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Preface

Asmany of themost interesting projects do, this one started in an
unexpected way. A colleague from the Balaton Group mentioned
that there was a German foundation that was looking for (and
not finding) a “TEEB report for the oceans.” This led to a conversa-
tion with Dieter Paulmann, founder of the Okeanos Foundation for
the Sea. This conversation in turn led to a proposal to the founda-
tion to do a “state-of-the-science” review of several threats to the
global ocean, a review and analysis of how these threats may inter-
act with each other, an analysis of the economic consequences and
impacts of these threats, a case study for the Pacific Ocean region,
and recommendations for management strategies for marine
resources that cross both scales and disciplines. We wanted to do
all this in a single report—not a simple task.

This required putting together an international, multidisciplin-
ary team. Here we again ran into unexpected and very positive out-
comes. For example, many of us (including the three lead editors)
had not worked together before this project—which has turned out
to be an enriching experience for all of us.Wewere delighted that so
many leading marine scientists agreed to be part of the writing
team, and the process of producing the book has been a truly edu-
cational and memorable experience for all involved.

Originally we anticipated a rather modest effort and a short
report as the primary output from the project. After the first meet-
ing of the lead authors, however, we decided that the subject
deserved amore comprehensive effort; we hope that this book does
justice to the dignity of the topic.

We would like to acknowledge some players crucial to making
this book a reality, but who do not appear on the list of authors.

The Okeanos Foundation for the Sea funded all the meetings
of the writing team, and without their support this book
would not have happened. The Okeanos Foundation provided
us with completely free hands to craft our analysis, for which
all of us are extremely grateful. Beyond financial support, Dieter

xi



Paulmann (the Okeanos Foundation founder and president)
provided inspiration, encouragement, and prodding throughout
the process. Dieter’s passion for the sea—and the Pacific region
in particular—was a reminder to all of us of how important it is
to produce and convey scientific information in a way that will
hopefully be useful to people connected to the sea and who are
responsible for making decisions about marine resources. Mahalo
nui loa Dieter for your commitment, enthusiasm, and patience for
our many delays along the way. We hope that the result of our
efforts is worth the wait.

Michael Schragger, Executive Director of the Foundation for
Design and Sustainable Enterprise (www.fdse.se) was our project
manager. Mike fought valiantly (and in vain. . .) to keep us on
schedule and to make sure that we delivered on our promises.
Thanks Mike for your brave efforts to keep us in line and
productive.

Maria Osbeck of the Stockholm Environment Institute was the
main organizer for all of the meetings of the writing team and
had primary responsibility for keeping track of our budget. Maria
and Mike—even though they could not keep us on schedule
(despite Herculean efforts), at least kept us within our budget for
the project. Maria’s impressive organizational talents are nicely
illustrated by the fact that she was able to stop a Stockholm com-
muter train for long enough to enable members of the writing team
to run from a hotel and drag their bags onboard after a meeting.
Stockholm commuter trains are often late, but stopping one to wait
for passengers is a truly impressive feat. The project was adminis-
tered through the Stockholm Environment Institute (SEI), and we
are very grateful for the administrative and intellectual support
we received from them throughout the project.

All three of us are grateful for the sense of community we
encountered throughout our work on this project. We hope
that the readers of this book will find something in it that speaks
to them.

Kevin J. Noone
Ussif Rashid Sumaila

Robert J. Diaz
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C H A P T E R

1

Valuing the Ocean: An
Introduction

Kevin J. Noone*, Ussif Rashid Sumaila},
Robert J. Diaz†

*Department of Applied Environmental Science, Stockholm University,

Stockholm, Sweden
}Fisheries Economics Research Unit, Fisheries Centre, The University of

British Columbia, Vancouver, British Columbia, Vancouver, Canada
†Department of Biological Sciences, Virginia Institute of Marine Science,

College of William and Mary, Gloucester Point, Virginia, USA

Take a deep breath. Now take one more. The oxygen in one of
those breaths came fromorganisms in the ocean. The oceans are cor-
nerstones of our life support system. They provide many essential
ecosystem goods and services essential for humanity, including
food, medicinal products, carbon storage, and roughly half the
oxygen we breathe. Oceans also support many economic activities
including tourism and recreation, commercial and subsistence fish-
eries, aquaculture, transportation, and mineral resource extraction.
They contribute to local livelihoods aswell as to national economies
and foreign exchange receipts, government tax revenues, and
employment. The global ocean is also integral to the earth’s climate
story, particularly since oceanic heat storage and ocean currents
directly influence global climatic conditions.

