals using operating rules that are ecologically meaningful yet also straight-
forward enough to be implemented. In the Rivanna case, this need for simplifi cation 
necessitated a move from a more complicated framework of fl ow recommendations 
to the simpler and more elegant use of percent-of-fl ow standards. In the Fraser 
watershed case, translating more detailed analyses into simpler operational princi-
ples has potential, though more work needs to be done to assess how best to imple-
ment such principles in a system of multiple diversions. In the Upper Delaware, 
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seasonal fl ow releases were arrived at through an iterative process that used outputs 
of the USGS fl ow and temperature study and water supply risk metrics to evaluate 
scenarios of relatively simple release patterns.  

   Conclusion 

 Though all of the case studies described in this chapter are in the United States, we 
feel that the same framework can be fruitfully applied in the developing world. Of 
course, a key question here is the applicability of this process in places where infor-
mation and data are limited. The absence of detailed data and information on eco-
system and human needs for water and the trade-offs between them is a serious 
potential stumbling block in applying the ESWM framework described in Richter 
et al.  (  2003  ) . But TNC does have experience working on environmental fl ow proj-
ects outside the developed world (in Honduras, China, and Colombia), and although 
the projects involved were not with urban water suppliers, or are not advanced 
enough to describe in this chapter, we have found that data limitations are generally 
not so severe that the process cannot be implemented. 

 For example, TNC has used the same process used in the Rivanna project on an 
environmental fl ow project in Honduras on the Patuca River, to make recommenda-
tions about how a planned hydropower dam should be operated to better preserve 
downstream ecosystems. In that project indigenous communities that live downstream 
of the dam site are in danger of having their food sources severely impacted by opera-
tion of the dam. Information sources used in this project included scientifi c data and 
expert opinion based on knowledge of similar river systems, and a survey of tradi-
tional ecological knowledge that was conducted to gather information about river 
dynamics and life cycles of fi sh species that live in the river (Esselman and Opperman 
 in press  ) . This survey approach will not be applicable everywhere, but it shows that 
sometimes in the absence of data there are creative ways to gather information. 

 The key is that in situations where information is limited, there will have to be a 
greater emphasis on use of expert opinion, on initiating data collection and research 
early on in the project, and on adaptive management and experimentation as a way 
of gathering knowledge as the project is implemented. Use of expert opinion is in 
fact a common feature of all of TNC’s environmental fl ow projects (including those 
in the USA), but it would be even more critical in data-poor situations. Planning 
schedules for new water supply infrastructure projects should give suffi cient lead-
time to collect baseline and other useful data on streamfl ow and biota. If information 
on fl ow–ecology relationships is totally lacking, then one approach would be to use 
a purely hydrologic method such as the Range of Variability Approach (Richter 
et al.  1997  )  to set preliminary fl ow standards based on natural ranges of fl ow vari-
ability, which could be improved upon and replaced over time as knowledge 
improves. This is the method used in the Fraser case study to establish some of the 
thresholds of alteration. It is essential that use of such preliminary fl ow thresholds is 
accompanied by an understanding that these initial standards are only preliminary, 
and should be improved through a research and adaptive management program. 
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 Improving the balance between human and ecosystem needs for water is critical 
to maintaining watershed services, such as fi sheries production, wildlife habitat, 
and mitigation of water and air pollution. A study of the value of ecosystem services 
globally found that when measured per hectare, the two most valuable biomes were 
estuaries and fl oodplains (Costanza et al.  1997  ) , ecosystem types that are both vul-
nerable to upstream water development. Degradation of watershed services can 
have particularly negative consequences for poorer communities. For instance, 
water fl owing into Apalachicola Bay, Florida, is diverted for use in Atlanta, poten-
tially affecting oyster fi shing communities of Apalachicola, Florida, whose poverty 
rate is twice the national average (NOAA  2006  ) . These poor communities and their 
livelihoods are less likely to be taken into account in water management decisions 
relative to the needs of the residents of Atlanta, without the additional consideration 
of the need to preserve environmental fl ows. 

 There is ample evidence from the three case studies described here that progress 
is being made on methods for balancing environmental fl ow and human needs in 
water supply planning. Table  8.4  summarizes some of the key points covered in this 
chapter. In a world where climate change will be altering water budgets and affecting 
the reliability of water supplies, the type of integrated water supply planning 

   Table 8.4    Key points from chapter   

 Benefi ts of implementing ecologically sustainable water management for cities: 
 • Maintain ecosystem integrity and ecosystem services while providing for urban water needs 

 Environmental fl ow recommendations: 
 • Should cover all components of the hydrograph (extreme low fl ows, low fl ows, high fl ow 

pulses, small fl oods, large fl oods) 
 • Need to be more than just constant or minimum fl ows 
 • Should take into account seasonal variability 

 Necessary data and information: 
 • Streamfl ow data (on natural and altered hydrology) 
 • Information on fl ow–ecology relationships (i.e., fl ow needs of biota) 
 • Data or modeling to analyze trade-offs between urban water needs and ecosystem needs 

 Lessons from US case studies: 
 • Management of fl ows during droughts is particularly critical: “Share the pain” approach 

where drought restrictions on human water use are coupled with reductions in environmental 
fl ows seems to be most equitable 

 • Modeling and analysis of quantitative information about ecosystem needs for water and 
operations of water supply system helps generate key insights on how best to operate system 

 • Need to represent ecosystem needs and environmental fl ow goals using operating rules that 
are ecologically meaningful yet also straightforward enough to be implemented (i.e., percent 
of fl ow rules) 

 When applying the process in data-limited situations, will put greater emphasis on: 
 • Expert opinion on fl ow–ecology relationships 
 • Immediate and ongoing fi eld data collection 
 • Adaptive management to refi ne environmental fl ow recommendation (learning by doing) 
 • Setting preliminary standards using purely hydrologic methods (i.e., Richter et al.  1997  ) , 

which will need to be refi ned as more ecological information becomes available 
 • Creative approaches to gathering information (such as survey of traditional ecological knowledge) 
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described in this chapter will be even more essential. A key to moving forward will 
be to develop additional examples of how to conduct integrated planning, especially 
in the developing world, as further experimentation is needed to defi ne methods that 
can be used in a wider range of settings. This is not to understate the challenges 
ahead, as pressure on ecosystems from human population growth and increasing 
water use is certain to increase through time. But with stakeholder involvement, 
political will, and innovation in the array of information tools at our disposal, it is 
clearly possible to create a better balance in future urban water supply development 
between environmental and human needs than has previously existed in most urban 
water management projects.       
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   Introduction 

 The next century will be a time of major transitions for those who manage and 
depend on water. With population increases and economic development, the demand 
for water will grow and likely exceed available supply (2030 Water Resources Group 
 2009  ) . Competition for water will also grow and, consequently, the economic value 
of water will increase. In addition, changes in climate are likely to increase the vari-
ability of water resources and complicate the challenge of providing water services. 
As has been the case, historically, those who can pay for water will be able to gain 
access or be able to pay for alternatives, such as water-saving technologies. However, 
those without such means will become increasingly vulnerable to the variability of 
water resources and the hazards that accompany that variability. Already, economic 
development in the least developed nations is impeded by their inability to manage 
hydroclimatic extremes (Brown et al.  2010  ) . The dual stressors of climate and grow-
ing water demand may be especially diffi cult for aquatic ecosystems that are likely 
to be threatened by increased need for hydraulic control structures and to lose in the 
competition for water. To meet this coming challenge, innovations in how we man-
age our water resources are required. In this chapter, we review the major challenges 
that growing water scarcity and climate variability pose to aquatic ecosystems, the 
poor and those who would manage water for them. While those topics have been 
addressed individually before, here we explore the nexus of their implications. We 
then review some possibilities for improving our ability to manage water resources 
for the benefi t of poverty reduction and ecosystem sustainment, including water 
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trading mechanisms and hydrologic forecasting. Finally, we present a roadmap for 
achieving the innovations that are needed to insure a sustainable future for ecosys-
tems and communities.  

   Consequences of Water Scarcity 

 There is growing concern that the world will run out of water. The logic is that water 
is a fi nite and relatively scarce resource and as population grows, the proportion of 
available water inevitably decreases. Supporting this view is the seemingly increas-
ing occurrence of droughts that affect urban populations, farmers, and pastoralists 
in developed countries and developing countries alike. The well-documented deple-
tion of groundwater in as varied locations as the American southwest and the High 
Plains, peninsular India, and the north plain of China is further evidence of the 
growing scarcity of water. 

 Still, the question of water scarcity is not as simple as it is typically portrayed. 
Scarcity results from a mismatch between supply and demand that may persist over 
short or long time periods. Water supply is naturally variable in time and space, and 
water infrastructure is largely an effort to reduce that variability. Water demand is a 
complex function of societal values that remains diffi cult to predict. A number of 
studies have attempted to estimate the total available water resources and the total 
use of water resources by the earth’s population. Postel et al.  (  1996  )  estimated that 
humans currently use about 26% of freshwater resources, or 54% of what they con-
sider to be “geographically and temporally accessible.”    Oki et al. ( 2003 ), using a 
slightly different methodology, arrived at an estimate of less than 10% for the 
proportion of renewable water resources currently being used for human demands. 
Given the nature of the task, the fact that the results are within reasonable explanation 
of each other provides some confi dence that they are meaningful. We can probably 
say that we are currently using a signifi cant percent of the renewable water resources, 
but well less than half. On a global basis, at least, there appears to be plenty of water. 
Not included in these calculations, of course, is the essentially infi nite supply of sea 
water available from the oceans. Many urban centers around the world are already 
looking to desalination as a source for additional drinking water. Ultimately, given 
an energy source to purify saline water and the ability to transport it (or its services), 
we will never run out of freshwater supplies. 

 These estimates and others in the literature focus on quantifying the current use 
of water and comparing it to demand. However, as noted above, water use is a func-
tion of many factors. Typical studies consider demand to be static or a function of 
factors that increase it, namely population growth and economic development. This 
results in metrics such as the water scarcity index, which is water use divided by 
renewable available water, with an arbitrary value of 0.4 or above selected to indi-
cate water scarcity. The problem with such an index is that it cannot distinguish 
between excessive water use that results from subsidies, water use that is simply 
exploitation of available resources and actual water scarcity where legitimate water 
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demands cannot be met due to limited supply. For example, the American High 
Plains are an area that appears as water scarce on most global maps (e.g., see Oki 
et al.  2006  )  due to high water use (largely groundwater extraction) and low renew-
able resources (rainfall). However, this is hardly water scarcity. This is the outcome 
of a decision to extract groundwater for economic gain through the production of 
agricultural products that are highly subsidized. A set of policies that did not encour-
age the exploitation of the available water resources would largely solve the water 
“scarcity” at this location. 

 Estimating water scarcity based on current use of water is equivalent to measur-
ing food needs based on consumption at an all-you-can-eat buffet. The price that 
water users face is typically much less than the economic value of water (Rogers 
et al.  1998  ) . The difference is usually a result of the opportunity value of water and 
the environmental value of water. These are often not considered in the pricing of 
water. For example, withdrawing water from a river or controlling the fl ows for 
human use can have negative impacts on the ecological health of the river. The costs 
associated with this environmental damage are diffi cult to quantify and easy to 
ignore and, thus, frequently remain unconsidered. Since the water user is not faced 
with the cost of repairing the damage, either directly or in the price of the water, 
more water is used than is benefi cial to society. In places where there are few protec-
tions for maintaining environmental fl ows of water and where there are fi nancial 
subsidies for water use, the water consumed and the economically benefi cial demand 
for water will be different. These areas may appear to suffer water scarcity, but in 
fact are symptomatic of a scarcity of good policy. At present it is impossible to esti-
mate how much water demand falls into this category. 

 Despite the low global proportion of water consumption for human use, and the 
existence of localized areas of policy driven over-consumption, there are real and 
growing examples of water scarcity around the world. This is because a global 
 surplus of water does very little to help resolve local imbalances between supply and 
demand. There is no global trade in water. There is a global trade in so-called “vir-
tual water,” which is the accounting of water used in the production of goods. But 
this does very little to alleviate water shortages. In fact, in many cases it probably 
exacerbates water shortages. This is because virtual water does not necessarily fl ow 
from places with water excess. Instead, it fl ows from places where water use is sub-
sidized or where water has very low prices leading to overuse of the resource. Even 
if water were appropriately priced (this occurs rarely but is increasing), the virtual 
water trade only alleviates shortages of products, not shortages of water. It can pro-
vide food where there is hunger such as through temporary food aid during acute 
drought, but it is not clear nations that are willing to export food if they fear possible 
future shortages. But, this trade will not provide farmers with water for their crops 
and, thus, they will still be without livelihood security and income to buy available 
food. It will not provide water for domestic uses, water for hydroelectricity produc-
tion or water for ecosystems. It is unlikely that we can solve water scarcity issues 
through trade from surplus regions to dryer areas for the reasons described above. 
Instead, society will need to fi nd ways to simultaneously manage the temporal and 
spatial variability of water as well as potential growth in water use and demand.  
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   Managing Hydroclimatic Variability 

 A second major forcing that affects the relationship between water, poverty, and 
ecosystems is climate. The negative impacts of climate change on the availability of 
water resources have garnered the attention of scientists and policy makers around 
the world. The impacts are among the most signifi cant attributed to climate change. 
Global warming is expected to increase the demand for water, especially for expanded 
irrigation in rain-fed areas. Acceleration of the hydrologic cycle is an anticipated 
effect of climate change that could lead to even greater variability in water availabil-
ity. According to theory, rainfall may become more intense and yet less frequent. 
Several studies of long rainfall records report increases in extreme events that seem 
to support the theory (see Alexander et al.  2006 ). The same acceleration of the hydro-
logic cycle may lead to increases in the occurrence of droughts, especially in the 
lower latitudes, where the vast majority of the world’s poorest live. It is in these 
regions, where the climatic changes are expected to be among the most challenging 
and where the populations have the least capacity to manage them, that the issues at 
the nexus of water, poverty, and ecosystems will be most critical to resolve. 

 In the developing world, economic development is already strongly impacted by 
climate. Several studies have found consistent negative consequences of climate vari-
ability on economic growth. Hydroclimatic extremes, particularly drought, have been 
found to present the most signifi cant climate impacts on economic growth. In an 
econometric study of economic growth and climate in Sub-Saharan Africa, Brown 
et al.  (  2009  )  found that drought had a signifi cant and negative impact on economic 
growth, more important even than temperature, which is the climate variable that is 
typically used for projecting climate change impacts on economic growth. The analy-
sis was repeated at the global level in a report for the 2009 World Development Report 
(Brown et al.  2009  ) , fi nding again that hydroclimatic extremes were a signifi cant 
impediment to economic growth and more important than changes in temperature. 

 Evidence of the strong effects of hydrologic extremes, such as fl oods and 
droughts, has signifi cant implications for the practice of achieving poverty reduc-
tion and, consequently, for ecosystems in developing countries. It’s widely accepted 
that vulnerability to extreme hydrologic events should be reduced if poverty allevia-
tion is to be achieved. In addition, the prospect that climate change will increase the 
occurrence of hydrologic extremes increases the need to reduce the vulnerability of 
poor people. Without doing so, other development gains achieved through improved 
education and health services may be wiped out in a single fl ood or drought. Given 
the need to reduce the vulnerability of the poorest of the world to climate extremes, 
can this be achieved while protecting vulnerable ecosystems? The answer is critical 
for the benefi t of the poor and for the future health of those ecosystems. 

 The historical model in the industrialized world for reducing vulnerability to 
climate extremes is through investment in infrastructure to control the variability of 
natural streamfl ows. Reservoirs have been built to store variable fl ows to provide 
irrigation water in times of drought and to store excess water during fl ood events . 
  Grey and Sadoff  (  2007  )  review the status of nations in terms of their ability to 
control hydroclimate extremes and the investments, largely infrastructural, that 
were used. They describe countries such as Ethiopia and Yemen where economic 
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growth is vulnerable to climate fl uctuations as “hostage to hydrology.” It is widely 
accepted that these countries have a defi cient inventory of water infrastructure, 
especially relative to the variability they experience (Brown and Lall  2006  ) , and that 
this contributes to the strong negative infl uence of climate. 

 Simple examples illustrate the stark differences in infrastructure levels between 
developed and developing countries. The Connecticut River Basin in the Northeast 
USA, which has an area of about 10,000 square miles, has over 1,000 dams within the 
basin. It has been long been known as a “working river,” with the water used primarily 
for power (originally hydraulic power for sawmills and grist mills and eventually 
hydroelectricity) and for navigation when overland travel was diffi cult. After major 
fl oods ravished the cities of the basin in the twentieth century, 12 fl ood control dams 
were built and now fl oods are largely forgotten. The ecological impact was substantial 
and contributed to the decline of Atlantic salmon, among other species. However, the 
salmon are now being re-introduced, many other native species are recovering and 
dam operators are altering operations to attempt to restore some measure of the natural 
variability. In contrast, the Niger River Basin in West Africa covers an area of 817,600 
square miles and there are estimated to be less than 40 dams. The fl ows of the Niger 
and its tributaries are extremely variable both within an average year and between 
years. The 110 million people living there are among the poorest in the world. 

 Despite this evidence, there is resistance in the donor community to making 
investments in infrastructure that control water on a large scale. This is a result of 
the documentation of negative impacts and poor economic returns on investments 
made in large dams in the past, which were summarized in the World Commission 
on Dams (WCD  2000  ) . Are there alternatives to large dam projects? Are there 
examples of success, especially in regard to fl ood risk reduction? There are wide 
hopes for measures such as rainfall harvesting to provide poor farmers additional 
control of their water resources. However, these methods are primarily effective at 
relieving the effects of dry spells while providing little protection from prolonged 
droughts and no protection from fl oods. Major investments have been made in 
observation and modeling of the earth’s climate system and it is hoped that these can 
provide the basis for early warning systems to give people time to prepare for 
adverse climate events. Unfortunately, the vast investments made in the technology 
are rarely matched with investments in the “software” of tailoring the information 
for use by vulnerable populations and creating options for them to respond to cli-
mate extremes (   Brown and Hansen  2008  ) . Such investments are sorely needed to 
improve the performance of the infrastructure that is built and to provide protection 
from hydroclimatic variability where it is not built.  

   Conserving Water Through Incentives 

 It is likely that a major response to growing water scarcity will be increasing accep-
tance of the concept of water as an economic good. This has been long recognized 
as a needed step to increase the productivity of water and was adopted as one of the 
four “Dublin Principles” of water management (Dublin International Conference on 
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Water and the Environment  1992  ) . There are a variety of mechanisms by which 
water can be managed economically. In general, this entails the water users paying a 
price for water that is representative of the cost of supplying it. In theory, this would 
include the infrastructure and operational costs of water, as well as the opportunity 
costs and environmental costs. In practice, pricing water in some proportion of those 
actual costs would be a good start compared to current pricing (or lack thereof) poli-
cies. A major benefi t of this approach is that it creates incentives for water users to 
conserve. In addition, water would be made available for its most valuable uses and 
not available where the cost of supply exceeds the benefi ts from water use. Water 
suppliers can do this directly by changing prices to refl ect the actual cost of supply 
and increase them according to the amount used. Other methods that have been 
employed include water markets, water banks and water contracts. 

 The water allocation scheme that embraces economic principles in their purest 
form is establishing water markets based on tradable or leasable water rights. There 
are a variety of implementation techniques, but the basic tenet is that the right to use 
water is treated as a commodity (for in depth reviews, see Anderson and Hill  1997 ; 
   Easter et al.  1998 ; Marino and Kemper  1999 ). This right can be traded or leased 
temporarily, or permanently sold, without any changing of hands of the land with 
which the water right was originally associated. For example, a farmer with the right 
to withdraw a specifi c volume of water from an irrigation canal could sell that water 
right to another farmer who could then use the water. The impetus for water markets 
is that, in theory, they allow water to be utilized in the most economically productive 
uses. As each individual decision maker attempts to maximize profi t (a necessary 
assumption) through selling or buying water, the “invisible hand” of the market allo-
cates water to its most productive use. The value of water is determined in the free 
market through many transactions. In theory, society as a whole benefi ts because the 
productivity of water is maximized, there are economic incentives for increasing 
water use effi ciency and allocation is based on voluntary decisions. Some form of 
tradable water rights has been established in California, Chile, Mexico, Spain, South 
Africa, Texas, and Australia. 

 Objections to water markets stem from the failure to meet the assumptions nec-
essary to achieve the benefi ts of perfect market conditions, such as profi t maximiz-
ing decision makers, perfect information and minimal transaction costs, and the 
impacts of these market failures. In practice, water markets are often only appropri-
ate where the external costs of water use, such as the cost of damages to the environ-
ment when water is withdrawn, are minimal. In places where changes in water 
withdrawals have strong negative impacts on the environment, a water market is less 
appropriate because the associated costs would be diffi cult to include in the transac-
tions. Environmental damages could accrue as a result of the water rights exchanges 
leading to opposition to future transactions. 

 Water banks offer a more moderate approach to the marketing of water. Water 
banks are an attempt to reform water allocation through market incentives while 
maintaining the central authority and power of water agencies. Banks have typically 
been established in response to drought or expected drought, as in the case of the 
California Water Bank (CWB), which was established after recommendation by a 
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state Drought Action Team in response to a multiyear drought (California DWR 
 1992  ) . Water banks now exist in most US western states. They operate as “facilita-
tors” in transactions that enable surface water to be transferred temporarily to areas 
of critical need from areas that are able and willing to do without water deliveries 
during times of drought or prior to drought. To secure water, banks offer a price that 
they estimate to be attractive to those with water rights. The CWB has used consul-
tation with farmers and economic modeling to determine their price offer (Jercich 
 1997  ) . On the delivery side, the bank advertises available water at a price it chooses. 
Price setting provides the bank the opportunity to account for the costs of operation 
and administration. The CWB includes these costs in its prices and so the sale price 
exceeds their buying price (Howitt  1998  ) . However, the Snake River water bank of 
Idaho considers the banked water to be a drought relief measure and buys and sells 
water at low prices that include a smaller administrative fee, irrespective of supply 
and demand (Green and O’Connor  2001 ). This tends to keep the activity of the bank 
low; few are willing to sell water for low prices during a drought. 

 Water contracts are a third mechanism for incentive-based water management. 
Water contracts involve a legal agreement between an individual user or association 
of users and a water authority. This method of water allocation is typically the result 
of a government body creating a water storage and distribution system and then 
contracting with water recipients. The authority is typically governmental and owns 
storage and conveyance infrastructure that the users rely on, or may be a nongovern-
mental organization that owns water rights that it allocates. Those seeking water 
contracts typically apply for a specifi c quantity and may be limited by local norms 
based on land area and use. Contract payments are nominally based on the capital, 
operations, and maintenance costs for the water system infrastructure, although it is 
common for governments to subsidize these costs. The Bureau of Reclamation 
implemented this approach in the US West; the Central Valley Project in California 
and the Colorado-Big Thompson project in Colorado are examples. 

 Treating water as an economic good provides an avenue for maximizing the pro-
ductivity of water. This can be attractive to policy makers. Due to the increasing 
demands for water that often accompany population growth and economic develop-
ment, there is likely to be subtle, but consistent movement in this direction. The 
result is that growing water scarcity will likely cause a transition from a world in 
which water is not valued to a world in which water is valuable and allocated to 
valuable uses. This will likely have many benefi ts in terms of increasing incentives 
for conservation and increasing the productivity of water. 

 A transition to a world of valuable water will only be effective as a way to man-
age the resource to the extent that we know how to quantify the value of all water 
uses. Diffi cult to value uses, such as water for the environment and water for those 
who are not able to pay for it, are not readily preserved in an incentive-based water 
allocation scheme. Instead, direct intervention by government is required to set 
aside water for purposes that are not easy to quantify in monetary terms. This has 
been achieved in South Africa, where a right to water was written into the new con-
stitution. And this has been accomplished in the USA and other countries where 
water for the environment has been preserved through legally enforced instream 
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fl ow requirements. These examples show that economic allocation of water and 
preservation of water for uses with unquantifi ed fi nancial values is possible. The 
question is whether they will spread to other countries and whether they will be 
upheld when water is scarce. Already there were calls for the cessation of instream 
requirements in the Appalachicola-Chattahoochie-Flint River system during the 
drought that struck the US city of Atlanta in 2007.  

   Roadmap to Meet the Coming Challenge 

 At present, there is no consensus approach for managing hydroclimatic variability 
to promote economic development while simultaneously protecting ecosystems, 
which are further stressed by climate change. Here, we propose a path forward. It 
begins with the premise that more investment in infrastructure is needed for much 
of the developing world to manage current and future climate variability. Next, the 
design and operation of infrastructure must be coupled with suffi cient decision sup-
port systems to allow these investments to best satisfy multiple objectives that 
include water for ecosystems. While trade-offs are often unavoidable, often small 
compromises in operations can achieve signifi cant environmental benefi ts. Decision 
support systems that incorporate forecast information are an underutilized tool that 
can reduce the costs of tradeoffs and make providing water for ecosystems more 
easily achieved. Finally, training is required for water managers to be able to utilize 
these tools and to understand the need for an integrated approach to water manage-
ment. Here our attention focuses on the development of decision support systems to 
improve the ability of water infrastructure to achieve poverty reduction while miti-
gating ecosystem impacts. 

 The fi eld of water resources engineering is at a crossroads due to the growing 
recognition of the implications of climate change and nonstationarity of the hydro-
logic record (Milly et al.  2008  ) . Since water resources systems have been designed 
on the principal of “stationarity,” meaning that the historical statistics of streamfl ow 
were assumed to be representative of future fl ows, systems designed under this 
assumption are now vulnerable to changes in streamfl ow regimes or trends. 
Nonstationarity, meaning that the hydrologic record is not stationary, implies that 
our ways of designing and managing water resources systems may not be valid in 
the future. This realization is a topic of much debate and consternation among water 
managers and policy makers. The response to nonstationarity will have signifi cant 
implications on our ability to provide hydrologic services, while reducing poverty 
and maintaining ecosystems. 

 Traditionally, the engineering response to uncertainty might be more and larger 
infrastructure. Larger infrastructure typically entails more inundated area, more 
relocated poor people, and more lost ecosystems. Alternative approaches to manag-
ing hydroclimatic variability may be possible. However, if they are to be viable with 
planners and decision makers, a concerted research effort is needed to establish the 
advantages of these innovations over traditional approaches (Brown  2010  ) . 
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 There is great potential for water innovations that rely on fl exibility and forecasts 
to adapt to changing climate conditions. Hydrologic forecasts make use of the vast 
investments that have been made to observe, monitor, and model the earth’s climate 
system. Forecasts provide water managers the foresight that was previously taken 
for granted when stationarity was assumed. They have the potential to provide the 
foresight needed to manage water resources under conditions of nonstationarity. 
Currently, the state of streamfl ow forecasting is highly variable, depending on loca-
tion and season. In temperate climates, streamfl ow forecasts are often dependant on 
weather forecasts, and thus provide less than 1 week of lead-time. The exception is 
snowmelt fed basins, where monitoring of the snowpack often provides forecasts of 
water availability up to 3 months in advance. In the tropics, the large infl uence of the 
El Niño/Southern Oscillation provides the basis for streamfl ow forecasts at up to 
3 months in advance in certain locations and during certain seasons. 

 Billions of dollars of investments have been made in our ability to observe, moni-
tor, and model the earth’s climate system with the hopes of improving natural resources 
management. Unfortunately, only minimal investments have been made in the hard 
work of supporting the use of this information in decision making    (Lettenmaier  2008  ) . 
Water managers are ill-equipped to make decisions based on the uncertain, but poten-
tially useful information that scientifi c research yields. As a result, a potential resource 
for the improvement of water management under climate change is underutilized. 
Without sustained funding for the development of decision support systems and the 
capacity to use climate information in water resources decision making, the ability to 
monitor and model climate will not benefi t water resources management or the eco-
systems that compete for water in controlled environments. 

 With the kind of support that the earth observation systems receive, the use of 
climate information and development of fl exibility in water resource systems 
can progress to a point where the stark choices between poverty, development, and 
ecosystems can be relieved. With a scientifi c effort in the vein of sustainability science, 
which is described by Clark  (  2007  )  as “the quest for advancing both useful knowl-
edge and informed action by creating a dynamic bridge between the two,” innovations 
can move from the literature to have positive impacts in the fi eld. The water sector, 
with its outdated operating policies in need of rebooting and its key role in poverty 
reduction and ecosystem sustainment, is an ideal setting for putting the theory of 
sustainability science to practice. 

 In this chapter, we advance the argument that in the next century ecosystems and 
the poor will be increasingly vulnerable to water scarcity as a result of increasing 
water demand and climate variability. The traditional responses to scarcity, vari-
ability, and uncertainty involve investments in static infrastructure that often have 
disproportionate negative impacts on the poor and the environment. However, tech-
nologies and tools exist that can mitigate these impacts. 

 There are underutilized tools and technology available that can improve our abil-
ity to manage hydroclimatic variability with less impact on the vulnerable. These 
include economic mechanisms for the allocation of scarce water resources that 
improve the effi ciency of water use, while preserving some fraction for the environ-
ment and the poor. Some incentive-based mechanisms, such as water markets, have 
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been implemented in some locations around the world with some success. But there 
is the potential to do much more, especially using approaches such as water banks 
and option contracts that facilitate better management of externalities and may be 
more politically acceptable than water markets. 

 In addition to economic tools, there are also technological advances that can help 
solve the coming water challenges. In particular, our current ability to observe the 
evolution of the earth’s weather and climate is a potential valuable resource that is 
underutilized. For this potential to be realized, research and learning through case 
studies with real practitioners of water resources management must be undertaken 
and repeated. The “sustainability science” of water resources management must be 
supported to explore the potential benefi ts of such opportunities. Considering the 
challenges facing water managers in the next century, the payoffs could be huge.      
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    Until recently, the term “human-dominated ecosystems” would have elicited images of 
agricultural fi elds, pastures, or urban landscapes; now it applies with greater or lesser 
force to all of Earth. Many ecosystems are dominated directly by humanity, and no ecosys-
tem on Earth’s surface is free of pervasive human infl uence .   

 Our understanding of the human health impacts of global environmental change 
resembles ancient maps of the world in which large swaths of the globe were blank 
with only the words “terra incognita” scrolled across their surfaces and the occa-
sional arrow warning “this way lurk monsters.” This is a nascent fi eld, and there 
remains more mystery than clarity. Our goal in the following chapters cannot be to 
provide a comprehensive summary of all the health consequences of global environ-
mental change: most of these consequences have yet to be discovered. We will 
introduce the reader to what is currently known about the consequences of different 
classes of environmental change. We hope that the reader will be left with a sense of 
the scope and magnitude of impacts that are well described, as well as an apprecia-
tion for how much remains to be studied. 

 Humanity’s ecological footprint is immense and continues to balloon exponen-
tially. That human activity has reconfi gured the terrestrial surface of the planet, the 
composition of its biological species, the function of its ecosystems, and the nature 
of its climate is indisputable. Each of these classes of human alteration of Earth’s 
natural systems has signifi cant consequences for health, some better understood 
than others. The chapters which follow are an attempt to explore systematically, 
though not exhaustively, some of these consequences. 

 In the chapter on Land Use Change, we explore several mechanisms by which 
the dominant types of land use change can impact health, primarily through altered 
exposure to infectious disease, but through a variety of other mechanisms as well. 
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The second chapter focuses on climate change and describes a series of causal links, 
some short and direct and some longer and more indirect, between disruption of 
climate and health impacts. The Disease Ecology chapter explores the implications 
of changing the composition of whole biological communities of organisms. This is 
a rapidly growing fi eld and one that powerfully illustrates the law of unintended 
consequences: that perturbations of systems that seem quite distant from disease-
relevant organisms can have strong impacts on infectious disease exposure. The fi nal 
chapter explores what is known about the connections between disruption of eco-
system services and health and explores some of the methodological challenges to 
establishing these linkages. 

 From these chapters, several principles emerge. The fi rst is that the causal path-
ways between environmental change and health impacts are often complex and indi-
rect. While the impacts of climate change on heat-related mortality may be the 
simplest and most direct, the impacts on nutrition, mediated through a complex 
array of different mechanisms, are likely to cause a much higher burden of disease. 
A second principle, related to the fi rst, is that health impacts are often unpredictable 
and fall into the category of unintended consequences. Farmers applying fertilizer to 
hillside fi elds in Belize were probably surprised to discover that they were causing 
increases in malaria exposure well downstream. A third principle is that the health 
impacts of environmental change are immense. These are not esoteric mechanisms 
of interest only to academics. Food scarcity, water shortages, changes in the distri-
bution of vector-borne diseases (which already affect nearly half the global popula-
tion), increasing natural hazards, and widespread population displacement are all 
expected to result from rapidly accelerating environmental change. Collectively, 
they represent the greatest public health challenges of the twenty-fi rst century and 
are expected to affect hundreds of millions or billions of people. A fi nal, and criti-
cally important, principle emerging from these chapters is that the health impacts of 
environmental change are expected to disproportionately impact the poor. As is dis-
cussed in depth in the Ecosystem Services chapter, there are several mechanisms by 
which populations can insulate themselves from the impacts of environmental 
change: they can trade on international markets for locally scarce resources, they 
can build infrastructure, apply technology, and generate early warnings based on 
surveillance systems, for example. But these approaches require access to resources, 
and those who are resource poor will not be able to afford them. Whether discussing 
food scarcity resulting from climate change, water-borne disease resulting from 
breakdowns in ecosystem function, or malaria epidemics resulting from changes in 
land cover, it will be the poor who are caught without the resources to respond to 
rapidly changing conditions. 

 We started out saying that much of the map describing health impacts of environ-
mental change has yet to be fi lled in. Enough is understood, however, to justify a 
call for action. Rapidly changing environmental conditions are already generating 
signifi cant health threats. There is no doubt that current and future change will be 
the cause of widespread human suffering. There is an urgent need to disconnect cur-
rent economic growth and development from future ecological impoverishment and 
degradation. Otherwise, today’s development is simply driving tomorrow’s suffering. 
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We will need ecologists to help us understand the implications of ecological change 
and avoid its worst consequences, while simultaneously helping us to slow the pace 
of ecological disruption. The great challenge of the twenty-fi rst century will be to 
address global development goals like poverty alleviation and food security, while 
nurturing the ecological life support systems that provide the basic building blocks 
of public health. Ecologists will play a central role in meeting this challenge.      
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 Human activity is rapidly transforming our planet. The most pervasive changes to 
the landscape include deforestation, extension and intensifi cation of agriculture, 
and livestock management, the construction of dams, irrigation projects, and roads, 
and rapidly spreading urbanization. In addition to the well-known environmental 
costs of these changes, each also has important health implications that are often 
less recognized. However, a growing number of studies that combine ecology and 
human health are demonstrating how these activities impact the emergence of new 
infectious diseases and alter the distribution of already recognized diseases. 

 There are a variety of mechanisms by which land use change may alter exposure to 
infectious disease (Table  11.1 ). These mechanisms include the alteration of: (1) bio-
physical conditions of habitats that can affect the density or presence of disease-related 
organisms; (2) exposure pathways, or the way organisms (including humans) interact 
with each other; (3) the genetics of pathogens; (4) the life cycles of pathogens and 
vectors; and (5) species composition within a community of organisms (Myers and 
Patz  2009  ) . Infectious diseases which are transmitted by a vector (usually an arthro-
pod), or have a non-human host or reservoir are particularly sensitive to these types of 
change (Wilson  2001 ; Eisenberg et al.  2007  ) . Given that such diseases affect over half 
the human population, particularly the poor, alterations in their transmission rates can 
have signifi cant impacts on human health and well-being (Lemon et al.  2008  ) .  

 In this chapter, we discuss the major types of land use change and how these 
changes are known to impact exposure to infectious disease. In the chapter by 
Keesing and Ostfeld (this Volume), we discuss disease ecology, which explores how 
complex changes in whole communities of organisms are likely to alter disease 
exposure. Both chapters bring into focus the many ways that changing the natural 
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world can impact disease exposure in unexpected ways. We hope it will become 
clear that understanding these ecological relationships is an important element of 
improving public health globally. 

   Tropical Deforestation 

 Widespread deforestation has been one of the most dramatic and biologically 
profound changes to our global landscape. Over the past 300 years, we have cut 
down between 7 and 11 million km 2  of forest—an area the size of the continental 
United States. Approximately, two million km 2  of natural “forest” in temperate and 
tropical regions are now highly managed plantations with signifi cantly reduced bio-
logical diversity (Foley et al.  2005  ) . Deforestation alters biological composition and 
complexity, soil dynamics, biogeochemical cycles, surface water chemistry, ambi-
ent air temperature, exposure to sunlight, and hydrological cycles. It creates forest 
edges which provides new habitat for a variety of disease vectors and often creates 
an active interface between human populations and forest-dwelling vectors and host 
species. Not surprisingly, it has impacts on infectious disease exposure, particularly 
to vector-borne and zoonotic diseases. Vector-borne diseases are caused by pathogens 
that are transmitted from one individual to another by an intermediary organism—
usually an arthropod such as a mosquito or a tick. Common examples include 
malaria and Lyme disease. Zoonoses are diseases that exist in both human and non-
human vertebrates and, therefore, have natural host reservoirs in the non-human 
community. Yellow fever (monkeys) and rabies (dogs, raccoons, foxes, skunks, etc.) 
are common examples. In this section, we focus on tropical deforestation because 
very little is known about the infectious disease threats of temperate deforestation, 
with the exception of the well-described relationship between forest fragmentation 
and increased risk for Lyme disease in temperate forests (LoGiudice et al.  2003  ) . 

 Because of its global importance, extensive research has been conducted on the 
relationship between tropical deforestation and malaria. Here, we describe this 
research in some detail to illustrate the complexity of land use-disease relationships. 

 Of an estimated three billion people living in malaria-prone areas, approximately 
500 million contract the disease annually, and roughly one million people die each 
year, mostly in Africa (Hay et al.  2005 ; Snow et al.  2005 ; Guerra et al.  2006a  ) . 
Malaria is transmitted by a number of different species of  Anopheles  mosquito. In 
order to understand the effect of deforestation on malaria, it is necessary to know 
which species of mosquito are responsible for transmission in a given location and 
what their breeding habitats and feeding preferences are. Understanding the ecol-
ogy of the species that transmit malaria locally, including their breeding habitat, 
feeding preferences, behavior, and environmental niche is essential to understand-
ing the effects of deforestation on the spread of malaria. This, in turn, is essential to 
predicting the spread of the disease and developing effective control measures. 

 In the Americas, 4 out of 5 cases of malaria occur in the Amazon. While there are 
over 50 different  Anopheles  mosquito species in this region, only one appears to be an 
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important vector of malaria:  Anopheles darlingi  (Guerra et al.  2006b  ) .  A. darlingi  pre-
fers to breed in partly shaded pools with slightly acidic pH. Slash and burn land clear-
ing and road building change the chemical composition of the soil, reduce shading, 
and often create small pools of water with ideal conditions for  A. darlingi . As a result, 
deforestation favors breeding of this vector (Singer and de Castro  2001  )  and has been 
shown to increase malaria exposure in the Amazon (Tadei et al.  1998  ) . In the Peruvian 
Amazon, investigators found that biting rates of  A. darlingi  in deforested areas were 
278 times higher than biting rates in forested areas (Vittor et al.  2006  ) . These fi ndings 
supported earlier work showing strong associations between deforestation and malaria 
and epidemiological evidence of malaria surges following periods of deforestation. 

 In Africa, rather than a single malaria vector, there are four primary vectors: 
 A. gambiae ,  A. funestus ,  A. moucheti , and  A. nili .  Anopheles nili  and  A. moucheti  
have more localized distributions and are considered “subsidiary” vectors. Of these 
four,  A. nili  is considered a localized forest species with a relatively limited role in 
transmission (Carnevale et al.  1992  ) . As in the Amazon, deforestation increases 
habitat for the primary African malaria vectors; it is, therefore, not surprising that a 
number of studies have found associations between deforestation and increased 
malaria exposure in sub-Saharan Africa (Coluzzi et al.  1979 ; Coluzzi  1984,   1994 ; 
Cohuet et al.  2004  ) . A recent review of these and other studies of the relationships 
between deforestation and malaria concluded that deforestation in sub-Saharan 
Africa tends to increase malaria transmission (Guerra et al.  2006b  ) . Given the breed-
ing preferences of the primary malaria vectors in Africa, this generalization is likely 
to hold, although exceptions may well be identifi ed in specialized breeding areas. 

 Increasing habitat or breeding sites for mosquito species is not the only way that defor-
estation can increase malaria exposure. An elegant series of investigations by Afrane and 
colleagues (Afrane et al.  2005,   2006  )  has gone beyond counting the density of anopheline 
vectors in forested versus deforested areas. In experiments performed in the western Kenya 
highlands, they evaluated how deforestation may affect the lifecycle of  Anopheles  species 
through microclimatic change and showed that, by reducing shading, deforestation raises 
the average temperature in homes by 1.8°C and in nearby aquatic habitats by 4.8–6.1°C. 
These ambient temperature changes are associated with much shorter reproductive cycles 
(nearly 60% shorter), reduced larva-to-adult developmental time, and increased larval and 
adult survivorship all of which improve the vectorial capacity of the mosquitoes and 
increase exposure to malaria (Afrane et al.  2005,   2006  ) . For example, as a result of 
increased ambient temperatures in deforested areas,  A. arabiensis  has a 49–55% higher 
adult life span and a reproductive rate about twice that in forested areas. 

 In addition, the alteration of microclimate through deforestation can also increase 
the geographic range of less abundant vectors. In the case of  A. arabiensis , defores-
tation has been shown to facilitate the migration to higher elevations. Afrane and 
colleagues argue that the combination of deforestation and climate change may 
facilitate the establishment of  A. arabiensis  as an important malaria vector in the 
Kenya highlands (Afrane et al.  2007  ) . 

 In Asia, the relationship between deforestation and malaria appears to be more 
complex. In part, this is because there are a wider variety of  Anopheles  species 
that are effective malaria vectors and that have more variable habitat preferences. 
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Unlike the Americas and Africa where higher rates of transmission occur after 
deforestation, much of the malaria transmission in Asia occurs in intact forested 
areas. Almost all of the malaria transmission in Bangladesh in 1989 occurred in 
forests (Sharma et al.  1991  ) . In India in 1987, 7% of the human population lived in 
forested areas but contributed to 30% of the malaria cases in the country (Narasimham 
 1991  ) . In fact, deforestation has driven down the density of important malaria vec-
tors including  A. dirus ,  A. minimus , and  A. barbirostris  in Thailand, Nepal, India, 
and Sri Lanka. However, it has also caused an increase in the density of alternative 
vectors including  A. fl uviatilis ,  A. annularis ,  A. jamesii ,  A. nigeririmus ,  A. subpictus , 
and  A. peditaeniatus  (Amerasinghe and Ariyasena  1990 ; Konradsen et al.  1990 ; 
Karla  1991 ; Taylor  1997  ) . In a comprehensive review of over 60 studies of land use 
change and malaria, Yasuoka and Levins describe the unpredictable nature of the 
impacts of these complex changes. In Kanchanaburi, Thailand, widespread defores-
tation from 1986 to 1995 eliminated breeding sites for  A. dirus  and decreased 
malaria incidence. However, in northeast India, deforestation increased malaria trans-
mission by replacing the historical vector  A. minimus  with  A. fl uviatilis  that has since 
become more abundant (Yasuoka and Levins  2007  ) . In Sri Lanka, deforestation has 
driven major malaria epidemics (Konradsen et al.  1990  ) . While anopheline ecology 
is particularly complex in Asia, it conforms, nonetheless, to a general trend through-
out the world: deforestation tends to reduce mosquito diversity and the surviving 
dominant species, for reasons that are not well understood, are almost always more 
effective vectors for malaria than earlier vectors (Molyneux et al.  2008  ) . 

 Exposure to another disease, schistosomiasis, also appears to be related to defor-
estation. Schistosomiasis is a disease caused by parasitic worms (Schisotoma spp.) 
that spend part of their life cycle in freshwater snails and then leave the snails to 
penetrate the skin of people who enter contaminated water. The disease can damage 
liver, lungs, intestines, and bladder and infects roughly 200 million people. 
Deforestation changes the ecology of freshwater snail populations by increasing 
sunlight penetration, encouraging growth of vegetation, and changing water levels 
and fl ow rates. Many snail species do not survive these changes, but those which do 
tend to be better hosts for the parasitic worms (schistosomes) that cause this disease 
(Molyneux et al.  2008  ) . In Cameroon, the upsurge in schistosomiasis following 
deforestation has been well described. Deforestation there led to the displacement of 
one type of freshwater snail,  Bulinus forskalii , by another,  Bulinus truncatus , better 
suited to cleared habitats. While  B. forskalii  hosted a type of schistosome that causes 
little illness in humans,  B. truncatus  is an effective host for  Schistosoma haemato-
bium , a primary cause of urinary tract Schistosomiasis (Southgate et al.  1976  ) . 

 The effects of deforestation on other vector-borne diseases have been less well 
characterized. Deforestation in West Africa has expanded the range of both onchocer-
ciasis (river blindness), which is spread by the bite of the black fl y and yellow fever, a 
mosquito-borne virus (Cordellier  1991 ; Wilson et al.  2002 ; Patz and Confalonieri 
 2005  ) . There is also evidence that deforestation has increased the incidence of cutane-
ous leishmaniasis (transmitted by the bite of the sandfl y) in Latin America (Weigle 
et al.  1993 ; Desjeux  2001  ) . However, further research is necessary to understand the 
full impacts of deforestation on exposure to a variety of vector-borne diseases. 
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 Since nearly half the human population suffers from one or more vector-borne 
diseases this area represents a rich fi eld for research with important consequences 
for improving human health (Lemon et al.  2008  ) . Deforestation is one of the most 
pervasive features of global change driving dramatic biological, geochemical, and 
hydrological changes that will impact the dynamics of many insect-transmitted dis-
eases. In the majority of diseases that have been studied, impacts associated with 
deforestation have increased disease exposure. However, regardless of whether 
deforestation has a positive or negative impact on disease exposure, understanding 
these relationships is essential in guiding disease surveillance, control, and mitiga-
tion efforts. The importance of understanding these relationships has been recently 
emphasized by the World Health Organization (WHO) as part of their emphasis on 
integrated vector management  (  2008b  ) . 

 Not all health consequences of deforestation are related to infectious diseases how-
ever. Over the past decade, investigators have uncovered an important association 
between deforestation in the Amazon basin and “natural” mercury contamination, 
particularly of rivers. In watersheds that are hundreds of kilometers removed from the 
nearest gold mining operations, areas disturbed by deforestation have signifi cantly 
higher mercury loads than upstream areas that remain intact (Veiga et al.  1994 ; Fostier 
et al.  2000  ) . This “natural” contamination is thought to be caused by the release of 
mercury from burned trees and shrubs and increased soil erosion. The contamination 
has led to elevated mercury levels in fi sh and in the local people who eat them. 
Investigators have demonstrated neurological defi cits in Amazonian forest- dwellers 
even at very low levels of mercury contamination (Lebel et al.  1996,   1998  ) . 

 There are other, less direct, effects of deforestation on human health. At global 
scales, deforestation makes a signifi cant contribution to climate change through the 
release of carbon from soils and forest biomass to the atmosphere and by decreasing 
carbon uptake from growing trees. Deforestation has contributed roughly one- quarter 
of the total rise in green house gases (GHG). As we will see in the chapter by Hess 
and Myers (this volume), the health impacts of climate change are quite signifi cant. 

 In addition to climate regulation, forests play an important role in maintaining a 
reliable supply of clean fresh water. Forest litter absorbs water, fi lters it, and releases 
it slowly over time. Deforestation causes more rapid runoff, increased sediment 
loads, and poorer water quality. It can lead to fl ooding and landslides as well as 
increased incidence of water-borne disease. In 1998, upstream deforestation played 
an important role in the Yellow River fl ood disaster which killed more than 3,500 
people, damaged over seven million houses, submerged 25 million hectares 
of farmlands and caused US$30 billion worth of damage (August 28  2001  ) . In the 
same year, Hurricane Mitch killed nearly 10,000 people in Central America and 
left roughly one million people homeless. Areas with deforested hillsides 
and fl oodplains suffered disproportionate morbidity and mortality (Environmental 
Impacts of Hurricane Mitch     1999 ; Cockburn et al.  1999  )    . 

 The complex and diverse pathways by which deforestation can impact human 
health provide an excellent example of the importance of ecology to public health. 
Without an understanding of ecology, it would be diffi cult to anticipate that changes 
in forest cover could have such profound impacts on disease exposure.  
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   Crop Cultivation 

 Rapid human population growth coupled with economic development and increasing 
adoption of a western-style diet has driven dramatic increases in global grain and 
meat production. Since 1960, global food production has risen by roughly two and 
a half times  (  2005  ) . Achieving these increases has required bringing more land into 
cultivation and pasturage. Roughly 40% of the planet’s ice-free land surface has 
been converted to croplands or pasture (Foley et al.  2005  ) . Pressure to increase 
yields-per-acre has also driven agricultural intensifi cation with industrial fertilizers 
and pesticides, widespread irrigation, new crop varieties, and mechanization. As 
with deforestation, there are a wide variety of potential health impacts arising from 
these practices most of which are not well studied. However, an overview of some 
of the relationships that have been documented suggests the breadth and variety of 
health consequences resulting from these types of land use changes. 

 One way that crop cultivation and livestock management impacts health is by 
creating new ecological niches that favor disease vectors or hosts. In Trinidad, in the 
1940s, the development of cacao plantations caused a major malaria epidemic. The 
mechanism driving this epidemic was the use of anagroforestry system where spe-
cies of the  Erythrina  tree were used to provide shade and nitrogen to the cacao. 
However, the shade provided by the  Erythrina  trees also provided ideal habitat for 
epiphytic bromeliads which, in turn, created excellent breeding sites for  A. bellator , 
the principal local malaria vector. The epidemic was not controlled until the 
 Erythrina  trees were reduced in number and plantation techniques were changed 
(Downs and Pittendrigh  1946 ; Yasuoka and Levins  2007  ) . This example also serves 
to show the complexity of managing ecological relationships: agroforestry systems, 
such as the  Erythina  and cacao systems described above, have largely been pro-
moted for their contribution to biodiversity conservation, soil conservation, and car-
bon sequestration functions amongst others, yet, these case studies demonstrate that 
there also can be unforeseen health consequences associated with these practices. 
Thus, conserving and managing a multi-functional landscape will require knowl-
edge of the tradeoffs and synergies among ecosystem services and will require 
adaptive management to respond to unforeseen consequences resulting from land 
use decisions. 

 Numerous other relationships between agricultural cultivation and human health 
impacts have been documented. In Thailand, both cassava and sugarcane cultivation 
led to reductions in the density of  A. dirus  but created widespread breeding grounds 
for  A. minimus  with a resulting surge in malaria (Yasuoka and Levins  2007  ) . In Cote 
d’Ivoire, cultivation of coffee and cacao plantations has been associated with expo-
sure to African trypanosomiasis (sleeping sickness). The plantations create habitat 
for the tsetse fl y vector and cause exposure by bringing agricultural workers into 
contact with the vector (Fournet et al.  2000  ) . In a fi nal example, the drainage and 
cultivation of papyrus swamps in highland Uganda appears to increase the risk of 
malaria. Households located near drained and cultivated swamps have higher ambi-
ent temperatures and more  A. gambiae  mosquitoes per household than households 
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in villages surrounding undisturbed papyrus swamps (Lindblade et al.  2000  ) . 
As with deforestation, ecological changes associated with crop cultivation can 
create new habitat for disease vectors and new modes of human exposure, both of 
which can increase overall infectious disease exposure. 

 Agricultural practices can also impact health through contamination of water-
ways with pathogens and excess nutrients. In 1993, the largest water-borne disease 
outbreak ever recorded occurred in Milwaukee where over 400,000 people were 
infected with  Cryptosporidium parvum , a protozoan that can cause severe diarrhea. 
The outbreak followed a period of heavy rainfall and runoff that contaminated 
Milwaukee’s water supply despite new fi ltration and disinfection facilities and killed 
54 people (Mac Kenzie et al.  1994  ) . Heavy rainfall and runoff has been associated 
with other cryptosporidiosis outbreaks.  Cryptosporidium  oocysts are shed in the 
feces of many animals including ruminants like cows and sheep. They are very 
small (roughly 3  m m), pervasive, and are not easily fi ltered from water. Investigators 
found that 64% of farms in Pennsylvania had at least one cow infected with 
 Cryptosporidium  and on 44% of the farms, all bovine stool samples were positive. 
On these farms, the cattle had full access to waterways that could be contaminated 
by their feces (Graczyk et al.  2000  ) . This combination of land clearing and grazing 
ruminants with no buffer zones to protect waterways provides the ideal ecological 
conditions for human infection by this parasite. 

 In addition to pathogens, agricultural runoff contains high concentrations of nutri-
ents, particularly fi xed nitrogen which is naturally limiting in most terrestrial envi-
ronments. Overall, human activity, adds at least as much fi xed nitrogen to the 
terrestrial environment as all natural sources combined (Vitousek and Mooney  1997  ) . 
Because fi xed nitrogen is a critical and rate-limiting nutrient in many ecosystems, its 
widespread addition has profound impacts on these systems. In marine and freshwa-
ter environments, nutrient enrichment is responsible for a rapidly increasing number 
of harmful algal blooms. These blooms are caused by a wide variety of algae, caus-
ing massive fi sh kills, shellfi sh poisonings, disease and death of marine mammals, 
and human morbidity and mortality. In the United States alone, roughly 60,000 indi-
vidual cases and clusters of human intoxication caused by algal blooms occur annu-
ally. Health impacts range from acute neurotoxic disorders and death to subacute and 
chronic disease. The cost of HABs in the US over a 15-year period was estimated to 
exceed $400 million  (  2001  ) . Nutrient enrichment of coastal waters is also likely to 
play a role in cholera outbreaks. Plankton blooms stimulated by warm temperatures 
and increased nutrient levels help to transform the cholera bacteria,  Vibrio cholera , 
from a quiescent to an infectious state (Ezzell  1999 ; Colwell and Huq  2001  ) . 
Unfortunately, this problem is likely to increase since agricultural ecologists anticipate 
a global increase in nitrogen and phosphorus application of roughly 250% from cur-
rent levels in order to meet projected food demand by 2050 (Tilman  2001  ) . 

 Nutrient enrichment of waterways from agricultural runoff can lead to increased 
risk of parasitic and infectious diseases through other types of ecological change as 
well. A recent review of the literature included 34 studies involving 41 different spe-
cies of pathogens on 6 continents. The authors concluded that in 95% of observations 
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(51 of 55), nutrient enrichment  increased  exposure to pathogens (McKenzie and 
Townsend  2007  ) . In India, for example, extensive use of synthetic fertilizers in rice 
fi elds has been associated with increased exposure to Japanese encephalitis. Elevated 
nitrogen in these rice fi elds is associated with increases in the density of mosquito 
larvae, presumably because of increased growth of the microorganisms which are the 
primary food source for these larvae (Victor and Reuben  2000 ; Sunish and Reuben 
 2001  ) . Similar associations between nutrient loading of surface water and increased 
concentrations of mosquito larvae have been shown for malaria vectors in Mexico 
(Rejmankova et al.  1991  ) , Belize (Rejmankova et al.  2006  )  and Taiwan (Teng et al. 
 1998  )  and for  Culex  and  Aedes  species of mosquito which transmit La Crosse 
encephalitis, Japanese encephalitis and West Nile virus (Walker et al.  1991 ; Sunish 
and Reuben  2001  ) . As with deforestation, this is a rich fi eld for future research given 
the pervasiveness of nutrient loading, the importance of the diseases likely to be 
impacted, and the fact that most of these relationships have not yet been described. 

 A fi nal human health impact of nutrient loading is direct exposure to nitrogenous 
compounds in air and water. Nitrogen from synthetic fertilizers contributes to the 
formation of nitrogen oxides, which in turn lead to the production of ground-level 
ozone (O 

3
 ). Nitrogen oxides in the atmosphere are also an important driver of par-

ticulate air pollution. Both O 
3
  and nitrogen oxides contribute to respiratory disease 

(both chronic and acute) and cardiovascular disease. In addition, agricultural appli-
cation of nitrogen to land surfaces leads to contamination of groundwater with 
nitrates. The World Health Organization (WHO) maximum standard of nitrate in 
safe drinking water is 10 ppm. Globally, this standard is often exceeded. Even in the 
USA where strict drinking water legislation applies, 10–20% of groundwater sources 
may exceed 10 ppm. The potential health effects of excess nitrate in drinking water 
include reproductive problems, methemoglobinemia (blue-baby syndrome), and 
cancer (Townsend et al.  2003  ) .  

   Livestock Management 

 Livestock and wild animal management practices also have a series of important 
health consequences. In these cases, the mechanism for altered infectious disease 
exposure is often genetic change in pathogens resulting from a variety of livestock 
management practices. The widespread use of antibiotics for livestock has contributed 
to rapidly increasing microbial resistance. Resistant strains of  Campylobacter , 
 Salmonella , and  Escherichia coli  which can cause serious human infections have all 
been traced to the use of antibiotics in intensive livestock agriculture (Patz and 
Confalonieri  2005  ) . A variety of other emerging or resurging infectious diseases are 
associated with livestock management practices as well. Pandemic infl uenza in 
humans is thought to result from genetic exchange among the strains of infl uenza 
virus in wild and domestic birds, and pigs. Close confi nement of these animals in 
proximity to each other, for example in Asian “wet markets,” and in pig-duck 
farms in China, fosters this type of genetic exchange (Daily and Ehrlich  1996  ) . 
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The SARS epidemic is likely to have resulted from similar crowding of animals in 
live-animal markets in China. In this case, the species at the center of the epidemic 
were horseshoe bats and palm civet cats as amplifying hosts with a possible role 
for raccoon dogs, and Chinese ferret badgers as well. Most of the early cases of 
SARS were among people who worked with the sale or handling of these animals 
(Shi and Hu  2008  ) . 

 A more complete understanding of the ecology of this type of zoonotic disease 
transmission could lead to less risky livestock management practices. Most of the 
infectious diseases that are now endemic in human populations originated in non-
human populations. This includes the major killers of humanity—smallpox, tuber-
culosis, infl uenza, malaria, measles, cholera, and plague (Diamond  1999  ) . Practices 
which bring new populations of wild or domestic animals into close proximity with 
each other or human populations are likely to be a major source of new emerging 
diseases in the future (Weiss and McMichael  2004  ) . 

 A fi nal example of livestock management practices leading to resurgence of 
infectious disease comes from the mountainous regions of Yunnan Province, China. 
There, an economic development project tried to raise local incomes by giving vil-
lagers cows. Cattle are an important reservoir of  Schistosoma japonicum , the agent 
responsible for schistosomiasis. As they spread throughout the region, they shed 
schistosome eggs into waterways where they infect snails that serve as the interme-
diate host. As a result, schistosomiasis rates surged, infecting up to 30% of some 
villages particularly impacting those villagers that owned and managed cattle (Jiang 
et al.  1997  ) .  

   Dams and Irrigation Projects 

 Large dams and irrigation projects have become another pervasive feature of the 
human-dominated landscape. By the end of the twentieth century, there were over 
45,000 large dams and more than 800,000 small dams in over 150 countries. About 
half of these were built exclusively or primarily for irrigation, and about one-third 
of the world’s irrigated cropland relies on dams (World Commission on Dams  2000 ; 
Keiser et al.  2005  ) . 

 There is no doubt that these dams make an essential contribution to global food 
production, provide reliable water supplies, and are a massive source of clean power 
generation. Irrigated croplands represent only one-fi fth of total agricultural lands, 
but produce roughly 40% of total global agricultural yield. Dams are estimated to 
contribute 12–16% of world food production  (  2000  ) . However, the ecological and 
health impacts of dams and irrigation can be both devastating and far reaching. 

 Dams and irrigation projects also change local ecology and create new favorable 
habitat for the transmission of a variety of vector-borne diseases. As it is with defor-
estation, the association with malaria is one of the best documented health impacts 
of dams and irrigation projects. A study in northern Ethiopia has shown a sevenfold 
increase in malaria in villages within 3 km of microdams compared with control 
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villages 8–10 km distant (Ghebreyesus et al.  1999  ) . In India, there was a surge of 
“irrigation malaria” in the 1990s after poorly evaluated irrigation projects improved 
breeding conditions for the dominant malaria vector,  Anopheles culcifacies . Malaria 
became endemic and widespread in a population of roughly 200 million people as a 
result (Sharma  1996  ) . In general, dams and irrigation projects constructed in 
endemic areas tend to increase breeding habitat and transmission of malaria (World 
Commission on Dams  2000 ; Keiser et al.  2005  ) . Agricultural projects that combine 
deforestation with dams and irrigation can be a particularly potent combination for 
increasing malaria exposure given their combined effects on breeding habitat and 
microclimate. 

 In the Nile delta area of Egypt, prevalence of lymphatic fi lariasis (elephantiasis) 
rose from <1% in 1965 to >20% after construction of the Aswan High Dam and 
subsequent irrigation projects. This surge resulted from increased surface and sub-
surface moisture that created improved breeding sites for  Culex pipiens , the mos-
quito vector of this disease (Harb et al.  1993 ; Thompson et al.  1996  ) . In Ghana, a 
different vector is primarily responsible for transmission of fi lariasis,  Anopheles 
gambiae . However, similar dynamics are observed. Rates of infection, worm load, 
annual bites per person, and annual transmission rates were all found to be higher in 
irrigated areas than in communities without irrigation (Appawu et al.  2001  ) . 

 Filariasis was not the only disease to surge with the construction of the Aswan 
Dam. Because of the creation of extensive new habitat for  B. truncatus , a freshwater 
snail which is an excellent intermediate host for  Schistosoma haematobium , preva-
lence of  S. haematobium  infection in Upper and Middle Egypt rose from about 6% 
before construction of the dam to nearly 20% in the 1980s. In Lower Egypt, intestinal 
schistosomiasis rose to an even greater extent (Malek  1975 ; Cline et al.  1989 ; Molyneux 
et al.  2008  ) . In the Tana river region of Kenya, the Hola irrigation project led to the 
introduction of snail vectors where they had never been before. Between 1956, when 
the project began, and 1966, the prevalence of urinary schistosomiasis in children in 
the region went from 0 to 70%. By 1982, it was 90% (Mutero  2002  ) . Around the 
world, the rapid proliferation of dams and irrigation projects has generated new habitat 
for freshwater snails well adapted to these environments and to hosting schistosomes 
resulting in a global surge in schistosomiasis infection. Propagation of Rift Valley 
Fever, leishmaniasis, dracunculosis, onchocerciasis, and Japanese encephalitis has 
also been associated with these projects (Jobin  1999 ; Patz and Confalonieri  2005  ) .  

   Roads 

 Construction of roads can provide edge habitat for disease vectors as well as create 
pools of water that can be excellent breeding sites for mosquitoes. Roads built for 
transportation, access to mines, or construction of pipelines can become entry points 
for settlers. In these situations, the combination of deforestation and exposure of a 
non-immune population to local vector-borne or zoonotic disease can lead to new 
epidemics. With malaria, this phenomenon is referred to as “frontier malaria.” 
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 Road building has also been implicated as an important factor in the penetration 
of human populations into previously undisturbed wildlife habitat. This mixing of 
previously isolated human and non-human populations can lead to exposure to new 
zoonoses. The bushmeat trade which leads to handling, slaughtering, and consum-
ing wild animal species, particularly in Africa and Asia, further increases the risk of 
human exposure to new pathogens. 

 In particular, bushmeat hunting may provide opportunities for exchange of 
pathogens between humans and non-human primates. In Central Africa, 1–3.4 
million tons of bushmeat are harvested annually (Fa and Peres  2001  ) . In West 
Africa, a large share of protein in the diet comes from bushmeat. In West Africa, the 
bushmeat harvest includes a large numbers of primates, facilitating interspecies dis-
ease transfer. The “Taxonomic Transmission Rule” states that the probability of 
successful cross-species infection increases the more closely hosts are genetically 
related, since related hosts are more likely to share susceptibility to the same range 
of potential pathogens (Wolfe et al.  2000  ) . 

 Recently, infection with simian foamy virus, a retrovirus that is endemic in most 
Old World primates, was demonstrated in hunters who reported direct contact with 
blood or body fl uid of non-human primates. This fi nding provides additional sup-
port for already compelling hypothesis that the retrovirus causing HIV/AIDS was 
likely a mutated simian virus contracted through bushmeat hunting (Hahn et al. 
 2000 ; Wolfe et al.  2004  ) . It is likely that Ebola virus infection in human populations 
also had its origin in bushmeat hunting. 

 Of the wave of emerging infectious diseases over the past several decades, three 
quarters are zoonotic (Taylor et al.  2001  ) . This fact is consistent with the theory that 
new incursions of human populations into previously isolated wildlife habitat, and 
animal markets that bring live wildlife into close proximity with other human and 
non-human species may represent important sources of new human infectious 
diseases.  

   Urbanization 

 A fi nal pervasive form of land use change has been the rapid, global development 
and expansion of cities. Over the past two centuries, the proportion of people living 
in cities or large towns has grown from approximately 5–50% and continues to 
climb (Global Environmental Change and Human Health  2007  ) . Between 1960 and 
1980, the urban population in developing countries more than doubled. By 2025, 
urban population in developing countries is expected to account for well over half 
the global population (Knudsen and Slooff  1992  ) . 

