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PREFACE

The changing climate may fundamentally alter the land and sea as we know
it. For those who depend on the beauty and bounty of the Earth’s natural
resources for their livelihoods—especially the world’s poor—these changes
could spell disaster. The problems climate change poses are complex, as are
the ways in which societies cope with and adapt to change. Understanding
and addressing these problems requires bridging diverse fields within the
geophysical, ecological, and social sciences.

An ecologist and a social scientist, we have spent the last decade working
together to integrate these fields. We approach the book from the perspec-
tive that social and ecological systems are intimately linked. Social processes,
which can include cultural, political, and economic characteristics of society,
influence the ways that people use and manage natural resources. Likewise,
ecological conditions and processes can influence the societies’ well-being.

Using this interdisciplinary approach, this book synthesizes, in sim-
ple terms, the rapidly emerging fields of climate change science and human
adaptation and develops a practical framework for much-needed policy and
adaptive responses. The framework addresses the differential responses of the
environment, ecology, and people in affected areas, and identifies the policy
action priorities based on this heterogeneity. We hope that this type of inte-
grated analysis and problem solving will lead to policy actions that promote
appropriate and lasting adaptations.

Asafocallens for these integrated climate change issues, we explore coral
reefs and the coastal societies that depend on them throughout the eastern
coastline of Africa and the islands of the western Indian Ocean. This is where
many of the Earth’s most impoverished people live. Here, both ecosystems
and peoples’ livelihoods are extremely sensitive to climate disturbances.
Monsoonal rains, which are heavily influenced by climatic patterns, provide
nearly all of the rainfall for the region’s agriculture. Likewise, the islands and
coasts are fringed by coral reefs, which provide livelihoods for millions of
fishers jin the region, but are one of the most climate-sensitive ecosystems.
Considerable climate impacts have already occurred to the regions coral
reefs-and even more severe ones are expected. This region, like others in poor
tropical countries, has neither contributed much to rising greenhouse gas
emissions, nor is it likely to contribute greatly to the efforts to mitigate climate

change. Countries in the region will have little choice but to adapt, but these
vii
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viii Adapting to a Changing Environment

efforts will face considerable challenges from persistent poverty, implement-
ing decisions, corruption, and other prevalent socioeconomic conditions.

The challenges of undertaking climate science, making the findings
accessible, and catalyzing action are considerable, but this region is where
these efforts and responses are most needed. Harsh realities will need to be
confronted with decisions that increase the chances for successful adaptation.
Although our book focuses on a specific geographic region and ecosystem,
the conceptual framework we develop is applicable to most regions and cli-
mate change problems. Those interested in how climate change may influence
other regions or systems can adapt the framework and approach we develop
beyond the specific case we present.
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Climate Change, Resources,
and Human Adaptation

Human relationships with nature can follow different paths. Sometimes the
path leads to the collapse of both ecosystems and society. History shows
that the directions down this path are simple—unsustainable practices lead
to severe environmental damage. This environmental damage has various
harmful feedbacks into society. The resultant struggle for natural resources
can lead to starvation, ethnic tension, wars, increased diseases, emigra-
tion, and turmoil among governments. Importantly, these struggles are not
restricted to ancient history but, rather, have occurred recently in many
places where resources and politics interact, including Rwanda, Ethiopia,
Eritrea, Zimbabwe, Kenya’s Rift Valley and coast, and Sudan in the past two
decades.

History also shows that these environmental damages are often ampli-
fied by changes to the climate, such as acute warming, drought, or floods.
Sometimes when overexploitation of resources is combined with even small
changes to the climate, thresholds are crossed that lead to surprising changes
in the ecosystems that people depend on for food. Quite simply, this path may
look fine and even be very profitable for a long time, but even a small change
in climate can lead to disastrous situations that are difficult to reverse.

This path is not inevitable and it is possible to successfully confront the
consequences of climate change. Societies can avoid these harmful conse-
quences by recognizing that resource use and climatic change are real prob-
lems that are influenced by human actions and by organizing such that these
dangerous thresholds are not crossed. This alternate path is not an easy one,
for it requires significant investments that will help both society and ecosys-
tems cope with change.

The purpose of this book is to outline some challenges and opportunities
toward this alternate path. As a lens to explore this issue, we focus our atten-
tion on an understudied area of the western Indian Ocean (WIO), where the
issues of natural resource abuse and poverty desperately need solutions and
where climate change and coastal resources are a critical component of peo-
ple’s present and future. Here, climate change is not some distant possibility
far into the future. It has already happened and is likely to get much worse.
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2 Adapting to a Changing Environment

Already, for example, unprecedented increases in ocean temperatures have
caused as much as 90% of the corals to die in some parts of the WIO in 1998
(Ateweberhan and McClanahan 2010).

It is these coral reefs, their intimate relationship with coastal societies,
and the ways that both of these will be affected by climate change that will be
our main focus. Together, we have over 45 years of experience studying coral
reefs and the coastal societies that depend on them. This book represents our
effort to bridge the often-disparate disciplines of social science and ecology
to address the complicated and inter-related problems of climate change,
resource abuse, and poverty. The issues we raise and frameworks we develop
to address them are not limited to our focal case study in the WIO. They
are applicable to a wide range of social and ecological systems, and we hope
they inspire scientists, managers, policy makers, students, and others who are
concerned about the climate challenge.

The Climate Challenge

Climate change is one of the greatest challenges society faces. The Inter-
governmental Panel on Climate Change (IPCC) is the leading body for the
assessment of climate change and its potential consequences to society and
ecosystems. Its general conclusions are that the planet is warming at 0.1-0.2°C
per decade as a result of increased greenhouse gasses that trap the Earth’s
heat. This is making the climate more variable and, on average, wet areas will
become wetter and dry areas drier (Allan and Soden 2008).

These IPCC predictions are based on the confluence of scientific theory,
climate models, and time series of various environmental measurements that
spanned at least 20 years (Parry et al. 2007). An impressive total of around
29,000 time series have been examined and 9o% of them support the climate
warming scenarios. For marine and freshwater in general (86 time series)
and Africa (7 time series) and western Indian Ocean in particular, the num-
ber of time series are sparse and hardly a strong basis for detecting climate
change and making changes in policy (Richardson and Poloczanska 2008).
Furthermore, climate models for Africa and the Indian Ocean suffer a num-
ber of problems that reduce the accuracy of specific climate change predic-
tions made from coarse-scale models (Funk et al. 2008). The specifics of these
problems will be discussed further in Chapter 3.

As will become apparent in this book, these modeling problems do not
mean there is no evidence for climate change in the WIO region—simply that
the evidence is currently sparse according to the IPCC criteria. The IPCC
report offers this as the explanation for the imbalance: “lack of access by IPCC
authors, lack of data, research and published studies, lack of knowledge of
system sensitivity, differing system responses to climate variables, lag effects
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Climate Change, Resources, and Human Adaptation 3

in responses, resilience in systems, and the presence of adaptation.” One of
the purposes of this book is, therefore, to review the evidence for climate
change among the region’s coasts and fill in some of these gaps in knowledge.
We take an in-depth look at the climate over the past several thousand years
and the mechanisms whereby climate change affects both coral reefs and the
critical fisheries they support.

The Impacts of Climate Change on Society

The IPCC reports that Africans are likely to be severely impacted by climate
variability and change (Boko et al. 2007). For example, by 2020, between 75
million and 250 million people in Africa will be exposed to increased water
stress due to climate change. Climate change is a critical issue in Africa and
particularly along the WIO coast because it is expected to have large influ-
ences on food production in what is considered one of the more food insecure
parts of the world. Food production is likely to be reduced through (1) coral
bleaching caused by ocean warming events that will affect reef fish targeted
by fishers (Graham et al. 2007, Cinner et al. 2009a); (2) rising water temper-
atures that will reduce fisheries resources in large lakes (Boko et al. 2007);
(3) changes in monsoon conditions and yields from rain-fed agriculture that
could be reduced by up to 50% by 2020 because shifting, irregular, and declin-
ing rainfall along the African coastline will reduce the total and per capita
production (Boko et al. 2007, Bowden and Semazzi 2007, Funk et al. 2008);
(d) high intensity storms, such as cyclones, that are likely to increase in fre-
quency and shift in distribution and have localized but considerable impacts
on food production. Additionally, coastal areas are subject to sea-level rise,
which may cause saltwater intrusion in coastal agricultural areas.

These impacts of such trends are likely to be amplified by pervasive social
conditions in the region, such as extremely high population growth, paralyz-
ing poverty, heavy exploitation of natural resources, and weak governance.
In addition, the spread of malaria may increase with rising temperatures
and along with high rates of HIV/AIDS (human immunodeficiency virus/
acquired immunodeficiency syndrome) may further undermine the capacity
of societies to cope with or adapt to change (Hay et al. 2002). Fragile gains
in Africa’s development over the past few decades may, therefore, be severely
compromised by the increasing threat of climate change.

The convergence of these forces is cause for concern but not resignation.
The way that societies in this region organize around these social, environ-
mental, and ecological changes will prove critical to reducing human sufter-
ing and sustaining ecosystems (Turner et al. 2010). In this book, we examine
how vulnerable societies in the WIO are to the impacts of climate change and
also highlight potential responses to this change.
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4 Adapting to a Changing Environment
Confronting Change: Adaptation, Resilience, and Vulnerability

The ways that people and ecosystems are affected by and deal with change are
influenced by the three inter-related concepts of adaptation, resilience, and
vulnerability. These concepts are central to this book and require some intro-
duction because they are used by the general public but also have different
meanings in various academic disciplines.

ADAPTATION

Adaptation, as commonly used by geographers and the general public,
includes a mixture of responses that can diminish risks. In the context of
climate change, distinctions are made between adaptation and mitigation.
Adaptation refers to actions undertaken to reduce the effects of climate
stresses on human and natural systems. Examples of adaptation measures
include the construction of sea walls to manage sea-level rise and alteration of
farming or fishing practices. Mitigation refers to attempts to reduce the mag-
nitude of our contribution to climate change, such as reducing greenhouse
gas emissions or increasing carbon storage by planting more trees. This book
will focus on adaptation, primarily at the individual and local community
level, and does not address the topic of mitigation, which is covered in detail
in a number of other works.

Biologists have a very different meaning for adaptation, considering it
an evolutionary process whereby a population becomes more successful or
better adapted in its environment. Biologists distinguish between adapta-
tion and acclimatization. Acclimatization is phenotypic, meaning the way
that individual organisms adjust their physiology to a changing environment
(Edmunds and Gates 2008). Adaptation is genotypic connoting changes in
the frequency of genes in a population over time through their differential
growth and persistence in the broader population. Acclimatization is rapid
and adaptation is slower. The book will use adaptation in the way that geog-
raphers and the general public use it and, when genetic change is inferred, it
will be referred to as genetic adaptation.

RESILIENCE

Resilience is frequently defined as the amount of external social, political,
or environmental disturbances a system can to cope with or adapt to before
switching to an alternative state (Folke et al. 2002, Marshall and Marshall
2007). A highly resilient system will be able to resist change or quickly recover
from it. Resilience can be a positive attribute (a desirable system can absorb
multiple perturbations before shifting to an undesirable state) or a negative
one (an undesirable system state may be persistent despite multiple attempts
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Climate Change, Resources, and Human Adaptation 5

to change it to a desirable one). Of course, what some consider a desirable
environment may be undesirable to others, but a desirable ecosystem is gen-
erally one that provides important ecological services to people, such as fish
or protection of the shoreline, in the case of coral reefs.

There are several important concepts espoused by the people who think
and write about resilience that are central to this book. First is the concept
that social and ecological systems are linked, in what some scientists call a
coupled or linked social-ecological system. The idea behind linked social-
ecological systems is that human actions and social structures, including
economic and political organization, profoundly influence environmental,
human population, and natural ecological dynamics, and vice versa (Hughes
1994, Adger 2006). Research that ignores these linkages is likely to miss crit-
ical feedbacks between social and ecological dynamics that may lead the
social-ecological system toward a situation undesirable for people that may
be difficult or impossible to reverse (Holling et al. 1998). An example of these
types of undesirable situations is a reinforcing cycle of poverty and resource
misuse known as a poverty trap (discussed in Chapter 7).

Second, social-ecological systems regularly undergo changes or pertur-
bations. Systems with a history of disturbance may have lost their more vul-
nerable components, which may play a critical role in maintaining important
ecological processes This loss of resilience may be difficult to notice; on the
surface, things appear unchanged, but then small changes can lead to a dra-
matic shift in the social-ecological system, in what is known as an ecological
“phase shift” (Hughes 1994). Thus, defining the thresholds where social-eco-
logical systems undergo dramatic changes is a critical priority, and resource
managers need to ensure that social-ecological systems do not get pushed
too close to these thresholds. We describe where key thresholds may lie in
coral reef social-ecological systems and what can be done to buffer them in
Chapters 5 and 10.

VULNERABILITY

Vulnerability is often perceived as the opposite of resilience. It is the suscepti-
bility to harm, and the term is most often applied to people or social-ecolog-
ical systems. Vulnerability can be influenced by local dependence on natural
resources, poverty, corruption, and a range of other factors that are described
in detail in Chapter 6. Vulnerability is often perceived as having three distinct
components: (1) exposure, which is the degree to which a system is stressed
by the environment. This can be characterized by the magnitude, frequency,
duration, and spatial extent of a climatic event, such as strong climatic oscil-
lation or a cyclone; (2) sensitivity, which is the degree to which stress actually
modifies the response of a system and is frequently affected by things such as
local level dependence on marine resources; (3) adaptive capacity, which refers
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6 Adapting to a Changing Environment

to the conditions that enable people to adapt to change. People with high
adaptive capacity will likely be able to adapt to shifts brought about by climate
change and take advantage of opportunities they create. These components,
particularly exposure and adaptive capacity, are central to our exploration of
both the problems and potential solutions to the climate challenge.

A Framework for Confronting the Climate Challenge

To investigate potential solutions to the climate challenge, we develop a gen-
eral framework that is applicable to a wide range of social-ecological systems,
issues, and scales (Fig. 1.1). The framework simultaneously considers three
components that are critical to natural resource use and management dilem-
mas in a climate change context: (1) the exposure to climate change; (2) the
capacity of society to adapt to change or adaptive capacity; and (3) ecological
conditions of key resources, such as fish and their habitats.

Every social-ecological site, such as a fishing village, will have a variety of
measurable variables that contextualize it among these three components. In
the case of exposure to the climate, these might include the rate of tempera-
ture rise, the intensity of ultraviolet radiation, orcurrent speeds. In the case of
adaptive capacity, the variables might include the level of wealth, infrastruc-

ture, and education, while in the case of
ecological conditions, the abundance of
fish and corals may be most important.
We combine the most relevant vari-
ables for each component into a single
axis. Thus, we develop an axis of key eco-
logical conditions, an axis of exposure to
climate change, and an axis of adaptive
Adaptive capacity capacity, each determined by local con-
/s ditions. Together, the three components
§ help to contextualize key aspects of the
@8 social-ecological site. As we discuss in
\g?;
&

Exposure

the subsequent chapters, appropriate
S adaptation efforts will depend on the
interaction of these three axes, and a site’s

FIGURE 1.1 Conceptual model of " )
position along these axes can provide

management priorities and actions

dependent on the location of social- important information about the types
ecological site within the three axes of ~ of policies and actions required, which
environment, ecology, and society. are discussed in the final chapters.
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The Global Context of Marine Fisheries

The majority of this book is focused on the local and regional impacts of
climate change to coastal ecosystems and societies. These local issues are,
however, taking place in a dynamic global context of increasing population,
increasing affluence in developing countries, and political inequity between
the wealthier North (North America and Europe) and the poorer South
(Africa, Southeast Asia, Latin America, the Pacific). Marine fisheries are an
arena where the economic and political tensions around resource access and
trade have become heightened. Fisheries resources have declined globally,
and climate change impacts will change the distribution, productivity, and
access (Worm et al. 2009). Consequently, this chapter highlights key global
marine fisheries issues and trends to contextualize how climate change will
influence the adaptive potential of our African-western Indian Ocean study
region.

Global Trends and North-South Disparities in Fish Production

Increasing demand for seafood, expansion of fishing effort, and the global-
ization of both fish catch and markets makes the global context of fisher-
ies increasingly relevant to the management of local-scale fisheries (Pauly
2008). For example, the total value of world exports of fish and fish products
in 2006 reached U.S.$86.4 billion, which is a 55% increase from 2000 (Asche
and Smith 2010). This global value is considerably larger than any other sin-
gle potentially renewable agricultural export commodity. Coffee, for exam-
ple, which is the second-most traded agricultural product, had a total export
value of $12.3 billion in 2006 - just one seventh that of fisheries (Asche and
Smith 2010).

The majority of this growth in the seafood trade is coming from fisheries
in developing countries, and Africa is becoming increasingly central in this
growth trend (FAO 2009). Fisheries play a huge role in employment, trade,
and economics. It is estimated that 120 million people are dependent on fish-
eries for some part of their household incomes, with 35 million of these people
in Africa (FAO 2009). However, the ecological consequences of the removal of
fish at this scale are severe (Jackson et al. 2001, Watson and Pauly 2001).
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8 Adapting to a Changing Environment

WILD-CAUGHT PRODUCTION

The Food and Agriculture Organization (FAO) estimates suggest that global
fisheries production has been relatively stable since the 1980s (FAO 2009). But
a closer look reveals several trends that are a cause for concern. These include
a profound shift in the source of fish as well as poor reporting in some coun-
tries, which can skew the global catch statistics.

First, grouping global catch data by wealthy (developed) and poor (devel-
oping) countries reveals a declining trend in catches from developed country
from the 1980s (Fig. 2.1a). The total global production appears, however, to
be maintained by a continued rise in catch in the developing nations. In the
1950s, wild-caught fisheries production from developed countries was about
15 million metric tons (MT) and about 75% of the global production. By the
late 1980s, production from both developed and developing countries had
each grown to 40 million MT. Yet, wild-caught fisheries production in devel-
oped countries declined by half after a peak in the late 1980s. Production from
developed countries is now dwindling toward the volume of the 1950s. By
2007, the proportional contribution of developed and developing countries

O
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had nearly reversed, with developing countries contributing around 70% of
the total 110 million MT of global production. The net economic value that
developing countries exported rose from $7.2 billion in 1986 to $24.6 billion
in 2006 (FAO 2009). This decline in fisheries in the developed world is a result
of harvesting beyond sustainable levels and the associated species and habitat
losses, but in recent years this trend may also represent efforts to reduce fish-
ing effort and rebuild some fisheries (McClanahan et al. 2008a, Worm et al.
2009). If properly implemented, this rebuilding could lead to a resurgence in
developed world catches in the coming decades.

Second, poor reporting by some countries has masked substantial declines
in global fisheries production. In particular, China consistently over-reports
its fish landings data (Watson and Pauly 2001). When extreme over-reporting
by China is corrected for, total global fisheries catch shows a steady decline
from a peak of roughly 8o million MT in the late 1980s to about 70 million MT
in 2000 (Watson and Pauly 2001). This is expected to substantially outweigh
the widespread illegal and unreported catches (Pauly et al. 2005, Sumaila
etal. 2006). Additional troubling trends in global wild-caught fisheries include
a substantial decrease in the size of fish being caught in many parts of the
world and an increasing depth at which fish are caught (Pauly et al. 2005). The
latter point indicates that overfishing of local fish populations is likely being
masked by expansion into new and deeper fishing grounds (Pauly et al. 2005).

EXPORTS

Interestingly, even though the developed world is producing less seafood, it is
increasingly exporting a much greater percentage of its fisheries production
(76% in 2007; FAO 2009). In contrast, the developing world exports only 28%
of its catch (FAO 2009). There are also important qualitative differences in
the types of fisheries products that are produced by developed and developing
countries. Developed countries generally export lower quality products, such
as nonedible fish meal and oils, that are used in developing countries, but
they also export some of the very highest value products, including salmon,
lobster, surimi, and caviar. Developed countries are able to maintain high
values for exports by adding value in the production chain from the marine
products landed to those exported. For example, the United States landed
only roughly $4.4 billion in seafood, but its exports were worth $20.8 billion
because of the four- to five fold increase in value in the production chain
(NOAA 2009).

THE INCREASING ROLE OF AQUACULTURE

Aquaculture is compensating for some of the lost production of wild-caught
fish. At 60 million MT/year, aquaculture makes a significant contribution to the
total global seafood production (Fig. 2.1b; FAO 2009). Most of this aquaculture

02_McClanahanCinner_Ch02.indd Secl:9 @ 8/31/2011 10:32:27 PM



OUP UNCORRECTED PROOF - FIRST-PROOF, 08/31/1,1, NEWGEN

@

10 Adapting to a Changing Environment

production comes from the developing world (FAO 2009). China produces
nearly half of the global aquaculture production, but shrimp pond production
in a number of tropical nations, such as Ecuador and Thailand, are also major
contributors. Mainland China’s aquaculture production is nearly twice their
wild-caught production at 31 and 17 million MT, respectively, in 2007 (FAO
2009). Aquaculture production has the potential to supersede wild-capture
fisheries as the primary source of fish production in a number of countries.

The combination of wild-caught seafood and aquaculture from the devel-
oping world appears to be compensating for the developed countries’ increas-
ing demand but declining production. Nevertheless, even though the total
aquaculture production has increased, the percentage growth rate of finfish
aquaculture production from key countries (Chile, Norway, Canada, UK) and
globally has been declining since a peak in the mid-1980s (Liu and Sumaila
2008). These declining growth rates are a result of (1) scarcity of locations
suitable for aquaculture; (2) declining market prices for key aquaculture spe-
cies; (3) scarcity and associated high costs of inputs such as feed; (4) stricter
environmental regulations, which increases the costs of compliance; and (5)
increasing consumer awareness about the problems associated with aquacul-
ture (Liu and Sumaila 2008). The declining growth rate of aquaculture makes
it unlikely that aquaculture production will continue to compensate for the
declining yields of capture fisheries.

It is also critical to consider the environmental impacts of aquaculture.
Many forms of aquaculture require food derivedfrom wild-caught fisheries.
Many of these, such as salmon and tuna aquaculture, have very poor efficiency
ratios, which means it can take up to 5 kilograms of protein from wild-caught
fish to produce a single kilogram of protein from farmed fish (Naylor et al.
2000). In addition to increasing the pressure on wild-caught sources of fish-
meal, aquaculture has also caused significant challenges to the sustainabil-
ity of marine ecosystems through habitat conversion, disease, effluents, and
escapees mixing with wild populations (Naylor et al. 2000). For example,
shrimp exports from aquaculture in Ecuador were valued at over $1 billion in
2000. The following year, the export value dropped 80% due to disease out-
breaks resulting from mangrove clearing and unsustainable farming practices
(McClennen 2006). It is expected that the declining diversity of marine eco-
systems, increased monocultures created by aquaculture, dependence of aqua-
culture on wild-caught fish, and climate change will converge to increase the
vulnerability of the fisheries production systems (Worm et al. 2009).

Why Fisheries Are so Difficult to Manage

Wasted effort and resources caused by too many boats chasing too few fish
has cost a staggering $2 trillion over the past three decades (World Bank 2006,
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FAO 2008). The reasons for these losses are well known: specifically, perverse
incentives and poor governance have created severe resource management
and economic problems. These problems stem, in part, from some key char-
acteristics of fisheries resources, which create incentives for overexploitation.

Fisheries are considered a common-pool resource. The defining char-
acteristics of common-pool resources are that they have low excludability,
meaning it is difficult to exclude people from accessing the resource, and
high subtractability, meaning that when one person takes some fish, there
is less for other people to take. Common-pool resources are particularly dif-
ficult to manage because these defining characteristics can create incentives
for users to overexploit the resource in a situation known as a “Trag f
the Commons” (Hardin 1968). Because it is difficult to prevent others from
accessing “common” resources such as fisheries, users have incentives to catch
all the fish before someone else does. Recognition of this problem has led to a
number of efforts at many governance levels to rectify the situation, including
a reexamination of the legal structure, which is partially responsible for the
demise of marine fisheries.

International Efforts to Reverse Declining Fishery Trends

In response to the difficulty in managing common resources, legislation
during the late 1970s and early 1980s reduced the extent of the global oce-
anic commons, which were replaced by an extended offshore jurisdictional
zone controlled by coastal nations. To facilitate the harvest and manage-
ment of marine resources, the United Nations Convention on the Law of
the Sea (UNCLOS) extended coastal state jurisdiction from three nautical
miles to 200 nautical miles (UNCLOS 1982, Articles 55, 56, 57). UNCLOS
provides up to a 200-mile exclusive economic zone (EEZ) where coastal
states have sovereign rights for the purpose of conserving and managing
living resources and protecting the environment. The establishment of an
EEZ delegated stewardship of areas to national governments when they
were previously common property. UNCLOS empowers states to create and
enforce protective measures within its territorial sea (Article 21) and creates
obligations for states to protect the marine environment within their juris-
diction (Article 192, 194).

In 1995, FAO established a voluntary code of conduct that established
a central paradigm of sustainability for fishing nations and suggested a list
of appropriate and sensible guidelines. These guidelines are among the first
statements sponsored by the United Nations (UN) on what is now commonly
called ecosystem-based management. The code provides useful guidelines
for establishing sustainable fisheries. The European Union’s (EU) Common
Fisheries Policy of 2002 also builds on UNCLOS by stating that legal recourse
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12 Adapting to a Changing Environment

can be enacted on polluters (EU 2009). Some key elements of the EU Common
Fisheries Policy are that (1) fisheries policies should be based on the principle
that resources should not be used until there is evidence that the use will not
be harmful, known as the “precautionary principle”, (2) environmental dam-
age should be rectified at the source, and (3) those causing environmental
damage should pay and be held accountable through legal proceedings. The
World Wildlife Fund (WWF), a conservation nongovernmental organization
(NGO), has used this policy to encourage fisheries management, but success-
ful legal actions against those causing environmental damages have not been
successful.

The Johannesburg Plan of Implementation was based on the World
Summit on Sustainable Development, adopted on September 4, 2002. The
Johannesburg Plan contains a long list of recommendations for sustainability
and encourages nations to adopt the FAO Code of Conduct. Both the FAO
Code of Conduct and the Johannesburg Plan provide a good starting point
to conceptualize and catalyze movements toward sustainability, but they may
also be so comprehensive and demanding of financial and human resources
that it is difficult for many nations, even wealthy ones, to implement them
(Pitcher et al. 2009). The FAO Code of Conduct could be improved if costs
and priorities were explicit so that nations could identify the most critical and
affordable options.

These agreements acknowledged the need to manage fisheries on a
global scale in a sustainable way, but none are legally binding. Consequently,
although these arrangements provide guidelines and increase international
pressure among nations to achieve similar sustainability goals, they lack
clear accountability and mechanisms of enforcement and legal consequences
beyond states’ jurisdictional zones. They also lack clear and proven path-
ways to achieve sustainability among nations with highly variable financial
resources for their management.

Implementing Fisheries Management at the National Level

Numerous other actions have also been proposed at the national level, most
important, the early efforts by the United States in establishing the Magnuson-
Stevenson Act in 1976, which was amended in 1996 and 2006. The amended
versions include lessons learned in the evolution of the management process.
This act established a legal framework for sustainable use of fisheries in the
United States’ EEZ. The act phased out foreign fishing in the EEZ that was
established in 1983 and set up regional councils for the local management
of fisheries; the final version promotes ecosystem-based management. Many
national program and fisheries policies have similar legal and institutional
frameworks often based on these examples from developed counties, but
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implementation remains a persistent problem that needs to be addressed in
affordable and appropriate ways (Alder et al. 2010).

A multinational evaluation of the management of marine resources
in 53 countries found that all were failing to fully implement strong man-
agement measures and that developing countries lagged behind developed
countries (Alder et al. 2010). Top-performing countries such as Australia,
New Zealand, the United States, and Germany were implementing mea-
sures to manage their marine resources sustainably. These efforts often
include the establishment and financing of marine protected areas (MPAs),
reducing or eliminating perverse subsidies, reducing trawling, minimizing
fuel consumed in the fishing sector, and establishing sustainable seafood
certification from the Marine Stewardship Council. However, the evidence
for sustainability in the largest sense, including the ecosystem services,
is often weak (Livingston and Sullivan 2007, McClanahan et al. 2008a).
Sustainability of fisheries in large countries such as the United States can
vary by state and local management. Current evaluations suggest that
California’s fisheries and some Alaskan species are not far from sustainable,
while the states in New England have not recovered from a long history of
excessive effort (Worm et al. 2009).

The costs of implementing the types of measures outlined in the FAO
Code of Conduct might be one reason for these differences in performance
between developed and developing countries (Alder et al. 2010). Some indica-
tors of fishery performance, including marine mammal and seabird protec-
tion and status, use of fishmeal in aquaculture, and fisheries subsidies, are
areas where developing countries were not disadvantaged. These countries
may simply be unable to afford bad practices, such as subsidizing fisheries and
expanding trawling. At the national level, there may be different pathways to
managing and mismanaging marine resources dependent on the commit-
ment and finances available for their implementation (Alder et al. 2010).

How overfishing in the EU is leading to an increasing dependence on
imports of fish and fishery products is discussed in Box 2.1. Global trade poli-
cies and the fisheries contracts (discussed later in the chapter) encourage this
continued need and reliance on trade and net importation. The North-South
politics around these fisheries resources will further unfold in the coming
decades. Along with climate change, these politics will greatly influence the
wealth, adaptive capacity, and resilience of these respective regions.

Globalization and Distant-Water Fishing Contracts
Although many developed nations are attempting to rebuild their own fish-

eries, seafood production is increasingly occurring farther from central con-
sumer markets, farther from state-controlled coasts, deeper into the sea, and
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14 Adapting to a Changing Environment

BOX 2.1
Increasing Dependence on Imports from the Developing World: A Case Study from Europe

European fish stocks are in poor condition, and efforts to rectify this situation
are slow and lagging behind those of some developed economies, such as the
United States, Australia, and New Zealand (Worm et al. 2009). Eighty-eight
percent of Europe’s 50 major fish stocks are overfished and 30% are classified
as unsafe, meaning their potential to recover is jeopardized by their low abun-
dance. In fact, since the initiation of the UNCLOS agreement in 1982, when
management toward greater sustainability was initiated, stocks then evaluated
as unsafe have continued to decline (Froese and Proel 2010). This is largely
because 91% of the species stock biomass is below the level at which fisher-
ies yields are maximized (MSY), or fishing mortality rates are so high that their
recovery to sustainable levels is not possible.

Beginning in 1999, a slight declining trend in fishing mortality rates occurred,
such that if these declining mortality rates continue, 75% of the stocks would
be fished at MSY by 2048 (Display 2.1). This rate of recovery is considerably
delayed from the 2015 deadline established in the Johannesburg Plan. Further,
a complete closure of the fisheries for 5 years would still not reach the targets
by 2015 (Froese and Proelfl 2010). This process of overfishing continues even
though closure of the fishery could increase the 2009 yields of 7.6 to 13.6 mil-
lion metric tons (MT) by allowing the biomass of stocks to increase from 31.8 to
51.6 million MT over a period of roughly 5 years. Increasing fish stock biomass
would also reduce the costs of fishing and increase the stock’s resilience to
climate change. However, overfishing largely continues because of the capital
invested in the fishery, unwillingness to exclude effort, the lack of political will,
and the non-legally binding status of the various policies, codes, and plans.

75th percentile

UNCLOS COC  JPOI
I |

F/Fmsy

]

1

i

[

i
2 \//\\,\/\/i_‘:/
/\\/\/\/\/ i
25th percentile !
|
]
]
|
t

0.5 1

0 T T T T
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Year

DISPLAY 2.1 Changes in mortality of the 50 common European Union fisheries stocks and
the proposed target of maximum sustainable yield (MSY). The dates of key documents
and agreements are shown, including the UNCLOS or Convention on the Law of the Sea,
Food and Agriculture Organization (FAQ) Code of Conduct (COC), the Johannesburg Plan of
Implementation (JPOI), and the date when EU targets will be reached. R,,,, = intrinsic rate
of population increase and F = fishing mortality.

Source: Froese and Proelf (2010).
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Overfishing in the EU is leading to an increasing dependence on imported
seafood. For example, in 2007, the EU imported $U.S.12 billion worth of fish
and fishery products, accounting for 60% of its fish consumption. Europe
exported $U.S.2.2 billion worth of fisheries goods in 2006, the bulk of it to large
and high-end markets like Japan. In the Doha Round of World Trade Organization
negotiations in 2001, the EU sought to reduce tariffs for European fisheries
exports and tighten international rules on subsidies. The EU gives preferential
access to their fish, fishery products, and markets through the Generalized
System of Preferences where no tariffs are charged for fisheries imports from
the 50 Least Developed Countries.

even into the EEZ of developing countries through contractual access rights
and illegal fishing (Berkes et al. 2006, Pauly 2008). There are two main ways
whereby this expansion is happening: (1) the globalization of markets and
(2) the geographic expansion of developing country fishing effort in what is
known as distant-water fishing (Swartz et al. 2010).

The globalization of fisheries markets occurs when local fisheries become
linked to global demand for seafood (Berkes et al. 2006). The globalization
of markets allows people to obtain resources from farther afield, often from
areas that are poorer or less regulated. This process, however, is occurring
throughout the world, in both developed and developing countries (Berkes
et al. 2006, Worm et al. 2009). It often results in high market values being
placed on marine resources that were formerly considered oflittle or no value.
Global markets for marine products can emerge rapidly and deplete local
marine resources before international or even national legislation is able to
set up protection (Berkes et al. 2006). For example, Asian demand for live
reef fish has resulted in serial depletion of specific reef fish species in parts of
the Pacific before these countries are able to develop management responses
(Scales et al. 2006, 2007). In some cases, incentives to exploit these newly
commercialized resources are so great that they weaken locally managed
institutions that govern marine resources (Cinner and Aswani 2007). For
example, east African trade in sea cucumbers, ornamental snails, and aquar-
ium fish were globalized some decades ago, but recently lower value octopus
have begun being exported and can potentially be priced on the international
market and become too expensive for local consumption.

Perhaps of more relevance to the geopolitical context of fisheries in Africa
are distant-water fishing contracts. Distant-water fishing contracts or “bilat-
eral fisheries partnership agreements” are the legal mechanisms that allow
developed world countries to fish in the EEZ territories of developing coun-
tries, typically referred to as distant-water fishing (Fig. 2.2). The basic premise
of these contracts is that the foreign fleets are utilizing surplus production
of fisheries that host nations cannot access due to inadequate fishing capital.
In principle, agreements such as those in the European Common Fisheries
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16 Adapting to a Changing Environment

FIGURE 2.2 Number and distribution of foreign-fleet fishing contracts.
Source: Worm et al. (2009).

Policy are used to promote responsible and sustainable fisheries in the waters
of non-EU countries. Contracts provide the European fleet with access to
“surplus fish resources” in the territorial waters of African and Pacific coun-
tries and contract fees are expected to support the countries’ fisheries poli-
cies. For example, in the mid-1990s, it was estimated that the cost of license
fees was between 6% and 32% of the costs of fishing for European vessels fish-
ing in West Africa (Porter 1997).

The contracts are attractive to recipient countries to finance national bud-
gets, particularly fisheries programs, and also to provide jobs in the fishing
and canning industries as described for the western Indian Ocean in Box 2.2.
In West Africa, about one third of the total jobs created by these contracts are
taken by African nationals with about 40% of these jobs in canning (IFREMER
1999). They also allow developing countries to earn hard currency, which can
be used to pay off national debt (Watson and Pauly 2001). Developed coun-
tries benefit because these distant-water fisheries contracts help supply the
fish deficit in developed countries, employ developed country workers, and
serve as an outlet for the excess fisheries capital in developed countries that is
resulting in suboptimal production. For example, Spain operated 750 vessels
along the western African coastline during the 1990s.

Comprehensive evaluations of either the benefits or problems with
distant-water contracts are generally lacking. Two key reasons for this are
poor evaluation of fish stocks and catch reporting in host nations, and
a lack of transparency over contract money by host countries. First, fish
stocks in host nations are so seldom evaluated and illegal and unreported
catches are so common that evaluations relating to improved management
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BOX 2.2
Fishing Contracts in the Western Indian Ocean

The history of distant-water fishing in Africa started in the 1950s when the
former Soviet Bloc caught approximately 75% of the total landings in the region,
taking 1.5 million metric tons (MT) in the 1970s (Alder and Sumaila 2004).
European fleets caught around 20% of the landing or just under 0.6 million

MT until the 1990s and this later increased to 1.4 million MT or 55% of the
landings. Asian fleets have caught the remainder of the fish taken (less than
11%). Distant-water fishing contracts, which allow foreign nations to fish another
country’s waters and which made these catches possible, are now expanding
to the eastern coast of Africa and elsewhere. In the western Indian Ocean in
2008, the EU reported contracts with the Seychelles, Comoros, Madagascar,
and Mozambique ranging from a low of U.S.$0.28 million in Comoros to a high
of U.S.$3.8 million per year for the Seychelles.

The contracts state that 80% to 100% of the contract money allowing access
the fishery should be used in support of the host nation’s fisheries policies.
These contracts are mostly part of a larger tuna network agreement that allows
vessels mainly from Spain, Portugal, Italy, and France to fish in these waters.
Madagascar, which received U.S.$0.86 million per year, also provides about
5% of the shrimp consumed by the EU. Mauritius ended EU contracts in 2007
and like some other countries it is trying to develop its own offshore fisheries
capabilities. After gaining independence in 1990, Namibia chose to follow an
incentive-based policy focused on quota taxation combined with tax reductions.
This policy depended on Namibian national involvement in fisheries ventures
and has resulted in a 1% gain in employment and a 1.5% gain in Namibian
ownership for each percentage point loss in foreign fishing fees collected
between 1993 and 1998 (Armstrong et al. 2004).

These distant-water contracts have evolved from simple access arrange-
ments to agreements to make financial contributions that should support
fisheries policy and include sustainable fishing as outlined in UNCLOS and the
FAO Code of Conduct. In principle, money from these arrangements should sup-
port the creation of fisheries legislation for national and international fisheries,
application of the laws, licensing, participation in regional fishery organizations,
hiring of fisheries personnel, evaluating stocks and setting fishing effort limits,
quotas, recovery periods, and other management responsibilities. The newer
contracts are much more ambitious than those of the past but they still leave a
number of issues unresolved, particularly regarding policy implementation, and
this lack of enforcement undermines the proposed objectives (Kaczynski and
Fluharty 2002).