Despite their central importance to the human endeavor, the
oceans are essentially invisible to most of society. Even those of
us fortunate enough to live near the sea seldom take the opportu-
nity to look under the surface.

1Managing Ocean Environments in a Changing Climate © 2013 Elsevier Inc. All rights reserved.



The oceans are under a number of coupled threats unprece-
dented in modern human history. Sea levels are rising, the oceans
are warming and acidifying, oxygen is disappearing in many areas,
the seas are becoming more polluted, and we are extracting many
marine resources at unsustainable rates. The situation does not
have to be this way; but in order to avoid further damage to the
oceans, to the life they hold, and to the goods and services they pro-
vide, we must develop a holistic view of how our actions impact
them. We must create a framework for ocean management in
the Anthropocene—the current epoch in which we humans are the
dominant driver of global environmental change (Crutzen, 2002).

PURPOSE AND SCOPE OF THE BOOK

The aims of this book are to:

(a) summarize the current state of the science for a number of
marine-related threats (described in more detail in the
following section);

(b) examine these threats to the oceans both individually and
collectively;

(c) provide gross estimates of the economic and societal impacts of
these threats; and

(d) deliver high-level recommendations for what is still needed
to stimulate the development of policies that would help to
move toward sustainable use of marine resources and services.

Threats to the Oceans: Current State of the Science

Chapters 2-7 review the state of the science for several threats to
the global oceans: acidification, warming, hypoxia, sea level rise,
pollution, and overuse of marine resources. Each of the chapters
summarizes the latest research in each area and presents it in a
way that is accessible to specialists and nonspecialists alike. There
is a substantial literature on each of these issues; but thus far, these
issues have been researched and reported largely separately. In this
book, we want to have concise reviews of the state of the science in
these areas all in one place.
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A Holistic View of Threats to the Oceans

Aresult of the fact that research on these issues has been to a large
degree done separately, we have little knowledge of the extent to
which these threats interact with and feed back on each other.
Chapter 8 addresses questions like:

• What are the possible feedback processes between these threats?
• Do any of the threats amplify or dampen others?
• How do local, regional, and global stressors interact?
• What sort of policy and management strategies do we need to

account for multiple, interacting stressors?

Chapter 8 will show examples of how interactions between mul-
tiple stressors act across different scales and how these interactions
require new approaches to marine resource management.

Chapter 9 discusses different ways to plan for the future in the
context of marine resources. In many environmental areas, society
has a tendency of planning for a “plain vanilla” future—a predict-
able, gradually changing, middle-of-the road scenario. Here, we
contrast three different scenarios approaches: one used in the cli-
mate change research community, one in the private sector, and
one from the military domain. Each of these approaches has its
own strengths and weaknesses, but by contrasting them, we can
perhaps learn how to better prepare for a future that may involve
hard to predict low-probability, high impact events. From a holistic
point of view, we need to develop the capability to anticipate and
plan for surprises—or “unknown unknowns.”

DIFFERENTIAL ANALYSIS FOR FUTURE SCENARIOS

To be relevant for policy decisions, the economic analysis will be
centered on differences between two future scenarios. Past losses are no
longer changeable with current or future decisions—they will not
be included in this analysis. In order to frame our discussions of
the future oceans, we will use two of the scenarios currently being
employed in the 5th Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC).

As discussed in Chapter 9, previous assessment reports of the
IPCC have used scenarios—storylines of socioeconomic and
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demographic development—to create estimates of human resource
use and emissions into the future. As an example, the third and
fourth assessment reports (AR3 and AR4, respectively) used a set
of scenarios described in detail in the Special Report on Emissions
Scenarios (SRES) (Nakicenovic et al., 2000); these have become
known as the SRES scenarios.