 Widespread urbanization can result in numerous direct ecological consequences 
that affect human health. As with deforestation, agriculture, dams and irrigation 
systems, urbanization creates new habitat for disease hosts and vectors while chang-
ing human exposure patterns. Much of the rapid urbanization occurring today is 
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taking place in urban or periurban slums with few services for clean water provision, 
sewage disposal, solid waste management, or quality housing. Pools of contami-
nated water, water containers kept in homes, tires and other refuse capable of hold-
ing water, and piles of municipal waste all create excellent habitat for a variety of 
rodent hosts and arthropod vectors, particularly those which transmit dengue, 
malaria, fi lariasis, Chagas disease, plague, and typhus. In addition, rural to urban 
migration brings people from different disease endemic regions together in high 
density providing a source for new infection as well as non-immune hosts. A fi nal 
contributing factor to the spread of vector-borne disease in slums is the poor quality 
housing which does not provide an effective barrier to mosquitoes, rodents, or 
fl eas. 

 Dengue fever provides a good example of a vector that is well adapted to urban 
habitat. Over recent decades there has been a tremendous surge in dengue cases as 
it has spread out of South-east Asia and the Pacifi c and become endemic throughout 
the tropics. Dengue is the most common mosquito-borne viral disease in the world 
with roughly 50 million cases in over 100 countries each year  (  2008a  ) . It is trans-
mitted by the bite of infected  Aedes  mosquitoes, primarily  Aedes aegypti . These 
mosquitoes prefer to feed on humans over other animals and usually live close to 
human dwellings. They breed in man-made containers like earthenware jugs, tires, 
metal drums, discarded plastic food containers, and other items that collect rainwa-
ter. These characteristics make them highly effective at adapting to urban areas 
(Daily and Ehrlich  1996 ; Mackenzie et al.  2004  ) . Relatively simple, ecologically 
based solutions, such as eliminating rainwater holding containers that serve as the 
breeding habitat for this species have proven effective control measures. 

 A second consequence of rapid urbanization in slums and squatter settlements is 
lack of access to safe drinking water or sanitation. Current projections are that, if 
efforts to provide water and sanitation to the underserved continue at the current 
rate, more than 692 million people will live without basic sanitation and 240 million 
without improved sources of drinking water, in urban areas in 2015 (Norstrom 
 2007  ) . Particularly in crowded urban conditions, the exposure to infectious disease 
resulting from both contaminated drinking water and inadequate sanitation is sig-
nifi cant. Diarrhea alone, caused primarily by contaminated drinking water, causes 
around 2.2 million deaths each year, about 4% of all global mortality. Poor sanita-
tion can also lead to outbreaks of leptospirosis as was observed in San Salvador 
between March and November of 1996, where investigators identifi ed over 300 
cases of leptospirosis—a disease that is transmitted by direct exposure to rodents or 
an environment contaminated by their urine. They found the highest incidence rates 
among the urban poor where exposure to rats and to fl ood waters contaminated by 
rat urine was likely to be highest. The disease had a 15% case fatality rate. 
Investigators noted an epidemiological shift in leptospirosis transmission from rural 
to urban areas and postulated that urban slums with large rodent populations create 
an environment in which heavy rains, which can drive rodents out of burrows and 
lead to contaminated fl ood waters, will trigger these epidemics (Ko et al.  1999  ) . 

 Finally, rapidly growing urban areas cast a footprint far beyond their local bound-
aries. Wastewater from cities is often poorly treated and can expose downstream 
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communities to infectious disease. It can also lead to outbreaks of harmful algal 
blooms and shellfi sh poisoning as it contaminates coastal marine environments 
(Rose et al.  2001  ) . Urban emissions contribute to local air pollution but also have 
impacts regionally (acid rain, for example) and globally (climate change). Air pol-
lution, primarily from urban centers in Asia, is causing the formation of atmospheric 
brown clouds which have become so extensive that they are impacting regional 
weather patterns, reducing agricultural productivity, and increasing glacial melting 
in addition to causing extensive deaths from cardiorespiratory disease (Ramanathan 
et al.  2008  ) . Urban demand for food, building materials, fi ber, and other ecosystem 
services drives many of the land use trends discussed earlier. Whether these demands 
are reduced by concentrating people in urban environments and creating effi cien-
cies of scale or increased because of transportation requirements and waste has not 
been well studied.  

   Conclusion 

 Human activity has changed the face of the global landscape. These changes in land 
use and cover have, in turn, altered the dynamics of infectious disease transmission 
in numerous ways. They have created new habitat and breeding sites for disease 
vectors which, in many cases, favor disease transmission. They have altered expo-
sure pathways by changing the way organisms (including humans) interact with 
each other. They have led to changes in the genetics, and thereby, the virulence, and 
infectiousness of pathogens. They have also changed the lifecycle of pathogens and 
vectors and the species composition of whole communities of disease-relevant 
organisms. Not surprisingly, these changes have occurred coincident with a rise in 
new or reemerging infectious diseases. These are not merely academic concerns; 
the diseases impacted by these changes represent a large percentage of the total 
global disease burden. 

 For practitioners working to improve human wellbeing, understanding how 
large-scale changes in the landscape can create new dynamics in disease transmis-
sion is important. This type of understanding can help us anticipate that, despite 
their potential economic benefi ts, there may be signifi cant health effects from envi-
ronmental change such as dam building, irrigation projects, the use of fertilizers, 
and the clearing of forests. Knowledge of these interactions can and should help 
guide surveillance and mitigation efforts. The goal of the practitioner must be to 
maximize the benefi ts of these projects while minimizing the negative health 
impacts. Accomplishing that goal requires an understanding of the underlying eco-
logical relationships between the disease, its vectors, and the environmental niches 
of both. It also requires active use of health impact assessments (HIAs) as discussed 
in our chapter on climate change and health. 

 Finally, it is important, wherever possible, to develop a fi ne-grained under-
standing of local fi eld conditions and of the complex relationships between com-
munities of organisms, (including pathogens), habitat, and human populations. 
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Ecological understanding of the community interactions between diseases, hosts, 
vectors and the affl icted not only serve to help us understand how our alteration of 
the environment impacts the spread of these diseases, but can be a powerful tool 
in preventing, immobilizing, and controlling these diseases as will be discussed in  
Chap. 13 (this volume) on disease ecology.      
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   Introduction 

 As humans evolved, we were actors on the global ecological stage no different from 
any other organism with whom we shared the planet. However, over the last two to 
three hundred years, we have increasingly monopolized the stage, becoming the 
playwright as well as the dominant actor. Today, we are fundamentally altering the 
stage itself, often in ways that disrupt the planet’s ecological systems with deleteri-
ous consequences for our own health and well-being. 

 The previous chapter on the human health effects of land use change discussed 
some of the profound changes we have wrought on the terrestrial landscape. In this 
chapter, we discuss the health implications of a second major component of acceler-
ating ecological change: the disruption of our planet’s climate. Although both are 
treated in isolation here, there is a strong interaction between the two. Land use 
change alters the resistance and resilience of ecosystems which, in turn, changes 
the stability and quality of ecosystem services relied on by humans. Climate change 
acts to further disrupt and destabilize many of these ecological systems. In many 
instances, including infectious disease transmission and coastal vulnerability, land 
use and climate change act synergistically to multiply threats to human health. In 
this chapter, we briefl y summarize the science of climate change and discuss the 
impact of these physical changes on human health, emphasizing that the greatest 
burdens will be borne by those least responsible and least able to cope. Finally, we 
discuss approaches to reducing vulnerability to climate change, highlighting the 
value of an ecological lens to evaluate the impacts of climate change. We hope this 
analysis will help to guide decisions about vulnerability reduction; and to propose 
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integrated solutions that include ecological considerations. We do not pretend that 
ecological tools in isolation will be able to relieve the impacts of climate change on 
human health, but do suggest that integrating both ecology and medical knowledge 
amongst other disciplines will elucidate more sustainable and effective mitigation 
and adaptation strategies. 

   Climate Change 

 Our disruption of the climate system began with the age-old human pursuit of 
energy that was dramatically altered during the Industrial Revolution when we 
tapped the enormous new energy reserve of fossil fuels, liberating stored energy 
(and carbon) and applying it to industrial activities. This moment ushered in a host 
of societal changes that continue to this day, including the Green Revolution in 
agriculture, increased urbanization, and urban sprawl. Collectively, these changes 
allowed dramatic increases in food production, life expectancy, and economic pros-
perity, which in turn have driven an explosion in the human population. At the same 
time, these changes have reinforced our widespread dependence on fossil fuels. 
As our numbers have grown and our prosperity increased, our global ecological 
footprint has expanded dramatically. Our liberation of carbon and other greenhouse 
gases into the atmosphere represents a critical component of that global ecological 
footprint (Wackernagel et al.  2002  ) . 

 The earth’s climate is regulated within a fairly narrow range by the atmosphere, 
which has among its constituents several “greenhouse gases,” including carbon 
dioxide (CO 

2
 ), methane, nitrous oxide, and water vapor. Carbon is stored in four 

distinct reservoirs: the atmosphere, the terrestrial biosphere, the oceans, and sedi-
ments. The Industrial Revolution began a rapidly accelerating redistribution of 
carbon from a sedimentary reservoir (in the form of fossil fuels such as coal, natural 
gas, and petroleum) into the atmosphere and oceans. Land use changes, particularly 
deforestation and agricultural practices, have liberated carbon from soils and plants 
into the atmosphere, contributing roughly one quarter of the carbon humans have 
added. The result of these combined activities has been an accelerating, dramatic 
increase in atmospheric greenhouse gas concentrations (Fig.  12.1 ) and signifi cant 
increases in oceanic carbon concentrations.  

 These trends are expected to continue and accelerate, resulting in projected tem-
perature rise in the range of 1.1–6.4°C on average globally through the end of the 
century (Figs.  12.2  and  12.3 ). Variability in estimates arises from differences 
between models and among emissions scenarios, some areas, particularly northern 
latitudes, are expected to experience a much more dramatic rise (Solomon et al. 
 2007  ) . With increased temperatures, there will be greater heat energy in weather 
systems, resulting in more water evaporation into the atmosphere and stronger 
storms. Less obvious is the effect of droughts that are predicted to be both more 
frequent and severe. Finally, the combination of thermal expansion of sea water and 
melting of land-based ice is driving sea level rise (IPCC  2007a   )  with recent projec-
tions predicting rise between 0.8 and 2.0 m by 2100 (Pfeffer et al.  2008  ) .   



18912 The Health Impacts of Climate Change and Ecological Diagnosis and Treatment

  Fig. 12.1    Atmospheric 
concentrations of carbon 
dioxide, methane and nitrous 
oxide over the last 
10,000 years ( large panels ) 
and since 1750 ( inset panels ). 
Measurements are shown 
from  ice cores  (symbols with 
different colours for different 
studies) and atmospheric 
samples ( red lines ). The 
corresponding radiative 
forcings are shown on the 
 right hand axes  of the  large 
panels  (From IPCC  2007a  )        
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 Ultimately, many of these physical changes will translate into adverse outcomes 
for human health, both direct and indirect. The direct effects result from hazardous 
exposures such as increased temperatures, increasingly frequent natural disasters, 
and worsening air quality. Indirect effects are the product of more complex causal 
pathways and include changes in the range of vector born diseases, reduced access 
to food and water, and large-scale population displacement. Collectively, these 
health impacts have become a growing cause for concern. In 2007, the WHO Director 
General identifi ed climate change as one of the world’s most urgent public health 
priorities (Chan  2007  ) . A critical understanding of these ecological processes is 
essential to mitigating the impacts of climate change on human health.   

  Fig. 12.2    Evidence of changes in physical and biological systems consistent with increased 
warming, increased precipitation, and sea level rise, overlaid with data on global temperature 
changes (From IPCC  2007a  )        
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   Health Effects of Climate Change 

 The health effects of climate change are “location specifi c and path dependent” 
(Yohe and Tol  2002  ) , and certain regions are likely to be particularly affected 
(Patz and Kovats  2007 ; Hess et al.  2008  ) . The physical changes in climate will 
vary by region, and particular populations have specifi c health burdens, vulner-
abilities, and adaptive capacities. Climate change will thus have different 
impacts in the Arctic than in sub-Saharan Africa. Paradoxically, the health haz-
ards from climate change will most dramatically affect those least responsible: 
the developed world will be relatively insulated, though by no means immune, 
and the developing world will likely suffer devastating effects (Fig.  12.4a–d ) 
(Patz et al.  2007  ) .  

 Climate change will impact human health through several parallel mechanisms 
(Fig.  12.5 , Table  12.1 ). Several direct exposures associated with climate change 
have known human health effects, including increased temperatures, reduced air 
quality, and more frequent natural disasters. However, a number of indirect expo-
sures will also have signifi cant health impacts (Table  12.1 ). Indeed, the greatest 
burdens of disease may be associated with the more complex, indirect effects. 
Several of the most important exposures are further discussed below, with particular 
attention to the ways in which local environments enhance or dissipate hazardous 
exposures associated with climate change.    

  Fig. 12.3    Projected changes in temperature for the periods 2020–2029 and 2090–2099, compared 
with 1990–1999 ( left side ). Projections of global surface temperature rise for several models and 
graphic projection for 2020–2029 and 2090–2099 compared with 1990–1999 ( right side ) (From 
IPCC  2007a  )        
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  Fig. 12.4    ( a – d ) Maps that distort the area of a country in proportion to distinct metrics utilized, in 
this case: ( a ) CO 

2
  emissions by country as a proportion of the total for the year 2000. ( b – d ) The 

proportion of total global population killed by extreme weather related disasters from 1975 to 2000 
for the following hazards: ( b ) drought-related disasters, estimated total of 560,000 deaths, the 
majority of which were in Ethiopia, Mozambique, and Sudan; ( c ) fl oods, estimated total of 170,000 
deaths; and ( d ) storms, estimated deaths 276,000 (Available at   http://www.worldmapper.org    , 
accessed 15 December 2008. © Copyright 2006 SASI Group (University of Sheffi eld) and Mark 
Newman (University of Michigan))         

 

http://www.worldmapper.org
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   Heat 

 Human beings, and other species, have evolved to live within the historic temperature 
range they have previously experienced on evolutionary time scales. People living 
in hot climates are less sensitive to high temperatures than those in more temperate 
regions, but regardless of the average ambient temperatures, steep increases above 
the norm will result in heat stress. Climate change will have two impacts on the 
distribution of extreme heat by both increasing average temperature, and its variability 
(Fig.  12.6 ). Combined, these shifts will result in a large increase in extreme heat 
events with several impacts on human health. Hyperthermia from environmental 

Fig. 12.4 (continued)
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exposure causes a spectrum of illness ranging from relatively benign heat rash, 
exhaustion, or heat syncope (fainting), to heat stroke, which is often fatal. For those 
who do not die from heat stroke, there is a signifi cant increase in illness and mortal-
ity in the years after the extreme heat event (Argaud et al.  2007 ; Wallace et al.  2007  ) . 
Deaths from heat are the leading weather-related cause of mortality in the USA, 
despite the existence of high heat warning systems, and are likely signifi cantly 
underestimated as a consequence of how heat-related deaths are reported (CDC 
 2003 ; Luber and McGeehin  2008  ) . Extreme heat events are associated with increased 
hospital admissions for cardiovascular disease and increases in overall mortality, 
though certain risk groups experience particularly high risks, as outlined in 
Table  12.1  (Kovats et al.  2008  ) .  

 In addition to these risk factors, several socioecological components affect heat 
exposure and health outcomes. The built environment can concentrate or dissipate 
heat burden markedly, and neighborhood microclimates have been shown to impact 
residents’ heat burden (Harlan et al.  2006  ) . On a larger scale, the urban heat island 
effect intensifi es heat exposure for residents in the center of a city, both during day-
time and overnight, as the city center retains heat that would otherwise be dissipated 
(Clarke  1972  ) . Urban sprawl is also signifi cantly correlated with an increased inci-
dence of extreme heat events (Stone    et al.  2010 ). Green roofs comprised of living 
vegetation, and urban forests can make signifi cant contributions to reducing this 
heat island effect through shading and transpiration (in the same way that the human 
body utilizes sweating). These can be particularly effective when combined with tech-
nological solutions such as high-albedo (highly refl ective) roofi ng,  compact urban 
design, and other green strategies that reduce heat exposure (Younger et al.  2008  ) .  

  Fig. 12.5    Schematic diagram of pathways by which climate change affects health, and concurrent 
direct-acting and modifying (conditioning) infl uences of environmental, social, and health-system 
factors (From IPCC  2007b  )        
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   Disasters 

 The Fourth Assessment of the Intergovernmental Panel on Climate Change (IPCC) 
expressed high confi dence that a warming of up to 2°C above 1,900–2,000 levels 
(on the lower end of most projections for 2,100) would increase the risk of many 
extreme events, including severe tropical cyclones, fl oods, droughts, heat waves, 
and fi res (Schneider et al.  2007  ) . In addition to increasing the frequency of natural 
disasters, climate change amplifi es their impact in two other important ways: by 

  Fig. 12.6    Changes in the mean and variance of extreme heat events (From IPCC  2007a  )        
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increasing the intensity of storms, particularly tropical cyclones, and increasing sea 
level. Coastal areas are much more densely settled than other parts of the planet. 
More than a third of the human population lives within 100 km of the shore and less 
than 50 m above sea level (McGranahan et al.  2007 ; Barbier et al.  2008  ) . Human 
settlement has been associated with degradation of coastal barriers – wetlands, veg-
etated dunes, mangrove forests, and coral reefs – which buffer coasts from extreme 
storms. 

Hurricane Katrina, a category fi ve hurricane that developed as a result of very 
warm sea surface temperatures, provides a cautionary tale. Though Katrina was 
downgraded to a category three by the time it hit the Mississippi Delta, years of 
development had degraded natural coastal buffers including wetlands and barrier 
islands, and the storm proved to be the most devastating natural disasters in US his-
tory (U.S. House of Representatives  2006  ) . Scientifi c and anecdotal evidence both 
suggest that the preservation of natural coastal ecosystems, including mangroves, 
wetlands and coastal forests could have greatly reduced the impact of Hurricane 
Katrina. Kareiva and Marvier ( 2007 ) provide one of the best case studies of the use 
of ecological restoration to develop a multifunctional landscape. They use the 
Florida panhandle as an example to suggest that the combination of fl ood control 
management and conservation planning can lead to a win-win situation, reducing the 
vulnerability of poor coastal communities to the expected increases in coastal storms. 
By identifying areas containing rare and threatened biodiversity (of interest to con-
servationists), plus areas prone to fl ooding (of interests to engineers), and fi nally, the 
location of poor communities (of interest to development and health practitioners) 
and overlaying these three maps, we can quickly identify specifi c locations where 
conservation efforts would not only protect biodiversity, but would also protect 
poor communities from the impacts of fl ooding driven by severe storm events (see 
Chapters 19, 20 and 22, this volume, for further discussion on these issues). 

 The impacts of natural disasters are not limited to storm events or injuries how-
ever. There are other signifi cant longer-term health effects as well. Severe storms 

   Table 12.2    Hydrometeorological disasters and regions at greatest risk   

 Disaster 
type  Socioeconomic risk factors 

 Population at risk 
globally 

 Deaths 
1980–2000 

 Tropical 
cyclone 

 Low human development indices, large 
proportions of arable land, and high 
exposure (large populations in coastal 
plans; Small Island Developing States) 

 119,000,000  251,000 

 Flood  Low GDP, low population density, 
and high levels of fl ood exposure 
(populations in river fl oodplains 
and coastal areas) 

 196,000,000  170,000 

 Drought  Low rates of improved water supply 
access, high exposure, 
and in sub-Saharan Africa 

 220,000,000  833,000 

  Data source: UNDP  2004   
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can result in pollution or biological contamination of water supplies in addition to 
the physical damage to human life. Flooding due to these storms can increase the 
prevalence of molds and mildews with associated increases in respiratory ailments. 
Increased drought associated with climate change may increase the intensity,  frequency 
and duration of the fi re season in temperate environments as evidenced by the numer-
ous, catastrophic urban fi res of 2008–2009 in California, Australia, and the Canary 
Islands. As a result of these fi res, air quality may suffer, again, increasing the inci-
dence of respiratory ailments. Such particulates have been associated with increased 
morbidity and mortality from respiratory disease (Schwartz  1994 ; Johnston et al. 
 2002 ; Kunzli et al.  2006 ; CDC  2008  ) . Dust storms associated with droughts in the 
southwestern USA, coupled with increased soil disruption from building activities, 
are associated with outbreaks of coccidioidomycosis, or Valley Fever, a fungal pneu-
monia prevalent in the southwest (Williams et al.  1979  )  that has increased in inci-
dence in recent years (CDC  2009  ) . The overall increased burden of disease from these 
harmful exposures has not yet been quantifi ed, but is likely to be substantial (Kinney 
 2008  ) . Ecological knowledge of the interaction between fuel loading, vegetation com-
position, structure and dynamics, particularly in the urban interface, is essential to 
preventing, reducing, and mitigating the impacts of fi re on human health.  

   Air Contaminants 

 Climate change is expected to reduce air quality, both by increasing ground level 
ozone and increasing aeroallergen exposure. Ground level ozone is strongly associ-
ated with increased morbidity and mortality from cardiorespiratory disease (Eilers 
and Groot  1997  ) . Ozone formation from primary pollutants such as nitrous oxide 
and other hydrocarbon combustion byproducts is highly temperature sensitive, par-
ticularly above 32°C (90°F). Modeling studies project increased ground level ozone 
concentrations from higher temperatures, with consequent increases in respiratory 
morbidity and mortality from diseases such as asthma and chronic obstructive pul-
monary disease (COPD) (Knowlton et al.  2004 ; Bell et al.  2007  ) . Urban forests can 
likewise make signifi cant contributions to improving air quality, both by absorbing 
and intercepting airborne pollutants. In a study by the University of Florida Extension 
Service, the Gainsville urban forest was estimated to have removed more than 200 
tons of ground level ozone in one year. They estimate that in 2000, trees removed a 
total of 360 tons of atmospheric pollutants, equal to a $2 million saving in health 
care benefi ts. Similarly, a 1994 study determined that trees in New York City 
removed an estimated 1,821 metric tons of air pollution at an estimated value to 
society of $9.5 million. 

 Warmer temperatures and higher CO 
2
  concentrations are associated with longer 

pollen seasons and increased pollen production for many allergenic plants. This trend 
is likely to cause additional allergic respiratory disease, particularly asthma. 
Worldwide, 300 million people suffer from asthma, and there are a quarter of a mil-
lion deaths annually (World Health Organization  2008b  ) . While this may confl ict with 



200 J. Hess and S.S. Myers

our suggestion that urban forests would improve air quality (removing pollutants, but 
adding pollen), combined ecological and medical knowledge can be used to select 
species that have low pollen loads or non-allergenic pollens. For example, the 
female individuals of dioecious species (those with female fl owers only) would 
make no contribution to pollen loads while contributing to reducing air pollution. 
This is a simple example of how ecological knowledge of plant traits, can be manip-
ulated to optimize desired ecosystem services while minimizing negative impacts of 
biodiversity.  

   Malnutrition 

 Adequate nutrition – protein, calories, and micronutrients – is vital to preventing 
and fi ghting infectious disease, cognitive development and learning, metabolic and 
endocrine functioning, reproductive health, and overall vigor. It has been estimated 
that at least one-third of the burden of disease in poor countries is due to malnutri-
tion (Mason et al.  2003  ) , and roughly 16% of the global burden of disease is attrib-
utable to childhood malnutrition (Murray and Lopez  1997  ) . In 2009, over 1 billion 
people suffered from chronic hunger (FAO  2009  ) . 

 As the human population grows by roughly another 2.5 billion people by 2050, 
and people in the developing world with greater prosperity strive to add more meat 
to their diets, global agricultural production will need to roughly double over the 
next 50 years to keep up (Alexandratos  1999  ) . One of the central public health ques-
tions of this century is whether we can meet the overall caloric requirements of this 
burgeoning global population, or if ecological constraints will stymie adequate pro-
duction (Myers and Patz  2009  ) . Meeting this caloric requirement is even more dubi-
ous if we expect to be able to sustainably increase food  and  biofuel production on 
existing arable land, as most estimates suggest that all available arable land is 
already under cultivation with only marginal land remaining. 

 Climate change will impact agricultural production in a variety of ways depend-
ing on location and approaches to adaptation. Increased concentrations of CO 

2
  may 

create a fertilization effect that can increase plant growth (Tubiello et al.  2007  ) ; 
however, it may also reduce both the protein and micronutrient concentration of the 
most important grain crops (Penuelas and Matamala  1993 ; Loladze  2002 ; Lieffering 
et al.  2004 ; Högy and Fangmeier  2008 ; Taub et al.  2008  ) . Warming may increase the 
amount of available arable land through the thawing of the massive boreal and tun-
dra regions in Canada and Russia, but may also make portions of the tropics, espe-
cially the Sahelian belt, unarable (Battisti and Naylor  2009 ). It has been widely 
estimated across a variety of different grains and in different regions that a 1°C rise 
in temperature corresponds to roughly a 10% decline in agricultural yields (Lobell 
et al.  2008  ) . This temperature effect, alone, is likely to have very signifi cant impacts 
on global food production. 

 The impacts of extreme weather and sea level rise may include direct destruction 
of crops as well as inundation of coastal lands with salt water and net arable land 
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loss, particularly in low-lying areas supporting large populations and in small island 
states (Patz et al.  2005 ; Ebi et al.  2006 ; Nicholls and Tol  2006  ) . For example, 
Cyclone Nargis hit the Irrawaddy delta in Burma in 2008 and destroyed 20% of the 
country’s rice crop (FAO,  2009 ). Some have suggested that deforestation may have 
amplifi ed the effects of this cyclone, and though the ecological consensus is still out 
on the impact of forested landscapes on mitigating extreme events, there is evidence 
that these landscapes can mitigate the effects of “normal” events. As an aside, Nargis 
also provided a lesson in political economy and disease, illustrating the disastrous 
consequences that can befall the citizens subject to an isolationist totalitarian regime: 
the storm resulted in over 100,000 deaths, many of which could have been pre-
vented with appropriate early warning systems, evacuation, and government inter-
vention, had the government of Myanmar not ignored warnings and mounted an 
appropriate response (Webster  2008  ) . 

 In addition, there will be important impacts of climate change on agriculture 
mediated through increased water scarcity, changes in exposure to pests and patho-
gens, and changes in ozone levels. Through a variety of mechanisms, climate change 
is expected to constrain the quantity and timing of water fl ow for irrigation. It is also 
expected to elevate ground-level ozone concentrations which are not only a potent 
cardiorespiratory toxin, but also a plant toxin with strong impacts on crop yields. 
The impacts of climate change on agricultural pests and pathogens are not well 
understood, but already shifts are being observed in the distribution of pests and 
pathogens and their control by natural predators as a result of climate signals. The 
pine bark beetle is one example. 

 From these numerous different mechanisms, it becomes clear that global agricul-
ture is sensitive to a vast array of environmental conditions, many of them in fl ux as 
a result of climate change. It will take sophisticated ecological understanding to 
address these changes in ways that maximize the resilience of crop systems to ongo-
ing environmental change while maximizing the benefi ts to human nutrition. These 
types of interventions will be the basis for the rapidly growing movement toward 
sustainable agriculture which has the potential to simultaneously improve health, 
biodiversity conservation, and carbon sequestration while also improving liveli-
hoods for many of the world’s poor.  

   Vectorborne and Zoonotic Disease 

 Vulnerability to environmentally sensitive infectious diseases results from a com-
bination of land use, climate, and sociocultural factors that are complex and inter-
related. Alterations in climatic conditions are likely to change the distribution of 
many vector-borne and zoonotic diseases. With roughly 500 million cases and 
1 million fatalities each year, malaria is possibly the vector-borne disease of 
 greatest concern to global health and there is an ongoing debate as to the ultimate 
impact of climate change on malaria incidence (Rogers and Randolph  2000 ; 
Reiter  2001 ; Ostfeld  in press  ) . In theory there are several ecological reasons that 
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malaria’s incidence may increase: warmer temperatures decrease the time required 
for the parasite to  reproduce and increase the biting frequency of mosquitoes that 
serve as malaria vectors. Warmer temperatures are likely to extend vector ranges 
into higher elevations and latitude, and more extreme precipitation events and 
fl ooding may also favor disease outbreaks. The ecological understanding of how 
organisms move at landscape scales in response to climate conditions, and how 
organisms perceive habitat are all critical components to understanding the spread 
of these vector borne diseases. Of particular concern is the extent to which epi-
demic malaria, or malaria outbreaks in populations with little ongoing immunity, 
will increase. Current consensus holds that epidemic malaria is likely to increase 
its range in sub-Saharan Africa, particularly in higher elevations, though malaria’s 
range will also contract in other regions. In some regions with endemic malaria, 
the transmission seasons may lengthen, increasing the overall disease burden. 
Similar changes in seasonality associated with altered climate have been observed 
for a variety of other infectious diseases. 

 Although many variables in addition to the vector species’ ecological niches 
(temperature, rainfall, humidity, predator-prey relationships, resource concentra-
tions, land use changes, population concentration, and reproductive requirements) 
affect malaria’s prevalence (Reiter  2001  ) , there are several well-documented 
instances where malaria’s incidence is signifi cantly dependent on climate. In the 
highlands of East Africa, a warming trend from 1950 to 2002 coincided with 
increases in malaria incidence (Pascual et al.  2006  ) . This relationship does not 
appear to be linear: just a half degree centigrade increase in temperature translates 
to a 30–100% increase in mosquito abundance allowing successful breeding and 
survival of the vector (Patz et al.  2008b  ) . In the Punjab region of India, malaria 
epidemics are strongly associated with precipitation where incidence increases 
approximately fi vefold following an El Nino event when monsoons are particularly 
extreme (Bouma and Van der Kay  1996  ) . Similar associations have been shown 
between malaria outbreaks and El Nino related climate variability in Botswana 
(Thomson et al.  2006  ) . 

 The relationships are not limited to malaria, clear climate associations have 
been established for cutaneous leishmaniasis (Chaves and Pascual  2006  ) , cholera 
(Koelle et al.  2005  ) , plague (Stenseth et al.  2006 ; SnÃ¤ll et al.  2008  ) , and particu-
larly for dengue fever (Cazelles et al.  2005  ) . A clearer understanding of the eco-
logical dimensions of vector-borne diseases that elucidates general trends, 
particularly the interaction between climate change, land use change, and the 
disease ecology of both vectors and hosts is critically needed (also see Chapters 11 
and 13, this volume).  

   Water-Related Disease 

 We depend on water for drinking, sanitation, hygiene, and food preparation. 
People need roughly 50 l of uncontaminated fresh water per day to meet these needs 
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(Gleick  1996  ) . Inadequate access to water, sanitation, and hygiene is estimated to 
cause 1.7 million deaths annually and the loss of at least 50 million healthy life 
years (Vorosmarty et al.  2005  ) . Half of the urban population of Africa, Asia, and 
Latin America and the Caribbean suffers from one or more diseases associated with 
inadequate water and sanitation (Vorosmarty et al.  2005  ) . 

 Water is already scarce, and getting scarcer. Richard Leakey, the chairman of 
Wildlife Direct, effectively argues that the real threat of climate change is not in 
changing temperature, but in changing water regimes (personal communication). 
Roughly 40–50% of renewable, accessible fresh water supplies are already being 
used (Postel et al.  1996 ; Vorosmarty et al.  2005  ) . From 1960 to the present, water 
use relative to accessible supplies has increased between 15% and 30% per decade. 
In many parts of the world, water is being mined unsustainably from fossil aquifers 
or withdrawn faster than the rates of replenishment. In the Middle East and North 
Africa, for example, current rates of fresh water use are equivalent to 115% of total 
renewable runoff (Vorosmarty et al.  2005  ) . 

 In addition to water scarcity, changes in extreme precipitation and sea surface 
temperatures are also expected to increase the incidence of water-related diseases. 
In the IPCC Fourth Assessment Report, four distinct concerns were articulated: (1) 
an increase in diarrheal disease as a result of decreased water availability and unim-
proved water supplies; (2) outbreaks of waterborne disease associated with extreme 
precipitation events and piped water supplies; (3) amplifi cation of microbial con-
tamination of coastal and recreational waters as a result of increased temperatures 
and rainfall; and (4) direct effects of increased temperatures on the virulence of 
waterborne disease pathogens (Confalonieri et al.  2007 ). Each is discussed in 
turn below. 

 Diarrheal disease already causes a signifi cant burden of disease worldwide, with 
1.81 million deaths in 2004, the last year for which global statistics are available 
(World Health Organization  2008a  ) . The vast majority of these deaths is in the 
developing world, and most are in children under age 5. General studies linking 
diarrheal disease with various environmental exposures project a 2–5% increase in 
the global burden of diarrheal disease by 2020 from climate change (Campbell-
Lendrum et al.  2003 ; McMichael  2004  ) . 

 In countries with improved water supplies, waterborne disease outbreaks related 
to distribution systems are likely to increase as a result of heavy precipitation events 
made more frequent as a result of climate change. A study of all-cause waterborne 
disease outbreaks in the USA found a strong association with heavy precipitation 
where two thirds of outbreaks followed exceptionally heavy rainfall months 
(Curriero et al.  2001  ) . While these data need to be confi rmed with additional stud-
ies, a review of signifi cant outbreaks implicates extreme precipitation as a primary 
cause of these outbreaks. 

 Sea surface warming can also drive increased exposure to water-related disease. 
A surge in the number of harmful algal blooms (HABs) has resulted from the com-
bination of rising sea surface temperatures and increased application and runoff of 
fertilizers that cause nutrient enrichment of fresh water and coastal systems 
(Hoagland et al.  2002  ) . HABs can lead to massive fi sh kills, shellfi sh poisonings, 
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disease and death of marine mammals, and human morbidity and mortality. Health 
impacts range from acute neurotoxic disorders and death to subacute and chronic 
disease. Worldwide, roughly 60,000 individual cases and clusters of human intoxi-
cation occur annually (Van Dolah et al.  2001  ) . 

 Sea surface temperature, along with changes in rainfall patterns and nutrient 
loading from agricultural runoff, has also been associated with cholera outbreaks. In 
2006, the last year for which global fi gures are available, there were 131,943 cases 
of cholera with 2,272 deaths (World Health Organization  2006  ) . Cholera outbreaks 
in Asia and South America have been associated with increased sea surface tem-
perature, rainfall patterns and nutrient loading from agricultural runoff. High nutri-
ent loads and warm water temperatures cause blooms of  Vibrio cholerae  zooplankton 
and can lead to the transformation of  V. cholerae  from a quiescent to a virulent form 
(Colwell  1996 ; Ezzell  1999 ; Colwell and Huq  2001 ; Koelle et al.  2005  ) . 

 Increased water temperature is also associated with increased disease rates from 
certain pathogens known to cause intestinal disease, particularly bacterial patho-
gens. Food-borne diseases show a similar pattern (Bentham and Langford  1995 ; 
Kovats et al.  2004  ) . Associated increases may be partially offset by declines in cer-
tain viral pathogens with higher virulence at colder temperatures, but overall the 
burden is likely to increase (Ebi et al.  2008  ) . Specifi c projections of disease burdens 
linked with climate projections are awaiting further information regarding the cli-
mate sensitivity of specifi c pathogens. 

 As with the impacts of climate change on air, food, natural disasters, and infec-
tious disease, the impacts of climate change on water-related disease will be medi-
ated by other types of environmental change as well as a host of sociocultural factors 
that determine vulnerability. The interconnectedness of these factors serves to 
underline the critical importance of using an ecological lens in trying to understand 
and address these types of impacts. One of the most successful ecologically based 
interventions for reducing the impacts of land use change on these HABs is the 
construction and restoration of riparian buffers along streams and rivers in agricul-
tural landscapes. Riparian buffers simply consist of strips of vegetation that serve as 
an ecotone between agricultural fi elds and waterways. Such buffers have been dem-
onstrated to intercept and store excess nutrients from agro-chemical application, 
preventing it from entering the waterway. While these systems are quite useful dur-
ing “normal” precipitations events, additional research is needed to understand how 
they perform during “extreme” precipitation events. Ecological tools combined 
with environmental engineering may be useful in creating natural infrastructure, 
rather than built infrastructure, capable of mitigating the combined impacts of cli-
mate and landuse change on HABs. Of particular interest is the intersection of land-
scape ecology, which focuses on the spatial relationships between natural and 
semi-natural elements of a landscape, and community ecology, which focuses on 
the interactions between populations of species. Much of the focus of biodiversity 
and ecosystem function research has demonstrated that diversifi ed systems have 
greater resource use effi ciency (Tilman et al.  2005  ) , however this fi nding has yet to 
be applied within the context of riparian ecosystems at the farm scale, and the 
impacts on HAB’s at landscape scales.  
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   Mass Population Movements 

 Violent confl ict over scarce resources and population displacement may represent 
fi nal common pathways as large, vulnerable populations suffer amplifi ed exposure to 
water scarcity, hunger, and natural disasters. Sea level rise and more extreme storms 
will make some low-lying coastal areas untenable for habitation. Research reveals 
that, although coastal areas less than ten meters above sea level only represent 2% of 
the world’s land area, they house 10% of the world’s population (McGranahan et al. 
 2007  ) . Local scarcities of food and water may drive populations out of resource poor 
regions. These forces may drive hundreds of millions of people, with few resources 
and many needs, to seek new homes (Sachs  2007  ) . The UN High Commission for 
Refugees estimates that between 250 million and one billion people would be 
displaced by climate change alone between 2008 and 2050 (Johnstone  2008  ) . The 
impacts of migration on the environment and human well-being are discussed further 
in the chapter on population mobility by Adamo and Curran in Volume 2. 

 Displacement on such a large scale can have dramatic health impacts. Non-immune 
populations migrating into endemic areas are more susceptible to a variety of infectious 
diseases (Molyneux  1997  ) . Poor housing, sanitation, and waste management infrastruc-
ture combined with inadequate drinking water and poor nutrition lead to epidemics of 
infectious disease, particularly diarrheal diseases, measles, and acute respiratory infec-
tions. Protein malnutrition increases mortality from these communicable diseases and 
contributes independently to morbidity and mortality. Prevalence rates of acute malnu-
trition have reached up to 50% in refugee populations in Africa (Toole and Waldman 
 1993  ) . In addition, people displaced by confl ict and disasters suffer high levels of vio-
lence, sexual abuse, and mental illness. One study found symptoms and signs of post 
traumatic stress disorder (PTSD) in 30–75% of resettled refugee children and adoles-
cents (McCloskey and Southwick  1996  ) . Overall, crude mortality rates as high as 30 
times baseline are not unusual following an acute movement of refugees, with much of 
the mortality occurring in children under the age of 5 (Toole and Waldman  1997  ) .   

   The Role of Ecology 

 With climate change humans have become the world’s predominant ecosystem 
managers. Recognizing this role, and that most of the important impacts discussed 
above are by ecological processes, efforts to reduce vulnerability to health impacts 
of climate change will rely on bolstering ecological systems and the services that 
they provide. We will need to develop agricultural systems that are more heat, salt, 
and drought tolerant if we are going to improve grain yields at the rate required to 
forestall widespread malnutrition. We will need to improve the resilience of coastal 
zones to storm surge and fl ooding by strengthening mangrove forests, coral reef 
systems, vegetated dunes, and wetlands (Kareiva and Marvier  2007    ). Ecologists may 
provide important breakthroughs in developing and managing new wetland systems 
that can provide water fi ltration services under altered environmental  conditions. 
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Some have argued that natural systems can be considered as natural infrastructure, 
replacing built infrastructure such as dams and levees with the added advantage that 
natural systems, by their nature, are adaptable, self-repairing, and can be designed 
to be multifunctional. These issues are discussed further in the chapters by Rumbaitis 
del Rio, this volume, and Ingram and Khazai, this volume. 

 Controlling the spread of infectious disease will require strong ecological under-
standing to avoid the mistakes of the past when new agricultural and development 
projects altered habitat for disease vectors and hosts and led to epidemics of vector-
borne disease. Fundamentally, climate change threatens ecosystem functions which 
in turn underpin humanity’s health and wellbeing. Ecologists will need to play a 
central role in developing new approaches to support, strengthen, or recreate those 
ecosystem functions that are being degraded by anthropogenic changes.  

   Climate Change, Public Health, and Sustainability 

 The regions of the world most vulnerable to climate change are those with the 
fewest resources to adapt. Wealthy nations may be able to buy their way out of con-
straints on food and water and create infrastructural and technological solutions to 
many of the hazards we have described. Those in the least developed countries, in 
contrast, will suffer disproportionately, a fact that is painfully ironic given that they 
have contributed the least to changing climate. Climate change thus brings two 
concerns into sharp relief: how to protect human health in the face of increasingly 
frequent and severe hazardous exposures, and how to shape future development so 
that it mitigates the dangerous impacts of climate change while preserving its asso-
ciated health gains. 

 These two concerns are related but distinct (McMichael  2006  ) . While there are 
effective public health interventions for many hazardous exposures associated with 
climate change, these interventions are often expensive and require signifi cant built 
infrastructure. An effective response is less a matter of developing new interven-
tions than of vigorous, widespread implementation of existing interventions with 
greater interdisciplinary attention to synergies and unintended consequences. For 
instance, ecologically based interventions to facilitate adaptation to extreme heat 
events, such as green roofs and urban forests, can be combined with social and tech-
nological interventions including social network development such as “buddy pro-
grams” which pair neighbors together to check on one another during a heat wave, 
central air conditioning, and cooling centers to signifi cantly reduce morbidity and 
mortality among vulnerable populations. Green roofs have been used to dramatically 
reduce building temperatures during heat waves, as have urban forests. For instance, 
temperature measurements of the green roof on Chicago’s City Hall, and the adjacent 
unvegetated roof show a temperature difference of more than 10°F (City of Chicago 
Climate Action Plan  2008 ). In such cases the ecologically based interventions serve to 
increase the resistance of the system by increasing the threshold for extreme heat 
events, whereas the social interventions are essential for when the threshold is crossed. 
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There are effective interventions for other extreme weather events, including fl oods 
and severe storms, ranging from appropriate land-use policies that preserve natural 
barriers to storm surge to physical fl ood control measures to early warning systems. 
In areas of the developed world where such strategies have been implemented, 
severe storms tend to cause signifi cant infrastructure damage and property loss, but 
relatively little direct morbidity and mortality. In the developing world, where 
resources are scarce and infrastructure less extensive, morbidity and mortality from 
hydrometeorological disasters is much more extreme. Adaptation to climate change 
requires a global investment in risk management. 

 A novel approach to human and economic development is also required. Climate 
change is one of several major disruptions of global ecosystems, including exten-
sive land use change, marine degradation, ozone depletion, biosphere nitrifi cation, 
and biodiversity loss, occurring as a result of the remarkable growth of the past two 
centuries. None of these major disruptions can be considered in isolation however, 
as they are all interacting. Collectively, these disruptions are overwhelming the pro-
duction of ecosystem services (Raven  2002  ) . In past decades, environmentalists and 
others have warned about resource depletion, degradation and the dire ecological 
consequences of such overindulgence. Of increasing importance is the recognition 
that ecosystem health, and human health in the broadest sense, are inextricably 
linked. Healthy ecosystems, capable of providing critical ecosystem services should 
not be taken for granted, nor should the stability of these systems be overestimated 
in the face of climate change. It is becoming increasingly clear that human health 
and survival are the ultimate “bottom line” concern (McMichael  2006  ) . McMichael 
argues that we need to apply a public health lens to sectors that have traditionally 
been well removed from public health:

  Much discussion about sustainability treats the economy, livelihoods, environmental condi-
tions, our cities and infrastructure, and social relations as if they were ends in themselves; 
as if they are the reason we seek sustainability. Yet their prime value is as the foundations 
upon which our longer-term health and survival depend.   

 Economic and human development are, ultimately, expressions of health, and 
thus development activities should be explicitly structured with health in mind. 
Conversely, public health must extend its reach conceptually and practically to 
include other sectors involved in human and economic development. Public health 
practitioners must play an active role in traditionally non-health related sectors. The 
ecological disruptions associated with these sectors – energy production, transpor-
tation, urban planning, agriculture, natural resource management, etc. – have 
become so globally profound and pervasive, it is now clear that they are driving 
some of the world’s greatest public health threats. 

 The process of incorporating health outcomes into human and economic devel-
opment activities and applying public health science to processes in other sectors is 
in its infancy. The epidemiological study of global environmental change serves as 
an early example of this type of work, though the fi eld is still young. The results of 
viewing climate change through an ecosystem lens were evident in the preceding 
sections on the health effects. The following sections outline initial steps toward 
incorporating health outcomes into human and economic development.  
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   Pursuing Resilience in Development Activities 

 The immediate and proximate health impacts of most large development projects 
are already evaluated prior to implementation. In addition to this routine evaluation, 
however, future development activities will need to consider more remote and indi-
rect health impacts as well as co-benefi ts to maximize community resilience to dan-
gerous climate change. These indirect impacts are often mediated by complex 
ecological processes and their full evaluation will require input from ecologists. 
Co-benefi ts are indirect consequences of climate mitigation and adaptation strategies, 
many of which result in improved health (or reductions in harmful exposures). 
Decreased reliance on motorized transport, for instance, not only reduces greenhouse 
gas emissions but also decreases air pollution, improves cardiovascular fi tness, and 
reduces morbidity and mortality from road traffi c injuries (Woodcock et al.  2007  ) , 
all of which are unintended but happy consequences of a climate mitigation strat-
egy. Health Impact Assessments (HIAs) are a useful tool – patterned after environ-
mental impact assessments (EIAs) – for identifying and arraying such impacts and 
introducing these concerns into the development process. The time may be ripe for 
combining HIAs with EIA with particular emphasis on the impacts of interventions 
on both human and environmental health. 

 HIAs have several components: screening, scoping, appraisal, reporting, and 
monitoring (World Health Organization  2009  ) .

   Screening is a systematic process to determine when an HIA should occur. For • 
instance, funders can consider whether to make HIAs a routine part of all their 
projects, or a subset depending on predefi ned criteria. HIAs can be incorporated 
systematically or on an  ad hoc  basis, though systematic use of HIAs enables 
early consideration of health impacts and encourages a focus on healthy out-
comes at all levels.  
  Scoping is the process by which the parameters of the HIA are set. Scoping • 
determines the project’s focus and boundaries, identifi es stakeholders and facili-
tators, deadlines, and provides a natural entrée for considerations such as how 
long-term monitoring will be arranged.  
  The reporting process includes presentation of fi ndings to relevant stakeholders. • 
In the case of climate-related impacts, reporting will need to focus not only on 
immediate and proximate impacts, but also on longer term, potentially delayed 
and geographically remote impacts on other populations. Co-benefi ts of certain 
strategies in terms of health impacts should be highlighted. Reporting necessarily 
includes presentation of decision options, options analysis, and recommenda-
tions for action, with acknowledgement of confl icting impacts.  
  Finally, monitoring is the process of evaluating the extent to which the HIA • 
 actually infl uenced the decision making process, and evaluating the degree to 
which the projected impacts occurred. Monitoring can include both process and 
outcome indicators; for instance, for an HIA related to switching from petro-
leum-based diesel to biodiesel in a car fl eet, monitoring might include process 
decisions such as distribution of fi ndings to relevant stakeholders and fuel costs 
as well as outcome indicators such as particulate air pollution and local rates of 
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Emergency Department visits for cardiovascular disease. Longer-term  monitoring 
is sometimes, but not necessarily, a part of HIAs.    

 HIAs allow for leveraging health co-benefi ts in both climate change mitigation 
and adaptation activities. With attention to transparency in the assessment and 
decision-making process, broad conceptualization of policy options, and novel 
assessment methods, HIAs enable identifi cation of co-benefi ts along with more con-
ventional disease-reduction opportunities, and allow a health equity discussion to 
enter the decision making process (Patz et al.  2008a  ) . Smith and Haigler recently 
used HIA methodology to evaluate co-benefi ts from novel household energy pro-
duction methods in the developing world (Smith et al.  2008  ) . HIAs are a relatively 
new decision support tool (Joffe et al.  2005 ; Dannenberg et al.  2006  ) , and absent of 
a centralized policy regarding their application, use of HIAs has been dependent on 
local leadership (Ahmad et al.  2008  ) , but their potential is signifi cant for a range of 
decisions and projects with potential health impacts (Davenport et al.  2006 ; Fielding 
et al.  2006 ; Cole et al.  2007 ; Lee et al.  2007 ; Scott-Samuel et al.  2007  ) . As more 
HIAs of climate-related policies and programs are completed, a database of impacts 
can be constructed and methods can be further revised. 

 From an ecological and health perspective (sometimes termed eco-health), there 
are abundant opportunities for co-benefi ts in climate change mitigation and adapta-
tion. For instance, as deforestation accounts for 18–25% of all global carbon emis-
sions historically, avoiding deforestation is important for reducing emissions (Stern 
 2006  ) . Avoiding deforestation also preserves ecosystem integrity, important in reduc-
ing the emergence of infectious disease (Patz et al.  2004 ; Foley et al.  2005 ; Vittor 
et al.  2006  )  and in maintaining other ecosystem services important to human health 
(see the chapter by Levy et al., this volume). A host of other co-benefi ts become 
apparent when decisions concerning urban development, public transportation, 
energy production, land conservation, and other issues related to both mitigation and 
adaptation are considered using an HIA framework. 

 From the public health perspective, incorporating HIAs into major development 
activities has the potential to dramatically enhance decision-making and improve 
health equity while reorienting future development activities toward health maximi-
zation. This has not been undertaken as yet; in fact, there is relatively little literature 
on the intersection of health impact assessments and development activities, with 
the notable exception of a Bulletin of the World Health Organization in 2003 devoted 
to the topic. While the World Bank has included environmental impact analyses 
(EIAs) in its projects since the 1980s, but these assessments have not formally 
included sustainability or health co-benefi ts (Mercier  2003 ).  

   Conclusion 

 Applying an ecological framework to climate change brings several insights for 
both public health and development. Climate change results from a redistribution of 
carbon and a market failure in pricing of energy from fossil fuels. These failures 
have resulted in a transfer of wealth – and consequently of health – to the industrialized 
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world in a sustained global environmental subsidy. Having been left out from this 
subsidy, the less industrialized world is woefully underprepared for a host of haz-
ardous environmental exposures with potentially devastating health consequences, 
from direct exposures such as heat, reduced air quality, and extreme weather to 
indirect exposures such as ecosystem disruption, malnutrition, water related dis-
ease, and mass population movements. While the situation is bleak, an ecological 
lens that identifi es humans as managers of the world’s complex socioecological 
systems highlights the importance of resilience and adaptability in the climate 
change response. Climate change will likely overwhelm the services provided by 
degraded ecosystems compromising the resilience in certain communities. 
Socioecological transformation will be required in particularly vulnerable areas. 
Overall, the extent of human suffering that will result from climate change and other 
types of large-scale anthropogenic environmental change is ours to infl uence   . Rapid 
and dramatic efforts to reduce greenhouse gas emissions coupled with a large-scale, 
well-funded mobilization to reduce vulnerability of those in harm’s way would 
reduce suffering a great deal. An important component of these efforts will be 
increasing our understanding of the way that ecosystems and human health interact 
and identifying how they can be managed to reduce vulnerability of ecosystem ser-
vices as diverse as food production to water fi ltration to protection from natural 
disasters. Continuing business as usual and allowing the poor in climate change 
“hotspots” to suffer as a result, will lead to far greater suffering and may be consid-
ered one of the great ethical lapses of human history.      
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   Introduction 

 In his 2008 strategic vision for the National Institutes of Health of the United States, 
Director Elias Zerhouni argued that medical care in the twenty-fi rst century needs 
to be redirected (Zerhouni  2008  ) . Despite progress in the practice of preventive 
medicine, he stated, most treatment still focuses on late intervention, once a patient’s 
symptoms are already apparent. We need, he argued, to move instead toward “pre-
emptive medicine” in which the development of symptoms is prevented altogether. 
Zerhouni illustrated this new approach by describing the discovery of genes that 
predispose certain individuals to particular diseases. With this knowledge, he 
argued, public health care providers could focus on prevention and early diagnosis 
in high-risk patients, rather than just on treatment. 

 We suggest that the full development of preemptive medicine must incorporate 
another type of strategy as well: the mitigation of disease by environmental moni-
toring and management. The pathogens that cause infectious diseases interact not 
just with their hosts to cause disease; they are also embedded within a web of inter-
actions among organisms in ecological communities. Recent research in the ecol-
ogy of disease has demonstrated that knowledge of these interactions can be used to 
predict, prevent, and mitigate the transmission of infectious diseases. 

 In this chapter, we describe this emerging understanding by defi ning four key 
principles of disease ecology. We begin by describing the important role of the den-
sity of disease organisms such as pathogens, hosts, and vectors (see  Box 13.1 ) in the 
transmission of infectious diseases. But we also describe how in some situations, 
the behavior of organisms, including humans, can override density’s importance. 
Further, we describe how disease outbreaks can often be anticipated well in advance 
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by looking at the chain of ecological interactions that precede them. We then explore 
two examples of types of cryptic, indirect interactions that may occur in a wide 
variety of diseases of humans, their livestock, and their crops. In conclusion, we 
argue that recent research in disease ecology tightly links human health with envi-
ronmental conservation and that a critical understanding of disease ecology is 
essential for establishing a preemptive medicine. This need is particularly strong for 
people in impoverished rural communities who are more vulnerable to infectious 
diseases, and who may have greater interaction with the natural environment.   

   Box 13.1 Disease Terms    

 Diseases are typically grouped into two categories: infectious and non-infectious. 
Non-infectious diseases are those caused by genetic disorders, by food, or by the 
environment (e.g. ultraviolet radiation which can lead to skin cancer). Infectious 
diseases are caused by infection of a  host  with an organism – a  pathogen . 
Pathogens have traditionally been divided into two groups –  microparasites , 
which include the smallest organisms (viruses, bacteria, fungi, and some pro-
tists); and  macroparasites , which include organisms that can be seen with the 
unaided eye (e.g. helminths). Pathogens can be transmitted from one host to 
another in a variety of ways. Some pathogens are transmitted through sexual 
contact, others through contact with respiratory droplets, blood, or feces, and still 
more in other ways. Some pathogens require another organism (e.g. a mosquito, 
a tick, a fl y – a  vector ) to transport them from host to host; these are the  vector-
borne diseases .  

   The Importance of Density 

 The chapter on land use by Myers in this volume has described myriad ways in which 
the environment can infl uence the transmission of infectious diseases. Conceptually, 
the examples so far have generally been quite straightforward. For example, the 
clearing of a forest for agriculture can increase habitat quality for a mosquito that 
serves as a disease vector (Singer and DeCastro  2001  ) . Implicitly, these types of 
examples recognize the importance of population density in disease transmission – 
the more abundant a pathogen or vector or host is, the more frequently infectious 
diseases should be transmitted. For the past 30 years, the study of the ecology of 
diseases has been similarly focused on population density as a determinant of disease 
risk or severity. 

 Density is at the core of mathematical models that ecologists use to explore the 
effects of different factors on disease transmission. The simplest, and best-known, 
of these models is conceptually very simple. Imagine a pathogen, like a cold 
virus, that’s transmitted directly between hosts. Within this model, hosts can be 
either infected or susceptible, meaning that they’re capable of being infected. 
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Transmission between infected and susceptible hosts occurs at a particular rate, 
called the rate of transmission. In such simple models, the number of individuals 
who get infected during a given time is determined by the product of the rate of 
transmission, how many susceptible hosts there are (because they’re the ones 
available to become infected), and how many infected hosts there are (because 
they’re the ones who can transmit the infection). So in this model, the densities of 
susceptible and infected hosts, combined with the rate of transmission, entirely 
determine how many hosts will be infected in the future. 

 Models such as this simple susceptible-infected (or S-I) one and its extensions 
have been very useful. For example, derivations from this model can be used to 
determine what fraction of a population needs to be immunized to prevent the spread 
of an infectious disease, such as measles or mumps, and this information can then 
be used to guide public health efforts. Models can also estimate how small a host 
population needs to be to prevent a disease from spreading, and this information, 
too, can be used to determine effective public health strategies (for an excellent 
introduction to basic epidemiological models, see Allman and Rhodes  2004  ) . 
A recent study using sophisticated density-based models identifi ed the ecological 
causes of ongoing epidemics of measles in Niger, and suggested that a combination 
of sustained and reactive vaccination, coupled with stringent surveillance early dur-
ing seasonal outbreak periods, could reduce mortality and morbidity substantially 
(Ferrari et al.  2008  ) . 

 Despite the enormous utility of density-based models, however, the densities of 
hosts, pathogens, and vectors do not always tell the whole story. In the following 
sections, we focus on more complex ways in which organisms, including people, 
interact to affect human health directly, by infl uencing transmission of human 
pathogens, or indirectly, by affecting the health of crops or livestock. In many of 
these examples, ecological interactions can lead to surprising effects on health that 
could not be predicted from the density of hosts or vectors.  

   Density Isn’t Everything 

 Bovine tuberculosis (BTb) is a serious disease that causes progressive emaciation in 
cattle and other mammals, including humans. The disease is caused by infection 
with the bacterium  Mycobacterium bovis , a close relative of the bacterium that 
causes the more familiar human Tb.  M. bovis  is passed from host to host primarily 
through respiratory secretions and through milk (Cosivi et al.  1999    ). Humans can 
become infected from drinking infected milk that has not been sterilized. 

 To control BTb, public health professionals typically concentrate on reducing the 
density of infected cattle by closely monitoring herds and euthanizing cattle that 
show symptoms (Woodroffe et al.  2006  ) . In some areas of the world, this approach 
has been effective, because the density of infected cattle is the critical factor in 
transmission. In Great Britain, however, BTb has repeatedly been a problem, despite 
efforts to solve the problem by culling infected cattle. One reason BTb has been 
hard to control in Britain is that cattle are not the only host species that can transmit 
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the disease. In the 1970s, scientists discovered that European badgers,  Meles meles , 
are also effective hosts for  M. bovis  and they often live in proximity to cattle (Krebs 
et al.  1997  ) . When this wildlife reservoir for the bacterium was discovered, farmers 
were given license to cull badgers to reduce badger densities and thus make them 
less likely to transmit infection to susceptible cattle (Griffi n et al.  2005  ) . 

 But reducing badger density through culling did not reduce transmission either. 
In fact, BTb incidence was 27%  greater  in areas that had been culled to reduce 
badger density compared to areas that hadn’t been culled (Donnelly et al.  2003  ) . 
Why? Because badgers are social animals that defend group territories. Culling 
disrupts their tightly knit social groups, causing them to increase movement dis-
tances and the sizes of their home ranges (Woodroffe et al.  2006  ) . The result of this 
increased level of movement is to increase badger contact rates with cattle, and thus 
the transmission of tuberculosis. 

 Culling of badgers in Britain has pitted conservationists, who want to protect 
badger populations, against farmers, who want to protect their cattle (Krebs et al. 
 1998  ) . But it turns out that both groups should be on the same side, at least on this 
issue. It’s important to note that while BTb remains a huge  economic  issue in Britain, 
it is not a prominent issue for human health directly because of the widespread ster-
ilization of milk for human consumption. But in other parts of the world, particu-
larly in Africa, BTb is a major human health issue (Cosivi et al.  1999 ); we return to 
BTb in Africa later in this chapter. 

 The key underlying feature of the badger example is that social behaviors affect 
the number of interactions that can cause BTb; behavior trumps density. This might 
be an unusual, or even a unique example that makes an interesting story but isn’t 
broadly applicable. But it turns out that the critical importance of behavior is a fea-
ture of many diseases, including a number that are particularly relevant to human 
health, as we describe below. 

 For certain kinds of diseases, the number of contacts between susceptible and 
infected hosts is relatively constant; it doesn’t increase as the density of hosts 
increases. The classic examples are sexually transmitted diseases like HIV/AIDS 
(Lloyd-Smith et al.  2004  ) . The number of sexual contacts that an individual person 
has is limited at a relatively constant level; people generally don’t have a greater 
number of sexual contacts just because they live among a higher-density population. 
The transmission of sexually transmitted diseases depends, then, on the  percentage  
of hosts that are infected, because this represents the chance that a particular sexual 
encounter includes an infected host (Fig.  13.1 ). A similar situation is thought to 
exist for diseases transmitted by arthropod vectors such as mosquitoes and ticks. 
The number of blood meals taken by a vector on a host species tends to be fi xed at 
a relatively constant level. For example, ticks tend to feed once per life stage and 
female mosquitoes tend to feed once per egg-laying event, with roughly constant 
intervals between such events 1 . Therefore, the probability that a particular vector 

   1   Important exceptions to this general rule occur, for example, when environmental factors such as 
climate warming accelerate biting rates of some vectors.  
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individual will acquire an infection depends less on the population density of hosts 
than on the percentage of hosts that are infected (the frequency). 2  In disease ecology 
jargon, sexually transmitted and many vector-borne diseases are said to have 
 frequency-dependent  rather than  density-dependent  transmission.  

 One interesting side note is that in some situations, density might be correlated 
with the frequency of infection. In the case of HIV/AIDS, infection is more likely 
among promiscuous people, intravenous drug users, and men who have sex with 
men (Fan et al.  2007 ). If people with those characteristics tend to choose to live in 
more dense populations, as in urban areas, then there will be a correlation between 
high density and high frequency of incidence of HIV/AIDS.  

   Look Upstream 

 In the previous section, we emphasized that density doesn’t always predict infec-
tious disease transmission. But of course in many cases, it does, and mitigation 
efforts are frequently aimed at reducing the density of hosts or vectors. Disease 
ecologists are increasingly recognizing that it is often possible to predict 
when and where hosts or vectors will be at high density, often well in advance. 

  Fig. 13.1    Frequency-dependent versus density-dependent transmission for a sexually-transmitted 
infectious disease. In density-dependent transmission, the density of infected hosts ( gray circles ) 
is equal in both panels. Thus, an uninfected host is at equal risk in both cases. However, the situa-
tion changes for frequency dependent transmission. If people have relatively constant rates of 
sexual encounters regardless of density, a particular person will have a sexual encounter with, for 
example, one other person in a certain time interval, regardless of how many people there are in 
total. So if this person has a sexual encounter with a person in panel ( a ), he or she is more likely to 
encounter an infected host ( gray circles ) than an uninfected one ( white circles ), because infected 
hosts represent 75% of the population. In panel ( b ), this person is much less likely to encounter an 
infected host, even though there are many more total hosts, because infected hosts represent only 30% 
of the population. This is an example of frequency-dependent transmission, and it is thought to be 
common for sexually-transmitted diseases of humans and other animals       

   2   The probability that a human being will become infected by this vector depends on the likelihood 
that the vector is infected (which is frequency dependent) and the number of times infected vectors 
feed on the human (which is related to the density of vectors). In this way, transmission of vector-
borne diseases can be both frequency and density dependent.  



222 F. Keesing and R.S. Ostfeld   

This potentially allows disease transmission to be dramatically reduced. The trick 
is to look upstream, sometimes literally. 

 In Belize, the growth of plants in wetland habitats is limited by the availability of 
phosphorus. Where phosphorus is in short supply, the wetlands are dominated by 
sparse, short vegetation interspersed with fl oating mats of cyanobacteria 
(Rejkmankova et al.  2006  ) . But when phosphorus is abundant, this sparse vegeta-
tion is replaced over time with dense growth of cattails ( Typha  spp.) and other large, 
dense plants (Rejkmankova et al.  2006  ) . Both types of plant communities harbor 
larvae of mosquitoes that serve as vectors of malaria. The female of a particular 
mosquito species,  Anopheles albimanus , prefers to lay eggs in sparsely vegetated 
marshes with cyanobacterial mats. The other species,  A. vestitipennis , prefers the 
densely vegetated marshes. 

 When phosphorus runs off from agricultural areas, it fertilizes sparsely vegetated 
areas, resulting in increased growth. This in turn appears to turn habitat for  A. 
 albimanus  into habitat for  A. vestitipennis , the species more likely to transmit 
malaria (Grieco et al.  2002  ) . So the over-use of phosphorus in agricultural fertilizers 
in Belize leads to a delayed increase in malaria risk because it causes an increase in 
the density of malaria vectors through a chain of interactions. This discovery leads 
to several obvious interventions. Increasing the local use of bednets would deal 
directly with the problem of higher densities of highly competent malaria vectors. 
Managers could also try to reduce the abundance of  Typha  and other dense vegeta-
tion in wetlands (Rejkmankova et al.  2006  )  to prevent the mosquito increases earlier 
in the chain. And fi nally, farmers could reduce phosphorus use, or runoff into wet-
lands, to prevent the problem in the fi rst place. None of these solutions is easy, but 
all would have valuable, pre-emptive benefi ts for human health. 

 Another example of a chain of direct interactions, although perhaps a more surpris-
ing one, comes from the northeastern USA, which is an area of high incidence of Lyme 
disease. Lyme disease is caused by a bacterium,  Borrelia burgdorferi , that is passed 
from host to host by a tick vector. In the northeastern USA, the vector is the blacklegged 
tick,  Ixodes scapularis.  These ticks feed on a variety of mammals, birds, and reptiles 
(   Keirans et al.  1996  ) . When uninfected ticks feed on infected hosts, they can pick up the 
infection; once ticks become infected, they can pass the infection on to humans (Ostfeld 
 1997  ) . But it turns out that not all host species are equally likely to transmit infection to 
ticks. If ticks feed on skunks or opossums or squirrels, the ticks are relatively unlikely 
to acquire an infection, even if the hosts are infected with the bacterium (LoGiudice 
et al.  2003  ) . But if ticks feed on white-footed mice ( Peromyscus leucopus ), they have 
more than a 90% chance of becoming infected. For this reason, the white-footed 
mouse is called the most competent reservoir for the Lyme bacterium. 