Despite the economic and regulatory potential of deep-sea contracts, they
create problems: (1) they subsidize EU fleets, displacing local entrepreneurs
in the host country; (2) they distort the economics of the European fishing
enterprise by allowing a fleet that is disproportionably large relative to European
resources; (3) they allow a substantial (up to 50%) loss of potential economic
value in the host country; and (4) they promote excessive pressure on the
resources, which undermines the long-term sustainability of host nation’s
fisheries (Sumaila and Vasconcellos 2000, Alder and Sumaila 2004). There is
often lack of transparency on both sides of the agreement, such as EU coun-
tries not reporting excessive by-catch, underpayment of license fees, and failure
to provide timely statistical information on catches (Kaczynski and Fluharty
2002). There are also some concerns that developed countries use these
contracts as donor aid and to interfere in developing country national politics.
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are difficult (Agnew et al. 2009). This lack of stock assessment seems par-
ticularly true for demersal fishes, which have the highest illegal and unre-
ported catches, but may be less true for economically important species
such as pelagic tunas (Agnew et al. 2009). Additionally, there are high levels
of illegal and unreported catch in many host nations. For example, Agnew
and colleagues (2009) found that the total estimated catches in West Africa
were 40% higher and in the western Indian Ocean 10% to 40% higher than
reported catches.

Agnew and colleagues (2009) found that the proportion of a country’s
reported catches to those that were illegal and unreported was strongly pre-
dicted by the regulatory quality, rule of law, control of corruption, and gov-
ernment effectiveness of the country, rather than the price of fish or the size
of the country’s EEZ. Similar findings were found for an evaluation of the
adherence to the Code of Conduct, where most countries fail to fully comply
and the frequency of noncompliance increases as the country’s governance
weakens (Pitcher et al. 2009). Consequently, more involvement in increas-
ing incentives for good governance, such as preferential contracts and import
arrangements for countries with good and improving governance, are needed
by contracting nations to improve the chances that contract money is used
toward their stated objectives of sustainability. Pitcher and colleagues (2009)
suggest that improving compliance with the code will require establishing
mandatory instruments, either national or international, and tailoring aid to
address specific weaknesses.

Finally, it may be that more oversight of host nations is also needed to
ensure transparency in the use of the contract fees toward achieving UNCLOS
or FAO Code of Conduct recommendations. The use of this contract money
is seldom clearly stated or monitored to ensure that the money is spent to
increase sustainability of fisheries. Host nations could also improve contract
conditions and retention of the economic value in their countries by coor-
dinating negotiations for offshore fishing with their economies, to meet EU
guidelines on fish handling and quality.

Donor Assistance for Fisheries Research and Management

Scientific understanding of tropical fisheries ecosystems, technological
improvements to aquaculture, and improved capacity for governance and
management are severely underfunded by donor aid relative to their impor-
tance to global economies as described earlier. The Organization for Economic
Co-operation and Development (OECD), which is a group of 32 developed
countries, reported that in 2008 a total of roughly $440 million was spent
on official fisheries development assistance to non-OECD countries. Of
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this total, $180 million was spent on fisheries development; $158 million for
administration, policy, and monitoring; $88.4 million for fishery services; and
$12.3 million for fisheries research. The biggest donors—Japan ($151 million),
the United States ($109 million), and Spain ($98 million)—account for 82% of
this assistance to developing countries (OECD 2010). It is not surprising that
these three OECD countries rely most on imported fish or fishing contracts.
This expenditure, while small, is expected to ensure good relationships with
countries contributing to the global fisheries production (Table 2.1). There are
many nations that also rely heavily on fishing imports but contribute mini-
mally toward foreign assistance.

When compared to the billions spent on fisheries imports and offshore
fishing rights, these assistance expenditures are small, all less than 1.5% of
the value of the OECD countries’ fisheries imports (Table 2.1). The values
are also small compared to the expenditures for management of their own
national fisheries. For example, the U.S. National Marine Fisheries Service
spent around $600 million managing domestic fisheries worth $4 billion,
or six times the amount spent on U.S. foreign assistance in managing the
$13 billion of imported fish. A reasonable premise of this discussion is that
developed countries are currently attempting to improve the management
of their own fisheries resources albeit slowly but, rather than eliminat-
ing effort, their excess fishing capital and labor is being used in poorer
countries. At the same time, these developed countries are importing fish
from countries with less investment in management, and while importing
nations are providing minor assistance to exporting nations, it is consider-
ably less than the costs of fishing and associated management in their own
countries.

TABLE 2.1
Top ten nations in terms of fisheries catch, import value, and export value

Nation Landings, million Nation Export value, Nation Import value
metric tons billion dollars
China 17.3 China 9.0 Japan 14.0
Peru 9.4 Norway 5.5 USA 13.3
EU-27 5.6 Thailand 5.2 Spain 6.4
USA 4.8 USA 4.1 France 5.1
Chile 4.7 Denmark 4.0 Italy 4.7
Indonesia 4.4 Canada 3.7 China 4.1
Japan 4.2 Chile 3.6 Germany 3.7
India 3.5 Vietham 3.4 UK 3.7
Russia 3.2 Spain 2.8 Denmark 2.8
Thailand 2.6 Netherlands 2.8 Korea Republic 2.7

Source: Based on 2006/7 figures from FAO (2008).
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The North-South Disparity in Climate Change Impacts

Climate change is a compounding threat to the sustainability of capture-
fisheries and aquaculture in many countries, but it may have a mix of pos-
itive and negative effects depending on geography (Cheung et al. 2010). As
discussed in the following chapters, climate change impacts occur as a result
of both gradual warming and associated physical changes as well as from
the frequency and intensity of extreme events. Importantly, these changes
take place in the context of other global socioeconomic pressures on nat-
ural resources and the geopolitical context of fisheries as described in this
chapter.

Many marine species will shift their distributions toward the poles with
climate warming, expanding the range of warmer water species and contract-
ing that of colder water species. The most rapid changes in fish communities
will occur among pelagic species and include vertical movements to counter-
act surface warming and maintain optimal body temperatures. Fish popula-
tions at the poles will extend their ranges and increase in abundance with
warmer temperatures. Populations near the equator, on continental shelves,
and in enclosed bays and seas will decline in abundance as temperatures
warm (Barange and Perry 2009, Cheung et al. 2010).

These shifts in production will have implications for the production of
fish in developing and developed countries. Cheung and colleagues (2010)
projected the changes in global catch potential for 1,066 species of exploited
marine fish and invertebrates from 2005 to 2055 under climate change scenar-
ios (Fig. 2.3). A large-scale redistribution of global catch potential is predicted.
An increase of 30% to 70% is projected in high-latitude or developed country
regions and an overall drop of up to 40% is projected in the tropics, largely
in developing country regions. Exclusive economic zone regions with the

~ Change in catch (%)

_' from 2005 to 2055
g I < -50
< -30

g

FIGURE 2.3 Climate change effects on projected fish global catches for Intergovernmental
Panel on Climate Change (IPCC) emission scenario of 720 ppm of CO, by 2100.

Source: Cheung and colleagues (2010).
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highest projected increase in catch potential included Norway, Greenland,
Alaska, and Russia; EEZ regions with the biggest potential losses included
Indonesia, the continental United States, Chile, and China.

There is, however, significant regional variability in these predictions,
and the tropics have some innate resilience in terms of having more spe-
cies and smaller body sizes, which can provide more and faster options and
responses to climate change (Fisher et al. 2010). Furthermore, predictions for
the western Indian Ocean region are for increases in open pelagic areas but
declines along the east African coastlines from Kenya to Mozambique and
western Madagascar. Coastlines with potential increases in catch are eastern
and northern Madagascar, the Seychelles, and Somalia. The overall Indian
Ocean projections are different from most of the tropics with a 20% potential
increase from 2005 levels under the high—carbon dioxide emissions scenario.
Nevertheless, declines in catch potential are largely predicted for the north-
ward boundary of the Indian Ocean and east African coastline.

Many of the affected tropical coastline regions are also socioeconomi-
cally vulnerable to these changes and will be challenged by both the prospect
of lost fisheries productivity near-shore and the potential to compensate for
this loss by increased offshore fisheries productivity. It is often these offshore
fisheries that are the targets of the distant-water fishing contracts, so ulti-
mately, it may be very difficult for small-scale fishers and coastal societies
in the western Indian Ocean region to directly benefit from this projected
increase in pelagic production.

Projected reductions in catch potential in tropical countries and the
increase in high-latitude countries coincide with similar projections for land-
based food production systems (Easterling et al. 2007). The costs in capital,
operating expenditures, and carbon emissions to access this offshore fishery
are expected to increase and, combined with the shifts in catch potential,
they will create challenges for meeting the trade and protein requirements of
developing countries. The unfolding recognition of unequal distribution of
resources and costs to access fish, management effectiveness, and the impacts
of climate change are expected to lead to continuous changes in aid and the
interactions between national and international governance of marine fish-
eries. The alignment of national and international interests and policies
will influence the evolving framework for these institutional changes. How
local laws are implemented, their flexibility, the effectiveness of monitoring
resources, and mechanisms for funding will increasingly solve or undermine
these emerging governance problems (Young 2010). The remainder of this
book focuses on the African-Western Indian Ocean region and evaluates cli-
mate change and potential effects on the near-shore fisheries ecosystems and
the adaptive options for the people of this region.
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Climate Change and Oceanography

Climate science has produced an extremely detailed record of climate change
over the past 1 million years (Alley 2000). In many cases, resolution of these
studies is accurate to a few years, revealing abrupt changes taking less than
a decade, which can have climatic consequences that can last for millennia
(Steffensen et al. 2008). The last 2.5 million years has been characterized by
glacial cycles that are caused by small and slowly changing variations in the
tilt of the Earth on its axis and its rotation around the sun. The gross climate
variations are cyclical and produce oscillations at frequencies of about 26,000,
41,000, 100,000 and 400,000 years. Empirical research on climate patterns
over the past few million years is based largely on ice cores from Greenland
and high-mountain glaciers. Thus, the record of climate changes in the trop-
ics is not as long, resolved, and clear as in the temperate and arctic regions.
Nonetheless, a coherent picture of tropical climate variability is beginning
to emerge from other temperature proxies. This chapter briefly describes the
current understanding of the recent geological history of climate and ocean-
ography in the Indian Ocean and its implications for human-induced climate
change.

The Last Few Millennia

Our understanding of the climate over the past 12,000 years is becoming
clearer from a mix of tropical glacial ice cores, cave stalagmites, coral skel-
etons, and lake and ocean sediments. The planet entered a warm period more
than 11,000 years ago and glacial conditions declined, as measurements from
the arctic show two abrupt stages of rising temperatures, one of about 10.4°C
and another of 4.5°C; these may have occurred over a period of just a few
years (Kobashi et al. 2008, Steffensen et al. 2008). Since 11,270 years ago there
has been a more stable climate but with some abrupt changes. For example,
in recent times, four large-scale droughts ranging from 2 to 10 years have
occurred since the 17th century in the Indian Ocean region (Cook et al. 2010).
Temperature changes in the tropics are usually a little more than one half
of those changes recorded at the poles but have strong effects on monsoon

2 circulation strength and associated rainfall (Correge et al. 2004).

03_McClanahanCinner_Ch03.indd Sec1:22 @ 8/31/2011 10:32:57 PM



OuUP UNC%RECTED PROOF - FIRST-PROOF, 08/31/11, NEWGEN

Climate Change and Oceanography 23

Between 11,000 and 5,000 years ago, east Africa was warmer and wetter
than at present, despite some short-term but significant temperature changes.
Oxygen isotopes extracted from stalagmites in caves in Oman indicate that
drying was slowly under way in the northern Indian Ocean region from
8,000 to 4,000 years before the present (8p; Fig. 3.1). This drying was asso-
ciated with a gradual southward migration of the inter-tropical convergence
zone (ITCZ) and gradual weakening of the monsoons in response to Earth’s
orbitally induced declining northern summer sunlight (Fleitmann et al. 2003).
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FIGURE 3.1 Holocene proxies of temperatures for different regions using different sources

of data. The top is a comparison of sea surface temperature (SST) anomalies inferred from
coral Sr/Ca (filled squares) through the Holocene in the eastern Indian Ocean (EIO) corals off
Sumatra (Abram et al. 2008). The middle is an ice core 80 record from mount Kilimanjaro
used as a proxy for east Africa air temperature (Thompson et al. 2002). Sr/Ca and 50 are
chemical proxies for water temperature. Below that is an alkenone derived SST reconstruction
from a marine sediment core from the western equatorial Indian Ocean (core MD85674 at 3°N,
50°E; Bard et al. 1997). The bottom is a lake sediment record from Lake Malawi (Castafeda
et al. 2007) as a proxy for east Africa lake temperature (TEX86).
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Stalagmite isotopes from southern China suggest that the last 9,000 years in
Asiawere punctuated by eight weak monsoon events that lasted 100 to 500 years
and were not entirely explained by changes in sunlight. Changes were more
likely associated with ice-rafting events that cool the North Atlantic. These in
turn change the strength of mid-latitude westerly winds reaching Asia, shifting
the monsoon position south, ultimately leading to less monsoon rains reach-
ing China (Wang et al. 2005). Similarly, a dry period in Kilimanjaro glaciers
and China’s caves around 8,200 years ago was associated with weakened mon-
soons and extreme drying in Asia and eastern Africa (Thompson et al. 2002,
Wang et al. 2005). One hypothesis to explain this drying pattern is that a cold
Atlantic produces cold westerly winds, which increase snow accumulation in
the Tibetan Plateau; this increases solar albedo (the sunlight reflection from
the earth’s surface) from the snow, which reduces the strength and northerly
migration of the Asian monsoon (Overpeck et al. 1996). Consequently, Indian
Ocean monsoon variability is predicted to depend on changes in snow accu-
mulation in Asia and the Tibetan Plateau. Additionally, the recent increase in
air pollutants or aerosols is also reducing surface temperature and monsoon
rainfall in some Asian regions (Ramanathan et al. 2005).

Another cool and dry period starting in 6500 BP culminated in a rapid
temperature drop and drying at 4200 BP that is recorded throughout Africa,
the Middle East, and Asia (Fig. 3.1). This temperature change and dry-
ing is recorded in Kilimanjaro glaciers and is associated with the develop-
ment of irrigation and the hierarchical agrarian societies around the Nile
and Mesopotamia rivers and abandonment of desert settlements in Arabia
(Thompson et al. 2002). This third drop in rainfall at around 4000 BP lasted
300 years; it is associated with drops in lake levels and the dominance of the
associated desert fauna in the Sahara (Kropelin et al. 2008), drying in south-
ern China and the end of pre-agrarian Neolithic cultures of China (Wang
et al. 2005, Dearing et al. 2008), and an accumulation of dust in South
American and African glaciers (Thompson et al. 2000, Thompson et al. 2002).
The late Holocene temperatures in east African lakes and the western Indian
Ocean closely follow the pattern observed in the Kilimanjaro ice cores (Bard
et al. 1997, Thompson et al. 2002, Castafieda et al. 2007).

Globally, warm temperatures are associated with wetter periods and cold
with dry periods, but these global patterns are not always consistent in all
regions (Mann et al. 2009). For example, lake fossils and lake-level recon-
structions of Lake Naivasha, Kenya, suggest that periods of low solar input
are associated with wetter conditions, and higher intensity of sunlight is
associated with drought periods over the past 2,000 years. These wet and
dry times have also been recorded in the oral histories of the people from
the region (Verschuren et al. 2000). Warm periods in temperate Europe,
known as the Medieval Warm Period, were associated with droughts in east
Africa. Conversely, the Little Ice Age of Europe, from AD 1400 to AD 1850,

03_McClanahanCinner_Ch03.indd Secl:24 @ 8/31/2011 10:32:59 PM



OuUP UNC(@RECTED PROOF - FIRST-PROOF, 08/31/11, NEWGEN

Climate Change and Oceanography 25

was associated with largely wetter conditions in east Africa that declined
after about 1880 (Verschuren et al. 2000, Lamb et al. 2003, Lamb et al. 2007).
These observations indicate that rainfall in east Africa can be the opposite
of larger global or ocean-basin climatic changes and one reason why coarse
scale global climate models may not have strong predictive power in portions
of the east Africa region (Brown and Funk 2008, Mann et al. 2009).

Ocean proxies indicate that upwelling strength declined off Somalia from
10,000 to 400 years BP, but then (around AD 1600 ) this trend reversed and
now closely follows the warming of the southern Tibetan plateau (Anderson
et al. 2002, Thompson et al. 2003). Based on coral cores located throughout
the Indian Ocean and a time series starting in AD 1660, Gong and Luterbacher
(2008) determined that the cross-equatorial winds and monsoons were stron-
gest in the late 17th to late 19th century and have weakened in the 20th cen-
tury. Additionally, decreasing dust concentrations in Tibetan Plateau snow
in the past 50 years indicate reduced winds over Tibet (Xu et al. 2007). The
loss of extensive forests 1,400 years ago in China (Dearing et al. 2008), 400
years ago in India (Caner et al. 2007), and in the past 70 years in east Africa
(Fleitmann et al. 2007) have probably contributed to dryer monsoon condi-
tions (Knopf et al. 2008). Forest vegetation increases evapotranspiration and
rainfall (Zhang et al. 2001), and smoke from forest fires decrease local rainfall
(Rosenfeld 1999, Rosenfeld et al. 2008). These studies suggest that the mon-
soon rains are weakening and are likely to create more droughts in portions
of east Africa and southern Asia, despite the warming ocean.

The Last Few Centuries
THE INSTRUMENTAL RECORD

The Hadley Center in the UK and the National Oceanographic and
Atmospheric Administration (NOAA) in the United States have maintained
empirical records and reconstructed estimates of ocean temperature in the
Indian Ocean for about 120 years at monthly intervals with 111 x 111 km
resolution. The records for the past 50 years are the most reliable. Since 1981,
Earth-observing satellites and permanent monitoring buoys have further
increased the frequency and spatial resolution of ocean temperature mea-
surements to more than daily and to a 20 x 20 km resolution for the early
records. Since 2000, the spatial resolution has increased to 4 x 4 km. This
higher resolution is good for many purposes, but the longer time scales are
critical for separating oceanographic oscillations from longer trends, such as
human-induced global warming, where the signal is most observable from
the mid-1970s (Ihara et al. 2008).

Surface ocean temperature data for the past 120 years in the Indian Ocean
show the rising temperatures that characterize many of the world’s oceans
and specifically the increasing strength of warm oceanographic oscillations
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from the 1980s (Fig. 3.2). Observations suggest that decadal Indian Ocean
temperatures vary in step with global temperature (Funk et al. 2008). A sea-
water temperature rise of roughly 1°C has been reported from a summary
of the instrumental data since 1880. This rise has been variable in the west-
ern and eastern Indian Ocean, and over time (Thara et al. 2008). During the
period 1880-1919, the warming in the downwelling areas off east Africa was
faster than the eastern upwelling area off Sumatra. Both sides began warming
after that period, followed by a brief cooling, and after the 1950s there was a
strong warming of 0.5°C in 50 years. The reported cooling during the 1940s is
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FIGURE 3.2 Surface seawater temperature (SST) changes (top) since 1880 based on 10-year
running means for the eastern (dashed lines) and western (solid lines) Indian Ocean.

Sources: (top) lhara et al. (2008) based on National Oceanic and Atmospheric Administration/National
Climatic Data Center (NOAA/NCDC) Extended Reconstructed SST (ERSST) dataset, version 2; and
(bottom) the 111-km grid rate of SST rise based on the monthly data for the Hadley 1950-2008 time
series. Sources: Hadley Center (2009).
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likely to be an artifact of the changing measurement instruments rather than
a real change in temperature (Thompson et al. 2008).

TEMPERATURE PROXY ARCHIVES

High-resolution coral records can have monthly resolution and date back sev-
eral centuries. These temperature proxies have the potential to provide a tool
for detailed reconstruction of past surface ocean variability under periods of
recent climate change. Proxies for seawater temperature from the skeletons
of living corals are now available using stable isotopes (8O, §"*C) and trace
metals (Sr/Ca) in calcium carbonate cores for a modest number of sites in the
Indian Ocean. These coral proxy records estimate temperatures for the past
300 years, and the records all show rising seawater temperature during the
past 100 years; they largely confirm the instrumental record in terms of the
rate of rise and the importance of inter-annual oceanographic oscillations,
such as the Indian Ocean dipole (IOD) and El Nifio southern oscillation
(ENSO; Fig. 3.3). Interestingly, coral proxies do not record the decline picked
up by instruments in the 1940s, supporting the contention that changes in
the instruments used to measure seawater temperatures were the cause of the
reported change mentioned earlier.

The two dominant inter-annual oscillations in the Indian Ocean are the
globally important and widespread ENSO and the regionally and tropically
important IOD. Both oscillations have similar frequencies of between 2 and
8 years. While they are often independent, at times they coincide, as in 1998
(Fig. 3.3). This has made it difficult to separate the two fluctuations from proxy
records of temperature, but the use of upwelling and river discharge proxies off
Sumatra and northern Kenya, which detect climate signals during the active
IOD seasonal window, have made it possible to separate the signals (Kayanne
et al. 2006, Abram et al. 2008). The strength of the IOD has increased since
the 1920s, replacing the ENSO as the dominant oceanographic oscillation in
the tropical Indian Ocean (Nakamura et al. 2009). In addition, the frequency
of the IOD has increased from about 10 years in the early part of the 20th cen-
tury to 1.5 to 3.0 years since the 1960s and is associated with an increased cou-
pling with the Indian monsoon and October to December wet seasons in east
Africa (Bowden and Semazzi 2007, Abram et al. 2008, Nakamura et al. 2009).
The increasingly stronger and more frequent movements of warm water from
the eastern to western equatorial regions of the Indian Ocean can stress and
kill temperature-sensitive marine species.

As the number of coral cores taken in different countries in the region
increases, there are improvements in understanding the spatial variabil-
ity in the climate patterns and distinguishing what are region-wide versus
local responses. For example, the oldest proxy records from Mafia, Tanzania,
extend the seawater temperature record back to 1622 (Damassa et al. 2006), and
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FIGURE 3.3 Reconstruction of Indian Ocean oceanographic oscillations. (Top) the relative strengths
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strength of the ENSO and 10D since 1885 based on correlations with Indian summer rainfall.
Sources: Saji et al. (1999) and Nakamura et al. (2009).

another record from southwest Madagascar extends the record to 1658 (Zinke
et al. 2004). Both of these old cores and a shorter core from the Red Sea indicate
declining coral growth rates in the most recent 50 years (Cantin et al. 2010).
The Mafia coral did not correlate well with recent climate variables; the authors
suggest that this resulted from environmental stress after the 1950s, which may
be associated with locally changing climate conditions including increased
sediments and nutrients, high temperatures, or changing ocean chemistry.
Prior to 1950, the Mafia coral tracked climate variability well and temperature
oscillations of 2.5, 5-6, and 10-11 years were evident from 1896. The dominant
oscillations found in the southwest Madagascar coral were on the frequency
of 4 years and the inter-decadal band of 16-20 years (Fig. 3.4). The inter-
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FIGURE 3.4 (a) Time series of annual mean surface air temperatures (SAT) over east Africa
(10°N-15°S, 20-45°E; HadISST) compared to annual mean tropical coral 6'80 Index (Mayotte,
Seychelles, and Malindi corals) averaged between July to June. (b) Time series of annual mean
(March to February) surface air temperatures (SAT) over southeast Africa (15-25°S, 20-45°E;
HadISST -Hadley Center sea surface temperature estimates) compared to mean annual Ifaty
(southwest Madagascar) coral 8'80. Negative anomalies in coral 820 isotopes correspond

to warm SST and arrows indicate these warm anomalies. (c) Cross-spectral analysis of east
Africa surface temperature (SAT) with tropical coral 80 Index and (d) cross-spectral analysis
of southern Africa rainfall with southwest Madagascar (Ifaty-4- coral core taken in Ifaty Bay)
coral 880 for December to March season to determine the significant frequencies in the
climate oscillations. Main frequencies significant above the 90% level are indicated (shaded
rectangles). Time series were normalized by subtracting values from the mean and dividing by
their standard deviation.

Sources: Zinke et al. (2009).
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decadal variability of 16—20 years was also found in land rainfall records
across southeastern subtropical Africa and is distinct from the tropical dec-
adal variability that ranges between 9 and 14 years (Reason and Rouault 2002,
Zinke et al. 2009). The decadal variability in the 9-14 year range is thought to be
related to ENSO-like events (Reason and Rouault 2002). Consequently, there
appears to be a large-scale decline in the conditions for coral growth but more
local variability in the impact of climate oscillations, ranging from 2 to 20 years.

Both of the discussed coral proxy records indicate cooler conditions for
the 17th-century time series; for instance, a 0.6°C cooling between 1622 and
1722. The southwest Madagascar coral indicates strong oceanographic oscil-
lations of 3 to 5 years that did not closely track the Pacific ENSO between 1675
and 1730. The most unusual aspect of the 17th-century temperature record
from Mafia was a longer oscillation of 20-25 years, similar to and closely
tracking the Pacific decadal oscillation (PDO), which is a slow but important
oscillation in North Pacific sea surface temperatures that can influence global
weather and oceanographic patterns.

A coral core from Mayotte also indicates 5- to 6-year frequencies and
decadal variability of 18 to 25 years associated with the PDO. The strongest
PDO (18-25 years) signal in the last 120 years was found for the southwest
Madagascar core and also a core from Reunion corals (Crueger et al. 2008);
these oscillations influence rainfall and oceanographic conditions that influ-
ence fish catch (Jury et al. 2010a). Consequently, the southern Indian Ocean
appears to be more influenced by or associated with long-term oscillations of
the Pacific, whereas the tropical Indian Ocean may be more influenced by the
Indian Ocean dipole.

Coral proxies from Comoros and the Chagos Archipelago indicate that
warming has increased rainfall over the central Indian Ocean, most strongly
from the mid-1970s (Pfeiffer et al. 2006, Abram et al. 2008, Zinke et al. 2008)
but has reduced onshore moisture transports and increased dry-air subsid-
ence across eastern portions of the Greater Horn and areas from Comoros
south, exacerbating the strengths and impacts of ENSO and IOD oscillations,
especially during the March-May and June-August rainy seasons in Kenya
and Ethiopia, respectively (Funk et al. 2008, unpublished data).

Looking Forward

MODELS

Models are frequently used to examine the likely impacts of climate change.
On the large scale, climate models predict increased drought for northern
and southern Africa and reduced drought for eastern Africa with climate
warming (Arnell 2006). Empirical rainfall data from the last 20 years would
appear to support the predictions for southern Africa, but rainfall gauge data

03_McClanahanCinner_Ch03.indd Sec1:30 @ 8/31/2011 10:33:06 PM



OuUP UNC(@RECTED PROOF - FIRST-PROOF, 08/31/11, NEWGEN

Climate Change and Oceanography 3

reflect declining rainfall during the March-May rains since the 1980s (Funk
et al. 2008). Similarly, the Indian subcontinent is experiencing declines in
rainfall in about two thirds of the studied regions associated with increasing
human-produced black carbon aerosols (Ramanathan et al. 2005). The warm-
ing Indian Ocean appears to result in more rainfall on the Indian Ocean but
stronger high altitude westerly winds that keep the rain from reaching east-
ern Africa and black carbon aerosols that reduce the land-sea temperature
gradient with India. Consequently, current evidence suggests that more rain
will be experienced by central Indian Ocean island nations but not the east-
ern or southern African continental margin.

A warmer world is projected to produce more intense tropical storms in
the southern Indian Ocean (Macdonald et al. 2005), and while the models
did not predict these, more large, violent storms are emerging in the northern
Indian Ocean, associated with weakened mid-latitude and high-altitude easter-
lies (Brahmananda Rao et al. 2008). A 2°C-4°C sea surface temperature rise is
expected to increase cyclone intensity between 10% and 20% (Lal 2001), but this
prediction depends on other factors, such as changes in wind shear at altitude.

The ocean has also begun to experience changes in productivity, with
increases in the northern and decreases in the southern Indian Ocean
(Gregg et al. 2003). Productivity increases that are often in the upwelling
zones of northern Somalia and near-shore areas around Arabia and India
may increase pelagic fisheries, but among coral islands of the central Indian
Ocean, increases in planktonic productivity can reduce reef benthic produc-
tivity and diversity by reducing light penetration to the bottom.

Despite the occasional disparity between climate models and empirical
data, the sum of this information indicates that the predicted anthropogenic
climate change processes are under way and that climate models are most
likely to be conservative or to underestimate potentially detrimental impacts
(Funk et al. 2008, Richardson and Poloczanska 2008). Models often have dif-
ficulty predicting localized rainfall because of weakness in interpreting the
hydrological cycle; difficulty in accounting for complex landforms, interaction
between the Indian Ocean and the continent, dust and aerosol concentrations,
and plant-climate interactions; and limitations in simulating high-altitude
teleconnections and feedback mechanisms (Allan and Soden 2008, Funk et al.
2008). Climate models are not meant, at this point, to predict fine-scale resolu-
tion such as the 26 climatic zones in east Africa (Ogallo 1989). Nevertheless,
the sophistication of data and models is constantly increasing and uncovering
climate dynamics, and can inform the most appropriate adaptation measures.

Spatial Patterns

A critical point from both the historical records and the models is that
the impacts of climate change will not be spatially uniform. Despite the
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heterogeneity, oceanographic and atmospheric processes have deterministic
elements that will create some predictability to the patterns. For example, we
have mentioned the east-west gradient in the tropical Indian Ocean formed
by gross easterly movements of winds and currents. There are also differences
in the tropical and southern Indian Ocean in terms of the frequency of oscil-
lations as well as island and continental-current effects, such as the upwelling
and downwelling. The remainder of this chapter highlights the key spatial
patterns for both terrestrial and oceanic stresses. Chapters 8 and 10 further
detail how knowing where a site lies in terms of oceanic and climate exposure
can be used to inform policies, plans, and actions.

TERRESTRIAL SPATIAL PATTERNS

Rainfall is critical to plant growth and is one of the main limitations on
agricultural production in tropical eastern Africa, although crop selection,
fertilizer use, seed varieties, and the area that is farmed can influence this
production. Consequently, changes in rainfall and how farmers respond
are critical to food production and security (Brown and Funk 2008). In east
Africa, there are two critical rainfall seasons: the long rains (March to May),
which provide more rainfall and create conditions for the majority of agricul-
tural cropping; and the short rains (October to December), which is a crucial,
but less intensive rain period. The number of undernourished people in east-
ern and southern Africa has increased in the past three decades along with
declines in the duration of the long rains and increasing population growth
(Funk et al. 2008).

Foodproduction modelsare predicting declining food productionin much
of Africa, but they have not fully accounted for observed rainfall declines that
are greater than those predicted by climate models (Fig. 3.5). The projected
outlook is suggesting further declining long-rain rainfall trends that may be
compensated for in a few areas by increased rainfall during the short rains
(Brown and Funk 2008). For example, continued drying is expected in most
of Ethiopia, especially in the southwest during the March-September rains
(Verdin et al. 2005). In contrast, northern regions of east Africa may experi-
ence modest rainfall increases in the short rains but not the southern regions,
because the warm IOD has greatest influence on the equatorial regions.

Beyond changes in mean rainfall, the number of extreme climatic events
is likely to be one of the main effects of climate change, with an increase in
the extremes of wet, dry, and hot seasons. Based on three global climate mod-
els with two likely carbon emission scenarios, the number of extreme events
expected at the end of the 21st century has been mapped (Baettig et al. 2007;
Fig. 3.6). All Indian Ocean regions are expected to have more extreme events,
with the lowest changes of o to 6.5 events above the current baseline in most
of India and western Australia, but more extremes in tropical regions ranging
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FIGURE 3.6 Cumulative numbers of extreme hot, wet, and dry annual events for a 20-year
period above the current baseline. These extreme events are projected for the end of the 21st
century based on the average of three global change models and two realistic carbon emission
scenarios.

Source: Baettig et al. (2007).

from 7 to 8.5 unusual events. According to this model, some coastal areas of
east Africa and eastern Madagascar are predicted to have among the few-
est increases in extreme events. Cyclone-susceptible portions of Madagascar,
however, are more likely to experience more severe cyclones, despite the lack
of a trend in the total cyclone days for an analysis of the 1981 to 2006 period
(Kuleshov et al. 2008).

OCEANIC SPATIAL PATTERNS

The previous sections have focused on the changes over time based on proxies
from point data, such as coral, ice, and sediment cores. Since the introduction
of satellites and improved sensors, the ability to study the spatial variability of
this changing ocean environment has increased greatly. Sensors on satellites
now allow the collection and compilation of water temperature and a large
variety of environmental variables (Fig. 3.7, Maina et al. 2008). Many of these
variables, such as temperature and ultraviolet (UV) light can cause stress for
many organisms, including corals. Similarly, water flow speeds, photosyn-
thetically active radiation (PAR), and nutrients interact with these stresses
and are also important for biological production processes. The distribution
and interaction of these environmental variables will influence the stress that
species experience with climate change and their potential to adapt to the
changing environment. The environmental forces can be quantified on the
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FIGURE 3.7 Distribution of the variation in environmental variables derived from satellite sensor
imagines for the western Indian Ocean based on a 4 x 4 km grid for the period 1985 to 2006,
except for chlorophyll-a concentrations. MaxSST = mean maximum sea surface temperature,
SST = sea surface temperature, UV = ultraviolet radiation, PAR = photosynthetically active
radiations.

large scale with satellite information to provide a basis for measuring envi-
ronmental exposure and the vulnerability of associated organisms. In the
chapter that follows we examine the factors that influence the vulnerability of
corals and use this information to predict the consequences of climate change
on coral reef communities and associated fisheries.

Conclusions
Climate in the region is associated with large-scale processes such as climate

oscillations at many temporal frequencies. These processes at different spatial
and temporal scales are slowly being uncovered by the use of climate proxies
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36 Adapting to a Changing Environment

such as coral cores. The time series arising from the various climate proxies
are helping to expose the dynamic nature of the Earth in this region. A series
of dry and wet rainfall oscillations over the past few millenniums are asso-
ciated with periods of prosperity and hardship for the people of the region
(Verschuren et al. 2000, Wang et al. 2005). There is an emerging warming
trajectory in the region reflected in a number of proxies and confirmed by
various sources of environmental data. This trend began late in the 19th cen-
tury and has accelerated in the past 50 years. It is leading to more drought
conditions in most of the region, extreme weather, and stressful temperature
conditions for marine and other organisms. This trend and heterogeneity is
expected to increase and the net effects will challenge the region’s ecology
and human well-being. The specifics of these impacts, responses, and sug-
gested management interventions are discussed in the following chapters.
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Change and Resilience of Coral Reefs

Climate change is predicted to affect coral reefs through three main mecha-
nisms: (1) rising and extreme sea-surface temperatures that results in wide-
spread coralbleachingand mortality, (2) oceanacidification thatcan potentially
inhibit calcification and increase dissolution of the calcium carbonate skele-
ton of calcifying marine organisms, and (3) an increase in extreme weather
events that increase the physical disturbances on coral reefs. However, not all
reefs will be equally affected by climate change (Selig et al. 2010). Site-specific
environmental properties and the type of ecological assemblage that is pre-
sent will influence the ways that coral reefs respond to climate-related events
such as coral bleaching. Of these three main threats, temperature extremes
and coral bleaching are the best studied and are the primary focus of this
chapter. It begins with a short introduction to the concepts of adaptation to
environmental stress, followed by a review of climate change effects on coral
reefs, and the environmental factors that cause coral bleaching. The chap-
ter finishes with a discussion of how to prioritize management based on the
exposure of reefs to climate change.

Scales of Adaptation, Resilience, and Stress

Adaptation can be defined as the ability of populations to change in ways that
promote their persistence over ecological and evolutionary time. Biologists
and ecologists acknowledge three levels of adjustment according to the scale
or time taken to make the change. These are, in increasing time for change,
(1) acclimatization of the organism, (2) changes in species abundance or com-
munity composition, and (3) genetic adaptation or changes in the frequency
of genes and associated traits in a population. Resilience is the ability of eco-
systems to maintain an ecological state through resistance and recovery from
disturbances. These three metrics of adjustment and adaptation are impor-
tant components of ecological resilience (Holling 1973).

Acclimatization refers to the ability of organisms to change their phys-
iology to allow them to adjust to environmental change. Examples of this
include altering metabolism so that key resources such as oxygen, carbon

dioxide, inorganic nutrients, and light are used at rates that match the supply 37
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38 Adapting to a Changing Environment

from the environment. Acclimatization may require that the appropriate
genes be activated to regulate these physiological processes or through epi-
genetic memory, which is an emerging area of cellular biology that uncovers
how cells retain the memory of past changes and can respond quickly when
conditions return (Whitelaw and Whitelaw 2006, Rodriguez-Lanetty et al.
2009). Community change refers to changes in the relative abundance of spe-
cies in an ecosystem, such that the most successful species increase their rela-
tive abundance or dominance. Changes in the relative abundance of different
types of Symbiodinium, unicellular algae that live in coral cells, following a
disturbance is discussed later in the chapter (van Oppen et al. 2009). Last,
genetic adaptation is the frequency of specific alleles in a population, which
change by differential reproduction and survival of individuals. Adaptation
can also occur through the emergence of novel alleles that may arise from
mutation and benefit individuals with these alleles, but this is rare because
most mutations are deleterious.

The time scale of disturbance will influence the ways an organism will
adjust. When change is rapid, acclimatization is the most likely response (on
the scales of hours to days). Community change is likely on the scale of days
to decades, and genetic adaptation occurs on the scale of decades to millen-
niums, depending on the life span of the species. The capacity for each type of
response will depend on the scale of change; the genetic diversity and options;
and the turnover of the genes, individuals, and species in the populations and
community (Edmunds and Gates 2008).