A new approach will be taken for the 5th IPCC Assessment
Report (AR5).

This new approach was devised to enable better integration and
feedback between the impacts and climate research communities,
as well as to “start in themiddle” in order tominimize uncertainties
(Hibbard et al., 2007; Moss et al., 2010). It also enables the research
community to update the scenarios on which climate studies are
based after nearly a decade of new information on economic devel-
opment, technological advances, and chances in climate and envi-
ronmental factors. Atmospheric carbon dioxide concentrations for
the four different “representative concentration pathways” (RCPs)
are shown in Figure 1.1.

Each of these four scenarios has been calculated using a different
integrated assessment model, and each model has different input
assumptions about, e.g., population development, demographics,
energy, and resource use. For the purposes of the 5th IPCC Assess-
ment Report, these concentration profiles are starting points with
which to explore the range of different socioeconomic development
pathways that are consistent with the profiles, as well as to explore
the range of impacts, adaptation and mitigation options that are
possible. In this sense, while the references in the previous para-
graph give details about the assumptions behind the different
RCPs, detailed data on the full range of parameters for these pro-
files are not yet available. For the purposes of this book, if the data
needed for our analysis are not available from one of the sources
cited above, we will use data from the SRES scenario that most
closely resemble the case in question.

One example of the correspondence between atmospheric CO2

concentrations between the new RCPs and the previous SRES sce-
narios is shown in Figure 1.2, which compares the concentrations
between two RCPs (4.5 and 8.5) and two SRES scenarios (the
A1C scenario calculated using the MESSAGE model, and the B1
scenario calculated using the IMAGE model). While not the same,
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the concentration pathways are similar in these two cases, meaning
that the socioeconomic, technological, and demographic assump-
tions behind the SRES scenario calculations are roughly consistent
with the RCP concentration profiles.

For the purposes of this book, we want to use two different sce-
narios to compare and contrast the potential impacts of following
two different kinds of decision pathways in the future and to pro-
vide the basis for calculating differences in the economic conse-
quences of taking these different decision pathways. In this
regard, the scenarios should have a few important characteristics:

• One of the scenarios should reflect a decision pathway designed
to reflect human activities having a relatively modest
environmental impact;

FIGURE 1.1 Atmospheric carbon dioxide concentrations for the four RCPs.
IMAGE, Integrated Model to Assess the Global Environment; GCAM, Global
Change Assessment Model; AIM, Asia-Pacific Integrated Model; and MESSAGE,
Model for Energy Supply Strategy Alternatives and their General Environmental
Impact.
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• The second scenario should be one in which the human impact
on the environment is large, but not disastrously so;

• The differences between the scenarios should be sufficiently
large that clear differences in impacts can be discerned, thereby
providing the possibility of clearly differentiating the benefits
and detriments of different policy choices.

In light of these criteria, RCP2.6 and RCP6 are themost appropri-
ate for our analysis (van Vuuren et al., 2011). The RCP2.6 scenario is
one that would require substantial economic and societal invest-
ments, but one that would likely put us on what would be a more
sustainable development pathway than our current one. This sce-
nario provides us with what can be interpreted as a desired
outcome—at least in an environmental and societal sense.We chose
RCP6 in order to provide a clear contrast between the end results
of the different decisions pathways by the end of the century.

Year
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FIGURE 1.2 Comparison of CO2 emissions for two RCPs and two SRES
scenarios.
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Global-Scale Economic Valuation: What Are the Costs
of Inaction?

Chapter 10 provides a very basic attempt at a valuation of these
various threats taken collectively. We recognize that there is a great
deal of debate surrounding the economic and ecological concepts
for valuing ecosystem goods and services. We also recognize that
the literature on valuing natural resources is very heterogeneous,
ranging from examinations of the value at the first point of sale
for specific local or regional fisheries to valuation of global eco-
system services. The main goals of this chapter are to (a) collect
illustrative examples of valuation for the various threats and pre-
sent them together; (b) examine the similarities and differences
between the various valuations of the different threats; (c) present
valuations for the global scale; and (d) attempt a holistic evaluation
of the economic impacts of the collective ocean threats, to the extent
that one is scientifically sound.