 Given that mice are much more likely to infect ticks than any other species is, 
it is not surprising that the abundance of white-footed mice in a habitat is a good 
predictor of the number of infected ticks (Ostfeld et al.  2006  ) . If we could predict 
the number of mice in a habitat, then, we should be able to predict when Lyme dis-
ease risk will be high. But what predicts when mouse abundance will be high? In 
some areas, the answer turns out to be simple: acorns (the fruit of oak trees of the 
genus  Quercus ). Acorns are rich in protein and lipids, and, perhaps most impor-
tantly, some species of acorns store well over the winter when other food is scarce. 
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In years when mice have acorns to eat, they survive the winter at much higher numbers 
and begin spring breeding earlier than in years when they don’t. In fact, acorns are 
such a good food for mice that the number of acorns in the fall predicts the number 
of mice the following summer (Ostfeld et al.  2006  ) . Acorns also predict the number 
of infected ticks 2 years later, with a time lag that results from the long life cycle of 
the tick. So based on acorn abundance in 1 year, we can predict with fairly 
high accuracy what Lyme disease risk will be like almost 2 years later. Unusually high 
acorn crops occur only every few years and they affect large regions in synchrony 
(Ostfeld et al.  2006  ) , so there are distinct times and areas of high Lyme disease risk. 
Two years is plenty of lead-time to inform local health care providers and the public 
when to be most vigilant, and education has been shown to be effective at reducing 
the severity of Lyme disease cases (A. Evans, unpublished data). 

 In summary, in situations in which density is an important determinant of disease 
risk, knowing the ecology of the organisms involved can often make it possible to 
predict well in advance the times and locations when disease risk will be greatest. 
The challenge is to identify the chain of events leading to high abundance. In both 
the wetland and acorn examples, what leads to high abundance of a vector or host 
is, not surprisingly, a fl ush of resources, although the resources in both cases were 
several steps removed from the disease organisms (Ostfeld and Keesing  2000  ) . 

 Interestingly, a recent review found that such links between resource pulses and 
increases in disease transmission are strikingly common (McKenzie and Townsend 
 2007  ) , occurring in 54 of 55 examples surveyed. Why disease transmission should 
be exacerbated, rather than inhibited or unaffected by nutrient pulses is not immedi-
ately evident. One possibility is that negative or neutral results are less likely to lead 
to publication, resulting in a publication bias that does not refl ect reality (McKenzie 
and Townsend  2007  ) . Another possibility is that there is a biological reason why 
organisms that are involved in disease transmission are likely to respond positively 
to pulses of nutrients. Perhaps the very traits that tend to make organisms good hosts 
or vectors for pathogens (e.g. being widespread and able to achieve high abundance 
in a diversity of habitats) make them capable of responding positively to nutrient or 
other resource availability. Indeed, for a number of diseases, the most competent 
reservoir for pathogens is highly likely to be a habitat generalist, based on our obser-
vations of Lyme disease, West Nile virus encephalitis, babesiosis, various hantavi-
ruses, Junin virus, and others. Habitat generalists are likely to be able to respond 
opportunistically to resources, and they are also ideal habitats themselves for patho-
gens because they are widespread, abundant, and resilient to disturbance. These 
hypotheses remain to be fully explored.  

   Cryptic Interactions 

 The examples in the preceding section illustrated chains of direct interactions 
that could infl uence the abundance of hosts or vectors for diseases. But interactions that 
affect transmission can also be much less direct; in fact, they can be so indirect 
that they are almost hidden. 
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 One recent example of a disease system with complex, cryptic, and indirect 
interactions comes from studies of bovine tuberculosis again, but this time in South 
Africa. Wild African buffalos ( Syncerus caffer ) can be infected with  Mycobacterium 
bovis , just as domestic cattle can be. They can also be infected with other organisms, 
including gastrointestinal roundworms (Jolles et al.  2008  ) . Jolles, Ezenwa, and col-
leagues asked whether infection with  M. bovis  is affected by infection with round-
worms. They found that buffalos with high numbers of roundworms were unlikely 
to be infected with  M. bovis , whereas those with low numbers of roundworms were 
likely to be infected (Fig.  13.2 ). What could cause this negative correlation? One 
possibility is that buffalo that are infected with both pathogens die at a higher rate, 
and they found evidence that this is indeed the case. For example, buffalos infected 
with Tb had signifi cantly worse body condition only if they were also infected with 
worms; infection with worms alone had no effect on body condition.  

 Another possible explanation for the pattern in Fig.  13.2  is that the animals’ 
immune systems might not be able to simultaneously mount effective immune 
responses to both pathogens. The immune system of mammals uses two distinct 
pathways to combat pathogens, depending on whether the pathogens are intracel-
lular, like  M. bovis , or extracellular, like roundworms (Jolles et al.  2008  ) . The 
immune system also cross-regulates the two responses: when one pathway is acti-
vated, the other is actively suppressed (Jolles et al.  2008  ) . Jolles et al. found that 
worm-free buffalos had the highest levels of activity of the immunological pathway 
that combats extracellular pathogens. Thus, buffalos that mount a strong immune 
response to worm infection may be more susceptible to infection with Tb because 

  Fig. 13.2    Negative correlation between TB prevalence and worm infection prevalence in African 
buffalo (Adapted and reprinted from Jolles et al.  2008  )        
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their immune systems are suppressing the intracellular response in favor of the 
extracellular response. 

 Jolles and her colleagues developed analytical models to assess whether either 
increased mortality or cross-reactivity could account for the patterns of co-infection 
that they observed in buffalo herds. Their analyses suggest that neither effect alone 
is suffi cient to cause the pattern they observed; both increased mortality and immu-
nological cross-reactivity must be occurring. 

 Of course, the health of buffalos is not directly connected to human health, but 
in many parts of Africa, buffalos and domestic cattle can come into close enough 
contact for transmission to occur (Cosivi et al.  1999 ). And, of course, the health of 
cattle is intimately connected to human well-being as is discussed in the chapters 
on hunger in this volume. But perhaps more importantly, the buffalo Tb system may 
serve as a model of how interactions between pathogens occur within hosts, and 
suggest ways that this knowledge could be used in effective treatment. For example, 
the buffalo example suggests that treating gastrointestinal worms could reduce Tb 
infection: if buffalos don’t have to activate an immune response to worms, their 
immune system is freer to tackle Tb infection. Similar patterns have already been 
observed in a number of human diseases and treatment of parasitic infections is 
recommended for reducing the severity of Tb and HIV/AIDS in humans (Hotez 
et al.  2006  ) . 

 Complex interactions can also occur outside of hosts. We return to our discussion 
of Lyme disease for an example. We mentioned previously that different host spe-
cies have different probabilities of infecting ticks that are feeding on them, with the 
white-footed mouse infecting 92% of feeding ticks with the Lyme bacterium. Recent 
research has demonstrated that mice are also the hosts from which ticks are most 
likely to successfully take a blood meal (Keesing et al.  2009    ). More than half of 
ticks that are experimentally placed on mice manage to feed successfully, and almost 
all of those become infected with the Lyme bacterium (Fig.  13.3 ). In contrast, ticks 
are much less likely to be able to feed successfully on other host species, and those 
that do feed successfully are much less likely to become infected with the Lyme 
bacterium. Of 100 ticks that are placed on an opossum to elicit feeding, for example, 
only about four manage to feed successfully; the rest are groomed off and killed 
(Keesing et al.  2009 ). And of those that feed successfully, only 3% are likely to 
become infected with the Lyme bacterium (LoGiudice et al.  2003  ) . Remarkably, 
when we fi nd opossums in the forest, they have hundreds of ticks feeding success-
fully on them at any one time (LoGiudice et al.  2003  ) . That means that opossums 
serve as an ecological trap for ticks: it must be the case that thousands of ticks 
attempt to feed, but 96% of those are killed by the opossum. And then of those few 
hundred that survive, only a handful become infected, because opossums are also 
poor reservoirs for the Lyme bacterium (LoGiudice et al.  2003  ) . Having opossums, 
and other similar hosts, around is a good way to reduce Lyme disease risk, because 
they remove a huge number of ticks from the environment, while only infecting a 
small number of them. In contrast, having a lot of white-footed mice around 
increases risk, because they successfully feed lots of ticks and the ones they feed are 
highly likely to become infected.  
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 Creating habitats with few mice is actually not that diffi cult, at least conceptually. As 
described earlier, mice are more abundant after big acorn crops, so acorns largely deter-
mine abundance through time. But from place to place, mice are found at high densities 
in habitats that have lost most of their vertebrate biodiversity (Nupp and Swihart  1998 ; 
LoGiudice et al.  2008  ) . This is apparently because in these habitats, mice have lost both 
competitors, like squirrels and chipmunks, and predators, like foxes and weasels 
(   Rosenblatt et al.  1999  ) . Not surprisingly, habitats with higher predator diversity have 
lower mouse densities, and lower Lyme disease risk (Logiudice et al. 1998) because of 
an abundance of alternative hosts like opossums that siphon tick meals away from mice 
and then don’t infect many of those ticks. This is an example of a phenomenon called 
the “dilution effect” in which high diversity reduces disease risk. The dilution effect has 
been described for a variety of diseases of plants and animals (Keesing et al.  2006   ; 
Keesing et al.  2010 ) including a number of human diseases such as West Nile virus 
encephalitis (Allan et al.  2008 ; Swaddle and Calos  2008 ; Ezenwa et al.  2006,   2007  ) , 
hantavirus pulmonary syndrome (Dizney and Ruedas, in litt.), bartonellosis (Telfer et al. 
 2005  ) , and of course Lyme disease (LoGiudice et al.  2003  ) . 

 To protect human health, then, we should, it seems, create or preserve habitats 
with high vertebrate biodiversity. But how is that done? The only way we know of, 
at least in temperate forests, is to prevent forest fragmentation. Diversity is highest in 
continuous forest and large forest patches, presumably because bigger animals have 
larger requirements for space to maintain viable populations and can’t survive in 
small fragments. In fact, small patches of fragmented forests in the eastern USA have 
the highest abundance of mice (Nupp and Swihart  1998  ) , the lowest vertebrate diver-
sity (Rosenblatt et al.  1999  ) , and the highest Lyme disease risk (Allan et al.  2003  ) . 
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  Fig. 13.3    The proportion of larval ticks that fed successfully (+ standard error of the mean) on six 
species that are common hosts for larval blacklegged ticks ( Ixodes scapularis ) in upstate 
New York, USA. Hosts were captured in the fi eld and held in the laboratory until ticks naturally 
feeding on them had fed to repletion and dropped off. Hosts were then reinfested with 100 larval 
ticks and monitored to determine the proportion of those ticks that fed successfully. Lowercase letters 
indicate results that were signifi cantly different (Data from Keesing et al.  2009 )       
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 Higher diversity is correlated with larger habitat areas in ecosystems throughout 
the world, an ecological phenomenon called the species-area relationship (Lomolino 
et al.  2006  ) . If the dilution effect is as widespread as it appears to be, then pre-
serving large, intact habitats would be a good strategy for conserving wildlife 
and, not coincidentally, might also be a good strategy for protecting human 
health, at least in some disease systems. Of course, the relationship between 
disease and habitat fragments occurs for Lyme disease because the best host for 
the pathogen is also an ecologically resilient host that is present in – and reaches 
high abundance in – degraded habitats such as forest fragments. If this is unique 
to the Lyme disease system, then the dilution effect might not occur for other 
diseases. But the same phenomenon does occur for a number of other diseases, 
as we have already noted. The most competent reservoirs for West Nile virus, for 
example, are birds such as house sparrows, house fi nches, American robins, and 
bluejays that live in degraded human habitats. Perhaps, then, it’s not only a coin-
cidence that the most competent reservoirs for pathogens are frequently those 
generalist species that survive best in a wide range of habitats. Perhaps success-
ful pathogens have evolved to be best adapted to hosts that are ecologically resil-
ient, and therefore most likely to respond positively to human-caused disturbances. 
An alternative, but not mutually exclusive, hypothesis is that ecologically resilient 
hosts have evolved life history strategies in which allocation of resources to 
particular types of immune defense is minimized. Such a strategy could be 
advantageous if disease rarely kills these animals before predators do. The result 
would be that these resilient species that are permissive to vectors and pathogens 
tend to dominate in human-degraded environments. These questions remain to be 
explored both theoretically and empirically. 

 Both the Lyme disease and buffalo tuberculosis examples illustrate that complex 
and indirect interactions among pathogens, hosts, and, in some cases, vectors, can 
lead to surprising outcomes. Just because interactions are complex, however, does 
not mean they are intractable. Both examples suggest general principles that might 
occur in a wide variety of disease systems, allowing us to make educated guesses 
about complex interactions in previously unstudied disease systems.  

   Summary and Conclusions 

 Throughout this chapter, we have emphasized features of disease transmission that 
appear to be broadly applicable. The densities of pathogens, hosts, and vectors are 
clearly important in many disease systems. So, too, though, are other things. Social 
behavior, in some circumstances, can override the effects of density, as in the badger 
example. So when social interactions are changing, for humans or for other animals 
involved in transmission of infectious diseases, we should not be surprised if dis-
ease transmission is affected. Diseases that are sexually-transmitted or vector-borne, 
and those that involve animals with a highly structured social organization, like that 
of badgers, would be most likely to be affected this way. 
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 When density is the major factor determining disease transmission, we might be 
able to predict disease risk well in advance by keeping in mind the chain reactions 
that can lead to high densities. If we can, then we should be able to initiate public 
health interventions, including education, in time to reduce transmission. We must 
also be mindful of less direct interactions that might nevertheless be crucial. As the 
buffalo Tb example illustrates so well, when hosts are infected with both extracel-
lular and intracellular pathogens, mitigation focused on one pathogen might reduce 
infection or severity of the other. Not surprisingly, given their shared mammalian 
ancestry, humans and buffalos appear to share responses to co-infection, so this 
strategy could apply to human health both directly and indirectly, though much on 
this topic remains to be explored. 

 Finally, lessons from Lyme disease suggest that the preservation of natural habitats 
might have direct bearing on human health because those habitats are likely to harbor 
high diversity and this diversity protects humans from disease transmission. The gen-
erality of the dilution effect is currently being explored by a number of research groups 
and their results should provide a great deal of insight into this intriguing possibility 
that aligns the goals of conservation with those of public health. 

 Collectively, the examples in this chapter demonstrate the many ways in which 
ecological interactions among organisms can infl uence the transmission of infec-
tious diseases. The infectious diseases whose ecological complexities we under-
stand in the most detail are not those that infl ict the highest burden of disease on 
humans, such as tuberculosis, malaria, and dengue. However, there is no reason to 
believe that other pathogens should be any less sensitive to the types of interactions 
we have described in this chapter. As these examples have demonstrated, the inte-
gration of ecology with public health and sustainable development could improve 
the lives of people throughout the world.      
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   Introduction 

 To live in good health and, in many ways, to live at all, people need a wide array of 
life-support benefi ts that derive from ecosystems. Collectively these are called 
 ecosystem services , a term referring to the conditions and processes through which 
ecosystems, and the species that make them up, sustain and fulfi ll human life 
(Ehrlich and Ehrlich  1981 ; Daily  1997 ; Millennium Ecosystem Assessment  2005  ) . 
These processes underpin the production of goods (such as seafood and timber), 
life-support functions (water purifi cation and fl ood control), and life-fulfi lling con-
ditions (beauty and inspiration), as well as the preservation of options (such as 
genetic diversity for future use). 

 Ecosystems and human health are thus intimately interlinked. The preceding 
three chapters illustrate how changes in land use and climate can impact health 
directly, and how numerous indirect impacts on human health are mediated through 
changes in the composition of species in a given ecosystem. Here, we explore more 
directly the ways in which the condition of ecosystems and the health of human 
populations are linked, and we explore prospects for illuminating these linkages to 
advance scientifi c understanding and inform management options and decisions. 
The kinds of questions that stand out include,

    1.     Are there practical and reliable indicators of ecosystem condition/function that 
signal levels of risk to human health?  

    2.     Can change in certain ecosystem attributes (size, confi guration, and composition) 
be reliably translated into changes in health risks?     

    Chapter 14   
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 The relationships between biophysical attributes of ecosystems and human 
communities are complex. Destruction of ecosystems can improve aspects of com-
munity health. For example, draining swamps can reduce habitat for the mosquito 
vector that transmits the parasite that causes malaria, as discussed by Myers, this 
volume. At the same time, ecosystems provide many services that sustain human 
health, for which substitutes are not available at the required scale, such as purifi ca-
tion and regulation of drinking water fl ow. 

 To date, there is little rigorous research establishing the links between ecosystem 
conditions and human health. In order to understand the complexities of these rela-
tionships, there is a need to clarify the factors that confound them, and to establish 
a common lexicon for ecologists and health scientists to discuss them. In this chap-
ter, we describe some of the evidence that exists to indicate important adverse health 
impacts from deteriorating ecosystem services, and also outline the reasons that 
epidemiological evidence for these relationships remains diffi cult to establish. We 
also discuss how to move forward not only to establish more clear evidence, but also 
to help set policy agendas for addressing these relationships.  

   Background 

 Ecosystem services are the conditions and processes through which ecosystems, 
and their biodiversity, sustain and fulfi ll human life. Ecosystem services are gener-
ated by a complex of natural cycles, powered by solar energy. These cycles operate 
on a wide spectrum of temporal and spatial scales, from protracted and global bio-
geochemical cycles to comparatively instantaneous life cycles of tiny bacteria 
(Daily  1997  ) . 

 Ecosystem services can be classifi ed by four different types (Millennium 
Ecosystem Assessment  2005  ) : 

  Provisioning services  include the products obtained from ecosystems, such as food, 
freshwater, building materials, fuels, and precursors to pharmaceutical and indus-
trial products; 

  Regulating services  are the benefi ts obtained from regulation of ecosystems, includ-
ing fl ood and storm control, climate regulation, water purifi cation, disease regula-
tion, and carbon sequestration; 

  Supporting services  are defi ned as services needed for the production of all other 
ecosystem services, and include nutrient dispersal and cycling, soil formation, waste 
decomposition and detoxifi cation, primary production, crop pollination, and seed 
dispersal; and 

  Cultural services  include all non-material benefi ts obtained from ecosystems, such 
as cultural heritage, intellectual and spiritual inspiration, recreational experiences, 
educational opportunities, and aesthetic value. 

 The ecosystem services framework allows the benefi ts that human societies 
obtain from ecosystems to be explicit in policy considerations (Millennium 
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Ecosystem Assessment  2005  ) . It also provides a way to consider the losses we 
might be incurring when we lose well-functioning ecosystems. 

 From the inception of the concept of ecosystem services in the 1970s and 1980s 
(Mooney and Ehrlich  1997  ) , health has been widely cited as a main service that eco-
systems provide. Table  14.1  illustrates one of the many possible perspectives relating 
the conditions and processes occurring in ecosystems to key elements of human 
well-being. Although very simple, this table reveals several important observations.  

 First, relatively few ecosystem conditions and processes confer direct benefi ts on 
humanity, such as in the way some ocean biodiversity contributes, via seafood, to 

   Table 14.1    Some relationships between ecosystem conditions or processes and human  well-being   

 Ecosystem 
|condition or process 

 Intermediate 
ecosystem service 

 Final ecosystem 
service 

 Dimension 
of human well-being 

 Biodiversity 
in oceans 

 Production of a wide 
array of seafood 

 Nutrition 

 Primary production 
and herbivory 

 Herbivory  Production of animal 
biomass 

 Predation  Control 
of agricultural 
pests 

 Production of plant 
biomass for use 
as food, fi ber, 
timber, and fuel  Pollination  Pollination 

 Nutrient cycling  Generation 
and renewal 
of soil fertility 

 Clothing 
 Shelter 
 Energy 

 Decomposition 
of waste 

 Protection from 
pathogens 
and toxins 

 Health 

 Purifi cation 
of water 

 Photosynthesis  Carbon 
sequestration 

 Climate 
stabilization 

 Protection from 
climate variability 
(storms, fl oods, 
droughts, 
heat waves) 

 Seed dispersal  Replenishment 
of natural 
vegetation 

 Landscape 
stabilization 

 Seed dispersal  Economic fl exibility 
and security  Ecological stability  Relatively constant 

production 
 Generation 

and maintenance 
of biodiversity 

 Preservation 
of options 

 Possibility of using 
a good or service 
(e.g., a natural 
medicinal product 
or crop pollination) 
in the future 

 Beauty  Aesthetic 
inspiration 

 Complexity  Intellectual 
stimulation 

 Diverse 
cultures 

 Serenity  Peace of mind 
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human nutrition. Rather, most ecosystem conditions and processes confer numerous 
indirect benefi ts, or “intermediate services.” The second column in the table presents 
a variety of such intermediate services, such as pollination, agricultural pest control, 
and renewal of soil fertility, all of which contribute indirectly to human nutrition 
and health. One could easily envision additional columns that would illuminate 
more intermediate services, revealing more details of pollination, predation, and 
soil processes. 

 Second, individual ecosystem conditions and processes contribute to more than 
one fi nal ecosystem service, and ultimately all lead to aspects of human well-being. 
This observation holds true in virtually any classifi cation, at any level of detail. 
Thus, nutrient cycling contributes to nutrition, clothing, shelter, energy, and health. 
Similarly, predation contributes not only to control of agricultural pests, but also to 
control of reservoirs and vectors of human pathogens, and thereby to health (this 
link is not shown in the table). 

 Third, the inverse of the second point is also true, meaning that maintaining any 
single aspect of well-being, such as food security, requires attention to a great many 
aspects of the ecosystems supporting it. Protection from climate variability under-
scores this point, depending on strikingly different ecological conditions and pro-
cesses. The two shown in Table  14.1  are photosynthesis and seed dispersal. 

 Fourth, biodiversity is involved in virtually every part of the table. Indeed, if one 
were to create a relational table such as this at a very fi ne level of detail, one could 
list as intermediate services the conditions and processes required to support each 
individual population, of each species, involved in each fi nal service (Luck et al. 
 2003,   2009  ) . Thus, ecosystem services contribute to making human life both pos-
sible and worth living, in complex and interesting ways. Because of their basis in 
cycles, operating over such varying scales, the classifi cation of ecosystem services 
is inherently arbitrary, a function of context and the most useful point of entry into 
the cycles, and the appropriate level of detail of analysis. 

 In some situations, the services provided by ecosystems can be replaced by 
physical infrastructure (such as water treatment facilities). But in many situations, 
intact ecosystems provide services more effectively or effi ciently than engineered 
alternatives; sometimes they are irreplaceable. For example, animal-pollinated crops 
provide one-third of the calories in the human diet (Klein et al.  2007  )  and pollinator-
provided calories (in the form of nuts, seeded vegetables, and fruits) are especially 
rich in nutrients that support human health. Ongoing declines in populations of 
pollinators may threaten the crops upon which human communities depend to meet 
their nutritional needs. While bees have been managed for honey production for 
thousands of years, only in the past century have people managed bees for pollina-
tion services – to crops in highly intensifi ed systems from which natural sources of 
pollinators have been eliminated (B. Brosi, personal communication, 4/5/09). Refer 
to the chapter on ecosystem services in agricultural landscapes by Smukler et al., 
this volume, for additional discussions related to these issues. 

 Natural watersheds provide a fi ltering mechanism for improving water quality 
for human consumption. While water treatment plants can replace this service, the 
quality of source water entering into water treatment plants can affect the quality of 
water consumed by human communities even in areas with high investment in water 
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purifi cation systems. There is some evidence to suggest that higher turbidity levels 
of source water are associated with higher rates of hospital visits for gastrointestinal 
illness (Schwartz et al.  2000 ; Mann et al.  2007 ; Tinker et al.  in press  ) . In some cases, 
it can be more cost-effective to maintain watershed functioning than to build a water 
treatment plant, and there are examples of this from many cities in the United States 
and other parts of the world (Postel and Thompson  2005  ) . For example, the city of 
New York recognized this in their decision to restore the Catskill watershed to pro-
vide the city with water purifi cation rather than investing in a water fi ltration plan 
(Chichilnisky and Heal  1998  ) . Other municipalities are using managed wetlands as 
tertiary water treatment facilities (Humboldt State University  2009  ) . 

 Natural barriers, such as vegetated dunes, reefs, mangrove forests, and wetland 
systems, can aid in controlling natural hazards, and intact ecosystems in some cases 
eliminate the need for extensive human engineering to control the forces of nature. 
In the 2004 Southeast Asian tsunami, the coastal areas of Thailand fl anked by several 
hundred meters of mangrove forests withstood the tsunami’s impacts far better than 
did areas where mangroves had been cut down, such as in Sri Lanka. Coral reefs also 
had a wave-buffering effect. Recognizing this, in the wake of the tsunami, the Thai 
government is allowing only a few of the impacted and displaced shrimp farmers to 
return and instead allocating more land for mangrove forests (Englande  2008  ) . In India, 
mangroves forest cover has been associated with lower cyclone-associated death tolls 
(Das and Vincent  2009  ) . Similar management issues concern natural wetlands and 
barrier islands that once protected the Gulf Coast of the United States from storms 
like Hurricane Katrina (see chapter by Ingram and Khazai, this volume, for further 
discussion on coastal disasters). 

 The threat that the depletion of ecosystem services represents to human health 
has been acknowledged in various global policy arenas. Policy papers produced by 
major international undertakings like the Millennium Ecosystem Assessment (MA) 
(Millennium Ecosystem Assessment  2005  )  and Global Environmental Outlook 
(GEO4) (United Nations Environment Programme (UNEP)  2007  )  contain numer-
ous statements that ecosystem service degradation will have signifi cant impact on 
human health and well-being and threatens to reverse progress on the Millennium 
Development Goals (MDGs)  (  United Nations 2009  ) . The MA is the broadest review 
to date of ecosystem services research, synthesizing information from scientifi c, 
governmental, private, and local sources. According to the MA, “The degradation of 
ecosystem services is harming many of the world’s poorest people and is sometimes 
the principal factor causing poverty.” At the same time the authors acknowledge that 
“the information available to assess the consequences of changes in ecosystem ser-
vices for human well-being is relatively limited,” (Millennium Ecosystem 
Assessment  2005  ) . The Health Synthesis of the MA, which summarizes the fi ndings 
of the MA’s global and sub-global assessments of how ecosystem changes specifi -
cally affect human health and well-being, concludes that, while “ecosystem services 
are indispensable to the well-being of people everywhere”, “limited information 
[exists] on the details of linkages between human well-being and the provision of 
ecosystem services, except in the case of food and water,” (Corvalán et al.  2005  ) . 
Thus we know that human communities depend on nature to provide services and 
that reduced access to these services below some threshold “should” impact health 
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and well-being. But while we may accept the logic that humans depend on their 
local environments to diversify their food supply, provide safe drinking water and 
sanitation, or additional sources of income, how much direct evidence is there that 
ecosystem service degradation is causing poor health outcomes? Or that good health 
outcomes are attributable, in part, to good supply of ecosystem services? 

 Efforts to quantify the relationships between ecosystem services and human 
health on a large scale have tended to underestimate the complexity of these rela-
tionships. Two studies have explicitly explored the association between ecological 
conditions and human health outcomes (Sieswerda et al.  2001 ; Huynen et al.  2004  ) . 
Both studies report the results of linear regression analysis on a global scale, using 
aggregated country-wide datasets from sources including the World Resources 
Institute (WRI), World Bank, and World Health Organization (WHO). Neither 
study’s conclusions support the hypothesis that loss of ecosystem services leads to 
a decline in the health and well-being of human communities. Any relationship that 
they did fi nd disappeared once indicators of socioeconomic status were controlled 
for in the models. However, several methodological problems limit the conclusions 
drawn from this work, many of which were acknowledged by the authors.  

   Challenges to Linking Ecosystem and Human Health 

 The design failures of the aforementioned studies illustrate some of the problems 
that have plagued this fi eld of inquiry. To move toward a better understanding of the 
role of ecosystems in supporting human health, we highlight some of these method-
ological issues, in an effort to move beyond them. 

   Scale of Inquiry 

 Both Sieswerda et al.  (  2001  )  and Huynen et al.  (  2004  )  undertook an analysis of the 
relationship between ecosystem status and human health at the global scale, using 
countries as the unit of analysis. This scale of analysis misses many of the complexi-
ties of the relationship between ecosystem integrity and human health. Many differ-
ent human and ecological conditions exist within any given country, urban and rural, 
wealthy and poor. Rural populations rely heavily on local ecosystem services to sup-
port their livelihoods (Gadgil  1998  ) . Communities that rely directly on local or 
regional ecosystem services will experience the impacts of loss of these services that 
may not be felt country-wide. In addition, many different biophysical realities exist 
within any given country. Effects will vary depending on ecosystem type, and even 
within a given ecosystem, relationships between ecosystem services and health may 
be scale-dependent. For example, hydrological services are largely regional (Brauman 
et al.  2007  ) . Thus regional level analyses are needed before data can be aggregated 
on a global scale. Appropriate variables should be used to stratify data analysis, 
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including characterizations of the ecosystem (e.g., arid vs. wet; high vs. low altitude; 
tropical vs. temperate) and of the population in question (e.g., urban vs. rural).  

   Measures of Ecosystem Services 

 Sieswerda et al. were interested in the broad effects of “ecological integrity” on human 
well-being and health, whereas Huynen et al. had a more specifi c focus on biodiversity 
loss and its effects. Indicators of ecosystem function used by the authors included such 
variables as percentage of threatened species per 10,000 km 2 , current forest as a per-
centage of original forest, percentage of land highly disturbed by human activity, per-
centage of the country’s land mass totally or partially protected, percentage of forest 
remaining since pre-agricultural times, and average annual change in forest cover. 

 These measures of ecosystem health address land use and species composition 
broadly, but do not capture ecosystem services,  per se . Again, the country-wide 
scale at which these indicators are measured do not capture regional and local 
effects. Country-wide metrics of forest cover and species counts provide no infor-
mation about the spatial distribution of these metrics in relation to the location of 
human populations. 

 Many habitat types other than forests provide ecosystem services, and ecosystem 
services are also provided in working landscapes (Daily  1997  ) , and local sociologi-
cal, economic, and other human factors are also important factors to consider. More 
appropriate metrics of ecosystem health with respect to the provisioning of ecosys-
tem services might include measures of water quality and quantity, air quality, food 
resource availability, or abundance of specifi c disease vectors or hosts.  

   Defi nitions of “Health” 

 The WHO defi nes human health as “a state of complete physical, mental and social 
well-being” (World Health Organization (WHO)  2006  ) . Several different proxies can 
be used as indicators of overall health. Sieswerda et al.  (  2001  )  used life expectancy 
as the outcome of interest, whereas Huynen et al.  (  2004  )  used several different 
indicators of health: life expectancy, disability adjusted life expectancy (DALE), 
infant mortality rate, and percentage of low birth weight babies. 

 While these are useful overall measures of health as an integrated measure of well-
being, further insights about the relationship between health and ecosystem services 
will be gained by stratifying the outcome in question. Lumping all diseases into a 
broad category of “health” can obfuscate our understanding, because changes to eco-
systems will have drastically different effects on diseases of different etiologies. For 
example, insecticide application for mosquito abatement might reduce the incidence 
of vector-borne diseases while at the same time increasing the incidence of cancer. 
Draining swamps might reduce exposure to malaria or West Nile virus but reduce 
water quality and increase exposure to water-related disease. 
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 The WHO has adopted the global burden of disease (GBD) approach to measur-
ing burden of disease using the disability-adjusted life years (DALYs) metric. DALYs 
are a time-based measure that combines mortality (years of life lost from premature 
death) and morbidity (years of life lost due to time lived in states of less than full 
health). This approach allows for a consistent assessment of the burden of disease 
across diseases, risk factors, and regions (World Health Organization (WHO)  2009  ) . 

 Several efforts have quantifi ed the global burden of disease attributable to environ-
mental factors, with estimates of 23–33% (World Health Organization  1997 ; Smith 
et al.  1999 ; Prüss-Ustün and Corvalán  2007  ) . However, the defi nitions of “environ-
ment” used in these assessments were not specifi c to ecosystem-level change. 

 A systematic inventory of the burden of disease attributable to changes in particu-
lar ecosystem services, stratifi ed by regions and ecosystem types, would help eluci-
date the varied relationships between ecosystem health and human health (Corvalán 
et al.  2005  ) . To be sure, burden of disease assessment cannot fully account for com-
plex causal pathways, long timescales, and potential irreversibility of alterations to 
ecosystems (Corvalán et al.  2005  ) . However, this type of analysis would provide 
more insight into specifi c relationships in a way that an aggregated analysis cannot.  

   Data Availability 

 Both Sieswerda and Huynen relied on large publically available databases for their 
analyses; both utilized WRI data and in addition Huynen included data from World 
Bank and WHO sources. Sieswerda rightly points out that the availability of infor-
mation depends on a country’s ability to collect or willingness to provide data, 
which is not unrelated to health status. The scale of data used must match the question 
of interest. Analysis of large datasets can provide important insights if appropriate 
questions are asked. But in many cases, fi ner grained data will be needed to address 
the relationship between ecosystem health and human health at an appropriate scale. 
Where data exist, a series of analyses at smaller scales can be aggregated to provide 
insight into more generalizable phenomena. Where such data are lacking, research 
should be designed and carried out to fi ll in these gaps. We next discuss approaches 
to collecting such data.  

   Analytical Approach 

 Linear regression, as applied by Sieswerda and Huynen, represents a convenient 
analytic approach to investigating relationships between explanatory variables and 
outcomes of interest. However, these techniques cannot account for many of the 
complexities of the relationships between ecosystem condition and human health. 
The relationship between different types of resource scarcity and negative health 
outcomes is not likely to be linear. Effects of ecosystem change on community 
health are not likely to be felt immediately, but rather experienced gradually over 



23914 Human Health as an Ecosystem Service: A Conceptual Framework

time. Huynen notes this effect, explaining that “only when a threshold in the losses 
of biodiversity is reached, the provision of ecosystem goods and services gets com-
promised” (Huynen et al.  2004  ) . A strong correlation with health will be reached 
only when resources are very constrained. Until this “threshold” is reached, deple-
tion of ecosystem services might have little impact on health (Fig.  14.1 ). Because 
complex and interdependent causal pathways introduce non-linearity into the 
relationship, appropriate analytic techniques will be necessary to account for time 
lags in effect, non-linearity of responses, and threshold effects. We discuss alterna-
tive analytical approaches further below.   

   Insulating Factors 

 Ultimately, direct relationships between measures of ecosystem health and measures 
of human health may be diffi cult or impossible to establish because human popula-
tions tend to be insulated from direct impacts of ecosystem service degradation by a 
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  Fig. 14.1     A schematic of the complex relationships between altered environmental conditions and 
human health.  Drivers of global environmental change (e.g., Land use change or climate change) 
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from Myers and Patz  (  2009  ) . ©2009 by Annual Reviews   www.annualreviews.org    )       
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variety of mitigating factors (Fig.  14.2 ). According to the WHO Director General, 
“Nature’s goods and services are the ultimate foundations of life and health, even 
though in modern societies this fundamental dependency may be indirect, displaced 
in space and time, and therefore poorly recognized” (Corvalán et al.  2005  ) .  

 The ability to “trade” ecosystem services through access to local or global 
markets or philanthropic safety nets, and the ability to mitigate loss of ecosystem 
services through infrastructure or behavioral practices confound the relationship 
between ecosystem health and human health. Dasmann contrasts “ecosystem 
people” and “biosphere people” in terms of the radius over which they have access 
to resources, and over which they are vulnerable to ecosystem disruption (Dasmann 
 1988 ; Gadgil  1998  ) . 

 “Trading” ecosystem services can occur when locally damaged ecosystem 
services are replaced by regional or global ecosystem services. In essence, richer 
countries have been able to buy their way out of the health effects of ecosystem 
destruction. This is seen with the effect of socioeconomic indicators, such as the 
Gross Domestic Product, that overwhelm the effect of loss of ecosystem integrity 
for predicting human health outcomes in both Sieswerda and Huynen’s models. 
Higher income countries are buffered from the effects of loss of ecosystem services 
with their ability to import these services by accessing goods produced on “ghost 
acreage” elsewhere (Borgstrom  1965  ) . 

 Philanthropic efforts represent another sort of “trading” of ecosystem services. 
For example, the health impacts of a hurricane that hits an area with a heavily 
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  Fig   . 14.2     A schematic diagram of a proposed relationship between resource scarcity and human 
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degraded ecosystem might be ameliorated by humanitarian relief efforts. Or regions 
affected by famine or natural hazards may be supported by importing goods and 
services from outside the affected region. This type of humanitarian assistance may 
come from national or international organizations. 

 Technology and infrastructure can also confound the relationship between 
loss of ecosystem services and subsequent health impacts. Technology such as 
the introduction of fertilizers for increased food production can insulate popula-
tions from altered environmental conditions. Likewise, the development of infra-
structure such as water treatment plants to protect against deteriorating water 
quality or seawalls to protect against storm surges can reduce the impacts of 
changing ecological systems on human populations. Such measures can replace 
some of the services provided by ecosystems, or otherwise buffer communities 
from their loss. Technology interacts with human behavior which represents 
another type of protective measure. For example, even if microbial water quality 
has deteriorated, people can treat their water to prevent the ingestion of patho-
genic organisms. The use of bednets can also protect against the spread of malaria 
vectors. To the extent that these behaviors are culturally mediated, however, 
they may have less ability to adapt to rapidly changing environmental conditions, 
as these behaviors often evolve over many generations. Technology, infrastruc-
ture, and trade are all highly dependent on access to resources, so more impover-
ished populations will tend to be less buffered to ecosystem degradation than 
wealthier ones. 

 Vulnerability, as a concept, includes not only exposure to the health risks associ-
ated with changing environmental conditions but also the population-level condi-
tions we have discussed above that make such exposure more or less safe (Turner 
et al.  2003  ) .   

   Relationships Between Specifi c Ecosystem Services and Health 

 The ways in which provisioning, regulating, supporting, and cultural ecosystem 
services support human health and well-being have been reviewed elsewhere 
(Corvalán et al.  2005  ) . The most direct relationships between ecosystem services 
and health exist for provisioning of food and safe water and the regulation of infec-
tious disease, climate, and natural hazards. However, even with these apparently 
direct relationships, there is often a paucity of data showing a direct correlation 
between deteriorating ecosystem services and adverse health outcomes. Here, we 
highlight three classes of ecosystem services that have strong and clear relationships 
with human health. We summarize the salient evidence supporting these relationships, 
and also describe where more information is needed to determine the strength and 
direction of the relationship in various different circumstances. In order to illustrate the 
methodological issues described above, we discuss why it has been diffi cult to 
establish the evidence, key confounders, and suggestions for lines of inquiry and 
approaches to these topics. We focus on the ecosystem services of food production, 



242 K. Levy    et al.

fresh water supply, and protection from natural hazards. While other ecosystem 
services, such as regulation of climate and infectious diseases, also have direct 
relation to human health, they have been covered extensively in the previous three 
chapters on land use, climate change, and disease ecology. 

   Food Production 

 Food production is a key provisioning service as is outlined in the four chapters on 
ecology and hunger, this volume. Food production as a provisioning service is sup-
ported by other services, such as soil formation, biodiversity as a source of new crop 
varieties, pollination, pest control, climate regulation, water supply, and nitrogen 
fi xation. An adequate supply of food supports human nutritional requirements and 
overall bodily function, including cognitive development, metabolic and endocrine 
functioning, reproductive health, immune status, and overall vigor. Food shortages 
lead to malnutrition, which causes stunting, cognitive impairment, diarrhea, and can 
ultimately lead to starvation. Worldwide, roughly 16% of the global burden of dis-
ease is attributable to childhood malnutrition (Murray and Lopez  1997  )  and, in 
2008, the FAO estimated that 923 million people worldwide are suffering from mal-
nutrition  (  2008  ) .  

 During the next 50 years, global demand for food is projected to double 
(Alexandratos  1999  ) . In certain parts of the world, particularly sub-Saharan Africa 
and parts of South Asia, rapidly growing populations are already encountering eco-
logical constraints to local food production. Soil degradation and water scarcity 
have prevented yields from rising over the past 35 years, and, in some areas, they 
have been falling. Poor access to fertilizers, new crop varieties and irrigation have 
increased local vulnerabilities to these environmental trends. Future threats to food 
production include further land degradation, increasing water scarcity, accelerating 
climate change, and growing demand caused by population growth and increased 
meat consumption. Loss of wildlife habitat and fi sheries depletion also decrease 
protein intake from hunting and fi shing. Given the apparent strength of this relation-
ship between the ecosystem service of food production and nutrition that supports 
human life, what are the challenges in providing evidence of a link between the 
depletion of this service and adverse health outcomes? 

 First, the scale of analysis is critical. Global food production can be a misleading 
indicator of food scarcity. For the time being, global food production exceeds global 
demand, and yet, nearly a billion people are chronically hungry. For many poor 
populations, global food supply is irrelevant because they do not have the resources 
to access global grain markets. For them, meeting nutritional requirements is based 
on locally productive ecosystems providing sources of basic nutrition. When these 
systems become less productive as a result of increasing water  scarcity, land degra-
dation, or nutrient depletion, the impacts may be quite immediate. Poor, rural, popu-
lations are unable to insulate themselves from these changing environmental 
conditions by accessing global grain markets or importing water or nutrients in the 
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form of irrigation and fertilizer. As a result, these people feel the loss of ecosystem 
services most acutely. Thus, the scale of inquiry is important to consider with respect 
to assessing this relationship. Global or national agricultural data may not refl ect a 
particular region’s vulnerability to malnutrition as a result of local environmental 
change. In addition, other factors may come into play. For example, the relationship 
between degradation of arable land, food supply, and malnutrition may not be lin-
ear. The effect may be lagged in time, and subject to a threshold phenomenon: only 
after agricultural productivity falls below a certain level do communities experience 
the health effects of declines in productivity. Thus, the analytical approach is impor-
tant to consider in order to take these distortions into account. 

 In the more developed regions of the world, access to global markets plays the 
role of an insulating factor preventing communities from experiencing health 
impacts of the destruction of ecosystem services. In the words of Sieswerda et al., 
“Our results suggest that there is a separation of consumption from consequence,” 
(Sieswerda et al.  2001  ) . Of course, if enough pressure is placed on productive land-
scapes at a global scale then people from all regions will feel the impact.  

   Fresh Water Supply 

 The fresh water that humans depend on fl ows directly from ecosystems, which pro-
vide water for extractive and in-stream use, for water-related cultural services, and 
for other water-related supporting services (also see chapters 6–9, this volume). 
“Extractive water supply” is that water available for municipal, agricultural, com-
mercial, industrial, and thermoelectric power use. Ecosystems can act as natural 
water purifi cation plants, fi ltering out the chemicals, microbes, nutrients, salts, and 
sediments that contaminate surface and groundwater. They can also buffer extreme 
water fl ow events. Intact forests and riparian buffers promote the transfer of surface 
water to groundwater by infi ltration, which reduces fl ood peaks and can increase 
base fl ow, generally increasing the predictability of water availability. Floodplain 
wetlands also reduce fl ooding by absorbing and slowing fl oodwaters (Brauman 
et al.  2007  ) . Riparian forests, upland forests, wetlands, and mangroves, all of which 
play a disproportionate role in the provisioning of these hydrological services, are 
particularly vulnerable to human interventions. 

 Water availability is a function of factors such as regional climate patterns and 
natural hydrological processes, and is increasingly affected by anthropogenic 
impacts, such as climate change, loss of vegetation, and increased demand. Because 
of these stresses, one-third of the world’s population now lives in countries experi-
encing moderate to high water stress (Corvalán et al.  2005  ) . During the next 50 years, 
water demand for irrigation – which accounts for roughly 70% of total fresh water 
use – is expected to triple while household and manufacturing uses are also expected 
to increase signifi cantly (Postel  1998  ) . 

 Over a billion people do not have access to adequate safe water and 2.6 billion 
people do not have access to adequate sanitation (United Nations Development 
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Programme (UNDP)  2006  ) . Water supply is known to be an important factor in 
reducing the incidence of waterborne disease (Fewtrell et al.  2005  ) , and inadequate 
access to water, sanitation, and hygiene is estimated to cause 1.7 million deaths 
annually and the loss of at least 50 million healthy life years. Half of the urban popu-
lation in Africa, Asia, Latin America, and the Caribbean suffers from one or more 
diseases associated with inadequate water and sanitation (Vorosmarty et al.  2005  ) . 
Inadequate access to uncontaminated fresh water is likely to increase exposure to 
waterborne disease by reducing access to sanitation and increasing direct exposure 
to pathogens. In addition, as we have discussed, water scarcity is a major threat to 
agricultural production and is already reducing local food production in certain 
regions. Altered fl ow regimes can also lead to injuries and other effects of fl ooding. 
But what are the challenges of providing evidence to support these relationships? 

  Scale of inquiry  is, once again, a key factor to consider. Water timing, quality, 
and availability are all highly regional phenomena, and often depend on land man-
agement of highly localized watersheds. Extrapolations of local and short-term 
effects of hydrologic services to larger scales may be fl awed because effects observed 
on small scales are not always seen within an entire basin (Brauman et al.  2007  ) . 
Additionally, many aspects of hydrologic response are dominated by extreme but 
infrequent events (Brauman et al.  2007  ) . Thus, care must be taken in defi ning the 
 measure of ecosystem services  when considering hydrologic services. Health effects 
may not be a function of average fl ows but rather of extreme fl ows. For example, 
reviewing almost 50 years of data from the USA,    (Curriero et al.  2001 ) found that 
51% of waterborne disease outbreaks were preceded by precipitation events above 
the 90th percentile, and 68% by events above the 80th percentile. 

 Several insulating factors confound the relationship between fresh water supply 
and human health, especially in higher income countries (Fig.  14.1 ). Infrastructure 
plays a critical role in insulating populations from declining quality and quantities of 
fresh water. Highly effi cient irrigation technology, water-free sanitation systems, and 
water fi ltration plants can all reduce dependence on large amounts of uncontaminated 
fresh water. Flood control infrastructure can reduce vulnerability to more extreme 
runoff patterns. Human behavior related to water treatment (boiling, fi ltering, etc.) 
can mask the effects of degraded water quality. And, increasingly, water is essentially 
being imported in the form of grain grown elsewhere (it takes roughly 1,000 tons of 
water to grow 1 ton of grain). Affl uent countries are often net importers of water, 
which means they may be less dependent on local services but consume more ecosys-
tem services overall than less affl uent countries (Brauman et al.  2007  ) . People who 
lack the resources to engage these different mechanisms are the ones who will suffer 
the most direct health impacts from deteriorating access to safe water.  

   Protection from Natural Hazards 

 Natural hazards can have immediate impacts on human health in the short term, 
through injuries, drowning, and heat stress (also see the chapters by Rumbaitis del 
Rio; Ingram and Khazai; and March, this volume). In addition, human communities 
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may experience several longer term health effects from the loss of living shelters, 
population displacement, chemical and biological pollution of water supplies, 
degradation of air quality due to fi res, exposure to mold as a result of fl ooding, and 
mental health impacts from the trauma of the experience. The specifi c impacts of 
fl oods on human health can be related to injuries in the short term and to outbreaks 
of water-borne, vector-borne, and rodent-borne diseases as well as mental health 
disorders over the medium and longer terms (Ahern et al.  2005  ) . Ecosystems can 
reduce human vulnerability to natural hazards in several ways. For example, intact 
wetlands provide natural water fi ltering capacity. Coral reefs, vegetated dunes, man-
groves, and wetlands buffer the effects of storms on coastal areas. Standing forests 
can mitigate fl ooding associated with extreme rainfall events. Environmental degra-
dation, therefore, reduces the capacity of certain ecosystems to serve as a buffer 
against climate extremes (Corvalán et al.  2005  ) . For example, the 2004 tsunami in 
Southeast Asia disproportionately affected regions with degraded coral reefs and 
mangrove forests (Dahdouh-Guebas et al.  2005 ; Danielsen et al.  2005 ; Marris  2005 ; 
Kunkel et al.  2006  ) , and, in 1998, Hurricane Mitch disproportionately caused land-
slides in settings of non-terraced farming on steep slopes in Central America 
(Cockburn et al.  1999  ) . Bradshaw et al. ( 2007 ) found loss of natural forests to be 
correlated with fl ood risk and severity in developing countries. 

 In addition, vulnerability to disasters has increased in recent decades. This may 
be, in part, a result of the growth of human populations in areas that are at greater 
risk from extreme weather or natural hazards, such as settlements in low-lying 
coastal areas or fl oodplains, or in dryland ecosystems at risk of drought. It is also 
likely a refl ection of more frequent weather-related hazards as projected by the 
Intergovernmental Panel on Climate Change (IPCC) (Schneider et al.  2007  ) . 
Globally, the annual absolute number of people killed, injured or made homeless by 
disasters is increasing (Corvalán et al.  2005  ) . 

 What are some of the barriers to establishing evidence for the ways that intact 
ecosystems provide protection from the health impacts of disasters? Many insu-
lating factors obfuscate the ways in which environmental degradation affects human 
communities. Human vulnerability to natural hazards is mediated by a wide variety 
of factors including where people live, the quality of their housing, disaster pre-
paredness, early warning systems, and environmental conditions (Adger et al.  2005  ) . 
Infrastructure is of primary importance. Flood control systems can reduce the 
impact of hydrological peaks. Disaster preparedness measures, such as early warning 
systems, can also minimize the impact of natural hazards. Housing quality also 
affects the ability of a community to withstand extreme events. In addition, philan-
thropic response in the form of disaster relief efforts can conceal the health impacts 
that might otherwise be experienced as a result of disasters. These types of organi-
zations assuage the short- and medium-term impacts of disasters through the provi-
sioning of food, fresh water, medical supplies, temporary housing structures, and 
other goods and services. National and international disaster relief organizations 
can also enforce positive human practices such as water treatment. 

 Data availability is another big issue. There are limited data available to evaluate 
the contribution that environmental change has played in increasing vulnerability to 
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fi res, fl oods, storms, tidal waves, landslides or other hazards. For example, the 
evidence about the health effects of fl oods is dominated by studies of slow-onset 
fl oods in high-income countries that may have little relevance to fl ash fl oods and 
fl oods in low-income settings. Yet fl oods with the largest mortality impacts have 
occurred where infrastructure is poor and the population at risk has limited eco-
nomic resources (Ahern et al.  2005  ) . The relationship between forest cover and risk 
of fl ooding is also debated with respect to extreme events, such as cyclones and 
typhoons (Laurance  2007  ) . More data are needed to fully understand the relation-
ships between ecosystem degradation, incidence of disasters, and their  associated 
health outcomes.   

   Research Agenda 

 These examples of the relationships between three different classes of ecosystem 
services and human health illustrate the ways that ecosystem services are inter-
related in dynamic and complex ways, and how the causal pathways between eco-
system service production and human health are complex, diffi cult to quantify, and 
mediated by a variety of non-environmental infl uences. These complexities high-
light the importance of interdisciplinary partnerships to improve our understanding. 
If we can better understand the health impacts of the loss of ecosystem services, we 
will be able to apply this information to guide policy, and to help measure health 
improvements following the implementation of a new ecosystem services manage-
ment approach. The MA concludes that efforts “will require an unusual level of 
interdisciplinary analysis and synthesis in which the population health sciences are 
central, especially epidemiology.” 

 More clarity is needed on the different intellectual paradigms that characterize 
epidemiology and ecology, in order to move toward integrating the two fi elds. In 
order to be more explicit about what defi nes health and identify confounding factors 
in the relationship, ecologists and public health researchers must start to speak a 
common language. For example, public health scientists should understand that 
ecologists take offense when “ecological” is used to describe a study’s limitations 
as purely correlational, since much research by ecologists establishes causal mecha-
nism. Ecologists and environmental scientists should take into consideration that 
“health” comprises many outcomes, with many distinct and multifactorial etiolo-
gies. Only when this type of understanding is built can we begin to move forward 
not only in talking about these issues, but toward building data in support of the 
relationships in question, and ultimately addressing them with calls to action. 

 Understanding the complex causal webs and establishing causal inference about 
the relationship between ecosystem health and human health will require collabo-
rations between ecologists and health scientists, to produce more data, and to carry 
out more sophisticated analyses that recognize the complexity of the problem. 
Large country-wide datasets can be used to ask questions about when ecosystems 
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do or do not support community health, but appropriate stratifi cation should be 
used, as discussed above. For example, a global burden of disease approach can be 
used to investigate the impact of changes in particular ecosystem services on the inci-
dence of specifi c diseases in a series of different types of ecosystems and human 
communities. Several large databases on both human health conditions and ecosys-
tem conditions are available for such an effort. In addition, collaborations between 
ecologists and health scientists at the time of data collection will improve the abil-
ity to provide causal inference. Rather than tacking on health outcomes or environ-
mental conditions as an afterthought, ecologists and epidemiologists can work 
together to design studies that incorporate aspects of both from the outset. 
Investigators from different disciplines can work together to develop a conceptual 
model for how they believe environmental conditions are linked to health outcomes 
at a specifi c location before beginning any data gathering activities. The causal 
pathways that make up such a model can then be tested as hypotheses by gathering 
the appropriate targeted data. 

 Ecological data can be incorporated into different epidemiological study designs. 
 Active surveillance  can be used to monitor both disease incidence and ecological 
parameters at the same time.  Prospective studies  could be employed to look for 
expected health outcomes in a population affected by a particular ecosystem man-
agement approach (e.g., places where a service will be signifi cantly degraded as a 
result of planned activity where the consequences of this degradation can be tracked.) 
 Case–control  epidemiological studies can be used to investigate the particular eco-
logical conditions surrounding a health condition (e.g., places with very similar 
populations and histories but strongly different ecosystem health (neighboring 
watersheds) that are managed very differently). Where good historical data exist 
about both health and ecosystem service changes,  retrospective  studies can explore 
their relationship in time. Where signifi cant efforts have been made to restore services 
 intervention trials  can track the health impacts of a restoration project aimed at 
restoring ecosystem services. 

 Where traditional epidemiological methods fail, newer approaches have been devel-
oped to address the broader contexts that determine population and ecosystem-level 
health risks. In recent years, many epidemiologists have argued for public health 
research to move beyond traditional risk factor analysis at the individual level and 
toward analysis concerned with multiple levels and types of causation. Several more 
sophisticated approaches have been proposed, such as environmental epidemiology 
(Pekkanen and Pearce  2001  ) , ecoepidemiology (Susser and Susser  1996  ) , social- 
ecologic systems perspectives (McMichael  1999  ) , and ecosocial theory (Krieger  2001  ) . 
These efforts all use a systems theory-based approach to extend the purview of causa-
tion across axes of space, time, and organizational level and propose to inter-relate 
research at different scales through feedbacks and interactions (Eisenberg et al.  2007 ; 
Plowright et al.  2008  ) . Multilevel statistical models, and dynamic mathematical 
models, time-series analysis, panel studies, and risk analysis are all examples of these 
newer approaches that can be used toward the goal of understanding ecosystem health–
human health linkages. 
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 The MA Health Synthesis concludes that “the level of uncertainties and the 
unsuitability of standard approaches lead many scientists to avoid attempting to 
answer some questions posed directly by decision-makers. … Scientists tend to 
respond with a scientifi cally more rigorous and less uncertain answer to a small part 
of the equation.” More extensive collaborations between ecologists and epidemiolo-
gists can help provide rigorous data to fi ll gaps in knowledge and, at the same time, 
produce science that addresses policy-makers’ immediate concerns.  

   Conclusion 

 In this section, we have seen that large-scale, anthropogenic, environmental changes 
can cause signifi cant threats to human health. The preceding chapters on the impacts 
of land use change, disease ecology, and climate change describe how accelerating 
climate and land use change are likely to impact human health. This chapter 
describes how many other impacts may be mediated through deterioration of eco-
system services (see Fig.  14.2 ). In combination, this deterioration is increasing the 
exposure of hundreds of millions of people to food scarcity, water scarcity, natural 
hazards, infectious diseases, and population displacement. 

 For each of these risks, different populations around the world have dramatically 
different vulnerabilities. In part, this is because the biophysical changes human 
activity is causing around the planet are not uniform. Rapid glacial melting on the 
Tibetan plateau threatens dry season water supply for over a billion people living 
and growing irrigated crops in the river basins of Asia’s great rivers. Droughts and 
increased temperatures caused by climate change in sub-Saharan Africa will inter-
act with existing water scarcity, soil degradation, and nutrient depletion to reduce 
crop yields and constrain already tight food supplies. The triple threat of more 
severe storms, rising sea levels, and degraded coastal barriers will pose signifi cant 
risks to low-lying coastal populations (10% of the human population lives in coastal 
areas at less than 10 m elevation). 

 But differential exposure to the biophysical changes associated with human activ-
ity is not the only reason why vulnerabilities to these threats will vary across differ-
ent populations. Vulnerability, as a concept, includes not only exposure to health 
risks associated with changing environmental conditions but also characteristics of 
a population that determine its ability to adapt to such conditions. Many of the 
threats associated with global change can be reduced by means of trade, technology, 
infrastructure, behavior change, philanthropy, and governance. Populations with the 
resources (economic and sociocultural) to engage these mechanisms to reduce vul-
nerability will suffer less than those without such resources (see Fig.  14.2 ). 

 There is an urgent need to characterize and quantify these growing threats more 
accurately. We need to begin modeling each of these types of vulnerability to acceler-
ating environmental change and mapping out which populations are at greatest risk. 
To do so, will require collaboration from a wide variety of scientifi c disciplines, and 
central among them, will be ecology.      
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 Globally, 1.6 billion people, 16% of the world’s population, lack access to electricity 
and more than three billion people rely on traditional fuels such as wood, dung, 
agricultural waste, or charcoal, to meet everyday domestic needs (IEA  2010  ) . This 
condition of energy poverty constrains multiple aspects of human development and 
growth. Women and children must spend time, often hours, collecting wood-fuel 
instead of investing time in other productive pursuits, such as attending school or 
producing value-added commodities for sale or trade. When fuel is in short supply, 
water is not boiled to kill pathogens, contributing to debilitating ill-health, and 
mortality of infants. Smoke from indoor combustion of biomass fuels contributes 
to acute respiratory infections and chronic obstructive pulmonary disease, which 
kills an estimated two million people a year, mostly young children and women 
(World Bank  2006  ) . The collection of these traditional fuels puts additional stresses 
on forest and agricultural ecosystems, undermining rural livelihoods over the long 
term. Trees are cut for wood-fuel, forests are cleared for charcoal production, and 
agricultural residues are burned instead of returning nutrients to the soil. While the 
energy poor are predominantly concentrated in rural areas, access to electricity in 
urban and peri-urban areas of developing countries is often limited to wealthier 
communities, forcing the poor to go without or pay comparatively higher prices for 
domestic fuels. Billions of dollars worth of energy subsidies are rarely targeted to 
benefi t the poor. 

 Investment in reducing energy poverty has been signifi cant through the past 
several decades, but has yielded negligible advancements. Rural access to electricity 
has remained stagnant at 6% over the past decade (World Economic Forum  2010  ) . 
Only China has made signifi cant progress in improving rural energy access, now 
achieving 98% electrifi cation of the country through large-scale investments in 
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electrifi cation and multiple phases of electric industry policy reforms (Global 
Energy Network Institute  2007  ) . 

 Progress in other geographies has been impeded in part by a large funding gap. 
It has been estimated that US$ 435 billion is required to provide electricity to all of 
the world’s presently un-served population (Practical Action  2009  ) . The World 
Bank estimates that less than half of this amount is currently available to meet those 
needs (World Bank  2006  ) . Other barriers include a focus on large-scale interven-
tions that do not necessarily meet the needs or capacities of the poor, lack of private 
sector investment in energy provision models that benefi t the poor, and multiple 
policy and regulatory barriers. 

 An additional complicating factor is the global imperative to provide energy ser-
vices to the under-served without producing the same level of greenhouse gases that 
developed nations have emitted in meeting their own energy needs. Thus, there is a 
need to provide clean energy services for the poor, while grappling with the equity 
implications of asking the poor, who have contributed the least to global warming, 
to adopt clean energy solutions, which may be less affordable than more polluting 
energy intervention alternatives. Indeed, by some calculations, meeting the needs of 
the energy poor with fossil fuels would only increase greenhouse gas emissions by 
2% (Practical Action  2009  ) , a small amount compared to the energy needs of other 
sectors in society (transportation, industry, commerce, etc.). Thus, it is important to 
ensure that measures taken to reduce global greenhouse gas emissions, such as 
greater biofuel production and use, do not inadvertently further marginalize or 
impoverish poor communities. 

 Despite these challenges, sustainable solutions, promising technologies and viable 
business models do exist to meet the energy needs of the poor. Extension of elec-
tricity grids is most viable in urban and peri-urban areas. In rural areas, decentralized 
energy production systems are most relevant in the near term, and can be powered by 
renewable energy sources such as micro-hydro, biomass, wind, and solar energy. 
Improved stoves are available to improve the effi ciency and reduce the health impacts 
of indoor fuel combustion, and cleaner burning fuels are increasingly also available. 
The social, economic, and health benefi ts of improving energy access are now better 
understood and are helping to create greater demand for energy interventions. 

 The chapters in this section provide frameworks, approaches, and examples to 
illustrate how the energy needs of the poor can be met sustainably, affordably, and 
equitably, with a particular focus on the ecological considerations relevant to reduc-
ing energy poverty. The chapter by Doll,  Ecological Context for Sustainable Energy 
Solutions , provides a framework to assist in the analysis of appropriate energy sources 
to meet the energy needs of a given community. Assessment criteria are by necessity 
multi-dimensional – including physical, social, economic, political, and operational 
constraints. The ecological contribution to this framework includes an environmental 
assessment of fuel source options, as well as the conceptualization of the human –
energy production system as a dynamic complex system that evolves over time. The 
assessment framework is illustrated with examples from the author’s experience 
implementing rural energy interventions as a development program in Rwanda. 

 The chapter by Ganz et al ., Ecology-Poverty Considerations for Developing 
Sustainable Biomass Energy Options , focuses on biomass fuels specifi cally and 
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applies an ecosystem services approach toward assessing biomass energy options 
for energy poverty reduction. This approach looks at all the components of the biomass 
energy supply chain from producers to end users, and makes the interconnected 
social, environmental, and economic costs and benefi ts of the various biomass 
options explicit. Ecological modeling tools help assess the tradeoffs and aid in 
decision-making. The authors provide a highly replicable phased approach to evalu-
ate sustainable biomass options through a series of guiding questions aimed to help 
practitioners develop and implement biomass energy alternatives that benefi t both 
poor communities and biological diversity. 

 The fi nal chapter in the section,  Ecological Sustainability of Woodfuel as an 
Energy Source in Rural Communities , by Bailis et al., looks at the ecological impli-
cations of wood-fuel use at both local and global scales, and evaluates different 
approaches toward improving ecological sustainability of wood-fuel use. A case 
study based upon a spatial analysis of wood-fuel supply–demand imbalances illus-
trates how spatial analysis tools, biomass inventories, and multi-criteria analysis can 
be used to identify hotspots where local demand for wood-fuel exceeds production 
capacity, providing an evidence base with respect to where the most critical loca-
tions are for focused actions. They conclude that while wood-fuel dependence is 
unlikely to decrease in developing countries in the near-term, there is reason for 
optimism in the increased understanding of the ecological dynamics of wood-fuel 
use, and the availability of multiple tools to better assess the benefi ts of more 
sustainable wood-fuel production and use. 

 Taken together, these chapters illustrate that despite the challenge of closing the 
gap on energy poverty, and, concurrently, in meeting related or derived development 
goals, there is a multiplicity of sustainable energy options, and distinct contributions 
that ecologists can make in assessing those options, prioritizing areas for interven-
tion, and implementing ecologically sound solutions.     

   References 

   International Energy Agency (IEA). 2010. Comparative Study on Rural Electrifi cation Policies. 
In Emerging Economies: Keys To Successful Policies. International Energy Agency. Paris, 
France.    http://www.iea.org/papers/2010/rural_elect.pdf       

   Meisen, P. and N. Cavino. 2007 .  Rural Electrifi cation, Human Development and the Renewable 
Energy Potential of China .  Global Energy Network Institute, San Diego, United States.   http://
www.geni.org/globalenergy/research/china-development/china-development.pdf      

   Practical Action. 2009. Energy poverty: The hidden energy crisis. Practical Action. Warwickshire, 
United Kingdom.   http://practicalaction.org/advocacy/docs/advocacy/energy_poverty_hidden_
crisis.pdf      

   The World Bank. 2006. Energy Access, Security, Key to Reducing Poverty. The World Bank. 
Washington DC, United States.   http://go.worldbank.org/HT2WKGTT20      

   World Economic Forum. 2010. Energy Poverty: Impeding Sustainable Development and Growth. 
World Economic Forum. Geneva, Switzerland.   http://www.weforum.org/en/initiatives/
EnergyPovertyAction/index.htm          

http://www.iea.org/papers/2010/rural_elect.pdf
http://www.geni.org/globalenergy/research/china-development/china-development.pdf
http://www.geni.org/globalenergy/research/china-development/china-development.pdf
http://practicalaction.org/advocacy/docs/advocacy/energy_poverty_hidden_crisis.pdf
http://practicalaction.org/advocacy/docs/advocacy/energy_poverty_hidden_crisis.pdf
http://go.worldbank.org/HT2WKGTT20
http://www.weforum.org/en/initiatives/EnergyPovertyAction/index.htm
http://www.weforum.org/en/initiatives/EnergyPovertyAction/index.htm


257J.C. Ingram et al. (eds.), Integrating Ecology and Poverty Reduction: 
Ecological Dimensions, DOI 10.1007/978-1-4419-0633-5_16, 
© Springer Science+Business Media, LLC 2012

   Introduction 

 The objectives of this chapter are to explore the broad context of energy sources; how 
this information can be used to provide energy services; the role of energy in alleviating 
poverty; the types of energy sources available to reduce poverty; and, fi nally, to provide 
a framework that considers local conditions that ultimately infl uence which energy solu-
tions will be sustainable. Ecology is relevant in this endeavor not only in terms of con-
sidering the ecological impacts of different potential energy interventions, but also in 
constructing an integrated framework to consider the interactions between the physical 
environment and the socio-cultural and economic components on the functioning of the 
system as a whole (ecology,  sensu  Odum  1977  ) . As such, no matter the status of the 
natural environment, which is highly degraded in many developing countries, an inte-
grative defi nition of “ecology” rather than an environmentally focused interpretation can 
be applied to evaluate the applicability and long-term sustainability of energy 
solutions. 