Environmental Stress

One view of evolutionary history is that major disturbances reset the “evo-
lutionary arms race” that promotes complex adaptations to competition and
predation during periods of low environmental disturbance (Vermeij 1987).
There is a trade-off between evolutionary fitness under situations of preda-
tion and competition versus conditions of environmental stress. Thus, dis-
turbances are predicted to promote species that have fewer adaptations to
competition and predation and consequently more tolerance to disturbance
and stressful environments. Over ecological time, when species abundance
changes after a disturbance, communities can be composed of species with
characteristics adapted to low or high environmental stress and disturbance.
In general, low disturbance or late-succession communities and ecosystems
have been shown to be (1) composed of more species with narrower niches,
(2) fewer dominant species, (3) species with greater tolerance to competition
and predation, (4) species intolerant to environmental stress or extremes, and
(5) more species feeding higher in the food web (Odum 1985, Rapport and
Whitford 1999, McClanahan 2002a).
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Climate Change and Coral Bleaching

Corals, as described later, are an interesting case of the biological complexity
that can arise from the interactions and adaptations among species over evo-
lutionary time. Corals are composed of a coelenterate host that is a carnivore
(evolutionarily related to jellyfish) and microscopic dinoflagellate algae living
within the host tissue. Within a square centimeter of a host tissue, more than
1 million of these unicellular algae are found (Fig. 4.1). These algae photosyn-
thesize and produce carbohydrates, and most of the organic matter is trans-
ferred to the coral host. The rate of calcification is enhanced by this symbiotic
relationship. These processes are all threatened by climate change, which can
potentially undermine the calcification and productivity processes in these
low-nutrient environments.

These unicellular algae are part of what gives corals their color, which
can range from yellow to dark brown. These algae, known as zooxanthellae,
belong to the genus Symbiodinium and were originally classified as a single
species—S. microadriaticum. The advancement of modern molecular taxo-
nomic techniques has shown, however, that there are in fact hundreds of spe-
cies of Symbiodinium with large differences in their physiology (LaJeunesse
et al. 2003, LaJeunesse et al. 2004). Corals can have low or high fidelity with
specific Symbiodinium species (LaJeunesse et al. 2004, Baker and Romanski
2007). This coral-algae symbiosis is just one of a very large number of species
relationships associated with the corals. Other examples include microbes

Symbiodinium algae

FIGURE 4.1 Diagram of a coral animal and the symbiotic algae it hosts.

Sources: images courtesy of E. Tambutté and A. Moya.
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40 Adapting to a Changing Environment

that inhabit the mucus, and skeletons, which include fungi among others
(Wegley et al. 2007).

Bleaching is a stress response common among scleractinian and alcyo-
narian corals, clams, and anemones that causes Symbiodinium to leave or be
expelled, leaving the animal tissue pale or white (Glynn 1993, 1997). Bleaching
is caused by high or low water temperatures, excessive ultraviolet radiation,
aerial exposure, high or reduced salinity, high sedimentation, pollutants, or
toxins (Coles and Brown 2003). The density of Symbiodinium in the coral host
tissue changes across seasons and environmental disturbances but “mass-
bleaching,” in which numerous coral species exhibit unusually high losses in
Symbiodinium, reflects extreme environmental stresses (Glynn 1991). Recent
severe mass-bleaching events have primarily resulted from high sea-surface
temperatures linked to global climate change (Oliver et al. 2009; Fig. 4.2). In
the most extreme example, the mass-bleaching in 1998 resulted from severe
El Nifo conditions combined with the Indian Ocean dipole (Saji et al. 1999),
which greatly increased sea-surface temperatures throughout the much of the
tropics and devastated many of the Earth’s coral reefs (Goreau et al. 2000,
Wilkinson 2000).

The 1998 global mass-bleaching was the most devastating and wide-
spread bleaching event ever recorded and contributed greatly to increased
acceptance of global climate change as both a real phenomenon and a signifi-
cant threat to entire ecosystems (Walther et al. 2002). The significance of this
event was highlighted by the death of coral colonies that had survived 100 to
1,000 years of environmental fluctuations (Hodgson 1999, Mumby et al. 2001).
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FIGURE 4.2 Reported coral bleaching events based on compiled ReefBase data.

Source: Oliver et al. (2009).
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Effects of the 1998 bleaching were spatially variable at both small reef and
large geographic scales (Marshall and Baird 2000, McClanahan et al. 2007a,
Ateweberhan and McClanahan 2010). Since the 1998 global mass-bleaching
event, there have been other instances of large-scale bleaching, particularly
in the Caribbean, Australia, and subtropical Indian Oceans (Berkelmans
et al. 2004, Donner et al. 2007, McClanahan et al. 2007a). More coral bleach-
ing on the scale of the 1998 event seems inevitable given sustained and ongo-
ing climate change (Donner et al. 2005).

Environmental Factors that Cause Coral Bleaching

Coral bleaching can be caused by a variety of environmental factors because,
as noted, it is a generalized response to environmental stress. Rapid, anom-
alous, and sustained high temperatures over the course of summer do,
however, appear to be a key trigger. In the western Indian Ocean region,
relationships between environmental variables and the intensity of bleach-
ing were analyzed using historical satellite-derived environmental data and
reported observations of bleaching in the Indian Ocean (Fig. 4.3; Maina
et al. 2008). Mean and maximum historical temperatures and degree heat-
ing weeks (number of weeks that the temperature is at least 1°C above the
warm-season baseline) appear to be the main temperature variables that are
positively associated with bleaching severity. In contrast, temperature varia-
tion (expressed as coeflicient of variation or CV) and rates of temperature rise
during the past two decades are negatively associated with bleaching. The
ways in which each of these relationships influences bleaching will need to
be worked out with more field and experimental research, but this prelimi-
nary analysis provides a basis for forecasting the conditions when bleaching
is most likely to occur. Generally speaking, the conditions of unusually stable
warm water, high light, and reduced water motion appear to encourage the
severity of bleaching (Eakin et al. 2009).

TEMPERATURE VARIABILITY

It is not only the temperature at the time of the bleaching that is critical but
also the usual seasonal temperature range corals are accustomed to (Fig. 4.4;
Ateweberhan and McClanahan 2010). Coral mortality tends to be high in
locations with low annual variability in sea-surface temperature (SST) and
in places with two temperature extremes, both strong winter and summer
temperatures. Locations with moderate annual SST variability tend to have
lower coral mortality. These locations are the most resistant to these large-
scale disturbances and are mostly situated in areas with high water retention,
such as the region on leeward sides of islands, such as inner Zanzibar, and
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FIGURE 4.3 Relationships between historical environmental factors (7 to 21 years before the
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in water temperature or a measure of temperature variation, PAR = photosynthetically active
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Source: Maina and colleagues (2008).
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FIGURE 4.4 The three major sea surface temperature groups obtained from a principal
component analysis (PCA) (A) and their spatial distribution in the western Indian Ocean (B).
The first PC axis (PCA1) separates areas of unimodal from those of bimodal temperature
distributions. The second principal component axis (PCA2) separates the bimodal groups into
those with large temperature variation (SD) and stronger bimodality and those with weaker

to moderate temperature variation and bimodality. This technique separates sites into three
groups, which are illustrated by the insets of temperature frequency distribution histograms of
representative west Indian Ocean (WIO) reef areas. Group 1 has high mortality and unimodal
distributions and includes Sri Lanka (right skewed narrow) and Granite Seychelles (left skewed
narrow). Group 2 has low mortality and weakly bimodal distributions and includes Mayotte (left
skewed, weak bimodality) and the northern Red Sea (symmetrical, intermediate bimodality).
Group 3 has high mortality and strongly bimodal distributions and includes the Gulf of Oman
(left skewed, strong bimodality) and the Arabian/Persian Gulf (symmetrical, strong bimodality).
Source: Ateweberhan and McClanahan (2010).

the subtropics, including South Africa and the northern Red Sea. The com-
pilation of seawater temperature and coral mortality by Ateweberhan and
McClanahan (2010) identified the areas with moderate temperature variabil-
ity as least vulnerable (Table 4.1). Western Indian Ocean reefs were generally
categorized into three major SST groups of varying coral cover change and
SST variability, and these sites may provide a basis for understanding their
vulnerability to climate change (Table 4.1). If the 1998 event is taken to rep-
resent vulnerability in the region, then we can expect that these patterns will
repeat themselves in the future and provide a basis for prioritizing protective
management.

OTHER INTERACTIONS

Some environmental disturbances will reduce the effect of another distur-
bance; others will have no additional effect, while others result in an effect
that is larger than the sum of the two disturbances individually. These are
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TABLE 4.1

The major reef areas in the western Indian Ocean and their sea surface
temperature (SST) properties and bleaching responses

Group Country/region

Characteristics of SST variation

Environmental and bleaching responses

1 Lakshadweep (India),
Gulf of Manar (India-
Sri Lanka), Sri Lanka,
central and southern
atolls of Maldives,
Gulf of Kutch (NW
India), Socotra, Kenya,
Seychelles, Chagos

2 Tanzania, Mozambique,
South Africa, Mayotte,
Comoros, Aldabra,
Madagascar, Reunion,
Mauritius, Rodrigues,
Red Sea, Gulf of Aden,
Gulf of Kutch

3 Arabian/Persian Gulf,

Higher kurtosis or
peakiness (> -1.0)

Low SD
Socotra higher SD

Unimodal, narrow SST
distribution

Low kurtosis (< —1.0)
Intermediate SD
Low bimodality

Low kurtosis (< -1.2)

High vulnerability
High mortality
Socotra lower mortality

Low to intermediate
vulnerability

Low to intermediate mortality

Tanzania moderate to high
mortality but good recovery

Aldabra moderate mortality

High vulnerability

Gulf of Oman
e Extreme SD (> 2) .

* Strong bimodality and
low uniformity

High mortality

Note: SD = temperature variation standard deviation.
Source: Ateweberhan and McClanahan (2010).

referred to as acclimatizing, neutral, and sensitizing stresses and they may be
equally common in nature (Darling and Cote 2008). The bleaching response is
influenced by other factors, such as light, winds, water flow, fishing, and pol-
lution. One study in the Caribbean found, for example, that corals exposed to
warm water temperature anomalies, fishing, and pollution had slowed their
growth rates compared to those not exposed to these humanstresses (Carilli
et al. 2010). Light becomes a stress when temperatures are high (Baird et al.
2009); therefore, photosynthetically active radiation (PAR) and ultraviolet
(UV) light are positively associated with bleaching severity in the WIO region
(Coles and Brown 2003, Maina et al. 2008).

Winds and currents also play a key role in bleaching. Coral bleaching
has been most severe in areas when the winds drop and currents run merid-
ionally (north-south). The influence of current variability on coral mortality
has been observed at a range of scales. Along a 1,000-km stretch of the east
African coastline, reefs that experienced low temperature variation in the
north suffered higher relative mortality than reefs in the south where temper-
ature variation was higher (McClanahan et al. 2007c). Smaller scale examples
from Mauritius show that in 2005, the island’s leeward reefs bleached less than
their windward reefs (McClanahan et al. 2005a). Likewise, across the 1998
event, inner lagoons around Chagos Island had lower mortality than outer
reefs (Sheppard et al. 2002). In Kenya, low water flow and high temperature
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variation lagoons fared better than high water flow and low temperature vari-
ation lagoons (McClanahan and Maina 2003). Consequently, the current state
of observations suggests an important role for acclimatization in reducing the
effects of temperature anomalies.

In general, high water flow can be beneficial to coral because it deliv-
ers and flushes essential nutrients and dissolved gases (Nakamura and van
Woesik 2001). During bleaching events, however, wind-driven flow is often
reduced, which creates an additional and unaccustomed stress. For example,
the frequency of a coral disease was found to be greater in reef lagoon envi-
ronments in Kenya with high compared to low water flow. Higher bleach-
ing in these environments may also make them more susceptible to diseases
(McClanahan et al. 2009a). The low current and associated high tempera-
ture variation create some acclimatization and adjustment or adaptation that
reduce the stress of periodic or rare extreme warm temperature anomalies,
such as El Nifio and Indian Ocean dipole events.

Impacts of Coral Bleaching
CHANGES IN CORAL COVER

Coral cover change has been used as the main metric for investigating
impacts of climate and other disturbances on coral reefs. Several studies have
indicated significant changes in cover due to climate change, the 1983, 1987,
and 1998 El Nifo southern oscillations (ENSO) being the globally prominent
climatic events. The events of 2002 and 2005 also had strong effects on the
Great Barrier Reef and the Caribbean, respectively. The 1998 event caused a
high and global coral mortality, the WIO region suffering one of the highest
mortalities because the ENSO combined with the Indian Ocean dipole (I0D)
to create an unusually strong warm anomaly (Fig. 3.2).

Despite the widespread nature and strong impact of the 1998 event, WIO
wide responses in bleaching mortality and change in coral cover varied by
region and among reefs within a region. A compilation of change in coral
cover based on 36 locations where before and after coral cover could be esti-
mated, showed that the 1998 bleaching events caused an overall decline of
about 40% coral cover across the western Indian Ocean (Ateweberhan and
McClanahan 2010). The highest mortality generally occurred in the central
and northern regions, with the exception of the Red Sea and Gulf of Aden
(Fig. 4.5). The most severely affected reef areas were in southern India, Sri
Lanka, and central atolls of the Maldives and Granite Seychelles. The Red
Sea, Mayotte, Comoros, southern Mozambique, South Africa, Madagascar,
Reunion, Mauritius, and Rodrigues were the least affected. Coral cover losses
were associated with changes in the coral species composition, reef complex-
ity, erosion of coral skeletons, and the fish fauna.
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FIGURE 4.5 Relative change or decline in coral cover (%) in the western Indian Ocean as a

function of sea surface temperature variability measures.
Source: Ateweberhan and McClanahan (2010).

CHANGES IN CORAL COMMUNITIES AND DIVERSITY

On coral reefs, all species hosting the symbiotic zooxanthellae (i.e., Cnidaria,
Foraminifera, Porifera, and Mollusca), calcifying organisms (i.e., Scleractinia,
Corallinaceae, and Halimedaceae), and their obligate symbionts are suscepti-
ble to bleaching (Glynn 2000). All of these groups are susceptible to bleaching
and mortality during warm anomalies but have differential responses. Even
different species of coral vary in their susceptibility to bleaching. These differ-
ences can result in changes to coral community composition and diversity after
bleaching events. Thus, the history of disturbance on a reef can be evaluated by
the relative abundance of susceptible and robust taxa currently on the reef.

Branching and plating coral species, such as Acropora and Montipora,
generally dominate undisturbed reefs but are very susceptible to the effects
of bleaching. The relative abundance of these two coral species in the WIO
declined in direct proportion to the thermal stress during the 1998 coral
bleaching event (McClanahan et al. 2007a). Massive and submassive corals,
such as Porites and species in the Faviidae, have been found to be more robust
to bleaching and tend to dominate reefs that have been disturbed (Fig. 4.6).
Additional changes to community composition can occur when the reduction
of competitively dominant species, such as Acropora and Montipora, releases
subordinate and stress-tolerant species from competition.

The 1998 bleaching event resulted in substantial changes in the composi-
tion of coral communities in most of the northern Indian Ocean (McClanahan
etal. 2007a). In contrast, the southern Indian Ocean communities have main-
tained more of the branching and encrusting forms that typify undisturbed
reefs, with the exception of Reunion Island. The transition between these two
reef states is at the international border between Kenya and Tanzania.
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7§
FIGURE 4.6 Photos of the species that are highly susceptible to bleaching: (a) Acropora and
(b) Montipora; those that are less susceptible include (c) massive Porites and (d) Favia.

Climate events such as bleaching may affect the diversity of reefs through
change in community structure but also by causing local extinctions of taxa.
The taxa that are prone to local extirpation and possible extinction include
those that (1) have narrow environmental limits; (2) have restricted ranges;
(3) have small population sizes, often caused by restricted habitat require-
ments or being high in the food web, thus limited by resources; (4) predom-
inantly reproduce asexually and have low dispersal capabilities; (5) grow
slowly; and (6) are endemic to biogeographic regions with small continental
shelves (Roberts and Hawkins 1999, Hughes et al. 2002). Species losses at the
community level do not necessarily lead to extinctions when there is suffi-
cient spatial and temporal heterogeneity in the environment (McClanahan
and Maina 2003). Heterogeneity in space and time is often accompanied by
heterogeneous distributions of species and populations in space, which is
known as the meta-population nature of species distributions. The patch dis-
tribution decreases the probability that sites and regions will have a uniform
response to a disturbance allowing some populations to persist (McClanahan
2002a).

Loss of coral species can be partially predicted by knowing three impor-
tant aspects of the taxa’s life history: their sensitivity to a disturbance,
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abundance, and geographic distribution. Local loss and extinction is higher
for species with high sensitivity, low abundance, and small geographic dis-
tributions (Figs. 4.6 and 4.7, McClanahan et al. 2007a). Some of the most
temperature-sensitive taxa such as Montipora, Acropora, and Pocillopora are
widely distributed and likely to persist over climate change disturbances,
even if their numbers are reduced considerably and locally extirpated in some
sites. Taxa such as Plerogyra, Oxypora, Plesiastrea, Gyrosmillia and Physogyra
that have high bleaching sensitivity and limited distributions could be prone
to local extinction. The vulnerable genera only have one or two species per
genus in the WIO and these indicate that these genera could be extirpated or
go regionally extinct with increasing climate change disturbances.

The extent of local losses and even extinctions may be greatly influenced
by the spatial distribution of the coral taxa. Surviving populations are more
likely to be reseeded by larvae from nearby and relatively unaffected popula-
tions (Ayre and Hughes 2004). Consequently, isolated reefs are expected to be
more sensitive to declines in local populations, whereas well-connected reefs,
such as those along continental margins or large archipelagos are hypoth-
esized to have better chances of recovery. Recovery is expected to be faster
if larger adults survive a bleaching event. Mature corals are the most reli-
able source of new recruits, and growth of surviving corals leads to more
rapid increases in coral cover compared to larval settlement and growth of
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FIGURE 4.7 Plot of the bleaching sensitivity of the common hard coral taxa in the Indian Ocean
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abundance in the region. The relationship between sensitivity and abundance is statistically
significant. The first six letters of the hard coral genera names are provided.

Source: McClanahan et al. (2007a).

04_McClanahanCinner_Ch0O4.indd Secl1:48 @ 8/31/2011 10:32:06 PM



OuUP UNC(@RECTED PROOF - FIRST-PROOF, 08/31/11, NEWGEN

Change and Resilience of Coral Reefs 49

new individuals (Connell 1997, Hughes et al. 2000, Baird and Marshall 2002).
However, large colonies are also more susceptible to bleaching than small
colonies and recruits (Loya et al. 2001).

A study of coral diversity with comparable data before and after the 1998
bleaching event found that immediately after this disturbance there was a
temporary reduction in the number of coral taxa in Kenya, but this loss recov-
ered in a few years (McClanahan et al. 2005b). Another more detailed study
in Kenya found that the most diverse reefs lost the most coral taxa, which
indicates that stable environmental conditions may promote species richness
but could also contain more vulnerable taxa (McClanahan and Maina 2003).
This indicates a trade-off between species richness and exposure to bleaching.
The most resilient reefs have the least number and are less likely to lose more
taxa because they have been previously disturbed and probably have some
community-level pre-adjustment or adaptation to disturbance (Darling and
Cote 2008, McClanahan 2008). The perspective that high diversity reefs are
more resistant to disturbances is not supported by this empirical field study;
more work is needed to determine how general this pattern is and whether
recovery rates are faster on high diversity reefs after disturbances.

At the scale of the whole Indian Ocean, there was not a significant rela-
tionship between taxonomic richness and absolute or relative change in coral
across the 1998 event, with sites scattered in all regions of the plot (Ateweberhan
and McClanahan unpublished data; Fig. 4.8). High-diversity areas that suf-
fered high mortality were located mostly in the central-northern WIO, while
high- diversity reefs in the triangle between Tanzania, Mozambique, and
Madagascar suffered the least. The results indicate that factors that control
regional species richness and climate change responses, measured by coral
loss, are probably different.

OTHER CHANGES TO THE BENTHOS

The impacts of climate change on coral reefs have not been limited to hard
corals, but more is known about corals because as the main foundation spe-
cies, they generate the most scientific and monitoring focus. Less is known
about the responses of other major benthic groups to climate disturbances,
including soft corals, sponges, and different algal species and forms—crustose
coralline, green calcareous, turf, and fleshy algae. For example, soft corals
and green calcareous algae declined immediately after the 1998 temperature
anomalies and slowly recovered (McClanahan 2008). Calcareous green algae
and red algae do, however, appear to benefit in the medium term from these
disturbances because they are able to quickly colonize the vacant space cre-
ated by coral mortality and they have high grazing tolerance due to their cal-
cified thallus and chemical defenses. Soft corals are slower to respond, and
the long-term consequences for them are unclear. In the better studied reefs,
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FIGURE 4.8 Scatterplot of coral diversity-mortality relationship in the western Indian Ocean.
Values are standardized from 0 to 1 relative to the lowest and highest proportion of coral cover
change, respectively. High and low areas are separated at a conventional 50% cut-off level
(dashed lines). Sites are 1. Aldabra, Cosmoledo, Faarquhar, 2. Arabian Gulf, 3. Arabian Sea,
4. Australia NW, 5. Australia SW, 6. Bangladesh, 7. Chagos, 8. Cocos Keeling, 9. Comoros,
10. Djibouti (Gulf of Aden), 11. Gulf of Oman, 12. India (Andaman-Nicobar), 13. India (Gulf of
Kutch), 14. India (Gulf of Manar), 15. India (Lakshadweep), 16. India (West coast patches),
17. Kenya-N, 18. Kenya-S, 19. Madagascar-NE, 20. Madagascar-NW, 21. Madagascar-SW,
22. Maldives, 23. Mauritius, 24. Mayotte, 25. Mozambique-S (Pemba), 26. Myanmar (Burma),
27. Red Sea-C, 28. Red Sea-N, 29. Red Sea-S, 30. Reunion, 31. Rodrigues, 32. Seychelles,
33. Socotra, 34. Somalia, 35. South Africa, 36. Sri Lanka, 37. Tanzania-C (Mafia),
38. Tanzania-C (SongoSongo), 39. Tanzania-N (Zanzibar), 40. Tanzania-S (Mnazi Bay),
41. Thailand-Mergui Archipelago. Numbers not shown are contained in the circle marked A.

Source: Ateweberhan and McClanahan (unpublished data).

the immediate response was generally an increase in various types of algae,
ranging from small and fast-colonizing turf to erect fleshy brown to slower
colonizing calcifying red and green algae (McClanahan et al. 2001). In some
cases, these changes are short term lasting less than a few years, while in other
conditions they appear to persist for many years and may represent a perma-
nent shift to an erect-algal dominated ecosystem (Hughes 1994). The conse-
quences of this change to fishes are discussed in more detail in the following
chapter.

EROSION OF CARBONATES

Calcifying organisms, especially corals, build the reef structure that is critical
habitat for fish and other invertebrates. This structure is, however, constantly
being eroded by organisms that bore away the calcium carbonate structure
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in a process called bioerosion (Glynn 1997). The key organisms driving bio-
erosion are parrotfish, sea urchins, sponges, mollusks, microalgae, and vari-
ous microbes that live in the coral’s carbonate skeletons. Maintaining a reef
structure will become increasingly challenging with climate change as coral
bleaching exposes carbonate surfaces to increased bioerosion, and calcifi-
cation rates are reduced through coral mortality. Even at sub-lethal levels,
coral bleaching reduces calcification rates (Suzuki et al. 2003, Rodrigues and
Grottoli 2006). Reduction in the calcification rates as the result of change in
ocean chemistry may result in the formation of less dense skeletons, which are
highly susceptible to rapid physico-chemical and biological erosion (Tribollet
et al. 2002, Carricart-Ganivet 2007).

Parrotfish tend to be the dominant carbonate eroders when they have not
been removed by fishing (Carreiro-Silva and McClanahan 2001). Sea urchins
benefit from overfishing and can be responsible for considerable carbonate
erosion on heavily fished reefs (McClanahan 2000a). Sponges and microbes
are less important eroders and can be influenced by pollution and water qual-
ity issues such as dissolved organic nutrients and plankton concentrations.
Overfishing is often accompanied by other stresses such as pollution that
induce coral and sea urchin diseases favoring algal dominance and bioerosion
by sponges and microbes as witnessed in the Caribbean (Hughes 1994). Heavy
fishing and pollution can influence the bioerosion rates, and these stressors
should be reduced, especially during and immediately after warming events
to avoid losing reef structure (Carreiro-Silva and McClanahan 2001).

Other Climate Change Impacts on Coral Reefs

OCEAN ACIDIFICATION

The increase in atmospheric CO, has resulted in significant changes in the
oceanic carbonate chemistry that is expected to reduce the ocean’s bicarbon-
ate ions, aragonite saturation, and pH. Of particular interest to coral reefs is
the reduction in bicarbonate ions, which has been shown to decrease calci-
fication rates (Jury et al. 2010b). Aragonite saturation and pH are also often
associated with changing calcification, but coral responses from experiments
have been variable and the variable responses are likely due to the difficulties
of separating these three ocean chemistry variables (Langdon and Atkinson
2005, Jury et al. 2010b).

The global oceans now have a seawater carbonate ion concentration that
is lower by 30 umol/kg than the pre-industrial level and are more acidic by
0.1-pH unit (Dore et al. 2009). Current estimates based on aragonite satura-
tion and temperatures are that for the very likely CO,atmospheric concentra-
tion of 450 parts per million (ppm) and 2°C warmer, coral reef organisms will
exhibit very low calcification rates. Silverman and colleagues (2009) suggested
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that reefs will cease to grow and start to dissolve at 560 ppm CO, or about 3°C
warmer. This is a larger predicted impact than previous estimations of a 40%
reduction in calcification at 560 ppm CO, (Kleypas et al. 2006). Nevertheless,
because aragonite saturation is more easily estimated in the future and on
a global level than bicarbonate concentrations, which appears to be largely
responsible for calcification, there is considerable more research needed to
determine the potential effects of the changing ocean carbonate chemistry
and its variability on calcification.

Recent reports have documented a decline in the mean annual calcifica-
tion rates of massive Porites and Diploastrea by up to 30%-40% in the later
years of the 20th century, associated with rising seawater temperatures and
increased bleaching events (Cooper et al. 2008, De’ath et al. 2009, Cantin et al.
2010). This is expected to reduce coral survival, and reduced growth could
undermine the competitive ability of corals and other calcifying organisms.
The strongest and earliest effects will be felt at higher latitudes, but they will
eventually reach equatorial regions and will be at dangerously low levels 50
years from now if the current carbon emission rates continue. Acidification is
not locally manageable, as it requires reductions in carbon dioxide emissions
and uptake by the ocean.

There may be ways to manage coral reefs that reduce acidification
impacts on corals. For example, photosynthesis by seagrass changes the near
shore carbonate chemistry and could acclimate and buffer corals to changes
in oceanic acidification (Semesi et al. 2009). Moreover, a review of studies
found that corals receiving supplemental nutrition calcified at normal rates
even when exposed to elevated CO, conditions (Cohen and Holcomb 2009).
Consequently, these findings suggest some patchy responses to elevated CO,,
depending on local conditions for nutrients and seagrass. Most predictions
of climate change suggest that on the global scale climate change will reduce
oceanographic nutrients and productivity. In the Indian Ocean, productivity
changes have been measured and are decreasing in the southern but increas-
ing in northern Indian Ocean (Gregg et al. 2003). Therefore, the buffering
effect of high nutrients on coral growth is unlikely to have broad-scale effects,
and high nutrients can also have a number of negative effects on coral reefs
(Fabricius 2005). Nevertheless, efforts to protect and promote seagrass beds
need to be examined further as a way to reduce the negative effects of chang-
ing oceanic carbonate chemistry.

CYCLONES

The intensity of tropical cyclones is expected to increase with global warm-
ing (Trenberth 2007). Tropical cyclones can cause considerable damage to
the reefs via strong wave action that causes physical destruction of colonies,
decreasing salinity from floodwaters, and increased freshwater runoff. In the
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Caribbean where hurricanes are a frequent event, coral cover is, on average,
reduced by about 17% immediately following strong hurricanes (Gardner et
al. 2005). Webster and colleagues (2005) suggest that global satellite data of
tropical cyclones indicates a 30-year trend toward more frequent and intense
hurricanes, particularly a large increase in the number and proportion of
hurricanes reaching categories 4 and 5. Model predictions also show that at
the current rate of global temperature rise, nearly a doubling of the frequency
of category 4 and 5 storms is expected by the end of the 21st century (Bender
et al. 2010). In the western Indian Ocean, there is evidence for stronger but
not more frequent cyclones (Kuleshov et al. 2008). Cyclone effects are often
short-lived unless associated with large terrestrial sediment inputs and they
are not expected to pose threats comparable to those of coral bleaching and
reduced calcification and carbonate dissolution.

Despite their destructive effects, there is also evidence that some hurri-
canes temporarily reduce thermal stress on corals by drawing away heat and
mixing cooler subsurface waters with the warmer surface waters. Manzello
and colleagues (2007) suggested that hurricane-induced cooling was respon-
sible for the differences in the extent and recovery time of coral bleach-
ing between the Florida Reef Tract and the U.S. Virgin Islands during the
Caribbean-wide 2005 bleaching event. The cyclone effect was suggested for
the weak bleaching reported in Mauritius in 1998 (Turner et al. 2000) and
might potentially reduce bleaching effects across the WIO cyclone belt (from
Rodrigues to eastern Madagascar). The overall effects of cyclones are proba-
bly negative, however, as a compilation of studies in the Caribbean found that
cyclones had tripled the rate of the regional decline of these reefs over the past
30 years (Gardner et al. 2005).

Recovery of Corals

The recovery of coral after small-scale disturbances is expected on the scale of
5 to 15 years and at rates of 1% to 10% per year but there are many examples of
reefs that do not recover on these time scales after disturbances (Baker et al.
2008). For example, large meta-analyses of empirical field studies of the Indo-
Pacific and Caribbean reefs indicate that coral cover is declining at around
0.72% and 5.5% per year over a 30-year period, respectively (Gardner et al. 2003,
Bruno and Selig 2007). The fastest recovery is usually due to a few taxa in
the Acroporidae and Montiporidae. Growth rates for these species can exceed
10% per year at their peak, which is usually a few years after a disturbance
(Thompson and Dolman 2009). When other taxa are dominant, the rates are
considerably slower; for example, a long-term study of recovery in Kenya, after
1998, found that rates were closer to 2% per year and few reefs had fully recov-
ered their coral cover 10 years after the disturbance (Darling et al. 2009).
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Because warm water can kill the whole colony, there is considerable poten-
tial for temperature anomalies to jeopardize the conditions for fast recovery
depending on the corals’ mode of reproduction and recovery. Corals repro-
duce in two ways, sexually and asexually. Sexual reproduction creates larvae
that survive in the water column for a few hours to six months and disperse
distances of tens of meters to thousands of kilometers (Graham et al. 2008a).
Asexual reproduction is achieved when a portion of the adult colony breaks
off and disperses several meters away before reattaching to the bottom and
growing. In some cases, colonies can die back from disturbances but rem-
nant living tissue is left at the base of the coral and this can begin regrowing
after the disturbance. In some cases, when bleaching is not severe, portions of
the colony hidden from strong light can survive, and these hidden remnants
can be the basis for fast recovery. For example, an investigation in the Great
Barrier Reef found recovery after a few years as mortality was partial and
corals recovered from remnant tissue at the base of the skeleton—the coral
equivalent of sprouting from roots (Diaz-Pulido et al. 2009). Recovery will be
considerably slower when it is dependent on larval recruitment that requires
a nearby undisturbed population and appropriate substratum for settlement
(Underwood et al. 2009).

Studies of larval recruitment after bleaching-induced mortality find recruit-
ment to be either lower or considerably variable in space (Glynn et al. 2000,
McClanahan 2000b, Guzman and Cortes 2007). Moreover, even high recruit-
ment does not always correspond to fast recovery because other ecological limi-
tations can prevent larval success (McClanahan et al. 2005b, Stobart et al. 2005,
Golbuu et al. 2007). There are also examples and indirect evidence that even
when coral cover does recover rapidly, as seen in a number of WIO reefs (Baker
et al. 2008), the community can shift considerably—toward a mix of opportu-
nistic taxa, such as Pocillopora, and robust taxa, such as massive Porites and
bleaching-resistant faviids (Berumen and Pratchett 2006, McClanahan 2008).
The Chagos, Maldives, and parts of Tanzania have, however, recovered to the
original dominance of fast-growing species, such as Acropora (Sheppard et al.
2002, Wallace and Zahir 2007, McClanahan et al. 2009Db).

Which Reefs Do We Focus Protection On?

Information about differing levels of exposure to stress can be used to help
inform reef management, but there are divergent perspectives as to whether
the focal points for management should be the areas with the highest or the
lowest levels of exposure to stress. Assumptions about ecological organiza-
tion, human values, and purposes of protection underlie the management
choices, and these will depend on whether the stated purpose is to preserve
undisturbed ecosystems or to promote some other social or economic value,
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including tourism, fisheries production, or national heritage. For the discus-
sion here, we will assume that the purpose is to preserve an intact but threat-
ened ecosystem.

Advocates of ecological preservation suggest that regions with low envi-
ronmental exposure to climate change, which are least likely to be exposed
to bleaching and coral mortality, are refugia and should be a high priority
for conservation (Sanderson et al. 2002, West and Salm 2003). The rationale
behind this view is that protecting undisturbed areas will ensure that other
anthropogenic local stresses are minimized and some ecosystems and spe-
cies will remain intact. These intact areas may eventually have the potential
to be sources for recolonization and recovery of disturbed ecosystems. These
assumptions may be true if the focus is on saving a single site, but the strat-
egy is more complex if the target is protection of a network of reefs and where
other considerations, such as total biodiversity, ecological representativeness
and uniqueness, and costs of protection, are also considerations (Game et al.
2008a). Game and colleagues (2008b) argue based on model outputs that a
risk-spreading behavior where a variety of ecosystem and vulnerability types
are protected is likely to have benefits to the total seascape depending on the
response of the reefs to disturbance.

Simple models have been developed to evaluate these considerations.
One model found for a small increase in costs that the chances of persistence
increase considerably. In a specific example of the Great Barrier Reef, a 2%
increase in overall costs improved the long-run performance of the reserves
by 60%. Based on this model, Game and colleagues (2008b) found that the rate
of recovery is critical to deciding whether to protect high- or low-risk sites.
Protection of high-risk sites is beneficial when they have high rates of recov-
ery but not when these rates are low. If protected sites spend most of their
time in a degraded state, then protection of low-risk sites is recommended.
An additional modeling study evaluated the best approaches to protecting
coral reefs using coral and symbiont diversity, ecological vulnerability, and
the connectivity of reefs and concluded that protecting diverse and highly
connected coral communities was most critical for persistence, followed by
protecting communities with more thermally tolerant coral and symbiont
species (Baskett et al. 2010). These studies provide guidelines for management
decisions and indicate the importance of environmental and ecological con-
text once the social values have been determined.

An alternative view is that protection would be best directed at reefs
with high exposure to climate change-related stresses. The argument is
that these reefs have low numbers of species and ecological redundancy;
therefore, extreme climatic events combined with fishing and other distur-
bances may push these ecosystems “over the edge” more easily than reefs not
exposed to stresses or with greater numbers of species and ecological redun-
dancy. Protective management may prevent these systems from shifting to
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less desirable states, such as sea urchin barrens or algal-dominated systems,
where ecological services to people are reduced. Field studies, however, are
not supportive of this theory because these ecosystems are typically com-
posed of highly resilient species that are tolerant of a variety of disturbances
(McClanahan and Maina 2003, Darling et al. 2009). Essentially, the more
vulnerable taxa are likely to have already been removed from the system as
a result of past disturbances. Furthermore, there is little evidence that pro-
tection from fishing reduced the initial damage or resistance to the 1998
coral-bleaching event in the western Indian Ocean (Graham et al. 2008b,
McClanahan 2008).

The evidence for faster recovery in better managed reefs is equivocal
(Graham et al. 2008b, Selig and Bruno 2010), and where recovery of cover did
occur, the species composition responsible for the cover differed considerably
after the disturbance (McClanahan 2008). Remote reef systems, such as the
Chagos Islands, have shown rapid recovery after 1998 (Sheppard et al. 2008),
but these pristine reefs may be a poor analogue for smaller protected area
closures more typical of the management used in tropical countries.

Conclusions

Climate change is reducing the dominance of calcifying coral species that
provide the important reef architecture needed to support fish and fisher-
ies and other ecosystem services, including shoreline protection. Reefs are
expected to change toward dominance by either slower growing and stress-
resistant corals, moderately fast-growing calcifying algae, or fast-growing
non-calcifying algae, or other groups such as various soft corals, depending
on the level of other stress factors (Norstrom et al. 2009). Climate change
disturbances are variable in space and time and associated with the spatial
heterogeneity in the many potentially stressful environmental variables. This
suggests that the impacts of climate change will not be simultaneous and uni-
form and this variability will provide time to implement management and
human adaptations that can reduce detrimental consequences for people. The
connections to fish, people, and management is discussed and synthesized in
subsequent chapters.
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Climate Change and Coral Reef
Fishes and Fisheries

Climate change is expected to have both direct and indirect effects on coral
reef fishes, including commercially important fisheries. Direct effects include
sub-lethal effects of temperature and ocean acidification that can influence
physiological processes and reduce reproductive output and change larval
supply, movement, and migration. Indirect effects include the loss of liv-
ing coral tissue and reef structure through the erosion of the exposed coral
skeletons, which influence feeding and settlement of fish larvae and ecolog-
ical interactions. This chapter discusses these issues in more detail. First, we
provide a brief summary of the scientific literature on the effects of climate
change and coral mortality on fish populations and communities, including
a region-wide case study that evaluated the 1998 impacts across the western
Indian Ocean (WIO). We then discuss the impacts of climate change on reef
fisheries. Based on the information presented here and in the previous chap-
ter, the ecological axis of the adaptive management framework (Fig. 1.1) is
developed in Chapter 8 and recommendations for management are described
in Chapter 10.

The Impacts of Climate Change on Reef Fishes

LOSS OF CORAL TISSUE

Many species of fishes are strongly associated with coral reefs. Both living
coral and the reef structure or topographic complexity play a role in this asso-
ciation. The relative importance of these features depends in a large part on
the specific fish and their feeding and habitat needs (Wilson et al. 2006). For
example, living coral is important for specialist fishes that depend on corals
for food or shelter (Pratchett et al. 2008). Current estimates of the proportion
of coral reef fishes with apparent and direct reliance on live corals are 9%
tgu% of the total numbers of coral reef species (Jones et al. 2004, Munday
et al. 2008).