More specifically, among the issues that are addressed in this val-
uation chapter, and paralleled in the case study, are as follows:

Monetary vs. Nonmonetary Damages

Some impacts—losses of market income, in fishing, tourism, and
other ocean-dependent sectors—already have well-defined prices.
Some ecosystem services (nutrient cycling, absorption of atmospheric
CO2) could in principle have market prices deduced for them.
Other impacts—losses of endangered species, unique habitats/
environments (e.g., the Great Barrier Reef)—are of enormous impor-
tance, but may not have any meaningful market prices. Chapter 10
attempts to tell both stories, estimating the best possible prices for
the one, and at the same time honoring the nonquantified importance
of the other.

Thresholds and Discontinuities

In many ecosystem problems, especially whenmultiple stressors
are considered, there are real risks of crossing a threshold at which
a species or ecosystem abruptly collapses. This is a challenge for
the normal approach to pricing, which implicitly assumes constant
or slowly changing marginal costs per unit (and hence constant or
slowly changing prices). As a threshold approaches, how should

7DIFFERENTIAL ANALYSIS FOR FUTURE SCENARIOS



our valuation of the critical resources change to reflect the impend-
ing discontinuity? This piece of the puzzle arises in climate change
as well, where it is common to assume that there is a real risk of
major, discontinuous climate catastrophe, at some unknown (per-
haps unknowable) level of CO2 or temperature rise. Chapter 10
addresses questions such as the “price” of a nonmarginal, discon-
tinuous loss, and how far in advance should that risk be included
in the current prices for the risk factors.

Major Categories for Valuation

Chapter 10 beginswith two boundary conditions for the analysis:
it is restricted to categories of damages that havemeaningful prices,
and to categories that can be affected by policy decisions today. It
then reviews a few important studies that have appeared in the
past, involving estimates of the value of ocean ecosystems, before
turning to new calculations of these values.

Impacts are estimated for six specific categories of services pro-
vided by the oceans. The categories discussed are restricted to those
subject to measurable damage with meaningful prices:

• Fishing
• Tourism and recreation
• Moderation of extreme events, including

• sea-level rise
• storm damages

• Carbon absorption by the oceans
• The albedo effect of Arctic sea ice

A Case Study for the Pacific: Global to Regional Aspects

Chapter 11 takes us from a global level to a regional one, focusing
on the Pacific Ocean. Global issues can often seem abstract, and this
chapter shows how the analyses presented in the previous chapters
can be made more specific by taking a regional focus. Here,
we attempt to show the potential economic and societal impacts
to the Pacific Rim countries of failing to take collective action on
threats to the oceans.

8 1. VALUING THE OCEAN: AN INTRODUCTION



Economic Value and Earth System Function Value

Some things that cannot be assigned meaningful prices in mar-
kets are nonetheless important or even critical to the functioning
of the Earth System. These properties of the oceans must not be
forgotten in a valuation exercise, even if they cannot be assigned
market values. Nutrient cycling, oxygen production, functioning
ecosystems, biodiversity, and genetic resources are examples of
properties of the oceans that are critical to maintaining our life
support system, but towhichwe cannot putmeaningful prices, they
therefore bear enormous nonmarket values to people. We wish to
highlight these kinds of Earth System Nonmarket Values through
the use of an expert survey.

EXPERT SURVEY APPROACH

The use of expert surveys has become increasingly applied to risk
assessment within the environmental sciences. It is used in the
Millennium EcosystemAssessment (MA: Reid et al., 2005) to assess
the impact of various different drivers on biodiversity in a number
of different ecosystem types. Figure 1.3 is an example of expert
opinion results from the MA.

Expert surveys have also been used to assess the risks associated
with climate change (Smith et al., 2001, 2009) and the response of the
Atlantic Meridional Overturning Circulation to climate change
(Zickfeld et al., 2007).