 Understanding the role of energy in poverty reduction begins with understanding 
that the earth is a materially closed but energetically open system. There is no material 
being added to or removed from the earth, save the occasional meteorite crashing into 
the surface and the material launched into orbit or left on the moon by the space pro-
gram. The main implication of the earth as a closed system is that our material 
resources are fi nite, and unless we understand the conditions for sustainability, we are 
destined to run out of valuable resources and be poisoned by our own waste (Cairns 
 1977 ). It is the continuous and relatively constant input of energy from our sun, the 

    S.  C.   Doll   (*)
     Department of Technology and Environmental Design , 
 Appalachian State University ,   Boone ,  North Carolina ,  USA     
e-mail:  scdoll2@gmail.com   

    Chapter 16   
 Ecological Context for Sustainable 
Energy Solutions       

       Susan   C.   Doll             



258 S.C. Doll

origin of essentially all of the earth’s energy sources, that is the “engine” of the 
biosphere, powering the cycles of water and materials. Solar radiation heats the earth 
and creates  temperature gradients that generate air movement (i.e. wind) and evapo-
rates water from the oceans that falls back to the surface and makes its way again to 
the ocean in a never-ending cycle. Plants capture and convert sunlight to chemical 
energy in the form of complex molecules via photosynthesis, thus providing the base 
of the food chain. Under the right conditions, when plants die, they are sequestered 
underground and over time, under high temperature and pressure conditions, become 
fossil fuels. Animals convert some of the stored chemical energy in the food they eat 
to create their own complex molecules for growth and repair, and to provide energy 
for basic metabolic functions and mobility. Physical characteristics of animals deter-
mine where they are able to live, how fast they can move, how well they can hear and 
see, and how strong they are. The amount of physical exertion, or work, that can be 
performed is related to and constrained by the available energy stores in their bodies. 

 Through the use of tools and the ability to harness external energy sources that 
were independent of their food intake, humans were able to overcome their physio-
energetic limitations. Fire provided warmth and protection from predators, and 
expanded the types of foods that could be eaten. Domesticated animals carried heavy 
loads and pulled plows and wagons, increasing productivity and relieving humans of 
tiresome work. Wind was used to power boats and turn windmills to pump water, 
grind grain (all things previously done by manual labor) and eventually to generate 
electricity; water wheels were used in much the same way. The invention of the steam 
and combustion engines in the nineteenth century, powered by fossil fuels, revolu-
tionized farming, manufacturing, and service industries. All of these energy sources 
can be used to produce electricity, enabling the use of electrical devices for lighting, 
communication, and medical care. In order to quantify the magnitude of the impact 
of these external energy sources on the quality of human life, the amount of mecha-
nical work that can be performed by a single person in a given period is used as a 
standard unit for comparison. An equivalent amount of work done using a non-human 
energy source is expressed in units of man-equivalents or “energy slaves” (Buckminster 
and Marks  1973  ) . One review of per-capita energy use calculated that each person in 
the USA had the equivalent of 100 energy slaves working for them 24 hours a day, 
largely in the form of fossil fuels, while in some developing countries the available 
energy was <1 energy slave per person (Boyden  1987  ) . Fundamentally, this means 
that the majority of work in developing countries is performed by, and limited to, the 
energy available from people. When modern tools are not available, the majority of 
that energy goes into subsistence farming for survival. When people are malnour-
ished or sick, their ability to do work is diminished, further reducing productivity.  

   Energy and Poverty 

 The connection between energy and poverty reduction, hunger, education, gender 
equality, heath, water, and sanitation, and environmental sustainability has been 
explicitly discussed in the context of the Millennium Development Goals (MDGs) 
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(   Modi et al.  2005 , DeClerck et al., Chapter 1, this volume). Although not identifi ed 
as an MDG target in and of itself, energy has been acknowledged as one of the 
underlying enablers for escaping the cycle of poverty. Strategic energy interventions 
can have a positive impact on almost every facet of daily life (EAC 2007). Increased 
access to mechanical power can improve productivity and relieve the burden of 
activities that are traditionally done with human labor such as water lifting and 
delivery, growing and processing agriculture products, and transporting goods to 
home and market. Increasing the sustainable production of biomass and improving 
fuel-effi ciency of stoves so that they use less fuel, provide the dual benefi ts of reduc-
ing the labor burden of fuelwood collection on women and children, and lessening 
pressure on stressed ecosystems. Improving cookstove performance to produce less 
smoke and increasing access to cleaner-burning biomass-derived or modern fuels 
such as kerosene and LPG (liquefi ed petroleum gas) can help reduce adverse 
health effects associated with the use of biomass fuel, primarily in women and 
infants. Increasing access to electricity for lighting, computers, and specialized 
equipment in households and public institutions (health clinics/centers, schools, 
government offi ces, and community centers) can improve the capacity and quality 
of basic social services. All of these interventions can in turn support income-
generating opportunities (Sachs  2005 ). It should be noted, however, that access to 
these different energy sources, progressing from low-quality fuels such as animal 
dung and crop waste, to higher-quality “modern” fuels, is strongly correlated with 
increasing prosperity. There is a generally accepted progression of fuel types, in 
order of increasing cleanliness, convenience, and cost of fuel and end-user appli-
ances: dung and crop waste, wood, charcoal, LPG, and gas, and, fi nally, electricity 
(Hosier and Dowd  1987  ) . While the cleanliness and convenience are highly desir-
able, poverty is an obstacle to modern fuels due to the increasing cost. In some 
cases, there may be ways to “leap-frog” to higher-quality energy sources using solu-
tions suited to developing countries, such as using animal dung to produce biogas 
or human power to generate electricity. 

   Role of Ecology 

 In a resource-constrained world, where there are many competing needs, the use of 
ecological concepts can provide the basis for a systematic methodology to identify 
appropriate energy intervention(s) that not only satisfy targeted, high-priority energy 
needs and are technically feasible in the environment within which they will be 
operating, but also take into consideration other factors related to long-term sustain-
ability. Another important dimension of using an ecological lens is the concept that 
all systems are dynamic and elements of the system change and co-evolve over 
time. As such, decisions about the implementation of energy intervention(s) should 
not be seen as the fi nal answer, but rather as steps in a process, requiring a longer-
term vision and strategy to see if/how interventions that are implemented today will 
be compatible with tomorrow and provide a foundation on which to build future 
improvements.  
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   Evaluation Approaches 

 Two basic approaches to evaluating energy interventions are (1) to identify a commonly 
used and/or abundant energy source and evaluate how it can be most effi ciently and 
effectively used to meet energy needs, and (2) to identify high-priority energy needs 
and evaluate which intervention(s) and energy sources are most appropriate for a 
specifi c time and place. These two approaches are not inherently incompatible and, 
in fact, can be complimentary steps in developing a comprehensive energy strategy. 
The fi rst is a reasonable approach for locations where resources and income are 
severely limited, and there may only be a single energy source that makes sense for 
near-term interventions. The second approach evaluates a wider range of energy 
options to identify which energy sources are most appropriate for specifi c energy 
services and potential barriers to implementing certain types of interventions. The 
approach taken in this chapter is to describe a general framework for screening a 
broad range of potential energy sources for specifi c applications and identifying 
technological advances and capacity building that may be needed to enable future 
desirable interventions. This author uses recent experiences in a rural village in 
Rwanda to (1) serve as a practical case study to demonstrate the methodology and 
(2) describe site-specifi c factors that were found to be critical determinants for sus-
tainable interventions. In addition to availability of energy resources, requirements 
for institutional support and human skills are addressed. Background information 
includes an overview of the range of energy solutions that are available to provide 
services that can help alleviate poverty. Other chapters in this book address the 
implementation of specifi c types of energy solutions, including biomass fuel (Ganz 
et al., this volume   ) and fuelwood (Bailis et al., this volume).   

   Energy Services and Sources 

 Although discussions about energy for development are most often focused on bio-
mass and cooking issues, it is important to remember that the broader goal is to 
provide a range of energy services that will improve the overall quality of life, and 
that these services can be achieved by a number of different energy sources. Each 
type of energy source has features which determine its applicability for a given 
energy service, independent of the location where it is used. 

   Energy Services 

 As mentioned in the introduction, energy services that have helped humans move 
beyond their physical limitations include fuel combustion for cooking and heating, 
animal power to reduce work burden and provide transportation, and wind and water 
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power to provide energy for grinding, pumping water, and generating electricity that 
can be used for lighting, computers, and specialized equipment in households and 
public institutions. To understand the relationship between energy services and poverty, 
it is necessary to understand how they are related to human needs and the quality of 
life. There is a hierarchy of human needs that can be broadly categorized as life 
critical, life enhancing, and luxury, generally corresponding to improving quality of 
life. Life critical services are those that are necessary for survival, including obtain-
ing water, food, and shelter. Humans have been struggling to secure these since the 
dawn of time when the only resources they had at their disposal were the products 
of nature and their own muscle power. In many parts of the world this is still the 
case, but with added pressure from ever-increasing population. Life-enhancing ser-
vices increase or improve value, quality, or convenience. Many things in this category 
reduce the burden associated with satisfying life-critical needs (e.g. pumps for better 
access to water, machines to assist with growing and processing food) and also loosen 
the constraints of local ecosystem productivity (e.g. fertilizer and transportation to 
distribute food, water, building materials). The luxury service category encompasses 
things that add comfort or pleasure, but are not absolutely necessary. Satisfying luxury 
needs typically builds on innovations devised for the two previous categories; food 
transported by airlines so that consumers can have fresh fruit and vegetables any time 
of the year, air conditioning and heating for maximum thermal comfort, and fi ne food 
and wine, for example. One of the keys to moving up the human needs hierarchy is the 
availability of energy. Using transportation as an example, Fig.  16.1  shows various 
modes of transportation that illustrate the progression from rudimentary transporta-
tion by foot, to increased energy input from animals and bicycle-assisted transport that 
improves agriculture productivity and carrying capacity, and, fi nally, to fossil fuel-
powered vehicles that extend the limits of distance and carrying capacity and drasti-
cally reduce travel time and work burden. For poverty alleviation, providing life-critical 
services is an absolute minimum with a progression to life-enhancing services as 
conditions and increasing access to energy resources allow.   

   Energy Sources 

 Energy sources are typically classifi ed as  primary  or  secondary  sources. Primary 
energy is contained in the form of chemical bonds (fossil fuels, biomass, adenosine 
triphosphate (ATP), and glycogen in humans and animals), nuclear bonds (radioac-
tive molecules for fi ssion reactors), electromagnetic radiation from the sun (solar 
thermal, solar photovoltaic, and wind), gravitational energy from attraction between 
two bodies of mass (falling water and tidal energy), and energy from the heat of the 
earth’s core (geothermal). In order to do useful work, primary energy must be con-
verted to secondary energy through one or more conversion steps to create thermal, 
mechanical, or electrical energy. Thermal energy is used for services that require 
heat, such as cooking, hot water, and food processing. Mechanical energy makes 
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things move, including turbine blades, engine parts, and grinding mills. Electrical 
energy is the most versatile and can not only power electrical appliances, but can 
also produce heat and be used to make things move. Energy is lost during each 
conversion step so single-step processes are the most effi cient. Each primary energy 
source is only able to produce one kind of secondary energy with a single conversion 
step: fossil fuel and biomass energy is converted to thermal energy through the 
process of combustion, wind and water energy is converted to mechanical energy 
using blades that rotate a shaft, and solar radiation is converted to electricity by elec-
tron excitation in photovoltaic cells. With additional conversion steps, each primary 
energy source is able to provide other types of secondary energy: thermal energy from 
fossil fuel and biomass combustion can be used to generate hot air or steam turn tur-
bine blades and produce mechanical energy, then this mechanical energy or mechani-
cal energy from wind and water can be used to drive a generator that produces 
electricity, and, to complete the circle, electrical energy from any of the primary 
energy sources can provide thermal energy via resistive heating or mechanical energy 
using pumps and motors. From an energy-effi ciency stand point, it is best to use a 
primary energy source that requires the fewest number of conversion steps to get the 

  Fig. 16.1    Different modes of transportation use different sources of energy and end-use technolo-
gies. ( a ) Walking is the most common mode of transportation in developing countries. 
 Energy = human power . ( b ) Animals reduce work burden and increase carrying capacity.  Energy = 
animal power . ( c ) Bicycles for transport of people and cargo are a common mode of transport in 
many countries.  Energy = human-assisted power . ( d ) Motorized vehicles are the most common 
mode of transportation in industrialized countries.  Energy = gasoline, diesel        
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desired secondary energy form needed, as there are additional energy conversion 
losses and distribution devices required at each step.  

   Matching Energy Services and Sources 

 Table  16.1  cross-references a list of energy services on the left and energy sources 
across the top. Every cell in the table indicates whether a particular energy source is 
able to provide each energy service with a single-conversion device. The lists of 
energy services and energy sources are not intended to be exhaustive, but rather to 
capture the ones most relevant to poverty reduction. Although coal, oil, and natural 
gas are the major energy sources used in developed countries and have demon-
strably satisfi ed the entire hierarchy of human needs, on a global level they are not 
considered a sustainable option and therefore are not included here. Also, because 
of the complexity and/or cost of the support equipment and operating systems, 
nuclear, tidal, and geothermal primary energy sources are also not considered as 
energy options for poverty alleviation.  

 Biology-based primary energy sources included in Table  16.1  are (1) unprocessed 
biomass (such as crop residue, dung, and wood) that may be compressed or formed into 
briquettes, (2) biofuel that is easily extracted from oil plants (preferably from nonedible 

   Table 16.1    Energy services and how/if they can be provided by different    primary energy sources   
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 Cooking/heating  (T)  (t)  (T)  (T)  (T)  –  –  (t)  –  –  – 

 Food/fuel drying  (t)  (t)  (t)  (t)  (t)  –  –  (T)  –  – 

 Lighting  (t)  (t)  (T)  (T)  –  M/E  –  –  (E)  (E)  (E) 

 Electrical hardware 

  IT equipment 

  Medical instruments 

 –  M/ 
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 E 

 –  –  (E)  (E)  (E) 

 Water lifting/delivery  –  (M)  (M)  –  –  (M)  (M)  –  (E)  (E)  (M)  (E)  (M) 

 Agroprocessing  –  (M)  (M)  –  –  (M)  (M)  –  (e)  (E)  (M)  (E)  (M) 

 Transportation  –  (M)  –  –  (M)  (M)  (M)  –  –  –  – 
  The secondary energy sources are color-coded: RED = Thermal (T), BLUE = Electrical (E), 
PURPLE = Mechanical (M). If cells have a lower case letter, this indicates that the service can be 
provided by that energy source but it is not an optimum match. Dashes indicate that a particular 
energy source  cannot  provide that energy service without increased cost, complexity, and ineffi -
ciencies of additional conversion device(s) and infrastructure  
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plants such as  Jatropha  sp. to minimize competition with food crops), (3) biogas 
produced from anaerobic digestion of organic material (the most commonly available 
feedstock is animal manure or human feces), and (4) people and animal power. 
Additional primary energy sources included are two petroleum-based fuels (kerosene 
and LPG) that are currently relatively widely used in developing countries, and four 
solar-based energy sources (solar thermal, solar PV, wind, and water). For cells in the 
table where a particular energy source is able to provide an energy service, the kind of 
secondary energy needed is also indicated. Important observations from this table indi-
cate which energy services each primary energy source  can  and  cannot  provide. Biofuel 
(plant oil) is the only primary energy source that can provide all seven energy services. 
Limitations of the other primary energy sources are listed below:

   Solar thermal is the most limited primary energy resource, only effi cient for producing  –
thermal energy to provide two of the seven energy services – it cannot provide 
electrical or mechanical energy at the scale needed for poverty alleviation.  
  Biomass and kerosene have slightly greater functionality in terms of the services  –
provided, are a better match for cooking, and add the functionality for lighting.  
  Wind and water energy sources are suited for providing both mechanical (rotat- –
ing shaft) and electrical energy (connect the shaft to a generator) – future innova-
tive designs should consider incorporating interchangeable functionality where 
the rotating shaft can be disengaged from the generator when mechanical energy 
is needed and re-engaged when electricity is needed.  
  Biogas can provide all three secondary energy types, though it has limited appli- –
cation for transportation. Biogas and biofuel (plant oil) provide the most fl exibility 
for meeting a wide range of energy service needs.     

   Support Equipment Requirements 

 For each primary energy source to produce useable secondary energy, a system for 
collection, processing, storing, and distributing must be in place, and specifi c end-use 
equipment is generally required to make energy functionality available to an end-
user. For example, using solar energy to produce electricity requires manufacturing 
facilities to produce the photovoltaic array that will collect and convert the sunlight, 
batteries to store the electricity so that it is available when it is needed (not just when 
the sun is shining), and internal wiring to distribute the electricity from the panel to 
the battery and from the battery to the electrical equipment/appliance. Similarly, 
burning LPG to produce thermal energy for cooking or mechanical energy to power 
an engine requires facilities to manufacture and fi ll a pressurized canister, transport 
networks to get the canister from the fi lling site to the supplier and then from the 
supplier to the customer, valves to control the release of the gas, and tubing to trans-
fer the gas from the tank to the end-use gas-burning appliance or engine. Contrast 
this with the simplicity of using biomass for cooking, which is the main reason it is 
the dominant energy source in most developing countries. It is available from local 
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sources and can be collected by hand, can meet the most basic human needs for heat 
and cooking, requires little processing and no special end-use equipment to use. 
Though other energy solutions will be needed to meet mechanical and electrical 
energy needs, biomass will continue to be a major energy source, making it all the 
more critical to implement sustainable biomass production and use practices. 
Issues related to biomass use are addressed further in the following chapters by 
Ganz et al. and Bailis et al., this volume.  

   Human Health and Environmental Issues 

 Each energy source also has associated human health and environmental impacts 
that are relatively independent of local conditions, although housing characteris-
tics do play a signifi cant role in adverse health effects from household energy use. 
The dominant health issue related to energy use worldwide is by far the production 
of smoke from combustion of lower-quality fuels (dung, crop waste, wood) in 
confi ned indoor spaces, particularly among woman and infants (Warwick and 
Doig  2004  ) . There have been many studies conducted to investigate the correla-
tion between indoor air pollution from biomass use and adverse health effects that 
indicate indoor particulate concentrations can be orders of magnitude higher than 
accepted standards (Ezzati and Kammen  2002  ) . However, due to the uncertainty 
associated with exposure assessment (there are no specifi c biomarkers for expo-
sure to biomass smoke) and also with attributable health risk (respiratory disease 
is generally non-specifi c and may be caused by other factors), a defi nitive causal 
effect has not been established. Recommendations for reducing indoor concentra-
tions of smoke, in order of generally increasing effi cacy and cost, include: 
increased household ventilation, improved stoves with more effi cient combustion, 
venting of combustion gases using chimneys or other removal devices, and ideally, 
replacing biomass fuels with cleaner-burning fuels such as charcoal, biogas, and 
LPG. There are also labor burden and safety issues associated with collection of 
biomass fuels, particularly to women and children (Ruhfuess  2006  ) . Additional 
environmental concerns related to biomass fuel use include the degradation of 
forests from unsustainable fuelwood harvesting practices, with subsequent soil 
erosion, and immediate implications for agricultural productivity, soil nutrient 
cycling, and soil fertility if biomass is burned rather than recycled (Parikh and 
Ramanathan  1999  ) .   

   Assessing Local Context 

 The previous discussion highlights the general limitations of various energy options, 
independent of where they might be used, that must be considered to determine their 
potential role in a comprehensive energy strategy, but it does not provide any 
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site-specifi c information that would indicate the suitability of each energy source 
under local conditions. The criteria presented next are meant to guide assessments 
of local suitability of energy options. Through the author’s personal experiences, it 
became apparent that all too often interventions were promoted without adequate 
understanding of the full context within which they will need to function. 

   Assessment Criteria 

 The list of context assessment criteria that is identifi ed below refl ects the environ-
mental and organizational elements of a human-dominated system that will apply, 
to a greater or lesser extent, for any intervention being considered and was largely 
inspired by the day-to-day challenges of the author’s experiences living and work-
ing on infrastructure interventions in Rwanda over a 3-year period.

    1.    Environmental (climate, resources)

   What natural resources are locally available, especially for wind, water, solar,  –
and biomass?  
  What impact will the use of each energy source have on the health of the eco- –
system and community?     

    2.    Physical (support equipment, utilities, structure)

   Are the physical support structures currently in place at the household and  –
community level?      

   3.    Commercial (vendors, materials, import/export, transport)

   Is the project, and later the community, going to be able to get hardware and  –
replacement parts through existing supply chains and vendors?  
  What is the role of the private sector in sustainability of the intervention or in  –
transitioning to other energy sources? Are there viable business models?     

    4.    Operational (technical capacity, install, maintain, repair, user training)

   Is the necessary technical capability available for continued operation?       –

   5.    Managerial (planning, budgeting, maintenance, depreciation)

   Who retains “ownership” of the project or materials in the long term?   –
  Is there a structure and knowledge in place to be able to manage the project  –
over time?     

    6.    Socio-economical (acceptance, priority, confounders, general use practices)

   What are individual/community expectations for the project?   –
  Are there any local practices or cultural barriers to people accepting or using  –
the intervention?  
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  Does it support local priorities?   –
  Is adoption of this intervention cost-competitive with what is currently being  –
done?  
  What is the general direction and trend for increasing user/market sophistica- –
tion and evolution? Is the project forward compatible and does it support 
future growth?     

    7.    Political (policy, competing interests)

   Is the project and expected outcome aligned with local/regional/national  –
agendas?  
  Are there any legal statutes or policies that might affect implementation or  –
long-term operation?        

 To illustrate how this assessment may be useful to development planners, the con-
text status of each criterion will be described for conditions in Mayange, Rwanda. 
The assessment of status is based on the author’s observations during 2006–2008, 
while conducting research on local improved stove options, collecting energy use 
data, and assisting with the coordination of energy, water, communication, and 
construction interventions for the health, education, business development, and 
agriculture sectors of the Millennium Villages Project, a development and research 
project implemented by Columbia University and the United Nations Development 
Program. It is important to note that any assessment of status is a snapshot that will 
change over time, hopefully, in a positive direction infl uenced by the selected inter-
vention. At the end of this section, context assessment criteria for each energy 
source/energy service combination will be assigned a status “score.” This summary of 
all the context scores for each candidate energy source will provide a preliminary 
indication of the “fi t” of the intervention with current contextual factors and how 
“prepared” a community is to accommodate a particular intervention. 

   Environmental Conditions 

 Two impacts that are central to environmental sustainability are resource depletion 
and pollution: what resources are available and how are they being used; what is the 
“health” status of air, water, and soil systems; and what are the negative impacts of 
human activities? Natural resources harnessed for energy production include 
resources derived from the ground (fossil fuels, the thermal capacity of the ground 
itself), the land (trees, grasses, fruit and seeds, wild game, the land itself for produc-
ing crops), and from water (water for crops, seafood, the thermal capacity of the 
water). The energy from the sun in the form of radiation, heat, wind, or falling water 
is a natural resource that varies depending on location – the available amount, qual-
ity, intensity, and duration (seasonal variation) of sunlight, water, and wind deter-
mine their use as renewable energy sources. Overuse and abuse of resources can 
lead to declining game and fi sh populations, deforestation, ecosystem degradation, 
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depletion, and loss of soil. Pollution of air, water, and soil systems from energy 
production and use includes: thermal pollution of water systems, release of harmful 
manmade chemicals and excessive use of fertilizers and growth hormones, and 
improper disposal of wastes including “natural” materials such as human waste 
and biodegradable products. 

 Rwanda is a resource-poor country with few natural energy sources. Located a 
few degrees south of the equator, sunlight is abundant for the majority of the year. 
Until recently, 100% of the country’s electricity was provided by hydropower. 
Severe droughts led to an energy crisis and importation of fossil fuel-powered 
generators and the fuels to operate them. An as yet untapped resource (except on 
a small, local scale) is the methane in the waters of Lake Kivu on the western 
border of the country. Destruction of the natural forests in Rwanda is widespread, 
and although demand for charcoal was one factor that contributed, land clearing 
for agriculture, habitation, and creating tea plantations are dominant activities 
leading to deforestation. Currently, virtually all charcoal is being made from 
planted trees, on private and community-held land, and little to none is made from 
natural forests (Van der Plas  2008  ) . In Mayange, there is little regular wind and 
no nearby surface rivers or steams for hydro or wind power. Sunlight and bio-
power (plants, human, animals) are the only locally available energy resources. 
In Mayange, the hilly topography and deforestation have contributed to soil ero-
sion and loss of topsoil that will require water and soil conservation interventions 
to support opportunities for sustainable biomass production. The use of biomass 
as the predominant energy source for the country contributes to indoor and out-
door air pollution and the associated disproportional health and labor burden on 
women and children.  

   Physical Conditions 

 Commonly referred to as “infrastructure,” the physical buildings, utilities, transpor-
tation, and distribution systems that are in place as a starting point will greatly 
infl uence the strategic approach for energy solutions and the cost of implementation. 
A non-energy example that illustrates this point is the donation of computers to 
local schools. Schools often do not have a reliable source of electricity and the 
building space is already inadequate for overcrowded classrooms resulting in no 
secure place to put the computers and no reliable and affordable energy to power 
computers. To use an energy example, poor transportation infrastructure is a 
physical barrier to implementing LPG as a clean energy source because it requires 
transportation of heavy canisters on foot or bicycle to and from a distribution center 
that could be many kilometers away, over dirt roads that may be impassable 
during the rainy season. The absence of needed infrastructure does not permanently 
preclude the future use of a particular energy intervention, but it does require addi-
tional resources and commitment to put them in place prior to implementation.  
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   Commercial Conditions 

 Assuming that the necessary physical conditions are adequate or can be upgraded as part 
of the project, an unequivocal barrier to sustainability is the lack of a commercial sup-
port network for all of the inputs and parts required for the intervention. This may not 
impede  implementation  but it can be the death knell for long-term operation. For exam-
ple, all of one particular kind of hand pump for badly needed water wells in Mayange 
were inoperable at one time or another due to unavailability of the same broken part. The 
commercial support system is comprised of networks for import/export to get goods into 
and out of the country, vendors and material providers to make products available to 
customers, and transportation for the distribution of goods from wholesalers to retailers. 
This includes supply chains and distributors for anything that is required for installation 
 and  anything that gets used up, worn out, or broken. Furthermore, products need to be 
locally affordable in terms of time, effort and money. If they are available in-country, but 
are too expensive, too far away, or take too much time/effort to obtain, then they are 
effectively unavailable. Part of the testing of the sustainability and viability of an inter-
vention should include building the intervention from scratch with locally available 
materials and practices. Diffi culties encountered will be a refl ection of what the end-user 
will have to tackle during long-term operation. On a positive note, the absence of sup-
portive commercial conditions may provide opportunities for business development and 
should be considered as part of the intervention strategy. Using the example of LPG 
again, if physical and economic conditions were such that there was a demand for LPG, 
it is highly likely that an entrepreneur could establish a business transporting and deliv-
ering canisters. In Mayange, commercial networks are in place for biomass and kero-
sene, and could be adapted for biogas and biofuel, creating additional income for 
suppliers. Supplies for simple biogas and solar thermal technologies are currently avail-
able through existing networks.  

   Operational Capacity 

 There is a critical mix of technical expertise that is required to successfully imple-
ment and operate even the simplest energy intervention. Without local technical 
skills and capacity to install, maintain, and repair the equipment, and to conduct 
“owner” and user training, projects will soon deteriorate. For example, one of the 
most common reasons for failure of solar PV systems is not the arrays, but the 
batteries because the recipients do not know how to replenish the “acid” (i.e. distilled 
water) when levels get low. With proper assistance, local capacity to install, main-
tain, and upgrade interventions can be built. However, capacity building takes time 
and requires dedicated fi nancial support. So if the required skills do not currently 
exist at the location where the intervention is to be implemented, the project either 
needs to provide the necessary training, work with a local institution that will pro-
vide the training, or wait and come back later when the necessary technical exper-
tise is available. Another possibility is that the presence of an intervention needing 
technical support will “pull” in technical capability by creating a demand for it. 
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Operational capacity is an area where phased, long-term strategic planning can 
introduce initial interventions that build on existing capabilities and provide  stimulus 
for capacity building that can then be used for more advanced interventions down 
the road. In Mayange, there are trained electricians, plumbers, and masons whose 
skills could be applied to biofuels, biogas, and solar thermal technologies, but 
 additional skill building would be required for the operation of advanced solar, 
wind, and water technologies.  

   Managerial Capacity 

 Many managerial skills needed for a successful project, such as planning, budgeting, 
maintenance, and managing depreciation, are not common in rural areas of developing 
countries. One often neglected aspect of a successful project is a plan for the eventual 
replacement of system components. To use solar PV interventions as an example again, 
it is commonly assumed that solar energy is essentially “free” to the end-user once the 
initial capital costs are covered and installation is complete. However, up to a third of the 
total cost of the system is for batteries to store the electricity produced during the day so 
that it can meet usage requirements, particularly at night. Batteries must be maintained 
and replaced regularly. Without managerial foresight to either budget for battery replace-
ment, develop a business model to produce affordable replacement batteries or fi nd a 
funding source at the end of battery life, the solar system becomes non-functional. 
Furthermore, in resource-constrained situations, it is nearly impossible to budget for 
contingencies that are 5–10 years in the future. Management skills need to be developed 
to make effi cient and effective use of available operational capacity to ensure timely 
repair and maintenance of equipment. In Mayange, formal management skills are not 
common, though training for management of cooperatives is being supported by MVP.  

   Socio-Economic Conditions 

 Social and economic aspects of a community are intimately inter-twined. There are 
traditional roles for men and women regarding household chores, work outside the 
home, money management, and public and private decision making. It is important 
to understand the economic base of a community, as the introduction of energy 
interventions may disrupt established income-generating activities, such as the 
growth, harvest, and distribution of biomass. Also, a clear picture of how household 
and business resources are expended on energy can provide insight into energy 
service priorities (where do limited resources get spent fi rst) and what percent of 
income is currently dedicated to energy. If a different energy source is introduced, 
the competing cost of the energy must be considered as well as the cost of any dif-
ferent end-use devices, such as a new stove, that are required to use the new energy 
source. Figure  16.2  shows some typical fuel types used in rural communities in 
developing countries, progressing from low-quality dung (a) to clean-burning LPG 
(b). Figure  16.3  shows the corresponding end-user stoves for each fuel type.   
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 When energy interventions introduce new devices or methods for securing or 
using energy, and require change in traditional ways of doing things, non-economic 
considerations are also critical. New devices may look and operate differently and 
if they are perceived to not work as well, they will be abandoned. For example, one 
type of mud stove introduced in Mayange, which when properly installed and used, 
greatly reduced indoor air pollution. However, because of the thermal mass of the 
mud, it sometimes took longer for water to boil (though testing showed that time for 
cooking beans was similar to the traditional three-stone fi re). So despite the air-
quality improvement, and because improved health benefi ts may not have been fully 
understood, many households reverted back to the traditional fi res. 

 In addition, there are often dual functions provided by current energy sources that 
may not be provided by alternatives. For example, traditional three-stone cooking 
fi res not only provide heat for cooking and hot water, but also provide light in the 
evening and early morning, and serve as a focal point for social gatherings. In addi-
tion, smoke from the fi re can help provide pest control, keeping mosquitos away and 
also drying and fumigating thatch roofs to protect them from decay. If the new energy 
source/intervention does not provide all of the same functions as the traditional 
approach that it is replacing, it therefore may not be accepted. There can also some-
times be resistance to change from unexpected quarters. During one of the author’s 
cookstove tests, there was a household in the study where a bachelor lived who did 

  Fig. 16.2    Typical fuel types for cooking include ( a ) animal dung, ( b ) fuelwood, ( c ) charcoal, and 
( d ) LPG       
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all of his own cooking. It turned out he had a different method for tending fi re where 
he removed ashes part way through the cooking process, which resulted by far in the 
greatest fuel-effi ciency of any household. When the other study participants (all 
women) were made aware of this apparently benefi cial fi re-tending method, they 
fl atly refused to accept it despite support of the study data, presumably because cook-
ing is typically a woman’s domain. 

 Typically, interventions are most successful if they can satisfy current household 
priorities that already require some amount of expenditure, where people may be 
persuaded to pay slightly higher costs or agree to structured payment schedules if it 
provides the same or more service and is not too risky. This latter point is often not 
fully considered, as many of us do not really have much to lose if we make a bad 
decision, but for families that have almost nothing, losing even a little can tip the 
balance of survival. In Mayange, economic conditions have been so unpredictable 
for many years, largely because of the increasingly irregular weather patterns, that 
households may be very conservative about doing anything that may decrease pres-
ent security, no matter how enticing the future benefi ts. Currently, not much money 
is spent on energy in Mayange. Most households use scavenged fuelwood collected 

  Fig. 16.3    Typical stoves include ( a ) 3-stone stove suitable for any type of biomass, ( b ) improved 
stoves made from clay most commonly used with fuelwood, ( c ) metal improved stoves that can 
accommodate both biomass and charcoal, and ( d ) modern stoves that use LPG       
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from the ground. Some households purchase fuelwood for $1–$2 a bundle that typically 
lasts for 2–3 days and spend ten cents to a dollar on small amounts of kerosene for 
household lighting. Typically, kerosene is sold in small quantities measured with 
soda or beer bottles, or small tomato paste cans and burned in handmade wick 
lamps. But the socio-economic situation in Mayange is improving. When the author 
was last in Mayange in 2008, there were a handful of new community-run cooperatives 
that provided members, particularly the women in the basket weaver’s coop, with 
cash income for the fi rst time in their lives. There are also indications that the com-
munity is receptive to trying new things. An example of this is the receptiveness of 
households engaged in testing a household lighting intervention and their reluctance 
to relinquish their prototypes at the end of the study period.  

   Political Considerations 

 Energy security is always a critical component of national policy as the instability and 
scarcity of energy supply can lead to social disruption and confl ict within a country or 
across national boundaries. As a resource-poor, landlocked country, it is important 
that Rwanda’s largest source of energy used is renewable and is as independent of 
external infl uences as possible. The structure of national and regional utility manage-
ment can also play a signifi cant role in the preference for centralized versus decentral-
ized energy sources and conversion facilities. For instance, in Rwanda, there is one 
electric utility company and other electricity production is unregulated; therefore, 
unless an area currently without electricity is included in the centralized expansion 
planning, interventions for decentralized off-grid electricity are needed. In recognition 
of the fact that biomass is, and will continue to play a very big role in Rwanda’s energy 
future, a national Biomass Energy Strategy is currently being developed and improved 
stove programs are being pursued. Finally, competing commercial endeavors and 
NGO efforts will also affect the success of any given intervention.   

   Summary of Rwanda Context Assessment 

 Using the narrative description in the previous sections, a relative score is assigned 
to the assessment criteria for the Energy Sources and Services described earlier 
in this chapter. The criteria are divided into two categories: (1) performance criteria 
that are dependent on energy source but not location, including energy source limi-
tations described in the sections of this chapter on “Matching Energy Services and 
Sources” and “Human Health and Environmental Issues”; and (2) the seven context 
assessment criteria from the “Assessment Criteria” that are dependent on location 
and energy source. For the overall performance criteria, a score of “1” indicates 
good fl exibility for the full range of energy services and minimal environment and 
human health impacts, while a score of “4” indicates serious defi ciencies. Scores for 
the seven context assessment criteria are as follows:
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    1.    A score of “1” indicates that current local conditions and capabilities are essen-
tially in place to support the intervention, though some expansion of capacity 
may be required.  

    2.    A score of “2” indictates that some elements are in place locally but current con-
ditions and capabilities are limited and if not substantially expanded will make it 
diffi cult for that particular intervention to be sustained.  

    3.    A score of “3” indicates that capabilities are available in the region or country but 
may not be local to all locations where implementation is being considered. 
Without improvement in local capacity or provisions for bringing in outside per-
sonnel and materials when they are needed, the intervention cannot be 
sustained.  

    4.    A score of “4” indicates that prerequisite conditions and capabilities to support 
the intervention are essentially not available at this time, missing altogether, only 
intermittently available, or inaccessible to the local community.     

 The scores for all criteria are summarized in Table  16.2  in a color-coded “scorecard” 
that refl ects the status for Mayange, Rwanda prior to 2009. The color-coding provides 
an intuitive green-means-go, red-means-stop visual, with strongly positive scores of 
“1” shown in green, and strongly negative responses of “4” indicated in red. 
Intermediate responses of “2” or “3” are shown as yellow and orange, respectively. 
Though not necessarily of equal importance, averaging the responses across the two 
categories of assessment criteria, for the individual energy sources, provides a pre-
liminary indication of general suitability for Mayange. It should be noted that the 
context score will be different for different locations in Rwanda.  

   Table 16.2    Summary of assessment criteria “scores” for different energy sources in Mayange 
Rwanda   
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 Flexible energy services  3  1  1  3  3  1  3  4  2  2  2 
 Low env/health impact  4  2  1  2  1  3  2  1  1  1  2 
  Overall Performance score    3.5    1.5    1    2.5    2    2    2.5    2.5    1.5    1.5    2  
 Natural resources  2  3  2  4  4  1  3  1  1  4  3 
 Physical/infrastructure  1  3  2  2  3  1  2  2  2  3  3 
 Commercial network  1  3  2  2  3  1  1  2  3  4  3 
 Operational capability  1  3  2  1  3  1  1  2  3  4  3 
 Managerial capacity  2  3  2  2  2  1  2  2  3  3  3 
 Socio-economic  1  2  3  2  3  2  2  2  3  4  3 
 Political  1  3  2  2  2  1  3  3  2  4  1 
  Overall Context score    1.3    2.9    2.1    2.1    2.9    1.1    2.0    2.0    2.4    3.7    2.7  
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 The numerical ranking scores for each energy source indicate which source(s) 
have the best overall performance and which are most compatible within the local 
context. The energy sources with the best overall performance scores are biogas and 
plant oil ranked the highest, followed by solar PV and wind. The poorest perfor-
mance scores are for biomass, animal labor, and solar thermal energy sources, 
primarily related to their limited use for certain types of energy services. Of the 
four energy sources with performance scores <2, biogas has the best context assess-
ment score. In an overall energy strategy, the low-performing energy sources with 
scores >2 (biomass, kerosene, animal labor, and solar thermal) should always be 
considered in conjunction with one or more other energy sources that can provide 
the energy services that they cannot, and should not be considered as stand-alone 
solutions. The energy sources most compatible with the local context (i.e. scores <2) 
in Mayange are not surprisingly,  human labor   followed by  biomass  – the dominant 
sources currently being used. 

 As discussed in the introduction, output from human labor is constrained by 
physical limitations and, in poor rural communities, it is already largely committed 
to day-to-day survival; therefore the results of this context assessment for Mayange 
indicate that an emphasis on increasing the sustainable supply of biomass and pro-
moting the production of biogas are suitable strategies given the  current  local condi-
tions. The performance scores are primarily related to the nature of the energy source 
and, therefore, with the exception of biomass, will not change depending on local 
conditions. In the case of biomass, the poor performance score (currently 3.5) can be 
increased to a “1” or “2” with improved stove technology and sustainable fuelwood 
production to reduce impacts on human health and the environment, respectively. 
Sustainable production of biomass will be a challenge in Mayange due to irregular 
rainfall and poor soil quality and erosion and will require concurrent implementa-
tion of soil and water conservation measures. With regard to the context assessment 
criteria, all but the natural resource criterion have the potential for improved scores 
as human and infrastructure capacity develop for the location being evaluated. 

 While there will likely be debate about the exact ranking of some of the criteria 
(particularly, the “4” scores), this framework can be used by development planners 
to gain insight into the likelihood that a specifi c intervention will be sustainable in 
a specifi c location. If the intervention of choice has an overall combined perfor-
mance and context assessment score greater than a “2,” or any single element has 
scored more than a “3,” there are issues that need to be addressed before the inter-
vention has a reasonable chance of being a sustainable solution for the overall 
alleviation of poverty. Prudent actions taken in response to a poor overall score can 
be to (1) review the poorly scored area(s) and re-scope or re-evaluate the project 
approach and objectives, and incorporate necessary activities into the project 
scope to improve contextual fi t; (2) table the project until a later date when local 
conditions and capabilities are better able to support long-term sustainability; or 
(3) choose a different intervention. One positive outcome of a failed context assess-
ment is that it can help identify barriers to implementation and can be useful for 
prioritizing funding to overcome hurdles (primarily capacity building) for the 
implementation of cleaner, more sustainable energy sources in rural areas of devel-
oping countries.   
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   Conclusions for Development Planning 

 The two main considerations of the proposed framework are energy source perfor-
mance and site-specifi c context. The former is important for understanding the role 
a particular energy source/intervention can play in an  overall  energy strategy and 
the energy services that it can and cannot provide. Cost analysis and long-term 
funding allocation should include provisions for energy solutions that will provide 
the full range of energy services that are critical for poverty alleviation. Understanding 
the latter, site-specifi c context,  before  proceeding with a solution is absolutely criti-
cal for project success and sustainability; projects that come with predetermined 
solutions looking for a problem to solve often result in unmet expectations, and 
rarely have long-term impact, resulting in a waste of limited resources. It is impor-
tant to be prepared and willing to accept that your primary idea may not be the best 
answer in all contexts. Paying attention to the following lessons learned will improve 
the likelihood of selecting a sustainable energy solution. 

  Natural/environmental –  Make sure that the intervention will actually work with 
respect to the ecological and climate conditions at the site and that projects are 
informed by adequate fi eld assessments and testing. 

  Physical  – Be    sure that all necessary prerequisite support equipment, utilities, and 
structures are in place or be prepared to add them to the project. Look for synergies 
with existing systems. For example, battery-powered household lighting should 
take advantage of the networks and enterprises springing up for charging of cell 
phone batteries. 

  Operational  – Plan for on-the-job-training for installation, maintenance, repair, and 
user instruction; start simple, introduce complexity as technical capacity develops. 
Look for synergies with local skills and capacities and entrepreneurial opportunities. 

  Commercial  – Begin with interventions that can be supported by existing vendors, 
supply chains, and available materials. Introduction of appropriate advances can 
often lead to demand for new services that will drive new business. It is generally 
most effective if interventions can be introduced within the context of small busi-
ness development – entrepreneurs have a vested interest in the project succeeding. 
In Mayange, when a new cooperative is formed, people submit applications for 
membership and there has been no shortage of interest. 

  Managerial  – Work with the individual(s) or entities that will be responsible for 
continuing function of the intervention, institutionalize processes for planning, bud-
geting, and maintenance. When possible, use a phased approach for implementation 
to allow time for issues to surface and adjustments to be made. 

  Socio-economical – Get buy-in on community priorities, and be prepared for resis-
tance to change and unforeseen confounders to your overall objectives (e.g. the well 
you have installed may be delivering clean water, but dirty containers and drinking 
cups are being used). Education is an important component of change – make sure 
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your project does not neglect this element – better yet, plan from the start to team 
with local educational or community organizations. Work within the existing socio-
political conditions and constraints with an eye toward future direction and evolving 
sophistication of the end-user, evaluate how these may change in the future. For 
interventions that are shared by community members, it is particularly important to 
manage expectations and address the issues of risk and mitigation strategies. 

  Political – Work within the country’s development goals, and particularly be sensi-
tive to ongoing, competing programs.      
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   Introduction 

 An estimated 1.6 billion people worldwide, mostly in rural areas, suffer from energy 
poverty (World Bank  2009  ) , that is, they have insuffi cient energy sources for cooking, 
heating, and the 101 small tasks that become big tasks when there are energy shortages. 
Energy has many forms, as introduced in the chapter by Doll in this section, but for 
the poor, much of their energy comes from biomass. 

 Biomass is biological material extracted from living or recently living organisms 
such as wood or alcohol. It is a sustainable energy source if managed responsibly. 
However, biomass energy use is rarely well managed. Over use of biomass resources 
not only compromises biodiversity, it also harms the poor, who are heavily dependent 
on biomass energy. Moreover, poor households suffer from signifi cant negative health 
impacts from misuse of biomass energy. Globally, there has been little progress in meet-
ing the challenges of capitalizing on the opportunities presented by biomass energy. 

 The potential benefi ts of improved biomass energy production and use are large. 
Biomass energy can provide a source of light, so a student in a poor household can 
study after dark. Biomass can be converted to electricity to run water pumps providing 
clean water and water for productive uses. This same electricity can also yield increased 
information fl ows from radio, television, and cell phone. More effi cient use of biomass 
energy can result in improved health for the poor by reducing indoor air pollution. 

 In this chapter, we focus specifi cally on biomass and we argue for an “energy–
poverty alleviation” approach that involves all components of the biomass energy 
supply chain from the producer to the manufacturer to end user. We adopt an eco-
system services approach that is driven by a series of guiding questions to help 
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practitioners develop and implement biomass energy alternatives that benefi t both 
poor communities and biological diversity. 

 The approach suggested here is designed to assist people in transitioning to a 
sustainable livelihood system in which their household and community assets are 
increased and local resource management is improved. It enables local people to 
identify and develop potential biomass energy markets that will provide income and 
benefi ts without degrading the resource base. The implementation of this approach 
would result in a climate-friendly outcome while providing immense socio-economic 
benefi ts to the world’s poor.  

   Biomass Energy Use in the Developing World 

 The majority of renewable energy globally is derived from biomass. Renewable 
energy comprises approximately 18% of total global fi nal energy consumption 
(Fig.  17.1 ), of which 72% is biomass. The next largest renewable energy segment is 
large hydropower constituting 17% of the total share of renewable energy, with the 
balance of 11% coming from other forms (World Bank  2009  ) .  

 Developing countries have a high potential for expanding their use of renewable 
sources. 

 In sub-Saharan Africa, 70–90% of the primary energy supply comes from bio-
mass sources. Even oil-rich sub-Saharan African countries continue to rely on biomass 
energy to meet the bulk of their household energy requirements—in Nigeria, it 
is estimated that about 91% of the household energy needs are met by biomass 
(Karekezi  1999  ) . 

 In Asia, biomass accounted for about 11% of all primary energy used in 2000, 
making biomass the fourth largest source of energy after oil (37.2%), coal (23.5%), and 

  Fig. 17.1    Renewable energy share of global fi nal energy consumption 2006       
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gas (21.1%). Unfortunately, there is insuffi cient information available to breakdown 
which sectors are the largest consumers of biomass energy. Based upon a few 
 small-scale studies, the domestic sector generally accounts for about 70–80%, while 
the industrial sector consumes the remaining 20–30% of a country’s biomass energy 
production (GreenLineCare  2009 ; Rural Wood Energy Development Program 
 1999  ) . In Sri Lanka, 90% of the population consumes 73% of the biomass in domestic 
uses, mainly for cooking. Nearly 80% of households use ineffi cient cooking methods 
such as the open fi re or traditional stoves (   IDEA  2004 ). In Lao, PDR, Cambodia, 
and Myanmar, biomass energy consumption is as high as 80–90%. 

 More than 65 million people in Latin America do not have access to electricity, 
including both the rural and peri-urban areas (Sagari  2006  ) . Those that have access 
in the peri-urban regions often experience erratic electricity supply. Hydrocarbons 
(oil, natural gas, and coal) comprise 75.7% of Latin America/Caribbean energy sup-
ply (UNDP, World Energy Assessment:  2004  update). Although Latin America has 
surplus energy, the energy markets in the region face the risk of future energy sup-
ply shortages. For instance, in the past decade, electricity consumption in Brazil, 
Argentina, Chile, Paraguay, and Uruguay, which is heavily reliant on hydropower, 
has at times been restricted due to water shortages. Since rainfall throughout the 
region varies considerably, electricity supply in years of severe drought may be 
insuffi cient to meet the region’s growing energy demand (WEC  2008  ) . Latin 
America and the Caribbean’s biomass share is between 14.5% and 15.05% of total 
primary energy use (TPES) (UNEP  2008  ) . Considering that the primary end uses of 
biomass are cooking and heating, the expansion of electricity access, used primarily 
for lighting, is not expected to have a signifi cant affect on biomass use in the future. 
The International Energy Agency (IEA) projects that Latin American biomass use 
will still account for 70% of residential energy consumption in 2030 (IEA statistics 
 2008  ) . The Caribbean region, that is, the nine countries 1  included in the ECLAC/
GTZ renewables assessment project, has a heavy dependency on hydrocarbons, 
which stands at almost 80%. Caribbean renewables, which account for 17%, are 
basically composed of woodfuel and woodfuel products (7.6%), cane products 
(almost 9%), and hydroenergy, which is remarkably marginal, at <1% (ECLAC 
 2003  ) . Given these current levels, the Latin American and Caribbean Initiative for 
Sustainable Development has met its initial target for the countries of the region to 
modify their energy structure so that 10% of their TPES comes from renewable 
sources by 2010 (UNEP  2008  ) . 

 Yet renewable energy options must be implemented sustainably. As the Intermediate 
Technology Development Group (ITDG) Power for Poverty Reduction report ( 2004 ) 
states, “it is essential that renewable energy technologies expand the choice of energy 
for poor people. By focusing on renewables alone, we are in danger of restricting 
the already very limited choice of poor people. If renewables are promoted to the 
exclusion or detriment of expanding other options for the poor, then we are limiting 
development options for the poorest people on earth.” Some organizations argue that 

   1   Barbados, Cuba, Grenada, Guyana, Haiti, Jamaica, the Dominican Republic, Suriname, and 
Trinidad and Tobago.  
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to address energy poverty, there needs to be a shift from burning biomass to burning 
commercial hydrocarbons. The argument is that this would reduce local ecological 
impacts and would not materially affect the greenhouse gas balance of the world. 
Further, this shift in fuel use could make a huge difference in the quality of life and 
economic prospects of poor nations by helping the poor access safer cooking fuels, 
electric power, and power for transport and running machinery.  

   Biomass and Environmental Considerations 

 The Millennium Development Goals clearly establish a link between poverty alle-
viation and sustainable development stating that the welfare of people depends, 
 inter alia , on the capacity to increase their income through improved access to 
resources and production factors. The livelihoods of poor rural populations greatly 
depend on the natural resources they can access from their immediate environment. 
The benefi ts that people obtain from the management and use of natural resources 
are mediated by access to resource and markets, production factors, and how these 
are maintained over time. For instance, in locations where wood fuels or other forest 
resources are extracted for commercial sale, local users may fi nd that their own 
access to energy for subsistence needs is contingent on distant markets, state agents, 
and powerful business interests (as discussed in Bailis et al., this volume). 

 Apart from wood, agricultural land produces biomass residues, part of which is 
available as fuel on an environmentally sustainable basis. At present, the main bio-
mass fuels are crop residues such as bagasse, rice husks and straw, coconut husks 
and shells, palm oil kernel, shells, and fi ber. Wood and other biomass fuels (as well 
as animal dung) can substitute for each other, though most household consumers 
have a general preference for wood over other forms of biomass. 

 Growing concerns for sustainable development and poverty alleviation have 
focused attention on the potential role of renewable energies. This issue is of particu-
lar strategic importance on two different scales. First, in less developed countries, the 
cost of imported energy is a limiting factor to general growth and development, a 
constraint further multiplied by the rising prices of oil in international markets. 
Second, access to energy is a basic need that is usually unmet or under-met for the 
poor. Rural poor populations often face strong constraints in access to energy. These 
constraints include:

   A hostile environment (slopes, altitude, and remoteness);  • 
  Poor infrastructure (transportation, adequate roads, communication, and energy) • 
and lack of development options or opportunities;  
  Institutional barriers (education, health, and investment systems);  • 
  Poor economic opportunities (limited market development); and  • 
  Limited access to a reliable supply of reasonably priced energy.    • 

 As a result, the poor usually rely on resources from their immediate environment, 
a practice that is considered, in some cases, to be damaging to environmental health 
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(Earth Institute  2004  ) . The World Energy Council, for instance, argues that the 
use of traditional energy sources by the poor (mainly wood fuels), combined with 
the use of ineffi cient technologies and appliances, results in wastage of wood 
resources. In addition, the use of crop residue and animal waste as fuels can be 
detrimental to soil quality and agricultural and livestock productivity, as these 
resources often have alternative applications as soil conditioners, organic fertilizers, 
and livestock fodder.  

   Biomass and Social Considerations 

 Another constraint to sustainable biomass energy production and use becoming 
more widely adopted by the poor is that biomass energy sources are frequently 
common-pool resources. The poor often rely on wood, grass, or dung collected in 
common areas such as community forests and fi elds. Wealthier people in the com-
munity also rely on the same common-pool resources for income production. 
Studies from several countries (Narain et al.  2005 ; Cavendish  2000  )  suggest that 
dependence on common-pool resources follows a U-shaped curve (Fig.  17.2 ). The 
poor and the wealthier in a community depend considerably on local natural 
resources than those in the middle economically. The poor collect biomass to cover 
basic needs like cooking and heating. The wealthier have the capital to invest and 
exploit the biomass for profi t. Biomass resources are in fact often a signifi cant 
portion of income for those who are relatively wealthy. This means the wealthier 
people in a community must be a part of any approach that seeks to improve 
the poor’s quantity or quality of biomass collected from common-pool resources. 
Potential elite capture of benefi ts from a biomass project must be managed through 
equitable benefi t sharing agreements among community members. These should 
be negotiated upfront and should include a confl ict resolution mechanism in the 
management structure.  

  Fig. 17.2    Relationship of 
household income to 
dependence on common-pool 
resources       
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 There also needs to be particular attention paid to gender issues in biomass 
projects. Women and children are often the collectors of biomass energy, and a biomass 
project can have signifi cant unintended negative impacts on the resource collectors. 
Moreover, the most economically marginal households in many communities are 
often those headed by females. Changing how biomass energy sources are used and 
managed can have detrimental impacts on the most vulnerable in a community. 
Dedicated efforts are needed to reach and incorporate the needs of the least-powerful 
stakeholders, in order to ensure that this segment of society benefi ts as well.  

   Biomass and Health Considerations 

 The rural poor subsist mainly on traditional energy sources such as animal dung, 
crop residues, and wood (Reddy et al.  1997 ; Goldemberg et al.  2000  ) . The continuing 
reliance of poor households on such forms of energy comes with major disadvan-
tages including:

   Substantial, and often increasing, time and effort to procure fi rewood or other • 
forms of biomass—for example, in rural sub-Saharan Africa, many women have 
to carry 20 kg of fuel wood an average of 5 km every day (IEA  2002  ) ;  
  A higher price per unit of energy because subsidies often increase as one goes up • 
the energy ladder (Reddy et al.  1997  ) ; and  
  Severe and widespread health impacts associated with indoor air pollution result-• 
ing from the ineffi cient combustion of energy sources in poor households, with 
women and children facing particular risk (Smith et al.  1993 ).    

 Indoor air pollution is one of the top preventable health risks in developing coun-
tries (Bruce et al.  2000  ) . Estimates provided by the World Health Organization sug-
gest that about 1.6 million premature deaths can be annually attributed to indoor air 
pollution from biomass and coal use in poor households in developing countries 
(WHO  2002 ; Smith et al.  2000 ). Indoor smoke from these solid fuels is, in fact, 
responsible for about 38 million disability-adjusted lost years (DALYs) 2  in develop-
ing countries with attendant social and economic costs (WHO  2002  ) . The majority 
of these costs are affi liated with growth defects, impairment of vision, and respira-
tory illnesses that affect the labor force and community well-being. Supplying bio-
mass requires high labor inputs, which in many places is often a burden for women 
and small children, thus impacting the ability of these family members to get an 
education and acquire the necessary skills to advance out of poverty (WEC  2007  ) . 
For these reasons, the continued dependence on traditional fuels for household 
energy use presents a particularly troubling aspect of the energy–poverty problem.  

   2   One DALY represents one healthy year of life lost by an individual due to disease/adverse health 
condition.  
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   Investment in Improving Biomass Energy Production 

 Government agencies, non-governmental organizations (NGOs), development orga-
nizations, and other actors have been involved in a variety of programs to enhance—
quantitatively and qualitatively—energy services for the poor. But the resources and 
funds channeled toward rural energy constitute only a small fraction of the total 
funds targeted for the expansion and transformation of the energy sector in develop-
ing countries. The commercial energy segment has received the bulk of investment 
made in developing countries. Reducing the problems associated with the use of 
traditional biomass fuels in poor households remains only one of a range of objec-
tives of rural energy programs. As a result, even though efforts such as those promot-
ing cleaner energy-conversion devices (e.g., improved cook stoves), as well as the 
use of less-polluting fuels such as biogas, have shown some success (Smith et al. 
 1993  ) , resources and attention devoted to improving household energy use are not at 
all commensurate with the magnitude of the problem. Perhaps limited investment 
and attention can be attributed to the fact that many still perceive biomass energy as 
having substantial environmental and social drawbacks. This need not be the case.  

   Biomass Resources, Technology, and Sustainability 

 One of the most promising areas for biomass energy is in growing specifi c crops for 
energy—biofuel production. The increasing demand for energy crops can contribute 
to increased prices of their products. It can also increase job opportunities for rural 
communities. However, if governments fail to manage biomass resource develop-
ment appropriately, negative impacts will occur such as forest destruction, confl ict 
with food production (Brown  1980 : Ignaciuk et al.  2006 ; Johansson and Azar  2007  ) , 
and contamination of natural water systems by excess fertilizer and pesticide inputs 
(Hall et al.  1982 ; Pimentel et al.  1992 ; Pimentel  2005  ) . It is therefore crucial to 
analyze how the expanding demand of biomass energy will affect rural communi-
ties, especially poor small-scale farmers. In this chapter, we suggest analyzing these 
impacts using an ecosystem services approach. This approach will allow us to put 
the ecological benefi ts of biomass fuels in context by also considering other ecosystem 
services such as water quality, carbon, or biodiversity. 

 Table  17.1  highlights some of the major advantages and disadvantages of biofuels 
associated with environmental, economic, and social concerns.  

 Biofuels can have a neutral or positive effect on the environment if they are man-
aged in a sustainable fashion and the technologies used to convert them to energy are 
effi cient. At present, however, most traditional biomass combustion devices are inef-
fi cient, resulting in incomplete combustion, excess greenhouse gas production, and 
negative health impacts. This has historically made biomass less attractive when com-
pared with other fuels especially fossil fuels. This creates an environmental opportu-
nity to improve the production model by either improving the biomass combustion 
devices or replacing them with more effi cient and/or cleaner biomass technologies. 
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 Biomass can be converted into energy by direct combustion or non-combustion 
means. Direct combustion is how most biomass is put to use for heating, cooking, 
and industrial processes, or indirectly to produce electricity. Non-combustion meth-
ods convert raw biomass into a variety of gaseous, liquid, or solid fuels that can then 
be used directly in a power plant or home for energy generation. The carbohydrates 
in biomass, which are comprised of oxygen, carbon, and hydrogen, can be broken 
down into a variety of chemicals, some of which are useful fuels. This conversion 
can be done in three ways:

    1.     Thermochemical . Biomass can be changed by heat and time into various gases, 
liquids, and solids such as methane and alcohol. Another approach is to take 
these types of fuels and run them through fuel cells, converting the hydrogen-
rich fuels into electricity and water, with few or no emissions, although this is 
unlikely to be technologically suitable with respect to many developing coun-
tries’ infrastructure.  

    2.     Biochemical . Bacteria, yeasts, and enzymes can be employed to breakdown bio-
mass into usable biofuels. Fermentation, the process used to make wine, is used 
to change biomass liquids into alcohol, a combustible fuel. A similar process is 
used to turn corn into grain alcohol or ethanol, which is mixed with gasoline to 
make gasohol. Also, when bacteria break down biomass, methane and carbon 
dioxide are produced. This methane can be captured—as it is in sewage treatment 
plants and landfi lls—and burned for heat and power.  

   Table 17.1    Advantages and disadvantages of biofuels (adapted from Hall and Moss  1983  )    

 Advantages  Disadvantages 

  1. Stores energy and potentially carbon   1. Land and water use competition 

  2. Renewable   2. Land area required 

  3. Versatile conversion options and 
bioenergy and fuel products (sometimes 
with heat byproducts) 

  3. Potentially depletes other ecosystem goods 
and services 

  4. Dependant on technology already 
available with minimum capital input 

  4. Supply uncertain in initial phases 

  5. Depending on the region, relatively 
available to all income levels 

  5. Costs are often uncertain 

  6. Can be developed with present 
manpower and material resources 

  6. Fertilizer, soil, and water requirements 

  7. Large biological and engineering 
development potential 

  7. May be contradictory to existing agricultural, 
forestry and social practices, and local uses 

  8. Creates employment and develops 
skills 

  8. Bulky resource; transport and storage can be 
a problem 

  9. Reasonably priced   9. Subject to climatic variability 

 10. If scaled appropriately, may be 
compatible with environmental and 
social concerns 

 10. Low conversion effi ciencies 

 11. Does not increase atmospheric CO 
²
   11. Seasonal production in some geographies 
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    3.     Chemical . Biomass oils, such as soybean and canola oil, can be chemically 
converted into a liquid fuel similar to diesel fuel and into gasoline additives. 
Cooking oil from restaurants, for example, has been used to make “biodiesel” for 
trucks. Algae have also been used as a source of oil to produce biodiesel.     

 These gasifi cation approaches will undoubtedly improve rural energy production 
options and will make biomass a better source of energy. 

 Of course, the advantages and disadvantages of biomass energy technologies 
need to be understood within the environmental, political, and economic realities of 
the potential end users. As demonstrated in the chapter by Doll in this volume, an 
initial assessment of needs and local context reduces the risk of developing an overly 
complex biomass solution that is ill-matched to local contexts. 

 Closer attention needs to be paid to the economics of land use and the competi-
tion for land between food and energy crop production under stringent CO 

2
  control 

policies. Biodiversity, soil and nature conservation, and carbon sequestration con-
siderations do not imply an explicit land demand. The attractiveness of climate 
change mitigation options depends on how well they harmonize with other environ-
mental and socioeconomic goals. Future studies should, therefore, avoid assessing 
the prospects for biomass energy in isolation, but instead should adopt a broader 
approach where various land-use options are assessed simultaneously with due con-
sideration of other environmental and socioeconomic goals.  

   An Ecosystem Services Approach to Biomass 

 The sustainability of biomass energy is fundamentally about using natural resources 
in a sustainable way. Because biomass resources are interconnected with the wider 
ecosystem (such as fuel wood and watershed protection), assessing biomass options 
at the ecosystem scale is a requisite for long-term sustainability. Hence, using an eco-
system services approach to assess biomass energy options is critical. Moreover, this 
approach makes the interconnected costs and benefi ts of the various options explicit. 

 Since the Millennium Ecosystem Assessment (Powledge  2006  ) , much work has 
been done on modeling ecosystems. Models, such as the InVEST tool (NatCap 
 2007  )  and the Natural Assets Information System (NAIS) (Troy and Wilson  2006  ) , 
allow decision makers to see the tradeoffs between different land-use options and 
help them fi nd land-use solutions tailored to the characteristics of a specifi c ecosystem. 
A modeling approach is particularly useful at a larger scale where the assessment of 
options community-by-community is impractical. 

 At the local scale, the assessment of biomass energy options can be achieved 
through a cost–benefi t analysis to explore the short- and long-term costs and 
expected benefi ts of a proposed energy solution (Loomis et al.  2008 ). However, 
regardless of the scale of analysis, the evaluation can also be integrated with spatially 
explicit models to weigh potential benefi ts from different biomass energy development 
strategies (Troy and Wilson  2006  ) . Spatially explicit models compare a baseline 
damage probability under a traditional energy scenario with the amount and proba-
bility of damages to environmental assets under alternative biomass energy scenarios. 
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The biomass energy scenarios evaluated could range from small one mega-watt 
cogeneration units for decentralized electricity production, to large  Jatropha  biod-
iesel plantations, to community woodlots. Ideally, well-designed biomass energy 
projects will result in lower damage probabilities, higher income generation oppor-
tunities, and a constant fl ow of ecosystem goods and services.  

   Evaluating Sustainable Biomass Energy Options 

 To explore the role of ecology in addressing the many dimensions of poverty reduc-
tion, especially health, energy needs, infrastructure development, 3  and livelihood 
diversifi cation, 4  we propose the following framework to indentify, plan, and develop 
energy–poverty alleviation approaches that will provide tangible benefi ts locally with-
out degrading the resource base. This framework is intended to assist the conservation 
and development communities to systematically identify and develop sustainable bio-
mass energy options. It is also designed to expand the techniques and tools available 
for planning biomass energy projects that will assist local communities in implement-
ing cost-effective solutions to their energy demands. It is assumed that facilitators will 
have previous knowledge and expertise in the use of participatory assessment tools, 
since these will be required to adapt these tools. This framework gives local communi-
ties more opportunities to benefi t from their biomass resource and greater incentives 
to better manage and protect those resources. For more information on these participa-
tory approaches, please consult “Participatory Rural Appraisals: Past, Present and 
Future” by Robert Chambers (1992) or “Shortcut methods in social information gath-
ering for rural development projects” by Chambers ( 1987 ) or Grandstaff and 
Messershmidt ( 1995 ) “A Manager’s Guide to the use of Rapid Rural Appraisal” and 
Pretty et al. ( 1995 ) “A Trainer’s Guide for Participatory Action.” 