The role of living coral in structuring reef fish assemblages has been
explored by examining the effects of disturbances that kill corals without

57
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affecting their skeletal structure, such as coral bleaching, the coral eating
Crown-of-Thorns starfish outbreaks, and coral diseases. While these dis-
turbances can have severe effects on corals, they appear to affect only fishes
that are highly dependent on corals for settlement, food, and shelter (Fig. 5.1;
Pratchett et al. 2008). As an example, one study in which 15% of the local fish
species relied directly on corals for food or habitat found that 75% of coral
reef fish species exhibited declines in their numbers, and diversity declined by
22%, following a 90% loss in coral cover (Jones et al. 2004). The authors attrib-
uted this larger than expected decline to settlement requirements, whereby
many species require live coral tissue for successful settlement.

Proportional change

-0.5+

Habitat-
associated fishes

Proportional change in abundance

Coral-dependent
fishes

0 1 2 3 4 5 6 7 8 9 10
Time after mass bleaching (years)

FIGURE 5.1 Proposed responses of the benthic and fish populations to a hypothetical coral
mortality event. Coral cover is lost in the first year or two followed by a loss of reef topographic
complexity. This leads to different responses for the fish, where coral-dependent fish
populations are the first to decline, followed by those that require the complex habitat, and
finally a loss of herbivorous fishes.

Source: Pratchett et al. (2008).
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LOSS OF TOPOGRAPHIC COMPLEXITY

Most coral reef fishes do not depend directly on living coral tissue but
are dependent on the topographic complexity created by their skeletons,
although the two are often hard to separate (McClanahan and Mutere 1994).
Topographic complexity plays a key role for many reef fishes by providing
shelter from predators and creating spatial niches that enhance their diversity
(Roberts and Ormond 1987, Hixon and Menge 1991). As discussed in Chapter
4, coral mortality can eventually result in a collapse of the reef structure itself,
reducing the diversity of habitats and number of hiding places. Fast-growing
branching and plating corals are more susceptible to mechanical and bleach-
ing disturbances than are mound corals, which provide less refuge for coral-
dwelling fish (Munday et al. 2008).

The importance of topographic complexity to reef fishes has been exam-
ined by studying fish assemblages before and after physical disturbances,
such as severe tropical storms and tsunamis. These studies have found large
changes in the fish communities, but separating the effects of coral tissue and
topographic complexity is challenging (Letourneur et al. 1993). Butterflyfishes
feed most often on branching and plating species and have proved useful for
separating the two effects because some species are generalists that do not
rely on coral, some are obligate specialists that cannot survive without coral,
and other species feed facultatively on corals. As predicted, the greatest losses
in numbers of butterflyfishes after bleaching and tissue loss were among the
obligate specialists, followed by generalist species, while the numbers of fac-
ultative species did not decline unless the reef complexity was lost (Graham
2007, Graham et al. 2009). Further, for other species whose juvenile stages
need the refuge provided by coral or whose adults live in coral, there is a lag
between coral loss and their declines, which is most likely associated with lost
complexity (Graham et al. 2007).

LARVAL SUPPLY

The survival of fish larvae is influenced by several mechanisms that will change
with rapid climate warming. For example, climate warming is expected to
reduce the density of the surface ocean, increase vertical stratification, change
surface mixing, slightly increase global primary production, and change the
dominant phytoplankton. Further, the intensification of hydrological cycles
is expected to lead to increased terrestrial runoff, river discharge rates, and
flooding. These effects on coral reef fishes will be mixed, as small increases
in ocean temperature and productivity might enhance the number of larvae
surviving the pelagic phase but larger increases or changes in the plankton
communities are likely to reduce reproductive output and increase larval
mortality (Munday et al. 2009a). Changes to ocean currents could alter larval
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supply but the responses are likely to vary greatly. Consequently, robust
predictions of the effects of climate change on larval supply are difficult,
but investigators have emphasized the need to intensively manage the best-
connected reefs as sources of larvae for recovery.

OCEAN ACIDIFICATION

As described in the previous chapter, ocean acidification has decreased seawa-
ter pH, and models predict a further reduction of 0.3 to 0.5 pH units over the
next 100 years. The impacts of ocean acidification will be particularly severe
for shelled organisms; tropical and coldwater corals will require more energy
to calcify under these more acidic conditions. The impacts on fish are, how-
ever, just being explored, but some early experimental results indicate that
higher water temperatures reduce aerobic performances of coral reef fishes
and increase levels of dissolved CO,. Considerable differences in tolerances
to these conditions exist between species and these differences are expected
to cause shifts in coral fish communities toward greater dominance of spe-
cies tolerant of acidified seawater (Nilsson et al. 2009, Munday et al. 2009b).
Studies on larval development, homing, and predator avoidance have shown
that these are all influenced by seawater acidification (Munday et al. 2009a,c¢).
In the case of larval development, the effect of acidification is to increase lar-
val weight, which may improve survival, but acidified seawater also disrupts
the ability of larvae to smell predators and find home sites (Dixson et al. 2010).
Further experimentation and study is expected to uncover other life-history
characteristics and species-specific responses to acidification that should
illuminate the full consequences for coral reef fishes.

CHANGING PREDATOR-PREY RELATIONSHIPS

The loss of reef complexity and hiding places should have the greatest effect
on small-bodied species and solitary fish (as opposed to schooling species)
that become easy prey in the simplified environment. This will create bottle-
necks for the recruitment of juvenile fish to reefs and the fishery, and this is
expected to lead to declines in fisheries because of the low survival of juve-
niles and poor recruitment into the larger and fishable sizes (Graham et al.
2007). Eventually, predators may decline as their prey diminish, leading to
lost productivity of the fishery (Pistorius and Taylor 2009).

ALGAL OVERGROWTH AND THE ROLE OF HERBIVORES

Turf or other forms of algae can rapidly colonize the space created by dead
corals following bleaching events. Algal colonization and dominance can,
however, be compensated by grazing herbivores that principally include a
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suite of fish species and grazing sea urchins (McClanahan et al. 2001). By
intensively grazing on the early succession algae, a high abundance of herbi-
vores can prevent the proliferation of algae after corals die, allow the settle-
ment of coral recruits, and in some cases even reverse the dominance of algae
(Bellwood et al. 2007, Hughes et al. 2007). Colonizing algae can, however,
swamp herbivores when numbers are low or when corals die over large areas
(Williams et al. 2001).

Herbivorous fishes, such as many surgeon and parrotfishes, prefer turf
algae and may increase in numbers or grow faster when dead corals are
replaced by fast-growing turf algae (Carpenter 1990, McClanahan et al. 2002,
Cheal et al. 2008). In contrast, relatively few species feed on late-succession
erect fleshy algae (McClanahan et al. 2001, Bellwood et al. 2007), and once
erect algae have become established, they can be very persistent and even
inhibit those herbivorous fishes that prefer the more palatable turf algae
(McClanahan et al. 2001, McClanahan et al. 2002). The species that reduce the
late-successional algae are more likely to be browsing fishes such as rabbitfish
(Siganidae), rudderfishes (Kyphosidae), some browsing parrotfish (Calotomus
and Leptoscarus), and even some species that are not known to primarily eat
algae, such as batfish (Ephippidae; Bellwood et al. 2007).

Experimental manipulations of herbivores have repeatedly confirmed
their role in controlling the abundance of erect algae and influencing the
recruitment of corals and competition with erect algae (Bellwood et al.
2004, Burkepile and Hay 2006, Mumby et al. 2006). One study in the Great
Barrier Reef, for example, studied coral recovery after a bleaching event by
using large cages and control reefs to experimentally exclude herbivorous fish
(Hughes et al. 2007). This study found that corals increased from 10% to 30%
where there were no herbivores, but up to 80% where herbivores were present.
A global compilation of coral cover data found that the oldest marine pro-
tected areas were more likely to recover after disturbances than were newly
established MPAs, which the authors attribute to higher herbivore abundance
in the older MPAs (Selig and Bruno 2010). Yet coral cover declined before
recovering for those MPAs that were less than 4 and 14 years old in the Indo-
Pacific and Caribbean, respectively. Again, this indicates a lag in manage-
ment effects and a necessary recovery period for the fish community before
corals benefited from high grazing (McClanahan et al. 2007b).

TIME LAGS

Time lags between the climate disturbance and its effects on fishes are some-
times masked by flexibility in both their diet and habitat requirements. First,
as mentioned earlier, facultative species can switch to non-coral diets, but the
new diet may be less healthy and eventually reduce the reproduction potential
of these individuals (Mcllwain and Jones 1997, Pratchett et al. 2006). Second,
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while these adult fishes are able to migrate away from disturbed habitats,
their offspring require coral or complex reef structure as habitat for survival.
Without it, these juvenile fishes suffer poor health, high mortality, and poor
replacement of adults (Feary 2007). Third, species that are weakly or not
dependent on coral often rely on prey that is dependent on coral. This can cre-
ate a delayed decline in these predatory fish after a disturbance, as was sug-
gested for a notable decline in predators 5 years after the high coral mortality
in 1998 in Aldabra atoll, Seychelles (Pistorius and Taylor 2009). Finally, there
are frequently 3- tggo-year time lags between coral mortality and the loss or
collapse of reefs’ topographic complexity (Graham et al. 2007). A few field
studies have attributed declines in the abundance and diversity of coral reef
fishes to a delay between coral death and reef structural collapse (Graham
etal. 2006, Graham et al. 2008b). Time lags and the complexity of species and
habitat interactions make it challenging to fully understand all of the possible
effects and how they interact.

Herbivores are hypothesized to increase in abundance following coral
decline due to a greater availability of algal resources. Empirical studies,
however, have reported high variability, and since most have been conducted
shortly after disturbances, they were unable to reach conclusions about the
long-term changes (Wilson et al. 2006). A study of fisheries landings in the
Seychelles indicated that a loss of small herbivores was occurring in the fish-
ery after coral mortality and suggested that the loss of refuge from predators
was impairing the recruitment of adults to the fishery (Graham 2007). This
slow decline in herbivore numbers and the lost ability to check algal growth is
expected to slowly degrade the reef ecosystem. Coral loss leads to an increase
in a variety of algae and some other benthic groups like sponges and soft
corals and not just an increase in unpalatable erect algae (Bruno et al. 2009).

Recovery

Loss of coral is likely to be bad for coral reef fish. If bleaching is infrequent,
affects a small area, and does not destroy the topographic complexity of coral
reefs, then even highly susceptible fish species may be able to persist and
recover. For example, the optimal level of coral cover for fish diversity may
be around 25% of the benthic cover (Holbrook et al. 2008, Wilson et al. 2009).
Declines in fish numbers and diversity may not occur until coral cover is
less than 10% of the substratum. Nevertheless, loss of coral cover can result
in changes to the fish community, toward more herbivores and less coral-
livores. Recovery may depend on the frequency and intensity of disturbance
and the recovery of highly sensitive branching coral species that provide hab-
itat complexity (Cheal et al. 2008, Emslie et al. 2008). Some studies show that
coral cover may take as little as 5 years to return to pre-disturbance levels
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(Halford et al. 2004, Gardner et al. 2005). Nevertheless, many examples show
that recovery is very slow, it is not occurring on the decadal scale that it has
been measured on (Gardner et al. 2003, Baker et al. 2008), or the coral species
composition is changed greatly after the disturbance (McClanahan 2008).

Studies of Kenyan fisheries closures, where fishing has been excluded for
up to 4o years, indicate that the diversity of fish (i.e., numbers of fish species)
recovers relatively quickly, on the order of 10 years, while total fish biomass
takes closer to 20-25 years (McClanahan et al. 2007b). Some fish, such as sur-
geonfish, triggerfish, and rabbitfish, were even slower to recover and did not
show signs of full recovery in even the oldest closures. Consequently, where
fishing and coral bleaching interact, recovery could be protracted for species
that are sensitive to both coral mortality and fishing.

A Regional Case Study

Coral mortality after 1998 was highly variable across the Indian Ocean region,
and a large-scale study of eight countries in the WIO seven years after the 1998
event also concluded that mortality was variable for coral reef fish (Graham
et al. 2008b). Numbers of fish species at these study sites were weakly related
to the loss of coral, with the largest losses of fish species in the Seychelles. The
largest declines were among obligate corallivores, followed by planktivores,
and small-bodied individuals of many species, including herbivores (Fig. 5.2).
The decline in small-bodied planktivores was most likely due to their vulner-
ability to predators once the refuge created by the structural complexity of
corals was lost (Graham et al. 2006). The observed reduction of small-bodied
herbivorous species that perform important functional roles on coral reefs is
a major concern because the replacement of adults will be very important for
maintaining reef ecology and fisheries.

Larger herbivores and mixed diet feeders were not affected across this
7-year period. The mixed-diet group includes important fishery species
such as emperors, snappers, goatfish, and wrasses. Many of these spe-
cies are habitat generalists that forage and recruit to non-coral reef habi-
tats such as mangroves, sand, and seagrass. Species in these groups also
tend to forage over large spatial scales, indicating weak reliance on specific
habitat locations or types. Consequently, these groups are most likely to be
sustained in the long term, although high variation is expected at the spe-
cies level, which will lead to changes in the fish community (Wilson et al.
2006, Cheal et al. 2008). Fortunately for our WIO study region, recovery of
corals has been faster than in other ocean basins (Baker et al. 2008). In the
Caribbean, many reefs are showing no or slow overall recovery, although
recovery was shown to be faster in areas with restricted fishing (Selig and
Bruno 2010).
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FIGURE 5.2 Relationship between coral depletion 7 years after the 1998 event and changes in
numbers of fish species and corallivores, which were the two strongest studied variables in this
multinational study.

Impacts of Climate Change on Reef Fisheries

Worldwide, the goods and services that coral reefs provide are estimated to be
worth almost U.S. $30 billion per year, and a significant amount of this value
is derived from reef fisheries (Cesar et al. 2003). Fisheries production could
be affected by climate change through the numerous mechanisms described
in this chapter. Despite the potential enormous losses, only a few studies have
empirically examined the effects of severe and large-scale coral mortality on
the value of fisheries (Pratchett et al. 2008). Additionally, fishing often has a
very strong effect on coral reef ecology, and this makes it difficult to defini-
tively detect the effects of climate change and coral mortality when both dis-
turbances occur simultaneously (Wilson et al. 2008).

The most informative studies include long-term trends on fishing effort,
catch composition, and habitat characteristics because these can control for
changes in fishing effort and management. For example, studies in Kenya
found declines in catch after coral bleaching events, but either the declin-
ing patterns were present before the bleaching or they were attributed to
changes in fishing effort (Westmacott et al. 2000a,b, McClanahan et al. 2002).
Likewise, in the Seychelles’ fishery, low abundance and yield of herbivorous
rabbitfish was attributed to a pre-bleaching trend associated with fishing
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effort (Grandcourt and Cesar 2003). A very lightly used fishery that targets
species strongly associated with coral reefs did, however, find a decline in
catch of some predatory species 5 years after the 1998 coral mortality event
(Pistorius and Taylor 2009). Another long-term study across this period
found that catches improved after restrictions on small-meshed nets were in
place (McClanahan 2010). Consequently, catch responses may be small when
fisheries target herbivorous or generalist species; time lags are expected for
many species, but improved management can potentially offset catch losses.

Many tropical fisheries’ target fishes are not dependent on coral or the
hard-bottom benthos. For example, the overwhelming majority of fish caught
in Kenya and Papua New Guinea artisanal fisheries were associated with the
reef structure but not explicitly reliant on live corals (Cinner et al. 2009a). A
significant portion of landings in tropical fisheries is caught in the proxim-
ity but is not fully dependent on coral reef habitat. These include, for exam-
ple, jacks (Carangidae) and other pelagic fishes (Engraulidae, Clupeidae,
Scombridae) that can temporarily congregate on reefs. Moreover, climate
change effects are not simply restricted to coral mortality but can also influ-
ence the frequency and strength of cyclones, upwelling, rainfall, runoff,
and sedimentation (McClanahan 2002b). Consequently, effects of climate-
induced coral bleaching on coral reef fisheries are likely to be difficult to
detect, as they are highly protracted or part of multiple disturbances, and
therefore potentially masked by a wide range of other factors.

The most apparent effects may be among niche fisheries such as the
aquarium trade that target mainly coral-dependent fishes. The international
marine ornamental fish trade is currently worth U.S. s9o-$300 million per
year and mostly targets small coral reef fishes, including butterflyfish, car-
dinalfish, damselfish, and filefishes (Sadovy and Vincent 2002), of which
many are highly susceptible to climate-induced coral bleaching (Graham
et al. 2011). The recent disappearance of several coral-dependent fishes from
aquarium catches, including the beaked leatherjacket (Oxymonocanthus lon-
girostris), has been directly attributed to declines in stocks following the 1998
mass-bleaching event (Dulvy et al. 2003). Climate-induced coral bleaching
may eventually affect overall catches of aquarium fishes and possibly the total
value of the trade.

Conclusions

Fish are sensitive to fishing and disturbances to their environment and hab-
itat, but the response can be complex and difficult to predict in terms of
species-specific responses due to habitat, food, prey and predator interac-
tions, size specificity, and time lags. These are common problems for under-
standing ecological responses to all types of disturbances and even more so
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for rapid climate change, which will influence not just seawater temperature
but also a whole suite of factors from water chemistry to oceanic circulation.
Regardless, the recently accumulating evidence is indicating a considerable
number of changes that will ultimately influence fisheries catches in terms
of species composition and yields. The effects of reducing fish biomass on the
ecology of the coral reefs are evident throughout the region as shown above.
But the following chapters will make it clear that social systems are major
drivers of ecological change and that management can drive ecological pro-
cesses and resiliency as much as or more than climate disturbances. The next
two chapters further examine socioeconomic conditions in the region and
the ways in which people cause and respond to ecosystem change.
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Vulnerability of Coastal Communities

The key impacts of climate change in the western Indian Ocean (WIO) area
are likely to be (1) widespread degradation in coral reef ecosystems from
coral bleaching and ocean acidification, (2) changes in productivity of rain-
fed crops and foraging livestock, (3) reduced water availability, (4) increasing
sea-level rise and cyclone paths, and (5) changing distribution and increased
outbreaks of diseases that will affect humans, livestock, and crops (Thornton
et al. 2008). These climate change disturbances are not only likely to vary
from place to place, as described in previous chapters, but will also vary for
different people within society, depending on their level of vulnerability.
Vulnerability is the level of susceptibility to harm from events such as coral
bleaching, cyclones, and sea-level rise (Gallopin 2006). It is a measure of human
well-being and is fundamentally linked to people’s socioeconomic conditions,
including such factors as where they reside, their dependence on natural resources,
and their access to resources for coping with disturbances (Adger 1999, 2006).
In the technical literature, vulnerability is often described as having three inter-
related components: exposure, sensitivity, and adaptive capacity (Fig. 6.1). One
common way to characterize people’s vulnerability is to examine and compare
key socioeconomic indicators that have been evaluated by theory and empirical
research (Adger and Vincent 2005, Adger 2006, Allison et al. 2009).
Asanexample at the global scale, Allison and colleagues (2009) developed
a national-level measure of vulnerability to the impacts of climate change on
fisheries. This measure combined national-level variables such as fish catch
production, fisheries exports, the number of people working in aquaculture
and capture fisheries, per capita gross domestic product (GDP), and depen-
dence on fish as a primary source of protein. Of the 15 countries with the
highest vulnerability of fisheries to climate change, 13 or 14 were in Africa,
depending on the severity of the climate change scenario used. Many coun-
tries were in western Africa, but Mozambique was highly vulnerable under
both emissions scenarios. This study is useful for the big-picture view of how
relatively vulnerable the wider economy of nations can be to the effects of
climate change on fisheries. The trade-off inherent in taking this big picture
view is that national-level evaluations and indicators often fail to account
for the considerable heterogeneity that occurs at community and household

scales, where some key adaptation decisions are made. 61
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Potential Impacts _ Adaptive Capacity
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VULNERABILITY
V=PI-AC

FIGURE 6.1 Vulnerability is comprised of exposure and sensitivity (which captures the potential
impacts) and adaptive capacity (which captures people’s ability to cope with or adapt to
change).

Source: Adapted from Allison and colleagues (2005).

This chapter builds on existing national-scale studies of vulnerability to
climate change (including those developed by, for example, Adger and Vincent
2005, Brooks et al. 2005, and Allison et al. 2009) and explores both local and
national-scale indicators of vulnerability to climate change. In Chapter 8,
a local scale index of two key components of vulnerability, exposure and
adaptive capacity, is developed and quantitatively compared throughout the
region.

Exposure

Exposure is the degree to which a system is stressed by the environment.
This can be characterized by the magnitude, frequency, duration, and spatial
extent of a climatic event, such as coral bleaching or a cyclone. Exposure may
vary based on factors such as oceanographic conditions, prevailing winds,
and latitude. These variable factors result in some areas having a higher like-
lihood of being affected by events such as cyclones or coral bleaching. Key
aspects of exposure to physical climate change events such as cyclones, coral
bleaching, and sea-level rise were described in previous chapters. These chap-
ters demonstrated the high spatial variability of different physical elements
of the environment. In particular, rapid climate change is likely to produce
more temperature-induced coral bleaching in the northern WIO and more
tropical storms and cyclones in the southern WIO in the coming decades.
Rainfall patterns at the coast will vary, with the southern African region dry-
ing and the equatorial region having stronger short and weaker long rains.
For certain climate change disturbances, the location or settlement pat-
tern of communities will influence their exposure. An obvious example is
that communities located away from the immediate coast or at elevation will
be only indirectly affected by sea-level rise or events such as storm surges aris-
ing from cyclones. The adaptations that societies can undertake to minimize
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exposure are limited. These adaptations primarily rely on engineering solu-
tions, such as erecting levees or sea walls to mitigate coastal disasters; coastal
planning, such as building away from danger zones; and disaster preparation,
such as early warning systems for cyclones.

Sensitivity

Sensitivity is the degree to which a disturbance or stress, such as a coral
bleaching event or cyclone, modifies or affects a system, and there is both bio-
logical and social sensitivity. An example of biological sensitivity is a species
going extinct when the climatic conditions needed for successful reproduc-
tion are exceeded. Social sensitivity, which is the main focus of this chap-
ter, may be affected by conditions such as local-level dependence on natural
resources. Low dependence on fishing or other marine resources may mean,
for example, that climatic events such as coral bleaching have a minimal eco-
nomic impact on coastal communities.

The main sectors that are likely to be directly affected by climate change
are agriculture, tourism, and fisheries. The contribution of these sectors to
WIO national economies varies greatly (Fig 6.2). Agriculture, in particular,
comprises a significant proportion (>20%) of the national GDP of Kenya,
Madagascar, Mozambique, Comoros, and Somalia. In every country except
Kenya, agriculture contributes more to the numbers employed in the work-
force than the monetary contribution toward the national GDP (Fig. 6.2).
This suggests that agriculture represents an important livelihood in the
region, and with more than 60% of the workforce in Tanzania, Madagascar,
Mozambique, Comoros, and Somalia employed in agriculture, these coun-
tries will be highly sensitive to changes in food production.

In the Seychelles, Mauritius, and the Maldives, tourism is a large contrib-
utor to both workforce employment and GDP. These areas are highly sensitive
to environmental changes, such as degradation of the environment by coral
bleaching, which could make these countries less attractive as ecotourism
destinations compared to locations without bleached and dead corals. It is
estimated that the total international tourist arrivals to sub-Saharan Africa,
including the Indian Ocean, will increase from about 27 million in 2000, to
47 million in 2010, and to 77 million by the year 2020, with southern and
eastern Africa and the Indian Ocean islands experiencing the fastest growth
(WTO 2001). These projections greatly depend on the global economies and
costs of long-distance air transportation but do suggest an increasing depen-
dency on tourism in this area.

At a national level, the fisheries sector does not appear to contribute
greatly to the GDP or workforce employment anywhere but the Seychelles
and to a lesser extent the Maldives and Comoros. Nevertheless, since many
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FIGURE 6.2 Percentage of people employed, total value, and proportion of gross domestic
product (GDP) of (a) fisheries, (b) tourism, and (c) agriculture to countries in the WIO. PPP:
purchasing power parity or corrected cost of products in different countries.

of the countries are large with sizable inland populations and small-scale
coastal catches not well quantified, national-level statistics do not properly
reflect the sensitivity of coastal communities to changes in the fishery. An
example of the mismatch between country-level data and community-level
realities is exemplified by our study of more thang,600 households from 29
communities throughout coastal Kenya, Tanzania, Madagascar, Seychelles,
and Mauritius (McClanahan et al. 2008b, Cinner et al. 2009b, Cinner et al.
2009¢). Despite national statistics that suggest fisheries are not particularly
important in Kenya, Tanzania, and Madagascar, the level of dependence on
fishing as either a primary or secondary occupation was extremely high in
a number of coastal communities in these countries (Fig. 6.3) Alternatively,
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FIGURE 6.3 Proportion of households in the western Indian Ocean that are involved in fishing as
a primary or secondary occupation. MD -Madagascar, KY - Kenya, TZ - Tanzania, MS - Mauritius,
SZ - Seychelles.

Source: Adapted from Cinner and Bodin (2010).

when compared to the high importance of fishing in the Seychelles’ national-
level statistics, Seychellois communities had very low levels of dependence on
fishing as an occupation.

Other factors that may influence sensitivity to climate change include the
use of specific technologies. For example, there are differences in the catch
of fish sensitive to coral bleaching among the different fishing gears used in
Kenya (Fig. 6.4; Cinner et al. 2009a). Fish captured in the multispecies fisher-
ies have differing levels of association with the corals themselves. These fish
can broadly be placed into three categories: (1) some fish are highly associ-
ated with reefs and entirely dependent on coral for feeding, dwelling, and
settlement; (2) some fish use the coral complex as habitat but are not entirely
dependent on the reef for key life stages; and (3) some fish are not strongly
associated with the reef. Using these broad categories of reef association helps
identify species most affected by coral bleaching and associated mortality.
Fishes with strong associations are mostly likely to be affected by coral bleach-
ing or other mortality events. Fishes with moderate associations are likely to
be affected by a collapse of the reef structure, which may occur 7 to 10 years
after a mortality event (Graham et al. 2007). Importantly, fishers employing
gear such as spears and traps are more likely to be negatively affected by cli-
mate change events that kill corals.
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FIGURE 6.4 Coral association of the species captured by each type of gear in the Kenyan
artisanal fishery as (a) the total number of species from each classification and (b) a proportion
of the catch.

Source: Adapted from Cinner and colleagues (2009d).

Societies, governments, and donors can develop a number of adaptations
to minimize sensitivity to certain climatic events. These might include diver-
sifying livelihoods to reduce dependence on local natural resources (Allison
and Ellis 2001) and diversifying fishing operations to minimize the use of
gear that specifically targets fishes that are more likely to be affected by cli-
mate change.

Adaptive Capacity

Adaptive capacity refers to the conditions that enable people to (1) anticipate
and respond to change, (2) minimize and recover from the consequences of
change, and (3) take advantage of new opportunities (Adger and Vincent
2005, Grothmann and Patt 2005, McClanahan et al. 2008b). Theoretical and
empirical research suggests that people with high adaptive capacity are less
likely to suffer from climate change and are better able to take advantage of
the opportunities it creates. A number of studies have investigated the socio-
economic determinants of adaptive capacity, which can broadly be grouped
into four key aspects (Cinner et al. 2009b). These are (1) flexibility (Gunderson
1999, Adger 2000), (2) assets (Adger 2000), (3) learning (Carpenter et al. 2001,
Lebel et al. 2006), and (4) social organization (Carpenter et al. 2001, Smit and
Pilifova 2003, Lebel et al. 2006). These dimensions of adaptive capacity are
explored next.

FLEXIBILITY

Flexibility of individuals and institutions is a critical component of adaptive
capacity. Understanding where sources of flexibility already exist and where
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it can be increased is vital to effectively build and manage the resilience of
social-ecological systems. In many coastal communities, the flexibility to
switch between livelihood strategies is critical if resource users are to cope
with the high uncertainties and seasonal variability associated with fishing,
farming, and other coastal livelihoods (Allison and Ellis 2001, Berkes and
Seixas 2006, Hoorweg et al. 2008). Flexibility in livelihood strategies allows
resource users to switch to alternative sectors, occupations, or fishing gear to
“smooth” the effects of temporal variations in the accessibility of resources
(Allison and Ellis 2001).

One indicator of livelihood flexibility is whether households are engaged
in multiple occupations. There are two broad perspectives about the causes
and consequences of livelihood diversification strategies. One view is that a
progression from low to high standards of living involves a transition from
diversification to specialization (Bernstein et al. 1992, Davies 1996). In this con-
text, livelihood diversity generally reflects a low standard of living because it
is necessary to fill a gap between consumption and food production. An alter-
nate view suggests that diversification is a deliberate strategy adopted by pro-
active households, based on the principle of the “portfolio” or the spreading
of risk (Mortimore 1989, Stark 1991, Allison and Ellis 2001). This perspective
suggests that adopting a diverse livelihood portfolio can improve resilience
to seasonal, annual, acute, and chronic fluctuations and shocks. These two
perspectives are not necessarily mutually exclusive, but they do differ consid-
erably in regard to the merits they place on livelihood diversity.

In coastal communities throughout the WIO, households generally
have several livelihood activities to draw on, ranging from an average of 1.5
(+o0.1 Standard jError) person-jobs per household in Pointe de Lascars and
St. Martin (in Mauritius) to a high of 6.7 (+0.4 SE) in Tampolo, Madagascar
(Fig. 6.5). These numbers are the total number of jobs conducted by all mem-
bers of the household. For example, one person who both goes fishing and
engages in farming would contribute two person-jobs to the statistics for the
household. This trend does not change when the size of a household is con-
trolled for. In this example, we have used broad economic sectors (fishing,
salaried employment, farming, cash crops, etc.) as our measure of work (see
Cinner and Bodin 2010 for more details).

There are considerable country-level differences in the diversity of liveli-
hood portfolios. For example, households in Madagascar stand out for their
high number of jobs (5.0 person-jobs per household) compared to countries
such as Mauritius (1.7 person-jobs per household). In Madagascar, this high
level of “occupational multiplicity” may reflect coping or risk-reduction
mechanisms to deal with high levels of economic, political, and environmen-
tal variability. For example, since 2000, Madagascar has experienced a com-
bination of disturbances, including two presidential crises (in 2002 and 2009),
a 10-fold price drop in vanilla in 2005,- which is an economically important
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FIGURE 6.5 Mean number of occupations per household (+ standard error) in 27 coastal
communities in the western Indian Ocean.

Source: Adapted from Cinner and Bodin (2010).

cash crop (ITC 2007), and six major cyclones in 2006-2007. These political
events caused multiple suspensions of international flights and the cyclones
left nearly 500,000 people requiring humanitarian assistance (Duffy 2006,
Reuters 2007). Frequent disturbances like these may require most households
to have a high risk-spreading strategy to survive.

There is also considerable variation in livelihood portfolios within coun-
tries. Households in Sahamalaza, Madagascar, on average engage in almost
one less occupation than households in the other parts of Madagascar. This
suggests that livelihood portfolios in Sahamalaza are either less flexible or
the occupations they have are more stable or profitable. Urban-rural trends
in occupational multiplicity explain some of this variation within countries.
Rural sites in Kenya, such as Vuma and Takaungu, and Tanzania, such as
Buyu, had a considerably higher number of occupations per household than
the peri-urban areas of Mombasa, Kenya (Bamburi and Utange), and Dar es
Salaam, Tanzania (Fig. 6.5).

A range of factors, including national and international donor macro-
economic policies such as subsidies, can affect the flexibility of livelihood
portfolios. The removal of agricultural subsidies in Tanzania diversified non-
farm incomes (Bryceson 2002). Supplemental income projects and alternative
fishing strategies may be a key focus for increasing flexibility and reducing
vulnerability to climate change impacts in coastal regions (Allison and Ellis
2001). Supplemental income projects can result in disappointing and some-
times even perverse outcomes when the social, economic, and cultural con-
text of fishers are not adequately considered (Pollnac et al. 2001, Sievanen et al.
2005). An example of a perverse outcome can be that supplemental activities
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may allow people to subsidize a culturally important activity such as fishing,
even when it is not economically viable.

Institutional flexibility also provides the ability to respond to change and
is key for developing adaptive experimental behavior (Tompkins and Adger
2004, Berkes and Seixas 2006). In parts of the WIO, such as Kenya, Tanzania,
and Madagascar, communities are being increasingly empowered to manage
their local coastal resources. Community-based management arrangements,
known locally as beach management units (BMUs) in Kenya and Tanzania
and the Gestion Locale Sécurisée (GELOSE) in Madagascar, are becoming
pervasive and often provide more management flexibility than national-level
governance (Cinner et al. 2009d).

Local resource use restrictions frequently occur as resource-habitat
taboos (Ruud 1960, McClanahan et al. 1997, Cinner et al. 2009b). Studies in
Papua New Guinea and Indonesia show that in some places, these customary
management practices can be highly adaptive and conserve marine resources
(Cinner et al. 2006). In contrast, customary taboos on resource use in Kenya
(McClanahan et al. 1997) and Madagascar (Elmqvist 2004, Bodin et al. 2006,
Cinner 2007) appear to be relatively inflexible institutions that focus on spir-
itual connections to ancestors rather than adaptively manipulating resources
(Cinner and Aswani 2007). In these cases, local sociocultural institutions
may actually inhibit flexibility.

SOCIAL ORGANIZATION

A society’s ability to adapt is determined in part by its ability to organize
and act collectively (Adger 2003). Organization and collective action enable
people to respond to disturbances by drawing on resources outside of their
households. This aspect of vulnerability is influenced both by the effective-
ness of institutions and social networks and by demographic trends, such as
population growth and migration as well as other factors (Smit and Pilifova
2003, Thornton et al. 2008).

Governments and nongovernmental organizations (NGOs) often provide
the basis for social organization and deliver services that can play a critical role
in adapting or responding to a disturbance. Ineffective governments, political
conflicts, corruption, and a lack of accountability can, however, hamper orga-
nization and delivery of services during periods of disturbance and climate
stress (Barnett and Adger 2007). Throughout parts of the WIO, these types
of governance issues result in high levels of vulnerability (Table 6.1; Brooks
etal. 2005, Kaufmann et al. 2005, Thornton et al. 2008). Mauritius, Seychelles,
and South Africa stand out as ranking high (soth to yoth percentile) in the
world for four important indicators of good governance (Table 6.1). In con-
trast, Somalia, Comoros, and Kenya rank lowest in the world in regard to
key aspects of governance, such as government effectiveness, corruption, and
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TABLE 6.1

Ranks of western Indian Ocean countries relative to the rest of the world
in key governance indicators

Country Government Control of corruption Political stability Voice and
effectiveness accountability
Percentile rank Percentile rank Percentile rank Percentile rank
(0-100) (0-100) (0-100) (0-100)
Comoros 0.9 29 30.3 34.6
Kenya 30.3 15.5 15.9 46.2
Madagascar 46.9 56.5 40.4 47.6
Mauritius 72 69.6 71.6 72.6
Mozambique 40.3 35.3 57.2 47.1
Seychelles 55.9 59.9 83.7 46.6
Somalia 0 0 0 3.4
South Africa 74.9 67.1 51 68.8
Tanzania 39.3 43 39.9 43.8

The highest possible rank is 100.
Source: World Bank (2010).

stability (Table 6.1). The Intergovernmental Panel on Climate Change (IPCC)
notes that many of the African institutional and legal frameworks are insufhi-
cient for dealing with disaster risks (Boko et al. 2007). Importantly, in Africa
and throughout the world, it is often the most vulnerable groups that are
excluded from formal decision-making processes concerning management of
climate-related risks (Adger 2003).

Civil society, which can include institutions such as NGOs; trade unions;
churches; and student, business, or professional associations (Makumbe
1998), can be crucial in how societies organize and adapt (Adger 2003). Where
governments are weak, civil society plays a primary role in adaptation to
and recovery from disturbances (Adger 2003, Thomas et al. 2005). For many
decades, civil society has played a key role in the social and political fabric in
much of Africa (Makumbe 1998). Recent political and macroeconomic shifts,
such as decentralization and structural adjustments, respectively, have led to
an increased role for local civil society (Hara and Raakjaer Nielsen 2003).
In parts of the western Indian Ocean area, such as Kenya and Madagascar,
community-based organizations are playing an increasingly active role in
managing natural resources (Cinner et al. 2009d).

Another key part of people’s adaptive capacity is their ability to act col-
lectively (Adger 2003). Critical to this ability are the interactions and bonds
within a society—a concept referred to as social capital. Adger (2003) identi-
fies two key types of social capital that are particularly important in adap-
tation: (1) bonding capital, which focuses on intra-community social bonds
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and is particularly important in low-income groups; and (2) bridging or net-
working capital, which focuses on extra-community social bonds and is par-
ticularly important when dealing with the absence of strong governments.
The second type of social capital is also important with dynamic and mobile
communities, such as migrant fishers, and when managing common pool
resources, such as coral reefs and associated fisheries.

Some aspects of social organization can impose constraints on people’s
ability or willingness to adapt. For example, in the Pulicit Lagoon in India,
some fishers were unwilling to adapt their fishing techniques during poor
harvests because adaptive fishing gear was associated with lower social castes
(Coulthard 2008). The presence of certain sociocultural norms may also
inhibit people’s ability to engage in certain adaptations. Customary norms or
taboos in much of coastal Madagascar, including sacred areas and behavioral
restrictions, may restrict where people can fish, the days that people can farm
or fish, the types of fishing gear they can use, and the species they can target
(Table 6.2). In both of these cases, a number of potential adaptation options

TABLE 6.2

Presence of specific taboos mentioned by fishermen and key informants
in four study areas of Madagascar

Description Tanjona Cap Masoala Tampolo  Sahamalaza Nosy Antafana

Sacred areas
Sacred area X X X
Food

Guitarfish

Turtle

Puffer fish or eggs

X X X X

Dugong
Red parrotfish
Other*

X X X X X X

Time

Limit work in fields** X X X X X
Fishing on Saturday

Gear

Traps X X X

Speargun X X
Weir

Use black line/rope

Total 14 11 11 12 4

* Electric and poisonous fish, cardinal fish, juvenile fish, stingray, octopus.
** On specific days: Thursday, Tuesday, Monday, Sunday, and Wednesday.