THE MATRIX: VALUES, THREATS,
AND KNOWLEDGE

As mentioned previously, there are two broad categories for
valuation: those elements that have identifiable and quantifiable
economic values, and those elements that have value because of
their importance in how the Earth System functions, but to which
economic values cannot be readily assigned. The values-threats
matrix (an example of which is shown in Figure 1.4) gathers the evi-
dence about the risks of substantial, large-scale changes in each
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threat/value area for the two scenarios (the numerical values in
each matrix element) and the amount of evidence and consensus
(the color coding for each element).

The matrix shown in Figure 1.4 is the result of a preliminary sur-
vey among the lead authors of the chapters in this book conducted
during a writing meeting in the spring of 2011. The direction of the
arrows indicates the anticipated difference between the two scenar-
ios for each threat-value combination. An arrow pointing straight
down indicates that experts thought the threat would becomemuch
worse; a 45� angle downward indicates that the situation would
become worse; horizontal arrows indicate no significant change.

FIGURE 1.3 Example of a presentation of expert opinion results taken from the
Millennium Ecosystem Assessment. From Reid et al. (2005), figure 13. © World
Resources Institute.
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The size of the arrows indicates the degree of consensus between
experts. Long arrows indicate a high degree of consensus, short
arrows little consensus.

The main idea for this values-index matrix is to provide stake-
holders and decision makers with a tool that they can use to:

• quickly obtain an overview of the landscape of threats to the
global oceans and their consequences

• easily see the similarities and differences between economic and
Earth System values

• quickly identify areas in which coordinated, multinational or
multi-regional efforts are necessary

• help frame and prioritize among potential management and
legislative actions

• aid in strategic planning for development in individual regions.

The authors were asked for their opinion on the following
questions:

1. Pick one of the matrix elements in Figure 1.4 for which you
consider yourself an expert—for instance the intersection
between anoxia and ecosystem function

Threat/value
category

Carbon sink

Oxygen production

Ecosystem function

Hydrological cycle

Nutrient cycling

DMS-cloud feedback; GHGs

Biodiversity & genetic
resources

Earth system function value

Ocean
acidification

Anoxia
Sea-level

rise
Pollution

Overuse of
resources

Warming

FIGURE 1.4 Example of a values-threats matrix.
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2. Contrasting the two scenarios for future development shown
in Figure 1.1 (i.e., RCP6-RCP2.6), do you think the impact of
anoxia on ecosystem function would be (a) much less, (b) less,
(c) not much different, (d) worse, and (e) much worse?

3. How confident are you about your opinion—(a) very certain,
(b) reasonably certain, and (c) not very certain?

The categories in items 2 and 3 above are intentionally a bit
vague. We are not assigning any given level of numerical certainty
or uncertainty to these categories. We simply wanted to obtain
expert opinion about the relative change that may occur for each
threat-value intersection and roughly how confident the experts
are about this relative difference.

The approach to estimating risk, the amount of evidence, and the
degree of consensus is similar to the approach used to create
the “burning ember” diagrams presented in the Third Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC
AR3) and in subsequent publications (Smith et al., 2001, 2009). In
our approach, however, we choose to provide separate estimates
of the degree of risk and the amount of evidence and consensus.

It is important to reiterate that this matrix is intended to facilitate
estimating the degree of relative risk in following the two scenarios
into the future in a holistic sense, rather than for individual sectors
and locations. It should not be interpreted in a predictive sense; for
instance, we do not imply that global fisheries will collapse by a
specific date, and that this collapse will cost us a specific amount
of money. Rather, the matrix conveys experts’ best estimates of the
risks associated with policy decisions that cause us to follow two
example scenarios into the future, to identify the greatest contribu-
tors to these risks, and hopefully allows decision makers to better
plan to “avoid the unmanageable and manage the unavoidable.”