 The framework for planning sustainable biomass energy options is a logical 
sequence of steps arranged into three phases. It uses a series of general tools that 
have been adapted to achieve specifi c results in the identifi cation and development 
of biomass energy resources. The three phases of this framework are:

    • Phase 1: Assess the existing situation . Develop a profound understanding of the 
existing biomass uses, the ecosystem services upon which the community depends, 
the problems associated with biomass energy development, and a shortlist of 
options for energy–poverty alleviation.  
   • Phase 2: Identify potential biomass energy options , markets, transportation 
systems, and means of energy distribution. This is the decision-making process 
for the best alternative energy option utilizing local biomass and the gathering 

   3   Infrastructure development includes road building, road upgrading, water and sanitation provi-
sion, energy provision, port and other transport development, and urban development.  
   4   Livelihood diversifi cation typically refers to seeking a variety of farm and off-farm income and 
livelihood sources, which might include collecting non-timber forest products or engaging in day 
labor activities.  
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of information for their further development. If resources allow, conduct a 
cost–benefi t analysis of various energy–poverty alleviation options.  
   • Phase 3: Planning and implementation  of an energy–poverty alleviation solution. 
Formulate a business plan. Secure political, fi nancial, and institutional backing for 
the implementation of the plan.    

 For this framework to adequately meet the challenges of improving energy 
services for poor households in developing countries, it must take into account envi-
ronmental, social, and technical factors as well as the commercial and fi nancial 
aspects of a given form of biomass energy. This focus on social and environmental 
issues means that the long-term development of energy–poverty alleviation solu-
tions will occur  only  if it meets the needs of the local community, as defi ned by the 
community and the development and conservation organizations involved in pro-
moting and, potentially, implementing the energy–poverty alleviation solution. 

 To gather and analyze the necessary information from the framework, fi ve dimen-
sions of development need to be considered:

    1.    Energy Market/Economy  
    2.    Energy Distribution Systems  
    3.    Resource Management and Environment  
    4.    Social/Institutional  
    5.    Science and Technology     

 Information is gathered in these fi ve areas through the three phases of develop-
ment (Fig.  17.3 ). The objective is to use this information to screen and adapt sustain-
able biomass energy options in a systematic way that will allow conservation and 
development actors to focus activities towards promoting technologies and approaches 
suited to the local environmental, social, and community infrastructure.  

  Fig. 17.3    Framework for planning sustainable biomass energy options       

 



290 D.J. Ganz et al.

 While this process may seem overwhelming to those new to this arena, it is no 
different than the technology evaluations and due diligence that an investor goes 
through before fi nancing a new venture. 

  Box 17.1  provides a series of questions to guide the use of this framework by 
practitioners. This is not intended to be an exhaustive list of questions, but rather 
provides the basis for integrated ecological, economic, and socio-cultural evaluation 
of sustainable biomass energy options. While the focus of these questions is on 
biomass energy, the same framework could be used to evaluate other energy solu-
tions. General guidance on assessing a range of suitable energy sources, in addition 
to biomass, for a given community is outlined by Doll, this volume. 

  Box 17.2  provides examples of successful biomass energy options. 

   Box 17.1    Framework for Evaluating Sustainable Biomass Energy Options 

   Phase 1: Assessing the Existing Situation 

 This is the exploratory phase in which the aim is to understand the boundaries 
of the existing energy system. This understanding will be used to develop a 
shortlist of alternative biomass energy options and identify the key issues 
requiring a resolution to deploy an effective energy–poverty alleviation solu-
tion with local 5  biomass resources. 

 Key questions:

    A.    Energy Market/Economy

   1.    How do existing biomass markets operate?  
   2.    What are the current major sources of energy?  
   3.    How much does energy cost to produce?      

    B.    Energy Distribution Systems

   1.    How does energy get to its various market segments (industrial, resi-
dential, commercial, government, manufacturing, etc.)?  

   2.    What is the reliability of energy by market segment?  
   3.    How do existing biomass production and collection systems operate?      

    C.    Resource Management and Environment

   1.    What are the existing ecosystem goods and services that the community 
depends upon?  

   2.    Which ecosystem goods and services would be infl uenced by the col-
lection of biomass resources?  

   3.    How are natural resourses used for energy production currently managed?      

(continued)

   5   Local is to be defi ned by a group of stakeholders in the energy-poverty alleviation solution. 
We specifi cally use the clarifi cation “local” so as to differentiate between these solutions 
and international trade of biomass resources for meeting the global demands for alternative 
energy.  
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    D.    Social/Institutional

   1.    What are the current energy–poverty alleviation options? What other 
poverty alleviation efforts are underway and how might they benefi t 
from adding an energy component?  

   2.    What income does the community get from existing energy markets? 
Which portions of the community benefi t from these existing markets? 
Is it possible to disaggregate the various levels of dependency by vari-
ous levels of the poor, by socio-demographic group, or by gender?  

   3.    How much energy is collected for subsistence/household use? What are 
the sources of biomass energy for users? Can these sources be managed 
differently to maximize community benefi ts and ecosystem goods and 
services?  

   4.    What are the current national, regional, and local energy policies and 
regulations and institutions? Are there any local or customary institu-
tions or policy frameworks that promote or limit the benefi t of the poor 
from their biomass resource? Are there ways to increase incentives to 
better manage and protect resources?  

   5.    How effective are the current policies and regulations?      

    E.    Science and Technology

   1.    What are the available biomass resources and existing uses?  
   2.    Are the current systems (harvesting, processing, marketing, and distri-

bution) running in an effi cient manner?  
   3.    What scientifi c or technological infrastructure is available to improve 

the existing energy system?  
   4.    What next-generation technologies are coming online that if adequately 

funded and disseminated would improve existing energy systems?          

   Phase 2: Identify Potential Biomass Energy Options 
and Future Markets 

 In this next phase, we investigate the development of potential biomass energy 
options including the problems and opportunities of the existing situation 
(examined in Phase 1). Options are then evaluated given potential new mar-
kets, technologies, and improved distribution systems. A number of problems 
can occur if this process is not performed with a high level of rigor. These 
include: unsustainability of the resource and/or the energy market, erratic 

Box 17.1 (continued)

(continued)
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supply of biomass, low income-generation, noncompliance with current 
regulations, lack of awareness of sources for assistance (fi nancial or technical), 
and degradation of the environment. 

 Key questions:

    A.    Energy Market/Economy

   1.    What are the future demands for energy?  
   2.    What are the predicted future production costs?  
   3.    Which biomass energy options have the best market potential?      

    B.    Energy Distribution Systems

   1.    How will energy get to its various market segments in the future?  
   2.    What is the future reliability of energy by market segment?  
   3.    What are the future demands to the energy distribution system?  
   4.    How could new biomass collection systems operate?      

    C.    Resource Management and Environment

   1.    How can the biomass resources be developed to generate a sustainable 
source of energy while maintaining the fl ow of ecosystem goods and 
services?  

   2.    What are the future ecosystem goods and services that the community 
will depend upon?  

   3.    How will ecosystem goods and services be infl uenced by harvesting 
new biomass resources?      

    D.    Social/Institutional

   1.    What are the potential energy–poverty alleviation options?  
   2.    How can communities generate a sustainable income for the households 

involved in the energy and/or fuel production both for their own con-
sumption and distribution markets? Are there economies of scale that 
could be achieved that would enable communities to benefi t?  

   3.    How will new proposed biomass energy options affect strategies for 
subsistence/household energy use?  

   4.    How will new policies and regulation infl uence biomass energy systems?      

    E.    Science and Technology

   1.    How can new science and technologies improve biomass energy systems 
and ecological sustainability?  

   2.    What are the future trends in science and technologies, and how can 
they be integrated into biomass energy plans?          

Box 17.1 (continued)

(continued)
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   Phase 3: Planning and Development of the Selected Energy–Poverty 
Alleviation Solution 

 In this fi nal phase, a local solution has been identifi ed that is both environ-
mentally sustainable and fi nancially promising for the local benefi ciaries. The 
aim of Phase 3 is to plan for the successful implementation of the energy–
poverty alleviation solution. The focus of this phase is on developing the 
procedures and management tools to operationalize the solution. In this phase, 
proper indicators will be needed to recognize unexpected changes in the 
biomass energy sector or local income generation such that timely corrective 
actions can be taken when needed.   

Box 17.1 (continued)

   Box 17.2    Examples of Successful Biomass Energy Solutions 

   Example 1: Biogas Support Partnership 

 In Nepal, an initiative that built on establishing a Biogas Sector Partnership 
has resulted in one of the best alternative energy examples in the region. The 
Alternative Energy Promotion Center sold biogas digesters (biogas plants) to 
households located primarily in the rural areas of Nepal. This project supports 
the replacement of traditional energy sources used by the rural population, 
such as fi rewood and kerosene, with modern biogas plants. Biogas plants use 
anaerobic decomposition of organic material (mostly animal manure) to produce 
a fl ammable gas called biogas, which can be used to meet rural cooking and 
lighting needs. 6  

 Switching to biogas reduces carbon emissions and decreases the frequency 
of respiratory infections that result from burning solid fuels in poorly venti-
lated households. Families save approximately 3 hours of labor per day from 
the conveniences of gas in addition to obtaining fi nancial savings. Women and 
girls, who are traditionally responsible for collecting fi rewood and cooking 

(continued)

   6   One component of this project was submitted to the Clean Development Mechanism 
(CDM) based on greenhouse gas (GHG) emissions reductions from displacing convention-
ally used fuel sources for cooking, such as fuelwood and kerosene.  
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and cleaning, are among this project’s primary benefi ciaries. Furthermore, 
access to biogas will enable families to use gas lanterns after sunset providing 
light for children’s studies or other household activities. 

 The Biogas Sector Partnership of Nepal (initiated as an affordable energy 
program with Dutch funding) adopted a multiple-pronged approach including:

   Financial support for end users through microfi nance institutions and • 
cooperatives;  
  Uniform technical design of biogas plants;  • 
  Thorough quality control and monitoring of the production, installation, • 
and after sales services of the participating biogas companies;  
  Continuous research and development efforts to optimize plant operation • 
and to tailor the biogas plants to the needs of the end users;  
  Social marketing through outreach, awareness, and training programs;  • 
  Implementation of a fertilizer extension program to maximize the use of • 
bio-slurry, a byproduct of the biogas production;  
  Support to institutions servicing various functions of the biogas sector such as • 
fi nancing, construction, maintenance, manufacturing, training, and marketing.    

 For poor farmers, the initial cost of Rs. 30,000 to install a biogas plant system, 
including a cooking stove, is a large investment. However, the Biogas Support 
Program (BSP) provides small-holder farmers who own at least one cow with 
technical support to build biogas plants that will convert livestock waste into 
energy. For instance, a typical farmer would receive a subsidy of Rs. 6,500 and 
a Rs. 12,000 low-interest loan from a Grameen Bank to cover the costs of the 
digestor and additional inputs needed. The farmer would also be allocated a 
subsidy of Rs. 1,500 from BSP .  Loans were typically repaid in about a year’s 
time through savings from reduced fuelwood purchase costs. 

 “All we did was to provide guidance and boost the motivation of the villag-
ers so that they could decide how best to use their cattle dung to produce clean 
gas and improved manure,” says Saroj Rai, executive director of BSP-Nepal. 

 By the end of 2007, BSP had installed 172,858 biogas plants, provided 167 
microfi nance institutes with wholesale loans from AEPC’s Biogas Credit 
Fund, directly benefi ted 1,080,000 persons by biogas plants and employed 
11,000 people. 

 This success has led to additional funding for expansion. The World Bank-
administered Global Partnership on Output Based Aid (GPOBA) program has 
provided the Government of Nepal with US$5 million for the verifi ed installa-
tion of up to 37,000 new biogas plants in 48 remote districts of Nepal. The 
program uses an innovative “output-based aid” approach in which subsidy 
payments are made based on verifi ed results. In 2008, a payment of $592,200 
was made following successful installation of 4,772 new biogas plants, and as 

(continued)

Box 17.2 (continued)
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of July 2009, the program is now in its fourth phase, which aims to support 
biogas plant installation for over 135,000 new rural households through 2011. 

 Sources:   www.bspnepal.org.np     and   www.worldbank.org      

   Example 2: Laguna de Bay Community Carbon Finance Project 

 With an aggregate area of 91,136 ha and a shoreline of 220 km, Laguna de 
Bay is the largest lake in the Philippines and the second largest inland fresh-
water lake in Southeast Asia. Laguna de Bay watershed is a priority water-
shed for environmental sustainability goals because the area contains 13% of 
the population of the Philippines and the lake supports fi sheries, recreation, 
and domestic water supply and provides aesthetic value for the many small, 
historic towns in the area. The objective of the carbon fi nance project is to 
implement a set of small-scale waste management and reforestation projects 
in the watershed, which is heavily degraded due to severe deforestation and 
pollution from more than ten million people and thousands of industries that 
discharge largely untreated solid and liquid wastes. 

 Waste management projects include waste technologies that avoid meth-
ane emissions (composting and aerobic wastewater treatment) and those that 
recover methane (landfi ll gas collection and wastewater biogas system). These 
activities will improve waste management practices in the region while reducing 
methane emissions. Reforestation sub-projects include stream bank rehabili-
tation, upland reforestation, and agro-forestry. They will increase tree cover in 
the activity areas while reducing carbon dioxide through its sequestration in the 
tree biomass during growth. Emission reductions from waste management 
activities will be sold to the Clean Development Carbon Fund, and those from 
the reforestation sub-projects to the BioCarbon Fund. An estimated volume of 
more than 90,000 tons of carbon dioxide equivalent per year from 15 projects 
over 10 years will be purchased, with additional projects expected to be added 
to the purchase over time. 

 (Source: Carbon Finance for Sustainable Development, 2006, World Bank.)   

Box 17.2 (continued)

 The examples in  Box 17.2  represent innovative examples of ways to fi nance 
biomass energy projects through greenhouse gas reduction programs. The Clean 
Development Mechanism, the Community Development Carbon Fund, the 
BioCarbon Fund, and the Scaling-Up Renewable Energy in low-income countries 
(SREP) program of the World Bank’s Climate Investment Funds (  http://go.world-
bank.org/2R1V5849O0    ) all provide fi nancial resources to pilot and demonstrate the 
economic, social, and environmental viability of low-carbon development pathways 
in the energy sector .    

http://www.bspnepal.org.np
http://www.worldbank.org
http://go.worldbank.org/2R1V5849O0
http://go.worldbank.org/2R1V5849O0
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   Conclusions 

 There is an urgent need to provide “energy–poverty alleviation” solutions for the 1.6 
billion people who are energy-deprived. Energy poverty has a negative impact at 
local to global scales by contributing to deforestation and to climate change (Sagar 
 2005 ). In this chapter, we have shown examples where current energy fuel sources 
and energy technologies in these energy–poverty zones also have a direct negative 
impact on health (Karekezi  2001 ; Smith et al.  1993  ) , and how current energy eco-
nomics create a situation that reinforces these energy–poverty zones, and in some 
cases make them larger by promoting unsustainable solutions. 

 The only way out of this cycle of energy poverty is to take into account environ-
mental, social, and technical factors as well as the commercial and fi nancial aspects 
of plausible sustainable biomass energy solutions. The long-term success of energy–
poverty alleviation solutions is dependent on meeting the needs of local communi-
ties. Understanding communities’ social and environmental issues with systematic 
analyses, via valuations of the ecosystem services for example, is critical for devel-
oping holistic biomass-energy solutions. 

 Successful energy projects are dependent on several key traits that we have 
organized into a framework ( Box 17.1 ). The framework’s objective is to system-
atically organize information on factors relevant to planning the development of 
sustainable biomass energy options. This approach will enable the conservation 
and development communities to focus their activities of information gathering 
and analysis and promoting a technology that integrates well with the existing 
social/community infrastructure and disaggregates the various levels of resource 
dependency, including the demographics of the poor and the importance of gen-
der. The framework includes the identifi cation of priority target rural areas, 
socioeconomic assessments of appropriate biomass transformation technolo-
gies, stakeholder analysis, policy analysis, and identifi cation of biomass options 
that do  not  confl ict with traditional land tenure and food production systems. 
Ideally, such a framework will be used to effi ciently identify successful energy–
poverty solutions. While this process may seem cumbersome to newcomers, it 
provides the critical due-diligence needed to identify and implement projects 
that will have a higher chance of being sustainable and successful. Finally, these 
options should be designed to provide signifi cant health and environmental 
benefi ts, maintaining a regular fl ow of ecosystem goods and services and oppor-
tunities for the poor to have a better life with access to a reliable supply of 
affordable energy.      
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   Introduction    

   Overview of Woodfuel Use in Developing Countries 

 Between one-third and one-half of the world’s population rely on wood and other 
biomass fuels 1  to meet their energy needs. Table  18.1  shows an estimate of the num-
ber of people relying on biomass fuels in 2004 from the International Energy Agency 
(IEA  2006  ) . The use of wood as a household fuel is overwhelmingly concentrated 
in less developed countries where alternative fuels like natural gas, kerosene, lique-
fi ed petroleum gas (LPG), and electricity are inaccessible. Heavy reliance on wood-
fuel is associated with a range of social and environmental challenges including 
health problems resulting from exposure to indoor air pollution (IAP) and environ-
mental change, which ranges from local degradation of forests and woodlands to 
large-scale changes in land cover and greenhouse gas emissions. In addition, sup-
plying woodfuels requires high labor inputs, which, in many places, is often a bur-
den for women and small children.  

 The problems associated with biomass use rarely arise as a result of wood con-
sumption alone; rather, they are the result of complex relationships between wood 
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    Chapter 18   
 Ecological Sustainability of Woodfuel 
as an Energy Source in Rural Communities       

       Rob   Bailis      ,    Jeff   L.   Chatellier   , and    Adrian   Ghilardi         

   1   The terminology used for fuels derived from woody biomass deserves some explanation. In this 
discussion, we use the term  woodfuel  to encompass minimally processed fi rewood, as well as 
charcoal and other solid fuels derived from lingo-cellulosic materials, such as sawdust or wood-
waste briquettes (see FAO  2000 , for a more detailed explanation). Non-woody forms of biomass, 
such as crop residues and dried dung are also used for traditional energy applications, and are 
associated with similar consequences.  



300 R. Bailis et al.

consumers, the environment in which they live and the larger political economy. 
Therefore, understanding the environmental challenges associated with woodfuel 
consumption is only possible by considering the social, political, economic, and envi-
ronmental context in which they arise. This chapter focuses primarily on the chal-
lenges to ecological sustainability that are posed by dependence on biomass, but it 
also discusses the range of social and political factors that affect household energy 
choices and their environmental consequences. 

   Woodfuels and Poverty 

 Biofuel dependence is closely correlated with income, both among and within coun-
tries. Fig   ure  18.1  shows how the prevalence of fuelwood as a  primary  source of house-
hold energy declines with increasing income in several African countries. 2  Fuelwood 
and other solid biofuels are linked to poverty because they are associated with risks, 
inconveniences, and cultural meanings that people in higher income strata may wish to 
avoid. The UNDP in its World Energy Assessment defi ned energy poverty as “the 
absence of suffi cient choice in accessing adequate, affordable, reliable, high quality, 
safe, and environmentally benign energy services to support economic and human 
development” (Goldenberg and Johansson  2004 ). Fuelwood, while affordable for most 
of the world’s population, often has an unreliable supply, it is inconvenient to use as a 
fuel and requires considerable space for storage, it is unsafe from a health perspective, 
has limited ability to support economic development and its widespread use can poten-
tially degrade ecosystems and reduce the environmental services they provide.  

   Table 18.1    Estimates of the number of people relying on biomass resources as their primary fuel 
for cooking in 2004 (International Energy Agency  2006b  )    

 Total population 
(millions)  Rural (millions)  Urban (millions) 

 %  Total  %  Total  %  Total 

 Sub-Saharan Africa  76    575  93   413  58  162 
 North Africa   3      4   6  4  0.2  0.2 
 India  69    740  87  663  25  77 
 China  37    480  55  428  10  52 
 Indonesia  72    156  95  110  45  46 
 Rest of Asia  65    489  93  455  35  92 
 Brazil  13     23  53  16  5  8 
 Rest of Latin  23     60  62  59  9  25 
 Total  52  2,528  83  2,147  23  461 

   Source : IEA analysis based on latest available national census and survey data  

   2   Fuelwood falls off as a  primary  fuel choice among wealthier households. However, some evi-
dence shows that families do not stop using woodfuels altogether. Instead, they expand their fuel 
choice as they get wealthier by incorporating additional fuels into their energy mix (Masera et al. 
 2000 ; Pfaff et al.  2004  ) .  
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 As it is the main source of fuel of the world’s “energy poor,” fuelwood consumption 
is used as an indicator of poverty by development organizations. However, depen-
dence on woodfuel is not just a result of poverty; it can also contribute to factors that 
reinforce poverty. It is a causal agent of preventable morbidity and mortality and it 
has a strong association with low educational attainment, both of which make it dif-
fi cult for families to rise out of poverty (UNDP  2005  ) . 

 Moreover, lack of modern energy services, which correlates with woodfuel 
dependence, places a burden on household labor. Economic activities are con-
strained because the energy to support a variety of income-generating activities is 
absent. However, it is important not to assume woodfuel reliance is always associ-
ated with a complete lack of access to modern energy services. There is wide 
regional variation. For example, in some developing regions, where biomass is the 
dominant fuel for subsistence needs, electricity is also widely available (IEA  2004  ) . 
In such areas, access to electricity may support income generation, but families may 
continue to depend on woodfuels for the bulk of their cooking and space heating 
needs. 3   

   The Quality and Availability of Data on Woodfuels 

 Accurate data on fuelwood consumption in developing countries would be a power-
ful tool for policy makers designing legislation on topics ranging from energy sys-
tems to environmental conservation. However, fuelwood consumption data is 
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  Fig. 18.1    Prevalence of fuelwood as a primary energy source by income quintile in select African 
countries between 2001 and 2004. The graphs show rural ( left ) and urban ( right ) households. Note 
the vertical scales in each graph are different (Source: National demographic surveys reported in 
World Bank  (  2008  ) )       

   3   This situation is common in parts of Mexico (Masera et al.  2000  ) . Similarly, in rural China, where 
there has been near universal electrifi cation, the majority of households continue to depend on 
biomass for their cooking needs (agricultural residues are more common than woodfuels, but the 
point still holds; see Zerriffi  et al.  2008  ) .  
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diffi cult to obtain for many reasons. In the developing world, fuelwood is collected 
and consumed by subsistence users who do not measure the amount or the species 
composition of their fuelwood stocks. Since fuelwood for domestic consumption is 
not often traded or sold in formal markets, uniform measurement standards and 
sales data simply do not exist. 

 Determining the amount of energy produced from fuelwood consumption is also 
diffi cult. Tree species have different calorifi c values (Harker et al.  1982  ) . In addi-
tion, moisture content can vary greatly, which affects the mass of fuel consumed, as 
well as the useful energy that can be obtained from the fuel. Fuelwood consumption 
data based on weight must account for the species type and water content in order 
to give an accurate fi gure in terms of energy produced, but this is rarely the case. 
Moreover, the effi ciency of energy conversion devices like wood-burning stoves 
varies enormously, so the estimates based on “typical” consumption rates of a small 
sample can be unreliable. 

 Despite the diffi culties in obtaining reliable data on fuelwood consumption and 
energy production, resources are available that can assist policy makers in this 
realm. Surveys can provide a picture of a households’ main source of energy. In 
recent years, some national censuses and demographic/health surveys have started 
to include questions about fuel choices. These data can provide a periodic nationally 
representative snapshot of household fuel choice. Unfortunately, data produced 
from these large-scale surveys are limited, in that they usually provide the house-
hold’s primary fuel choice, but offer no insight into multiple fuel use, which is com-
mon even among poor populations. 4  In addition, large-scale survey data offers no 
insight into quantities of energy consumed at the household level. Some countries 
do conduct targeted surveys specifi cally exploring household-level energy con-
sumption, but this does not appear to be common practice. 

 At the national level, aggregate energy consumption data is available from the 
International Energy Agency. The IEA publishes national and regional energy bal-
ances that offer detailed accounts of energy supply and consumption disaggregated 
by fuel-type and economic sector. Woodfuels are categorized in the “combustible 
renewables and waste” category (CRW), which includes all biomass fuels: those 
that are used in traditional applications, as well as feedstock used for modern appli-
cations like cogeneration or liquid biofuels. 5  In addition, the IEA disaggregates each 
energy type by sector, so residential energy may be analyzed separately (International 
Energy Agency  2008  ) . 

   4   For example, one nationally representative survey of Kenyan households found that 96% of the 
rural population used more than one fuel and 45% used three or more types of fuel (Nyang 
 1999  ) .  
   5   For the majority of developing countries, it is safe to assume that CRW consists almost entirely 
of traditional woodfuels and crop residues. One exception is Brazil, which uses biomass for a 
number of non-traditional applications: for example, the country produced nearly 19 billion liters 
of ethanol from sugarcane and generated over 14,000 gigawatt-hours of electricity from biomass 
feedstocks in 2005 (International Energy Agency  2008  ) .  
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 The FAO provides country and regional level data on woodfuel production in 
solid volume units (CMU) rather than in energy units. The FAO does not provide 
data on industries that rely on fuelwood for their energy supply, but it does provide 
estimates of country and regional level consumption calculated by subtracting 
exports from total production (FAOSTAT  2008  ) . 6 

    (a)    Defi ning sustainability in the context of traditional energy systems     

 Sustainability has become an important concept in environmental governance, 
infl uencing policies ranging from industrial development to environmental con-
servation. The concept emerged in the 1970s, when it became apparent that the 
resource base upon which the global economy depended could not support the 
economy’s rapid expansion (Kidd  1992  ) . Economists began to study and model 
the conditions under which growth could continue in a world of fi nite resources 
(Cabeza Gutés  1996  ) . These studies focused on capital, defi ned broadly as 
“produced means of production” (Costanza and Daly  1992  ) , and differentiated 
the total capital stock into three categories: natural, social, and physical (or 
man-made) (Cabeza Gutés  1996  ) . Natural capital consists of society’s endow-
ment from nature, which includes renewable resources like forests and non-
renewable resources like fossil fuels. Physical capital includes money, as well 
as anything produced from natural capital ranging from buildings to machines. 
Social capital consists of intangible assets derived from interpersonal relation-
ships within social networks and institutions. Social Capital is associated 
with structured forms of social interaction like formal educational systems, as 
well as unstructured everyday interactions that build social cohesion, trust, and 
reciprocity (Bourdieu  1985 ; Baker  1990  ) . 

 Two different schools of thought on sustainability, each with different defi ni-
tions, emerged based on the differentiation of capital. Strong sustainability 
regards natural capital as a collection of resources that provide functions that 
are not substitutable by social or physical capital. These functions include a host 
of ecosystem services ranging from erosion control to genetic diversity. Strong 
sustainability, therefore, is defi ned by maintaining the same level of natural 
capital for future generations. Weak sustainability views natural, social, and 
man-made capital as interchangeable, which implies that natural capital can be 
consumed as long as it maintains or increases the stocks of physical and/or 
social capital (Pearce and Atkinson  1993  ) . 

 Fuelwood consumption is often portrayed as unsustainable because of its asso-
ciation with deforestation and/or forest degradation. From a strong sustainability 
perspective, these processes lead to a depletion of natural capital stock, which is 
not limited to trees, but includes the sum of all forest-related assets. If these assets 
are reduced for future generations, current extraction is unsustainable. However, 

   6   Data from the IEA and FAO originate from different sources and often do not agree (see Bailis 
et al.  2005 , supplemental online material for a discussion of this in the context of African woodfuel 
data).  
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unlike fossil fuels, forests are a potentially renewable resource. Forests can recover 
when wood is harvested for fuel: a form of “natural income” (Costanza and Daly 
 1992  ) , which maintains the capital stock of the forest. If wood extraction is bal-
anced with the forest’s capacity to regenerate, then the capital stock is maintained. 
Forest management that satisfi es strong sustainability criteria should take species 
composition and growing conditions into account, rather than simply maintaining 
a standing stock of biomass. This is a complex undertaking. Tropical and sub-
tropical forests can be extremely heterogeneous and a great deal of variation can 
exist within a small spatial scale (   Montagnini  2005 ). 7     

   Challenges to Sustainability in Woodfuel Systems 

   Ecological Sustainability 

   Local Environmental Change 

 In the 1970s, global attention turned to energy issues as a series of price shocks that 
severely affected the world’s economies. At roughly the same time, alarming rates 
of deforestation began to grab the world’s attention (Bajracharya  1983  ) . Analysts 
merged the two crises into a distinct environmental challenge, dubbed the “other 
energy crisis” (Eckholm  1975  ) . This crisis revolved around fears that rates of wood 
harvest were exceeding sustainable yields in many of the world’s developing regions. 
In response, development organizations published alarming reports predicting envi-
ronmental catastrophe resulting from the so-called “ fi rewood gap” unless drastic 
measures were taken, including unprecedented levels of tree planting and severe 
demand reduction programs (de Montalembert and Clement  1983 ; FAO  1978  ) . 

 Closer scrutiny soon revealed that other socioeconomic drivers, primarily land 
clearing for cultivation and timber extraction, both exacerbated by expanding road 
networks, are more infl uential drivers of deforestation than wood energy use (Arnold 
et al.  2003 ; Geist and Lambin  2002 ; Kaimowitz and Angelsen  1998  ) . In addition, 
numerous natural factors like rainfall, soil quality, and wildlife, interact with anthro-
pogenic forces to infl uence tree cover in complex ways. Box 18.1 provides a descrip-
tion of how human and ecological drivers interact to infl uence land cover in savannah 

   7   When discussing the impacts of woodfuels on forests, it is useful to draw a distinction between 
deforestation, the “direct human-induced conversion of forested land to non-forested land,” and 
forest degradation, the “direct, human-induced, long-term loss (persisting for X years or more) or 
at least Y% of forest carbon stocks [and forest values] since time T and not qualifying as deforesta-
tion.” Both defi nitions are from the IPCC  (  2003  ) , but X, Y, and T are left to national or local-level 
decision makers to defi ne. The distinction is important because woodfuel supply is rarely a sole 
cause of deforestation (Geist and Lambin  2002  ) , but may be a driver of degradation. The distinc-
tion is also important for methodological reasons. Deforestation can be detected by remote sensing 
methods, but degradation very often cannot.  
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ecosystems, which provide woodfuels and numerous other sources of livelihoods 
for people across sub-Saharan Africa. These interactions challenge the idea of a 
direct link between woodfuel demand and deforestation. 

 In addition, problems arise among subsistence users if access to certain wood-
lands is denied or when woodlands are cleared as a result of other pressures. This 
can lead subsistence users to overexploit the little areas that remain accessible to 
them. Moreover, population and economic pressures can force people to shorten 
fallow periods or expand the area that they cultivate, which reduces both the time 
and space in which their home-grown wood accumulates. Hence, while energy 
demand may not be the primary cause of fuelwood-scarcity, scarcity still affects 
many who rely on woodfuels for subsistence needs. 

 Wood for subsistence use rarely comes from mature trees in forests or wood-
lands; people prefer gathering fallen branches and dead wood (Leach and Mearns 
 1988  ) . People may also collect wood from their own household compounds or from 
fallow land to which they have access. Figure  18.2  shows sources of fi rewood iden-
tifi ed by Kenyan households in a national energy survey. The majority report a 
dependence on non-forest sources of fi rewood, primarily from their own land 
(Ministry of Energy  2002  ) . However, when woodfuel becomes commercialized, 
mature trees are often cut. This is common where woodlands are used to provide 
fuel to urban markets. For example, charcoal is a common fuel derived from wood 
that is carbonized (heated in an oxygen-deprived environment, so that full combus-
tion does not occur and the volatile material in the wood is driven off). It is popular 
in many urban and peri-urban areas across the developing world and is associated 
with widespread clearance of woodlands (Girard  2002 ; Ribot  1993  ) . Despite this 
association, empirical studies have shown that charcoal is not inherently destructive 
and that under good management, it may be produced sustainably (Chidumayo 
 1993 ; Hosier  1993 ; Young and Francombe  1991  ) . However, charcoal is often pro-
duced illicitly; sound management is rare. Box 18.2 discusses charcoal production 
in Kenya, one of the world’s leading charcoal producers, which struggles with the 
issue of sustainability in the charcoal trade.     

* “Other” includes purchased wood of unknown origin, which may be from forest or non-forest sources
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  Fig. 18.2    Sources of fi rewood for rural households in Kenya in 2000       
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   Box    18.1 Natural and Human    Drivers of Land Cover Change in Woody 
Savannah 

 Africa’s savannah woodlands provide woodfuel and other subsistence needs, 
as well as, some sources of commercial production for a large segment of the 
population. Savannah ecosystems under pressure from herbivory, rainfall 
variability, and fi re can shift from grass-dominant to tree-dominant states or 
vice versa. Rainfall varies from year to year, and has direct and indirect effects 
on land cover (Scholes and Hall  1996  ) . Precipitation affects the behavior of 
people and wildlife. In ecosystems initially dominated by grasses, abundant 
rains can lead to an increase in the quantity and quality of pasture, temporarily 
supporting higher concentrations of livestock and/or herbivorous wildlife. 
Grazing animals can promote the growth of woody biomass by removing the 
herbaceous layer, which competes for light and nutrients. Browsers, on the 
other hand, feed on young seedlings, preventing maturation, thereby main-
taining the herbaceous layer. Soil types also infl uence these dynamics, as 
Breman and Kessler  (  1995  ) :

  Woody plants vary in their response to grazing…On sandy soils or fl uvial land-
scapes, intensive grazing may lead to an increase in canopy cover, but a strong 
reduction is also possible. On loamy soils especially in dry zones, canopy cover is 
reduced by intensive grazing because infi ltration [of water] is reduced. However, the 
highest canopy covers occur on fallowlands and lands near natural or artifi cial water 
points (i.e. where grazing pressure is high). Higher rainfalls favor the more positive 
infl uences of grazing on woody plants (p. 45).   

 Fire is a perennial feature of savannah landscapes both as a natural and anthro-
pogenic phenomenon. Fire interacts with rainfall and infl uences grazing in 
numerous ways:

  Fire leads to the loss of volatile compounds of nitrogen, carbon and sulfur. It tends 
to destroy woody seedlings and sensitive species, particularly those lacking seed 
adaptations, belowground reserves, and the capacity to sprout back. Rangeland sys-
tems…,where fi re has been a regular feature for centuries, have a correspondingly 
fi re-adapted species composition. In such systems periodic burning enhances the 
production of good grazing (Homewood and Rodgers  1991 , p. 103).   

 The infl uence of rainfall and fi re also depend on grazing intensity (Homewood 
and Rodgers  1991  ) . Under moderate grazing, rainfall increases the quantity of 
herbaceous biomass. Under normal conditions, fi res remove the herbaceous 
layer, but leave established trees and shrubs standing and promote germina-
tion of dormant seeds, thereby, reinforcing woody biomass cover. However, 
after heavy rains, above-normal herbaceous dry matter can cause intense 
burns, killing extant trees, and destroying the soil seed bank, causing a shift 
from woody to herbaceous cover. Both grasses and woody species can thrive, 
but there is a “competitive asymmetry” inherent in these systems such that 
either may establish dominance on small scales. For example:

(continued)
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Box 18.1 (continued)

  …mature trees out-compete grasses for light, water and nutrients, yet grasses out-
compete small shrubs and tree seedlings (reducing establishment) and they increase 
the likelihood of fi res which kill small trees…lead[ing] to structural instability. 
Often some degree of tree clumping takes place adding further complexity with 
conditions often very different between the under-canopy and inter-canopy areas 
(House and Hall  2003  ) .   

 Some of these dynamics are illustrated in Fig.  18.3 .   

  Fig. 18.3    Factors that can increase (+) or decrease (−) woody biomass cover in savanna 
ecosystems (Source: adapted from Breman and Kessler  (  1995  )  and Scholes and Hall 
 (  1996  ) )       
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   Box    18.2 Charcoal in Kenya 

 Kenya relies on woodfuels for three-fourths of its primary energy supply 
(Fig   .  18.4 ). Roughly half of the wood harvested for fuel is converted to charcoal. 
Despite its widespread use, woodfuel has largely been ignored by policy makers, 
particularly the supply side of the sector (Bailis et al.  2006  ) . A strong associa-
tion has been made by the press and the government between charcoal and defor-
estation (Ecoforum  2002 ; Okwemba  2003  ) . Unfortunately, little can be said 
with certainty about the degree to which Kenya’s exploitation of wood energy 
is leading to permanent forest loss. Reliable data is very diffi cult to obtain. It 
is certain, however, that the country lacks an effective set of policies to pro-
mote or enforce sustainable woodfuel management. This void leads to a great 
deal of ambiguity in the woodfuel sector. Some charcoal regulations are in 

(continued)
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Box 18.2 (continued)

place at the provincial or district level, but these lack transparency and suffer 
from inconsistent enforcement. Consequently, in many parts of the country, 
charcoal is illegal to produce and transport, but it is legal to sell, buy, and 
consume. Such ambiguity discourages investment in the trade, encourages 
unsustainable practices, and fosters corruption.  

 For example, in Narok district, a major charcoal production zone, a ban on 
commercial charcoal transport was in effect between 2003 and 2005. Despite 
the ban, the district provides as much as 30% of Nairobi’s charcoal, with 10–20 
lorries ferrying thousands of 40 kg sacks to the city every day (Bailis  2005  ) . The 
ban, which was meant to protect nearby Mau Forest, a high-value conservation 
area, was circumvented through bribery, which reached such high levels that as 
much as 25% of the retail price of each sack of charcoal was fraudulently cap-
tured by local offi cials (Bailis  2005  ) . Ironically, Narok’s charcoal does not orig-
inate from the forest that the transport ban was meant to protect. Rather, it is 
harvested from parcels of woody savannah that were formally pastoral, but had 
been subdivided and allocated to the district’s Maasai population throughout the 
1990s. This land is private land that would likely be cleared in the absence of 
charcoal production: charcoal simply facilitates the process. 

 Woodfuel, particularly the charcoal trade, provides direct employment for as 
many as 200,000 people across Kenya at different stages of the supply chain 
(Mutimba and Barasa  2005  ) . For some with little or no land to farm, charcoal 
provides full-time employment. For others, it presents a source of income when 
farm production is low or when a bit of extra cash is needed. Thus, woodfuels are 
a critical part of the economy, not only because of their contribution to household 
production, but also because of the livelihoods of woodfuel suppliers. 

 Woodfuel dependence will persist in Kenya; whether it can be managed 
sustainably is an open question. To promote sustainability, regulations govern-
ing the woodfuel trade must be rationalized and clarifi ed to remove the legal 
ambiguity that currently exists. Investment in woodfuel production must be 
encouraged, so that the private sector can participate in woodfuel provision.  

  Fig. 18.4    Kenya’s energy supply by fuel and sector in 2000 (IEA  2003 ; Ministry of Energy 
 2002  )        
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   Woodfuels and Global Change 

 In addition to local environmental impacts, the scale at which woodfuel  consumption 
occurs has implications for global change. Wood harvesting, fuel processing, and 
fi nal combustion create a fl ow of greenhouse gases (GHGs) from terrestrial stocks 
to the atmosphere. Post-harvest management of woodlands may also result in GHG 
emissions. On the other hand, carbon is sequestered by the regeneration of har-
vested trees, thus, the net emissions of GHGs from the wood-energy fuel cycle 
depend on the degree of sustainability with which the fuel is harvested. Identifying 
the degree of sustainability of the woodfuel harvest is challenging and few rigor-
ous examples of this research exist. Box 18.3 discusses one effort, which utilized 
multi-scale spatial analysis of woodfuel supply and demand to identify local-level 
imbalances. 

 However, full regeneration of harvested trees does not assure GHG-neutrality. 
Additional emissions occur, because typical wood combustion devices such as 
household stoves in the developing world cannot achieve full combustion, which 
results in emissions of CH 

4
  and N 

2
 O, as well as GHGs that are not controlled under 

current climate change policies, but nevertheless have an impact on radiative forc-
ing, such as CO, non-methane hydrocarbons, and aerosols. 8  Furthermore, charcoal 
production, which utilizes roughly 15% of woodfuel harvest worldwide (FAOSTAT 
 2008  ) , emits considerable amounts of non-CO 

2
  GHGs (Kituyi et al.  2001 ; Pennise 

et al.  2001 ; Bertschi et al.  2003 ; Brocard et al.  1996  ) . 9  
 Based on numerous studies of biomass emissions under lab and fi eld conditions, 

it is estimated that CO 
2
  contributes roughly 60–70% of the “tree-to-stove” emis-

sions from fuelwood and 30–40% of the tree-to-stove emissions from charcoal 
(Bond et al.  2004 ; Bertschi et al.  2003 ; Brocard et al.  1996 ; Pennise et al.  2001  ) . 
Thus, regeneration of harvested trees reduces the impact from CO 

2
 , but can not fully 

offset the impact from the other GHGs. 
 The IPCC’s Fourth Assessment Report notes that some of the emissions from 

land use change (LUC) are the result of “traditional biomass use.” However, the 
assessment departs from its usual rigor by assuming that 90% of the traditional 
biomass harvest is “from sustainable biomass production.” The remaining 10% of 
global harvest is “non-renewable” by default (the IPCC bases this on assumptions 
made in International Energy Agency  2006a  ) . Based on this assumption, the IEA 

   8   CH 
4
 , N 

2
 O, CO, non-methane hydrocarbons, and BC aerosols have a larger warming impact than 

a molar equivalent quantity of CO 
2
 . OC aerosols have a cooling effect, but these only partially bal-

ance the warming impact of BC species (Bond et al.  2004  ) . Each of these compounds has a larger 
warming impact than a molar equivalent quantity of CO 

2
  (with the exception of OC aerosols) 

(IPCC  2007  ) . Therefore, when fuel-bound carbon is emitted in one of these forms rather than CO 
2
 , 

CO 
2
  sequestration through future wood growth does not fully counterbalance the warming effect 

of those pollutants.  
   9   Estimates of global woodfuel production and the fraction of woodfuel that is utilized for charcoal 
vary widely (see Bailis et al.  2005 , for a description of limitations in this data).  
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   Box    18.3 Spatial Analysis of Woodfuel Supply-Demand Imbalances in 
Central Mexico 

 Historically, studies of woodfuel balance (supply and demand) have utilized 
either national or regional data or micro-level case studies conducted in spe-
cifi c localities. However, complex relationships between fuelwood supply 
and demand lead to impacts that are heterogeneously distributed in space and 
time. Generalized approaches used to determine national or regional wood 
energy balances are unable to provide information on the spatial distribution 
of areas suffering from extreme supply–demand imbalances. Localized case 
studies may be able to identify such “hotspots,” but cannot be extrapolated, as 
fuelwood use and associated impacts can differ substantially, even between 
neighboring localities. 

 This study used a spatially explicit method to assess environmental and 
socio-economic impacts associated with traditional fuelwood use in Mexico 
in order to identify woodfuel “hotspots”: that is, individual localities with 
high woodfuel consumption and insuffi cient biomass resources (Fig.  18.5 ). 
In the fi rst stage, a multi-criteria analysis was conducted in order to analyze 
Mexican counties according to seven indicators: number, density, and annual 
population changes of fuelwood users; percentage of households using 
fuelwood; resilience of consumption; trends in land use and land cover 
change; and the balance between supply and demand. The national fuel-
wood  balance – a key value when comparing countries – was extremely 
positive (165 million tons per year). Compared to Southeast Asia and sub-
Saharan African countries, Mexico is not in a crisis situation in terms of 
fuelwood use and its associated impacts. However, the spatial analysis iden-
tifi ed 304 counties (out of a total of 2,424) with negative or close to zero 
balances. These were grouped into 16  hot spots . Approximately 6.3 million 
fuelwood users live in these counties, which constitutes 25% of the nation’s 
fuelwood users in 2000.  

 In the second stage, one fuelwood  hot spot  in Michoacan State was selected 
and a grid-based model was developed in order to identify individual locali-
ties with high fuelwood consumption and insuffi cient supply. The analysis 
also gave a robust and statistically confi dent estimate of the non-renewable 
biomass (NRB) fraction of fuelwood extraction by locality (a critical value to 
estimate baselines in carbon offset projects) (Fig.  18.6 ). Ground-truth efforts 
validated these fi ndings. Importantly, large variations in NRB were found in 
neighboring communities, which demonstrates that spatial patterns of fuel-
wood supply and demand are highly site specifi c. This work shows the value 
in multi-scale assessments of woodfuel supply and demand in order to focus 
action on the most critical locations.

(continued)
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Box 18.3 (continued)   

  Fig. 18.5    Study area: the Purhepecha Region. Notes:  Black shapes  in each map represent 
high priority counties following the national-level assessment (Ghilardi et al.  2007  ) . In the 
 left-hand  map, counties of the Purhepecha Region in the north-west of Michoacán State, are 
highlighted in  dark gray        
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  Fig. 18.6    Pressure over natural forests due to fuelwood extraction on a non-renewable basis 
from accessible areas considering walking fuelwood gatherers. Notes: Highlighted  red, yel-
low and green  areas within accessible areas correspond to accessible forests.  Dark-gray  
areas correspond to non-accessible forests. Labels show the expected time in years for deple-
tion of half the fuelwood stock available from forest areas (Source Ghilardi et al.  2008  )        
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estimates that global woodfuel use contributes to approximately 2% of total global 
emissions (International Energy Agency  2006a , section III.6). 10  This is roughly 
equivalent to the emissions from the transport sector in the European Union (World 
Resources Institute  2008  ) . 

 Of course, this estimate ignores the interactions between wood harvest for energy 
and other drivers of LUC discussed above. Moreover, the relationships between 
proximate causes of land cover change and structural drivers of change like demog-
raphy, political economy, and technology make it diffi cult to attribute a specifi c 
value to the net emissions from woodfuel demand alone. 

 Additional aspects of woodfuel sustainability are linked to the social conditions 
in which production and consumption occur. These include struggles over access 
among producers and consumers of forest resources for energy and other uses. 
Social sustainability also extends into the health and well-being of woodfuel users. 
Each of these are discussed briefl y below.   

   Political Ecology and Resource Access in the Context 
of Woodfuels in Developing Countries 

 Woodfuel provision is a critical component of household production, both for 
domestic use and for provision to the market. Thus, woodfuels are linked very 
closely to the livelihoods of poor rural populations. In locations where woodfuels or 
other forest resources are extracted for commercial sale, local users may fi nd that 
their own access to energy for subsistence needs is contingent on distant markets, 
state agents, and powerful business interests (Ribot  1999 ; Bailis  2005  ) . 

 As was discussed above, woodfuel provision has strong associations with envi-
ronmental degradation. Environmental impacts, whether real or perceived, often 
generate attempts by governments to regulate or control access to those resources. 
For example, charcoal and fi rewood dealers may be required to obtain permits to 
ensure that the supply is from a sustainable source. Those attempts may be subverted 
by poor enforcement, corruption, and/or a failure to incorporate local knowledge and 
institutions in regulatory design (Ribot  1999 ;  2004 ; Dove  1992 ; Robbins  1998  ) . The 
illicit nature of woodfuel provision systems tends to make them opaque to outsiders 
(see the discussion in Box 18.2, which describes charcoal production in Kenya). 

 The benefi ts that people obtain by playing a role in these markets are mediated 
through the degree of access that they maintain. Access is mediated by mechanisms 
that are both legal and extra-illegal, as well as an array of “structural and relational” 
factors that include technical capacity, markets for land, labor and capital, as well as 
social identity and social relations (Ribot and Peluso  2003  ) . These factors actively 

   10   The authors checked the IEA’s estimate by considering global fuelwood and charcoal consumption 
as reported by both the FAO and IEA (FAOSTAT  2008 ; International Energy Agency (IEA)  (  2007  ) ) 
and the IEA’s assumption that 10% of the global woodfuel harvest was unsustainable. Taken together 
with published emissions factors for wood combustion and charcoal production/combustion (Bertschi 
et al.  2003 ; Brocard et al.  1996 ; IPCC  1997 ; Pennise et al.  2001 ; Smith et al.  2000  ) , we estimate that 
net GHG emissions from woodfuel combustion ranged from 1 to 2.8% of global GHG emissions  
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shape dynamic systems of provision that are distributed over space and changing 
over time (Leslie and Reimer  1999  ) . 

 Understanding the fl ow of benefi ts from woodfuel provision is not only of theo-
retical importance. It is also of critical relevance. Many interventions attempt to 
improve rural livelihoods and environmental outcomes by changing the mechanisms 
of access for certain groups or actors. A lack of understanding of the practices 
within and between groups of actors in the commodity chain has led to failure of 
many interventions. For example, in parts of West Africa, devolution of control over 
state-owned forests has led to increased control by local communities, including 
management that supplies woodfuel markets. Under such systems, woodfuel deal-
ers typically pay higher prices than when they have access to resources not under 
community management. However, not all accessible forest has been brought under 
full community control and infl uential outsiders, including offi cials from the Forest 
Services of numerous countries, still capture disproportionate benefi ts of the trade, 
particularly where local community cohesion is weak (Kerkhof  2002  ) . 

 Thus, interventions may not fail completely. However, they may still have unin-
tended, potentially negative environmental impacts and/or negative outcomes for less 
powerful economic players (Schroeder  1993  ) . Some of these dynamics are explored 
in Box 18.4, which gives an example of woodfuel management in Senegal.   

   Box 18.4 Incorporating    Energy Needs in Conservation Policy: The Saloum 
Delta National Park, Senegal 

 The Saloum Delta National Park (SDNP) in Senegal has a tradition of conser-
vation dating back to 1935, when it was made a forest reserve under the 
French colonial forestry code in order to protect it from what the French 
deemed the “immemorial abusive use by natives” (cited in Ribot  1993  ) . In 
1981, the size of the SDNP was increased to include a large portion of the 
Saloum delta and was later classifi ed as a UNESCO Man and Biosphere 
Reserve, as well as a RAMSAR site. Despite these conservation efforts, con-
fl ict over wood extraction between local people and forestry offi cials persists 
(Ribot  1993 ; Chatellier  2007  ) . 

 While recent national surveys have documented that Senegal’s urban popu-
lations use LPG as the dominant cooking fuel (ENDA  2005 ; Macro International 
 2008  ) , nearly 99% of the rural population in the area surrounding the SNDP, 
relies on fuelwood as the main cooking fuel (Chatellier  2007 , See Fig.  18.7  ) . 
Fuelwood is also used in the region for commercial activities, such as shell fi sh 
processing, fi sh smoking, and the production of shell lime, a cement substitute. 
Regional surveys suggest the presence of a fuelwood shortage; the majority of 
subsistence fuelwood collectors reported the need to travel longer distances 
and spend more time searching for fuel than 10 years earlier. With accessible 
fuelwood far from village centers, fuelwood markets have materialized. 
Thus, fuelwood is now a commodity with a well-known price, which has 

(continued)
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Box 18.4 (continued)

encouraged professional fuelwood collectors, with access to better tools, 
transportation, and labor, to enter into the market. Fuelwood for cooking 
needs, once a subsistence product, has become commercialized; families 
spend cash instead of labor to meet basic energy needs. Broader economic 
effects also affect local markets. For example, a recent spike in cement prices 
led to a boom in shell lime production, which requires vast amounts of fuel-
wood to process. This added source of demand exacerbates the local fuel-
wood shortage and drives up prices. 

 Fuelwood extraction in the SNDP is banned under the Senegalese forestry 
code, which prohibits resource extraction from national parks even at the 
subsistence level. Despite the law and a visible presence of park offi cials, 
commercial fuelwood extraction, sale, and consumption take place openly. 
Park offi cials devote resources to regulating subsistence-level extraction by 
women who remove mostly deadwood and coppiceable shrubs by requiring 
that they obtain “free” permits. The permit system dates to the 1930s, when the 
colonial government used it to assert its ownership of the forest (Ribot  1993 ; 
Chatellier  2007  ) . In contrast to the regulations on subsistence collectors, park 
offi cials turn a blind eye to the harvest of entire trees for commercial activities, 
which are often managed by local elites. The criminalization of energy needs 
in communities adjacent to national parks has created a divide between locals 
and park offi cials making future collaboration on conservation diffi cult. A sus-
tainable silviculture management program, designed to meet the energy needs 
of local communities, could be one way to meet local fuelwood needs and 
maintain conservation efforts as it would reduce the current ecologically 
destructive practice of selective logging (Uhl and Vieira  1989  ) .   

  Fig. 18.7    Images from communities adjacent to Saloum Delta National Park in Senegal: 
a woman with purchased fuelwood ( left ) and a shell-lime kiln ( right ) (Source: J. Chatellier)       
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   Health and Social Welfare 

 As was mentioned previously, small-scale combustion devices burning solid fuels 
can not achieve full combustion and, as a result, release numerous pollutants. In 
addition to having a climate impact, stoves vented directly into the indoor environ-
ment result in harmful concentrations of indoor air pollution. Solid fuel use has 
been shown to cause elevated risks of acute respiratory infection (ARI), chronic 
obstructive pulmonary disease, and some types of cancer. 11  The WHO estimates that 
diseases attributable to smoke from solid fuels contribute nearly 3% of the global 
burden of illness and death (WHO  2002  ) . 

 These effects are concentrated within particular populations. As a result of the 
division of labor within most households in the developing world, exposure occurs 
disproportionately among women and young children (WHO  2002  ) . Other risks 
from woodfuel use, like burns, can affect young children in particular. In addition, 
the risk of injury from gathering and transporting heavy loads of fuel over long 
distances, as well as exposure to possible harassment for girls and women gathering 
wood far from home can arise. However, evidence of these risks is only collected 
anecdotally, and, thus, they are not included in offi cial statistics (Diaz et al.  2008  ) .    

   Interventions in the Traditional Energy Sector 

 As was discussed above, concern about woodfuels initially focused on the perceived 
link between woodfuel consumption and deforestation. This dates at least to the 
1970s, but the interest in forest conservation gradually subsided and a focus on 
public health emerged. Much more recently, the link between woodfuels and forest 
conservation has re-emerged in the context of GHG emission reductions. Each of 
these types of intervention are discussed below. 

   Interventions Linking Woodfuels and Forest Conservation 

   Supply-Side Interventions 

 For many, the obvious response to woodfuel scarcity is to plant trees. In some cases, 
this response coincides with the needs of communities that are dependent on wood 
for energy, but that is not always the case. Planting and maintaining trees can be a 

   11   The only conclusive association between cancer and IAP is lung cancer from exposure to coal 
smoke. Health professionals suspect that other forms of cancer may also be caused by exposure to 
smoke from solid fuels, but the epidemiological evidence is inconclusive. Similarly, asthma, tuber-
culosis, cataracts, and low birth weights are suspected, but not yet proven conclusively (Smith and 
Mehta  2003 ; Smith et al.  2004  ) .  
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time consuming, labor-intensive process for local communities. People are 
unlikely to plant trees for energy if alternative sources exist, such as crop resi-
dues. Similarly, if land can be put towards more lucrative uses; planting trees for 
fi rewood may be seen as “burning money.” Tree planting as a response to wood 
scarcity is, in any case, complicated by local property institutions. In some places, 
property rights associated with trees and their products are separable from rights 
to the land on which the trees grow (Fortmann and Bruce  1988  ) . Planting trees 
may represent a claim of land ownership, and result in disputes. In addition, in 
many post-colonial societies there is a long history of land appropriations and 
forced evictions predicated on real or perceived environmental crises (Leach and 
Mearns  1996  ) . Thus, any intervention, however, well intended, may be viewed 
with suspicion (Skutsch  1983  ) . 

 If tree-planting is introduced as a means of easing the pressure that demand for 
woodfuels puts on forests, interventions may be either through state-run, commu-
nity, or farm/ household-level forestry. Many state forestry institutions have a his-
tory of antagonistic relations with local communities (Castro and Nielsen  2001 ; 
Skutsch  2000  ) . Nevertheless, some governments have successfully established 
woodlots or managed forests specifi cally for community wood production (FAO 
 2003  ) . However, establishing tree plantations is expensive, particularly when state 
bureaucracies are involved, and highly centralized state-run forestry agencies are 
not usually an economically feasible way to mitigate woodfuel scarcity. On the 
other hand, if state-owned forests are already established (for example, in reserves 
established for timber production), the state can ease wood scarcity by allowing 
local communities access to dead wood, fallen trees, and pruned branches or by 
devolving a section of the forest to community control. 

 Community forestry (CF) contrasts with state forestry in that forest management 
is partially or wholly vested in the community. Many variations of CF exist. The 
managed trees may be a section of natural forest, a plantation or a wood-lot. Land 
may be land held in common, or it may lie on state-owned land with management 
responsibilities vested in the community. Fuelwood provision is one of many pos-
sible dimensions of CF, but energy is rarely the sole purpose of establishing com-
munity control. Some CF arrangements limit communities to non-commercial/
non-timber uses: for example, rights to graze livestock, fi sh, hunt, and extract a 
variety of forest products like food, medicine, leaves, and thatch. Other community 
forestry systems vest commercial management rights in communities including the 
right to sell timber concessions or harvest timber commercially themselves as in 
Mexico, Laos, and Vietnam (Bray et al.  2003 ; Sunderlin  2006  ) . 

 Wood scarcity can also be mitigated by tree planting at the household level. 
Smallholders throughout the developing world maintain wide varieties of trees 
on their own land (Chambers and Leach  1989  ) . The majority do so without out-
side assistance, though outside intervention can help to provide seeds or seed-
lings, as well as technical advice. As with CF, trees on farms are rarely used only 
as sources of fuelwood. Agroforestry, which integrates trees with cultivation and 
livestock systems, is particularly effective for maintaining trees on the home-
stead (Montagnini  2006  ) .  
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   Demand-Side Interventions 

 In addition to tree planting, the perceived link between fuelwood consumption and 
deforestation led to the development and dissemination of fuel conserving cook-
stoves. Early views presumed that traditional cookstoves were inherently ineffi cient 
and attempted to improve upon them by improving combustion effi ciency and heat 
transfer. To date, hundreds of varieties of cookstoves have been developed and hun-
dreds of millions of stoves are said to have been disseminated throughout the devel-
oping world. The vast majority of these are in China. Many programs have not 
succeeded, or have had problems scaling up. Early interventions tended to focus on 
engineering solutions, but failed to address social issues in which household energy 
use is situated (Barnes et al.  1994 , also discussed in the chapter by Doll, this vol-
ume ) . Few realized that in the hands of an experienced cook, a traditional “three-
stone” fi re can be as effi cient as many heavily engineered stoves. The behavior, 
perceptions, and motivation of the cook are important determinants of fuel con-
sumption that were largely overlooked (Crewe  1997  ) . 

 A few programs that were developed during the 1980s have had a lasting impact. 
In addition to China’s massive National Improved Stove Program (NISP) (Sinton 
et al.  2004 ; Smith et al.  1993  ) , the Kenyan Ceramic Jiko was also relatively success-
ful (Hyman  1987 ; Kammen  1995  ) . Some reasons for the success of each program 
include a slow transition from heavy state or donor support to commercialization so 
that after a time, stove construction and sale were shifted to the private sector. 
Importantly, this shift was supported at various stages by substantial research and 
development, stove marketing, external monitoring, and evaluation, and, in China’s 
case, quality control and certifi cation (Bailis et al.  2008  ) .   

   Interventions in Household Energy and Health 

 Both the successes and failures of past projects offer lessons for a new wave of 
household energy interventions currently underway. These interventions focus on 
reducing the burden of disease caused by cooking with biomass fuels by improving 
combustion, venting emissions outdoors, or switching to cleaner fuels. Numerous 
studies have shown that these strategies can reduce IAP substantially (Chengappa 
et al.  2007 ; Dutta et al.  2007 ; Ezzati et al.  2000 ; Masera et al.  2007  ) . 

 The task remains to scale up dissemination of improved stoves. Numerous proj-
ects are underway across the developing world with varying levels of donor sup-
port. 12  Among the donor community, recent activities are oriented toward 

   12   There are several web-based sources of information about household energy and health projects 
including the Household Energy Network (HEDON) at   http://www.hedon.info/goto.php/index.
htm    , SparkNet at   http://sparknet.info/home.php     and an on-line community of improved stove prac-
titioners at   http://www.bioenergylists.org/    .  

http://www.hedon.info/goto.php/index.htm
http://www.hedon.info/goto.php/index.htm
http://sparknet.info/home.php
http://www.bioenergylists.org/
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commercialization of stove dissemination. This refl ects a shift that has occurred in 
development practice more generally, where emphasis is placed on business-like 
approaches rather than models that rely on donors and subsidies (Hoffman et al. 
 2005 ; Bailis et al.  2008  ) . Whether this shift will facilitate broader adoption of 
cleaner household energy technologies remains an open question.  

   Interventions Linking Woodfuels and GHG Emission Reductions 

 In addition to the recent attention on public health in household energy interven-
tions, there has also been growing interest in the traditional energy sector as a 
means to reduce GHG emissions. Academic studies have quantifi ed the differ-
ences in emissions between traditional and improved stoves in both lab (Bertschi 
et al.  2003 ; Brocard et al.  1996 ; Pennise et al.  2001 ; Smith et al.  2000  )  and fi eld 
settings (Johnson et al.  2008 ; Roden et al.  2006  ) . Yet, net emissions reductions 
depend on forest management, as well as, emissions from stoves (Bailis and 
Barasa  2008  ) . 

 Despite the challenges, some carbon markets are accepting carbon offsets gen-
erated from substituting traditional stoves with improved ones. The Clean 
Development Mechanism (CDM) of the Kyoto Protocol has recently accepted two 
methodologies that cater to this type of project, after a long period in which improved 
stoves were not considered suited to CDM, because woodfuel themselves were 
 considered to be unsustainable. However, despite this change, very few cookstove 
projects have yet entered the CDM pipeline (Fenhann  2008  ) . In addition, a  voluntary 
offset methodology has recently been accepted by the CDM Gold Standard, an 
organization that certifi es carbon offset projects that maximize social and environ-
mental co-benefi ts (ClimateCare  2008  ) . The traditional energy sector has the poten-
tial to yield emission reductions with substantial co-benefi ts and revenue generated 
from the sale of offsets, which could assist with scale-up of stove projects that often 
struggle to achieve widespread adoption.   

   Conclusions 

 This chapter has discussed multiple dimensions of sustainability relevant to wood-
fuels. In its most narrow conception, a concern about sustainability in the context of 
woodfuel use may be limited to local environmental degradation. However, as we 
argue, sustainability has much broader implications. First, environmental sustain-
ability extends across different scales, including regional impacts and global change. 
Moreover, the challenge of woodfuel sustainability extends into social and political 
spheres, including poverty and livelihoods, public health, and social relationships. 
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In this section, we present policy options relevant for each of the aspects of 
sustainability discussed above. 

 Promoting woodfuel sustainability requires an understanding of the drivers of 
forest degradation and the role of woodfuel harvesting as one of several possible 
pressures on forest resources. This knowledge is required at a scale that is meaning-
ful to woodfuel users. As Ghilardi explains in his discussion of fuelwood  hotspots  
in Mexico (Box 18.3), woodfuel–forest interactions can be very heterogeneous 
across relatively small scales. Communities with similar social characteristics and 
woodfuel demand may manage forest resources very differently. Analyses of local 
heterogeneity can be indispensable in identifying local-level drivers of change, as 
well as prioritizing areas for intervention. 

 In addition, in woodfuel-dependent communities where forest degradation is 
apparent, policy makers should not assume  a priori  that woodfuel demand is the 
sole or primary driver. Multiple pressures on forest resources can interact with, and 
supplant, woodfuel extraction as drivers of environmental change. Only local-level 
research can truly identify causes of forest degradation and lead to solutions. 

 In cases where woodfuel extraction is identifi ed as a cause of forest degradation, 
a range of supply and demand-side interventions are possible. To address supply-
side challenges, the devolution of forest management to local communities has 
proven to be effective, provided that communities are suffi ciently empowered with 
strong institutional arrangements and suffi cient resources (Ribot  2004  ) . Extension 
services can support such efforts by providing technical advice and training. 

 Demand side challenges include technological and behavioral changes that pro-
mote cleaner combustion, improve end-use effi ciency, and/or shift wood-dependent 
households toward other sources of energy. These interventions also have the ben-
efi t of addressing some of the social sustainability challenges linked to woodfuel-
dependence. Effi ciency improvements can lower the costs of cooking by reducing 
the time and/or expense required to procure fuel, and cleaner combustion can reduce 
exposure to harmful pollutants leading to lower incidence of disease. 

 Both supply and demand-side interventions also carry global environmental ben-
efi ts. Supply-side interventions can enhance carbon sinks by promoting afforesta-
tion and reforestation or reduce future emissions by avoiding deforestation and 
degradation. Demand-side interventions can also reduce emissions in multiple 
ways. First, effi ciency improvements reduce the amount of fuel needed for a given 
cooking task, which reduces pollution. Second, when demand-side interventions 
promote cleaner combustion, emissions of pollutants with high global warming 
impacts are reduced. 