Taboos are grouped into four broad categories: Sacred areas, food, time, and gear. Taboos may be
permanent or temporal. X = taboo present.

Source: Cinner (2007).
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may be unavailable as a result. Social and cultural constraints can play a large
role in people’s willingness or ability to adapt but may not be easily perceived
by people who are unfamiliar with local traditions, customs, and social struc-
ture. Consequently, these types of constraints are often missing in indicator-
based assessments of vulnerability.

Demographic issues such as population and migration can also influence
the ability to organize. Ostrom (1990) notes that cooperation around com-
mon property resources is more likely among small social groups. Yet human
populations in this region are set to expand from o.9 billion in 2005 to 2.0
billion by 2050 (Thornton et al. 2008). Countries in the WIO have highly vari-
able populations and growth rates, ranging from about 40 million (with about
2.5% growth rates) in Kenya and Tanzania to 87 thousand (with a 0.4% growth
rate) in Seychelles (Table 6.3). South Africa has the highest population, of 48
million, but a low growth rate of 0.5%. For large countries with sizable inland
populations, national-level statistics can be quite meaningless. In Kenya, less
than 10% of the population (roughly 3 million people) lives on the coast, while
in Tanzania coastal dwellers total just over 20% or 8.5 million people. Coastal
population densities are highest in the small island states such as the Maldives,
Mauritius, Comoros, and Seychelles, with between 191 and 1,230 people per
km? compared to an average of just 19 to 25 per km? in Kenya and Tanzania
and 2.0 per km? in Mozambique. Of course, there are urban and peri-urban
areas in these latter countries where local population density is very high.

TABLE 6.3
National and coastal populations in the western Indian Ocean
Country Population
Total (thousands)  Coastal (thousands)® Coastal density Total population growth (%)°

(people/km?)®

Seychelles 87 87 191 0.4
Comoros 839 839 420 2.3
Maldives 369¢ 369 1230 1.8
Tanzania 40,454 8495 25 2.4
Kenya 37,538 3003 19 2.6
Madagascar 19,638 10801 11 2.6
Somalia 8699 4784 12 2.8
Mauritius 1262 1262 631 0.7
Mozambique 19,792 11677 2 1.8
South Africa 48,577 18,945 51 0.5

# OECD (2007); @ World Resources Institute (2003); © Human development reports (2007); £ CIA
World Fact.
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Migration may be used as an adaptive measure in response to shocks
such as conflicts or climate stress, and money sent home from migrants can
provide critical resources for coping after a disturbance (Boko et al. 2007).
However, high levels of in-migration can affect community heterogeneity
(Curran and Agardy 2002) and can make it difficult for a society to collec-
tively organize around the use and management of common-pool resources
(Ostrom 1990).

Migration is critical in structuring human populations and livelihoods in
Africa. In sub-Saharan Africa, migration may include seasonal, contractual,
short-term, long-term, or permanent migration (Njock and Westlund 2010).
Mass migration is often related to economic, political, religious, or envi-
ronmental factors that include natural disasters and environmental change.
Seasonal migration is common in Kenya and Tanzania, where people move
depending on the cycle of planting and harvesting of key crops (World Bank
2006). More recently, health issues, including the spread of diseases, such
as the human immunodeficiency virus (HIV) and an accompanying rise in
acquired immune deficiency syndrome (AIDS) and other associated diseases,
are more prevalent among these migrating people (Torell et al. 2006).

International migrants are currently a relatively small proportion of the
WIO population (Table 6.4). Within-country or domestic migrants made up
16% to 100% of populations in the 29 WIO coastal communities studied by
McClanahan and colleagues (2008d). The proportion of migrants in these
communities is highly variable within and between countries. Many of the

TABLE 6.4
International migrants as a percentage of the population in the western
Indian Ocean, the proportion of those that are refugees, and the average
their annual growth rate between 2000 and 2005

Country International migrants as a Refugees as a percentage of ~ Growth rate of the migrant
percentage of the population international migrants stock (percentage)
Comoros 8.4 0 2
Kenya 1 69.9 1
Madagascar 0.3 0 0.5
Maldives 1 0 1.4
Mauritius 1.7 0 5.8
Mozambique 2.1 0.2 2
Réunion 18.1 0 5.9
Seychelles 6.1 0 1.7
Somalia 3.4 0.1 51.1
South Africa 2.3 2.6 1.6
Tanzania 2.1 73.1 2.4
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lowest migration sites were in Kenya and Madagascar, but in Tanjona and
Tampolo, Madagascar, and Mijikenda, Kenya, populations were 67% to 83%
migrants. International remittances from those who have emigrated can be
a major factor in the flow of cash in the WIO. Estimates of worldwide remit-
tances to developing countries range between $100 and $150 billion (Maimbo
2006). Somalia’s stateless, conflict-ridden economy persists in large part
because 40% of household incomes come from remittances, or money sent by
family members who have migrated (Maimbo 2006).

LEARNING

Adaptation also rests on the ability of individuals, institutions, and societies
to recognize change, attribute this change to their causal factors, and assess
potential response strategies (Smit and Pilifova 2003, Brooks et al. 2005, Fazey
et al. 2007). Recognizing change and understanding that people cause both
ecosystem degradation and improvement is critical for recognizing opportu-
nities for experimentation with resources (Cinner et al. 2009b). If people do
not perceive connections between human activities and the condition of the
resources they depend on, they are not likely to support management initia-
tives that restrict or manage resource use. In some cases, the capacity to learn
can be constrained by cultural or religious views that attribute all change to
supernatural agents or natural processes too variable to control. These views
can be promoted by low levels of education, poverty, an unpredictable ecolog-
ical and economic environment, corrupt governments, psychological defense
mechanisms, and poor integration of local and scientific knowledge (Norris
and Inglehart 2004, Diamond 2005, Fazey et al. 2007).

African communities have traditionally coped with changing environ-
ments and have developed an associated range of knowledge systems and
practices (Boko et al. 2007). Throughout the western Indian Ocean region,
there are local knowledge and learning systems including traditional ecolog-
ical knowledge, folk taxonomies, and indigenous mental models of human-
environment interactions (Boko et al. 2007). Recognizing new types of change
involves being open to new knowledge and being able to integrate it with local
knowledge (Tengo and Hammer 2003, Aswani and Hamilton 2004, Berkes
and Seixas 2006).

Coral bleaching events experienced since the 1980s are largely unprece-
dented, based on environmental records over the past 350 years and therefore
this disturbance represents a new environmental phenomenon (Zinke et al.
2008). Ecological monitoring and measurements of coral bleaching occur
at many of the region’s marine conservation areas, but feedback about the
condition of corals and fisheries is rarely reaching communities with rec-
ommendations for appropriate management changes. Even where scientific
information is shared with communities, low levels of literacy and education
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create challenges for the residents in understanding and synthesizing this sci-
entific information with local knowledge (Table 6.5). Thus the potential for
communities to adapt behavior and regulations based on this new informa-
tion is not being fully realized.

ASSETS

Assets help people adapt to environmental changes by providing resources to
draw on during times of change. Assets can also help purchase technologies
to cope with change, provide monitoring and early warning technologies, and
create infrastructure and housing that may withstand storms and other forms
of environmental change. A key aspect of adaptive capacity relates to people’s
social disadvantage or lack of power to access assets, which can prevent them
from mobilizing the necessary resources to cope with change (Adger 1999,
Adger and Kelly 1999, Barnett 2001).

Of the 1.3 billion poor people in the world, nearly 300 million live in
sub-Saharan Africa (Thornton et al. 2008). Poverty is endemic in parts of
the WIO. In much of the region, extreme poverty characterizes much of the
coastline and people have little access to personal or government resources for
coping with change. The case is considerably different for the island nations

TABLE 6.5

llliteracy rates and primary school attendance in the
western Indian Ocean

Country Education
llliteracy rates % Primary attendance %

Seychelles 8 99*
Mauritius 16 95%*
Maldives 4 79%
Comoros 57# 31
Madagascar 29 76
Kenya 26 79
Tanzania 31 73
Mozambique 61 60
Somalia - 20
South Africa 12 82

Illiteracy rates based on adults aged 15 and over unable to read; pri-
mary school attendance is the percentage of children of primary school
age attending primary school; * OECD (2010); *Primary school enroll-
ment, which is expected to be higher than actual attendance.

Source: United Nations (2005) except where indicated.
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of Seychelles, Reunion, and Mauritius and this disparity among countries
provides a broad overview of this component of adaptive capacity.

At the national level, the human development index (HDI) measures a
country’s achievement in terms of health, knowledge, and standard of living
and thus is a good indicator of human access to key assets. Countries vary
considerably within the WIO in terms of their human development. Using
the HDI, the Seychelles and Mauritius have been classified as having high
human development; the Maldives, Comoros, South Africa, Madagascar, and
Kenya have medium human development; and Tanzania, Mozambique, and
Somalia rank low. A child in Mauritius would be expected to live to the age of
72 whereas in Mozambique a child is expected to live only to 43. The average
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FIGURE 6.6 Distribution of various measures of human assets in selected fishing communities
in the western Indian Ocean. These include (a) a relative measure of the communities’
infrastructure, (b) the average household’s material style of life, and (c) the household’s
average fortnightly expenditures.

Source: Adapted from McClanahan and colleagues (2008d).
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Mauritian is expected to earn U.S.$12,700 annually, corrected for purchasing
power parity (PPP), compared to only U.S.s 1,240 (PPP) in Mozambique. In
Mauritius, 84% of the population over the age of 15 can read compared to only
39% of the population in Mozambique.

Income and material style of life at the household level are often used
to estimate household assets. Material style of life creates a scale of assets by
looking at the presence or absence of household structure, such as whether
mud or concrete was used to construct the house, and the types of amenities
and appliances in the house, including TV, radio, and toilets. The types of
infrastructure development in the community, such as schools, roads, med-
ical facilities, and others can be used to create a community-scale index of
relative well-being. These three measures are presented for our case study
of fishing communities in the WIO (Fig. 6.6). Assets at both the household
and community levels in Madagascar are the lowest in the region when com-
pared to communities in Kenya, Tanzania, Mauritius, and the Seychelles
(McClanahan et al. 2008b). Addressing basic needs, such as food and shel-
ter security in Madagascar, may be a crucial first step before communities
can begin to meaningfully engage in adaptive management and conservation
(Marcus 2001, Cinner and Pollnac 2004).

Conclusions

Examining key components of social vulnerability to changes in the flow of
goods and services revealed that there is considerable spatial variability in
how WIO societies will be affected by, cope, or take advantage of opportu-
nities provided by climate change. Importantly, national-scale measures of
vulnerability may not necessarily reflect the local-scale situations in coastal
societies. Also, there is considerable intra-country variation in key compo-
nents of vulnerability. Strategies to reduce vulnerability will need to recog-
nize those components of adaptive capacity that can be increased and aspects
of sensitivity that can be reduced based on existing strengths and weaknesses
in these communities. The following chapters continue exploring the social
dimension of vulnerability, specifically the ways that societies respond to
changes, developing indicators of adaptive capacity, and key strategies for
reducing vulnerability in coastal societies.
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Human history is filled with environmental change and subsequent socie-
tal changes that were a mix of successes and failures. Often environmental
change spurs innovations, which can help societies to overcome challenges,
as was described for the development of irrigation and hierarchical societies
in Chapter 3. Alternatively, entire societies can collapse because they make
poor decisions or delay actions and fail to adapt to environmental change
(Ehrlich and Ehrlich 2004, Diamond 2005, Lambin 2007). The ability of soci-
eties to adapt to environment changes has social, economic, cultural, politi-
cal, and technological roots.

In an environmental change context, adaptation is making adjustments
that reduce vulnerability to climatic change (Smit et al. 2001). These adjust-
ments can be behavioral, technological, economic, legal, or institutional.
Adaptations can be reactive to past or current changes or in anticipation
of future change (Smit et al. 2001). For example, early warning systems for
excessive rainfall in semi-arid systems can provide 2 to 6 months of lead time
before the onset of malaria outbreaks. This lead time can be used to develop
interventions to reduce mortality (Boko et al. 2007). Adaptation can also
occur on a range of levels—from individual behavior, to economic sectors, to
the collective action of entire societies at national and international levels.

As we saw in Chapters 3-5, western Indian Ocean coastal
are often exposed to extreme or highly variable conditions. In coastal com-
munities, these conditions can include factors such as seasonal trade winds,
coastal erosion, drought, intense storms, or even occasional cyclones. If WIO
communities have continually been exposed to environmental change and
have managed to adapt thus far, why should we be concerned about whether
they can adapt to future changes?

Experience with previous environmental change and disturbance is
likely to help some communities, but three factors make projected rapid cli-
mate change considerably different from regular climatic variability. First,
climate change is expected to alter the frequency of high-intensity events on
an unprecedented scale (Chapter 3). Rare events such as coral bleaching and
mortality are projected to become more frequent, and cyclones are expected
to take new courses and affect previously unexposed areas. Second, rapid

8 climate warming is expected to have profound effects on food security
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(Funk and Brown 2009). For example, crop yield could diminish 50% by 2050
and as much as 90% by 2100 in some parts of Africa (Boko et al. 2007). A
rainfall compilation by Funk and colleagues (2008) indicates these trends are
now in effect for East Africa with dire consequences for people and wildlife
(Western et al. 2009). This is likely to place increasing pressure on marine
resources, creating demand that is disproportional to the population growth.
Third, contemporary pressures such as overfishing and land-based pollution
can interact with climate change, causing marine ecosystems such as coral
reefs to undergo sudden and unexpected shifts to algal dominated systems,
with consequence for fisheries production (Jackson 2001, Jackson et al. 2001,
Pratchett et al. 2008).

The environmental change we are likely to see in marine ecosystems will
be different in scale and scope from most of the previous changes in living
memory and the experience of most coastal societies. This will present novel
situations, and previous adaptations are unlikely to be sufficient to cope with
the expected future climatic changes (Boko et al. 2007). Additionally, we
should be concerned because not all historical adaptations to environmental
change were necessarily successful. There is a great deal of archaeological evi-
dence that coastal civilizations have collapsed in the past few millennia due to
mix of drought and warfare (Horton and Midddleton 2000). More than ever,
coastal communities will need to anticipate and prepare for climate change
if they are to prosper. Our aim is to understand what makes societies good at
adaptation and whether there are basic principles that will help people deal
with change and reduce the chances of catastrophe or collapse.

Climate Change in Coastal Systems

Climate change will affect various aspects of coastal ecology and have social
and economic consequences for coastal communities. The social and eco-
nomic impacts of climate change to marine systems can be placed into three
broad categories: (1) direct impacts from sea-level rise, cyclones, and coastal
erosion; (2) indirect impacts to economic sectors such as marine-oriented
tourism; and (3) fisheries. Climate change will also impact agriculture and
water availability, but these topics are covered in a range of other publications
and are not the focus of this book (Funk et al. 2008).

SEA-LEVEL RISE, CYCLONES, AND COASTAL EROSION

Vulnerability to sea-level rise, coastal erosion, and increased cyclonic activity
will obviously be highest where populations and critical infrastructure are
in low-lying coastal areas. In the western Indian Ocean, there are roughly
11,000 kilometers of coastal zone and over 60 million people who live near
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and are dependent on coastal resources (Table 6.3). Here, coastal populations
represent between 8% and 100% of the country’s populations. On the national
scale, countries such as Kenya and Madagascar are considered less vulnera-
ble because the majority of the population lives in the highlands; however,
they do have sizable coastal populations (Coughanowr et al. 1995). The direct
impacts of these threats to coastal communities will mainly be in the forms
of (1) damage to coastal protection and other infrastructures, including ports,
wharfs, and road networks; (2) inundation and storm-surge-related flooding
of low-lying agricultural and settlement land; (3) increased sea-water intru-
sion into fresh groundwater; (4) encroachment of tidal waters into estuaries
and river systems; (5) accelerated erosion of coastal areas, including key tour-
ism development areas; and (6) losses to tourism, recreation, transportation,
and non-monetary cultural resources and values (IPCC 2001, Nicholls and
Lowe 2004, Elasha et al. 2006).

About a third of Africa’s coastal infrastructure is in danger of inunda-
tion and coastal erosion due to increased sea levels of 15 to 95 cm by 2100
(IPCC 2001). For example, in Tanzania, a sea-level rise of 50 cm would inun-
date more than 2000 km? of land and create about $51 million in damage
(UNEP 2006). In Kenya, a 1 m sea-level rise could cause $500 million of
losses to key agricultural outputs, such as mango, cashew, nuts, and coco-
nuts (IPCC 2001). The costs of adapting to sea-level rise in coastal countries
could be as high as 5% to 10% of GDP, although losses could be as high as 14%
of GDP if adaptive measures are not taken (Boko et al. 2007). Three major
responses to sea-level rise have been presented by the IPCC: retreat, adapt, or
defend (Boko et al. 2007). Adaptation options include (1) building sea walls,
pillar housing, and raised foundations; (2) digging new wells and boreholes
in response to saltwater intrusion; (3) delineating flood and erosion hazard
areas; (4) eliminating the mining of sand and gravel for construction mate-
rial; (5) reforesting sand dunes; and (6) controlling socioeconomic factors,
such as overexploitation of coastal resources, population growth, and pollu-
tion (Elasha et al. 2006).

Indian Ocean island states could be particularly vulnerable to changes
in the location, frequency, and intensity of cyclones (Boko et al. 2007). Places
where there are dams or that have experienced destruction of natural barri-
ers, such as reefs, mangroves, and dunes, will also be particularly vulnera-
ble to coastal erosion. These include deltas, barrier islands, atolls, and other
low-lying islands (Coughanowr et al. 1995). Beaches and dunes in Mauritius,
Mozambique, and Tanzania are mined for minerals and construction
resources (100,000 tons/year = 200 hectares of lagoon area; Fagoonee and
Daby 1995). Degradation of coral reefs has caused significant coastal erosion
in Kenya and Tanzania (Magadza 2000). Likewise, a dam along the Zambezi
River (Zambezi Delta region) has caused coastal erosion, saltwater intrusion,
and a loss of fisheries (Coughanowr et al. 1995).
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MARINE-ORIENTED TOURISM

Marine-oriented tourism in the WIO is at particular risk from climate change.
Besides threats to tourism-related infrastructure, climate-related events
including coral bleaching may detrimentally affect dive tourism markets. The
overall economic damages from the 1998 coral bleaching event in the Indian
Ocean, for example, was an estimated loss of U.S.$3.5 billion in tourism rev-
enue over a 20-year time frame (Westmacott et al. 2000b, Wilkinson 2000).
This happens through two main mechanisms.

First, coral bleaching can create a loss of reef-related tourism revenue
by reducing the attractiveness of a particular destination or even eliminat-
ing diving or snorkeling altogether (Westmacott et al. 2000c, Uyarra et al.
2005). For example, a bleaching event would influence dive site selection for
more than 75% of divers surveyed in Kenya and Tanzania (Westmacott et al.
2000b). On a larger scale, severe bleaching may influence where people take
holidays, potentially eroding national and regional tourism economies. A
survey revealed that 19% of tourists in Zanzibar, Tanzania, and 30% of tour-
ists in Mombasa, Kenya, would change their holiday destination if they were
aware of severe coral bleaching (Westmacott et al. 2000b). Uyarra and col-
leagues (2005) found that 80% of tourists visiting Bonaire would be unwilling
to return for the same price in the event of coral bleaching. Furthermore,
Graham and colleagues (2000) concluded that the number of tourists visiting
Palau in 1999 was 5% to 10% lower because of the previous year’s coral bleach-
ing event.

Second, coral bleaching can also influence tourist satisfaction with div-
ing, snorkeling, and other reef-related activities, thereby reducing the value of
a vacation destination and the willingness of tourists to return (Graham et al.
2000, Uyarra et al. 2005). Several studies have examined how coral bleaching
can indirectly affect the economic value of tourism through a diminished
tourism experience. In a survey conducted after a coral bleaching event, 47%
of tourists surveyed in the Maldives considered the dead corals the most dis-
appointing experience during their holiday (Westmacott et al. 2000b). A com-
parison of diving income in Kenya and Tanzania before and after the bleaching
found that the recreational value of diving did not change (Westmacott et al.
2000b). The post-bleaching divers were, however, less experienced than the
pre-bleaching divers, suggesting that more experienced divers may have cho-
sen to dive in alternate locations where bleaching was less severe.

Countries most vulnerable to climate change effects on marine-related
tourism include those with specialty dive markets. Key adaptive responses to
the marine-oriented tourism market will include the following:

1. Strong management and marketing of perceived risk. A key
determinant of tourist arrivals is the tourists’ perception of the
experience. Evaluations suggest that this may be less related to the
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state of the ecosystem than to the perceptions of risk. For example,
the number of newspaper reports on problems at a destination may
play a larger role than the actual level of risks. A strong tourism body
that can mediate and respond to negative media reports can manage
these perceptions.

2. Diversification of products, market sources, and segments. Different
market sources, usually countries of origin, and segments, such
as backpacker, family travel, and executive, respond differently
to products, prices, and risk perception. Diversifying the market
sources and segments that a company or destination depends on can
increase resilience to disturbances.

3. Adaptive pricing policies and regulatory structures, such as taxes or
subsidies to dive or snorkel on reefs, may provide flexibility to rapidly
adapt to disturbances and target different tourist markets.

FISHERIES

Climate change is likely to have six main effects on fisheries and fishing com-
munities (Allison et al. 2009, Daw et al. 2009). These include (1) changes to fish
yields, (2) changes to fish distribution, (3) damage to infrastructure, (4) effects
on human health and safety, (5) changes to fish markets, and (6) changes to
climate-driven policies that will regulate the fishing industry more tightly. A
particular suite of potential adaptations may help fishers deal with each type
of impact. Both the impacts and the potential adaptations have a high degree
of inter-relatedness, and the same climate change mechanism may have mul-
tiple effects. For example, changes in migration patterns of fish may affect
how many fish are caught and the safety of fishers traveling to catch fish. It is
important to note that these effects are likely to be deeply intertwined with
other non-climate-related factors, such as market conditions and the avail-
ability of fish on a wider scale (Glantz 1992).

Different adaptations will rely heavily on the specific aspects of adaptive
capacity discussed in the previous chapter. For example, adaptations such as
increasing effort or fishing power may rely primarily on assets to invest in
new gear or vessels, while reducing effort may rely primarily on the flexibil-
ity to turn to other livelihood options. Of course, these aspects of adaptive
capacity are not exclusive, and elements of flexibility are required to change
fishing effort. Likewise, some assets are required to switch occupations.
Governments and donors that want to successfully facilitate specific adapta-
tions need to understand, identify, and build the primary aspects of adaptive
capacity required for specific effects (Chapter 9).

Importantly, adaptive capacity is nested, occurring at multiple scales.
Individuals, households, and communities may be adaptable, but if all are
embedded in a state with disastrous policies and a constraining rather than
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an enabling hand, people may be unable to prosper under change. Our exam-
ples below and largely throughout the book focus primarily on local (i.e.,
individual, household, and community) scale adaptation and adaptive capac-
ity. Consequently, a key assumption is that larger scale aspects of adaptive
capacity are not constraining, although we certainly acknowledge that this is
not always the case.

Some adaptations will be anticipatory and need to be initiated before
expected impacts manifest, while others will be reactive to the change (Smit
et al. 2001, Daw et al. 2009). Anticipatory adaptations include investments in
disaster preparedness, including storm warning systems, and coastal modifi-
cations, such as sea walls to protect against storm surges. Likewise, some adap-
tations, such as diversifying livelihoods, will be the primary responsibility of
private individuals and enterprises while other adaptations, such as provid-
ing public infrastructure and communicating storm and weather warnings to
fishers, will be the responsibility of governments and donors (Smit et al. 2001,
Tompkins and Adger 2005, Daw et al. 2009). Key climate change impacts
to fisheries, likely adaptations, primary types of adaptive capacity required,
whether the adaptation is reactive or anticipatory, and whether the primary
responsibility is public or private are summarized in Table 7.1.

TABLE 7.1
Adaptations of specific fisheries to the impacts of climate change

Impact on fisheries Potential adaptation measures Main types of Responsibility Reactive/
adaptive capacity Anticipatory
required
Changes to yield Access higher value mar-  Assets, social Public/ Either

kets with same product organization private
(i.e., improve processing)

Increase effort or fishing  Assets Private Either
power

Reduce costs to increase  Assets, Private Either
efficiency flexibility

Change gear (to target dif- Assets, Private

ferent fish or habitat) flexibility

Reduce fishing effort (i.e., Flexibility Private Either

diversify livelihoods or rely
on other existing income

sources)
Exit the fishery Flexibility Private Either
Increased variability  Diversify livelihood Flexibility Private Either
of yield portfolio
Insurance schemes, rotat- Social Public/ Anticipatory
ing credit organization private
Improved information and  Assets, Private/ Either
communication technol- learning public

ogies (to locate fish and
maximize market returns)

(continued)
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TABLE 7.1
(Continued)
Impact on fisheries Potential adaptation measures Main types of Responsibility Reactive/
adaptive capacity Anticipatory
required
Change in distribu- Change location of fishing  Flexibility, Private/
tion of fisheries activities (i.e., migration, assets public
increased spatial mobility)
Damage to coastal Hard defenses Assets Public Anticipatory
infrastructure and Managed retreat/ Assets, Public Anticipatory
coastal communi- accommodation flexibility
ties from flooding, o . .
cyclones, sea-level Rehabilitation and disaster Assets Public
rise, and storm response
surges Integrated coastal Assets, social Public Anticipatory
management organization
Early warning systems and Assets, social Public Anticipatory
education organization
Health and safety Weather warning system Assets, social Public Anticipatory
organization
Investment in improved Assets, social Private Anticipatory
vessel stability/safety organization
Early warning systems for  Assets, social Public Anticipatory
awareness of disease out- organization
breaks (malaria, shellfish
diseases)
Changes to profit- Diversification of markets  Flexibility Private/
ability and shocks to and products public
markets Information services for ~ Capacity to Public Anticipatory
anticipation of price and learn, assets
market shocks
Alter fishing effort Flexibility Private
Influx of new fishers  Property rights Social organi- Public
to certain areas zation, capac-
ity to learn

Each impact has a suite of potential adaptations that assist fishers to adapt or cope. Each adaptation

relies on different elements of adaptive capacity, responsibility as either private individuals/enterprises or

the public sector, and may be reactive or anticipatory.
Source: Adapted from Daw and colleagues (2009).

CHANGES TO THE YIELD FROM CAPTURE FISHERIES

Changes include overall yields and increased variability in catches. These
may result from (1) declining abundance of target species, such as a decline in
coral reef fish after a severe bleaching event, changes to reproductive patterns
as a result of changing temperatures, or declines in pelagic species as a result
of changes in oceanographic processes; (2) increased incidents of disease in
high-value invertebrates such as lobsters (Glenn and Pugh 2006); (3) changed
distribution of fish, as a result of changes to fish migration routes; and (4) an
increase in the number of potential non-fishing days as a result of predicted
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increases in wind speed and frequency of storms (Allison et al. 2005). These
changes will not always be negative and in some instances, local yields may
increase. For example, Allison and colleagues (2005) project that flooding
will increase fisheries landings in the flood plains of Asia.

At the individual scale, fishers can pursue several options when their
catch declines. These include continuing fishing, stopping fishing either per-
manently or temporarily, changing where they fish, changing the gear they
use, increasing effort to make up for lost catch, reducing costs to increase the
efficiency of fishing operations, and accessing higher value markets. An exam-
ple of the last includes targeting higher value markets, such as the live food fish
or species that are sold in the aquarium trade. These products can fetch sev-
eral times the price of fresh, dried, or frozen fish. A number of examples exist
where fishers use these types of responses to deal with declining stocks. For
example, in Lake Tanganyika, declines in yield and conflict have driven many
fishers to utilize other lakes, including Lake Victoria (Allison et al. 2005).

Responses to higher variability in catch and markets can include tech-
nological improvements to provide fishers with information about fish loca-
tions, markets, prices, availability, product options, and navigation (FAO
2007). Improved communications will also be critical in reducing risks
associated with increased weather variability and storms by providing early
warning systems and timely weather forecasts (Allison et al. 2007). Responses
to increased variability may also include diversifying livelihood portfolios to
include non-fishing supplementary income and the development of insur-
ance schemes or rotational credit arrangements to help attenuate variability.
Adaptations that allow fishers to diversify their target species or their mar-
kets, including live food and aquarium fish trade, export fillets, local fresh
consumption, and dried fish, may also help them to navigate the volatility of
price fluctuations.

CHANGING DISTRIBUTION OF FISH STOCKS

Climate change will result in changes to the distribution of some fish stocks
(Glantz 1992, Stenseth et al. 2002, Cheung et al. 2010). For example, tuna stocks
in the western Pacific are likely to shift east in response to projected shifts
in ocean temperatures, having profound effects on household and national-
level revenues (Aaheim and Sygna 2000). Obviously, changing distributions
will have variable effects. For example, Glantz (1992) noted that in the United
States following an El Nino southern oscillation (ENSO) event, catches of
salmon declined dramatically in California, Oregon, and Washington, but
increased in Alaska.

Adaptations to deal with changing distribution of fish will primarily
include relocating fishing activities, and this involves either migration or
increasing the range of fishers. Geographers tend to categorize the reasons
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for migration into two broad types: “push factors” and “pull factors” (Adger
2000, Cinner 2009). Push factors can include deleterious conditions in the
migrant’s former home, such as population pressures, poverty, and resource
scarcity. Pull factors relate to the attractiveness of a new location, including
economic opportunity and marriage. Negative effects of climate change to
some areas, particularly those that are already marginal, are likely to be a
push factor that drives people to new areas. This is likely to result in an influx
of new fishers to certain areas.

Changes in or disruptions to other economic sectors, such as agriculture
and tourism, may also promote migration into fisheries. Push factors such
as resource scarcity have been cited as the cause of “roving-bandit” migrants
who decimate resources and then serially move on to new locations (Kramer
et al. 2002, Berkes et al. 2006). As migrants shift to new areas or new fisher-
ies, their desire to use near-shore fishing grounds is likely to become highly
contested. These mobile roving-bandit fishers are already considered a glob-
ally significant problem for fisheries management (Berkes et al. 2006). Thus,
adaptations to deal with climate change are likely to create secondary effects,
such as increased pressures on resources in some locations.

Climate change adaptation measures may run contrary to some fisheries
management goals that aim to localize fisheries through promoting prop-
erty rights. In Kenya and Chile, recent legislation provides a form of property
rights to coastal fishers essentially restricting their ability to fish in distant
fishing grounds and simultaneously providing incentives for stewardship of
local resources (Gelcich et al. 2008a, Signa and Tuda 2008). In Madagascar,
only fishers in villages adjacent to marine park boundaries are allowed to
fish in the park’s multiple-use zones (Cinner et al. 2009b). But these fisheries
management measures that seek to localize fisheries may undermine peo-
ple’s ability to respond adaptively to climate change by migrating. Allison and
colleagues (2007) note that fishers in Lake Chilwa, Malawi, coped with con-
tinually fluctuating lake levels by adopting diverse livelihood strategies that
incorporated migration. Yet policies designed to improve their welfare were
actually eroding their adaptive capacity by requiring fishers to be full-time
residents in order to access the fishery, thereby eliminating the adaptation
created by mobility.

INFRASTRUCTURE

Rapid climate change and associated sea-level rise, cyclonic activity, and
storm surge will increase the damage to critical fisheries infrastructure,
including wharfs, shipyards, roads, and transportation networks. The
increased frequency of extreme events may also result in increased loss of or
damage to gear, such as nets, traps, and long lines. For example, hurricanes
in the Caribbean have destroyed or damaged up to 34% of the fishing fleet
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in Antigua and Barbuda, cost $1.2 million in lost gear in Belize, and caused
Jamaican fishermen to lose 90% of their fishing traps (Allison et al. 2005).

Adaptations such as coastal protection, modification, and relocation from
high- to low-risk areas and coastal planning that avoids construction in high-
risk areas will avoid damages and disasters. Solutions that aim to minimize
impacts on the agricultural sector by flood control may be detrimental to
fisheries (Allison et al. 2005). Adopting integrated coastal zone management
that maintains or restores wetlands, vegetation in catchment areas, and man-
groves can also address flooding and coastal erosion issues without adverse
effects on fisheries. In some cases, these integrated coastal management adap-
tations improve livelihoods by increasing harvests of invertebrates, such as
crabs and mollusks (Allison et al. 2007).

HUMAN HEALTH AND SAFETY

More variable weather patterns and the need for some fishers to travel far-
ther to follow changing fish distributions will influence the health and safety
of fishers and coastal communities. Disease outbreaks such as malaria and
cholera and increased incidents of shellfish poisoning resulting from tem-
perature-dependent phytoplankton blooms are also expected (Allison et al.
2005, Baschieri and Kovats 2010). Adaptations to deal with increased risks
to human safety and health will include investments in health care; disease
prevention, such as mosquito net distribution; safer boats; and technology.
Fisher safety can be improved when information and communication tech-
nologies, such as location devices, navigation equipment, and weather warn-
ing systems, are fitted to existing networks, including mobile phones. Remote
sensing data and early warning systems on temperature and rainfall condi-
tions can be combined with communication networks to identify and verify
conditions that may foster disease outbreaks, such as malaria, and identify
phytoplankton blooms that can cause shellfish poisoning.

MARKETS

Climate change is likely to change fisheries markets profoundly (Macfayden
and Allison 2009). In addition to changes in fisheries distribution, abun-
dance, and composition, high fuel prices as a result of regulating carbon
emissions, diminishing fossil fuel supplies, and a reduction of fuel subsidies
will change the profitability of offshore fishing. Increased travel and move-
ment of processing infrastructure needed to follow changes in fish distribu-
tions and production are expected to increase the costs and amount of fuel
and ice consumed (Allison et al. 2005). Increased climate disturbances, such
as cyclones, will more frequently disrupt fish market supplies and logistics.
These factors combined with a higher demand for healthy protein and both
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population growth and affluence will increase demand and costs consider-
ably beyond the natural productivity of the marine ecosystems.

Changes to fisheries markets will be complex and unpredictable. Rising
fuel costs will potentially lower the profitability of many fishing operations.
In addition, expected increases in demand for fish and reduced supplies will
likely result in higher prices. Globalized markets will mean that reduced sup-
plies of one species in one location will increase prices for similar species in
other locations (Daw et al. 2009). Adaptations to deal with changing markets
will include improved information technologies that will provide fishers with
real-time information about prices, availability, the distribution and abun-
dance of fish, and other aspects of global markets. Fishers may also respond
to changes or shocks in the market by diversifying their livelihoods into non-
fisheries sectors.

CLIMATE CHANGE-DRIVEN POLICIES

Many of the biggest climate-related changes to fisheries will come from poli-
cies that seek to protect resources from climate change shocks. For example,
in 2004, the Great Barrier Reef Marine Park authority expanded the propor-
tion of no-take fisheries closures from roughly 5% to 33% of the barrier reef.
Climate change concerns largely drove this policy because fishing is predicted
to make these reefs less resilient to climate disturbances. Additionally, the
models used by fisheries managers are likely to start incorporating climate
change elements, such as risk and exposure (Grafton 2010). Consequently,
fishers may find themselves increasingly dealing with policies that require
them to adapt, including more no-take areas, fisheries buy-outs, and restric-
tions on gear targeting climate-sensitive species (Chapter 10).

Fisher Responses to Reduced Yield

Dealing with climate change will require new adaptations as well as an
improved understanding of existing capacities, knowledge, and practices of
adapting to change (Coulthard 2008). Understanding how fishers respond
to disturbances is important for fisheries management and for insights into
their potential response to changing catches associated with climate change.
Fishers’ responses to hypothetical change are one way to better understand
their behavior and coping mechanisms, despite the limitations set by evaluat-
ing hypothetical scenarios. A study of coastal fishers from 29 different fishing
communities in the WIO asked fishers how they would respond to four hypo-
thetical scenarios of sustained declines of 10%, 20%, 30%, and 50% in their
catch (adapted from McClanahan et al. 2008b, Cinner et al. 2009e). Fishers’
decisions to continue, adapt, or stop fishing depended, in part, on the severity
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of the disturbance. Predictably, across countries, small disturbances elicited
either no response or a small one, whereas fishers are much more likely to
respond to larger disturbances (Fig. 7.1).

Interestingly, certain responses tend to dominate in specific countries.
These different responses may reflect broad cultural preferences; economic
conditions, such as access to technologies or alternative occupations; nation-
al-scale governance issues, such as whether state policies are enabling or
constraining certain adaptation options; or geographic issues including the
availability or extent of reef or key fishing areas. For example, the dominant
response in the Seychelles was to move location. The Seychelles has a large
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FIGURE 7.1 Fishers’ responses to four hypothetical scenarios of declining catch rates (10%,
20%, 30%, and 50%). Results from Kenya, Tanzania, Madagascar, Seychelles, and Mauritius
were examined separately.

Source: Adapted from Cinner and colleagues (2009a) and (in press).
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plateau with abundant fishing grounds and Seychellois fishers tend to have
boats with engines (Cinner et al. 2009c). The Seychellois response strategy
reflects their high degree of spatial mobility. In Madagascar, the most fre-
quent responses were to temporarily reduce effort. The relative abundance
of land for agricultural activities and the high number of household jobs in
this country could explain this choice (Cinner et al. 2009b). Interestingly,
Mauritian fishers preferred the option of fishing harder, which may reflect
their small reef area, low mobility, and fewer household jobs. Responses were
clearly context specific and suggest that efforts to increase the adaptive capac-
ity of fishers must recognize this context.

Constraints to Adaptation

Country-level analyses provide important big-picture trends but they can
miss the considerable heterogeneity and individual choices that characterizes
fishers’ or investor behaviors (Wilen 2004). For small-scale fishers, household
socioeconomic conditions can play an important role in influencing their
choices and potential adaptation (Coulthard 2008, Cinner et al. 2009¢). A
closer look at Kenyan fishers in the survey cited earlier shows that fishers who
remained in a declining fishery were poor and lacked alternative occupations
(Fig. 7.2; Cinner et al. 2009e). In this example, flexibility and assets were two

From Kenya only (n=163)
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FIGURE 7.2 The relationship between wealth (divided into the wealthiest, middle income, and
poorest), the number of household occupations, and probability that fishers would exit the
fishery in response to a 50% catch decline. The points show the actual data and lines show the
relationships from a binomial logistic regression.