KNOWLEDGE FOR DECISION SUPPORT

A key objective of this book is to expand the research frontier in
marine sciences in a couple of ways. We want to improve on meth-
odologies for holistic, cross-scale analysis of the function of the
coupled human-environmental system. We also want to improve
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on our ability to perform global-scale economic valuation of ecosys-
tem goods and services. Decisions in the marine domain will need
to be made despite having a number of significant known and
unknown unknowns. We hope that this book will help to identify
some of these potential surprises and to put bounds on their signifi-
cance and impact.

This approach is taken in Chapter 12, where conclusions and rec-
ommendations are discussed for moving the holistic analysis in the
previous chapters into the decision support domain. Effective deci-
sion making requires a level of trust between actors—in this case
between the research community and stakeholders in the policy
and private sectors. Two-way communication channels are needed
to establish this kind of trust. The research community needs to bet-
ter understand the issues and constraints that stakeholders experi-
ence, and the stakeholder community needs to understand the
ability the research community has to produce “data” on these
issues as well as what the research community sees as the issues
of tomorrow.

The aim of this book is not necessarily to produce specific policy
advice; rather it is to derive a framework that enables more
informed decision making for marine issues. We want to enable
greater consistency in decision support and decision making across
scales—to help see to it that local and regional decisions move us in
positive directions on the global scale. We hope our efforts will be
of use.
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Ocean Acidification
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CAUSE AND CHEMISTRY

Ocean acidification is the direct consequence of increased CO2

emissions to the atmosphere. CO2 emissions have increased sub-
stantially since the industrial revolution due to an increase in fossil
fuel burning, cement manufacture, and land-use changes causing
year-on-year increased accumulations of CO2 in the atmosphere.
Due to the increasing atmospheric CO2 concentration over the past
200 years, the ocean takes up vast amounts of anthropogenic CO2;
currently, this is at a rate of around a million metric tons of CO2 per
hour (Brewer, 2009) and is equivalent to 25% of the accumulated
CO2 emissions (Sabine et al., 2004; Le Quéré et al., 2009). Without
ocean uptake, atmospheric CO2 would now be around 450 ppm,
some 60 ppmhigher than today.While this process partially buffers
climate change through the removal of CO2 from the atmosphere,
there are serious consequences for the chemistry of the ocean.

Carbon dioxide (CO2, <1%), carbonic acid (H2CO3, <1%), bicar-
bonate ions (HCO�

3 , 91%), and carbonate ions (CO2�
3 , 8%) comprise

the forms of dissolved inorganic carbon in seawater at a mean sur-
face seawater pH of 8.1 and salinity of 35. These occur in dynamic
equilibrium, reacting with water and hydrogen ions (Equation 2.1;
Zeebe and Wolf-Gladrow, 2001).
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CO2 þH2O $ H2CO3 $ Hþ þHCO�
3 $ Hþ þ CO2�

3 ð2:1Þ
On exchange with the atmosphere, dissolved CO2 reacts with

seawater and carbonate ions to form carbonic acid (Equation 2.1).
Overall increased emissions to the atmosphere result in an increase
in dissolved CO2, carbonic acid, and bicarbonate, as might be
expected from Equation (2.1). Hydrogen ion (Hþ) concentrations
also increase, thus pH, the measure of Hþ concentrations falls,
and acidity increases. It should be noted that ocean pH is unlikely
to become acidic (that is become lower than pH 7), and the term
acidification reflects the process of becoming more acidic, just like
warming reflects the process of increased temperature, although
this could be from cold to not quite so cold.

Additionally, and very importantly, there is a decrease in the
concentration of carbonate ions, as there is also a reaction between
CO2 and carbonate, further increasing bicarbonate levels:

CO2 þ CO2�
3 þH2O ! 2HCO�

3 ð2:2Þ
Another key outcome of the decrease in carbonate (CO2�

3 )
concentration is that this increases the rate of dissolution of calcium
carbonate (CaCO3) minerals in the ocean, with the net effect being
the following:

CaCO3 þ CO2 þH2O ! Ca2þ þ 2HCO�
3 ð2:3Þ

The saturation state (O) is used to express the degree of CaCO3

saturation in seawater:

O ¼ Ca2þ
� �

CO2�
3

� �
=Ksp ð2:4Þ

where [Ca2þ] and [CO3
2�] are the in situ calcium and carbonate con-

centrations, respectively, and Ksp is the solubility product for
CaCO3 (concentrations when at equilibrium, neither dissolving
nor forming). Values of Ksp depend on the crystalline form of
CaCO3; they also vary with temperature and pressure, with CaCO3

being unusual in that it is more soluble in cold water than in warm
water. Unprotected shells, skeletons, and other calcium carbonate
structures start to dissolve when O falls below 1 for the appropriate
mineral phase. O larger than 1 corresponds to supersaturation. The
saturation horizon separates supersaturated waters (above) from
undersaturated (below) waters and is projected to move upward
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toward the ocean surface (shoal) as a product of these changes in
ocean carbonate chemistry, resulting in more organisms being
exposed to the corrosive undersaturated waters (Orr et al., 2005;
Turley et al., 2007).

pH describes the concentration or, more precisely, the activity of
the hydrogen ion in water, aH, by a logarithmic function:

pHT ¼ �log10aHþ ð2:5Þ
The activity of hydrogen ions is important for all acid-base

reactions. The total pH scale is used (pHT).
These changes to ocean chemistry are a direct consequence of

increased CO2 emissions to the atmosphere and are certain, based
on known chemical reactions. The degree of future ocean acidifica-
tion will be dependent on CO2 emission concentrations and rates,
and if these are known, the degree of acidification is highly predi-
cable (Caldeira and Wickett, 2003; Orr et al., 2005; Joos et al., 2011).

TIME AND SPACE SCALES

Together, atmosphere, land, and surface ocean reservoirs hold
less than�4000 PgC, while fossil fuel reserves have been estimated
at �5000 PgC (excluding hydrates). Comparing these two figures
clearly shows the profound scale of the carbon perturbation the
Earth will experience if fossil fuel burning is continued at the same
rate over the next few hundred years and how this will overwhelm
the capacity of these surface reservoirs to absorb carbon (Zeebe and
Ridgwell, 2011). Model projections show that burning of these fossil
fuel reserveswill result in a decline in surface ocean pH of 0.77 from
the preindustrial level of 8.2 (Caldeira and Wickett, 2003), with pH
declines of 0.3-0.4 occurring this century (Royal Society, 2005).

It takes around a year for CO2 emissions to be distributed
throughout the atmosphere, and air-sea exchange is nearly instan-
taneous while equilibrium between atmosphere and the upper
mixed layer of the ocean happens in under a year. Exchange
between the surface mixed layer of the ocean and the massive deep
ocean reservoir takes around 1000 years. On even longer timescales,
the majority of the anthropogenic CO2 will be absorbed by the
oceans and neutralized by ocean carbonate sediments over
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10,000-100,000 years (Archer, 2005). However, the greater the
carbon perturbation, the greater the exhaustion of the oceans
buffering capacity, resulting in a greater proportion of CO2 staying
in the atmosphere (Le Quéré et al., 2009). Oceanwarmingwill affect
the solubility of CO2 and increase stratification which may
slow ocean mixing, both resulting in a higher proportion of CO2

remaining in the atmosphere.
Although there are no direct analogues for the current anthro-

pogenic carbon perturbation, the Paleocene-Eocene Thermal
Maximum (PETM) which occurred around 55 million years ago
may be the most useful, although still limited, analogue as it was
a transient event with a relatively rapid onset due to a large and
rapid carbon input. Zeebe and Ridgwell (2011) have compared a
PETM scenario of an initial carbon pulse of �3000 PgC over
�6000 years with a Business-as-Usual (BAU) scenario of fossil fuel
emissions of �5000 PgC over �500 year (Figure 2.1). The projected
impact on aragonite saturation in surface water is substantially
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FIGURE 2.1 Model of impact of carbon perturbation scenarios for the Paleocene-
Eocene ThermalMaximum (PETM) of�3000 PgC over�3000 years, and the current
Business-as-Usual (BAU) scenario of fossil fuel emissions of �5000 PgC over
�500 years on surface water aragonite saturation. From Zeebe and Ridgwell (2011),
figure 2.5. © OUP.
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different, with greater impact in the BAU scenario due to the
different timescales of the carbon perturbation.