 However, describing potential benefi ts from interventions that enhance the 
sustainability of woodfuel use is easy. The true challenge lies in operationalizing 
interventions at a level that is commensurate with the scale of the challenge. 
Saving existing forests and planting trees are both universally promoted environ-
mental objectives, but both activities have proven diffi cult to implement on a 
grand scale. Similarly, with a few notable exceptions, reducing woodfuel demand 
by promoting technical and/or behavioral change is proceeding at a very slow 
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pace despite analyses that show such interventions are extremely cost-effective 
ways of addressing environmental and public health challenges (World Health 
Organization  2007  ) . 

 There are numerous barriers to scaling up efforts to promote woodfuel sustainability. 
For example, many of the negative impacts associated with woodfuel  dependence – 
forest degradation, as well as labor demands and health impacts among highly mar-
ginalized populations – often fall outside of the formal economy for which decision 
makers typically design policy. This stands in contrast to recent approaches in devel-
opment interventions which have become increasingly market oriented: for example, 
the commercialization of improved cookstoves and monetization of ecosystem 
 services (see the chapters on Payments for Ecosystem Services, Volume 2). Until the 
problems associated with dependence on unsustainable woodfuels are fully under-
stood and, to the extent that is possible, quantifi ed, commercialized solutions are 
unlikely to be effective. 

 Other barriers arise because the nature of woodfuel sustainability is highly 
contingent on local circumstances. Locally specifi c social-environmental factors 
confound attempts to develop and deploy “best practices”, as discussed in the chap-
ter by Ganz et al., this volume. As Ghilardi explains in the case study from Mexico 
described in Box 18.4, local woodfuel management practices and associated envi-
ronmental impacts can vary a great deal within a politically defi ned region that is 
otherwise culturally and economically similar. 

 However, despite numerous barriers, there are several reasons to be optimistic 
about the prospects of sustainability in the woodfuel sector. First, the breadth of 
tools required to better assess the benefi ts of more sustainable household energy 
utilization has expanded a great deal in recent years (Disease Control Priorities 
Project  2006 ; Smith et al.  2007 ; World Health Organization  2007 ; Ghilardi et al. 
 2007  ) . Second, many actors in emerging carbon markets have turned their attention 
to the household energy sector as a promising area to create carbon emission reduc-
tions that also carry substantial social benefi ts. This has raised the profi le of house-
hold energy among policy makers and created incentives to develop more accurate 
assessment methodologies to better understand the circumstances in which wood-
fuel utilization contributes to forest degradation and loss. In a third and related 
point, the emerging discussions of reducing emissions from deforestation and forest 
degradation (REDD) in the context of climate change mitigation (see chapters by 
Rumbaitis del Rio, this volume, Jenkins, Volume 2, and Estrada and Corbera, 
Volume 2) has also turned attention toward the household energy sector in certain 
places. However, currently, carbon markets are limited to project-level interven-
tions, which almost always occur at a local scale, while the REDD discussions will 
require a much needed dialog at the national scale. 

 Woodfuel dependence in developing countries is unlikely to decrease in the near-
term and many barriers to enhancing woodfuel sustainability are still well-entrenched. 
Nevertheless, new assessment methods and changing approaches to environmental 
management have shifted the terrain slightly in favor of greater sustainability. 
Whether these changes translate into real improvements in environmental quality 
and social welfare for woodfuel-dependent communities remains to be seen.      
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 Every year, a number of disasters occur and grab and hold global attention, at least 
for a short period of time. In 2010, the world witnessed an earthquake in Haiti at the 
start of the year, another one in Chile a month later, massive fl ooding in Pakistan, an 
intense summer heat wave and wildfi res in Russia, and widespread fl ooding in 
Mexico. The images of destruction from these events are heartbreaking, and the 
damage estimates are staggering. Moreover, there are also hundreds of small-scale 
disasters that occur every year that are seldom reported on outside of local areas. In 
any given year, there are more than 700 natural catastrophic events, resulting in 
billions of dollars of damage and asset loss, and unquantifi able human suffering. 
In the fi rst 9 months of 2010 alone, more than 236,000 people were killed and 256 
million people were affected by disasters at a cost of 81 billion dollars (Center for 
Research in the Epidemiology of Disasters,  2010  ) . Disasters, both large and small, 
erode away at a community or country’s ability to develop, by diverting resources 
for development towards rescue, recovery, and reconstruction measures; by fraying 
social safety nets and networks; and reducing economic productivity. GDP losses 
due to disasters range from 2% to 15%. 

 Perhaps because of the semi-regular occurrence of natural disasters, we tend to 
think of disasters as inevitable but isolated events, as episodic misfortunes wholly 
beyond our control. But as W   isner et al.  (  2004  )  point out, this is dangerous thinking 
as disasters are not isolated occurrences caused by a physical trigger, but rather the 
product of a complex chain of social, physical, economic, and political processes. 
To assume that disasters are purely natural, physically determined events is to ignore 
many of the root causes and to ignore many of the leverage points that could be used 
to reduce their destructiveness. 
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 An individual’s risk to a natural disasters is determined both by exposure and 
vulnerability to a given hazard. Vulnerability is defi ned by Wisner et al.  (  2004  )  as 
“the characteristics of a person or group and their situation that infl uence their 
capacity to anticipate, cope with, resist and recover from the impact of a natural 
hazard (an extreme natural event or process).” Where people live, what their homes 
are made of, what level of preparedness and hazard protection they have, what 
information they have, and what resources they can access all infl uence vulnerabil-
ity. These, in turn, may be infl uenced by factors such as class, gender, ethnicity, age 
group, strength of social networks, and a myriad of other factors. In short, underly-
ing social and political processes result in unequal exposure to hazards and unequal 
access to opportunities to reduce risk. 

 The state and management of ecosystems can infl uence both exposure and vul-
nerability to hazards. Two key services provided by ecosystems include both buffer-
ing and regulation of potential hazards. For instance, coastal mangroves can attenuate 
wave energy at local scales, reducing the exposure of inland populations to coastal 
storm surges. Similarly, wetlands regulate water fl ow, and reduce the incidence of 
fl ooding by retaining and slowly releasing water fl ow. Beyond regulating and buff-
ering exposure to hazards, the state of natural resources can infl uence vulnerability 
or coping capacity to natural disasters. For instance, access to diversifi ed natural 
resources, such as access to a variety of crops with different maturation periods, 
temperature tolerance thresholds, and water requirements, may increase the ability 
to cope with droughts. 

 The chapters in this section examine the complex interrelationships between 
humans, ecosystems, disasters, climate change, and development more closely, and 
use concepts and principles from ecology to identify how disaster and climate-
change response and prevention measures could be structured more effectively to 
improve the resilience of communities, reduce human suffering, and help meet 
development goals. 

 The chapter by Ingram and Khazi,  Incorporating Ecology and Natural Resource 
Management into Coastal Disaster Risk Reduction , examines coastal zone hazards, 
and the role of ecosystem-based disaster risk reduction approaches as opportunities to 
both conserve critical ecosystem services and reduce vulnerability to extreme events. 
The chapter reviews recent research on the role of coastal ecosystems in reducing the 
impact of rapid-onset disasters in the coastal zone. The authors draw on research 
conducted after the Indian Ocean tsunami of 2004, including personal observations 
from assessing coastal areas affected by the tsunami, as a primary case study to illus-
trate both the challenges and opportunities of using coastal conservation as a means 
to reduce hazard vulnerability and, in particular, to mitigate the impact of hazards on 
the lives of the rural poor. They assess the complex set of factors that affect the spatial 
and temporal distribution of disaster-regulation services of coastal ecosystems and 
use this to develop recommendations on the management and monitoring of coastal 
ecosystems to maximize the provision of disaster-regulation services. 

 The chapter by March,  Integrating Natural Resource Management into Disaster 
Response and Mitigation , provides a development practitioner’s perspective on 
how an ecosystems approach can be used to understand the impact of disasters, 
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particularly slow onset and recurring disasters, on impoverished populations and 
help guide the development of humanitarian responses that better meet populations’ 
needs and mitigate vulnerability to future shocks. The author examines how 
im proving natural resource management can assist both pastoralists and farmers in 
developing long-term resilience to stresses such as drought and pestilence. An 
application of core ecological principles of the association between diversity and 
resilience provides greater farmer and herder choice and increased stability in the 
face of more variable climate conditions. 

 Global climate change will likely increase the incidence, severity, and extent of 
natural disasters, and may lead to novel natural disasters being experienced in 
 localized areas. Rumbaitis del Rio, in  The Role of Ecosystems in Building Climate 
Change Resilience and Reducing Greenhouse Gases , reviews the potential contri-
bution of ecosystems and natural resource management in supporting poor 
 communities to build their resilience to climate variability and long-term change. 
While evidence suggests that the roles that ecosystems can play in supporting human 
adaptation to climate change is highly contextual, dynamic, and limited to a range 
of conditions, ecosystem-based interventions offer a number of comparative advan-
tages to engineered interventions. Natural infrastructure is often more cost-effective 
to maintain, offers multiple additive co-benefi ts, and thus may be, in the near term, 
an important “no-regrets” way of increasing resilience to climate change of particu-
lar relevance to poor communities. Similarly, ecosystem-based management 
approaches may be the most relevant opportunities for poor communities to contrib-
ute to global efforts to reduce the greenhouse gases that cause climate change, and 
also enable the poor to benefi t tangibly from measures taken to increase carbon 
sequestered in forests and agricultural fi elds. 

 The chapter by Seimon,  Improving Understanding of Climatic Controls on 
Ecology in Development Contexts,  critically examines the effect that climate and 
climatic variability have on human livelihoods, economic development, and well-
being. Seimon argues that long-term success in poverty alleviation cannot be 
achieved without greater comprehension and engagement with local-scale climate 
variability and change. Assuming static climates can lead to misapplied develop-
ment interventions as well as the development of maladaptive practices in the long 
term. Case studies from the Peruvian Andes and equatorial Africa illustrate how a 
comprehensive understanding of climatology enables more proactive, rather than 
reactive management responses to threats and opportunities borne by climate 
change. Climatological analysis is not often a core skill of a development practitio-
ner, and thus Seimon provides a practical guide as to how site-specifi c climatologi-
cal assessments could be implemented to incorporate a more nuanced understanding 
of climate into development and conservation efforts. 

 Taken together, these chapters illustrate that while natural disasters and climate 
change pose a signifi cant challenge to achieving the Millennium Development 
Goals, evidence from current practice suggests there is a large opportunity to lever-
age ecological and climatological knowledge to develop and implement disaster 
risk reduction, postdisaster recovery, climate adaptation, and mitigation measures in 
ways that target and benefi t the poor. While these chapters suggest that more research 
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is needed on the limits to, and interactions between, different ecosystem-based 
approaches to disaster management and building climate resilience, they also vividly 
demonstrate the importance of natural infrastructure for disaster risk reduction, cli-
mate adaptation, and mitigation, and for long-term holistic vulnerability reduction.     
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   Introduction 

 The fourth assessment report of the Nobel-prize winning Intergovernmental Panel 
on Climate Change (IPCC) provides a synthesis of hundreds of peer reviewed scien-
tifi c studies and concludes that human-induced climatic change is already occurring 
(IPCC  2007  ) . Observed impacts range from longer growing seasons in temperate to 
polar zones; changes in the timing of plant bud break, bird migrations, and egg-
laying; to poleward and upward shifts in ranges in plant and animal species (IPCC 
 2007  ) . Projected changes have varying degrees of associated uncertainty, but include 
warmer temperatures, changes in the amount and distribution and intensity of rain-
fall, potential changes in hurricane and cyclone frequency and intensity, fi re fre-
quency, changes in agricultural productivity, spread of temperature-related disease 
vectors and pests, and sea-level rise (IPCC  2007  ) . Further evidence suggests that this 
climate disruption will continue for decades to centuries (Solomon et al.  2009  ) . 

 In response to this evidence, climate change has been elevated as an international 
priority. Though once viewed as a purely environmental concern, many political 
leaders now realize that climate change, because of its systematic consequences, is 
simultaneously an economic, developmental, and even existential threat (particu-
larly for some small island states). Military and security forces increasingly recog-
nize climate change as a threat multiplier. As international negotiations continue 
under the auspices of the United Nations Framework Convention on Climate Change 
and through bilateral channels, there is greater commitment and resources available 
to support reductions in anthropogenic greenhouse gas emissions (“mitigation” in 
climate change parlance) and recognition of the need to simultaneously prepare for 
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the now unavoidable impacts of climate change (“adaptation” in climate change 
parlance). The Copenhagen Green Climate Fund, a fund created through the 
Copenhagen Accords in 2009, pledges that developed countries will provide ade-
quate funding for developing countries to enable and support enhanced action on 
both mitigation and adaptation starting at approximately $30 billion USD a year 
starting in 2010 and building to $100 billion USD in annual global climate change 
aid for developing countries by 2020. 

 Natural-resource-based management interventions fi gure prominently in the 
basket of strategies promoted by the international community to build resilience to 
climate change as well as in the measures sought to encourage low carbon develop-
ment in the developing world. Many of the communities most vulnerable to climate 
change are communities that are highly climate- and resource-dependent for their 
livelihoods, and have the fewest resources to cope with the impacts of climate 
change. Similarly, in many instances the only way that poor communities can con-
tribute to meeting greenhouse gas reduction goals is through improved resource 
management actions. These will only be adopted at a large scale if they also result 
in greater livelihood security, or tangible improvements in standard of living. 

 This chapter will briefl y examine the impact of climate change on ecosystems 
and on the human communities dependent on those ecosystems. More detail and 
case studies on the interactions between climate change and variability and poverty 
alleviation are provided in Chap.   21    , this volume. This chapter will then explore the 
role of ecosystems and natural resource management in supporting poor communi-
ties in building their resilience to climate change, and the contributions that the fi eld 
of ecology has made and could further make in advancing climate change adapta-
tion. We then examine the role of improved resource management in reducing 
greenhouse gases and poverty.  

   Impact of Climate Change on Ecosystems and Communities 

 Increasing evidence suggests that ecosystems across the globe are already changing 
as a result of climate change. The IPCC cites evidence from 75 studies and 29,000 
data series that are consistent 89% of the time with predicted impacts of anthropo-
genic warming (IPCC  2007  ) . For example, there is evidence of increasing ground 
instability in permafrost regions (IPCC  2007  ) . This, combined with coastal erosion, 
has prompted the relocation of several native subsistence hunting communities in 
the US state of Alaska to more stable inland locations. In other parts of the world, 
increased runoff and earlier spring peak discharge in many glacier- and snow-fed 
rivers have been detected, which in turn affect the composition and hydrology of 
sub-glacier ecosystems (IPCC  2007  ) . Glacial lake outburst fl oods have been docu-
mented in the Nepalese Himalayas, threatening communities that live downstream 
from glacial lakes (Yamaba and Sharma  1993 ). 

 In the marine environment, an average decrease in pH of the world’s oceans of 
0.1 pH units has been attributed to oceanic uptake of CO 

2
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from anthropogenic activities. Recent analysis suggests that ocean acidifi cation may 
already be affecting shell-forming marine life (Yamamoto-Kawai et al.  2009  ) , and 
may have cascading effects on phytoplankton, the base of the oceanic food chain, in 
low nutrient parts of the ocean (Shi et al.  2010  ) . The consequences of climate 
change on marine and estuarine systems and the subsistence fi shing communities 
that depend on them are complex and diffi cult to predict, but could be signifi cant, as 
60% of the world’s people live on the coast and depend on oceans and marine life 
for food and livelihoods. Just over 100 million tons of fi sh are eaten world-wide 
each year, providing 2.5 billion people with at least 20% of their average per capita 
animal protein intake. 

 A comprehensive review of the impact of climate change on ecosystems and 
natural-resource-based communities is beyond the scope of this chapter, and is 
indeed a very active area of research. For a more complete discussion of the inter-
relationships between climate, communities, and development, see Chap.   21    , this 
volume and the IPCC Second Working Group report on Impacts, Adaptation and 
Vulnerability (IPCC  2007  ) .  

   Enabling Ecosystem Adaptation 

 How ecosystems adapt to changing climate conditions will have signifi cant con-
sequences for the human communities dependent on those ecosystems, particu-
larly the poorest, who are often directly dependent on natural resources for their 
livelihoods. The ability of ecosystems to adapt to changing climate conditions is 
constrained by the forces of degradation, fragmentation, and overexploitation, 
all of which are increasing concurrently with climate change. There are a num-
ber of measures, however, that can be taken today to help ecosystems confront 
this multiplicity of challenges. As a general framework, the options for assisting 
ecosystems in adapting to climate change include: (1) reducing pressures and 
stresses on ecosystems, (2) incorporation of climate concerns into ecosystem 
management; (3) proactive measures to accelerate/ensure that adaptation occurs, 
and (4) continued monitoring and adaptive management. Each of these will be 
explored in turn. 

 Perhaps the biggest opportunity to help ecosystems adapt to climate change 
involves implementing measures that reduce the pressures on ecosystems to mini-
mize the compounding effects of multiple stresses. Example measures include: 
reducing pollution and toxin loads into ecosystems; limiting over-fi shing, logging, 
and grazing in sensitive areas; limiting excessive water extractions or soil loss; and 
reducing fragmentation, encroachment, and exotic species invasions where possi-
ble. In some cases these measures require implementing new or more stringent envi-
ronmental regulations and, in other cases, it might be possible to prevent introduction 
of a new stressor. Active restoration measures may be needed in some instances 
to limit stresses. The World Wildlife Fund and other conservation organizations 
have been actively experimenting with this approach by, for instance, implementing 
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measures to reduce nutrient runoff to coral reefs to see if this improves the ability of 
reefs to tolerate increasing temperatures and acidity (Hansen et al.  2003 ). While this 
is a very promising approach toward building ecosystem resilience, interventions 
are diffi cult to implement, especially where conditions of poverty and human needs 
prevail, because of competing priorities and the lack of resources and skills neces-
sary to successfully implement such interventions. 

A second management approach involves the active incorporation of climate 
change concerns into conservation and natural resource management plans. The 
projected impact of climate change as well as potential changes to the confi gura-
tion and health of ecosystems in the future should be considered when designing 
new protected areas, reviewing the management of current protected areas, and 
developing management strategies for buffer zones and matrix habitat surrounding 
protected areas. Priority measures could include expanding conservation areas to 
account for potential shifts in ecosystems and species ranges and distributions, 
protecting buffer zones and corridors that aid species migration, protecting poten-
tial climate refugia (areas likely to preserve species because the local microclimate 
is relatively constant), protecting special habitats that might be particularly threat-
ened by climate change (e.g., high elevation habitats), preserving functionally 
important areas (such as potential breeding sites of sensitive species), and protect-
ing areas of particularly high endemic biodiversity. A number of approaches and 
tools are available to assist with the integration of climate concerns into conserva-
tion planning, including downscaling of global and regional climate models, using 
dynamic vegetation models of species and ecosystem changes in response to cli-
mate parameters, and use of paleontological information to predict how species 
will behave in response to climate change. Less data-intensive approaches such as 
scenario planning and climate mainstreaming tools have also been used to inte-
grate climate concerns into protected area management where more specifi c data 
is not available. 

 In addition to reducing stresses on ecosystems and integrating climate concerns 
into conservation planning, many managers will fi nd it necessary to implement 
more proactive measures to ensure that ecosystem adaptation occurs at an accept-
able rate. Interventions can include measures such as prescribed burning to reduce 
the impact of catastrophic fi res, or pest control to reduce the impact of a pest out-
break that would otherwise be controlled by prolonged periods of cold tempera-
tures.  Ex situ  conservation measures, such as germplasm, seed, sperm and 
propagule-banking, captive breeding in aquaria and zoos may also be needed to 
insure that the genetic potential for adaptation persists, especially given current 
extinction rates. For instance, the Crop Biodiversity Trust has recently constructed 
a large seed vault in Svalbard, Norway to, among other objectives, insure that future 
generations have the crop biodiversity needed to maintain food production in spite 
of potentially very different climate conditions than those experienced today (Global 
Crop Biodiversity Trust 2010). More controversial measures to actively enable eco-
system adaptation include assisted species migration and the reintroduction of spe-
cies (Hoegh-Guldberg et al.  2008  ) . Species introductions must be carefully 
considered, because of the potential that the introduction may lead to new pest 
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 problems in the introduction site, either from disruption of predator–prey dynamics, 
or from pests and diseases inadvertently introduced along with the target species. 
Because of these concerns, scientists recommend that species reintroductions and 
assisted migration only be implemented in cases where the target species is at high 
risk of decline due to climate change and where translocation and establishment are 
technically and practically feasible and likely to be successful, and the benefi ts of 
the translocation outweigh the biological and socio-economic costs (Hoegh-
Guldberg et al.  2008  ) . Otherwise a more prudent approach consists of prioritizing 
traditional conservation approaches mentioned previously, such as habitat conserva-
tion, expansion and restoration, reducing stressors, increasing connectivity, and 
 ex situ  conservation measures, such as creation of artifi cial habitat as a source of 
organisms to restore degraded areas. For instance, Counterpart International works 
with communities in the Dominican Republic to create artifi cial coral gardens, 
which serve as low-tech, cost-effective systems for growing and transplanting  corals 
to restore degraded reef ecosystems and community-based fi sheries (Counterpart 
International  2010  ) . 

 The fi nal approach to enabling ecosystem adaptation consists of adaptive man-
agement of ecosystems. Continuous monitoring of indicators of ecosystem health, 
ecosystem service delivery, and the state of climate and nonclimate stressors will be 
critical steps in ensuring that conservation measures are effectively enabling eco-
system adaptation to changing climate conditions. 

 These steps should be incorporated into planning mechanisms that require peri-
odic reevaluation of management effectiveness and enable implementation of mid-
course corrections as needed. Preservation of ecosystem fl exibility should be an 
explicit management objective, as it may be most cost-effective to manage for a 
range of conservation goals today rather than suffer the consequences of too tightly 
constrained options in the future. For more information on how to build resilience 
to climate change in natural systems, please consult  Buying time: A user’s manual 
for Building Resistance and Resilience to Climate Change in Natural Systems  
(Hansen et al.  2003 ), an easy to follow guide produced from WWF’s experience in 
implementing ecosystem adaptation projects, from which many parts of this discus-
sion were drawn.  

   Role of Ecosystems in Helping Humans 
Adapt to Climate Change 

 While many researchers and practitioners have explored how human management 
can help ecosystems adapt to the consequences of climate change, surprisingly, less 
consideration has been given to the role of ecosystems in helping humans manage 
the consequences of climate change. Ecosystems provide several important services 
that contribute to human well-being. As was articulated in the Millennium Ecosystem 
Assessment ( 2005 ), ecosystems provide a range of provisioning, regulating, 
cultural and supporting services that directly and indirectly contribute to human 
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well-being. Many of these services also support human adaptation to climate change. 
Provisioning services, such as food, freshwater, fuel and fi ber production and sup-
porting services, such as nutrient cycling and soil formation, are affected by climate 
conditions and need to be maintained in spite of the impacts of climate change 
because substitutes are either unavailable or cost prohibitive. Regulatory ecosystem 
services, such as fl ood and disease regulation and water purifi cation, provide direct 
benefi ts to humans in terms of adapting to climate change. Across the globe, these 
regulating services of ecosystems have been replaced with engineered infrastructure 
or human systems (such as fl ood control infrastructure). However, these services are 
either non-existent or not available to the poor, in many parts of the world, making 
populations more reliant on ecosystem regulating functions for their safety and 
well-being. This natural infrastructure can, under certain conditions, be more fl exi-
ble and adaptive than engineered infrastructure and may also be more cost-effective 
than engineered solutions. Thus, the regulatory functions of ecosystems should be 
included in consideration of a range of options evaluated to help communities adapt 
to climate change. 

 This section further elaborates the specifi c ways in which ecosystem services 
may support human resilience to changes in temperature, precipitation, and extreme 
weather events, as well as some of the indirect impacts of climate change. 

   Temperature 

 It is well established that vegetation cover can moderate land and stream surface 
temperatures and reduce the effects of temperature extremes. For instance, shade 
trees have been shown to reduce surface temperatures and energy use for cooling in 
urban centers (Akbari et al.  2001  ) . The installation of a green roof atop Chicago 
City Hall in the United States reduced roof surface temperatures in mid-summer by 
as much as 10°C, as measured as the temperature difference between the green roof 
and an adjacent roof. Furthermore, this provides energy savings of $3600 annually 
(ICLEI  2010  ) . Similarly, planting of shade trees in agricultural systems has been 
shown to reduce soil surface temperature extremes and reduce evaporation of soil 
moisture through both the direct effects of shading and the mulching effect of leaf 
litter (Scherr and McNeely  2007  ) . 

 A modeling study calibrated for land cover and land use in Western Australia has 
shown that reforestation could reduce anthropogenic-induced warming by as much 
as 30% by 2030, but that this cooling effect declines to less than 10% past 2100 as 
warming intensifi es (Pitman and Narisma  2005  ) . Furthermore, fi ndings suggest that 
the temperature-moderating effect of reforestation is linearly related to the spatial 
scale of reforestation, at least as a fi rst-order approximation. While scale is an 
important factor, the temperature moderating effect of vegetation also depends 
on the structure and density of the vegetation canopy, the temperature profi le 
experienced, and the effects of temperature on the vegetation canopy. This research 
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indicates that more study is needed to further quantify the mechanisms and potential 
benefi ts of large-scale revegetation as a strategy for reducing the temperature effects 
of global climate change.  

   Flooding 

 Wetlands, fl oodplains, lakes, and coastal ecosystems play a strong role in absorbing 
precipitation and attenuating fl ooding. Mechanistically, vegetation in these sys-
tems affects the amount of rainfall that is evaporated and transpired and, conse-
quently, the amount of water available for soil moisture storage, groundwater 
recharge, and streamfl ow, including peak streamfl ow which can result in fl ooding. 
Removal or fragmentation of wetlands tends to reduce fl ood water storage capacity 
and can contribute to the destructiveness of fl ood events  (Millennium Ecosystem 
Assessment   2005  ) . However, wetlands should not be viewed as singular units, but 
rather as a connected system of upland and lowland systems that within a catch-
ment together provide fl ood regulation services. Mountain forests have been 
shown to contribute to fl ood regulation, however, the extent to which they contrib-
ute to fl ood regulation is diffi cult to generalize. Studies comparing the effects of 
intact and logged mountain forests on storm fl ow discharge show differing results. 
For instance a study in Madagascar showed that conversion from primary forest to 
swidden agriculture can increase downstream storm fl ow by a factor of four (The 
World Bank  2009  ) . However, a study by the Food and Agriculture Organization 
and the Center for International Forestry Research  (  2005  )  concluded that forests 
are only likely to reduce fl ooding in relatively minor storms. In some cases, the 
presence of forest vegetation does not seem to have any infl uence in reducing peak 
stream fl ow, demonstrating the complex relationship between mountain vegetation 
and fl ood regulation. This complexity is due to the fact that the proportion of 
incoming precipitation that is transferred to streamfl ow varies according to vege-
tation type, structure, development, rooting depth, and health, as well as anteced-
ent conditions such as soil moisture conditions as affected by previous weather 
events. Thus, the relationship between vegetation and fl ood regulation is in many 
cases nonlinear and diffi cult to predict. The role of vegetation in reducing the 
incidence and severity of fl ood-related landslides is similarly complex, with some 
research supporting the role of vegetation in stabilizing slopes and others suggest-
ing a minor role of vegetation in preventing fl ood-related landslides (FAO and 
CIFOR  2005  ) . 

 Complexity notwithstanding, many locations around the world are choosing to 
restore or preserve wetlands, lakes, fl ood plains, and montane ecosystems as a way 
of reducing fl ood risks. For instance, fl ood control projects in Ecuador and Argentina 
both make use of the natural storage of forests, wetlands, and riparian corridors to 
provide a cost-effective mechanism to cope with recurrent fl oods (The World Bank 
 2009  ) . This strategy functions in two ways: (1) the water regulating function of 



338 C. Rumbaitis del Rio

ecosystems are used to reduce fl ood water volumes, and (2) conservation of fl ood-
plains and riparian ecosystems keeps economically valuable infrastructure out of 
those ecosystems, which are often the most dynamic and frequently fl ooded areas, 
thereby reducing economic losses.  

   Drought 

 There is a large body of literature examining the relationship between large-scale land 
degradation and drought and desertifi cation. However, no specifi c relationship can be 
defi ned between human activities and land degradation or desertifi cation at a large 
scale. The causes of desertifi cation and long-term drought include natural climate 
variability, nonequilibrium dynamics of arid ecosystems, and the exacerbating effects 
of extractive land uses such as over-cultivation, over-grazing, and deforestation 
(Herrmann and Hutchinson  2006  ) . Because of the confl uence of macro-scale climate 
trends and local-scale management practices, there is little direct evidence of the 
effects of ecosystem conservation or management on reducing drought frequency or 
duration. However there is anecdotal evidence that improved environmental manage-
ment can help moderate the impact of droughts, particularly short-term droughts. For 
instance, in the Sahelian country of Niger, farmer planting and protection of trees has 
led to an increase of tree cover over 7.4 million acres (Polgreen  2007  ) . The increase 
in tree cover has reduced wind-based topsoil erosion, has increased the ability of soil 
to hold onto water and, thus, has benefi tted crops because  Faidherbia alba , the spe-
cies of tree most often planted or conserved, shed their leaves during growing season 
and do not compete with crops for water. Furthermore, many of the trees are nitrogen-
fi xing trees, which improve soil nitrogen availability and soil fertility. The increase in 
tree cover was prompted by a change in the legal ownership status of trees, such that 
now farmers are granted ownership over the trees planted. These changes in manage-
ment practices also coincided with a natural increase in precipitation, due to decadal 
climate variability in the region, but likely did not  cause  observed increases in pre-
cipitation. However, increased tree cover has enabled farmers to benefi t from a more 
hospitable environment in ways that in the future may contribute more effectively 
buffering the impacts of drought. 

 On a smaller scale, vegetation cover has been shown to reduce evaporation, 
increase soil water holding capacity, and reduce aeolian topsoil erosion. When veg-
etation cover is incorporated into agricultural systems, either as ground cover or an 
agroforestry layer, it can reduce the impacts of minor to moderate drought on agri-
cultural production (Scherr and McNeely  2007  ) . 

 Arid ecosystems are important sources of drought resistant varieties of crops and 
livestock, or their wild relatives, which will be a reservoir for the diversity that will 
be needed over the long term to cope with increasing drought. Furthermore, when 
managed sustainably, these systems may provide life-sustaining sources of food 
(wild plants and bushmeat) when severe droughts occur and other sources of food are 
not available.  
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   Coastal Storms and Erosion 

 Coastal ecosystems and natural structures such as near shore coral reefs, sand dunes, 
sea grasses, salt marshes, wetlands, lagoons, and mangroves have been shown to 
have a benefi cial impact on reducing the impacts of coastal storms in many instances. 
These systems reduce impacts of coastal storms through a variety of mechanisms. 
Near shore coral reefs, sea grasses, mangroves, sand dunes, and coastal wetlands 
can reduce wave energy and, thus, the destructive power of coastal storms (Koch 
et al.  2009 ). Coastal vegetation can reduce soil erosion and inland transport of mud 
and debris which increases the destructive power of coastal surges. Wetlands, 
lagoons, and fl oodplains can divert and contain fl oodwaters. All of these coastal 
systems, when kept intact, mean that high-value assets (including people’s homes) 
are located further inland and further out of harm’s way. These systems, of course, have 
limits in their ability to buffer the impact of coastal storms and storm surges, and 
can be overridden and damaged by high intensity storms and storm surges. Chronic 
degradation of these systems can also reduce their buffering capacity. Furthermore, 
these systems vary in their buffering capacity spatially and temporally (Koch et al. 
 2009 ). For instance, a study of coastal mangroves in Thailand has shown that the 
wave attenuation function of mangroves increases nonlinearly with mangrove area 
(Barbier et al.  2008 ). This has implications for management of coastal ecosystems 
to maximize the regulating benefi ts while still accommodating sustainable coastal 
development (Barbier et al.  2008 ). 

 The cost effectiveness and co-benefi ts of ecosystem-based coastal defense are 
increasingly being quantifi ed and used as justifi cation for increased coastal ecosys-
tem protection. For instance, mangroves in Malaysia are estimated to provide a 
value of $300,000 USD per km as coastal defenses relative engineered alternatives 
(The World Bank  2009  ) . A Vietnamese program to plant and protect coastal man-
groves as a way of buffering storms has saved an estimated $7.3 million per year in 
sea dyke maintenance since its inception in 1994 (The World Bank  2009  ) . Co-benefi ts 
of preserving these ecosystems include preserving habitat for marine and estuarine 
fauna, improving coastal water quality, and especially in the case of mangrove pres-
ervation, conservation of carbon rich soils. A more detailed discussion of the role of 
coastal systems in buffering hazards and storm effects is presented in Chap.   22    , this 
volume .   

   Fire 

 The occurrence and character of wildfi res are a function of a combination of factors 
such as fuel load, fl ammability, ignition source, and fi re-spreading conditions, each 
of which are related to land use and land cover  (Millennium Ecosystem Assessment 
  2005  ) . For instance, the amount of vegetation effects the fuel load as does the past 
disturbance history and management history of a site. Fire suppression practices can 
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lead to the buildup of fuel loads, while selective logging or prescribed burns can 
reduce fuel loads. Vegetation composition can affect fl ammability, as some plants 
have highly fl ammable resinous saps, or alternatively high moisture contents which 
reduce fl ammability. Similarly, soil moisture conditions can increase or decrease 
fl ammability. Likelihood of ignition and fi re intensity are affected by the buildup of 
fuels, as well as by past and current management practices. Certain management 
practices such as swidden agriculture or fi re-based pasture management can escape 
management and lead to increased incidence of wildfi res. Landscape structure, 
vegetation structure, and management interventions such as fi rebreaks all infl uence 
the spread of fi re. 

 Fire regimes are likely to be modifi ed as a result of climate change, largely a 
result of hotter and drier conditions. The relationship between fi re incidence and 
drier than normal conditions associated with El Nino–Southern Oscillation (ENSO) 
suggests that fi re may become more frequent in areas where it is rare, such as in 
tropical moist forests, as drying trends take effect (Dudley and Stolton  2003  ) . 
Fortunately, this effect may be at least partially countered by proactive fi re manage-
ment techniques. Measures to reduce fuel loads, manage fi re spread, or reduce the 
incidence of ignition may be needed to reduce the likelihood of catastrophic fi res in 
areas where the human and ecological consequences of fi re may be detrimental. 
However, it should be noted that fi re is an important factor in regenerating ecosys-
tem health and functioning in fi re-adapted ecosystems, and efforts to control fi res 
such as selective harvesting, prescribed burns, and other forms of management, if 
misapplied, can negatively affect ecosystem health and service provision (Dale et al. 
 2001  ) . Thus, ecosystem-based fi re management strategies must continue to be a part 
of forest management concerns, especially in light of climate change and the poten-
tial consequences of climate change on fi re regimes.  

   Salinization 

 Increasing salinization of estuaries, surface water, and shallow coastal aquifers are 
expected consequences of climate-change-related sea level rise and coastal storms 
(IPCC  2007  ) . This saltwater intrusion may affect drinking water supplies as many 
coastal communities derive drinking water from rivers upstream from where salt 
fronts currently occur. As salt fronts push further inland, especially during times of 
drought, the likelihood of drawing in salty water will increase. This will have impli-
cations on water treatment processes, industrial processes that depend on a certain 
water quality, and potentially human health. Shallow coastal aquifers may also 
become salinized as a consequence of sea level rise, decreasing the amount of 
groundwater available for drinking water and productive use, including irrigation. 
Furthermore, salinity increases in estuaries will harm aquatic plants and animals 
that are not tolerant of high salinity, or are not able to adapt to higher salinity 
conditions. 
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 Management options to cope with increasing coastal salinization include 
increased releases of freshwater from reservoirs, especially during drought periods, 
to push back surface water salt fronts. This will require greater storage of freshwater 
during periods of water abundance. Groundwater injection of freshwater may also 
help reverse or delay groundwater salinization, though this practice must be evalu-
ated and regulated carefully to avoid contamination and unintended side-effects. 
Increased use and introduction of salt-tolerant species in coastal areas may also 
become necessary. Already, farmers in coastal Sri Lanka are experimenting with 
traditional and modern rice varieties which are more saline-tolerant  ( Practical 
Action  2010  ) . 

 Salinization of soils and groundwater may be exacerbated in inland areas due to 
climate change-related increases in aridity. Salinization in arid areas occurs where 
salt occurs naturally in the soil or groundwater, and becomes concentrated at the 
surface when trees and other deep-rooted vegetation are cleared or replaced shallow-
 rooted annual crops, which do not take up as much water as deeper rooted vegeta-
tion. Over time, this causes the water table to rise, passing through salt deposits and 
dissolving and re-depositing them at a shallower depth. Gradually, the salt raises to 
the topsoil layer and becomes deposited and concentrated at the soil surface. In a 
similar manner, irrigation in arid saline environments can result in a rising water 
table that brings deep salt deposits upwards to surface soils, eventually concentrat-
ing at the surface. Salinization is a slow process that can render agricultural lands 
and groundwater stores unusable. Salt can also damage infrastructure such as roads, 
pipelines, and water treatment systems. Reversal of soil salinity can be a similarly 
lengthy process. Options include planting salt-tolerant species, use of drip irrigation 
systems and drainage of irrigation water through collection canals to prevent rising 
of the water table. Prevention of salinization is a more cost-effective approach than 
repair, and can be achieved through vegetation management including preservation 
of trees, particularly deep-rooted native vegetation in arid areas, and careful regula-
tion of groundwater levels through irrigation management combined with continu-
ous monitoring of soil and groundwater salinity levels.  

   Food Security 

 Climate change impacts on agricultural production and food security are diffi cult to 
predict. In the near term, many studies conclude that limited changes in temperature 
and precipitation, as well as, CO 

2
  fertilization effects will result in moderate changes 

in global agricultural production (Cline  2007  ) . However, Lobell et al.  (  2008  )  found 
that production impacts by 2030 could be signifi cant for staple crops in some of the 
most food insecure regions of the world. For instance, in southern Africa, maize 
production may decline by 10–40% and wheat may decline by 5–30% relative to 
1998–2002 average yields (Lobell et al.  2008  ) . Over the longer term, impacts may 
be more dramatic, as models suggest that by the end of the century, average summer 
temperatures will exceed the hottest summer temperatures recorded to date for most 
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of the tropics and subtropics (Battisti and Naylor  2010 ). This poses an increased 
impetus to develop crop varieties that are tolerant to heat and water stress, and accel-
erate development of irrigation and water management systems in some of the most 
impoverished regions of the world. Moreover, as agricultural development proceeds, 
vulnerability to climate may  increase  as recent research suggests that areas with 
higher yields are more susceptible to temperature-related yield decreases than areas 
with marginal yields as climate becomes more of a growth limiting factor than other 
factors such as soil nutrient depletion (Schlenker and Lobell  2010  ) . This under-
scores the need to consider adaptation measures in tandem with agricultural devel-
opment measures. 

 The role of ecosystems in assisting humans in adapting to long-term climate-
related food security challenges is multifold. Development and use of new crop 
varieties suited to new temperature, precipitation, and salinity regimes will underpin 
our ability to adapt agricultural systems to climate change. New varieties, developed 
by either traditional breeding techniques or biotechnological methods, will to some 
extent depend on the availability of diverse crop genetic resources that contain 
desired traits—for instance, landraces or crop wild relatives with resistance to 
drought, heat, salinity, particular pests or diseases, and varieties with different matu-
ration periods (Burke et al.  2009  ) . Conservation of areas of high diversity of crop 
wild relatives and crop biodiversity will be indispensible to preserving future adap-
tive capacity. Measures include both  in situ  conservation of wild plant populations 
in the habitats where they naturally occur, as well as  ex situ  conservation in zoos, 
botanical gardens, and gene-banks. The fi eld of conservation genetics has many 
tools and approaches that can be applied to improve the conservation of crop genetic 
diversity. 

 In the near term, ecosystem-oriented interventions can help make production sys-
tems more resilient to climate variability. Use of cover crops, incorporation of crop 
residues, and improved fallow rotation can reduce vulnerability to drought by 
increasing the water-holding capacity of soil and litter layers (FAO  2009 ; Scherr and 
McNeely  2007  ) . Use of legumes in crop rotation, greater use of perennials, and crop 
diversifi cation in general can increase soil fertility and decrease vulnerability to pests 
and diseases, the incidence and spread of which may be infl uenced by changing cli-
mate conditions (FAO  2009  ) . Restoration and revegetation of pasture lands can 
reduce vulnerability to climate impacts by improving soil structure, reducing ero-
sion, and maintaining soil water holding capacity (FAO  2009  ) . For more information 
on ecosystem-oriented production practices, and their role in improving the stability 
and productivity of food production systems, please see Chaps. 2–5 in this volume. 

 Finally, in times of acute food scarcity, wild areas often become important 
sources of food and livestock forage for survival – though this can have negative 
health and ecological consequences, such as the spread of zoonitic diseases associ-
ated with bushmeat consumption. Additionally, if these food sources are extracted 
unsustainably and signifi cantly reduce species that provide important ecological 
functions, the ability of social and ecological systems to adapt to changing condi-
tions may be further undermined.  
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   Water Security 

 Climate change, combined with increasing demand for water due to population 
growth and economic growth, is likely to exacerbate many existing water crises 
and create new areas of water stress (2030 Water Resources Group  2009 ; Chap.   9    , 
this volume). Changes in the frequency and abundance of precipitation, though 
uncertain and diffi cult to project in global and regional climate models, are likely 
to increase variability in water availability and quality for human consumption and 
use. The role of ecosystems, particularly forests, in increasing stream water avail-
ability or stabilizing water supply is highlighted as a potential adaptation strategy, 
but its effectiveness is highly contextual. There is no consistent relationship 
between natural vegetation cover and water availability or stability, though there 
is some evidence the presence of cloud forests tends to increase streamfl ow by 
intercepting water from clouds (Dudley and Stolton  2003  ) . 

 While no clear relationship exists between vegetation cover and water avail-
ability, there is signifi cant evidence to suggest that natural vegetation cover 
improves water quality. Forests and wetland ecosystems increase infi ltration, 
store runoff, reduce sedimentation and siltation, recharge aquifers, and contrib-
ute to streamfl ow. Healthy soils can, through biogeochemical cycles, remove 
excess nutrients and adsorb pollutants, keeping them from entering streamfl ow. 
These properties of ecosystems have been shown to signifi cantly reduce water 
fi ltration and purifi cation costs, as evidenced by the fact that now more than one-
third of the world’s top 100 cities now rely on protected areas for all or a portion 
of their drinking water (Dudley and Stolton  2003  ) . For instance, the Aberdare 
Mountains and Mount Kenya National Parks in Kenya provide critical water to 
the growing city of Nairobi, and the Gunung Gede-Pangrango protected area in 
Indonesia provides drinking water to the Indonesian cities of Jakarta, Bogor, and 
Sukabumi (World Bank  2009  ) . Conservation of natural habitats in the Upper 
Tuul Basin has been found to be the most economical approach to preserving 
future water quality for Ulaanbaatar, Mongolia’s largest city (World Bank  2009  ) . 
Protected areas are increasingly managed as water reservoirs to meet current and 
future water needs. 

 The cost effectiveness of conservation-based approaches for water quality main-
tenance is increasingly recognized by private sector interests. For instance, payment 
for ecosystem service schemes are used in Costa Rica to reduce siltation and ensure 
suffi cient water supplies for hydro-electric power generation (Chap. 14, Vo. 2). In 
Guatemala, Pepsi Cola has paid for conservation efforts to maintain water quality 
for commercial use (Dudley and Stolton  2003  ) . 

 Wetland ecosystems can be critical infrastructure toward maintaining water 
quality and even providing wastewater treatment benefi ts. The city of Riverside, 
CA, USA uses 28 ha of restored wetland vegetation to denitrify wastewater (World 
Bank  2009  ) . This approach cost the city 90% less than constructing a conventional 
treatment facility, and provides co-benefi ts such as recreation, environmental edu-
cation, and serving as wildlife habitat to 94 bird species (World Bank  2009  ) . 
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The importance of ecosystems in providing cost-effective means to preserve or 
improve water quality, and in some cases water availability, will make ecosystem 
conservation and restoration important tools in moderating water stresses exacer-
bated by climate change, especially in developing country situations where 
resources for built water infrastructure are very limited. For more information on 
the role of ecosystems in managing water and poverty crises, please see Chaps. 6–9 
in this volume.  

   Health 

 As described in Chap.   12    , this volume, climate change will present a number of 
direct and indirect challenges to human health, such as the direct effects of heat 
waves on vulnerable populations (children, the elderly, and the infi rm) and indirect 
impacts such as malnutrition, and spread of vectorborne and zoonitic diseases. The 
spread of agricultural pests should also be included in this regard, as many agricul-
tural pests are partially regulated by climate factors such as temperature or precipita-
tion conditions that contribute to pest population increases or declines. In many 
cases, the best response to these climate–health-related challenges will be early 
detection and response by health system actors. However, in some cases ecosystem-
oriented interventions can contribute to reducing the consequence of the health 
threat. For instance, increasing vegetation cover in cities has been shown to reduce 
the heat island effect and may play a role in reducing the impact of heat waves on 
urban environments. Similarly, maintenance of predator–prey relationships can con-
tribute to the regulation of certain pests and diseases. The role of ecosystems in help-
ing human communities’ adaptation to climate-related health challenges is a relatively 
new area of inquiry that will require much more research in the coming years.  

   Summary: Role of Ecosystems in Building Human 
Climate Change Resilience 

 The previous section highlights some of the key ways in which ecosystems contrib-
ute to regulating climate-change-related impacts on temperature, fl ooding, drought, 
fi re, coastal storms, salinization, food security, water security, and health. In many 
cases the roles that ecosystems can play is highly contextual, dynamic, and limited 
to a range of conditions. For instance, the presence of an agroforestry layer may 
buffer the impacts of short-term reductions in precipitation; but it will not be able to 
prevent the negative impacts on crops resulting from extremely prolonged periods 
of drought. Our knowledge of the roles of ecosystems in reducing climate change 
impacts is still in its infancy and, in many cases, based on anecdotal evidence rather 
than experimentally derived and quantifi ed evidence. Clearly, more research is 
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needed to quantify and qualify the conditions under which ecosystems support the 
climate resilience of human communities. This will likely be a very active area of 
research for the ecological and development community in coming years. 

 Taking into account the above caveats, however, ecosystems-oriented interven-
tions are an important component of an effective strategy to build resilience to cli-
mate change. Well functioning ecosystems contribute to overall vulnerability 
reduction through a number of different mechanisms, and often maintaining ecosys-
tems and the functions they provide are the most direct way to stop maladaptive 
practices and contribute to general resilience-building. Specifi c ecosystem interven-
tions, such as restoration of degraded systems, are often more cost-effective than 
implementing large-scale engineered interventions, and provide similar protective 
benefi ts plus additional environmental and social co-benefi ts, which are critical in 
developing world situations where many are directly dependent on ecosystem ser-
vices for daily livelihoods. Furthermore, ecosystem interventions are often additive 
measures that further strengthen other kinds of interventions intended to build resil-
ience, thereby contributing to the redundancy of the system. Consider for instance, 
the role of wetlands in reducing the impact of coastal storms implemented in tandem 
with a well-functioning disaster alert and evacuation system. While both ecosystem-
oriented interventions and built infrastructure interventions have limits to their buff-
ering capacity ecosystem interventions are often more fl exible and can be 
incrementally adapted to changing conditions as needed. This incremental approach 
will be a key to building resilience to climate change as our understanding of the 
impacts of climate change continue to evolve. Ecosystem-oriented measures are per-
haps more relevant than other kinds of engineered measures to simultaneously meet 
multiple poverty alleviation goals because these measures can be implemented in 
low resource environments  by local community groups  and will provide near term 
poverty alleviation benefi ts beyond contributing to building resilience to climate 
change. Thus, ecological interventions should continue to play a signifi cant role in 
helping communities adapt to climate change, and will fi gure prominently in national 
and local adaptation strategies and plans alongside other kinds of measures. 

 Finally, it should be noted that one of the largest contributions that ecologists 
have made to the fi eld of climate change adaptation is through the introduction of 
the concept of resilience, a term that has been diffusing through the climate adapta-
tion community in recent years. Resilience is defi ned as the ability of a system to 
absorb shocks, to avoid crossing a threshold into an alternate and possibly irrevers-
ible new state, and to regenerate after disturbance (Resilience Alliance  2007 ; 
Chap.   22    , this volume). In contrast, adaptation is defi ned by the IPCC as “Adjustment 
in natural or human systems in response to actual or expected climatic stimuli or 
their effects, which moderates harm or exploits benefi cial opportunities” (IPCC 
 2007  ) . Adaptation refers to measures taken in response to  specifi c  current or expected 
impacts. Resilience, on the other hand, is a property of a system that enables adjust-
ment to changing conditions, including surprise conditions that cannot be anticipated. 
Because climate change will encompass impacts that are unpredictable, a general 
resilience approach that explicitly acknowledges the need to prepare for anticipated 
and unanticipated changes or shocks may be more effective than an adaptation 
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approach, which focuses more narrowly on specifi c responses to specifi c impacts. 
Building and managing for resilience requires consideration of robustness or ability 
of measures to reduce the effects of a variety of impacts; the need to promote man-
agement of systems so that they reinforce each other and are redundant in produc-
tive ways; support fl exible management that allows for learning and change amidst 
dynamic conditions; diversifi cation and decentralization to build needed redun-
dancy; and foresight and preparedness. Building this kind of resilience requires 
multi-sectoral approaches and multiple skill sets integrated within a systems analysis. 
Systems analysis is a central concept in the discipline of ecology that has been 
extended to socio-ecological systems. As such, ecological frameworks and tools to 
facilitate understanding of complex systems (for instance systems modeling tools) 
are directly applicable to understanding system vulnerabilities and identifying inter-
linked, pro-active approaches to build resilience to climate change. This contribu-
tion of the fi eld of ecology to managing the climate change challenge should be 
developed further as a foundation for more comprehensive and extensive action to 
build resilience to climate change.   

   Role of Ecosystems in Helping Humans 
Reduce Greenhouse Gases 

 An estimated 30% of all greenhouse gas emissions are derived from the land use sec-
tor, and, thus, land-based solutions to curb greenhouse gas emission could contribute 
signifi cantly to global efforts to prevent catastrophic climate change. More impor-
tantly, the land use sector provides the greatest set of opportunities within the range 
of mitigation actions to directly involve poor communities in reducing greenhouse 
gases and in ways that tangibly benefi t them, too. It should be noted that certain sec-
tors of the international community has been slow to support land-based climate 
change mitigation solutions because, as opposed to more technologically oriented 
solutions, land-based solutions are viewed as impermanent and volatile, too complex, 
too diffuse and too slow to yield benefi ts on the scale needed to tackle the climate 
problem. Coordinated efforts among NGOs, academics, and donors to address these 
issues over the past decade have resulted in important policy inroads, particularly 
with respect to Reducing Emissions from Deforestation and Degradation (REDD). 

 Land-based greenhouse gas mitigation activities can be generally divided into 
two categories of activities: (1) activities that sequester or remove carbon from the 
atmosphere, and (2) activities that reduce the amount of greenhouse gases emitted 
to the atmosphere. Each of these approaches consists of specifi c measures to be 
undertaken in both the forestry and agriculture land use sectors, and will be exam-
ined in turn. 

 Land-based activities that sequester carbon from the atmosphere include fi xing 
carbon in terrestrial vegetation and in enriching the amount of carbon stored in soil. 
This can be accomplished through a range of activities including: restoring vegeta-
tion cover on degraded land, afforestation or other means of increasing terrestrial 
biomass, low till soil management, and other soil management techniques that 
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increase soil organic matter. Restoring degraded lands has multiple ecological ben-
efi ts in addition to increasing the amount of carbon stored, including improved 
watershed functioning such as groundwater recharge, reducing soil erosion, and 
providing habitat for wildlife. Benefi ts to humans can include improved availability 
of fuel wood, improved pasture areas, improved hunting grounds, as well as the 
productive and health benefi ts of improved watershed functioning and soil conser-
vation. Afforestation of previously unforested areas can have the same effects, 
depending on how projects are implemented and how communities are allowed to 
utilize afforested areas. However, it should be noted that afforestation of previously 
unforested areas, such as conversion of grasslands to forestlands, can have negative 
biodiversity impacts and degradation of associated ecosystem services, depending 
on the scale of conversion, species used to afforest, and other factors. The Clean 
Development Mechanism (CDM) of the Kyoto Protocol provides incentives for 
increased carbon sequestration through both reforestation and afforestation, though 
only a limited number of these kinds of projects have actually received accreditation 
under the CDM. 

 Climate concerns have recently led to an emerging movement to incent carbon 
rich farming practices. Carbon rich farming practices include both on-farm prac-
tices to improve carbon storage on farm, such as low tillage soil management to 
increase soil carbon, greater use of perennial crops, use of fodder and rotational 
grazing, and also off-farm practices such as conservation or restoration of forests 
and grasslands within the broader agricultural landscape (Scherr and Sthapit  2009  ) . 
Practices that improve soil carbon include use of green manures, compost, crop resi-
dues, or livestock waste as fertilizer, use of mulch and crop residues to maintain soil 
moisture, no or low tillage (FAO  2009  ) . Use of cover crops, and water management 
structures such as terraces and contour farming can reduce soil erosion, and thus 
improve the amount of soil carbon retained on farm. Use of cover crops, extended 
fallow rotations, and incorporation of legumes in crop rotation can also increase the 
amount of carbon stored in soils and in aboveground biomass. Greater use of peren-
nial crops, shrubs, and trees can also increase the amount of carbon-stored aboveg-
round and belowground, as at a minimum these species keep their root biomass 
from year to year, whereas annually tilled crops turn over every year (Scherr and 
Sthapit  2009  ) . Perennials can be incorporated through agroforestry approaches, 
where tree species are incorporated into the farming system as shelterbelts, shade 
trees, fertilizer trees, or to produce a harvestable product (e.g. fruits, nuts, wood, 
medicines, fuel, and fodder for animals). These practices also have potential posi-
tive ecosystem benefi ts such as providing habitat for wildlife, including wild polli-
nators, or improving water infi ltration and groundwater recharge, and can help 
reduce the amount of inorganic fertilizer used where fertilizer use is excessive and 
polluting. Over time, many of these practices can also increase farm productivity 
and stability of production in spite of increasing climate variability, though it is not 
uncommon for productivity to decline initially upon implementing some of these 
measures. For instance, introduction of tree species may out-compete crop species 
for light, even while enhancing soil fertility and soil water availability. Furthermore, 
many of these practices are more labor intensive for the farmer which, combined 
with potential initial yield reductions, present a signifi cant barrier to widespread 
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adoption of these practices. Climate fi nance, such as carbon credit schemes, could 
provide an important mechanism to incent greater adoption of these environmen-
tally friendly production practices by helping farmers overcome high opportunity 
costs. Payments to farmers for increasing the amount of carbon stored in farming 
landscapes could take various forms. These could include climate-fi nanced subsi-
dies for agricultural inputs, crop insurance, extension services, or, alternatively, 
could take the form of price premiums for carbon-rich agricultural products that 
provide farmers with the resources needed to rationalize adoption of these more 
labor-intensive farming practices. 

 A number of different land use practices can be applied to reduce emissions from 
the land use sector. The largest opportunity, and the category of activities gaining 
the most political traction, is the use of payments for Reduced Emission from 
Deforestation and Degradation (REDD). Deforestation accounts for 18% of total 
anthropogenic greenhouse gas emissions – a larger volume than from the entire 
transportation sector combined (Meridian Institute  2009  ) . The international climate 
policy community has by and large recognized that without providing fi nancial 
incentives to decrease deforestation, it will be diffi cult to reduce global emissions to 
the amount needed to stabilize the global climate system at no more than 2°C of 
warming. Suffi cient and effective fi nancing of large-scale forest protection to reduce 
greenhouse gas emissions could have benefi ts for wildlife, and poor communities 
who could receive payments or other incentives necessary to curb deforestation, 
which can result in the maintenance of a whole suite of other ecosystem services 
such as watershed regulation, disaster protection, food, fuel, wood, and medicine. 
Chapter 11, Vol. 2 discusses payments for greenhouse gas emissions reductions in 
the forestry sector, and their potential poverty alleviation implications. 

 Reducing greenhouse gas emissions from agricultural land uses could take sev-
eral forms. The largest source of greenhouse gas emissions from agricultural sys-
tems, apart from deforestation for agriculture, is due to the over-application of 
nitrogenous fertilizers and manure, which through microbial processes leads to 
nitrous oxide emissions. Nitrous oxide has a global warming potential nearly 300 
times greater than CO 

2
 . Globally, it is estimated that this accounts for 2,100 million 

tons of CO 
2
  equivalents of greenhouse gas emissions. However, there is a great 

range of variability in rates of fertilizer application globally. For instance, fertilizer 
application rates in Northern China and the Midwestern US are two and one orders 
of magnitude, respectively, greater than in Western Kenya, where harvest removals 
of nitrogen and phosphorous exceed inputs from fertilizer and biological nitrogen 
fi xation (Vitousek et al.  2009  ) . Over time, negative nutrient imbalances such as 
those in Western Kenya lead to soil depletion and declining yields. Positive nutrient 
imbalances, such as those described for northern China lead to high rates of nitro-
gen oxide emissions and nitrogen pollution of aquatic systems. Better-targeted tim-
ing and placement of nutrient inputs, modifi cations to livestock diets to reduce the 
nitrogen content of manures, and preservation or restoration of riparian vegetation 
buffers can all be used to reduce agricultural nitrous oxide emissions and nitrogen 
pollution of aquatic systems (Vitousek et al.  2009  ) . 

 The next largest source of agricultural greenhouse gas emissions is from meth-
ane produced by livestock through the fermentation process occurring in the rumens 
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of animals. An estimated 1,800 million tons of CO 
2
  equivalents are produced annu-

ally through this process. Livestock also contribute to greenhouse emission through 
the land cleared for animal pasture, the nitrous oxide and methane produced from 
manure, and from the consequences of over grazing (resulting potentially in reduced 
carbon sequestration in vegetation and soils). 

 Options for improving the greenhouse gas footprint of livestock rearing include: 
use of nutrient supplements and feed mixes with a higher starch content which leads 
the animal to produce less methane, improved rotational grazing of livestock which 
allows pastures to recover before reintroducing livestock offsetting a portion of the 
emissions produced by livestock, and better storage and management of animal 
manure, including conversion of manure to energy for household or community use 
through use of biogas digestors (Scherr and Sthapit  2009  ) . 

 The last large source of greenhouse gas emissions from the agricultural sector is 
from paddy rice production. Anaerobic decomposition in fl ooded paddy rice systems 
emits approximately 600 million tons of CO 

2
  equivalents in the form of methane. 

Research is underway through the Rice and Climate Change Consortium of the 
International Rice Research Institute and collaborating institutions to develop rice pro-
duction systems that enhance rice production while reducing the global warming 
impact of rice systems. Research will include measuring and modeling greenhouse gas 
emissions from paddy systems and experimenting with rice soil management measures 
to reduce greenhouse gas emissions (International Rice Research Institute  2010  ) . 

 As the previous sections have illustrated, there are a variety of mechanisms 
through which carbon sequestration can be enhanced and greenhouse gas emissions 
can be reduced from forestry and agriculture sectors, some with added benefi ts for 
poverty reduction. Ecologists have made a number of contributions to the identifi ca-
tion, articulation, and implementation of these approaches. For instance, knowledge 
of species traits and rates of biomass accumulation could be used to design ecologi-
cally sound afforestation and reforestation systems that meet local needs, and do not 
over-exploit local water resources (Jackson et al.  2005 ). Ecologists have a further 
role in helping to identify where reforestation or afforestation schemes are not eco-
logically appropriate (Farley et al.  2008  ) . Landscape ecological knowledge and spa-
tial analysis have led to the development of the “landscape carbon” concept, wherein 
the different components of an agricultural landscape are used to maximize carbon 
storage and other critical ecosystem processes such as watershed services (Sarah 
Scherr, personal communication). This approach is gaining favor as a rational way 
to aggregate and manage carbon components in heterogeneous landscapes. 
Biogeochemical research on agricultural production systems is critical to identify-
ing practices that could be implemented more widely to reduce nitrous oxide and 
methane emissions from production systems. Field-based and remote sensing 
approaches to carbon measurement and forest carbon modeling are key contribu-
tions to the development of international carbon accounting protocols, and form the 
basis for the verifi cation of land-based emissions reductions in future international 
agreements (D. James Baker, personal communication). These are just a few exam-
ples of the modes in which ecological knowledge has infl uenced the development 
of policy and practice around land-based climate change mitigation measures in 
recent years. 
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 Greater use of land-based mitigation options is an indispensible component of 
global efforts to prevent dangerous climate change. These mechanisms enable 
developing world countries to make and meet greenhouse gas emission targets. Any 
future global climate agreement will necessitate participation of the developing 
world as well as the developed world, and thus will likely require improved land use 
management approaches at a much larger scale. The discipline of ecology is well 
placed to help identify ecosystem-based practices and approaches to meet mitiga-
tion targets, in a locally environmentally sound manner that ideally also delivers 
poverty reduction benefi ts.  

   Conclusions 

 This chapter has reviewed the many ways in which ecosystem-oriented approaches 
contribute to building climate change resilience and to reducing greenhouse gas 
emissions to the atmosphere. In some cases ecosystems provide direct benefi ts, 
while in others, ecosystems either reduce pressure on human systems or play a con-
tributing role to supporting climate change adaption or mitigation efforts. Of course, 
efforts to both mitigate and adapt are often complimentary and can be pursued in 
parallel in the same landscape. Ecosystems can be thought of as natural infrastruc-
ture to be managed to fl exibly and cost-effectively reduce human vulnerability to 
climate impacts. However, there are limits to this natural infrastructure, which need 
to be better understood and documented. Similarly, ecosystems may be preserved 
and managed differently to make signifi cant contributions to global efforts to curb 
climate change. Importantly, this chapter has highlighted that there are number of 
measures that can be implemented  today  to meet climate change adaptation and 
mitigation needs while also contributing to poverty reduction. Ecological contribu-
tions to developing these range of options include everything from providing empir-
ical data, measurement approaches, and modeling frameworks to assess and design 
ecologically oriented interventions to the development conceptual basis for 
approaches to building resi lience. As the impacts of climate change continue to 
unfold and the impetus to slow or stop global warming gains strength, the role of 
ecological knowledge in further developing a set of effective and equitable adapta-
tion and mitigation measures will only increase in importance, as is the need to 
educate decision makers and the public about the role of ecosystems in addressing 
society’s needs with respect to climate change.      
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   Introduction 

 In contexts of development, climate is one of the several inherited background 
states, a geographic endowment which, along with factors such as soil types, water 
availability, and geographic location, exerts a strongly coercive infl uence on eco-
logical system types and character, and consequentially, on human settlement pat-
terns, health characteristics, livelihoods and economies. Climatic determinism has 
long been offered as an explanation (and with considerable resultant controversy) to 
explain the impoverishment of tropical regions relative to the economic vibrancy 
and affl uence of societies in the mid-latitudes (Sachs  2000  ) . However, it is indisput-
able that climate and climatic variability play a highly infl uential role in human 
livelihoods, economic development and health outcomes. For the    global poor, the 
role of climate is magnifi ed due to omnipresent vulnerability related to lower levels 
of the ability to cope with climatic stress. Consequentially, long-term success in 
poverty alleviation cannot be achieved without comprehension and engagement 
with issues of climatic variability and climate change.  

   Climate Change in Development Contexts 

 By the close of the fi rst decade of the twenty-fi rst century, climate change has 
gained wide acceptance as a complex and rapidly mounting threat to ecosystems 
and humanity. Climate change impacts have become fully integrated into devel-
opment discourse and are increasingly considered in development planning. 
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The term “climate change” as used in traditional climatology is the shift from 
baseline means established in recent multi-decadal experience, as well as, 
changes in climatic variability characteristics. In development studies and many 
other contexts, the term is almost universally used in reference to anthropogenically 
infl uenced climate change and its perturbation of “natural” climate and climatic 
variability. The United Nations Framework Convention on Climate Change 
(UNFCCC) defi nition states that: “Climate change … means a change of climate, 
which is attributed directly or indirectly to human activity that alters the composi-
tion of the global atmosphere and which is in addition to natural climate variability 
observed over comparable time periods.” By either defi nition, climate change rep-
resents growing disequilibrium over time between climate and the ecosystems and 
human livelihoods that co-existed in some assumed quasi-stable balance (though 
neither the climate nor ecological science communities currently maintain that 
these systems were ever stationary). Climatic variability and climate change bring 
stresses that affect that quantity, quality, and reliability of ecosystem services which 
can have deleterious effects on vulnerable populations, and none more so than the 
global poor (IRI  2005  ) . 

 Critical to anticipating climate change impacts upon ecosystems, human liveli-
hoods, and socioeconomic development is holistic understanding of how of climatic 
means, variability, and extremes exert control over ecology. In the absence of such 
understanding, climate model change projections for the future cannot be properly 
evaluated in relation to environmental conditions. Despite this, understanding of 
climatological baselines is frequently taken as a given in development projects with-
out due diligence assessment of how well the climatological context is incorporated. 
This can lead to unpleasant surprises: dams that fail to fi ll; levees that fail; hydro-
power generation plants with insuffi cient river fl ows; agriculture schemes that fall 
short on yield; supposedly moist forests that suffer catastrophic fi res; proliferations 
of pests and pathogens; and so on. 