Source: Cinner and colleagues (2009a).
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key aspects of adaptive capacity that influenced fishers’ choices of how they
thought they would respond to a declining fishery. A study of entry and exit
from the Lake Victoria fishery also emphasized the role of flexibility, con-
cluding that many continued fishing because of a lack of livelihood alterna-
tives, or economic inflexibility (Ikiara and Odink 2000).

The role of both flexibility and assets in how people can cope with change
is highlighted in a broad body of literature on “poverty traps,” which are situ-
ations in which poor people are unable to amass suflicient resources to over-
come shocks, such as natural disasters, or chronic low-income situations, such
as a gradual decline in the fishery (Dasgupta 1997, Adato et al. 2006, Carter
and Barrett 2006). Consequently, they are trapped in stable or increasing pov-
erty because social exclusion and a lack of access to cash and credit prevents
them from accessing higher income livelihoods (Dasgupta 1997, Adato et al.
2006, Carter and Barrett 2006).

Inapoverty trap, the poor protect their few assets and are forced to choose
livelihood strategies with low and short-term returns - even investments with
declining returns (Dasgupta 1997, Barrett et al. 2006b). Poverty traps can also
be reinforced because the poor are unable to take high-return risks that are
more available to the wealthy (Barrett et al. 2006b). In a field study, Barrett
and colleagues (2006b) found that the poor pursue lower risk livelihood strat-
egies than wealthy households in both rural Kenya and Madagascar. The con-
strained flexibility of the poor makes them less able to adapt, but some of the
mechanisms to escape this situation will be discussed in Chapter 9.

Maladaptations in Social-Ecological Systems

Certain adaptations are frequently viewed as positive because they help peo-
ple to immediately cope with change, but they may have longer term ecolog-
ical effects that erode the resilience of the wider social-ecological system. For
example, the willingness and ability of fishers facing a decline in fisheries
yields to choose a particular option can have direct effects on fish stocks.
Adaptations to declining local stocks of marine resources, such as chang-
ing fishing grounds, using different gear, and fishing harder, have the poten-
tial to amplify the depletion of marine resources, particularly when many
fishers respond the same way. Alternatively, reducing effort or stopping fish-
ing reduces pressure on marine resources and allows fish stocks to recover
(Cinner et al. 2011). Adaptations and adaptive capacity viewed from a long-
term social-ecological system perspective may be different from adaptive
capacity viewed from a purely individual or short-term social perspective.
An example of hypothetical responses to changes in the fishery, given by
Tanzanian fishermen, illustrates how fishers’ responses to declining yields
have the potential to amplify a declining fishery (Cinner et al. 2011). As

07_McClanahanCinner_Ch07.indd Sec1:97 @ 8/31/2011 11:23:50 PM



OUP UNCORRECTED PROOF - FIRST-PROOF, 08/31/1,1, NEWGEN

@

98 Adapting to a Changing Environment

described earlier, responses fall into three categories: dampening, amplifying,
and continuing without change. Presented with a hypothetical 50% reduction
in catch, slightly less than a third of Tanzanian fishers were likely continue
without changes, a third would use dampening, and slightly more than a third
would use amplifying responses (Fig. 7.3). Two factors would likely contribute
to a general ratcheting-up effect on the fishery. First, about half of the fishers
who planned to employ a dampening response with a 50% reduction in catch
would first try an amplifying response with lower (10%, 20%, and 30%) catch
reductions. Second, fishers who would employ a dampening response would
do so by taking a temporary break from fishing while engaging in another
occupation but would start fishing again when stocks recovered. Many of the
fishers who would use an amplifying response planned to add fishing capital,
such as increased nets or traps during the period when catch was declining.
This capital investment is likely to stay in the fishery. Thus, while responses
that reduced effort were short term, responses that increased the intensity of
the responses were longer term. This leads to difficulties in reducing effort
and increasing stocks to a point where they can provide ecological resilience
(Chapter 5).

Conclusions

Thus far, this book has laid out the key issues surrounding climate change in
the western Indian Ocean area. It has explored the history of climate change,
where it is likely to have the largest effects, how these effects are likely to
influence both coastal ecosystems and societies, and the ways that people can
adapt to these changes. This chapter highlighted the mechanisms whereby

34% 31%

O Continue
M Reinforcing
0O Dampening

35% E]
FIGURE 7.3 Tanzanian fishers’ responses to a 50% decline in catch. Fishers’ responses include
these: continue fishing, reinforcing adaptation (such as changing fishing ground, switching
gear, and fishing harder), and dampening adaptations (including reducing effort and stopping
fishing).

Source: Adapted from Cinner et al. (in press).
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climate change will affect coastal societies and described the range of poten-
tial options fishers have for dealing with the various changes. Importantly, we
saw how mobilizing these various options will depend on the adaptive capac-
ity of individual fishers and the broader society. In cases such as the poverty
trap in the Kenyan fishery illustration, fishers are unable to mobilize the nec-
essary flexibility and assets to effectively adapt to change. In other cases, such
as the Tanzanian example, these adaptations may create further stresses on
the ecosystem that can erode its resilience. The following chapter develops
the framework briefly introduced in Chapter 1 whereby key oceanographic,
ecological, and social themes are integrated; the specific aspects of building
adaptive capacity are discussed in Chapter 9.
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Linking Social, Ecological, and
Environmental Systems

The impacts of climate change in the western Indian Ocean (WIO) will be
variable for both the marine ecosystems and the people that depend on them.
Previous chapters described this variability and how it is influenced by the
ocean environment that creates differing levels of exposure to heat stress and
coral bleaching, the ecosystems, and the vulnerability of human communi-
ties. This variability, while complicating our understanding of its impacts,
provides information that is critical for informing climate change policies
and for developing appropriate human responses with the greatest chance of
reducing ecological degradation and human suffering.

The heuristic framework we introduced in Chapter 1 to propose man-
agement actions based on specific combinations of social adaptive capacity,
ecosystem status, and exposure to climate change is further developed here
(Fig. 1.1). Quite simply, we consider each of these as a separate axis. When
viewed simultaneously, the three axes form our framework, which creates a
conceptual map or site niche. Based on a site’s specific social, ecological, and
environmental conditions, its location on this framework can be plotted.
Specific combinations of social, ecological, and environmental conditions
call for different strategies to confront the climate challenge. So knowing a
site’s “location” can provide some basic “directions” for how to get to or stay
in more desirable place. We consider the most desirable location, or social-
ecological state, to be one with low stressful environmental exposures, high
social adaptive capacity, and an ecosystem that is able to provide impor-
tant goods and services. As we shall see, the ways that societies can achieve
this balance depends critically on the level of exposure to climate change
disturbances.

Incorporating these social, environmental, and ecological dimensions
into climate change planning can assist NGOs, management agencies, and
donors to develop policy and management options that are more respon-
sive to and reflective of local circumstances. We believe these more nuanced
policies will have a better chance of being successfully implemented and
adopted. Nevertheless, these three dimensions of environmental, ecological,
and socioeconomic conditions are rarely considered together. For example,

100  spatial differences in the status of ecosystems are frequently used to develop
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conservation and management priorities (Myers et al. 2000, Clark et al.
2001). However, this approach generally makes decisions based primarily
on assumptions of environmental and ecological diversity and stability and
either ignores or lightly weighs socioeconomic considerations.

We consider decisions based on these assumptions to be unrealistic, par-
ticularly given the risks imposed by climate change and the heterogeneous
behavior of people. In some cases, two of these conditions have been simul-
taneously considered; for example, modeling payoffs for protecting high
and low susceptibility sites based on their ecological conditions (Game et al.
2008b). This modeling approach advanced natural resource management
theory by explicitly including climate risks, but it still did not evaluate the
socioeconomic conditions that strongly influence the possibilities for man-
agement interventions. Social adaptive capacity is a critical consideration in
the context of climate change adaptation and resource management because
itis indicative of people’s potential to act and adapt to change and take advan-
tage of new opportunities.

In this chapter, we use a detailed regional case study of 29 coastal com-
munities and associated reef systems across five WIO countries (Fig. 8.1) to
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FIGURE 8.1 Map of study sites used in applying the framework across Kenya, Tanzania,
Madagascar, Seychelles, and Mauritius.
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illustrate how a measurable and normalized scale for each system (social, eco-
logical, and environmental) can be developed and then plotted together to
help inform adaptation and management strategies. Our case study and the
indicators we use are specific to coral reef social-ecological systems and to
the climate change threat of coral bleaching, but the general approach and
framework are widely applicable to a broad range of systems and scales. The
chapter has four parts: (1) development of a social adaptive capacity scale,
(2) development of a scale of ecological conditions, (3) development of a scale
of environmental exposure, and (4) operationalizing the framework with our
regional case study. The following two chapters highlight specific strategies
for moving systems along the social and ecological scales.

Social Adaptive Capacity Axis

As discussed in Chapter 6, we consider adaptive capacity a latent trait, which
refers to the conditions that enable people to anticipate and respond to changes,
minimize and recover from the consequences of change, and take advantage
of new opportunities. Indices of social adaptive capacity to climate change
impacts on fisheries have been developed on both the global and WIO regional
scales (Adger and Vincent 2005, McClanahan et al. 2008b, Allison et al. 2009).
For our study region, we conducted village-scale assessments of adaptive capac-
ity across five WIO countries (Kenya, Tanzania, Madagascar, Seychelles, and
Mauritius) to examine general patterns in a community’s ability to anticipate
and adapt to changes in coral reef ecosystems (McClanahan et al. 2008b). The
assessment was based on a socioeconomic survey of over 1,500 households.

A panel of international and regional social scientists developed eight
indicators we felt were reflective of adaptive capacity in the cultural context
of the WIO. These were (1) recognition of causal agents impacting marine
resources, measured by content organizing responses to open-ended ques-
tions about what could impact the number of fish in the sea; (2) capacity to
anticipate change and to develop strategies to respond, measured by content
organizing responses to open-ended questions relating to a hypothetical 50%
decline in fish catch; (3) occupational mobility, indicated by whether respon-
dents had changed jobs in the past five years and preferred their current
occupation; (4) occupational multiplicity, recorded as the total number of
person-jobs in the household; (5) social capital, measured as the total number
of community groups to which the respondent belonged; (6) material assets,
a material style of life indicator measured by respondents’ answers to ques-
tions about 15 material possessions such as vehicle, access to electricity, and
the type of wall, roof, and floor of the respondent’s dwelling; (7) technology,
measured by the diversity of fishing gear used; and (8) infrastructure, mea-
sured by scaling 20 infrastructure items, such as hard-top roads, schools, and
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medical clinics (McClanahan et al. 2008b). Each of these eight indicators was
normalized on a scale of 0-1.

The Analytic Hierarchy Process (AHP) methodology was used to aggre-
gate the eight indicators into a scale of adaptive capacity. Ten researchers
weighted each indicator based on its perceived importance to social adaptive
capacity. An average of the researchers” weightings was used to calculate an
adaptive capacity score for each community. The adaptive capacity for each
site was calculated as follows:

Adaptive capacity = Recognition of causality x 0.10 + Change
anticipation x 0.11 + Occupational mobility
x 0.11 + Occupational multiplicity x 0.19 + Social
capital x 0.10 + Material assets x 0.15 + Technology
x 0.13 + Infrastructure x 0.12

Together, these indicators create an index that reflects people’s ability to
adapt to and take advantage of changes in coral reef resources. Importantly,
these changes could be due to climate-related events, such as coral mortality,
or changes to resource use resulting from policies, such as the closure of fish-
eries. A lower score on this index means people are more likely to be detri-
mentally affected by change.

Results of the adaptive capacity assessment indicate that communities in
Kenya, Tanzania, and particularly Madagascar have the lowest aggregate scales of
adaptive capacity and are likely to struggle with disruptions to the flow of ecosys-
tem goods and services provided by coral reefs (Fig. 8.2). Despite broad national-
level trends in adaptive capacity, there is a considerable spread within countries.
For example, one site in Madagascar (Sahasoa) has higher adaptive capacity than
many sites in Kenya, Tanzania, and even two Mauritian sites. Urbanized areas
with higher levels of wealth and infrastructure also had higher levels of adaptive
capacity. For example, despite lower national-level development rankings, such
as the human development index (discussed in Chapter 6), the peri-urban sites in
Kenya and Tanzania have similar adaptive capacity to some sites in the Seychelles
and higher adaptive capacity than several Mauritian sites.

The intra-country heterogeneity suggests the need to consider adaptation
policies within countries to account for differences in how specific communi-
ties can anticipate and cope with ecological changes. Importantly, there were
a couple of sites (such as Sahasoa in Madagascar and Utange in Kenya) where
there were data on adaptive capacity but no ecological data. Thus, we pre-
sented these to demonstrate the spread in adaptive capacity within countries,
but a few sites will be absent in subsequent analyses, a situation that conse-
quently tends to homogenize the within-country adaptive capacity.

Creating this additive and weighted measure of adaptive capacity is a
first step in the development and testing of a local-scale measure of adaptive
capacity. In the future it will be important to (1) test this measure against
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Source: McClanahan and colleagues (2008d).

actual responses to disturbance; (2) determine whether there are thresholds—
for example, if one specific component of adaptive capacity is extremely low
whether this will this negate other aspects of adaptive capacity that are high;
(3) test whether certain combinations of components are multiplicative (syn-
ergistic) or subtractive (antagonistic), rather than additive; and (4) better
understand how national-scale issues, such as governance, influence this
local-scale adaptive capacity.

Ecological Condition Axis

Like social systems, ecosystems are complex. Despite this complexity, indi-
cators are frequently used to evaluate ecological conditions. For coral reefs,
these are usually composed of key benthic cover elements, such as calcify-
ing corals and algae, fish abundance, and the diversity of both groups. Many
of these indicators are, of course, inter-related. The ecological component of
our three-scale framework is composed of two fish and two coral indicators,
which together provide critical information about the level of disturbance at
a particular site.

Fish biomass and diversity are expected to be among the best indicators of
fishing intensity or recovery after a reefis closed for fishing (McClanahan et al.
2009¢). Fish biomass, which is the weight wet per unit area, has been shown to
be a key variable for determining local status that is sensitive to management
and human use (Fig. 5.3; Cinner et al. 2009c¢). Fish biomass was calculated from
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standard field censuses in which the weights of all fish greater than 10 cm (fish
large enough to be captured) were summed and put on a common area (i.e.,
hectare) basis. The number of fish species per 500 m? was used for four com-
mon and easily counted families: butterflyfish, parrotfish, surgeonfish, and
wrasses. These families respond differently to fishing, habitat changes, and
coral mortality; therefore, they represent both total diversity of the fish fauna
and changes to disturbances (Wilson et al. 2006, Allen 2008).

The coral variables used to develop this axis were coral cover and the coral
communities’ susceptibility to bleaching. Coral cover is a frequently used indi-
cator associated with local management (Selig and Bruno 2010) and larger scale
disturbances, including temperature anomalies and coral bleaching (Graham
et al. 2008b). The cover of live hard coral is expected to reflect mortality and
recovery from coral bleaching, so sites with high coral cover are considered
more pristine than those with low cover. The susceptibility measure is based
on a large numbers of observations of bleaching among common corals during
warm periods (McClanahan et al. 2007a). A site’s bleaching susceptibility index
is based on the relative density of each coral genus multiplied by the genus-
specific response to bleaching and this taxa-specific response was summed
across all taxa at the site to get a site metric (McClanahan et al. 2007a).

There are large differences in the response of coral taxa to warm water,
and these differences are reflected in this susceptibility measure, showing that
sites with low susceptibility are dominated by taxa tolerant of temperature
anomalies, and vice versa. Coral reefs with high susceptibility indices have
usually not experienced strong bleaching events, or they may have recovered
quickly from these events. A more susceptible community has, in principle,
been undisturbed by temperature anomalies and is composed of corals sensi-
tive to climate and temperature disturbances, and therefore, is more pristine.

Similar to the social adaptive capacity as measure described, the two coral
and two fish variables were normalized and then each variable was weighted
based on expert knowledge of their sensitivity to or recovery from disturbance.
The values were then combined into a common metric using the weighting
technique explained earlier, which provides a o-1 scale of ecological conditions
for each site (Fig. 8.3). Different indices were explored and it was concluded that
an index could be weighted toward corals, when primarily climate disturbances
were being examined, and toward fish, when the focus was primarily local fish-
eries management disturbances (McClanahan et al. 2009d). The equation pre-
sented here is the one used for the coral weighted metric where

Ecological conditions = coral bleaching susceptibility index x 0.35
+ coral cover x 0.35 + fish species richness
x 0.19 + fish biomass x 0.10

Sites had considerable scatter along the ecological condition axis, but only
nine of the 29 sites had values solidly above 0.5, most of which were fisheries
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communities where adaptive capacity was estimated.
Source: Adapted from McClanahan et al. (2009b).

closures with high coral cover, fish biomass, and numbers of species. The
two sites with the highest values, however, were fished sites in Mauritius and
Madagascar, which had coral communities with high coral cover and suscep-
tibility. Sites with low values included fished sites in Kenya and Tanzania and
all sites in the Seychelles, where reefs have been badly damaged by tempera-
ture anomalies.

Environmental Exposure

The risk of exposure to environmental disturbances provides critical infor-
mation about the potential persistence of ecosystems under rapid climate
change. Determining exactly when and where specific climate change impacts
will occur is impossible, but there is information that can help to predict the
probability and risk of a location’s exposure to certain types of events. As
described in Chapter 4, a number of oceanographic and environmental con-
ditions can influence whether a site is likely to be bleached. These conditions,
which are generally observable from satellite data, include sea-surface tem-
perature (SST), maximum SST, the slope or rise of SST, ultraviolet radiation,
wind speed, chlorophyll concentrations in seawater, photosynthetically active
radiation, and zonal and meridional currents (Fig.3.5). Additionally, obser-
vations of coral bleaching have been consistently compiled throughout the
regions (Fig. 4.7).

Combining this information allows us to map the exposure for corals and
other organisms based on the known relationships between environmental
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variables and coral bleaching and the site-specific historical data on the
oceanographic environment. The assumption of the model is that although
the environment exhibits moderate inter-annual variability, there are pre-
dictable oceanographic patterns that influence rates of change and probabil-
ity of extreme climate events (Webster et al. 2005, Baettig et al. 2007). If so,
then stress models based on past histories can make useful predictions about
future exposure and environmental risk. A model developed by Maina and
colleagues (2008) weightgu1 environmental variables described in Chapter 4
by their effect in increasing or reducing bleaching. It then combines all vari-
ables in the WIO to produce a map of exposure to bleaching (Fig. 8.4).

The map shows that the high exposure areas are in the north-central
Indian Ocean, where most of the damaged and ecologically transformed reefs
occurred (Ateweberhan and McClanahan 2010). From southern Kenya along
the coastline there is an area of moderate exposure that still contains less
disturbed or transformed reefs as well as the reefs from South Africa, eastern
Madagascar, and Mauritius, which are predicted to have among the lowest
exposures for the region. The Mozambique Channel and north is more vari-
able ranging from moderate to high exposure.

40°0'0"E 60°0'0"E
1 1

& .D -

10°0°0”"N
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1
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FIGURE 8.4 Map of the environmental stress model based on observed relationships and

strengths of the environmental variables in Figure 4.3 and bleaching where values are weighted
based on measured effects.
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Applying the framework

Of these three important considerations, only the social and ecological
can be influenced by local actions. Ecological conditions can be degraded
through abuses, including overfishing, or improved through management
that reduces disturbances. Likewise, social adaptive capacity is something
that can be built or eroded in a society. Interventions that can build adaptive
capacity and ecosystem conditions are discussed in more detail in Chapters
9 and 10, respectively. Conversely, exposure to the effects of coral bleaching is
based on factors such as oceanographic conditions, sea-surface temperature,
and wind speed—variables that are not locally manageable. Of course, expo-
sure can be influenced by global-scale actions such as reducing greenhouse
gas emissions, which is the basis for the various global mitigation strategies,
such as the Kyoto and Copenhagen agreements, but mitigation is a long-term
program that goes beyond the scope of this book.

Here, we simplify the heuristic framework from Chapter 1 to provide a
focus on the two components that can be locally influenced: adaptive capac-
ity and ecosystem condition (Fig. 8.5). This creates four domains or quadrants
of broad policy and actions. Plotting coastal communities in the WIO along

1.00 T
* Reorganize ! * Transformand
* BuildACand comply ; adaptively manage Madagascar
i * Preserve and enforce Mauritius
0.80 -
Tanzania
lo) Kenya
0.60 . . . Seychelles

Fishery closure
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...... gﬁ@.@
0.40 A (J 0o 15“
@ o 5
| |
0.20
* Relief O

« Ecosystemrecovery & : * Experiment&adapt
build AC ! * Protect& recover

Coral condition
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O0Co+@000@

High exposure
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FIGURE 8.5 Scatter plots of the social adaptive capacity (AC) and ecological condition
(weighted toward corals) scores for the 29 study communities. Broad adaptation goals will
differ based on the intersection of AC and ecological conditions, creating four quadrants of
influence. The level of exposure will influence more specific strategies. Specific adaptation
strategies for low exposure sites are indicated in gray text and those for high exposure sites
are indicated in bla%} The size of the bubbles indicates the site’s exposure: small = low
exposure and large =*high exposure.
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gradients of ecosystem condition and adaptive capacity indicates that these
sites were scattered across all four quadrants.

Critically, more specific strategies also need to also be informed by the
level of environmental exposure. In Figure 8.5, the level of exposure at a site
is represented by the size of the bubble, corresponding to the level or expo-
sure—larger means a higher level of exposure—and the specific strategies
for high and low exposure sites are represented by the black an y bullet
points, respectively. We separated study sites into the highest, infermediate,
and lowest thirds of exposure values. Mauritius and eastern Madagascar had
the lowest exposure, Tanzania had moderate exposure (except one site), and
Kenya, the Seychelles, and western Madagascar had high exposure levels.

These differing levels of exposure and the ecological and adaptive capacity
components have important implications for resource management. Even local-
scale management can be informed by these exposure gradients. For example,
some reefs in the high exposure areas will be damaged by climate regardless
of successful management (Graham et al. 2008b). Sites with high exposure
would, therefore, be poor targets for preservationist conservation activities that
depend for their funding on consistent ecosystem quality to attract tourists.
Reduced income from tourism after a bleaching event could potentially reduce
the income needed for enforcement during the time that ecosystems are recov-
ering and need the most protection. Supplemental funding would be needed to
manage protected areas in these regions after bleaching mortality.

Protected area management that relies on user fees for management
financing may need to target areas with low environmental exposure. Payofts
from conserving sites with high or low susceptibility depend on broader eco-
system conditions and recovery rates. In the western Indian Ocean, ecosys-
tem conditions outside protected areas are generally degraded and often will
not recover to undisturbed conditions. Therefore, an inference from previ-
ously discussed models is that payoffs for conservation will be greatest when
protection is concentrated in low exposure areas and preferably among sites
with high connectivity (Game et al. 2008b, Baskett et al. 2010).

None of the WIO study sites fall within the upper right quadrant with
high adaptive capacity and good resource condition—the more desirable
quadrant (Fig. 8.5). However, a number of sites border it. Importantly, sites are
scaled along gradients of environmental, ecological, and social conditions.
The quadrants in Figure 8.5 are guides to inform the types of policy actions
that may best reflect local conditions. It is critical to note that the borders
between the quadrants should not be viewed as distinct thresholds. Sites bor-
dering a quadrant may require a combination of policy actions.

Most of the sites bordering this upper right quadrant are from Mauritius,
but two fisheries closures from Kenya are also nearby. The Mauritius sites
have low exposure, suggesting that these reefs are unlikely to be severely
impacted by bleaching. Here, the resource should be more predictable and
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can be sustainably exploited with less risk of devastation from coral bleach-
ing. However, this is also where the chances of maintaining an intact ecosys-
tem and fishery are high and where we would propose strong restrictions on
fishing effort and gear, and maintenance of high water-quality standards and
large closures. Strong management is proposed because resource users are
more likely to adapt and conservation will likely provide consistent benefits
and revenue when the value of an intact ecosystem to tourism and national
posterity is expected to be high.

The two high-exposure fisheries closures from Kenya bordering this top
right quadrant will likely be degraded by climate change, as happened in the
high-exposure sites in the Seychelles following the 1998 coral bleaching event.
Our framework suggests that these areas will need to transform toward adap-
tive ecosystem management and lower societal dependence on these reefs.
Supplemental funding mechanisms may be required to help manage these
parks after bleaching events, which may decrease tourist satisfaction, num-
bers, and associated revenue. Likewise, the benefits local communities receive
from the closure, such as increased income from fishing and tourism, will
be expected to diminish over time in response to severe bleaching events
(Westmacott et al. 2000a, Westmacott et al. 2000b, Graham et al. 2007).
Consequently, the social-ecological system may need to transform away from
dependence on these two fragile sectors. Adaptive management will be key
to maximizing opportunities in both of these sectors (Chapter 9). Adaptive
management will be critical in this sector to understand and respond to eco-
system change. Fishing methods outside parks should avoid fishing gear that
targets species considered key to the recovery of coral reefs (Cinner et al.
2009a)—a strategy described in more detail in Chapter 10.

Sites in or bordering the low ecosystem condition but high-adaptive
capacity state (bottom right quadrant in Fig. 8.5) have a mix of exposure
values, suggesting that different strategies will be required to navigate the
transition to improved ecosystem condition. Sites in the Seychelles are all in
or nearby this bottom right quadrant. In these sites, improving ecosystem
condition is a primary goal but must be done without undermining liveli-
hoods or reducing adaptive capacity, which would be counter-productive. In
the Seychelles, where exposure values are high, the road to recovery will be
consistently set back by climatic events. Thus, integrating conservation with
enterprises, such as eco-tourism, will be troubled by global competition with
sites having lower exposure and better ecological conditions. High levels of
exposure mean that improving ecosystem conditions may require experi-
mentation and ecosystem engineering—activities that require high adaptive
capacity but may ultimately inform and fuel innovations in other quadrants.
Improving environmental conditions is expected to require harnessing fish-
ers’ capacity to adapt—for example, by sensibly shifting fishing capacity away
from reefs to offshore pelagic resources. Additionally, here is where active
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ecosystem engineering may be experimentally used to facilitate ecosystem
recovery.

Alternatively, Mauritian sites bordering this quadrant have low exposure
and are most likely to be able to sustain reef quality in the long run if effective
management policies are implemented. Here, fisheries closures or gear man-
agement strategies that integrate elements of tourism are most likely to work
ecologically if compliance is good. Due to low exposure and high adaptive
capacity values, Mauritius should be considered a high priority for conserva-
tion. Mauritius currently protects only 0.9% of its 870 km? of reefs from fish-
ing; existing closures are small and lack effective enforcement, as evidenced
by one closure site having lower resource conditions than control sites. To
rectify this, Mauritians should seek to achieve greater ecosystem protection.
As reefs with higher exposure become degraded, a highly effective system of
fisheries closures in Mauritius could be a very significant tourist draw, pro-
viding considerable foreign exchange.

A number of sites in Kenya, Madagascar, and Tanzania fall solidly in the
bottom left of our framework with both low adaptive capacity and poor eco-
system conditions. Here, the overall goals are to build adaptive capacity and
resource conditions, but recommendations for doing so vary depending on
levels of exposure. The policy recommendation is to build adaptive capacity
and promote the recovery of resources where exposure is low. In this quad-
rant, only eastern Madagascar and Mauritius sites have low environmental
exposure where extensive ecosystem recovery is most likely. In the Kenyan
and Tanzanian sites, which have higher exposure, efforts to build adaptive
capacity and ecosystem conditions will be challenged by climatic events. In
these sites, relief efforts may be needed, particularly where changes to marine
ecosystems coincide with changes in terrestrial ecosystems, such as decreased
rainfall (Funk et al. 2008) y warning systems may be used to help prevent
climatic events such as bleaching or drought from forcing people into poverty
traps. Participation in the fishery will need to be balanced with other eco-
nomic activities, and it is essential that adaptation and development strategies
in these high exposure sites do not increase the dependence of local commu-
nities or industries on the reef-based resources that are at risk. Management
measures such as creating protected areas, that can create profound changes to
the flows of ecosystem goods and services, will be most difficult for resources
users to accept if these users have low adaptive capacity or little ability to har-
ness the benefits of a tourism-based economy. Here, management measures
must focus on techniques with lower social displacement or those that help
build resource users’ social capacity to adapt to a different economy.

Sites in the top-left quadrant with high ecosystem conditions but low adap-
tive capacity are almost all protected areas. The sites in this quadrant displayed
the range of exposure values. Critically, the goods and services that people
obtain from these high-exposure protected areas are at risk from climate change.
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Attempts to build adaptive capacity associated with flows of goods and services,
such as through tourism or sustainable fisheries, are likely to suffer setbacks.
Resource use and management strategies may need to be reorganized to account
for these likely changes. Alternatively one Malagasy site and three Mauritian
sites in this quadrant had low exposure and are likely to provide a more steady
flow of ecosystem goods and services. Here, the focus is on maintaining compli-
ance with protected area management while building adaptive capacity.

Other Applications

The framework previously described is an example of a general approach that
can be applied to a wide range of social-ecological systems, scales, species,
and stressors. For example, metrics of national-scale adaptive capacity to
water stress, agricultural production, and models of projected exposure to
drought could be used to examine national-scale food security in a region
(Tompkins and Adger 2004, Funk et al. 2008). Alternative axes such as social
sensitivity to climate change described in Chapter 6, the strength of gover-
nance systems, and the ability of ecosystems to provide important goods and
services are other examples.

In many cases, investigators will be unable to collect the targeted and
original data and will need to develop indices that are applicable based on the
limits and scale of available data. A study by Allison and colleagues (2009)
on the vulnerability of national fisheries to climate change is an example in
which social and environmental aspects of climate vulnerability are exam-
ined based on widely available national-level data. The state of fisheries man-
agement at the national level is another example showing how the capacity of
nations to manage their fisheries can be examined (Agnew et al. 2009, Alder
et al. 2010). Many of these types of studies, however, lack the interdisciplinary
context and often examine issues at the national scale.

In some cases, the weightings of specific variables may need to be adapted
for particular scales of management. In the example used in this chapter, the
ecosystem was weighted more heavily toward corals because the principal con-
cern was the effects on them of climate change. Alternatively, if one is concerned
with the state of the fisheries, then the fish variables could be given more weight
(McClanahan et al. 2009d). Here, we illustrate this by developing a similar eco-
system condition equation, but with a higher weighting for fish biomass:

Ecological conditions = coral bleaching susceptibility index x o0.20
+ coral cover x 0.12 + fish species richness x 0.20 + fish biomass x 0.49

Plotting coastal communities and reef conditions along this revised gra-
dient of ecosystem condition and adaptive capacity produces some differ-
ences between the two calculations (Fig. 8.6). Most notably, the ecological
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FIGURE 8.6 Scatter plots of the social adaptive capacity and ecological condition (weighted
toward fish metrics) scores for the 29 study communities. The size of the bubbles indicates the
site’s exposure: small = low exposure and large = high exposure.

conditions of Kenyan fishery closures were raised considerably and sites in
Kenyan fished reefs and other countries were often lowered by this metric.
This revised metric, therefore, better reflects the status of fish and local-level
management of the fisheries, compared to the coral-weighted metric. By the
revised metric, a number of sites fall lower on the ecological condition axis
and indicate a greater need to build or improve the site’s fisheries and reef
resources. The two methods combined produce insights into large-scale cli-
mate and smaller scale fisheries disturbances and associated insight useful for
management at these two scales (McClanahan et al. 2009d).

Conclusions

The framework we developed here provides a basis for understanding some
key local contextual conditions and then prioritizing pragmatic local-scale
actions based on an integrated view of environmental exposure, ecosystem
conditions, and human adaptive capacity. We believe that this integrated
regional approach will be more likely to result in successful resource man-
agement in the context of climate change than trial and error, or policies and
actions that place maximum value on either ecosystem protection or pov-
erty alleviation. We also believe that the current emphasis on closing large
fisheries to build ecological resilience and minimize the impacts of climate
change is most likely to be successful in regions where high adaptive capac-
ity and low exposure intersect. Other regions will require more focus on
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creating moderate resource-use restrictions and enhancing adaptive capac-
ity. As described in the following chapter, building adaptive capacity will
require targeted investments in things like governance, social capital, eco-
nomic alternatives to reef-based livelihoods, infrastructure, and education.
These investments move beyond the formulaic “participation” or compen-
sation approaches common in many protected areas (Peters 1998) and will
be a significant shift in how many resource managers and donors approach
management.
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Building Adaptive Capacity

Social adaptation occurs on various scales: some adaptations are undertaken
by individuals or social groups, while others are undertaken by governments
(Adger et al. 2005a). A list of recommendations for climate change adaptation
on national and international scales, developed by the IPCC, includes these:
(1) creating mitigation and adaptation policies, laws, and plans, including
National Adaptation Plans of Action; (2) identifying and restructuring laws
that hinder adaptation, including perverse subsidies; (3) coordinating action
among organizations such as the Food and Agriculture Organization (FAO);
(4) improving governance and transparency; and (5) developing mechanisms
to handle trans-boundary adaptation issues, including regional warning sys-
tems, risk communication, emergency evacuation plans, and water resource
management (Boko et al. 2007). The role of national- and international-level
action is critical, as are efforts to integrate across social-ecological scales, but
these topics are well covered in a number of publications (Adger et al. 2005b,
Brooks et al. 2005, Boko et al. 2007). This chapter builds on these works by
highlighting key crosscutting issues on how coastal societies can build adap-
tive capacity on more localized scales.

As discussed in Chapter 6, adaptive capacity refers to the conditions
that enable people to (1) anticipate and respond to change, (2) minimize and
recover from the consequences of change, and (3) take advantage of new
opportunities arising from change (Adger and Vincent 2005, Grothmann and
Patt 2005). This capacity is often considered a general trait, which means that
someone with high levels of adaptive capacity is likely to be able to deal with
a variety of shocks or changes. However, when the concept is used in practice,
it is often done with a specific scale, shock, or change in mind. For example,
in the previous chapter, we examined adaptive capacity at the household and
community scales to changes in coral reef systems.

In this chapter, we discuss building general adaptive capacity, which
we define as attempts to improve people’s broad ability to cope with and
adapt to change, and to take advantages of the opportunities provided by
change. The following explores some key findings from the various aca-
demic disciplines that have long histories of application and research in
building adaptive capacity, including human geography, development stud-

ies, agricultural economics, and understanding social-ecological systems. 115
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We focus primarily on the individual, community, and local institution
scales, and give examples related to natural resource use and management
where possible.

Identifying Key Strengths and Weaknesses

On the local scale, practical attempts to enhance or build adaptive capacity
often overlap with key components of sustainable development, such as pro-
moting livelihood diversification, adding value to products, reducing poverty,
improving literacy, and employing good governance (Smit et al. 2001). But
not every community will need enhancement of the same aspects of adaptive
capacity—some, for example, may already have diverse livelihood portfolios
or effective governance, and attempts to further diversify or to strengthen
governance may have low marginal returns, be futile, or in some cases, even
undermine existing governance structures (Gelcich et al. 2006). Chapter 6
provided a simple conceptual framework for evaluating key components of
adaptive capacity by breaking it down into four key dimensions: flexibility,
assets, learning, and social organization. This categorization is helpful when
examining potential strengths and weaknesses in the adaptive capacity of
coastal communities.

For example, this framework was used to identify adaptive capacity
in communities adjacent to Madagascar’s marine protected areas (MPAs;
Cinner et al. 2009b). Several aspects of local-level adaptive capacity appeared
quite desirable in the Malagasy communities. In particular, flexibility in both
livelihood strategies and the formal institutions governing marine resources
provided some latent ability to adaptively use and manage marine resources.
In general, these aspects of adaptive capacity needed the least attention.
Conversely, several key dimensions of adaptive capacity were lacking,
including household and community assets. Further, there was a generally
poor understanding that humans were causal agents in marine ecosystems.
People’s inability to recognize that they influence marine resources coupled
with their low levels of formal education potentially inhibited their ability to
understand and incorporate scientific information generated from ecological
monitoring programs in nearby marine parks.

In the Madagascar study, assets and learning were the aspects of adap-
tive capacity needing the most attention. Augmenting assets and helping
people learn were expected to help them overcome short-term shocks cre-
ated by changes in access to resources and to take advantage of the long-term
opportunities resulting from the creation of the MPAs. Exceptions to these
generalized strengths and weaknesses at the site level included less diverse
livelihood portfolios near the Sahamalaza MPA and higher formal education
at Nosy Antafana, which although low, was twice as high as in other, adjacent
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parks. These exceptions suggest that targeted strategies for building adaptive
capacity are needed among communities. This example illustrates the need
to identify strengths and weaknesses and work on the weaknesses with the
highest potential returns.

Building the Four Components of Adaptive Capacity
BUILDING ASSETS

How poverty affects the ability of people to take advantage of opportuni-
ties—a critical aspect of adaptive capacity—is evaluated by a substantial body
of literature. People can be trapped into behaviors that actually reinforce
their own poverty because they are socially excluded, lack critical skills, and
are unable to take the same risks as the wealthy. As we saw in Chapter 7, these
situations are often referred to as poverty traps. Breaking poverty traps and
the reinforcing behaviors will be a critical component of improving adaptive
capacity in many parts of the WIO. Many poverty reduction projects have
failed, however, and these efforts face many daunting challenges.

The pathways into and out of poverty are critical for understanding
and building adaptive capacity, and a number of studies show the fluidity of
this dynamic. Large-scale studies, such as an evaluation of post-apartheid
KwaZulu-Natal, South Africa, found that 25% of the households surveyed
fell below a defined poverty threshold, while only 10% moved out of pov-
erty between 1993 and 1998 (Adato et al. 2006). Likewise, across 36 villages in
Andhra Pradesh, India, 14% of households climbed above a poverty thresh-
old over 25 years, but 12% of households fell into poverty (Krishna 2006).
Similarly, a study in western Kenya, found that 19% of the households sur-
veyed moved above a poverty threshold, but the same percentage fell into
poverty over a 25-year period (Krishna et al. 2004). Importantly, poverty is
often viewed as a multidimensional concept encompassing various aspects
of well-being. Accordingly, these studies all used multiple poverty indica-
tors, which included, for example, whether households had adequate food or
clothing, provided education for their children, owned livestock, owned land,
and so on. Both the indicators of poverty and the thresholds that determined
whether someone was classified as poor were locally defined.

Households falling into poverty will be less effective at self-initiated
adaptations (Adger et al. 2005a). In each of the evaluations, typically some
combination of the following factors were responsible for people falling into
poverty: (1) health issues, such as costly illnesses were the primary reason in
Kenya; (2) sporadic high expenses, such as funerals and weddings; (3) large
family size; (4) small landholdings; (5) personal debt caused by high-interest
loans; (6) death of a key household member; and (7) environmental condi-
tions, such as drought and fire.
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In these studies, the accumulation of assets, diversification of livelihoods,
and land improvements were factors most often related to people’s ability to
move out of poverty (Adato et al. 2006, Krishna 2006). In Kenya, diversifica-
tion into the formal private sector accounted for 61% and government jobs
for 13% of the upward mobility. Interestingly, in the Andhra Pradesh study,
diversification into the formal private and government sectors accounted for
very little upward mobility, just 9% and 14%, respectively. Diversification into
informal entrepreneurial activities, such as small shops, or agricultural diver-
sification accounted for more than 50% of their upward mobility. Irrigation
and other government assistance projects were also associated with improved
well-being, but these projects had mixed success, and the failure of some
irrigation projects was cited as a key reason for the descent into poverty.
Likewise, the efficacy of government assistance programs was patchy; some
types of programs, such as loan assistance, did not work anywhere, while
others, such as land improvements and new agricultural technologies, worked
in only some locations.

In the South African study, those households that invested and accu-
mulated structural assets were more likely to remain out of poverty than
those that did not, but the former were less than half of the households that
emerged from poverty (Carter and May 2001). Consequently, more than half
the households moved in and out of poverty by chance economic events, but
those that invested in structural assets were less likely to return to poverty.

Building the asset component of adaptive capacity at the household scale
will require two distinct types of policies and programs: those that prevent
people from falling into poverty, and those that help people escape poverty
(Barrett and Carter 2001, Krishna et al. 2004, Krishna 2006). The former
involves investing in “social protection” programs that prevent a decline into
poverty. These may include health care, family planning, and access to infor-
mation and fair loans through social networks and mentoring. The latter
will require policies that help the poor build assets beyond the poverty trap
threshold such as the following:

1. Accessing new sources of productivity—for example, by focusing on
activities with high returns or diversifying livelihoods. In the Kenyan
artisanal coral reef fishery, programs might include gear-exchanges
for those practicing illegal and destructive techniques, such as using
beach seine nets.

2. Improving productivity of existing asset bases. This requires new
technologies and improved efliciencies and, in the case of agriculture,
improved water management by irrigation, storage, and efficient
use, and soil conservation (Funk et al. 2008). Investments in basic
infrastructure are needed to access markets and technologies, which
can enable people to convert assets into income; but the wealth can
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be short-lived when the productivity is not sustainable (Barrett et al.
20064a). In private-property agriculture, market access can provide
money, diversification, and wealth, but the situation for fisheries is
less straightforward because of the difficulties of managing common
pool-resources and achieving fisheries sustainability. For example,

a study in Nicaragua found that in the short term, the development
of new roads led to the emergence of new products and markets and
increased the export from fisheries (Schmitt and Kramer 2010). In
Papua New Guinea and the Solomon Islands, market access has led
to overexploitation of the fishery (Cinner and McClanahan 2006,
Brewer et al. 2009). The biomass of fish can be removed and depleted
quicker with improved access, creating temporary wealth, but this
does not ensure sustainable use, which requires restrictions discussed
in the next chapter.

3. Increasing opportunities to access capital, credit, and insurance.
These are important in helping people protect investments in assets,
but markets rarely deliver these services in a form that is affordable
to the poor (Barrett and Carter 2001, Adato et al. 2006, Badjeck et al.
2010). Access to credit from financial institutions is difficult for many
coastal people, particularly for fishers. Sometimes credit is provided
by middlemen or people who purchase gear or fish but often at high
interest rates and with incentives for heavy exploitation of marine
resources (Fulanda et al. 2009, Crona et al. 2010). Thus, increasing
microcredit opportunities and developing insurance systems for
coastal communities should improve the maintenance of their assets.

On a larger scale, the international fisheries contracts discussed in
Chapter 2 have the potential to help build assets at the national scale that
can assist with fisheries regulation and monitoring. Currently, these are not
implemented sufficiently to meet these goals but remain a potential mecha-
nism for sustained financing.

BUILDING FLEXIBILITY

Livelihood diversity, one of the primary aspects of flexibility, was discussed
in the preceding section because it is often closely linked with successful pov-
erty reduction (Krishna 2006). For example, in North Sulawesi, Indonesia,
the introduction of seaweed farming improved villagers’ material style of
life, a measure of assets (Sievanen et al. 2005). Diversification can also occur
within fisheries if fishers are provided alternative gear and equipment. For
example, rapid re-tooling of Peruvian fishing boats allowed fishers to increase
their catch of shrimp during the 1997-98 El Nifio (Badjeck et al. 2010).
Importantly, diversification is not an option for all villagers because some
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are so deeply trapped in poverty that risking something new is unrealistic for
them. Additional barriers to diversification include lack of skills, contacts,
and access to capital—areas where the poor are often marginalized (Krishna
et al. 2004, Boko et al. 2007).

The flexibility of organizations and institutions to adapt to change is
another key dimension of adaptive capacity in the context of climate change.
Adaptive management is considered an ongoing process by which organiza-
tional and institutional arrangements, rules for management, and ecologi-
cal knowledge are continually monitored, tested, and revised in a process of
learning-by-doing (Olsson et al. 2004). It is frequently assumed that institu-
tions and organizations that adaptively manage resources will be more suc-
cessful at confronting the challenges of climate change (Folke et al. 2005,
Badjeck et al. 2010, McCook et al. 2010). We believe that institutions and
organization must have some key components of adaptive capacity to adap-
tively manage resources. For example, adaptive management requires legisla-
tion that provides the flexibility necessary for these revisions to occur (Olsson
et al. 2004, Folke et al. 2005).

The decentralization of marine resource management to local commu-
nities, as is happening in places including Kenya and Madagascar (Cinner
etal. 2009d), has been critical in making institutions more flexible and adap-
tive. For example, following the development of the beach management unit
(BMU) legislation in Kenya in 2006, there has been an interesting change in
the governance of near-shore marine resources. In particular, a new system
of small, community-managed closures, locally called tengefu (which means
“set aside” in Swabhili), has rapidly emerged along with interest in locally
restricting the use of destructive fishing gear. Socioeconomic and ecological
conditions in the BMUs are monitored through partnerships with interna-
tional NGOs, and this information is expected to result in the refining or
changing of rules over time.

By allowing resource users to develop and revise their own rules, the BMU
legislation provides flexibility regarding the operational rules for managing
fisheries. In some cases, this may allow for the reduction of effort that can
help increase fish stocks. However, enhancing adaptive capacity at one scale
may undermine aspects of adaptive capacity at another scale. Specifically, the
BMU legislation may actually restrict other aspects of fishers’ flexibility—
particularly the ability of individual fishers to migrate in response to fluctua-
tions in resources. The legislation allows BMUs to charge fishers from other
areas for landing fish within the BMU, potentially creating barriers to mobil-
ity along the coast. In Chile, similar property rights legislation was developed
that effectively restricted overexploitation caused by migrant fishers or roving
bandits, but this also created a problem for those fishers who were not mem-
bers of groups with property rights (Gelcich et al. 2006). Adaptation policies
will need to consider and potentially resolve the inherent conflicts between
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property rights and human mobility. In some cases, such as when local and
migrant fisher groups are targeting nonmigratory stocks, conflicts may be
irreconcilable, but when targeting migratory or seasonal stocks there are bet-
ter chances for resolution.

This concept of adaptive decentralized management is sometimes called
“adaptive co-management” (Armitage et al. 2009). Decentralization as prac-
ticed throughout the WIO does not always provide the flexibility necessary
for adaptive management. For example, some community-based marine
resource management initiatives in Madagascar have had to operate outside
the existing national governments’ co-management framework because gov-
ernment rules were too rigid and did not allow for rapid change (Cinner et al.
2009d). A specific example is the Velondriake marine protected area where
rotational fishery closures did not comply with the rigid geographic bound-
aries imposed by the government’s co-management system. In Velondriake,
reef areas are generally closed to fishing for 2-6 months to rebuild marine
resources, particularly octopus. The system is truly adaptive in that the size,
the length of closure period, and locations are influenced by users’ perceptions
regarding the improvements of harvests in previous closure attempts. This
rotational closure system requires a more flexible framework that allows rules
to be changed according to the perceived or measured results. Additionally,
it is not just community or co-management institutions that must be adap-
tive; government agencies such as the Kenya Wildlife Service, which manages
the largest and most successful marine reserves in the region, will need to
become more adaptive as they learn about the exposure of their parks to cli-
mate change.

Building the flexibility components of adaptive capacity will require
development of skills and access to capital to allow the most marginal-
ized people to diversify their livelihood portfolios. Investments in technol-
ogy may assist fishers in making rapid transitions during times of change,
allowing them to take advantage of new opportunities (Badjeck et al. 2010).
Importantly, programs promoting livelihood diversification or new technol-
ogies should not attempt to diversify into sectors that may be highly sensitive
to climate impacts, particularly in locations with high levels of exposure to
climate change.

Flexibility in institutions will be improved by supporting the emerging
transition toward adaptive co-management, but these need investments and
capacity building to ensure that management can respond to feedback from
social and ecological systems. Also, specific adaptive management policies,
such as BMUs, may limit other aspects of flexibility, such as the ability of fish-
ers to migrate along the coast. It is important that property rights for marine
resources that allow exclusion for fisheries management be developed to curb
roving bandits but also allow for responsible migration and adaptation to
environmental change (Berkes et al. 2006, Badjeck et al. 2010).
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BUILDING THE TYPES OF SOCIAL ORGANIZATION THAT MAY
FACILITATE ADAPTATION

National-scale changes to social organization can greatly influence how soci-
eties adapt to change. For example, as Vietnamese society transitioned from
a centrally planned to a market economy, the capacity to develop central-
ized adaptation planning was limited; but the market economy provided
the wealth that helped to reduce vulnerability for some, but not all, people
(Adger 2000). The WIO region is generally characterized by weak national-
level governance, which can profoundly influence local-level adaptive capac-
ity. Addressing issues including corruption, transparency, and stability of
national governments will be key to building the trust required for effective
social organization and adaptive capacity at local community levels.

Building the capacity of people to network or to act collectively is another
key part of fostering the type of social organization that helps people adapt
to climate change (Adger 2003). For example, a global review found that in
times of disaster, social cohesion helped reduce the loss and damage of assets,
such as boats and coastal dwellings (Badjeck et al. 2010). Examples of efforts
to build social capital include increased communication among communities
and international NGOs as part of the establishment of MPA networks in Fiji
(Sano 2008). International NGOs facilitated inter-community communica-
tion on resource management, which built social capital that reduced poten-
tial conflicts created by the establishment of MPAs. Another example from
Trinidad and Tobago documented how a collaborative management process
improved adaptive capacity by strengthening social networks among peo-
ple responsible for disaster planning (Adger 2003). An example from west-
ern Kenya highlighted the importance of social networks and connections in
allowing poor households to enter the urban economy (Krishna et al. 2004).
Here, a social connection, such as a patron or family member, was critical
in making the transition to the urban economy, whereas education, intelli-
gence, and hard work alone were insufficient. There are, however, limits to
what social capital can do, and the post-apartheid South African society is
an example, where social capital helped poor households stabilize but not
improve their well-being over time (Adato et al. 2006).

A key element of fostering cooperation between people is creating insti-
tutional incentives for people to work together. To help ensure cooperation,
common property institutions often require specific institutional designs to
ensure a credible commitment that resource users will follow the rules and
effectively monitor these commitments (Ostrom 1990). Leading research on
adaptive management, common property resources, and effective governance
of complex social-ecological systems has found a number of common design
characteristics shared by successful and long-enduring community-based
management systems: (1) there must be clearly defined geographic boundaries
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and membership rights; (2) there must be congruence between rules and local
conditions (i.e., scale and appropriateness); (3) resource users must have the
right to make, enforce, and change the rules; (4) individuals affected by the
rules must be allowed to participate in changing the rules; (5) the resources
must be monitored; (6) there must be accountability mechanisms for those
monitoring the rules; (7) sanctions must be enforced that increase with repeat
offenses or severity of offenses; (8) conflict resolution mechanisms must be
in place; and (9) institutions must be nested within other institutions oper-
ating on a larger scale (Ostrom 1990, Becker and Ostrom 1995, Ostrom et al.
1999, Ostrom 2000, Agrawal 2001). Box 9.1 examines whether these design
principles are present in the co-management frameworks used in two WIO
countries.

BOX 9.1
Design Principles in the Co-management Frameworks of Kenya and Madagascar

A study compared institutional frameworks for the co-management of marine
resources in Kenya (called a beach management unit, or BMU) and Madagascar
(Cinner et al. 2009d). Both co-management frameworks have many of the
design principles that common property theorists have highlighted as important
to the success of long-enduring co-management systems and were similar in the
design principles that they lacked (see Exhibit 9.1). Here, we expanded Ostrom’s
(1990) principles to include monitoring of resources and monitoring of resource
users. Monitoring is expected to provide information necessary for adaptive
management.

Both systems have clearly defined membership rights, conflict resolution
mechanisms, rights to organize, and congruence between rules and local
conditions. In both cases, geographic boundaries are only partially clear
because boundaries are often submerged landmarks, such as the edge of a
reef. Likewise, collective choice arrangements are in place in both systems, but
participation and input are limited to group members. For example, if a BMU
decided to prohibit non—-BMU members from access to its fishing grounds,
these nonmembers would have no avenue for changing the rules. Neither
country included graduated sanctions, such as warnings for first time offenders,
fines for second offenders, and jail for repeat offenders, in its regulations.

Monitoring of the monitors was not conspicuously present in either system,
but happened de facto in some cases. For example, the Kuruwitu community
protected area in Kenya attempted to provide some transparency in the moni-
tors by employing four monitors at any given time in the hope that peer pressure
would decrease tendencies for corruption. The main components that were fully
missing from these systems related to monitoring of resources and surveil-
lance—aspects that are critical for adaptive management. In some instances,
monitoring of the resources themselves were conducted by scientists and con-
servation groups, although key informants in both countries expressed concerns
that the data and findings were not always made available to the concerned
communities. In areas adjacent to marine national parks, park officials carried
out enforcement, but in other areas communities were often left to enforce regu-
lations themselves, without adequate training or equipment. This analysis of the
design principles is a means to identify possible institutional gaps that may be
the focal point for communities, NGOs, and other organizations.
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EXHIBIT 9.1

Presence of design principles in co-management frameworks for Kenya
and Madagascar

Design principle Description Kenya Madagascar
Clearly defined member- Clear delineation of membership rights  Yes Yes
ship rights to co-managed area
Congruence Whether scale and scope of rules are Yes Yes
appropriate for the local conditions
Rights to organize Whether resource users have rightsto  Yes Yes
make, enforce, and change the rules
Conflict resolution Rapid access to low-cost resolution Yes Yes
mechanisms forum
Nested enterprises Nested within lead agencies or partner  partially partia@

organizations at critical stages

Monitoring of monitors Whether there are accountability mecha- partially  partially
nisms for those enforcing the rules

Clearly defined geo- Clear delineation of co-management partially  partially
graphic boundaries area
Collective choice Whether individuals affected by the rules partially  partially
arrangements can participate in changing the rules
Graduated sanctions Whether sanctions increase with numer- partially  partially
ous offenses or the severity of the
offense

Monitoring of resources  Quantitative or qualitative monitoring of partially No
resource conditions

Monitoring of resource Whether appropriators’ activities are No No
users (surveillance) monitored

Source: Cinner et al. (2009e).

Addressing design issues early on in the development of adaptive
co-management institutions in these countries may enhance the chances of
building robust institutions. Consequently, donors, NGOs, and governments
should consider filling these potential gaps as a priority for institutional
capacity building. Moreover, this should be done in a way that acknowledges
the heterogeneity of institutions as critical and avoid adopting a one-size-
fits-all policy for modeling institutions. Some of design principles may not be
appropriate in a specific local context, and forcing them on local institutions,
simply because they are recommended by theoreticians, can result in failure
and alienation. Critics of the design principle approach have argued that a
blueprint approach and lack of adequate consideration for important contex-
tual factors critical for success can result from over-focusing on the internal
characteristics of the institutions (Steins and Edwards 1999).

A strong institutional community structure is critical because weak
decentralization can undermine resource management or adaptive plan-
ning if institutional capacity, coordination, and accountability are lacking
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and local communities act in the selfish interest of their leaders in isolation
from larger community or national goals (Wickham et al. 2009). To address
this, both political science and the social-ecological systems literature place
considerable emphasis on those aspects of social organization that connect
organizations at different scales—known as nested or polycentric institutions
(Ostrom 1990, Armitage et al. 2009). The idea is that the capacity of societies
to adapt is boosted by connections across scales because local organizations
gain knowledge and strength by connecting with national or global organiza-
tions. Linkages with national or international organizations can help com-
munity-based management programs improve education, monitoring, and
enforcement capacity. Alternatively, larger scale organizations gain local rel-
evance and political support through their connections with local organiza-
tions. A specific type of organization, known as a bridging organization, can
be used to connect organizations operating at different scales (Hahn et al.
2006).

How then can adaptive co-management organizations improve linkages
across scales? One approach is to examine the hierarchy of organizations from
global to local and their participation in the various stages of adaptive man-
agement cycle from rule initiation to modifying and changing rules (Cinner
et al. 2009d; see Table 9.1). The following example describes participation in
the emerging Kenyan BMUs where involvement is nested within a network
of partners operating on a range of scales, from local to international. The
Ministry of Fisheries Development, provincial administration, courts, and
NGOs have clearly defined roles at different stages of the BMU framework,
including initiating the development of rules, codification, enforcement,
monitoring, and modifying, and making new rules. Improving linkages with
agencies on different scales should be a priority for institutional strengthen-
ing in the BMU framework.

At the time of this evaluation, links at the international scale occurred
only at select stages, possibly because of an antagonistic rather than a partner-
ship relationship that developed in Kenya during an era when international
donors were supporting NGOs in favor of the national government, which was
perceived as corrupt. Competition for donor funds, resources, and control can
weaken linkages but can be improved when these linkages become coopera-
tive and participation occurs at more stages. We are not suggesting that each
partner should be involved at every stage, but making sure there are consis-
tent and supportive linkages across scales at all stages is expected to increase
the adaptive capacity of these types of hierarchical organizations. Bridging
organizations may be critical to helping BMUs better connect with national
and international organizations. In the Kenyan BMU case, this is probably
best played by the Fisheries Department, which already has representation at
multiple scales of governance. The theory on the advantages of nested institu-
tions assumes that the connections between scales of governance are low cost,
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TABLE 9.1

Partners and organizational linkages at different scales for five different
stages of BMU implementation and management in Kenya: (1) initiating the
development of rules and regulations, (2) codification, (3) enforcement,

(4) monitoring of resources, and (5) modifying or making new rules

Partner Initiating rules  Codification Enforcement Monitoring Modifying or making
new rules

International

International NGO/ donor N N
National
Ministry of Fisheries vV vV Vv Vv v
Development
Courts of law Vv
Provincial
Provincial administration v N v
District
Ministry of Fisheries \V N v v v
Development
NGO v v Vv
Local community or landing site
Management committee N N v v v
Local users \J v vV vV

Table is arranged with largest scale at the top and smallest at the bottom; processes in time are shown
from left to right. BMU = beach management unit; NGO = nongovernmental organization.

Source: Cinner and colleagues (2009e).

transparent, and reinforcing (i.e., institutions are helping each other achieve
common goals). However, when they are not, conflicts arise that can under-
mine successful coordination, create competition, and undermine productive
social organization. Because the costs of interaction can be high, particularly
where operational resources are scarce, and these conflicts frequently arise in
the governance of common-pool resources, some observers of fisheries man-
agement have argued that single and accountable management organizations
have the best records of success (Hilborn 2007).

Enhancing the social organization component of adaptive capacity in
much of the WIO region will require the strengthening of regional coordi-
nation on cross-boundary issues, such as illegal fishing and migratory fish
stocks, and making progress on national-scale issues of corruption, institu-
tional harmonization, and effective governance. Local initiatives will also be
critical to build social capital and support community-based institutions for
adaptive co-management. Investments to build social networks and relations
may increase cooperation and promote sharing of ideas, technologies, and
adaptation strategies (Badjeck et al. 2010). Network and bridging organiza-
tions that coordinate and connect organizations at different scales will be
expected to improve management effectiveness and enforcement capabilities.
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The cost of building these organizational networks needs to carefully evalu-
ate the economic basis and sustainability of the interactions, such that they
persist after the termination of donor funding.

BUILDING THE CAPACITY TO LEARN

Fostering the ability of individuals and institutions to learn about climate
change, to learn from a wide-range of experiences, and to learn to live with
change and uncertainty is critical to building adaptive capacity (Adger et al.
20053, Folke et al. 2005, Badjeck et al. 2010). Practical learning, traditional
knowledge, formal education, and literacy are key components in people’s
ability to absorb and processes information on the causes and consequences
of climate change.

Continuous access to information and opportunities needs to be part of
ongoing learning and may be more important than formal education and lit-
eracy. For example, the previously discussed studies of poverty in Kenyan
and Indian households found that formal education was not a significant
factor in whether households moved above a poverty threshold over time
(Krishna et al. 2004, Krishna 2006). Many educated villagers remained poor,
in part because they lacked access to information and associated opportuni-
ties (Krishna et al. 2004). Organizations and institutional arrangements that
provide timely and easily accessible information about resources and climate
change will be critical to building adaptive capacity.

Information, such as seasonal forecasts, can help farmers choose crops
with the best yields under new climatic conditions (Grothmann and Patt
2005). Early warning systems can help fishers assess potential risks, reduce
lost or unproductive fishing days, and ultimately reduce deaths (Badjeck
et al. 2010). In one of the very few long-term examples of building adaptive
learning, a decade-long agricultural extension and conservation program in
Zimbabwe developed tools to help farmers learn about bio-physical processes
affecting crop productivity and promoted an experimental farming process
that was highly successful in encouraging local adaptation (Hagmann and
Chuma 2002). Programs that develop a set of practical tools for learning and
experimentation and develop frequent feedback of information are, there-
fore, probably more important than formal education in building adaptive
capacity.

Importantly, learning about climate change and adaptive management
needs to be circular and iterative and not considered a one-way flow of infor-
mation from professionals to societies. Combining different types of knowl-
edge, including scientific and traditional ecological knowledge, can improve
adaptive management (Berkes and Seixas 2006, Folke et al. 2005). For exam-
ple, in the Roviana Lagoon in the Solomon Islands, local and scientific
knowledge about the life history and preferred habitats of a key species, the
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bumphead parrotfish (Bolbometopon muricatum), were combined and used
to protect the critical habitat (Aswani and Hamilton 2004). Likewise, creat-
ing and supporting networks that allow communities to share management
experiences is one way to ensure a continuous information-building process.
The Locally Managed Marine Areas network, which connects and shares
experiences about fisheries closures among coastal communities across the
Asian Pacific, is an example of this type of network (LMMA 2009). This type
of support from a bridging organization can help share different resource and
climate change knowledge.

Organizations that promote the capacity to learn will also be critical for
developing adaptive capacity. These organizations should support education
initiatives, including those focused on female education and reproductive
health, helping fishers and farmers better understand climate change and
adaptation options, combining local and scientific knowledge to inform adap-
tive management, and fostering experimentation with new resource capture
techniques and other potential adaptations, such as seed crops. The learning
component of adaptive capacity will also require that scientists and fund-
ing agencies develop communication strategies for dispersing comprehensi-
ble scientific information to communities in culturally appropriate means.
Learning institutions will also need to look for ways to combine scientific
and local knowledge systems (Aswani and Hamilton 2004, Berkes and Seixas
2006).

In much of the WIO, investments in formal and informal education for
children and adults are necessary to increase the capacity to learn about cli-
mate change processes and potential disturbances to livelihoods. This will
require investments in education infrastructure and capacity building for
teachers and administrators (Peters 1998) but can be equally cost-effective by
directing specific low-cost education at communities. Additionally, increas-
ing female education is known to have strong links to key aspects of human
development, including lower infant mortality and fertility rates (Browne
and Barrett 1991).

Reducing Other Aspects of Vulnerability

This chapter highlighted key aspects and practical examples of how to build
adaptive capacity, with a specific focus on the fishery sector. Of course, build-
ing adaptive capacity outside the fishery sector will be critical to reducing vul-
nerability to other shocks and adverse trends (Adger et al. 2005¢). This may be
achieved through adequate investments in health services and education as
well as strengthening local governance and accountability mechanisms.

In addition, reducing other aspects of social vulnerability, includ-
ing exposure and sensitivity, will help societies cope with climate change.
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Lessening societal dependence and maintaining the productivity of reef fish-
eries will primarily reduce sensitivity to changes in coral reef ecosystems. For
those that still fish, reducing sensitivity will be aided by changing to gear that
does not select and unsustainably exploit fish most affected by climate change
(Cinner et al. 2009a). Reducing sensitivity to the effects of climate change will,
however, also require adaptations to agricultural systems, such as increasing
reservoir storage capacity and planting crops that can withstand higher tem-
peratures or more climate variability (Adger et al. 2005a, Funk et al. 2008).

Changing the exposure of reef systems to climate change disturbances
is difficult and may be impossible, but better information about exposure,
such as when and where bleaching is occurring, can help managers imple-
ment adaptive management. Following bleaching, coral mortality typically
occurs within the ensuing 20 to 70 days depending on coral species, and algae
can quickly colonize the space previously occupied by corals (McClanahan
et al. 2001). Managers and resource users may prevent algal overgrowth by
encouraging grazing and reducing nutrients. For example, in the time lead-
ing up to and after a bleaching event, managers and resource users may tem-
porarily ban fishing or the specific gear that targets herbivorous fishes most
likely to graze the reef and prevent it from being overgrown by algae (Cinner
et al. 2009a). These management options will be discussed in more detail in
the following chapter.

_Reducing societal exposure to climate change disturbances, such as high-
intensity storms and sea-level rise, will require more traditional mitigation
techniques, including the development of setbacks, vegetation barriers, sea-
walls, and other defenses. However, disaster preparedness and planning for
change will also play a critical role. Specifically, controlling settlement in low-
lying areas will reduce flooding disasters, and when dwellings are built there,
the ground floor should be floodable (Adger et al. 2005a). Reducing exposure
and sensitivity were only briefly touched on here because these concepts are
covered in considerable detail in other publications (Adger et al. 20052, Boko
et al. 2007).

Interactions, Unintended Consequences, and Constraints

Adaptation measures can potentially create unintended and unforeseen con-
sequences on other social and natural systems, creating uncertainty about
the outcomes of adaptation activities (Adger et al. 2005a, Badjeck et al. 2010).
For example, because there are few barriers to entering the fishery in Kenya,
raising the wealth of fishers in isolation from other economic sectors may
attract new fishers seeking this wealth, ultimately increasing harvesting pres-
sure and leading to reduced catch per person and higher poverty (Allison
and Ellis 2001, Cinner et al. 2009¢). Additionally, interventions that aim to
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improve fishers’ assets in isolation from other elements of adaptive capac-
ity have the potential to create negative ecological feedbacks. For example,
wealthier Tanzanian fishermen tended to respond to scenarios of declining
resources by increasing effort and changing fishing gear, which are choices
expected to amplify negative feedback in the ecosystem more than the choices
made by poor fishers (Cinner et al. 2011). In this example, increased occupa-
tional flexibility was associated with choices more likely to dampen ecologi-
cal feedbacks, such as reducing effort or exiting the fishery. Thus, attempts to
build these fishers’ adaptive capacity should consider interventions that foster
ecological dampening responses, such as supplemental livelihoods, coupled
with regulations that restrict choices that can potentially increase or amplify
negative ecological impacts.

Another example of potential interactions between social and ecological
dynamics comes from a large-scale study of social drivers of resource condi-
tions across the WIO (Cinner et al. 2009¢). Across 19 sites in five countries,
the relationship between community-level socioeconomic development (one
of the measures of adaptive capacity in Chapter 6 and 8) and fish biomass (one
of the indicators in the ecological conditions axis in Chapter 8) was u-shaped
(Box 9.1). Thus, the heaviest overfishing on coral reefs occurred in countries
part way up the socioeconomic development ladder. Countries with either
very low or very high levels of socioeconomic development tended to have
reef fisheries in fair shape—containing about four times the reef fish biomass
of the intermediate development sites. Critically, this study suggests that rela-
tionships between certain aspects of adaptive capacity and environmental
conditions are not always positively associated and, at certain stages, build-
ing specific components of adaptive capacity may actually foster conditions
that facilitate overexploitation. Strategies to build adaptive capacity in places
with the lowest levels of socioeconomic development should be coupled with
management policies that avoid the practices driving ecological conditions to
the bottom of the u-shaped curve (Box 9.2).

Strategies that coordinate and plan for change across sectors, such as fish-
eries and agriculture, are more likely to identify and minimize unintended
consequences of climate change adaptation (Badjeck et al. 2010). Additionally,
planning for adaptation across scales will be critical (Adger et al. 2005a). It
is not entirely clear, however, how adaptive capacity at one scale inhibits or
enables adaptive capacity at other scales. As we have seen, the relationship
can sometimes be inhibiting, such that policies or programs that build adap-
tive capacity at one scale actually undermine aspects of adaptive capacity at
other scales.

There are important social and institutional constraints to reducing peo-
ple’s vulnerability that can include cultural and psychological factors that
create limits to some adaptations. For example, farmers in Zimbabwe did not
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BOX 9.2
Social Drivers of Ecosystem Conditions

The u-shaped relationship between economic affluence and local environmental
conditions is referred to as the environmental Kuznets curve. The expectation
behind this model is that at early stages of economic development, environmen-
tal conditions decline as societies become wealthier. As societies become suffi-
ciently affluent and begin to demand environmental quality, increasing affluence
eventually leads to improving environmental conditions (Arrow et al. 1995, York
et al. 2003, Clausen and York 2008a,b, Lantz and Martinez-Espineira 2008).

A combination of potential mechanisms could explain why the condition of reef
fisheries in the western Indian Ocean has a u-shaped relationship with socio-
economic development. These include changes in the techniques people use to
harvest fish (called the technique effect), the attributes or composition of econ-
omies (called the composition effect), and the scale at which people operate
(called the scale effect). A parallel theory of ecological modernization suggests
that it is not economic development per se that leads to improvements in envi-
ronmental conditions, but rather the accompanying institutional changes, such
as investments in scientific and management organizations (Clausen and York
2008a,b).

At the lowest levels of development, which were in Madagascar, traditional
fishing methods do not allow high catches, and customary institutions, such as
taboos, restrict fishing effort (Display 9.1, Cinner 2007, Cinner et al. 2009c).
Where communities have slightly more economic development, fishing effort and
fishing techniques are more effective and destructive, but fishers often lack the
most expensive technology to fish off shore, which confines their efforts to local
coral reefs. In these middle development sites, traditional socio-cultural institu-
tions formerly used to govern resources can break down (Cinner and Aswani
2007, Cinner et al. 2007); enforcement is often lax when this happens because
governments are weak and contemporary fisheries management measures inef-
fective. For example, in Kenya, which has some sites among the poorest fishery
conditions, these customary institutions were once widespread but have largely
broken down in recent years in favor of national fisheries development policies,
laws, and programs that encourage open access (McClanahan et al. 1997).
Unrestrained and destructive fishing techniques are practiced and the degraded
conditions are reinforced by a poverty trap, whereby declining coral reef fisheries
are exploited by the poorest fishers despite diminishing returns (Cinner et al.
2009e).

In sites with high levels of socioeconomic development, it is possible that low
dependence on fisheries, effective central government policies, and technology
may help to reduce pressure on coral reef fisheries. The banning and effec-
tive enforcement of destructive fishing gear are examples of policy responses
associated with increased economic development. In the Seychelles, for
example, policies promoting the sustainability of coral reef fisheries include the
effective banning of such destructive devices as spear guns and beach seine
nets. In Kenya, where these nets have been banned through co-management
activities, there is evidence that catches have increased (McClanahan et al.
2008c). Likewise technological advances associated with increased develop-
ment enhance the capacity of fisheries, including boats that allow fishers to
move away from near-shore coral reef fisheries. These technique, scale, and
composition effects probably interact with institutions in ways that produce the
observed u-shaped relationship between socioeconomic development and reef
fish biomass.
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DISPLAY 9.1 The u-shaped relationship between socioeconomic development and reef fish
biomass in 19 sites across 5 WIO countries. Cinner and colleagues (2009c) found a strong
quadratic relationship between a multivariate index of community-level socioeconomic
development and reef fish biomass (R?= 0.77, p<0.001). The socioeconomic development
index was based on the presence or absence of 16 community-level infrastructure items such
as schools, roads, and hospitals. The causal mechanisms behind this type of relationship
can broadly be grouped into (1) the technique effect, (2) the composition effect, (3) the
scale effect, and (4) institutions. Indicators of these causal mechanisms were significantly
different among communities with (a) lower, (b) intermediate, and (c) higher socioeconomic
development. MD = Madagascar, SZ = Seychelles, KY = Kenya, MS = Mauritius, TZ = Tanzania.
Source: Cinner et al. (2009c).

utilize localized climate forecasts to adapt their planting behavior because
they perceived that all forecasts were equally likely and they did not believe
their actions could avoid the possibility of failure (Grothmann and Patt
2005). Institutional constraints can include sociocultural institutions, such as
taboos and constraining caste or ethnic systems, perverse incentives, unac-
ceptably long gaps between implementation and realization of benefits, and
time frames that do not correspond to political cycles, to name just a few.
Attempts to build adaptive capacity also need to consider issues of social
equityinadaptation measures,suchaswhowillwinandlose, thesocialandlegal
legitimacy of adaptation processes, and the efficiency and costs of adaptation
(Adger et al. 2005a, Thomas 2005, Paavola and Adger 2006). These are impor-
tant considerations because certain adaptation measures, such as rebuilding
infrastructure after a disaster, can exacerbate existing inequalities—making
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already vulnerable people even more vulnerable (Adger et al. 2005a, Thomas
2005). In general, building infrastructure to reduce sensitivity and exposure
is expected to increase costs and unintended consequences more than build-
ing adaptive capacity. Understanding and overcoming constraints and ineq-
uities will be key to improving the efficacy of projects aimed to build adaptive
capacity.

Conclusion

This chapter explored various strategies for building adaptive capacity, with
a specific focus on the fisheries sector. Many of the policies and programs to
build adaptive capacity will require external donor pressure and aid, as well
as government support. Adaptation-specific funds such as the United Nations
Framework Convention on Climate Change (UNFCCC) do exist to help
governments implement their country’s priority adaptations (Hope 2009).
Additionally, international fisheries contracts discussed in Chapter 2 have
the potential to support the building of adaptive capacity and sustainability
around fisheries. International investments in low-income communities have
dwindled over the last decade as donor development aid is increasingly being
replaced by emergency relief and tied to macroeconomic policy conditions,
such as economic liberalization, which frequently do not immediately favor
the poor (Barrett and Carter 2001). International aid to fisheries is low, but it
has increased in recent years with the recognition of the vast extent of this
market and the increasing pressure to support sustainable fisheries. Donor
and development agencies need to commit substantial aid to efforts that will
build adaptive capacity throughout the hierarchy of resource use and man-
agement but particularly in the most vulnerable segments of society.
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Managing Ecosystems for Change

Historically, fisheries management has focused on a limited number of spe-
cies that were thought to operate in a stable or predictable environment.
Management attempted to optimize maximum yields and profits through
technocratic controls (Gordon 1954, May et al. 1979). Optimizing the harvest
of target fisheries is a seductive goal that can occasionally work but is often
challenged by (1) the complexity and multispecies nature of many fisheries;
(2) erosion of critical ecosystem processes through overharvesting; (3) the
continually changing nature of many marine ecosystems; and (4) the resource
users themselves, who may have different incentives, needs, and aspirations
from those of managers (Charles 1992). These realities create challenges that
require appropriate management concepts and tools.

Contemporary approaches to fisheries management often attempt to
incorporate change, complexity, and the human dimensions to maintain crit-
ical ecosystem functions and processes. As we saw in Chapter 5, ecosystems
can have thresholds where changes occur that influence key processes. When
pushed beyond thresholds, coral reef ecosystems can undergo what is known
as an ecological phase shift and become dominated by algae, sea urchins, or
other key species (Hughes 1994, Bellwood et al. 2004). The severe depletion
or loss of species that play a key functional role in maintaining processes, for
example, might make it impossible to return the ecosystem to some previous
and desired state (Ives and Carpenter 2007). The concept of managing ecosys-
tems to maintain the functions and processes that prevent them from under-
going a phase shift, is thought of as maintaining or building the resilience of
the system—that is, its ability to absorb shocks, recover after disturbances,
and resist phase shifts (Bellwood et al. 2004).

The broad purpose of this chapter is to highlight key strategies for man-
aging fisheries in ways that build the resilience of coral reef social-ecological
systems. Much of the science behind both historic and contemporary fisheries
management has been generated in a wealthy country context. In many cases,
the approaches developed are inappropriately applied to poor countries. In
this chapter, we focus largely on the science and lessons learned from tropi-
cal fisheries management. Below, we identify critical thresholds in western
Indian Ocean (WIO) coral reefs and discuss a range of management tools

134 that can help prevent resources from falling below these thresholds. Although
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contemporary fisheries management tools can extend up the value chain to
include market regulations, trade policies, and consumer choice, among
others; for this book, we limit our discussion to managing the capture process.

Identifying Alternative States and Thresholds

Evaluations of coral reef ecosystems indicate that the state and ecology of
coral reefs can fundamentally change along gradients of fishing (Dulvy et al.
2004, Cinner and McClanahan 2006, Mora 2008). Intensive fishing can pro-
mote the abundance of various algae, including erect brown algae, or sea
urchins. This is because some fishing gear directly targets herbivores that
feed on algae, and other gear targets the fish that feed on sea urchins (Cinner
et al. 2009a). When these key functional groups are missing from reef sys-
tems, algae or sea urchins, respectively, are likely to dominate the system. The
probability that these alternate ecological states will occur increases as the
biomass of fish declines. There also appear to be thresholds of fishing inten-
sity beyond which ecological change is significant and difficult to reverse.
Identifying these threshold levels is key to developing guidelines for manag-
ing fishing impacts.