 Through processes of industrialization and untrammeled natural resource extrac-
tion, humans have changed the atmosphere’s composition, and in doing so, have 
committed the planet to an inexorable climate change regime that is beginning to 
register profound ecological consequences. The ecological contexts of development 
into the future will inevitably be characterized by increasing disruption among the 
myriad complex interactions that are the evolved organizational structures of 
ecosystems and the species contained within them. Terms such as  range shifts , 
 migrations ,  disequilibria , and  asynchronies  are increasingly applicable to charac-
terize the disruption of ecological systems in years to come relative to past experi-
ence that has shaped our understanding to date. 

 In terms of contemporary development efforts intended to provide socioeco-
nomic uplift to the poor in an ecologically sustainable manner, this means that past 
experience may not provide representative analogs for future outcomes. For exam-
ple, natural geographic endowments of favorable climate and soils that might have 
described a given landscape as suitable for cultivation of maize, which, in turn, thus 
shaped traditional livelihoods and nutrition and subsequently infl uenced develop-
ment planning for the region are in a process of alteration that might render such 
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cultivation unfeasible within several decades. Or, from a sustainability perspective, 
continued utilization of this region for similar land use practice would necessarily 
require increasing bio- and geo-engineering interventions to sustain maize culti-
vation. Furthermore, modeling results project that by the century’s end, local com-
binations of climate parameters are likely to develop that are not known to exist 
anywhere in our current experience, giving rise to new descriptors as  novel climates , 
along with their ecological counterparts,  no-analog communities  (Williams et al. 
 2007 ; Battisti and Naylor  2009  ) . 

 While it is diffi cult to anticipate such changes, the means to comprehend the 
possibilities and build scenarios around them can be greatly abetted by rigorous 
assessments of the relationship of present day climates with ecology in any given 
setting. A common shortcoming in present day development planning is incomplete 
or fl awed understanding of contemporary climatology and attendant climatic distur-
bance regimes for a given context. Ecosystems and human livelihoods are infl u-
enced by climate and conform to climatic norms; climate anomalies are therefore, 
signifi cant as stressors, and have impacts often proportional to their magnitude 
(e.g. Lyon and Barnston  2005  ) . Infrequent outlier events of high-magnitude – 
which nonetheless are part of the envelope of “normal” climatic variability – yield 
short-term shocks that severely stress ecological and human livelihood systems 
(i.e. disasters), and may for stronger events surpass natural or anthropogenically 
fortifi ed resilience and coping mechanisms. 

 Thus, the propensity for climate change to extend the envelope of variability to 
encompass extremes beyond the realm of recent experience is of mounting concern. 
Recent high impact disasters such as the 2003 summer heat wave in Western Europe 
(more than 70,000 fatalities; Robine et al.  2008  ) , Hurricane Katrina in the southern 
United States in 2005 (more than 1,800 fatalities, $81 billion in losses; Knabb et al. 
 2006  ) , and Australian wildfi re outbreaks in 2009 are often presented in the media 
and in some scientifi c circles as likely manifestations of climate change. A case 
could be made for the Australian case, somewhat concordant with the perspective of 
Williams et al.  (  2007  ) , in that meteorological conditions that spawned the fi res near 
Melbourne, in terms of concurrent extremes of temperatures (48°C), low humidity 
(7%), and wind (gusts above 20 m/s), were of an extreme that has no parallel in 
more than a century of climatological records from the region.  

   Climatology as Represented in Development Initiatives 

 A multitude of efforts are underway to map the world – and the developing world, 
in particular – to identify regions of enhanced risk to livelihoods and ecosystems to 
climate-enhanced disasters, perturbed disturbance regimes, and secondary impacts 
such as altered disease and pests patterns (e.g. IPCC  2007 ; Lenton et al.  2008 ; 
McGrananhan et al.  2006  ) . Increasingly, the development community is applying 
tools to reevaluate existing developments strategies and planning through the lens 
of climate change (Agrawala  2005 ; Noble  2005  ) . Such screening methods are 
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generally combined with cost–benefi t analysis and scenario building according to 
climate model output, and yield outcomes that commonly stress the necessity of 
building resilience into livelihoods and safeguarding ecosystems, while avoiding 
specifi cs on how change will proceed due to the inherent uncertainties of climate, 
and environmental modeling. The challenge, therefore, is seen to rest in constrain-
ing vulnerability to accommodate an increasingly climatically stressed future. 

 The urgency to address climate change in development planning is now well 
recognized and frequently viewed as fundamental to many ongoing initiatives. 
Almost invariably, such initiatives emphasize climate modeling as the principal 
means of understanding future climate and environmental conditions. Frequently 
absent, however, is retrospective analysis and interpretation of current climatic 
baselines that will form the reference frame for assessing changing conditions. The 
role of the climatologist in development projects related to climate change, where 
found at all, is often mostly a technical role, principally involving model manipula-
tions and conforming outputs to user specifi cations. 

 What is nonetheless still required to make the ecological signifi cance of climate 
model projections meaningful is detailed examination of the reference base for 
assessing change: the associations between climate and environment in the present 
day and in the recent past. The emphasis on modeling presupposes that a comprehen-
sive baseline understanding of the role of climate in infl uencing ecosystems and 
human livelihood is already well developed. Unfortunately, this is often not the case, 
and is furthermore hindered by poor data resources and diffi culties in gaining access 
to them in Least Developed Countries. Furthermore, while it is a straightforward 
exercise to compare observed climate parameters of the present with modeled pro-
jections of the future, it is a far more complex endeavor to derive the ecological and 
functional signifi cance of such changes and to understand where threshold values 
exist that represent tipping points to abruptly altered states (Lenton et al.  2008 ; Adger 
et al.  2009  ) . Current climatic trends at a given locale might be strongly at odds with 
model projections, making assertions about the future particularly problematic with-
out comprehensive baseline understanding of multi-decadal variability. Such is the 
case in East Africa, where an overall drying trend culminating in a catastrophic 
drought in 2009 is apparently contrary to projections of a moistening climate through 
the course of the twenty-fi rst century in the consensus of general circulation models 
utilized in the IPCC 4th Assessment (IPCC  2007  ) . However, the modeled increases 
are projected to become signifi cant only after several decades, so, in this case, the 
seemingly opposed patterns should not be used to reject the modeled projections. 

 Assessments performed at large scales (regions to continents) are inevitably of 
relatively limited utility in more restricted geographic contexts where adaptation 
actions are ultimately applied, especially in regions of complex topography, which are 
improperly represented in models. Methodologies used to refi ne model output, such 
as statistical downscaling and more localized simulations utilizing regional climate 
models, are designed to incorporate local infl uences, but their effi cacy is largely pre-
determined by the availability of representative climatological data within a given area 
of interest. This becomes a particular hindrance for addressing climate changes in the 
areas affl icted with high levels of poverty: Least Developed Countries generally have 
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sparse climate observing networks and data archives available to serve as inputs for 
focused climate modeling studies and the reference base for assessing model outputs. 
New remote sensing and data analysis techniques are being used to fi ll in these gaps, 
though they vary in effi cacy as substitutes for actual  in situ  observations.  

   Ecological Impacts upon Biodiversity 

 A multitude of climate change impacts upon biodiversity and ecosystems have now 
been identifi ed as likely for the future. Many have already been demonstrated to 
already be measurable and signifi cant, and are comprehensively reviewed in 
Parmesan  (  2006  ) . Profound rearrangement of global biogeography forced by climate 
change will inevitably impact humanity in a multitude of ways, with the global poor 
being those most likely to suffer the most adverse consequence due to their persis-
tently high state of vulnerability and high reliance on ecosystem service provision 
for survival and livelihoods. One of the greatest challenges of incorporating a changed 
ecological future into development planning is anticipating the synergies that will 
result from and within climatically perturbed natural systems, many of which are 
likely unforeseeable (Lawler et al.  2009  ) . In particular, in many geographic contexts 
the associations and feedbacks among disturbance regimes of factors such as fi re, 
pathogens, invasive species and how they will infl uence ecological systems and 
functioning individually is probably beyond predictive capacity at the present time.  

   Spatial and Temporal Scale Considerations 

 At global scales poverty is largely a low-latitude phenomenon, and tropical climatol-
ogy is clearly among a number of causative factors underlying this pattern (Sachs 
 2000  ) . Unlike the climates of the more temperate latitudes, tropical climates are not 
thought of as being highly variable: it is merely the base state and occasional 
extremes and attendant natural disasters that drive environmental and socioeconomic 
outcomes. In contrast, close examination of low-latitude climatological observations 
sites evaluated by the author across a broad range of geographic domains reveals a 
largely unrecognized level of detail suggesting more signifi cant infl uences of 
climate on both tropical ecosystems and human activity than generally recognized. 

 A shortcoming constraining how tropical climates are understood is a product of 
the conventional analysis approach: the near universal utilization of climatological 
statistics at monthly or annual resolution only. While observations are recorded at 
daily or hourly intervals, aggregated monthly sums and averages are almost invari-
ably used as climatological data by environmental researchers, development work-
ers, and others concerned with poverty alleviation to characterize climate conditions. 
This practice might have origins in long-held perceptions that tropical climates are 
largely invariant, and the only climate phenomena of signifi cance are the extreme 
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hazards that occasionally occur. This is understandable: in contrast to mid-latitude 
weather patterns characterized by seasonal change, tropical climates seem dull in 
comparison, with long sequences of days featuring little apparent variation. Case 
studies offered here from Peru and Uganda show how more highly resolved analysis 
might be of benefi t to development studies and practice by revealing dynamic link-
ages between climatic behavior and ecological responses.  

   Peruvian Andes 

 The tropical Andes are renowned as Earth’s foremost biodiversity “hotspot” (Myers 
 2000  ) , yet are also characterized by widespread rural poverty and low overall socio-
economic development. The region has a rich legacy of ecological research, particu-
larly with regard to human land use in the extremely diverse environments created 
by the complex topographic mosaic and abundant biodiversity (Halloy et al.  2005  ) . 
Yet as recently as 1986, a seminal compendium of studies on tropical biogeography 
(Vuilleumier and Monasterio  1986  )  with emphasis in the Andean region lacked any 
mention of the El Niño-Southern Oscillation (ENSO), which has since been demon-
strated to be the leading driver of inter-annual tropical climatic variability. After a 
sequence of regional crises related to ENSO events, climatic variability and its cor-
responding need for risk management, ENSO is fully appreciated to be a dynamic 
driver of human response and ecosystem functions throughout the tropical Andes 
(Glantz  1996  ) . In this light, climate change represents a potential exacerbating infl u-
ence upon a region already beset with endemic climatic stress from factors such as 
ENSO (Sperling et al.  2008  ) . At high elevations, the impacts of strong multi-decadal 
warming are already amply evident in terms of rapid deglaciation and related eco-
logical response (Seimon et al.  2007 ; Vuille et al.  2008 ; Hole et al.  2010  ) . 

 Long-term climate predictions presented as changes in mean parameters are of 
limited value without a comprehensive understanding of how present-day climate 
and its variability relate to ecosystems and the services they provide. This requires 
evaluation of measured climatic variability and change trends to ecological and 
social impacts and responses. 

 In Peru, until very recently daily climate statistics from national agencies have 
been effectively unavailable without high purchasing cost, so the utilization of 
monthly data for analysis is less one of choice than availability. Climatological 
knowledge is therefore drawn largely from time series of monthly sums of accumu-
lated precipitation and monthly mean temperature, yet this analysis approach misses 
much valuable detail. For example, analysis of a 42-year data set of daily records 
from a high elevation climate station in Cusco, Peru (3,365 m ASL) compiled by the 
author offers insight into the complexity of the regional climatology beyond what 
can be ascertained with conventional monthly statistics. When examined at high 
temporal resolution, it is evident that maximum, mean, and minimum temperatures 
have markedly different seasonal behavior and multi-decadal trends (Fig.  21.1 ). 
Furthermore, warm and cold ENSO events (i.e., El Niño and La Niña) shown are 
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associated with thermal anomalies of opposite signs that are most apparent during 
the austral summer wet season. In addition, the preponderance of El Niño events 
relative to La Niña since the mid-1970s has contributed to the upward trend in 
maximum temperature, whereas the minimum temperature shows a neutral trend.  

 The pattern from Cusco is representative of a large expanse of the high Andean 
region where seasonal temperature anomalies tend to be regionally synchronous 
due to the dominance of ENSO, whereas the pattern for precipitation varies spa-
tially (Vuille et al.  2003  ) . At Cusco, the inter-annual range of variation in daily 
maximum temperature over the summer (December–March) growing season months 
has been as much as 3.8°C in recent years (from +2.5°C accompanying a strong El 
Niño event in 1983, to −1.3°C under La Niña conditions in 1984). The large magni-
tude of such variability pre-dating expected anthropogenic infl uences identifi es the 
likelihood of considerable resilience inherent in species and ecosystems to sequen-
tial climatic extremes. In this example, the range in seasonal maximum temperature 

  Fig. 21.1    ( left ) The annual cycles of daily average maximum, 24-h mean and minimum tempera-
ture at Cusco, Peru (3,365 m ASL) recorded between 1963 and 2004 according to the El Niño-
Southern Oscillation (ENSO) phases of El Niño ( red ), Neutral ( black ), and La Niña ( blue ), while 
the means of each for all years are shown in gray. The distinct and contrasting patterns demonstrate 
the complexity of thermal climatological variability at this low latitude, high elevation site that is 
representative of a broad domain of the tropical Andean region. ( right ) Seasonal-scale (91-day) 
running mean anomalies at Cusco for daily maximum ( upper ) and minimum ( lower ) temperature 
from 1963 to 2004. Positive anomalies are shown in red, negative in blue. The overall trend ( gray 
line ) is neutral for maximum yet rapidly increasing for minimum (+1.4°) over the 42-year period. 
The differences between the two series are distinct and complex, while the magnitude of variation 
is far larger than generally expected for a location deep in the tropics (latitude 12.5°S)       
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means over 2 years exceeds the expected net thermal increase projected for the end 
of the twenty-fi rst century under all but the most extreme emissions scenarios 
depicted by climate models for the Andes. 

 This ENSO-related variability exerts strong control over a range of ecological 
processes related to temperature as a function of elevation. Under La Niña condi-
tions, nocturnal minima in the growing season average 1°C colder than under El 
Niño. While this difference may seem minor, in cultivated crops, and especially 
tuberiferous plants sown widely in the high Andes, the lower nocturnal tempera-
tures favor storage over respiration in plants, thereby benefi tting crop yields. This 
suggests marked inter-annual variability in the partition of daily energy fl ows for 
respiration and storage, and a trend under the warming climate regime toward less 
favorable conditions for storage. This would translate to a reduction in potato crop 
yield, which could serve as a diagnostic indicator of a climate change impact for 
similarly evolved plant taxa. However, a correlation between thermal conditions and 
potato yields in the high Andes has yet to be demonstrated, so this is merely 
speculation. 

 While the thermal conditions associated with El Niño events should, therefore, 
be associated with reduced yields, the same may not hold true near the upper limits 
to cultivation. The seasonal mean freezing level altitude is likewise controlled by 
ENSO phases, creating signifi cant year-to-year variation in cultivation success at 
high elevations (>4,000 m), where despite the omnipresent risk of losses from frost, 
potatoes and other tubers are nonetheless extensively cultivated. At even greater 
elevations, the thermal and solar radiation variability related to ENSO exert consid-
erable control over the degree of snow and ice melt and resultant runoff from glacial 
margins (Sicart et al.  2005  )  with downstream impacts on streamfl ow, hydropower 
generation potential and irrigation. 

 In these contexts, climatic warming represents introduced pressure upon a highly 
variable system with hypersensitive ecological responses that strongly affect high-
land dwellers. Adaptive responses are already evident in national-level actions, such 
as concerted efforts to buffer highland water supplies through a network of reser-
voirs in order to artifi cially enhance dry season fl ows, and also shifting from elec-
tricity generation from glacier-fed hydroelectric plants, a strategy in place for 
more than half a century, to other sources. More local adaptive responses include 
cultivation being practiced at ever increasing elevations as the warming climate 
brings a growing season to highland zones hundreds of meters above the apparent 
limit of the recent past (Hole et al.  2010  ) .  

   Uganda–Rwanda Case 

 In the Greater Virunga Landscape of the African equatorial tropics of southwestern 
Uganda, neighboring northwest Rwanda and the eastern Democratic Republic of 
Congo, is a complex landscape of densely settled agricultural regions abutting 
highly biodiverse protected mountain forests. These forests house the totality of 
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remaining populations of Earth’s largest primate, the critically endangered 
Mountain Gorilla ( Gorilla gorilla beringei ). Five decades of ecological research 
on the gorilla and its environment have produced comprehensive understanding 
of the species and its native habitat, and also of the intense human pressure and 
habitat degradation occurring across the mountain gorilla’s range related to perva-
sive poverty of the region’s human populations. Conservation efforts to save this 
species that currently number around 750 individuals are closely tied to poverty 
alleviation initiatives in the densely settled landscape surrounding the national 
parks of the tri-national border, where the remnant gorilla groups are clustered. 

 In northwestern Rwanda and adjacent southwestern Uganda, the understanding 
gained now underpins what is widely perceived as a successful development 
response where high-priced tourism provides benefi ts and employment opportuni-
ties in the local economies. Immediately outside the protected areas designated for 
conservation of wildlife, however, human population densities are among the high-
est in Africa, averaging 300–600 km 2  in Rwanda. The dense human population 
imparts great pressure upon natural resources: available land for cultivation, animal 
protein, and timber. Within this domain as elsewhere, climatic variability is a signifi -
cant infl uence on outcomes to wildlife and human interests alike. The dire conserva-
tion predicament of the gorillas, constraining them to sharply delineated protected 
 forests abutting intensely settled farmlands, yields a high environmental sensitivity 
to climatic stress. Any reduction in farm output increases pressure for illegal exploi-
tation of protein (i.e. bushmeat), both for subsistence and for income, from pro-
tected forest resources. Similarly, climate anomalies such as droughts can yield 
rapid environmental responses such as fi re outbreaks in other moist forests 
(Fig.  21.2 ), highlighting the susceptibility of this region to climatic variability in the 
present day, and especially, the adverse impacts of climate change in years to come 
(Seimon and Picton-Phillipps  2010  ) .  

 Given the high degree of development interest and conservation planning focused 
on obtaining successful outcomes for both wildlife and people in this local region of 
tropical Africa, it is surprising to fi nd that understanding of the area’s climatology 
is very poorly developed. In common with much of equatorial Africa, the annual 
climate cycle here is defi ned by twin wet seasons separated by drier periods. At 
regional to local scales, this characteristic rainfall pattern is clearly evident on 
monthly pluviograms; such data typically comprise the climatological reference uti-
lized by researchers, agricultural interests, and others concerned with environment 
and development. A classic representation of this is demonstrated in a conventional 
pluviogram showing monthly means developed from daily rainfall records from 
Bwindi National Park in Uganda (Fig.  21.3 , upper panel) (Seimon and Picton 
Phillipps  2010  ) .  

 However, pluviograms of the same data at higher temporal (daily and weekly) 
resolution reveal a remarkably different rainfall climatology characterized by robust 
intra-seasonal variability to precipitation, whereby each rainy season is revealed to 
be interrupted by intense maxima fl anked by temporary minima (Fig.  21.3 , lower 
panel). The exceptionally large-magnitude fl uctuations in rainfall rate centred in 
early May and September are strongly evident in the daily and 7-day smoothed data, 
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but entirely masked by averaging in the monthly means. Such signals are likely of 
considerable signifi cance to local ecology, yet would remain invisible and unde-
tected using conventional climatological analysis. Agricultural concerns might look 
to the arrival of pollinators that have grown accustomed to the climatic triggering of 
fl owering phenologies associated with the time-specifi c patterns during these peri-
ods. Public health concerns could monitor for short-term positive or negative trends 
in climatically infl uenced diseases outbreaks such as malaria and Rift Valley fever, 
along with other pests and pathogens. 

  Fig. 21.2    ( left ) Fires within the boundary of Volcanoes National Park, Rwanda viewed from agri-
cultural lands below during exceptionally dry conditions associated with a major East African 
drought in July 2009 (Photo courtesy of James Kemsey, International Gorilla Conservation 
Program). ( right ) Projected monthly mean temperature ( upper ) and precipitation ( lower ; in mm 
per month) changes across a geographic domain encompassing Volcanoes National Park under the 
IPCC “A2” emissions scenario, relative to baseline conditions set at the year 1990 for 2030 ( green ), 
2060 ( yellow ), and 2090 ( red ). The range of values in the domain for each bar is depicted by the 
thin lines. In these projections strong temperature increases under anthropogenic greenhouse gas-
induced climatic warming will greatly increase evaporative losses from this moist tropical forest. 
In the latter of the twenty-fi rst century these losses will be largely offset by comparatively strong 
increase in precipitation; however, closer to the present, in 2030 temperature gains in the June–
August dry season coincide with precipitation reductions, indicative of the building potential for 
increasing stress and propensity for fi re in this most tropical forest (Source for modeling output: 
Picton Phillips and Seimon  2010  )        

Fig. 21.3 (continued) a geographic domain encompassing Volcanoes National Park under the 
IPCC “A2” emissions scenario, relative to baseline conditions set at the year 1990 ( blue ), in 2030 
( green ), 2060 ( yellow ), and 2090 ( red ). The range of values in the domain for each bar is depicted 
by the thin lines. The data correspond with rainfall projections shown in Fig.  21.2 . At this temporal 
scale the model output appears to represent the Bwindi pluvial data very well. ( bottom ) Pluviogram 
showing rainfall climatology for Bwindi at monthly and daily resolution for the period 1991–2006. 
The monthly data are the same as shown in the top panel. The higher resolution data show highly 
pronounced climatological behavior at sub-monthly scales that is no longer apparent when aggre-
gated into monthly means according to convention. The sub-monthly information is of potentially 
high signifi cance to ecological systems and human interests, yet is effectively unrecognized. 
Bwindi data courtesy of the International Tropical Forestry Center, reproduced from Seimon and 
Picton Phillipps  (  2010  )        
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  Fig. 21.3    ( top ) Conventional pluviogram showing monthly mean rainfall rates (mm/day) based on 
data from 1990 to 2006 at Ruhija in the Bwindi Impenetrable Forest National Park, Uganda. 
 ( middle ) Projected monthly mean precipitation (mm) across the Greater Virunga Landscape, 
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 Much as shown from the Andean case, the full ecological signifi cance of the dis-
tinct climatic patterns that characterize present day climatology in the Greater Virunga 
Landscape has yet to be determined. However, their identifi cation is also an invitation 
to reconsider climate change in contexts of shorter term phenomena than generally 
considered. For example, in the Cusco case, can climate models offer meaningful 
guidance on durational changes in the annual wet and dry seasons; will the pluvial 
peak late in January shift earlier or later; will the amplitude of peaks change, and what 
is the future of the rapid rise period of late December when daily precipitation rate 
effectively doubles over a 5-day period? (see Jiménez et al.  2010  ) . Regarding thermal 
variability, will ENSO-related temperature anomalies follow similar patterns to those 
shown in Fig.  21.1  but from higher baselines yielded by greenhouse gas warming, or 
will the nature of ENSO’s local imprint change dynamically in the radically perturbed 
atmosphere of the future? If the latter, what aspects of the temperature parameters will 
undergo shifts, and to what consequence? These are not merely minor details: such 
questions address climatic factors that strongly infl uence a wide variety of environ-
mental and socioeconomic outcomes and efforts to adapt to climate change. 

 It is, therefore, desirable that climate modeling continues to be improved, and 
refi ned to a point whereby such sub-monthly climatological detail can be repro-
duced in output generated for contemporary climate. If so, it would be of great 
interest to examine the temporal evolution of distinct characteristics such as those 
exhibited at Bwindi into the model’s depictions of the future. For example, in a rain-
fed agricultural landscape, a shift by several weeks in the start and/or end date of the 
rainy season, and the timing of its pluvial peak, might prompt a shift in the assem-
blage of cultivars planted by farmers. Having foresight of such climatological 
changes could in time become integral in development strategies for that region. In 
contrast, climate model projections are currently presented mostly as changes in 
aggregated quantities; e.g. across region × climate models depict reductions in rain-
fall of 20% by year Y (see, e.g. regional assessments in IPCC  2007  ) . This “area 
under the curve” summary statistic is prevalent, though it becomes a challenge to 
translate a single parameter value into ecological outcomes. But what an Andean 
farmer and Ugandan conservation manager and a myriad of other interests are prob-
ably much more concerned with is the  shape  of the curve and its  location  along the 
calendar timeline, as well as the net accumulation and cascading consequences, for 
which we have only just begun to build predictive skill. The IPCC model projec-
tions for the greater Virunga landscape, shown in Fig.  21.2 , are informative in this 
regard, yet still very crude compared to what might be possible if climatology at 
daily resolution could be meaningfully projected for the future.  

   Conclusions 

 A comprehensive understanding of climatology increases the potential for proactive 
rather than reactive management responses to threats and opportunities borne by 
climate change. Modeling approaches and capabilities are powerful tools, and as 
such are having the inevitable consequence of shaping how we view and understand 
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climate change impacts and threats. In these depictions of the future, climate is 
largely confl ated into temperature and hydrological changes, and other parameters 
are only considered when specifi c objectives or concerns are tied to them. In con-
trast, improved understanding of present day climatology can improve comprehen-
sion of climate changes ongoing and those projected for the future. Fundamental to 
this is appreciation that important unknown and unrecognized elements of contem-
porary climate exist for almost any geographic context, and that such factors might 
prove to be of major signifi cance and most prone to perturbation as a consequence 
of anthropogenically forced climate change. 

 Therefore, there exists considerable potential for site-specifi c climatological 
assessments to rectify incomplete or simplistic understanding of climate within devel-
opment, and conservation contexts. This would, in turn, increase the capacity to antic-
ipate and plan for climate change in truly meaningful ways. Interests concerned with 
poverty alleviation and development planning more generally could examine the 
basis for current knowledge of a locale’s climatology by addressing the following:

    1.     Determine if the climatological context has been developed from site-specifi c 
assessments or from generalizations based upon broader scale studies. If assess-
ments are available, are they perfunctory studies or conducted with diligence by 
persons with appropriate experience?  

    2.     Evaluate the quantity and quality of the data used in these determinations. Site-
specifi c observations may not always be available, in which case gridded analy-
sis fi elds are often used as an alternative, but should be evaluated for their 
representation of actual climates at specifi c sites of interest.  

    3.     When possible, inquire of those with local knowledge of the particularities of the 
climate from their perspectives, and consider how well this information matches 
that discussed in published reports and analyses.     

 To improve the level of understanding one might consider the following actions:

    1.     Data mining to obtain site-specifi c climate records. These are often available 
from both conventional climatological data archives (e.g. the Global Hydro 
Climatological Network (GHCN:   http://www.ncdc.noaa.gov/oa/climate/ghcn-
monthly/index.php    ); the Climate Research Unit at the Hadley Center (CRU 
  http://www.cru.uea.ac.uk/cru/data/    ); and the International Research Institute for 
Climate and Society (IRI:   http://iridl.ldeo.columbia.edu/    ), as well as from local 
observational sites and networks, which often contain additional records not 
found in the global archives.  

    2.     Prioritize analysis of daily observations, rather than conventional summary sta-
tistics at monthly or greater intervals.  

    3.     Include a climatologist or other specialist with requisite experience in working 
with “raw” climatological data to help develop comprehensive climatologies as 
inputs into development planning.  

    4.     Tailor the products of climatological analysis as possible to address ecological 
and/or socioeconomic questions tied to the projects objectives. The same applies 
to climate model predictive outputs to make them more meaningful for develop-
ment applications.          

http://www.ncdc.noaa.gov/oa/climate/ghcn-monthly/index.php
http://www.ncdc.noaa.gov/oa/climate/ghcn-monthly/index.php
http://www.cru.uea.ac.uk/cru/data/
http://iridl.ldeo.columbia.edu/
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   Introduction 

 In the wake of major recent disasters such as the Indian Ocean tsunami in 2004 
and Hurricane Katrina in 2005, international awareness and concern about hazards 
and the potential role of natural resources in reducing their impacts has grown con-
siderably. Although natural  hazards  may not be stopped, the impacts of  disasters  
often can be reduced and, in some cases, prevented. This chapter will address these 
issues by exploring if and how species and ecosystems may contribute to disaster 
risk reduction. 

 Economically poor or marginalized communities are often the most vulnerable 
to natural hazards through exposure, sensitivity to the event and the ability to recover 
(Kaplan et al.  2009  ) . Impoverished communities often live at the interface of nature 
and society in weak, poorly designed structures, which may increase their vulnera-
bility. In many cases, low income communities have no option but to develop settle-
ments in hazard prone environments that are not ideal for human habitation (Maskrey 
 1989 ; Degg and Chester  2005  ) . Additionally, many subsistence-based communities 
depend directly on ecosystem services for their livelihoods and, thus, any shock that 
alters the availability of or disrupts the accessibility to natural resources critical for 
survival may have devastating impacts. Furthermore, low income populations typi-
cally have few resources or assets available for recovery or rebuilding and, thus, 
may be driven deeper into poverty by a disaster. For these and many other reasons, 
disasters disproportionately impact the poor (Mutter  2005  ) . 

 Ecological degradation is a key factor contributing to poverty traps (Sachs  2005  )  
and has been observed to have amplifi ed the severity of many recent disasters. 
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For example, in the aftermath of the Indian Ocean tsunami in 2004, scientists and 
researchers observed that intact mangroves, coral reefs and sand dunes appeared to 
buffer the impacts of the waves throughout many of the affected countries. In a 
similar manner, following Hurricane Katrina in 2005, heightened attention was 
placed on the role wetlands might have played in buffering the event had they not 
been degraded (Fischetti  2005  ) . The impacts of other recent disasters, such as 
Hurricane Mitch in Central America, Tropical Storm Jeanne in Haiti and fl ash 
fl ooding in the Philippines, to name but a few examples, may have been moderated 
had deforestation on hillsides been less severe (Hammill et al.  2005  ) . However, it 
has been diffi cult to translate observations regarding the role of ecosystems in miti-
gating hazards into tangible disaster risk reduction and recovery policies, because 
many reports have been anecdotal. In cases where observations have been quantita-
tive, they have often been met with skepticism and debate in the literature. Findings 
have also been contextually specifi c, making it diffi cult to transfer relationships 
between ecosystem condition and disaster mitigation services at one site to 
other sites. 

 Despite these challenges, the World Conference on Disaster Reduction, held in 
Kobe, Hyogo, Japan during January 2005, adopted the Hyogo Framework of 
Action (HFA) for the years 2005–2015, which underscored the need for, and 
identifi ed ways of, building the resilience of nations and communities to disas-
ters. Specifi c actions outlined in the HFA focused on the role of ecosystems in 
disaster risk reduction (UNISDR  2010  ) . Priority areas for action included 
“Environmental and natural resource management” and “Land-use planning and 
other technical measures.” One of the areas where such actions are especially 
needed is the coastal zone, where both populations and disasters are likely to 
increase in future years. 

 People are attracted to coastal zones due to the convergence of multiple, highly 
productive ecosystems – coral reefs, lagoons, seagrass beds, sand dunes, man-
grove forests and other types of coastal vegetation – that are rich in biological 
resources and of high economic importance. Yet, the world’s coastal zones are 
especially at risk of disasters due to increasing population densities living in a 
highly dynamic environment. Recent estimates suggest that approximately 41% 
of the world’s population lives within 100 km of the coast, which represents only 
20% of the planet’s land surface (Martinez et al.  2007  ) . It is estimated that that the 
number of people living in and around coastlines will increase by another 34% to 
3.1 billion people by 2025 (Duxbury and Dickinson  2007  ) . As population and 
development grow in coastal areas, natural hazards common to this dynamic 
zone may claim more lives and cause more damage. Of particular concern are 
poor small island states and coastal zones in developing countries where people 
are highly and directly dependent on coastal resources for their livelihoods, are 
physically vulnerable to hazards due to their proximity to the coasts, and may be 
less able to recover from shocks. Due to the high dependency of poor coastal 
populations on natural resources and the high likelihood of extreme events in 
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this area, an ecosystem-based approach to disaster risk reduction may offer impor-
tant, cost-effective opportunities to both conserve critical ecosystem services and 
reduce vulnerability to extreme events. However, coastal zones can be challenging 
to defi ne (Duxbury and Dickinson  2007  ) , meaning that implementing ecosystem-
based management across various ministries and user-groups associated with 
coastal systems may be diffi cult. All of these challenges have served as the inspi-
ration for this chapter, which will address if and how coastal hazards may be miti-
gated by ecological communities and through natural resource management. 

 This chapter discusses recent evidence for ecosystem-based disaster regulation 
services in the coastal zone; explores the challenges of integrating natural resource 
management into disaster risk reduction planning; and addresses a few ways in 
which ecological science may be leveraged more effectively to reduce the impacts 
of coastal hazards. To begin, this chapter will review recent research on the role of 
ecological systems, namely coastal vegetation, in mitigating against sudden onset 
disasters in the coastal zone, drawing heavily from research conducted after the 
Indian Ocean tsunami of 2004 as a primary case study, which revealed opportunities 
for and challenges of using natural resource management to reduce the impacts of 
natural hazards on the rural poor. In light of research fi ndings, the second section 
of this chapter will address how the application of ecological science and tools 
might be leveraged towards coastal disaster risk reduction.  

   The Indian Ocean Tsunami of 2004 

 The tsunami that hit Indian Ocean countries on December 26, 2004 was the third 
largest, sudden onset disaster in recorded human history and the biggest to be 
caused by sea waves (Levy and Gopalakrishnan  2005  ) . Approximately, 225,000 
people were killed in the event (AusAID  2007  ) . Following the tragedy, unprece-
dented research and debate ensued about the role of coastal ecosystems in miti-
gating the impacts of the tsunami. The results of studies conducted in the months 
and years following the Indian Ocean tsunami have suggested complex relation-
ships between the condition of coastal ecosystems, such as mangroves, and protec-
tion from the wave(s). These relationships varied throughout the tsunami-affected 
zone since the capacity of an obstacle to withstand and buffer any impact depends 
heavily on the magnitude of the impact, the profi le of the waves in this case, which 
were not uniform throughout the region. For example, in Aceh, where the tsunami 
force was overwhelming, the buffering role of coastal ecosystems was probably 
fairly negligible, while, in areas farther from the epicenter, the protective role of 
ecosystems may have been more important (Cochard et al.  2008  ) . This section will 
review and explore the evidence generated from recent studies on the role of coastal 
ecosystems, particularly vegetation, in protecting people from the Indian Ocean 
tsunami of 2004. 
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   What Evidence Exists on the Role of Ecosystems 
as a Natural Defense Against Tsunamis? 

   Coastal Vegetation 

 A variety of experimental studies have suggested that coastal ecosystems could play 
an important role in reducing the effects of coastal hazards by demonstrating the 
ability of littoral vegetation, namely mangroves, to reduce wave action. For exam-
ple, Quartel et al.  (  2007  )  used fi eld instrumentation to test current velocity and water 
level at an open tidal fl at, at the beginning of mangrove vegetation and inside the 
mangrove stand. Their results showed that mangroves reduced wave height 5–7.5 
times more effectively than non-vegetated beach plains, which they say clearly indi-
cates the effectiveness of mangrove forests for buffering wave action. The dense 
network of trunks, branches and above ground roots of the mangrove vegetation 
create a high drag force, although, the degree of this force depends on mangrove 
species composition and the density of the stems. Massel  (  1999  )  also found that the 
structural features of a mangrove stand infl uence its ability to attenuate waves. They 
used numerical modeling and fi eld observations in Australia and Japan to show that 
the rate of wave energy attenuation by mangroves was a function of the density of 
stems in the stand, the diameter of mangrove roots and trunks, and the spectral char-
acteristics of the incident waves. Research also has shown that the wave buffering 
potential of mangroves can be comparable to that provided by man-made structures. 
For example, Harada et al.  (  2002  )  conducted a hydraulic experiment to study the 
tsunami reduction effect of coastal permeable structures using models of man-
groves, a coastal forest, a wave dissipating block, a rock breakwater and houses. 
This work concluded that mangroves can be as effective as concrete seawall struc-
tures for reduction of tsunami effects on house damage. Similarly, more recently, 
Teh et al.  (  2009  )  used numerical and analytical modeling to show that mangroves 
can be effective at reducing wave heights and velocities. However, they state the 
degree of reduction depends on wave period, wavelength, and mangrove character-
istics including forest width and density, as other researchers have reported. 

 While the results from these studies are compelling, fi eld observations on the 
role of coastal vegetation, such as mangroves, in decreasing the impacts of the 
Indian Ocean tsunami of 2004 have been varied, with a paucity of quantitative studies 
on the protective services provided by coastal vegetation during the event (   Khazai 
et al.  2007 ; Cochard et al.  2008  ) . Even some of the more quantitative fi eld studies 
on the role of mangroves and/or coastal vegetation in mitigating the tsunami have 
been questioned due to the statistics and analytical techniques used (see Dahdouh-
Guebas et al.  2005 ; Kerr et al.  2006 ; Baird and Kerr  2008 ; Iverson and Prasad  2008  
for critiques of approaches used and responses to critiques). Nevertheless, results 
from these studies have helped elucidate some of the possibilities and limitations of 
using ecological systems for disaster protection. 

 One of the fi rst studies on these issues after the tsunami was conducted by 
Dahdouh-Guebas et al.  (  2005  )  who used a semi-quantitative assessment technique 
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to assess the protective capacity of mangroves in relation to the tsunami. They 
conducted surveys in 24 mangrove lagoons and estuaries along the South-West, 
South and South-East coasts of Sri Lanka in January 2005. They found that man-
groves did indeed afford protection in sites where they occurred, but the degree of 
ecological degradation of the mangroves was a critical factor infl uencing a man-
grove stand’s ability to protect human communities from the tsunami waves: man-
grove species associated with degraded stands were found to offer less protective 
capacity than species found in more ecologically intact stands. This suggests that 
conservation of mangrove composition, as well as extent, is critical for retaining 
their protective capacity. In a similar study, Danielsen et al.  (  2005  )  assessed the role 
of vegetation in mitigating the impact of the tsunami along the affected coastline in 
Tamil Nadu, India. The results of their analysis of damage in areas with different 
vegetation densities suggested that mangroves helped decrease damage from the 
tsunami because the villages located behind the mangroves were much less dam-
aged compared to villages not located behind mangroves. However, most of the 
villages located behind the mangroves were also a farther distance from the shore 
than villages that were not located behind mangroves, which the authors do not 
account for in their analysis. Danielsen et al.  (  2005  )  also showed that fi ve villages 
located within  Casuarina  plantations experienced only partial damage, which the 
authors interpret to mean that  Casuarina  plantations provided considerable protec-
tion from the waves. The authors note a major caveat to their results (in the supple-
mentary material and methods section): they do not know what the structure of the 
wave was like in this area or if it was completely uniform across the coastline, 
although they infer this by the relatively homogenous continental shelf proximate to 
the affected coastline. In a study on the protective role of vegetation in Sri Lanka, 
Kaplan et al.  (  2009  )  note the important of context and location on the landscape 
when considering wave reduction potential of coastal ecosystems. For example, 
they noted that a village located 1.7 km from the sea on an inlet and surrounded by 
 Rhizophora  species was severely damaged because the inlet acted to amplify the 
wave’s forces allowing the wave to penetrate farther inland than otherwise would 
have been expected at that location. 

 Tanaka et al.  (  2007  )  conducted fi eld surveys across 29 sites in Thailand and 
Sri Lanka on the effectiveness of different species of trees/coastal vegetation in miti-
gating against the tsunami. The fi eld surveys included assessments of vegetation 
types, direction of the tsunami, and height of waves. They also calculated the drag 
co-effi cients of each species recorded, which included: (a)  Casuarina equisetifolia , 
a representative tree that grows in beach sand; (b)  Anacardium occidentale , a planta-
tion species found in the coastal zone; (c)  Cocos nucifera , commonly known as the 
coconut tree and a plantation species found widely throughout the coastal zone; 
(d)  Avicennia alba  and  Avicennia marina , hereafter  Avicennia  spp . , a representative 
mangrove species found in small tidal zones; (e)  Pandanus odoratissimus , a species 
that grows in beach sand; and (f)  Rhizophora apiculata , a mangrove species that 
produces a dense network of aerial roots and  Rhizophora mucronata , a mangrove 
species representative of large tidal zones. Their results of fi eld observations 
 combined with modeling show that the ability of vegetation to attenuate the tsunami 
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waves was a trade-off between stem diameter and spacing of trees, which is why 
mangroves can be effective defences (because of a high stem density in mangrove 
forest stands). As stem diameter gets larger, the individual tree becomes more resis-
tant to wave forces, but with an increased diameter there is less room for a higher 
number of stems and, so, stem density decreases. This problem was particularly 
evident in  C. equisetifolia  stands: when the stand is young, there is a high density of 
small stems which makes it effective at attenuating wave forces, but the individual 
stems can break easily at this age because they are small; when the stems get bigger 
they are more resistant to the waves, but there is more space between each tree mean-
ing that the stand’s overall ability to attenuate waves is lower (see Fig.  22.1 ). 
Similarly, despite the abundance of  Cocos nucifera  throughout the tsunami affected 
zones and many coastal areas, too much space exists between each stem to reduce 
wave force signifi cantly. The authors suggest that landscape planning that accounts 
for proper spacing of vegetation throughout the coastal zone, from seaward to inland 
areas, can maximize the potential benefi ts that different coastal tree species may 
offer with respect to tsunami protection, even if, individually, they cannot effectively 
attenuate wave forces. For example, a landscape structured with small- and large-
diameter trees may buffer the impact of large waves because the densely populated 
small-diameter trees ( d  > 0.1 m) collectively could reduce the velocity of the tsunami 
current, while the large-diameter trees ( d  > 0.3 m) could trap the broken branches 

  Fig. 22.1    Stand of 
 Causarina  trees 
approximately 20 m from the 
high tide mark on the coast of 
Arugam Bay, Sri Lanka in 
May 2005, 4 months after the 
tsunami hit the coastline. 
These young trees withstood 
the tsunami and there is no 
other vegetation community 
between this stand and the 
ocean, but its protective 
features are questionable. 
This structure was under 
construction at the time this 
picture was taken by the 
author, JCI       
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and man-made debris. The vertical structure of tree stands may also provide an 
effective soft landing for people carried away by large waves or surges or for climb-
ing when waves are approaching. Thus, each species may play different roles in 
providing disaster protection services and their effectiveness at providing these ser-
vices will be determined by abundance, density, demography, and ecology of the 
species in addition to their location on the landscape. An understanding of species’ 
traits that are important for  certain ecological functions, such as wave attenuation, 
could be used to inform landscape planning aimed at disaster risk reduction. Some 
species and communities may only exist in certain conditions, meaning many of 
these functions will be context specifi c. Thus, the challenges and opportunities of 
leveraging natural ecosystems and coastal landscapes to provide disaster protection 
services must be considered on a case by case basis and, of course, in relation to the 
prevailing hazard and its characteristics.  

 Due to the many social, physical, and ecological variables that infl uence the pro-
tective capacity of natural systems against disasters, it can be diffi cult to collect data 
and select analytical techniques that generate robust results on the relationships 
between vegetation and mortality for informing policy and/or land use planning. For 
example, in a fairly controversial study of 25-km of tsunami affected coastline in 
Tamil Nadu, India, Kathiresan and Rajendran  (  2005  )  collected information on dis-
tance from shore, elevation, area of mangroves/coastal vegetation, number of deaths 
and per capita loss of life in 18 hamlets. Their results showed a signifi cant negative 
correlation between the human death toll and the distance of human habitation from 
the sea ( r  2  = 0.61,  p  < 0.01), the elevation from mean sea level ( r  2  = 0.63,  p  < 0.01) and 
the area of mangrove and other coastal vegetation ( r  2  = 0.58,  p  < 0.01). However, their 
results were challenged by Kerr et al.  (  2006  )  who reanalyzed their data and found that 
distance from sea and elevation together explained 87% of the variation of mortality 
in the area with vegetation contributing less than a 1% increase in the explanatory 
power. Similarly, they found that distance from sea accounted for 61% of the varia-
tion in wealth lost, with elevation and vegetation combined accounting for only 6.5% 
of the total variation. Vermaat and Thampanya  (  2006  )  then challenged the approach 
taken by Kerr et al.  (  2006  )  and reanalyzed the data to derive results that suggested that 
fewer lives and less property were lost from hamlets that were in the shelter of man-
grove stands, even when they corrected for distance from the sea and elevation. 
Similarly, Iverson and Prasad  (  2007  )  built empirical  vulnerability models of damage/
no damage based on elevation, distance from shore, vegetation, and exposure and 
determined that forested zones could help reduce damage to an event like the tsunami. 
These fi ndings were criticized by Baird and Kerr  (  2008  )  due to their failure to account 
for many variables important in determining the impact of the tsunami (also see reply 
by Iverson and Prasad  2008  ) . Collectively, these and other studies have led to confl ict-
ing results on the role of coastal vegetation in mitigating against the tsunami, which 
can be related to the complex relationships among social, ecological, and physical 
factors at each site; unique characteristics of the wave(s) in a specifi c location; and the 
application of different methods and analytical techniques for testing relationships. 

 While these studies explore ways in which ecological systems may infl uence 
wave forces associated with a tsunami or other coastal extreme event, few of the 
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available studies on this topic have made use of the vast amount of data that is now 
available for reconstructing, modeling, and interpreting the wave energy at each 
site and its impact on land. Future analyses using these data will be important for 
furthering understanding of important processes and the protective role of ecosys-
tems (Cochard et al.  2008  ) .   

   The Role of Other Coastal Ecosystems 
in Protecting Against the Tsunami 

 Although most of the focus following the Indian Ocean tsunami of 2004 was on the role 
of mangroves and other coastal vegetation types in protecting inland communities, other 
coastal features were also observed to have contributed to protecting coastal human 
populations from the wave(s), namely sand dunes, coral reefs and seagrass beds.  

 Sand dunes were thought to have played an important role in buffering against 
the wave(s) (Liu et al.  2005 ; Ingram et al.  2006 ; Mascarenhas and Jayakumar  2008  ) , 
especially in places where sand dunes were tall in height and densely vegetated. In 
Yala National Park, for example, sea incursion by the tsunami occurred where dunes 
were defi cient, as in lagoons or river outlets (Fernando et al.  2006  )  or in places 
where dunes had been removed. This fi nding was supported by observations of the 
authors Ingram and Khazai in Yala National Park, where one hotel, which had 
removed sand dunes for an unobstructed beach view was completely destroyed by 
the tsunami with an almost complete loss of life (at high occupancy) while another 
lodge, a few hundred meters away, was virtually undamaged due to the protective 
barriers of sand dunes that had been conserved (Fig.  22.2 ). Dunes were also 
observed to be inefficient at reducing the tsunami’s force when located at the 
center point of an arc-shaped bay (authors’ observations).  

 Following the Indian Ocean tsunami, it was recorded that communities located 
inland of coral reefs degraded from years of coral mining suffered higher damage 
and loss of life than communities located a short distance away on the same coast-
line, but sited inland of intact coral reefs (Fernando and McCulley  2005  ) . Simulation 
experiments have also demonstrated the role of coral reefs in buffering tsunami 
wave action and have shown that their effectiveness is determined by the amplitude 
and wavelength of the incident tsunami; the geometry and health of the reef; and the 
offshore distance of the reef (Kunkel et al.  2006  ) . However, in contrast, a review by 
the United Nations Environment Program (UNEP) World Conservation Monitoring 
Center (WCMC) review found little evidence that the presence of reefs reduced 
tsunami damage on shore. Some studies have even suggested that inundation was 
greater on coastlines with reefs than on those without, due to bathymetric factors 
and the way in which the tsunami can gain force as it approaches certain types of 
shorelines (Wells and Kapos  2006  ) . 

 Chatenoux and Peduzzi  (  2007  )  used a Geographic Information System (GIS) 
modeling technique and multiple regressions to assess the effects of seagrass, coral 
reefs and mangroves for mitigating the impact of the tsunami in sites across 
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  Fig. 22.2    Tsunami protection provided by sand dunes and the importance of landscape context in 
determining their functional performance. ( a ) Large, vegetated sand dunes surrounding a hotel, 
which was almost unaffected by the tsunami due to the protective dune system. ( b ) The site of a 
hotel located a few hundred meters from the hotel pictured in Fig.  22.2a , where dunes had been 
removed to create an unobstructed view of the ocean. Occupancy in the hotel was high and there 
was an almost complete loss of life. ( c ) Large, vegetated dunes that were breached and located at 
the center point of a bay ringed by sand dunes         
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Indonesia, Thailand, continental India, Sri Lanka and Maldives. Their results indi-
cate that the width of the fl ooded plain (the proxy for damage in this study) was 
strongly correlated with distance from the subduction fault line; near-shore geomor-
phology and length of proximal slope; percentage of coral; and percentage of sea-
grass beds. These factors accounted for 65.5% of the variance in the width of the 
fl ood plain at 56 sites with a signifi cance of  p  < 0.05. The authors hypothesize that 
seagrass may have helped reduce the tsunami impact by mechanical infl uences that 
attenuate the wave; however, they state that the results could also be an artifact of 
the distribution of seagrass beds that may only occur in areas where wave energy is 
naturally lower. The researchers also found that damage was higher behind coral 
reefs because areas where coral was growing were in shallow waters with small 
slopes, two conditions leading to higher waves. Although few doubts exist regard-
ing the positive role coral reefs play in providing coastal protection from typical 
waves, caution should be kept, the authors warn, when rebuilding facilities inland of 
coral reefs if future tsunami risks are high.   

   The Role of Ecological Systems in Protecting 
Against Other Coastal Hazards 

 Coastal zones are naturally dynamic and prone to a variety of hazards, thus, the role 
and management of coastal ecosystems with respect to one type of hazard must be 
considered alongside the many other hazards characteristic of this eco-tone. In fact, 

Fig. 22.2 (continued)
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the role of mangroves in attenuating waves associated with cyclones and hurricanes 
is thought to be as, if not more, important than their role in attenuating waves from 
tsunamis due to the higher frequency of weather related coastal hazards. For exam-
ple, Blasco et al.  (  1992  )  used satellite imagery to assess the impacts of fl ooding 
resulting from cyclonic activity in Bangladesh in the deltaic complex of the Ganges. 
In mangrove forests, there was no sign of destructive effects by fl oods or winds, 
which the authors interpret to mean that these tidal forests are adapted for annual 
cyclones. The authors also note that a coastal afforestation programme carried out in 
the intertidal zone 15 years before the event, created a safety belt of trees, suffi ciently 
thick to protect embankments facing open sea, which were undamaged by the storm. 
Similarly, Das and Vincent  (  2009  )  used data on mortality from hundreds of villages 
following a massive cyclone that hit the Orissa coast in 1999 to assess the protective 
functions of mangroves. They concluded that the width of mangrove stands was a 
powerful predictor of mortality, with fewer deaths recorded in villages located behind 
wider stands, but mangroves were no substitute for the lives saved from early warn-
ing systems. In India and the Philippines, fi shermen have also recognized the impor-
tance of intact mangroves in protecting against coastal hazards such as cyclones and 
fl ooding. In a study on the value of mangroves to a fi shing community in the 
Philippines, more than 90% of fi shermen surveyed, regardless of where they fi shed, 
thought that mangroves provided protection from storms and typhoons, acted as a 
nursery site and should be protected. Those people fi shing only in the mangrove 
forests perceived more benefi ts from these habitats and were prepared to pay more to 
protect them than those fi shing outside of them (Walton et al.  2006  ) . For these rea-
sons, in some cases, mangroves may be more benefi cial than built coastal defence 
systems because they also offer provisioning services, such as fi sh and fuel wood, as 
well as regulating services, such as storm protection, whereas built systems only 
provide the latter (Tri et al.  1998  ) . In addition, they may be more capable of adapting 
to dynamic conditions, such as sea level rise associated with climate change, than 
static, engineered defences. Several studies have estimated that the economic value 
of the coast-line protection services provided by mangroves and coral reefs can be 
quite high. In an analysis of the economic value of storm protection services pro-
vided by coastal ecosystems in Belize, the World Resources Institute estimated that 
mangroves contribute approximately US$111–167 million/year in avoided damages 
while coral reefs contribute approximately US$120–180 million in avoided damages 
(Cooper et al.  2009  ) . In a similar study in Tobago and St. Lucia, Burke et al.  (  2008  )  
estimated that the annual value of shoreline protection services in avoided damages 
provided by coral reefs is approximately US$18–33 million for Tobago and US$28–
50 million for St. Lucia. They estimate that coral reefs provide 20–40% of shoreline 
stability in the places where they occur, although they state the degree of protective 
services offered by coral reefs are a function of coastal context and determined by 
factors such as elevation and slope of the shore, the geologic origin of the area (and 
resistance to erosion) and the wave energy along the coast (Burke et al.  2008  ) . 

 Wetlands also play important roles in buffering the effects of coastal hazards 
such as hurricanes. Much attention was given to the protective services provided by 
wetlands following Hurricane Katrina in 2005 (Fischetti  2005  ) . Results from an 
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analysis of data on hurricane damage since 1980, demonstrated that coastal  wetlands 
in the United States provided an estimated US$23.2 billon/year in storm protection 
 services (Costanza et al.  2008  ) . 

 Intact natural forests located inland of the coastal zone may also play important 
roles in protecting coast-lines from storms by moderating soil fi ltration rates and, 
thus, preventing runoff, erosion and fl ooding associated with cyclones and hurri-
canes (Hammill et al.  2005  ) . For example, after Hurricane Jeane hit the island of 
Hispaniola in 2004, the island’s two countries experienced signifi cantly different 
death tolls: in Haiti approximately 2,700 people were killed and in the Dominican 
Republic less than 20 people were killed. These stark contrasts have been attributed 
to Haiti’s extensive deforestation, which has left less than 2% of the island’s land 
area under forest cover. In comparison, the Dominican Republic retains forest on 
approximately 28% of its land area (Peduzzi  2005  ) .   

   Opportunities and Challenges for Incorporating 
Ecology into Coastal Disaster Reduction 

 Recent disasters such as the Indian Ocean tsunami of 2004 have provided tragic, yet 
important, opportunities to explore the disaster regulation services provided by 
coastal ecosystems. While multiple analyses have been conducted on the role that 
ecosystems played in reducing the impacts of the Indian Ocean tsunami, many 
reports have been qualitative or semi-quantitative and, when quantitative, have often 
been based upon experimental simulations or cannot be easily extrapolated to other 
sites. The diffi culty in producing robust analyses of disaster regulating ecosystem 
services is largely due to the complexity of biotic and abiotic factors that comprise 
the coastal zone and interact to determine an ecosystem’s ability to resist the impact 
of an extreme event. 

 From previous studies, it is clear that implementing natural resource manage-
ment activities to help reduce disasters and achieve the HFA can be far from straight-
forward: relationships between natural features and disaster reduction are not 
universal, as demonstrated from research after the tsunami. Nevertheless, research 
frameworks proposed for studying ecosystem services and many existent ecological 
tools could be helpful for achieving the goals proposed by the HFA framework and 
furthering our knowledge on how ecosystems can be managed to protect people 
against prevailing hazards, while providing other critical ecosystem services. 

   Developing a Common Language Between 
Ecologists and Disaster Specialists 

 For ecologists to effectively inform hazard management and planning, it will be 
important to establish common approaches for looking at the various dimensions of 
complex systems. In this regard, it may be helpful to examine disaster regulation 
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functions of ecosystems through the lens of well established hazard risk assessment 
nomenclature and methods. Accordingly, the functional performance of ecosystems 
in regulating disaster risk could be defi ned as a function of the hazard, exposure and 
resilience (or vulnerability), where each part has to be considered by itself, as well 
as, related to the other. This could be expressed as:

     ( )Ecosystem functional performance hazard, exposure, resiliencef=     

 In reviewing the role of ecological systems in regulating disasters, it is important 
that their performance be related to the characteristics of the prevailing hazard. 
Specifi cally, it is useful to look at hazards in terms of three components: the spatial, 
dimensional and temporal components. The spatial characteristics of the hazard 
determine the geographic area which is potentially threatened. The dimensional 
attributes of the hazard provide information on the intensity and magnitude of the 
hazard. The spatial and dimensional characteristics of a hazard at a particular local-
ity are heavily controlled by local site conditions such as backshore and offshore 
topography, geometry, sediment supply, relative sea-level and ecological character-
istics, all of which vary between coasts and even along adjacent sections of one 
coastline. Furthermore, the spatial and dimensional attributes must be considered 
for  each  hazard type as each hazard will have different characteristics that will be 
relevant for disaster risk reduction. For example, the base physical  processes gov-
erning tsunamis, tropical cyclones and storm surges are very different: ordinary 
storm waves or swells break and  dissipate most of their energy in a surf zone, while 
tsunamis break at shore. Finally, the temporal description of the hazard expresses 
when and how often future hazards are to be expected. This characteristic of the 
hazard can be expressed as the recurrence period, which are intervals (or cycles) of 
recurrence between hazard events that demonstrate the frequency and the probabil-
ity of occurrence of the hazard. When evaluating the performance of any coastal 
 protection system, engineered or natural, it is critical that the spatial and dimen-
sional hazard parameters are related to the recurrence period of the hazard. Exposure 
refers to the degree to which an entity is in contact with the hazard (i.e. distance 
from hazard). Exposure should not be viewed as a static property as it can change 
throughout the day, seasonally and over longer periods of time. 

 Resilience has been defi ned as the ability of a system to absorb shocks, to avoid 
crossing a threshold into an alternate and possibly irreversible new state, and to 
regenerate after disturbance (Resilience Alliance  2010  ) . Walker  (  2009  )  has identi-
fi ed two kinds of resilience that may be helpful for understanding how to apply 
these concepts to ecosystem-based hazard management: “specifi ed” resilience 
deals with the resilience “of what, to what” (e.g., the resilience of crops to a 
drought); “general” resilience considers resilience of the system as a whole, but 
does not consider any particular kind of shock, or any particular aspect of the sys-
tem that might be affected. It is important that both be considered in parallel for 
natural resource management aimed at reducing poverty, so that enhancement 
of one ecosystem service (i.e. storm protection) does not compromise the provi-
sioning of other key ecosystem services (i.e. food production). However, the 
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components that comprise resilience for a particular system must be better under-
stood in relation to the intensity of the prevailing hazard and the level of exposure 
of the system. As discussed in the previous sections, this information is not always 
readily available and, in many cases, the way in which post-disaster data are col-
lected and analyzed may not be consistent. Consistent historic post-damage data-
bases are invaluable for constructing the needed empirical relationships that 
provide information on if and how ecological systems can contribute to disaster 
risk reduction. The establishment of internationally recognized standard proce-
dures and guidelines for collecting post-disaster ecological data in the fi eld could 
be very helpful in this regard.  

   Moving Forward: Relevant Ecological Tools, Principles, 
and Theories for Informing Disaster Risk Reduction 

 Generally, ecological knowledge and approaches have been under utilized for 
explaining the role that natural features and components may play in mitigating 
against single and multiple hazards, yet, multiple researchers have outlined priori-
ties for deepening understanding of other ecosystem services and how to manage 
them (Kremen  2005 ; Kremen and Ostfeld  2005 ; Bennett et al.  2009  ) . Much of this 
work has focused on ecosystem services such as pollination, regulation of water 
quality, and climate regulation through carbon sequestration and storage. This 
 section will draw upon these frameworks and research and will explore how they 
can be adapted to disaster regulation services. 

   Understanding the Ecological Components That Contribute 
to Hazard Mitigation 

 Even for some of the most studied ecosystem services, a paucity of information 
exists on the role of biodiversity in supporting their provisioning in real world con-
texts or at scales of relevance to ecosystem management (Kremen  2005 ; Kremen 
and Ostfeld  2005 ; Balvanera et al.  2005  ) . Thus, it is not surprising that compara-
tively little is known about the role of biodiversity in providing disaster regulation 
services, although, recent events have drawn more attention to the need for this 
information and have resulted in increased research on this issue, as described in the 
previous sections. 

 Research on the relationship between biodiversity and ecosystem functioning 
(BEF) has identifi ed ways in which biodiversity infl uences  ecosystem functions 
(Naeem  2002 ; Naeem and Wright  2003 ; Loreau  2010 ). Studies on BEF have helped 
explain how ecological functions are infl uenced by species richness, biomass, abun-
dance, and density of species (Kremen  2005  ) . This type of research has already 
been useful for illustrating the ecological attributes that are important for providing 



38322 Incorporating Ecology and Natural Resource Management into Coastal Disaster…

disaster regulation functions. For example, species diversity acting in combination 
with other ecological attributes, such as density and stem size, has been shown to be 
important for determining the effectiveness of mangrove forests at attenuating 
waves (Massel  1999  ) . 

 Conceptual frameworks for demonstrating how biodiversity infl uences ecologi-
cal functions and the provisioning of ecosystem services have been proposed by 
Luck et al.  (  2003  ) , Kremen  (  2005  ) , Kremen and Ostfeld  (  2005  )  and Luck et al. 
 (  2009  ) . This body of work outlines ways to identify how ecosystem services are 
provided and the conditions under which they are most effi cient to better inform 
ecosystem-based management. One approach is to identify ecosystem service pro-
viders (ESPs) (Kremen  2005  )  or service providing units (SPUs) (Luck et al.  2003  ) , 
which have more recently been united into the Service Provider concept (Luck et al. 
 2009  ) . The appropriate ecological level for defi ning SPs is service-dependent and 
might be at the level of species, populations, habitats, or ecosystems. In general, the 
functional importance of each SP will depend both on its effectiveness at providing 
the service (effi ciency) and its abundance (Balvanera et al.  2005 ; Kremen  2005  ) . 
Functional contributions of SPs have been measured or estimated for pollination, 
bioturbation, dung burial, water fl ow regulation, carbon sequestration, leaf decom-
position, and disease dilution, but this analysis has not been done widely for disaster 
regulation services. Drawing from the classifi cation of well-researched examples, 
Table  22.1  presents a preliminary classifi cation of SPs that might be helpful for 
identifying how biodiversity is related to ecological functions (wave attenuation in 
this case) that contribute to disaster regulation services.  

 Theories and tools emerging from BEF and Ecosystem Service research will be 
helpful for answering critical questions pertaining to ecosystem-based disaster 
reduction strategies such as: which species or landscape components provide func-
tions that protect people from prevailing hazards? In what abundances, densities 
and/or what degrees of biomass are needed for these components to provide these 
functions and how do those vary throughout space and time? Are the SPs similar 
across hazards with different spatial, dimensional and temporal attributes? If not, 
what composition of species and/or landscape features should be conserved to opti-
mize resilience to a range of potential hazards?  

   Assessing the Spatial and Temporal Distribution of Disaster Regulation 
Services 

 Increasingly, ecologists are modeling the spatial and temporal distribution of eco-
system services across landscapes, including disaster regulation services, such as 
fl ood mitigation (for example, see the Natural Capital Project  2010  ) . Berger and 
Rey  (  2004  )  map the disaster protection services provided by mountain forests in 
France and suggest these services should be better integrated into zoning laws and 
policies because the protective role of forests is rarely considered in hazard risk 
mapping. 
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 Conducting this kind of work for a variety of hazards will require landscape 
level assessments that identify the mechanisms by which ecosystems in the coastal 
zone provide disaster regulation functions (as outlined in the previous section); 
how these functions are related to the spatial, dimensional and temporal attributes 
of the hazard; and how geometry and spatial confi guration of land and sea scape 
components infl uence the disaster regulating functions provided by ecosystems. 
The latter is critical because context may strongly infl uence the strength of rela-
tionships between ecological components and disaster regulation services that 
may seem robust in one location, but may not be in another. For example, Kaplan 
et al.  (  2009  )  found that bays and estuaries acted to amplify the strength of the 
tsunami waves such that houses located far from the coast and protected by  forests, 
which under normal conditions may have offered protection to the waves, were 
still damaged if they were close to the edge of an inland estuary or bay. Thus, it is 
important to acknowledge that the provisioning of disaster regulation services 
provided by an ecological community is dependent upon multiple factors includ-
ing location in the landscape. It is also critical to understand the temporal provi-
sioning of disaster regulation services. Since ecosystems are inherently dynamic, 
the provisioning of ecosystem services may be variable throughout time (Koch 
et al.  2009  ) . Thus, it is important to predict which periods of the day, month and/
or year when disaster regulation services provided by ecosystems are lowest and, 
thus, when disaster risks are highest. Temporal assessments of ecosystem service 
provisioning combined with spatial mapping of coastal disaster regulation ser-
vices could be helpful for creating a dynamic model of coastal zone vulnerability 
that could be analyzed in relation to the spatial, dimensionsal and temporal attri-
butes of a hazard. 