To identify the levels of fishing where thresholds occur, a novel statisti-
cal technique called switch-point analysis was applied to empirical data from
about 330 WIO sites where similar ecological data were collected. The switch-
point analysis estimated the location of a change in the different ecosystem
states where key ecosystem conditions and processes are believed to funda-
mentally change as fishing effort increases and the biomass of fish declines
(Fig. 10.1). The analysis shows that the first switch point occurred at a fishable
biomass of 1,130 kg/ha (hectare) where there was a rapid increase in the var-
iability of erect macroalgae cover. This point was then followed by the ratio
of macroalgae to living hard coral at 850 kg/ha and predation rates on teth-
ered sea urchins at 640 kg/ha. The thresholds for six other metrics fell below
3o0o0kg/ha, which included fish species richness, sea urchin biomass, the pro-
portion of herbivorous fish in the fishable biomass, calcifying benthic organ-
isms, the ratio of sea urchins to herbivorous fish, and hard coral cover.

Consequently, various algae and sea urchins dominate moderately to
heavily fished reefs. Fishing pressure and reduced fish biomass cause these
declines in the numbers of fish species and the ecological process of calcifica-
tion or reef building by influencing the abundance of key species, functional
groups, and ecological processes. Coral cover is highly variable, likely due
to the impact of the 1998 ENSO-driven coral mortality event in the region
(Ateweberhan and McClanahan 2010) but coral cover also declined when
fishable biomass reached the very low fish biomass level of 9o kg/ha. There
is considerable scatter in the data and differences within countries, but these
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FIGURE 10.1 Ecological response to changing reef fishable biomass for nine ecological indicator
metrics among reefs closed to fishing, having open-access fishing, and having gear-restricted
fishing in roughly 330 sites in the Indian Ocean. A. percentage cover of erect macroalgae;
B. log-odds (1:1) macroalgae to coral; C. urchin predation index; D. numbers of fish species;
E. proportion of herbivorous fish in total fishable biomass F. log-odds (1:10) of urchins to
herbivorous fish; G. urchin biomass (kg/ha); H. percentage cover of calcifying substrates;
|. percentage cover of hard coral.

patterns are evident across this spectrum of fish biomass in many countries
and can be used to develop management policies that avoid reducing fish bio-
mass beneath key thresholds.

We have indicated where these thresholds lie within a generic conceptual
model of the effects of fishing on marine ecosystems (Fig. 10.2, adapted from
Worm and colleagues 2009). As the rate of exploitation increases along the
x-axis, erect macroalgae and its ratio to coral abundance are the first met-
rics to change rapidly. As the rate of fisheries exploitation further increases,
thresholds are reached for the predation rate on sea urchins (predation
index), the number of fish species (species richness), ratio of sea urchins to
herbivorous fish, cover of calcifying organisms, percentage of fish biomass
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FIGURE 10.2 A model of changes to coral reef fisheries yields at different levels of fisheries
exploitation based on a conceptual model from Worm and colleagues (2009) and threshold
changes determined from data collected from coral reefs in the western Indian Ocean. The
model plots the relative measure of fisheries exploitation against (a) relative fish biomass,
(b) catch, (c) length of fish captured, and (d) number of collapsed fisheries species (percent
maximum of a-d is on the y-axis). We plotted key ecological thresholds identified in our
field studies along the relative fish biomass line, which ranges from pristine biomass (B,) of
1200kg/ha (100% on y axis) to 0. We also indicate the window of MMSY (0.25-.5 B,) and
highlight with a gray box where this intersects with the relative fisheries exploitation rate on
the x-axis.

that are herbivores, sea urchin biomass, and hard coral cover, respectively.
Consequently, changes in erect algae and predation on sea urchins are early
warning signs for WIO reef ecosystems. Continued intensive fishing that fur-
ther reduces fish biomass is likely to eventually result in a rapid loss of fish
diversity, increases in sea urchins, and a decline in corals and other calcifying
benthic organisms.

To help provide “goal posts” for resource users and managers, we bring
together two fisheries concepts into this model; pristine biomass and mul-
tispecies maximum sustainable yield (MMSY). Pristine biomass is a metric
for evaluating the condition of multispecies fisheries that is estimated from
either historical catch data or from areas that have little to no fishing pres-
sure (Hilborn and Stokes 2010). In the WIO, pristine biomass has been esti-
mated by evaluating large, well-established fisheries closures (those greater
than 5 km? and 15 years old) and very lightly fished reefs in the Maldives.
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Results suggest that pristine biomass for coral reef fishes in the region is about
1200 kg/ha (McClanahan et al. 2009¢).

The MMSY estimates the maximum harvest that allows for stocks to be
replenished in fisheries where many species are targeted, which includes coral
reef fisheries. The MMSY is expected when biomass is 40% of the pristine bio-
mass, but estimates have ranged between 25% and 50% of pristine biomass,
depending on the recruitment patterns of the captured species (Hilborn and
Stokes 2010). Consequently, we estimate that the MMSY for the WIO lies
between 25% and 50% of the pristine biomass value. In the model, the first
three thresholds (algae, its ratio to coral abundance, and the predation rate
on sea urchins) are reached at low exploitation levels below or to the left of the
MMSY window (Fig. 10.2). All of the other critical thresholds are reached at
exploitation levels above or to the right of the MMSY window.

The conceptual model (Fig. 10.2) indicates that the risk of switching to a
less desirable state, such as algal or urchin dominated, increases with fishing
intensity. There is an inherent risk in fishing near and particularly just beyond
the MMSY window. In particular, there is a substantial range of effort at the
top of the yield curve where yields do not change greatly, yet the risks of species
collapse and ecosystem change increase considerably (Fig. 10.2). A lower risk
strategy would be to fish at a harvesting level that maintains biomass within
the window of MMSY, which is at exploitation levels below many of the key
threshold points that are difficult to reverse. The lowest risk strategy would be
to fish well below or to the left of this MMSY window. Next, we take a look at
some of the types of management tools that may make this possible.

Fisheries Management Tools

The previous chapter discussed efforts to move the adaptive capacity axis,
and here we do something similar for the ecosystem axis by discussing some
of the key tools available to resource users and managers for improving the
condition of reef fisheries. Management of the fisheries capture process can
be categorized into six main restrictive actions. These include restrictions on
the area where people can fish (such as closures), the times that people are
allowed to fish (seasons), the size of targeted fish (minimum or maximum),
the types of species targeted, the gear used, and the amount of fishing effort.
These should all be seen as tools that can be applied in the appropriate social-
ecological conditions.

RESTRICTIONS ON SPACE (CLOSURES)

Fisheries closures (often called marine parks, reserves, no-take, or marine
protected areas) can provide a number of important ecological and social
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services, including the rebuilding of depleted species, providing sources
of larvae, improving fisheries in surrounding areas, encouraging tourism,
and reducing conflicts over resource allocation (McClanahan et al. 2006,
McClanahan et al. 2007b, Lester et al. 2009, Pitcher and Lam 2010). Closures
aim to protect the integrity of the wider ecosystem, as opposed to a single
species. Consequently, this management tool is a precautionary approach that
has received considerable attention from scientists, conservation groups, and
managers.

Global reviews of published studies on the impacts of closures to fishes
have found that closures can increase the abundance, size, and diversity of
fishes (Lester et al. 2009), but it takes a number of years for the ecological
benefits of fisheries closures to accrue. An evaluation of a number of the old-
est and the best-studied closures in the world concluded that after fishing
has ceased in an area, it takes about 5 years to detect changes in the biomass
of target fish species and 13 years to detect effects on other taxa (Babcock
et al. 2010). Studies of the high-compliance closures in Kenya indicate that
full recovery of fish biomass stocks within the closure takes up to 22 years
(McClanahan et al. 2007b). But closure size and the level of compliance also
play a critical role in the benefits a protected area can provide. An empirical
evaluation of 20 closures in six countries within the WIO found that the level
of compliance, age of the closure, and its size were the key factors in deter-
mining the ecological benefits provided by the reserve (McClanahan et al.
2009¢). However, the biomass of fish in closures increases greatly up to about
5 km?, but above that size there was no additional increase in the biomass
(McClanahan et al. 2009¢).

Closures are thought to provide benefits to fisheries through a mecha-
nism known as adult “spillover,” whereby fishes from within the closure swim
out into adjacent areas that are open to fishing. However, this will occur only
when fishing effort is high and catches are below MMSY or on the left side
of the fisheries yield hump in Figure 10.2. Although most studies find that
closures increase the catch per unit effort in adjacent fisheries (Halpern et al.
2010), the response to total catch on a per area basis is more variable and
is probably driven by aspects of closure design, such as closure size (Worm
et al. 2006). Fisheries management in areas adjacent to closures also appears
to influence the degree to which spillover happens. Gear and other restric-
tions adjacent to closures have been shown to result in increased fish biomass
inside the closures and an extended distance of adult spillover from closure
borders (McClanahan and Mangi 2000, Claudet et al. 2008). An illustrative
example of this comes from the Mombasa Marine Park, where beach seine
nets are used on the northern side and are effectively restricted on the south-
ern side of the closure. Catches in the trap fishery were higher on the side
where beach seine netting was excluded, but that this relationship was trun-
cated on the side of the park where there was seine netting (McClanahan and
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Mangi 2000). Spillover on the side that restricted seine net use was limited
to the first few kilometers from the border, which is consistent with similar
studies of spillover (Halpern et al. 2010).

Another aspect of spillover relates to the larvae from protected fishes or
corals “seeding” outside areas. When closures are close enough to each other
that a sufficient number of larvae can be exchanged, they are “connected.”
For fishes, this distance is thought to be on the order of tens of kilometers
(Jones et al. 2009, Planes et al. 2009). Globally, there is considerable emphasis
on making networks of closures connected through this type of larval spill-
over because such connectivity is thought to contribute to the resilience of
protected populations, the overall network of closures, and the broader sea-
scape (Jones et al. 2009). An evaluation of connectedness found that 34% and
49% of marine protected areas were connected by less than 20 km or 150 km,
respectively (Wood et al. 2008).

There has been increasing interest among scientists and managers in
examining whether unfished areas can buffer the impacts of climate change
disturbances (Mumby et al. 2007, Knowlton and Jackson 2008). The rationale
is that a high abundance of herbivorous fishes in unfished areas may also help
prevent the buildup of erect algae on coral reefs following a bleaching event,
in turn leading to improved coral recruitment, survival, and recovery rates
(Mumby et al. 2007). Some studies indicate that remote, vast, and relatively
pristine seascapes are resilient to a wide range of disturbances (Sandin et al.
2008, Sheppard et al. 2008). There is also some evidence that coral recov-
ery is higher in older closures (Selig and Bruno 2010). However, there is lit-
tle evidence that permanent closures help reef systems resist disturbances.
In fact, some species of coral (particularly the branching and foliose taxa)
are susceptible to climate disturbances and are also frequently damaged by
fishing. Consequently, these species tend to be more abundant in closures,
which can actually mean that bleaching events lead to greater coral mortality
inside compared to outside closures (Graham et al. 2008b, McClanahan 2008,
Darling et al. 2010).

Similar to the findings for corals, the impacts of bleaching on coral reef
fish found there were actually greater losses of certain types of fishes in the
closures of the WIO, specifically fish smaller than 20 cm that feed on plank-
ton or algae (Graham et al. 2008b). An evaluation of life-history characteris-
tics that influence extinction found that there is a trade-off among species in
their susceptibility to climate and fishing disturbances (Graham et al. 2011).
In short, fish species tend to be sensitive to climate disturbances or fishing, but
often not both. Consequently, where fishing and climate change act together,
a large variety of species may be lost. Clearly, different types of management
may be required for fishes with different types of susceptibility. Species that
are sensitive to fishing will benefit from closures or gear-based management.
Species that are highly sensitive to climate change will thrive best in reefs
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with low levels of exposure to climate change. These reefs will benefit from
efforts to maintain the integrity of the habitat through reduced runoff and
pollution. Importantly, the species vulnerable to fishing perform critical eco-
logical processes, such as herbivory, suggesting that even local scale efforts
to manage fisheries are likely to help maintain functioning reef ecosystems
(Graham et al. 2011).

There is also an emerging body of research that examines how closures
affect coastal societies. The establishment of a closure invariably reallocates
ownership and use rights. This reallocation can influence social, economic,
and political conditions, such as employment, income, power relations, pat-
terns of consumption, and material assets (Christie 2004, Mascia and Claus
2009). Additionally, this reallocation of use rights results in winners and los-
ers. The winners are often those who already have power and those with high
levels of adaptive capacity, who can take advantage of these changes (Christie
2004). For example, a closure in Lombok, Indonesia, marginalized fishers by
restricting fishing in favor of tourism activities (Satria et al. 2006). Despite
purported benefits to fisheries, the establishment of closures can actually
reduce food security. For example, across 40 community-based closures in
the Philippines, large fines for violations of closures rules were associated with
deteriorating child nutrition status over 2 years (Gjertsen 2005). However, this
is not always the case, and there are also studies that show improved nutrition
after the establishment of a closure (Aswani and Furusawa 2007).

Fisheries closures can provide a powerful tool for helping to manage
fisheries, with potential social and ecological benefits that can extend to the
broader seascape, particularly when combined with the other management
tools discussed later. However, closure is not a panacea for fisheries problems,
and empirical evidence of their capacity to build resilience against climate
disturbances is modest. In general, the higher the fishing intensity and the
lower the standing fish biomass, the higher will be the proportion of area that
is required in closures for the benefits of fisheries to accrue. In extreme cir-
cumstances, this can require that up to 35% of the fishing grounds be closed
to fishing (Rodwell et al. 2002, Gell and Roberts 2003).

Given that countries such as Kenya, Reunion, and Mauritius have low
levels of fish biomass and high fishing effort, up to 35% of reefs would need
to be closed for this technique to enhance the recovery of fish and improve
fishing in the wider seascape. This is considerably more reef area closed
to fishing than any country in the region (Table 10.1). Conclusions from a
mix of modeling and empirical studies would also suggest that, ideally, the
size of these closures should be roughly 5 km? and be separated by less than
10 km. This ideal scenario is unlikely to emerge in the WIO given the social,
economic, and political realities of establishing closures (Box 10.1). Even in
Kenya, which has some of the most successful parks in the region, the Kenya
Wildlife Service has been unable to create effective new parks since the late
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TABLE 10.1

Percentage of coral reefs in Kenya, Tanzania, Madagascar,
Mauritius, and the Seychelles protected by no-take fishing closures

Country Area of coral reef (km?)?  No take area (NTA)(km?)>¢ NTA as % of reef area
Madagascar 2230 10.4 0.5%
Mauritius 870 8.5 0.9
Tanzania 3580 66 1.9
Kenya 630 54.3 8.6
Seychelles 1690 255.7 15.1

2 (Spalding et al. 2001), ® (Gell and Roberts 2003), ¢ (Wells 20086).
Source: Adapted from McClanahan and colleagues (2008d).

BOX 10.1
Establishing a Marine Park in Mafia Island, Tanzania

The persistence of destructive dynamite fishing on some of the region’s most
diverse coral reefs near Mafia Island, Tanzania, led to a long process involv-
ing an international conservation organization and the Tanzanian government
to establish a marine park on the southern section of this island. The park
includes areas that are totally closed to fishing, areas with restricted gear use,
and areas with species restrictions. The process of establishing this park has
been a mix of successes and ongoing challenges for more than 15 years. The
process has been well described from the perspective of marginalized commu-
nities and has been criticized for not sufficiently involving local resource users
in park planning and implementation (Walley 2004). This has led to limited
compliance with park management regulations. However, the communities
have heterogeneous perspectives on the park, with more positive views among
communities on the large island that have an urban center and substantial
agricultural production and are adjacent to the gear and species-restricted
area (McClanahan et al. 2009e). More negative views prevailed among com-
munities on the small islands near the areas that had been closed to fishing
(McClanahan et al. 2009e). Perceptions about the benefits of management are
influenced by combinations of community experience with park management,
the types of restrictions people are exposed to, and their available livelihood
options.

1980s, and the last park that it successfully established (the Mombasa Marine
Park) had to be scaled down after considerable conflicts with resource users.
However, there are encouraging signs of this tool being utilized, such as an
emerging system of small, community-based closures in Kenya.

RESTRICTIONS ON TIME

Restrictions on the times that people can fish can include formal seasonal
restrictions, temporary closures, and even informal limits such as weather-
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related patterns (being too windy or rough to fish during certain months)
and religious holidays (Cinner 2007). Cultural restrictions on when people
can fish can prove very effective, as was found in the evaluation of temporary
fisheries closures called taboo or tambu areas, which are used in Papua New
Guinea and | Venueatu (Cinner et al. 2006, Cinner and Aswani 2007, Bartlett
et al. 2009). To provide food for culturally important feasts, communities
temporarily restrict fishing by placing a taboo on certain reefs (Cinner et al.
2005, Bartlett et al. 2009). The resultant harvest can be large (almost 200
kg), and ecological conditions inside these taboo reefs can be significantly
improved compared to non-taboo areas (McClanahan et al. 2006, Bartlett
et al. 2009). These dynamic temporal closures often find more local support
among the community, which can see direct benefits from the closure; ben-
efits from permanent closures are more indirect and difficult to appreciate
(Cinner et al. 2005).

One of the key questions about temporal restrictions is whether they can
provide lasting ecological benefits and contribute to the resilience of the eco-
system. Closing areas temporarily can promote the recovery of fish, but it can
take a very short time to capture the gained biomass. For example, a study
associated with a border change in the Mombasa Marine National Park found
that the recovery of fish from many years of closure was harvested in just three
months (McClanahan and Mangi 2000). A modeling approach to this prob-
lem investigated whether dynamic temporal closures can improve the abun-
dance of herbivorous fishes (Game et al. 2009). For closure levels of 10% to
30% of the reef area, rotating protection led to herbivores being more evenly
distributed across the seascape but no increases in their overall abundance.
However, an increase in herbivore abundance was achieved when temporary
closures were rotated among a small subset of reefs rather than throughout the
whole seascape. Importantly, the social context plays a large role in whether
these types of temporary closures are likely to have lasting ecological benefits.
In open-access fisheries systems, fishers are more likely to intensively fish an
area after temporary restrictions have been lifted. In other types of common
property systems, such as where marine tenure or property rights exist, there
may be more incentive for restrained harvesting (Cinner et al. 2006).

RESTRICTIONS ON SPECIES AND SIZE

Some key species are particularly vital in maintaining the important ecosys-
tem functions in coral reefs. These include some predatory macro-invertebrate
fish that feed on sea urchins and starfish, such as triggerfish and large-bodied
wrasses and emperors (McClanahan 2000a, McCook et al. 2010), grazing par-
rotfish that play a key role in keeping the level of erect algae low (Bellwood
et al. 2004), and species that may help in reversing phase shifts by eating erect
macroalgae (Bellwood et al. 2007). Restricting the capture of these species is
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expected to maintain a coral-dominated state by avoiding or reversing the
dominance of algae and sea urchins.

The application and practicality of functional group restrictions on the
large scale of management have not been evaluated, but ecological model-
ing efforts suggest that some ecological benefits are possible (McClanahan
1995, Game et al. 2009). According to a simulation model of potential fisher-
ies yields based on energy flows between species, not fishing the species that
feed on large invertebrates will keep sea urchins numbers low and this will in
turn increase the algae consumed by and the productivity of the herbivorous
fishes, but it will eventually lead to a reef dominated by algae (McClanahan
1995). Not fishing herbivorous fishes to avoid this algal dominance will, how-
ever, considerably reduce the fisheries production of coral reefs because these
species feed low in the food web and are fast-growing, which means they can
generate a considerable portion of the fisheries yield.

Size is a critical aspect of fisheries ecology because the largest individual
fishes do most of the reproduction and also play a disproportional role in key
ecosystem functions (Birkeland and Dayton 2005, Lokrantz et al. 2008). For
example, the body size of parrotfish has a nonlinear relationship to the amount
of scraping these fish do on reefs, such that larger fish do much more scraping
than smaller fish (Lokrantz et al. 2008). Protecting the largest fishes is expected
to improve reproduction, recruitment, and key functions, such as herbivory.

Having minimum size limits on caught fish is one of the least contentious
management options in most fisheries (McClanahan etal. 2005¢, McClanahan
et al. 2009¢). The opposite, of having limits on the largest individuals, has,
however, received less management or scientific attention in coral reef fisher-
ies (Birkeland and Dayton 2005). In well-managed fisheries, such as the Great
Barrier Reef in Australia, managers use slot limits, allowing fishers to capture
intermediate-sized fish; this avoids capture of the largest individuals, which
maximized their reproduction potential, and the smallest individuals, which
have not reached their optimal size for harvesting or reproduction.

The difficulty with size and species limits is that coral reef fisheries are
highly species diverse, typically composed of more than 100 species, and the
commonly used gear, such as nets and traps, can target multiple species and
sizes (McClanahan and Cinner 2008, Cinner et al. 2009a). Thus, awareness
and compliance with size and species regulations would need to be high to
ensure that fishers returned captured individuals with these attributes. It is
through the management of specific fishing gear that the capture of certain
species can generally be reduced or avoided.

RESTRICTIONS ON THE USE OF SPECIFIC FISHING GEAR

Gear-based management can be used to regulate the use of fishing gear that
(1) catches the smallest or largest fish, (2) has detrimental effects on fisheries
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habitat, and (3) targets the fishes thought to play a critical role in the resilience
of reef systems, including grazers and macro-invertivores (McClanahan and
Mangi 2004, Cinner et al. 2009a). This management tool can also reduce
competition for resources among fishers and result in increased catch and
incomes for fishers (Box 10.2). Competition between gear types is influenced
by the amount of overlap in the use of fishing grounds and the species com-
position of the catches, and also whether one gear type excludes the use of
others (McClanahan and Mangi 2004). For example, the use of beach seine
nets generally precludes the use of some other types of gear in the same area
because they are actively dragged across the bottom and will disturb traps
and set nets.

In a climate change context, gear-based management may help reduce
climate change disturbances by limiting the mortality of species that are both
susceptible to losses of coral and that promote the recovery of coral reefs
(Cinner et al. 2009a). A study of artisanal fish catch in Kenya found that spe-
cies highly susceptible to the effects of coral bleaching comprised less than 6%

BOX 10.2
Eliminating Beach Seine Nets in Kenya

Beach seine nets are destructive to coral reef habitat when used there, target

a large proportion of juvenile fish, overlap in space and species composition,
and therefore conflict with other gear and user groups (Mangi and Roberts
2006). Disagreements between local fishers, migratory fishers, and national
government policies created a long struggle to remove beach seines in southern
Kenya, even after they were declared illegal (McClanahan 2007). Surveys of
fishers’ perceptions revealed that very few people were in favor of these nets,
but entrenched politics and bribery of key individuals undermined enforcement
of both national law and fishermen’s preferences (McClanahan et al. 2005c).
The process was resolved in some fishing grounds through a series of co-man-
agement meetings where a private conservation organization, traditional and
elected fisheries leaders, and the national government’s fisheries department
representatives agreed on the division of responsibilities. Fish being caught by
seine nets were very small (about 12 cm) and many of the caught species have
very fast growth potential (Kaunda-Arara and Rose 2006). Consequently, elimi-
nation of seine nets led to an increase in the catch by other gear within one year
of their removal.

The gear change caused switches in the composition of the catch away from
parrotfish and toward a greater diversity of species (McClanahan et al. 2008c).
The combination of closures and gear restriction also increased the catch of the
most valuable species and the size of the fish, which fetched higher per weight
prices, and these two changes increased fisher personal incomes, particularly
in fishing grounds next to the reef that had been closed to fishing (McClanahan
2010). These rapid benefits led to large-scale acceptance of the system and an
eventual change that affected many of the most entrenched landing sites. The
specific impact on these seine net owners and laborers was not examined, but
other studies have found that seine fishers are younger, poorer, and have less
capital invested in the fishery (Cinner 2010).
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of the catch from any specific gear (Fig. 6.4; Cinner et al. 2009a). These small,
coral-associated fish are likely to be incidental and opportunistic components
of the catch rather than target species. When using traps, it may be possible
to create escape gaps in the trap design so that these incidental species can
escape to the water unharmed. In this same study, fish species with medium
levels of susceptibility to the effects of coral bleaching represented around
40% of fishers’ catch. These species are more likely to be affected by the loss of
structural complexity resulting from collapse of the reef matrix than the loss
of living coral (Graham et al. 2006).

There was considerable variability in the proportion of functional groups
caught by the different gear (Fig. 10.3). Overall, 25% of the captured fish were
reef scrapers and herbivores—fish that are considered important for the recov-
ery of coral reef ecosystems because they reduce algae that compete with cor-
als (Bellwood et al. 2004). Both nets and beach seines targeted a fairly diverse
suite of feeding groups of fish, but there was a fairly high proportion of her-
bivorous fish in the catch, including grazers of erect algae and key species.
Grazers were primarily targeted by spear guns, traps, and seine nets. The use
of these types of fishing gear is likely to compound the effects of coral bleach-
ing and potentially retard the ability of reefs to recover from a disturbance.
In contrast, line fishing catches the lowest proportions of susceptible species
and key functional groups. Thus, by this criteria line fishing may be the most
preferential gear to use on reefs affected by high coral mortality.

100 4 M Piscivore

m Pisc-Macro-Invert
801 m Invert-Macro

O Invert-Micro

60 A
O Planktivore

[ Detritivore

Percent of catch

40 4
Key Species
Scraper/excvator
20 4
Grazer-Macro

0. Grazer

Line Gill Net Beach Seine Spear Trap
FIGURE 10.3 Catch by gear as a proportion of functional groups targeted. Types of gear are
arranged from those that capture the lowest proportion of species and functional groups
considered critical for recovery to disturbance on the left, to gear that capture the most on the
right.
Source: Cinner et al. (2009d).
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LIMITING FISHING EFFORT

Fishing effort can be restricted in a number of ways—using quotas or bag lim-
its on catch, restricting the number of fishers (often through licensing), and
developing property rights, which can be used to exclude people from accessing
fishery resources. Ecological modeling and empirical fisheries studies indicate
that many of the hard-to-reverse ecological changes begin in coral reefs when
artisanal fisher numbers exceed four to seven fishers per km? of reef, which
is likely to occur just below the MMSY box in Figure 10.2 (McClanahan 1995,
McClanahan et al. 2008¢). Consequently, by limiting fisher numbers below
this level and keeping gear technology constant, it should be theoretically pos-
sible to maintain high yields and avoid unwanted ecological change.

Restricting fishing effort and the catch per person has, however, been largely
unsuccessful in tropical coral reef fisheries. Controlling fishing effort through
the number of licenses issued or limiting fishers’ daily catch through quotas, as
is frequently done in wealthy nations, have arguably been a large-scale failure in
poor tropical countries. This is generally due to lack of incentives, compliance,
and ineffective enforcement capabilities in many poor countries. Likewise,
schemes that attempt to buy out fishers are unlikely to work in situations where
there are few barriers to entering the fishery, as is the case in many parts of the
WIO. Quite simply, without adequate barriers to entry, if a fisher is bought out
of the fishery, someone else can readily take his place.

Managing fishing effort through the privatization of stocks has been
argued by some to be one of the most successful management measures
and has been used extensively in developed country fisheries (Hardin 1968,
Costello et al. 2008). Privatization can take different forms, such as individ-
ually transferrable quotas, which allocate fishers a share of the yield, which
they can buy or sell, or tenure over a delineated fishing ground, which allows
for exclusive use. The basic premise of this management technique is that
giving fishers “ownership rights” is thought to promote better stewardship,
reduce overexploitation, and minimize other fishery problems and conflicts.

Some poor country fisheries have begun transitioning from open-access
to property rights. For example, in the mid-1990s, the government of Chile
developed delineated property rights for artisanal fisher organizations. These
areas, which now cover almost 1,000 km?, were designed mainly for the man-
agement of a benthic gastropod (Concholepas concholepas) but have had clear
benefits to important fishery species (Gelcich et al. 2008b). There have also
been successful attempts to limit access to fisheries by local communities,
typically through enforcement of customary property rights. For example,
in some parts of the Pacific, specific fishing grounds are owned by clans who
may exclude nonmembers (Cinner and Aswani 2007). Based on traditional
rights, some local groups of fishers can organize and exclude “outsiders” or
ask them to pay user fees to the community (Cinner 2005, Cinner and Aswani
2007, Cinner et al. 2009f).
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These allocation-based management tools can help to reduce some of the
problems posed by open-access fisheries, but there are numerous cases show-
ing that they do not promote stewardship, as is also evident from terrestrial
private property, and can create social equity issues (Pitcher and Lam 2010).
Privatization of fisheries may disrupt existing common property systems and
shift power structures (Gelcich et al. 2006, Cinner 2007, Cinner and Aswani
2007, Cinner et al. 2007). Developing property rights systems can also create
conflicts with migratory fishers and also with people outside the systems of
local control (Castilla et al. 2007). Additionally, reefs under customary ten-
ure can be heavily exploited because excluding outsiders does not necessarily
mean that the users themselves will exercise self-restraint. As fishing effort
has been difficult to manage, most of the progressive management systems in
the region have focused on other restrictions. Nevertheless, this is among the
toolbox of options that might be used depending on the local context, and it
is likely that the developing Beach Management Unit (BMU) process in East
Africa will eventually implement similar restrictions.

A Comparison of Management Effectiveness

Specific types of management tend to result in levels of fish biomass above,
within, or below the key thresholds and MMSY window we described ear-
lier (Fig. 10.4). There is considerable variation in how management systems
operate in the different countries throughout the region, but the overall pat-
tern is that closures have the most biomass, followed by restricted access,
and then open-access fisheries (Fig. 10.4). Restricted access in this exam-
ple is generally characterized by limits on the types of gear allowed but
also includes restrictions on species that can be taken. For the purposes of
this figure, we grouped these management tools together into the restricted
access category because they rarely occur in isolation and were thus not
possible to separate. On average, the restricted areas fall within the window
of MMSY, indicating that these management systems can hold promise if
applied successfully.

Of course, the success of this application can have considerable vari-
ation within and between countries. At the national scale, enforcement of
fisheries closures in Kenya is good, but open-access fisheries have among the
lowest fish biomass in the region. Some countries such as Madagascar and
Mauritius exhibit few differences among management systems, suggesting
low compliance with management. Some countries we surveyed such as the
Maldives, Mayotte, and parts of Mozambique have light fishing on reefs and
focus fishing on other systems, such as pelagic, deep-water benthic, and man-
groves. Since reefs in these areas are lightly fished, differences in fish biomass
between the various management systems were small.
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FIGURE 10.4 Fish biomass levels for open-access, fishery closures, and restricted use sites
across the western Indian Ocean. The window of multi-species maximum sustained yield
(MMSY) has been included to demonstrate how the different types of management may sustain
fisheries.

Conclusion

The livelihoods of approximately 35 million people depend, in some part, on
fisheries in the WIO region. Effectively using fisheries management tools may
help to navigate climate change disturbances and will be critical to maintain-
ing both food security and human well-being. However, regulating resource
use will generally lead to periods of economic and social disturbance for
some people, particularly those with the lowest levels of adaptive capacity.
Consequently, initiating changes in resource use and management can be
extremely difficult, particularly when there are substantial vested interests
in the status quo and threats are likely to materialize over a longer time hori-
zon, as is the case with climate change. Yet the consequences of not acting are
likely to be much more severe. A trial and error process is certain to unfold as
climate disturbances accelerate. Resource users, planners, and managers must
analyze the context of change and use appropriate tools with high chances of
success. This will ultimately require cumulative learning from both the suc-
cesses and failures, but the chances of success should be improved if manage-
ment uses a context-specific framework to guide efforts to build resilience in
both social and ecological systems (Chapter 8).
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Confronting the Consequences
of Climate Change

Societies must choose how they wish to deal with climate change. Not doing
anything or pursuing “business as usual” is a choice that will lead to devastat-
ing consequences for many people, especially the world’s poor. The alternate
path of confronting the consequences of climate change is far more challeng-
ing but also rewarding. This will entail actions and investments that are far-
sighted and often difficult. Yet in the long term, the costs of not acting will be
much, much higher. The debate about the causes and culpability of climate
change often promoted by those with vested interests is an unfortunate dis-
traction delaying needed actions (Billet 2009, Schneider 2009).

Confronting the consequences of climate change must occur at interna-
tional, national, and local levels. International action and coordination are
needed both to mitigate climate change and to coordinate the funding and
efforts required for adaptation at national and local levels. Regional collabo-
rations will help to coordinate climate-related policies, research, and training
whereas addressing key transboundary issues may have important climate
adaptation implications, such as fishers crossing international borders.
North-South international partnerships will also be critical for determining
resource access and distribution, capacity building, and technology transfer.
Transparent and properly administered and monitored international fish-
eries contracts can play an important role in providing adaptation funding
and capacity for management-challenged regions, such as Africa (Chapter 2;
Stillwell et al. 2010). These national and international actions, while critical,
have been thoroughly discussed in other places and were consequently not
our focus.

In this book, we provided a tool box of options for confronting the con-
sequences of climate change through building local-scale adaptive capacity
in societies and improving the condition of the natural resources on which
people depend for their livelihoods. Building adaptive capacity will require
strengthening the most appropriate and needed aspects of a society’s assets,
flexibility, learning, and social organizations. The ways of doing thisare diverse
and will, of course, depend on existing local capacities and needs. Economic
development plans most frequently focus on the short-term accumulation

150
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of assets, which can often come at the price of sustaining resources, and we
have therefore emphasized the three other aspects of adaptive capacity for
long-term solutions. Improving the condition of resources generally requires
restricting or limiting society’s actions. In our example of coral reef fisheries,
we described options for restricting specific fishing grounds, the time that
people can fish, the gear they can use, and the sizes and species they can
capture. These two broad concepts, of building social capacities and limiting
certain types of resource use, interact in complicated ways that create both
challenges and opportunities for adaptation.

Sometimes local situations, such as poverty traps, mean that restrictions
on resource use may have disproportionate impacts on the poorest and most
vulnerable, as described in Chapter 7. Other times, improvements in certain
aspects of adaptive capacity can actually led to more degradation of natural
resources (Cinner et al. 2009¢) or responses that may amplify environmental
change (Cinner et al. 2011), as described in Chapter 9. On a larger scale, fish
biomass across most levels of economic development and management, apart
from the Maldives and Mayotte, was below many of the important thresh-
olds for ecological sustainability highlighted in Chapter 10 (Fig. 10.4). Thus,
there is often a need for coupled actions that simultaneously govern resource
use and build capacity in ways that do not degrade resources. Policies and
actions that focus on one without the other are common, yet avoiding pov-
erty and environmental-economic catastrophes is more likely with a dual
focus.

One of the central themes of this book has been that adaptation solu-
tions are context dependent, determined in part by aspects of local resource
conditions, adaptive capacity, and exposure to climate change impacts, but
also by people’s history, culture, and aspirations. The global context in which
adaptation occurs is also critical. There is a need to consider these national
and international issues because, as we saw in Chapter 2, this broader context
can greatly influence the direction of proposed management actions as well
as develop a funding vehicle for local management. A key part of the context-
dependent nature of adaptation is that solutions developed in one location
should not necessarily be seen as a blueprint to be indiscriminately applied to
other places. The planet is littered with these blueprint failures.

This complicated context-dependent nature of adaptations should not,
however, be seen as justification for cynicism and inaction. The framework
we develop in this book can help to provide governments, scientists, manag-
ers, and donors with critical information about the local context and develop
nuanced actions that reflect these local conditions. This information can help
to identify key opportunities and narrow the range of potential adaptation
options that may be suitable for a particular location. An example of this
type of opportunity is the capacity for more fisheries closures in the coun-
tries of Mauritius and Reunion. The high adaptive capacity and low national
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reliance on coral reef fisheries can help protect these regionally important
reefs and possibly stimulate these countries as ecotourism destinations where
low climate disturbances are predicted. Alternatively in places such as Kenya,
where the exposure to bleaching is much higher and adaptive capacity is
lower, existing protected areas will need to be complemented by management
options that will enhance the condition of the broader seascape but have
fewer impacts on resource users. Sites that have effectively removed destruc-
tive seine nets have shown increased catches and incomes for fishers. The ben-
efits from this type of management could extend through the country at low
costs while simultaneously building aspects of fishers’ adaptive capacity. In
the examples given, investments in social organization, learning, and flex-
ibility will be required to strengthen the institutions and create conditions
for effective management.

Of course, it is not scientists, donors, and governments alone that influ-
ence adaptation decisions. Incorporating the ideas and aspirations of people
who use local resources must be central to any adaptation strategy. Decades
of experience in international development have shown that local involve-
ment does not guarantee the success of development projects, but ignoring
people’s ideas and capacities regularly leads to failure. On the other hand,
although local involvement and context are critical, they are likely insuf-
ficient on their own for successful resource governance or climate change
adaptation. Policies and programs at the local level must be supported on
national and international scales. For example, local attempts to manage
resources must be incorporated into a larger governance framework that
supports these local actions by providing legitimacy, legal authority, and
enforcement capacity. Where these larger scale linkages are missing, local
actions can often be futile.

Building adaptive capacity and rebuilding depleted natural resources
can take decades. Success may require incremental action, which may not
necessarily occur in the order that donors, scientists, and managers would
prefer. For example, donors and NGOs may wish to establish a network of
protected areas to increase the resilience of marine ecosystems to the effects
of climate change. However, building aspects of learning and social organi-
zation that create institutions capable of effectively restricting resource use
and awareness about climate change may be required before protected areas
can be established. Protecting areas without consultation and before these
key capacities are developed may lead to poor compliance, which undermines
both the process and outcome.

We used coral reefs as a focal lens through which to view the issues sur-
rounding climate change and society because it is a system we know well
and one of the more sensitive ecosystems, which can provide a warning sign
for future changes to other social-ecological systems. The effects of climate
change on other social-ecological linkages, such as agriculture, will likely
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have larger implications for society than our coral reef example. Nevertheless,
the framework we developed in this book to explore the multidisciplinary
aspects of climate change is generic in the sense that it does not necessarily
apply just to coral reef ecosystems. This framework can be used to explore
different social-ecological systems and types of environmental change at a
range of scales. Our hope is that future applications will help societies better
confront the consequences of climate change.
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