 An understanding of SPs that comprise different ecosystem services and models 
of how multiple ecosystem services are distributed temporally and spatially across 
a landscape may help guide management aimed at fostering general resilience of the 
system by revealing ecosystem service synergies or trade-offs associated with dif-
ferent natural resource management practices. Tools that are being developed such 
as InVEST (Natural Capital Project  2010  ) , which can model and map the delivery, 
distribution and economic value of ecosystem services, provide useful resources for 
doing this. Such tools may be helpful when managing a coastal-scape to provide 
multiple ecosystem services, such as biodiversity, food, and disaster risk reduction. 
Since some land uses, such as biodiversity for conservation and disaster risk reduc-
tion, may require large, ecologically intact areas, management efforts and resources 
for those two goals could be combined to be more cost-effective. In contrast, land 
use for shrimp farming requires considerably less space (Barbier et al.  2008  ) , but 
often results in habitat destruction, indicating it should be placed in a part of the 
landscape that does not compromise biodiversity or disaster risk reduction services. 
Information on the spatial and temporal distribution of disaster risk reduction ser-
vices may help inform more strategic placement of competing land uses, such as 
fi sh farms, so that high hazard risk spots in the landscape are not made more risky 
by loss of important habitat.  
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   Managing and Monitoring Dynamic Disaster Regulation Services 

 Once species have been identifi ed with respect to their functional traits (Naeem 
and Wright  2003 ; Balvanera et al.  2005 ; Petchey and Gaston  2007  ) , new opportu-
nities may arise for monitoring and management. This might include classifying 
species by traits that are relevant for wave attenuation such as high leaf area index 
(which can create drag forces) or soil stabilization potential (such as root structure 
that helps stabilize soil). Trait based classifi cation of species in combination with 
data on abundance, biomass or density, for example, can be used to calculate func-
tional diversity metrics that permit assessments of how functional differences 
among species are distributed throughout a community (Symstad et al.  2003 ; Diaz 
et al.  2007 ; Walker et al.  2008 ; Griffi n et al.  2009  ) . A corresponding feature of 
communities that is also useful in this context is the measure of “functional redun-
dancy,” which indicates the degree of overlap in species that provide a certain 
function within a community (Petchey and Gaston  2007  ) . Low redundancy of spe-
cies with traits that provide important functions related to disaster regulation at a 
specifi c site, for example, may indicate that this area could be more vulnerable, if 
the species that provide those functions decrease in abundance, biomass or den-
sity. Values of functional diversity and redundancy could be mapped to assess the 
aggregate disaster regulation functions provided by a coastal land/sea-scape, to 
identify how vulnerable certain parts of the land/sea-scape may be to losing 
important disaster regulation functions (as indicated by redundancy), and, thus, 
where conservation and development activities should be focused across a land/
sea scape. 

 In general, both effi ciencies and abundances of SPs may vary as a result of 
changes in resources, predators, competitors and mutualists, as well as, responding 
to changing physical or biophysical parameters (Kremen  2005  ) ; they are by no 
means static. This is especially true in the dynamic coastal zone. Thus, managing 
ecosystem-based disaster regulation services will require monitoring the resilience 
of a system, to ensure key ecosystem functions are not lost, rather than management 
aimed at maintaining a static state, as would be the goal of maintaining built infra-
structure aimed at disaster reduction. 

 Monitoring and management of disaster regulation services will require an 
understanding of not only the natural dynamism of coastal ecosystems, but also of 
how they respond to external pressures. Yet, different observations have emerged 
with respect to how biodiversity and ecosystem functions respond to change making 
it diffi cult to preemptively manage declines in ecosystem services resulting from 
external stressors. In some cases, biodiversity may offer stability to disturbance 
through the portfolio (Tilman et al.  1998  )  or insurance effect (Naeem  1998  ) , but in 
other cases this pattern may not hold (Balvanera et al.  2005 ; Loreau  2010  ) . While 
these patterns may differ across contexts, ecosystem services are unlikely to change 
in a linear fashion in response to an increasing pressure or a stressor. Barbier et al. 
 (  2008  )  have demonstrated non-linear shifts in the provisioning of several coastal 
ecosystem services, including wave attenuation as a result of habitat loss. 
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Furthermore, different ecosystem services respond differently to change, which has 
important implications for management charged with providing multiple ecosystem 
services. Thus, more research is needed on how individual ecosystem services 
respond to change and how these changes impact and are impacted by changes in 
other ecosystem services. 

 Designing management and monitoring plans for ecosystem-based disaster regu-
lation functions will require baseline information on coastal ecosystem services. 
This information can be used to develop targets for management that indicate when 
critical disaster regulating ecosystem services are declining. Setting targets and 
monitoring for management that will help optimize the resilience of a system will 
require a sound understanding of the ecological components that comprise disaster 
regulation services and an understanding of the baseline spatial and temporal distri-
bution of these components in relation to hazard risk. Perhaps, because of gaps in 
knowledge on SPs critical for disaster regulation services and the complexities of 
how they work with respect to abiotic factors (such as topography and landscape 
context), few monitoring programs have focused on measuring ecologically pro-
vided disaster services; rather, monitoring and management have typically focused 
on provisioning or cultural services (Carpenter and Folke  2006  ) . In the midst of 
uncertainty about the nature of a range of ecosystem services and their relationships 
with one another, maintaining regulating services, such as disaster regulation ser-
vices, may be a key precautionary way to build “general resilience” in a system: 
research suggests that declines in regulating ecosystem services can result in 
declines in overall ecosystem resilience, even when there are not substantial or 
apparent reductions in other ecosystem services (Bennett et al.  2005  ) . However, 
since very little is known about the relationship among multiple ecosystem services 
or interactions between them (Bennett et al.  2009  ) , in parallel to efforts focused on 
better understanding and conserving disaster regulation services, general research 
on the relationships among various coastal ecosystem services is also of critical 
importance for informing natural resource management aimed at reducing overall 
vulnerability of coastal communities.    

   Conclusions 

 The Framework for Action that came out of Hyogo called for natural resource man-
agement and land-use planning to play an important role in building resilience to 
disasters, which represents clear opportunities for ecologists. Hazard prone coastal 
zones represent ideal places to adapt established hazard risk assessment methods to 
account for the protective capacity offered by coastal ecosystems. Much work on 
this topic proliferated after the Indian Ocean tsunami in 2004, but due to confl icting 
results and a lack of quantitative studies across different sites, a paucity of informa-
tion exists for guiding decision makers on the role and management of ecosystems 
for disaster risk reduction. We must not wait for more major disasters to refocus 
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attention and catalyze further work on this topic in hazard prone areas, many of 
which have already been mapped extensively (Dilley et al.  2005  ) . 

 To contribute towards these challenges, ecologists will need to deliver relevant 
scientifi c knowledge on how ecosystems function and change, how they are linked 
to human well-being and how humankind can use them in a sustainable way (Loreau 
 2010  ) . Well-developed tools such as Geographic Information Systems and satellite 
remote sensing can be applied in new ways to map and model the distribution and 
economic value of ecosystem services. Additionally, research on BEF and ecosys-
tem service dynamics could help foster a better understanding of the ecology of the 
disaster regulation functions provided by nature and inform ecosystem-based 
management that aims to maintain or restore the resilience of coastal ecosystems. 
However, it is important to not focus on maximizing the specifi c resilience of one 
ecosystem service (such as wave attenuation) at the expense of general resilience 
of the  ecosystem, which may require a wide range of ecological functions. This is 
 especially true in the coastal zone, where people depend directly on coastal habitats 
for many ecosystem services that support their livelihoods and daily needs such as 
food,  shelter, construction materials, recreation, and cultural purposes. 

 Thus, minimizing overall vulnerability of poor communities in hazard prone 
coastal areas will require not only providing physical protection against hazardous 
events, but also ensuring communities have access to a diversity of ecosystem ser-
vices. Seawalls and built infrastructure may offer physical protection against 
extreme events, but may not ensure the provisioning of other ecosystem services 
and, in some cases, coastal infrastructure can negatively affect coastal ecosystems 
that provide services important for human livelihoods (Ingram and Dawson  2001  ) .  
Ecological tools and principles can help conservationists and development practi-
tioners maximize the provisioning of multiple ecosystem services important for 
poverty reduction in the coastal zone. Ensuring that this happens will require ecolo-
gists to participate in disaster relief missions, recovery, and rebuilding, so, that natu-
ral resource management lessons can be learned and applied towards recovery in 
disaster affected areas and towards risk reduction in hazard prone areas. If we think 
about ecosystems as natural infrastructure, then, it will be as important to include 
ecologists on these missions as it is to include engineers and others who assess 
damage to built infrastructure. 

 Because coastal ecosystems are dynamic by nature and often used by people for 
a variety of purposes, it is unlikely that they will be able to provide complete physi-
cal protection from all hazards, all of the time. In some cases where ecosystems 
have been so degraded that their protective capacity has been lost and restoration is 
not possible, engineered defenses may be the only option, although even these do 
not provide perfect protection, as demonstrated in the case of Hurricane Katrina. No 
disaster risk reduction technique is suffi cient on its own, but must be part of a holis-
tic strategy that integrates structurally sound buildings, early warning systems, edu-
cation, and evacuation plans. Including ecosystem-based management in such 
strategies could provide an effective way to reduce human vulnerability to coastal 
hazards, while also providing other critical ecosystem services important to coastal 
populations in the long-term.      
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      Introduction 

 No population on this planet is immune to the threat of disaster. Whether it takes the 
form of a rapid onset disaster like the 2004 Indian Ocean tsunami which devastated 
the coastal zone of Aceh Indonesia, or the slow onset drought of 2006 which crept 
across the Horn of Africa, leaving poor harvests and weakened herds throughout the 
region, nearly all communities are at risk. The full impact of a disaster depends on 
the scale of the disaster and the ability of the affected population to both withstand 
the shock and to recover. When populations cannot recover on their own, national 
governments and at times, the international humanitarian community in the form of 
donors and implementing agencies must provide support to the people in need. 

 The United States and other nations regularly respond to disasters and provide 
relief assistance to affected communities. These responses address rapid onset 
disasters such as cyclones, tsunamis, and earthquakes in addition to slower onset 
events such as drought and complex emergencies characterized by confl ict and pop-
ulation displacement. The immediate goal of a humanitarian response to a disaster 
is to save lives and reduce human suffering. Quite often, the conditions which 
precipitate the disaster are not targeted in the initial life saving response. This can 
create potential for future shocks because the economic, social, environmental or 
ecological conditions which contributed to the initial shock persist. For some popu-
lations, recovery becomes increasingly diffi cult as their resiliency erodes with 
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successive shocks. This is especially true for vulnerable populations who rely on the 
natural environment for their survival. For this group, the disruption of the access to 
or availability of environmental goods, such as seeds, crops, pasture, livestock, farm 
land or fi sh following a disaster is especially challenging as they have few other 
resource options. Prevalence of recurrent disasters highlights the importance of saving 
lives while at the same time building resiliency of the people and the environment 
to prevent and withstand future shocks. 

 Ecological principles provide a starting point for creating such a response. 
Echoing the systems concepts put forth by Eugene Odum in which he suggested that 
the “whole is greater than the sum of its parts” (Odum  1964  ) , disaster response must 
consider the system within which the benefi ciaries operate. The reductionist view 
which considers only the immediate needs of the individual at a given point in time 
must expand to consider the individual as one part of a much larger system. 
Understanding how a disaster impacts different facets of this system can guide a 
response to better meet the populations’ needs, avoid exacerbating conditions on the 
ground, and mitigate vulnerability to future shocks.  

   Environmental Resources and Disasters 

   Resource Dependency and Vulnerability 

 Poverty and a high dependency on natural resources are closely linked throughout 
much of the developing world (Prakash  1997  ) . Degradation of the natural environ-
ment can most negatively affect those who have few livelihood options beyond the 
use of natural resources. The relationship between poverty, environmental degrada-
tion and vulnerability to shocks/disasters is closely integrated and, although there is 
often debate about how each component infl uences the other, their connection is not 
disputed (Duraiappah  1996  ) . 

 Those who are most vulnerable to economic stress and who have greatest depen-
dency on natural resources often face signifi cant challenges to restoring their liveli-
hoods post disaster. This group, which includes subsistence farmers and pastoralists, 
frequently has limited access to formalized safety nets such as insurance, large 
amounts of mainstream credit or the ability to seek alternative and lucrative employ-
ment elsewhere. The more their asset base is eroded, the more diffi cult recovery 
can be. 

 Access to resources can be restricted following a disaster for a few days to many 
years. For nearly 20 years, protracted confl ict in Northern Uganda between the 
Lord’s Resistance Army (LRA) and the Government of Uganda led to the displace-
ment of almost 1.5 million people, a great number of them subsistence farmers. 
When insecurity restricted access to land, the ability to exist as a subsistence farmer 
was greatly challenged because their remaining resources were not suffi cient to 
sustain more costly options, such as renting land in safer areas or moving out of the 
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region permanently, which could have enabled them to continue farming for the 
duration of the confl ict. Upon leaving their land, the majority of displaced farmers 
did not immediately have access to formal safety nets and informal safety nets (such 
as relying on family and friends or host communities for food, shelter or resources) 
were stressed with the number of people affected in the region. Ultimately, many of 
the displaced resided in Internally Displaced Persons (IDP) camps and depended 
upon food assistance for survival until security improved. As the security situation 
improves and farmers begin to return to their fi elds, the loss of assets over time, such 
as stored seed resources, tools and animals, combined with limited available 
resources to replace assets has contributed to a slow recovery process.  

   Coping Capacity 

 In response to a disaster or a shock, people utilize a variety of strategies and mecha-
nisms to enable them to survive until conditions improve. At the onset of the fi rst 
shock, those affected are more likely to have a diverse suite of coping mechanisms 
available to them. These could include moving to an unaffected area, seeking addi-
tional work, and/or relying on family or friends for food and shelter. As the disaster 
wears on (as in the Northern Uganda example) or additional shocks ensue (such as 
renewed confl ict, a delayed rainy season, or repeated fl ooding), some coping mech-
anisms may become fully exhausted, leaving only the less desirable strategies which 
may negatively affect their long term livelihood sustainability. Among these less 
desirable coping strategies are the sales of assets, which are essential to their well 
being and to their recovery. For example, to satisfy the need to buy food prior to 
planting, the farmer may be forced to sell other vital implements like axes, hoes or 
animals or take out a loan for a percentage of his harvest to enable his family to 
access the inputs they need. The challenge between meeting short term needs while 
making decisions which benefi t longer term recovery are evident when considering 
the risks involved in this endeavor. The immediate need is for food, followed by 
farming inputs to plant in the upcoming season. The cost of purchasing seed (if 
there are not saved seed resources), may not be offset by gains from the harvest. In 
the event that the harvest is successful, resources might be recuperated. In the event 
that it is not, the farmer then fi nds himself in a cycle of debt and depleted assets 
which can potentially hamper future production. 

 In other cases, the coping mechanisms, such as removing children from school 
when school fees cannot be paid, reducing the number of meals consumed per day, 
or spending long hours in search of “famine foods” – wild foods only harvested in 
times of extreme food insecurity – can have long term impacts on the next genera-
tion with outcomes such as stunting or illiteracy. 

 Other coping strategies fulfi ll short-term needs for cash and food, yet ultimately 
contribute to an overall reduction of long term environmental health (Scott  2006 ). 
For instance, when people are displaced to temporary camps or settlements normal 
livelihood activities are not possible, resulting in a notable rise in sales of fi rewood 
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and charcoal from trees in the immediate area. The increased pressure on resources 
opens the area to soil compaction, erosion and, in some areas at severe risk of deg-
radation, desertifi cation. An effective response to mitigate degradation around camps 
would be designed to meet immediate needs while preventing complete depletion of 
environmental assets or adoption of negative coping strategies. Humanitarian pro-
grams supporting alternative income generating means such as “cash for work” are 
one way to reduce pressure on resources in displacement situations.  

   A Systems Approach 

 One of the most promising ways to slow the downward spiral of disaster, vulnerabil-
ity, and degradation is to respond to disasters by addressing not only the symptoms 
but also the components of the larger complex system which eroded under the strain 
of the disaster. In developing countries where survival often involves a reliance on 
natural resources, looking at the system from an ecological perspective can provide 
clues as to how to respond effectively in the short-term and fortify vulnerable popu-
lations against future vulnerability at the same time. 

 Persistent vulnerability after a disaster response suggests that restoring an asset 
base to its predisaster condition without examining the context in which the disaster 
occurs or improving the underlying conditions which contributed to the disaster may 
not produce lasting positive change (Helland  1980  ) . Additionally, adding inputs 
without careful analysis can actually weaken the degraded system (Sperling  2008  )  
and does not necessarily lessen the likelihood that the population will be vulnerable 
to a similar disaster in the future. For example, adding livestock immediately after 
animals are lost to drought without considering the potential impact the new or addi-
tional animals will have on available water and fodder resources can hamper the 
recovery of the remaining animals. Because of the high volume of repeat emergen-
cies and the desire to do no harm in a response situation, donors and implementing 
agencies like non-governmental organizations (NGOS) are increasingly seeking 
responses which address not only the immediate needs in the aftermath of the disas-
ter but which also facilitate progress toward greater sustainability (UNISDR  2005  ) . 

 The general nature of many emergency humanitarian responses is immediate and 
short term programming. Even so, short term responses should consider the long 
term implications of response, especially in the case of input provision (Reaymaekers 
 2008  ) . In the “developmental relief” ideology promoted since the 1990s, relief 
should facilitate transition from an emergency state toward a more stable recovery 
phase (Campanaro et al.  2002  ) . When relief actions do not enable this, they do more 
to encourage dependency and stagnation than they do to promote real progress away 
from vulnerability. 

 Looking at the effects of a disaster on an individual within a larger system rather 
than considering only their immediate needs post disaster can help better target the 
underlying issues which are crucial to recovery. If a vulnerable farmer in Southern 
Africa loses a maize crop to drought, simply replacing hybrid maize seed is a fl awed 
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response if it does not consider and address underlying factors that may have caused 
the loss. There are many factors to consider – maize may not be the optimal crop 
choice for low rainfall, poor soil zones, and further, promotion of hybrid crops 
which require purchased seed season after season, may put cash strapped farmers at 
still higher levels of vulnerability. On the other hand, in many parts of Africa, there 
are local variations of the saying that “if you have not eaten maize, then you haven’t 
yet eaten for the day,” stressing the importance maize symbolizes in many African 
communities. Thus, the loss must be analyzed in the context of the climate, the soil, 
the productive capacity of the land, the access to land and inputs and markets, cul-
tural preferences and the other assets the farmer has to rely upon for survival. In this 
example, the farmer and their interests, abilities and limitations are equally impor-
tant to respond successfully. A system-based perspective also implies that multiple 
options which promote resilience, rather than single linear solutions need to be 
 considered. Support that allows farmers to strategize in relation to a variety of risks 
might help the farmer emerge stronger compared to support which is very prescrip-
tive in the options it provides to the farmer to mitigate a variety of stresses. After 
programming assistance ends, the farmer remains in the midst of a dynamic situa-
tion and therefore is better served by options than by solutions which offer no 
 fl exibility as the environment changes.  

   Understanding Linkages for Better Response 

 A robust ecological system is often more able to support the populations depending 
upon them through disasters, just as degradation of the environment can increase the 
negative effects of a disaster. For example, the heavy rains and wind which accompa-
nied Hurricane Gustav in August of 2008 in Haiti were a signifi cant force on their own, 
but became devastating for the local populations when followed by the mudslides 
which destroyed or damaged agricultural land and nearly 10,000 homes. Deforestation 
throughout an estimated 98% of Haiti has been blamed for the scale and force of the 
mudslides (Boutrous  2008  ) . The high deforestation rates have been linked to the pres-
sure on forests to supply approximately 80% of the Haitian population with wood for 
cooking and building. In the case of Haiti, it is not entirely possible to pinpoint whether 
poverty intensifi es the increased environmental degradation or vice versa; the relation-
ship is diffi cult to assess if we are trying to identify causation. What is clear, however, 
is that they are connected, and by better understanding the linkages, we can begin to 
better understand how to respond in a meaningful and sustainable manner. 

 Following are two examples where relief responses included methodologies, 
which supported the goals of sustainability and resiliency from initial short term 
responses to longer term recovery. The fi rst example discusses the emergency con-
ditions brought about by the 2006 drought in the Horn of Africa and provides an 
example of the ability to respond to emergency needs while considering the broader 
system and its limitations. The second example discusses methodological changes 
in input (seed) delivery to better support seed systems.   
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   Pastoralism Under Pressure 

   Background 

 Each year pastoralists migrate within the Horn of Africa from areas of rainy season 
pasture to dry season pasture and back again with their herds. As the rainfall moves, 
so do the herders and their animals. Even in a year of normal rainfall, stress on the 
system is evident as traditional practices and grazing patterns are increasingly dis-
rupted by changing human-environment conditions, altering the balance herders 
were able to achieve for many many years. Although there have always been strug-
gles to maintain the delicate balance between animals and resources, new challenges 
make it ever more diffi cult to achieve. A growth in population and competition for 
land increases confl ict between herders and farmers. Land rights issues disrupt tradi-
tional grazing patterns and at the same time, confl ict in border areas of a number of 
countries restricts traditional routes. There is also the issue of long fought battles 
over access to water and who can access this scarce resource, with government poli-
cies on land use and expansion of agricultural production frequently playing a role in 
restricting grazing (McCarthy et al.  2004  ) . Pastures are further degraded by defores-
tation for charcoal production, overstocking of pastures, encroachment by invasive 
species, and stocking of animals based on economic value rather than suitability to 
the environment. Access to animal health care is also often hard to locate or impos-
sible to afford for many herders (Trench et al.  2007  ) . These factors combined with 
misdirected aid (Oba and Lusigi  1987  )  have shifted the balanced system herders have 
evolved over many generations toward one which is diffi cult to sustain. 

 Enduring challenges and weaknesses in the system are intensifi ed under the 
added strain of low rainfall. This was exemplifi ed during the drought in 2006 when 
Kenya, Somalia, and Ethiopia experienced an extended period of less than normal 
precipitation, eventually resulting in emergency needs for an estimated 2.5 million 
people in Kenya in 2006 alone (World Food Program  2006  ) .  

   Assessing the Damage and Planning a Response 

 Field-based assessments by international NGO’s, community-based organizations, 
government ministries, and international donors often provide the bulk of informa-
tion used by the humanitarian community to evaluate the potential for disaster and 
the number of people likely to be affected. Early warning and monitoring systems 
also play a large role in identifying and reporting on indicators which signal an 
oncoming emergency. The Famine Early Warning System Network (FEWSNET) is 
one such early warning system operational in the region. By January  2006  the 
reports from the fi eld in international forums were indicating that the drought was 
likely to have serious consequences for the pastoralist populations. Reduced access 
to suffi cient pasture, increased animal mortality and a deviation of “normal” migration 
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patterns were all cited as evidence that conditions were deteriorating in the region 
(FEWSNET  2006  ) . As the period of reduced rainfall continued, the animal mortality 
increased along with the “distress sale” of animals. The increase in sales generally 
occurs at a point in time when the animals are in poor physical condition, the mar-
kets are glutted with people trying to sell emaciated cows or goats or their hides, and 
the terms of trade for the animal and animal products continue to decline. 
Opportunistic buyers can buy and fatten the animals for resale, taking advantage of 
the low market prices at the time of sale. In some areas such as northern Kenya, 
there were reports of 10–25% of camels and goats and up to 40% of cattle and sheep 
being lost due to lack of feed and water by March 2006. In a region without a mul-
titude of income generating options, the loss of animals can have severe impacts on 
the livelihoods of those who depend on them. Pastoralists rely on their herds as their 
source of ongoing food security (for milk, blood, meat, and fat) and as a form of 
capital. Livestock act as a walking account which can be drawn upon to meet house-
hold needs for additional food, medicines, school fees, and other living expenses. 

 The answer to this problem appears to be simple – provide fodder and water or 
wait for the rains to fail and then replace the animals – yet neither fodder provision 
nor restocking were viable options in light of the limitations of the system. Quite 
often the fi rst instinct in the face of human suffering is to desperately attempt to 
retain status quo. Doing so in this case would only serve to exacerbate the poor 
conditions. Examination of the system prior to the drought revealed an ecosystem 
out of balance and under strain. This area of northern Kenya had been experiencing 
more frequent droughts – accompanied by livestock herd decimations. There have 
been three large scale droughts in the past decade compared to gaps of 9–12 years 
between devastating droughts in the decades preceding it (Beaumont  2009  ) . The 
limiting factor in the environment was not only the lack of rainfall, but also the 
multiple issues related to the condition of the pastures and the animals, such as lack 
of suffi cient rangeland area, insuffi cient animal healthcare, underdeveloped mar-
kets, and undue reliance on a single source of livelihood (Ndikumana et al.  2000  ) . 
Deneve  (  1995  )  simply, but truly states “When grazing, animals reduce the source of 
their survival gradually and cannot survive once vegetation has disappeared.” 
Providing fodder to sustain all remaining animals would eliminate the natural 
mechanism in place which controls grazing pressure, further throwing natural con-
trol mechanisms out of alignment. 

 Supporting this type of intervention would not have addressed the underlying 
ecological and economic issues which contributed to the negative impacts of the 
drought. So the challenge for the humanitarian community was and still is to fi nd 
ways to support the sustainability of the systems as a whole. For example, rather 
than adding only cattle back to the pastures, concentrating on more optimal use of 
pasture resources by promoting diversifi cation of herds could have a greater positive 
impact. Increased herd diversity has several benefi ts. First, it spreads risk for the 
pastoralists – if one species is wiped out by a disease or if one does not have access 
to their required vegetation, the others may still survive. Secondly, more diverse 
herds make better use of available forage. Each animal has different requirements 
and mixed herds of cattle, camels and goats, for example, allows better usage of the 
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grasses, scrub and tree vegetation. Third, diversifi cation gives pastoralists access to 
many more food security products, available at different intervals, such as, goat milk, 
cow milk, and camel milk. For example, restocking with cattle only loads the envi-
ronment with animals that are less adapted to lack of water and poor fodder quality 
conditions (compared to goats and camels). Instead, supporting a transition toward a 
more diverse herd has a great potential to spread risk while reducing competition for 
the same feed resources. Some pastoral populations, in response to recurring stress, 
have dramatically changed the composition of their herds, having to adapt their man-
agement styles accordingly. In the case of the northern Kenya Samburu cattle herd-
ers, the drought susceptible cattle herds have been mixed with camels. 

 Programs which ensure that surviving animals are able to utilize the forage they 
consume are essential. Promoting programs which increase access and availability 
of animal health services through training community animal health workers and 
promotion of small scale veterinary drug stockists presented a greater opportunity 
for sustainability than those programs which increased competition for scarce 
resources by increasing stocking rates. Ensuring that animals are healthy and free of 
parasites enables them to better utilize what food they do consume. Animal health 
interventions are most effective prior to the peak of a crisis like drought. Being 
proactive rather than reactive increases the chance that an animal will survive the 
crisis, whereas once the animals are emaciated or sick, routine vaccinations could 
have limited benefi t. 

 Because the pastoralists rely fully on animals for their livelihoods, a response 
must balance the vulnerability of the human population with the fragility of the 
natural system. While it was clear that a full restocking of animals, even several 
months after the drought, would increase grazing pressure too signifi cantly, provid-
ing support for the pastoralists to maintain their breeding stock would not. By 
retaining breeding stock, the pastoralists would have the potential to select which 
animals to keep while at the same time maintaining their capacity to regenerate their 
herds once pasture conditions improve. This would provide a genetic pool for breed-
ing when conditions improve. Thus, supplementary feeding of breeding stock was 
supported in light of the benefi ts to the herders. Saving breeding stock potentially 
eliminated the need to sell assets or borrow funds to reestablish herds. This also 
allows some buffer against dropout from pastoralism. Because of the time and cost 
related to recovery, there is a high degree of pastoralist dropout following a large 
loss of animals and the pastoralists fi nd themselves in urban centers looking for 
work (Oxfam  2008  ) . While this is not always a worse option fi nancially, more often 
than not, the pastoralist skill set does not guarantee a successful transition from 
herding animals to either working in agriculture or in an urban center. 

 Finally, interventions which can increase the effi ciency of pastoralism will 
also help build resiliency of the pastoralists by lessening pressure on the resource 
base. Animal health interventions have already been mentioned as one means to 
achieve this. Others include better control of invasive pasture species which are unpal-
atable to livestock or which out-compete preferred varieties. Also crucial is address-
ing the tendency many pastoralists have of holding animals as an investment rather 
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than regularly selling the animals or selling in response to predicted shortfalls in 
fodder before the situation becomes dire. Weak market linkages exacerbate this 
trend and are increasingly being addressed in a number of emergency and develop-
ment programs. These programs might include improved market facilities, 
improved roads to market, price reporting and monitoring, and formation of coop-
eratives for sales. 

 On another level, supporting access to grazing land would also contribute to 
reducing pressure on pastoral areas. The pastoralists frequently fi nd themselves 
marginalized when it comes to negotiating land rights and are being channelized to 
make way for a variety of other land uses, including game parks, infrastructure devel-
opment, and farming. Ensuring that pastoralists have the ability to maintain their 
livelihoods and grazing routes will contribute to a closer approximation of balance. 

 By the end of 2006, the US Agency for International Development’s Offi ce of 
US Foreign Disaster Assistance had provided more than $4,813,521 in response to 
the Horn of Africa drought in Kenya alone and supported many of the interventions 
mentioned in this section.   

   Supporting Agricultural Rehabilitation Post Disaster 
(or During) 

 A similar response choice can be seen in the post disaster support options offered to 
subsistence farmers throughout the world. Farmers’ livelihoods are susceptible to 
the full range of disasters, from volcanic eruptions, tsunamis and fl oods to drought, 
confl ict, and displacement. Because farmers are closely tied to the agricultural cal-
endar and many of the most vulnerable populations depend on rainfed agriculture, 
any disruption of the planting or harvesting cycle can have negative consequences 
for livelihoods and food security. 

   Response Strategy 

 For many years, disruptions of the agricultural cycle due to disasters were treated 
with the distribution of seed to farmers through a direct seed distribution methodology. 
These distributions often provided packets of the same seed to all affected farmers 
regardless of farmer preference, varietal suitability or individual need. Direct seed 
distributions assume that there is no seed available. In some cases, especially when 
formal and informal markets have been disrupted, this is accurate. However, when 
this is not the case and seed is available, by supplying seed rather than supporting 
the local formal and informal seed supply channels, a short term response can 
undermine long term stability of the seed systems. 
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 With food insecurity on the rise, especially in Africa where the number of 
malnourished populations is projected to continually increase, the seed delivery 
methodology and its effi cacy have been receiving a timely reconsideration. Pioneers 
in relief seed distribution methodology and the science of seed system assessment 
have been working since the 1990s to take seed response to a systems level (Sperling 
 2000 ;    Remington et al.  2001 ). 

 Correct diagnosis of the constraints to farmer’s food security is a seemingly logi-
cal yet often missing step. Seed need is often assumed when in reality, the need for 
food does not equate to seed need. For effective response, there needs to be a dif-
ferentiation between food insecurity and seed insecurity. Within seed insecurity, 
differentiation between seed access and seed availability is also critical to ensure an 
appropriate response (Sperling 2002). There are many reasons why populations do 
not have seed. The seed may be available but farmers cannot access it due to lack of 
money, breakdown of barter relationships, or insecurity which prevents movement. 
Alternatively, for whatever reason, the seed may not be available locally or in local 
markets – this could be due to consecutive years of poor harvest, disease or pest 
infestation. Even during one of the worst confl icts of recent times, the Rwandan 
genocide, which peaked in the middle of the harvest season, farmers were able to 
maintain signifi cant seed supplies, including access to nearly all of the varieties of 
beans which they preferred to plant (Sperling  1997  ) . Even in the most diffi cult of 
times, farmers may be able to save their seeds for planting by bringing them with 
them or accessing them from other farmers and seed sellers through formal and 
informal seed systems. Varieties which were not brought into displacement were 
later sought from other farmers. 

 With a more nuanced understanding of farmer’s seed need, the shortfalls of a 
one-size-fi ts-all distribution have become more apparent and the need for a more 
tailored response has been appreciated by development and relief agencies (Eberdt 
 2003  ) . Since 2000, there has been a shift away from the direct seed distribution 
methodology in which all farmers receive a standard package of seeds with the same 
amount and seed type regardless of need or preference, when seed supply and secu-
rity conditions allow. Instead, the seed fair and voucher program initially piloted by 
Catholic Relief Services (CRS) (Remington et al.  2002  )  or some form of it, is widely 
used. In this method, vulnerable farmers with assessed seed need are provided 
vouchers to spend at the seed fair which is populated by local and regional mer-
chants of seed. The goal is to have a wide range of seed varieties available. These 
include local landraces and sometimes improved seed from government extension 
agencies, international agricultural research centers, or private sector seed compa-
nies. The role of farmer choice is signifi cant in this model and varieties which are 
well suited to an individual’s plot are likely to be chosen (Longley et al.  2002  ) . 

 Responding to disaster with an intervention that allows for farmer choice and a 
more tailored package of support strengthens the resiliency of the system in many 
ways. Rather than having every farmer in an affected area planting the same packet 
of beans distributed in a direct seed distribution, agrobiodiversity at the plot and 
village level can be enhanced. Having more seeds of more varieties on offer can 
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allow for different crop suites to be grown with the selected seeds. This allows farmers 
to have more options and to strategize. The approach spreads risk for the farmer and 
provides more chance of optimal utilization of soil nutrients and moisture. It also 
presents greater resistance against the spread of crop pests and diseases. A system 
of greater biodiversity is more able to withstand both of these. It also provides 
economic advantages in the event of surplus production. Greater variety in the event 
of marketing will prevent glutting the market with a harvest of one crop, allowing a 
better price at time of sale. 

 The seed fair also offers the opportunity to maintain genetic diversity by sup-
porting local varieties and local seed markets, or new varieties that have been 
locally confi rmed (Sperling et al.  2006  ) . Because relief seed in the direct distribu-
tion model is brought in from elsewhere, it has the potential to be less well adapted 
to local conditions or preferences for taste and cooking properties. Supporting the 
work of local seed producers allows for local well adapted varieties to return to the 
market once the crisis has passed. 

 Finally, the quest for sustainability in disaster response has led many to move 
away from the outright provision of high cost inputs to farmers. Even a short term 
disaster response program has the capacity to provide training, where appropriate, 
on low cost sustainable methodology such as integrated pest management and use 
of organic fertilizers. This could have a more lasting effect on supporting agricul-
tural system health and function than a one time delivery of production enhancing, 
yet high cost inputs.   

   Conclusion 

 Both examples illustrate how ecological principles can support the design of disas-
ter responses that not only support immediate livelihood needs, but also enhance 
livelihood resiliency over the long term. Without addressing the root causes of vul-
nerability through disaster response, the likelihood increases that demand for assis-
tance will expand as livelihoods degrade and groups who do not recover from an 
initial disaster slip from a phase of acute need to a more chronic state of need. With 
a fi nite amount of funding resources available to support disaster response, it is 
becoming increasingly important that even short term relief programming incorpo-
rates long term planning (Maxwell et al.  2008  ) . 

 Ideally, the most effective response is going to be one which allows the affected 
populations to recover from the emergency and to better cope with future stress, 
either through strengthened livelihoods or improved environmental conditions. The 
best responses seek a balance between promoting survival today and planning for 
survival in the future. Response options must be examined to determine what is 
ecologically sound as well as what will survive in the face of recurring climatic, 
political, and economic shocks? 
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 By nature, this is a moving target. The challenges vulnerable populations face are 
similar, yet each situation deserves its own careful consideration. Ultimately, the 
power to decide upon the best course of action should rest with the target benefi cia-
ries. Equipping them with options and skills will do far more to promote long term 
resiliency than supplying inputs that may last only until the next shock. This is the 
model that has been in place for many years and that thankfully, due to fl exibility on 
the part of donors and innovation on the part of populations and implementing part-
ners, is beginning to change.      
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    Conclusion 

 As discussed throughout the chapters of the two volumes comprising this series on 
 Integrating Ecology and Poverty Reduction , in recent years an increasing amount of 
global attention has focused on the role of the natural environment in contributing 
to poverty reduction (McNeely and Scherr  2003 ; Ash and Jenkins  2007 ; World 
Bank  2007 ; Tekelenburg et al.  2009 ; Chivian and Bernstein  2008 ; Galizzi and 
Herklotz  2008  ) . These volumes complement and build upon this growing body of 
work, but look specifi cally at the ecological dimensions of multiple development 
challenges related to rural poverty and the ways in which ecological science can be 
applied to address some of these challenges. The majority of the chapters compris-
ing the two volumes have focused on these issues in poor, rural areas, where approx-
imately 70% of the developing world’s 1.4 billion extremely poor people live (IFAD 
 2011  ) . In these places, direct dependence on nature for subsistence is often high, 
and access to social services, markets, and employment opportunities is often 
limited. However, several chapters in these volumes, such as the chapter on water 
supply planning by Fitzhugh et al. (  Chap. 8    , Vol. 1) and population by Marcotullio 
et al. (  Chap. 8    , Vol. 2) suggest that experiences gained from the successes and fail-
ures of natural resource management in developed countries and nuanced under-
standings of how urbanization infl uences poverty and the environment may be 
useful for informing decisions and polices in rural areas of developing countries. 

 Several recurrent messages have surfaced from this body of work that illustrate the 
importance of ecological science for understanding challenges related to poverty 
reduction and the enabling conditions that infl uence the effective application of eco-
logical science and tools for addressing those challenges. Broadly, these messages can 
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be encapsulated by three overarching themes: the challenges of preventing and man-
aging complex trade-offs; the importance of social and economic contexts for deter-
mining the application and utility of ecological science; and the paradigm shifts that 
will be required to effectively integrate ecology into development practice and plan-
ning. These themes are certainly not new ones within development or environmental 
fi elds; however, the collective chapters in these volumes focus on these themes through 
the lens of ecology, as it relates to multiple development challenges and potential 
solutions. 

   Understanding and Managing Complex Trade-Offs 

 These chapters encourage a careful consideration of potential ecological and social 
trade-offs that may result from projects aimed at poverty reduction and conserva-
tion. The importance of addressing trade-offs lies in the risks of losing biodiversity 
and critical ecological functions; crossing thresholds, beyond which it may be dif-
fi cult to restore ecosystem services; and causing unintended consequences on poor 
communities, who may be left more vulnerable as a result of even the most well-
meaning actions. Others have also recognized the importance of these issues and, 
consequently, efforts to identify and model trade-offs to inform decision making 
have grown in recent years (Tallis and Polasky  2009  ) . Despite this increasing atten-
tion on trade-offs and the proliferation of new tools to address them, as these chap-
ters reveal, it remains a challenge to identify and manage them, especially, when 
they occur across interconnected social and ecological systems and across a range 
of spatial and temporal scales. These chapters demonstrate these challenges in the 
context of several types of trade-offs: trade-offs between and within development 
goals; spatial and temporal tradeoffs; economic trade-offs; trade-offs among natural 
resource user groups; and trade-offs between technology and nature, as a provider 
of ecosystem services that contribute to poverty reduction. 

 Many of the chapters in Volume 1,  Integrating Ecology and Poverty Reduction: 
Ecological Dimensions , explore the diffi culty of navigating the temporal and spatial 
trade-offs associated with managing farms, watersheds, landscapes, and coastal 
zones for the multiple needs of the poor such as food, nutrition, water, fuel, health, 
and physical security. Historically, development efforts have often focused on maxi-
mizing one ecosystem service, such as food production, at the expense of other 
services that are critical for the livelihoods of rural populations in the long term, as 
discussed by Smuckler et al. with respect to food production, Ganz et al. with respect to 
energy production, and Randhir and Hawes with respect to watershed management 
(  Chaps. 3    ,   7    , and   17    , Vol. 1). Even within single development sectors, trade-offs 
have occurred: for example, in some cases, total food production has been enhanced 
at the expense of overall nutrition (  Chap. 4    , Vol. 1). Collectively, these chapters 
emphasize that projects designed to reduce rural poverty should consider the many 
ecosystem services that are important to rural households and how interventions 
aimed at improving one service may impact other key components of people’s 
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livelihoods and well-being. Such a holistic way of thinking may be facilitated by a 
social-ecological systems approach that includes an appreciation of the connected-
ness of natural, social, and economic systems across multiple spatial and temporal 
scales. Ecologists are equipped to think this way and can contribute to such 
approaches by fostering understanding on the ecological relationships among eco-
system services at multiple spatial and temporal scales (Carpenter et al.  2009 ; 
Bennett et al.  2009  ) . Tools, models, and frameworks that can elucidate the social, 
economic, and ecological trade-offs occurring across different spatial and temporal 
scales as a result of natural resource management practices and policies are critical 
for informing decision making. Much work in this area is currently under way by 
groups such as the Natural Capital Project (NatCap  2007  ) . 

 The chapters in Volume 2,  Integrating into Ecology and Poverty Reduction: The 
App lication of Ecology in Development Solutions , address how trade-offs related to 
balancing conservation and poverty reduction can be managed, negotiated, and, in 
some cases, avoided through education, gender equality, demography, innovative 
fi nancing, and ecosystem governance. In some cases, mechanisms such as payments 
for ecosystem services (PES) can address potential economic trade-offs associated 
with implementing environmentally sustainable practices by paying people, in cash 
or in kind, to protect or enhance ecosystem services, as described by Jenkins (  Chap. 
10    , Vol. 2) and as demonstrated by Sachedina and Nelson (  Chap. 12    , Vol. 2) in 
Tanzania. While payments through PES (or PES-like mechanisms) primarily aim to 
incentivize conservation and enhancement of ecosystem services, they may also 
provide an important source of income or other resources to poor, rural communi-
ties, where few other markets or income-generating opportunities exist. However, as 
Fisher (  Chap. 13    , Vol. 2) discusses, it can be diffi cult to achieve multiple policy 
goals, such as conservation and poverty reduction, through a single instrument such 
as PES, without compromising success in one or both of the goals. For example, the 
distribution, stocks, and fl ows of ecosystem services may vary across a landscape, 
as Estrada and DeClerck describe (  Chap. 14    , Vol. 2), and do not coincide necessar-
ily with areas on a landscape that are the highest priorities for poverty reduction. 
Thus, some trade-offs in the level of ecosystem services conserved or rural income 
generated, for example, may be inevitable if a tool like PES is being applied to 
achieve conservation and contribute to development goals. While tools like PES can 
be useful for addressing economic trade-offs associated with conservation, some 
ecosystem services currently do not have value in traditional markets (deGroot et al. 
 2010  )  such as the health benefi ts provided by ecosystems as described in the chap-
ters by Myers; Keesing and Ostfeld; and Levi et al. (  Chaps. 11    ,   13     and   14    , Vol. 1) 
and protection from extreme events, as explored in chapters on climate change 
and disasters (  Chaps. 20    –23, Vol. 1). Thus, it is important to quantify and articulate 
potential trade-offs involving a range of ecosystem services, some of which may be 
very localized and non-monetary in value, in ways that are clear and meaningful to 
affected stakeholders. To do this, ecologists will need to work in combination with 
professionals from other disciplines, policy makers, and local communities to iden-
tify the suite of ecosystem services that are important to  different user groups; to 
generate knowledge on how services are provided  ecologically; and to develop 
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guidance on how to manage and monitor the condition of key services important at 
local, national and international scales. 

 Trade-offs may be inevitable in landscapes or seascapes where multiple stake-
holders have competing and confl icting uses for the ecosystem services available. In 
many cases, it will be necessary to negotiate compromises that require some or all 
stakeholders to yield their ideal patterns of ecosystem service “consumption” to 
ensure that a wide range of a landscape or seascape’s biodiversity and ecological 
functions are conserved in the long-term. These negotiations must be grounded in 
the reality that the diverse benefi ts provided by nature may accrue at very different 
spatial or temporal scales to different groups of people. In cases where nature can-
not provide services in the quantity or at the scale desired, production or consump-
tion of one service may be increased through management practices and/or 
technology. However, this could result in a change in the provisioning of other eco-
system services, which must be explored carefully and communicated clearly with 
all affected people. As the chapters on the governance of ecosystems (  Chaps. 16    –  18    , 
Vol. 2) discuss, balancing competing claims for natural resources can be aided sig-
nifi cantly by credible science to support decision makers in developing natural 
resource management plans and identifying science-based targets to monitor prog-
ress toward those plans. 

 One common decision that often involves trade-offs is the choice between using 
engineered or technological providers of services rather than relying on ecosystems 
to supply those services. For example, a seawall may be able to provide highly pre-
dictable, measurable protection against coastal storms, but may degrade coastal 
ecosystems that provide a range of critical services for local communities. Thus, in 
some cases holistic vulnerability of poor, coastal communities may be reduced more 
effectively in the long-term through conserving coastal ecosystems, such as man-
groves, that provide storm protection services, in addition to other important ser-
vices, such as food production from fi sheries, fuelwood, construction materials, 
climate regulation through carbon storage, and biodiversity for tourism and cultural 
purposes (see Chap. 22, Vol. 1). Shifting toward more holistic approaches and away 
from static engineered approaches may be feasible and preferable in certain con-
texts, but will require research to quantify the social, economic, and ecological 
advantages of nature-based versus traditional, built approaches (Chaps. 9 and 22, 
Vol. 1). In cases where ecological thresholds have already been crossed and the 
ecosystem may no longer be able to provide key services, engineered substitutes for 
services may be the only option. As Smuckler et al. discuss (  Chap. 3    , Vol. 1), inor-
ganic fertilizers may be needed in some cases to “jump-start” extremely degraded 
soils and rebuild the productivity of the system again, even if they are not desirable 
as a singular approach in the long term. However, the authors note that fi nancial and 
ecological trade-offs may still occur in such dire situations, even when few other 
alternatives are available. While ecological science and management can help avoid 
trade-offs and their negative consequences in some cases, in other cases, trade-offs 
may be inevitable and ecological science can merely contribute to identifying what 
they might be so that people can plan accordingly.  
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   The Importance of Social and Economic Context for Applying 
Ecological Science and Tools 

 Many of the chapters in these volumes emphasize that prevailing social and eco-
nomic conditions must be considered in order to understand how humans utilize and 
value ecosystems, so that ecological science and tools can be more effectively 
applied. For example, multiple, interacting scales of governance infl uence the use of 
natural resources, such as local rules, national policies, and international treaties. To 
be effective, political processes and institutions of infl uence should be compatible 
with the scale of the ecological processes and services they are intending to con-
serve, although this does not always happen, as McClennen points out with respect 
to fi sheries management and as Holland demonstrates with respect to protected 
areas (  Chaps. 16     and   18    , Vol. 2). Furthermore, relationships that may infl uence 
decisions about natural resource management change across spatial and temporal 
scales. For example, Bremner et al. (  Chap. 6    , Vol. 2) state that relationships between 
population, poverty, and environmental degradation that exist at a national scale 
may be diffi cult to identify at local scales. Thus, an ongoing challenge for ecologists 
is to translate observations and fi ndings related to important ecological processes 
and patterns into information that is meaningful to stakeholders and resonates at 
scales of relevance for decision making. To do this, information must be obtained, 
collected, and applied within the context of how prevailing environmental, social, 
cultural, and economic conditions infl uence choices about natural resource use or 
the results may be irrelevant for addressing problems, as discussed in   Chaps. 16    ,   17     
and   18     with respect to energy challenges in Volume 1 and   Chap. 11     with respect to 
carbon projects in Volume 2. A failure to do this could lead to perverse policies that 
exacerbate poverty and environmental  degradation in the long-term rather than 
improving them. Collectively, these chapters emphasize that for ecological science 
and tools to be useful, it is crucial for ecologists to engage with local people, natural 
resource users, and groups who are addressing social, governance, and economic 
challenges in the places where they work to better understand the broader frame-
work within which environmental problems are situated, and the spatial and tempo-
ral scales at which information will be useful to support decision making over 
natural resources.  

   Fostering a New Paradigm 

 Throughout these volumes, authors have called for a new way of thinking about the 
relationships between people and nature if ecological science and tools are to be 
more regularly and seamlessly integrated into development practice and policies. In 
Naeem’s language (  Chap. 19    , Vol. 2), paradigms such as “nature is our friend” or 
“nature is our foe” have been critical for shaping economic and environmental 
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debates throughout history and continue to dominant many discussions regarding 
conservation, sustainable development, and poverty reduction. However, such 
 simplistic views of the ways in which people interact with their environment have 
contributed little to our ability to conserve ecosystems and reduce poverty of the 
world’s poorest people. In contrast, Naeem (Chap.19, Vol. 2) uses several ecological 
concepts to illustrate the nature of poverty and, based on this understanding, 
demonstrates how human poverty consists of the interactions between ecological 
poverty and social poverty. Other chapters in these volumes encourage new thinking 
about the impact of human population on natural resources (  Chaps. 6     and   7    , Vol. 2), 
the environmental benefi ts of urbanization (  Chap. 8    , Vol. 2), the role of women in 
natural resource management (  Chap. 4    , Vol. 2) and the importance of rural educa-
tion for addressing poverty and ecosystem degradation (  Chap. 3    , Vol. 2). Many of 
these chapters have promoted holistic, interdisciplinary frameworks for illustrating 
the relationships between poverty and the natural environment that require a nuanced 
understanding of social and ecological interactions (for  example, Chaps. 7 and 17, 
Vol. 1; and   Chap. 6    , Vol. 2). Naeem presents an example of this with the Ecologi-
cally Sustainable Development framework (  Chap. 19    , Vol. 2). Such guiding frame-
works and principles that promote consilience across disciplines will be helpful for 
revisiting deeply held ideas regarding the ways in which humans use and are 
embedded in ecological systems and will be required to design and implement 
novel, innovative, and lasting solutions to environmental  degradation and poverty 
reduction in the coming decades of the twenty-fi rst century. As Naeem states in 
Volume 2,  ecologically  sustainable development should be our goal and, as such, 
must be founded on a better understanding of how humans interact with and affect 
an ecosystem like any other species, by contributing to ecosystem functions that 
infl uence the fl ow of nutrients, energy, and water, for example.   

   Summary 

 Ecological systems are a source of the many diverse services that make life on earth 
possible. In rural areas of many developing countries, the major geographical focus 
of these volumes, it can be diffi cult to access affordable and/or appropriate substi-
tutes for many of the services provided by nature such as food production; pest 
control; soil fertility; water for drinking, bathing, and cooking; energy for cooking, 
heating, and electricity; shelter; disaster protection; and medicine. If multiple devel-
opment challenges are to be solved simultaneously and sustainably, solutions for 
poverty reduction must not undermine the persistence of species and ecological 
functions that generate the many ecosystem services that rural communities cur-
rently depend upon for their livelihoods and well-being and that will be critical for 
future generations. These volumes have attempted to address the ecological nature 
of some of the major challenges related to poverty reduction and the ways in which 
ecological science can be more effectively leveraged within political, economic, and 
cultural processes mechanisms, and institutions to address some of these problems. 
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We hope that the chapters included within these volumes have catalyzed discussions 
and ideas that will ultimately foster a world in which extreme poverty is a concept 
of the past and ecological sustainability is a guiding principle of the future.      
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 physical infrastructure, animal-pollinated 

crops , 234  
 terra incognita , 163  
 types, ecosystem services , 232  
 urbanization , 179  

 vector-borne , 172–173  
 WRI and WHO studies , 236   

  Human health and land use change 
 altered infectious diseases , 167–169  
 bushmeat trade , 179  
 community interaction , 182  
 crop cultivation , 174–176  
 description , 167  
 frontier malaria , 178  
 health impact assessments (HIAs) , 181  
 hunting , 179  
 irrigation projects 

 ethiopia , 177–178  
 fi lariasis , 178  
 food production , 177  
 large dams , 177  
 Nile delta area , 178  

 livestock management 
 pandemic infl uenza , 176  
 resistant strains , 176  
 SARS epidemic , 176–177  
 zoonotic disease , 177  

 mechanisms , 167  
 retrovirus , 179  
 simian foamy virus , 179  
 taxonomic transmission rule , 179  
 tropical deforestation , 170–173  
 urbanization , 179–181  
 water pools , 178   

  Human health effects 
 air contaminants , 199–200  
 climate change , 191, 195  
 country, proportion , 191, 192  
 disasters 

 fl ood , 199  
 hurricane , 198  
 impacts , 198–199  
 IPCC , 197–198  

 heat 
 changes , 193, 197  
 socioecological components , 194  

 malnutrition 
 agricultural production , 200  
 population , 200  
 water scarcity , 201  
 weather and sea level , 200–201  

 mass population movements , 205  
 pathways , 191, 194  
 vectorborne and zoonotic disease 

 climate , 202  
 malaria , 201–202  

 water-related disease 
 description , 202–203  
 diarrheal , 203  
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 HABs , 203–204  
 sea surface temperature , 204   

  Human nutrition 
 agricultural practices , 54  
 cyclical approach and feedbacks , 54, 55  
 description, econutrition , 55  
 diversity 

 comparisons, species , 66, 67  
 crops , 68  
 defi ned, community , 65  
 elements , 68  
 FD , 65  
 nutrients , 65, 66  

 ecosystem services , 70–71  
 food systems 

 and biogeochemistry , 68–69  
 and diversity , 60–62  
 and soil ecology , 69–70  

 healthy individual , 53  
 malnutrition and hunger , 56–59  
 organisms and environment , 54  
 in plants 

 evolution, traits , 63  
 genus  Capsicum  , 63  
 legumes , 63  
  Moringa oleifera  , 64–65  
 protein manufacture , 63  
 secondary metabolites , 64  

 subdisciplines and areas , 56   
  Hunger and malnutrition 

 anemia , 58  
 defi ned, malnutrition , 56  
 ecological spider’s web , 59  
 ecological tools , 56  
 essential nutrient , 56, 57  
 farm mechanization , 58  
 linkages , 59  
 micronutrients , 59  
 overnutrition and obesity , 58  
 supplementation and food fortifi cation 

programs , 59  
 symptoms, micronutrient defi ciency , 56  
 VAD , 58   

  Hydroclimatic variability 
 donor community , 155  
 economic growth , 154  
 fl oods and droughts , 155  
 “hostage to hydrology” , 154–155  
 hydrologic cycle , 154  
 impacts , 154  
 infrastructure level , 155  
 natural stream fl ows , 154  
 rainfall harvesting , 155  
 vulnerability , 154   

  Hydrological systems 
 data , 143  
 ecological targets , 141, 142  
 quantitative water , 133  
 river fl ow regimes , 132  
 typology , 129    

  I 
  Indian Ocean Tsunami , 2004  

 coastal hazards , 378–380  
 conservation, coastal ecosystems , 371  
 natural defense , 372–376  
 role, coastal ecosystems , 376–378   

  Infectious diseases 
  Anopheles darlingi  , 170–171  
 causes , 173  
 contaminated drinking water , 180  
 diverse pathways , 173  
 dramatic and biologically profound 

changes , 170  
 ecology changes , 172  
 environmental change , 168–169  
 environmental niche , 170  
 four primary vectors , 171  
 genetic change , 176  
 green house gases (GHG) , 173  
 habitat and breeding sites , 181  
 health consequences , 173  
 Lyme disease , 170  
 malaria transmission , 171–172  
 microclimate , 171  
 mountainous regions , 177  
 natural contamination , 173  
 onchocerciasis , 172  
 parasitic worms , 172  
 pervasive features , 173  
 plankton blooms , 175  
 schistosomiasis , 172  
 snail species , 172  
 upstream , 173  
 vector-borne diseases , 170  
 vectorial capacity , 171  
 zoonoses , 170   

  Intergovernmental panel on climate change 
(IPCC) , 197, 331   

  IPCC   . See  Intergovernmental panel on climate 
change   

  L 
  Land-cover change , 181   
  Landscape approaches 

 adaptive management , 82–83  
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 Landscape approaches (cont.) 
 characteristics , 81  
 as complex systems , 82  
 contemporary use 

 IUCN/WWF Forest Landscape 
Restoration initiative , 85  

 outcomes, ICDPs , 83–84  
 spatial zoning for agriculture , 84  
 territorial management , 85  

 food security and rural poverty , 80–81  
 landscape-scale focus , 81–82  
 mainstreaming , 102–103  
 management for multiple 

objectives , 82  
 management through participatory 

processes , 83   
  Landscape measures (LM) framework 

 in Copán, Honduras , 94–99  
 ecologically-based tools , 92–94  
 goal setting and stakeholder 

negotiation , 89–90  
 implementation process , 90–92  
 in Kijabe, Kenya 

 outcomes , 100–101  
 participatory landscape 

evaluation , 100  
 landscape monitoring , 90  
 landscape planning , 90  
 set of “20 Questions” , 86, 87–88   

  Life critical services 
 different modes, transportation , 261, 262  
 increasing population , 261  
 survival , 261   

  Life enhancing services 
 increasing access, energy resources , 261  
 poverty alleviation , 261   

  Luxury services 
 comfort/pleasure , 261  
 hierarchy, human needs , 261   

  Lyme disease , 222, 226–227    

  M 
  MDG   . See  Millennium development goals  
  MDGs   . See  Millennium development goals  
  Millennium development goals (MDGs) 

 biodiversity conservation , 2  
 countries, UN , 5, 6  
 description , 1  
 energy and poverty reduction , 258  
 environmental sustainability , 258–259   

  Models 
 consensus, circulation models , 356  
 emissions scenarios , 359–360    

  N 
  Natural defense, Tsunamis 

  Causarina  trees , 374  
 ecological and physical factors , 375  
 fi eld instrumentation , 372  
 role, vegetation , 373  
 wave energy modeling , 375–376   

  Natural resource management 
 agricultural rehabilitation 

 harvesting cycle , 401  
 response strategy , 401–403  

 coastal disaster reduction 
 development, common language , 

380–382  
 ecological tools, principles and 

theories , 382–387  
 disaster risk reduction planning , 371  
 ecological degradation , 369  
 ecological principles , 394  
 environmental causes , 78  
 environmental disasters 

 coping capacity , 395–396  
 linkages, response , 397  
 systems approach , 396–397  
 vulnerability , 394–395  

 Hyogo framework of action (HFA) , 370  
 impact, disaster , 393  
 Indian Ocean Tsunami , 2004  

 coastal hazards , 379  
 conservation, coastal ecosystems , 371  
 natural defense , 372–376  
 role, coastal ecosystems , 376–378  

 MDG7 , 78–79  
 pastoralism, pressure 

 animal health care , 398  
 assessment, damage , 398–401  

 Poverty Reduction Strategy Papers 
(PRSPs) , 79  

 response options , 403  
 tradeoffs , 79  
 types, coastal vegetation , 370   

  Nutrition   . See  Human nutrition   

  P 
  Payments for ecosystem services 

(PES) , 21, 36, 42   
  PES   . See  Payments for ecosystem services  
  Pests agriculture 

 diversity, crop , 30  
 importance , 30  
 landscape context , 31  
 predators factors , 31–32  
 trees , 31   
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  Political ecology 
 dynamic systems, provision , 312–313  
 environmental degradation , 312  
 household production, woodfuel , 312  
 professional fuelwood collectors , 313–314  
 purchased fuelwood, Senegal woman , 314  
 Senegal’s urban populations , 313   

  Pollinators 
 agricultural intensifi cation , 29  
 defi ned , 29  
 farmscape alterations , 29  
 natural/semi-natural habitats , 30  
 recommendations , 29–30   

  Poverty 
 alleviation , 17, 19  
 ecosystem services , 20, 21  
 goal, UN’s , 42  
 “leapfrog”, higher-quality energy 

source , 259  
 MDGs , 22, 258–259  
 PES , 21  
 pollinator-crop interaction , 29  
 poor energy , 301  
 primary source of household energy , 300  
 reduction , 163–165  
 small-holder farmers , 27   

  Poverty Reduction Strategy Papers 
(PRSPs) , 79    

  R 
  Regional and global ecosystem services 

 climate change mitigation , 37–38  
 water quality and availability 

 agroecological management , 33–34  
 climate change mitigation , 37–38  
 eutrophication , 36  
 impact, rainfall hitting , 35  
 interaction, agriculture , 35  
 land use and climate change , 35  
 modifi er, rainfall , 32  
 planting , 36  
 practices , 36  

 water scarcity and climate change , 32   
  Resilience 

 climate change (   see  Climate change 
resilience) 

 climate variability , 329  
 coastal ecosystems , 388  
 drought and pestilence , 329  
 ecosystem service , 385  
 improvement, communities , 328  
 optimization , 387  
 potential hazards , 383  

 vulnerability , 381   
  Rwanda context 

 assigned relative score , 273  
 numerical ranking scores , 275  
 scores, assessment , 273–274  
 sustainable solution, poverty , 275    

  S 
  Socio-economic conditions 

 cooking fuel types , 270, 271  
 energy interventions , 271  
 fi re-tending method , 272  
 scavenged fuelwood, ground , 272–273  
 typical end-user stoves , 270, 272   

  Supply chain 
 biomass energy , 279  
 ecosystem services , 279–280   

  Sustainability 
 energy services 

 biofuel , 263–264  
 conversion losses and distribution 

devices , 262–263  
 different modes, transportation , 261, 262  
 different primary energy sources , 263  
 equipment requirements , 264–265  
 human health and environment , 265  
 physical limitations , 260–261  
 primary energy sources limitations , 264  
 primary/secondary sources , 261  
 thermal, mechanical and 

electrical , 261–262  
 types, secondary sources , 262  

 energy source performance and 
site-specifi c context , 276  

 “engine”, biosphere , 257–258  
 local context 

 commercial conditions , 269  
 development planning , 276–277  
 environmental conditions , 267–268  
 infrastructure interventions, 

Rwanda , 266–267  
 managerial capacity , 270  
 operational capacity , 269–270  
 physical conditions , 268  
 political considerations , 270–273  
 Rwanda context assessment , 273–275  
 socio-economic conditions , 270–273  

 poverty 
 evaluation approaches , 260  
 role, ecology , 259  

 role, energy and poverty reduction , 257  
 selection, energy solution , 276–277  
 use, tools , 257   
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  Sustainable development , 114, 120   
  Sustainable energy 

 assessing, existing situation , 290–291  
 biogas , 293–294  
 carbon fi nance project , 295  
 energy–poverty alleviation , 293  
 framework, planning biomass , 288  
 identifi cation and development, 

biomass , 288–289  
 potential biomass options , 291–292  
 role, ecology , 288   

  Systems analysis , 346   
  Systems approach 

 environment changes , 397  
 persistent vulnerability , 396    

  T 
  Technology 

 investments , 155  
 tools , 159  
 water challenges , 160  
 water-saving , 151   

  Tradeoffs , 174    

  U 
  Unintended consequences , 164, 206   
  Urban areas , 127, 129   
  Urbanization 

 air pollution , 181  
 dengue fever , 180  
 diarrhea , 180  
 ecological consequences , 179  
 leptospirosis , 180  
 periurban slums , 179–180  
 rodent hosts and arthropod vectors , 180  
 urban demand , 181  
 wastewater , 180–181    

  V 
  Vitamin A defi ciency (VAD) , 58   
  Vulnerability 

 climate extremes , 154, 155  
 climate impacts , 350  
 coastal communities , 387  
 functioning ecosystems , 345  
 historical model , 154  
 human population , 400  
 hydrologic extremes , 154  
 natural hazards , 369  
 poverty alleviation , 154  
 resilience , 381  

 resource dependency , 394–395  
 soil nutrient depletion , 342  
 stationarity , 158  
 water-holding capacity , 342    

  W 
  Water, ecosystems and poverty 

 aquatic ecosystems , 151  
 conservation 

 allocation scheme , 156  
 banks , 156–157  
 Dublin principles , 155  
 economic incentives , 156  
 instream requirements , 157–158  
 markets , 156  
 method , 157  
 suppliers , 156  
 transition , 157  

 decision support systems , 158  
 description , 151  
 economic 

 development , 158  
 mechanisms , 159–160  
 tools , 160  

 hydroclimatic variability , 154–155  
 hydrologic forecasts , 159  
 nonstationarity , 158  
 resources systems , 158  
 scarcity , 152–153  
 scientifi c effort , 159  
 stream fl ow , 159   

  Water scarcity 
 consumption , 153  
 demand , 152  
 droughts , 152  
 groundwater , 153  
 population growth and economic 

development , 152  
 trade , 153  
 urban centers , 152  
 use , 152–153   

  Watershed management 
 challenges , 122  
 ecological components 

 abiotic elements , 118–119  
 biodiversity requires , 119  
 biogeochemical processes , 119  
 biotic elements , 119  
 natural features , 119  
 socioeconomic component , 119  
 tradeoffs , 119  

 ecosystem resilience , 123  
 environmental degradation , 125  
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 four major dimensions , 125  
 goods and services , 113  
 handling boundaries , 122  
 human activities , 124–125  
 integrated modeling , 124  
 integration toward system 

 adaptive solutions , 121  
 dynamic changes , 121–122  
 environmental policy , 121  

 modifi ed natural systems , 113–114  
 participatory approaches , 124  
 pool resource management , 123  
 poverty and development 

 declining incomes , 114  
 density , 114  
 growth affects , 114–115  
 human land uses , 115  
 population annual rate , 114  
 proactive approach , 115  
 sanitation facilities , 115  
 soil loss , 115  

 society diffi culties , 113  
 sustainability 

 balance , 120  
 diffi cult and complex task , 120  
 intergenerational equity , 120  
 market-based transactions , 120–121  
 nonmarket valuation techniques , 121  
 priorities change , 120  
 World Commission on Environment 

and Development , 120  
 system dimensions 

 atmosphere and groundwater , 118  
 cumulative effects , 118  
 dams , 116–117  
 earth-moving activities , 117  
 ecological changes , 116  

 forest , 117  
 impervious surface , 117  
 lateral, longitudinal and vertical 

dimensions , 118  
 riparian area , 116  
 rivers , 117  
 spatial boundaries , 116  
 stormwater , 117–118  
 stream channel , 117  
 upstream management , 118  
 vital role , 116  
 water bodies , 116  

 valuing, services 
 ecosystem services , 122–123  
 incentive programs , 123   

  Woodfuel 
 developing countries 

 poverty , 300–301  
 quality and availability, data , 301–304  

 forest conservation 
 community  vs.  state forestry , 316  
 demand-side interventions , 317  
 planting and maintaining tree , 315–316  
 wood scarcity , 316  

 GHG emission reductions 
 CDM , 318  
 household energy and land cover , 318  

 household energy and health 
 donors and subsidies , 317–318  
 stove dissemination , 317  

 household labors , 315  
 pollutants , 319  
 systems sustainability 

 ecology , 304–308  
 global change , 309–312  
 political ecology and resource 

access , 312–314        
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