The PETMmay have been the cause for an ancient reef crisis (e.g.,
Kiessling and Simpson, 2011) and extinction of some benthic calcar-
eous foraminifera, with some of those surviving having thinner
shell walls (Thomas, 2007). The planktonic ecosystem did not expe-
rience a comparable extinction but did however undergo migration
and compositional change (see Sluijs et al., 2007 for a review). Their
results indicate that the effects on surface-ocean saturation state
during the PETMmay have been considerably less severe than that
projected for the next few centuries. These results exemplify that
future rates as well as the magnitude of the carbon input are critical
to changes in the chemistry of the future ocean. Such changes have
probably not been experienced by the ocean for around 60 million
years (Ridgwell and Schmidt, 2010) and possibly 300 million years
(Hönisch et al., 2012).

Other perturbations that have disrupted the natural steady-state
conditions of the oceanic carbon cycle have occurred in the past
during catastrophic impact events or abrupt carbon releases from
geological reservoirs. Zeebe and Ridgwell (2011) clearly rebuke
those that have made comparisons between the Cretaceous and
other long-term (million year), high-CO2 steady states in the past
and the current massive carbon releases that we are experiencing
(over a few hundred years) to suggest that marine calcification will
not be impaired in a future high-CO2 world. Such comparisons are
invalid because similar CO2 concentrations do not imply similar
carbonate chemistry conditions because of differences in, for exam-
ple, the degree of CaCO3 saturation or the calcium concentration
(Ridgwell and Schmidt, 2010).

The direct relationship between atmospheric CO2 emissions,
ocean pH, and carbonate ion concentration can be seen from
long-term time series (Figure 2.2) from the Pacific and Atlantic
Oceans. The rates of change are similar although the magnitude
of their seasonal variation reflects the seasonal productivity of their
locations (Orr, 2011). Mean ocean pH has already decreased by 0.1,
equivalent to a 30% decline in acidity (Caldeira and Wickett, 2003),
as average atmospheric CO2 has risen from 280 to 400 ppm since the
industrial revolution to the present day. The rate of change in sur-
face ocean pH is �0.019 per decade in the waters off Hawaii
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(Figure 2.2; Doney et al., 2009), �0.012 per decade off Bermuda
(Bates, 2007), �0.017 per decade off the Canary Islands (Santana-
Casiano et al., 2007), and �0.020 per decade off the south coast of
Honshu, Japan (Ishii et al., 2011). In the Arctic Sea, pH decline is
even greater at�0.024 per decade and the aragonite saturation hori-
zon, currently at 1750 m, is rising at 4 m per year. This means that
each year about 800 km2 of sea floor, previously bathed in saturated
waters, will be exposed to undersaturated conditions and become
corrosive to unprotected aragonite shells (Olafsson et al., 2009).

FUTURE OCEAN ACIDIFICATION SCENARIOS

Future global surface ocean acidification will depend on the CO2

mitigation scenarios that humanity follows. The mean ocean pH
stabilization levels of approximately 8.10, 8.01, 7.94, 7.87, 7.82, and
7.70 correspond to atmospheric CO2 levels of 350, 450, 550, 650,
750, and 1000 ppm (Joos et al., 2011; Figure 2.3). Ocean acidification
will be relatively limited in the absence of future anthropogenic
emissions of CO2, demonstrating that strong and early emissions
reduction measures will make a difference to ocean chemistry and
limit impacts.However, theovershootstabilizationprofiles toachieve
atmospheric CO2 stabilization at 350 and 450 ppm require negative
CO2 emissions (CO2 removal by geoengineering; Joos et al., 2011;
Figure 2.3), a further argument for no delay in emission reduction.

While the above projections are of mean global surface ocean pH,
it is also important to consider geographic variations across Earth’s
ocean. By interrogating regions within global models (Figure 2.4), it
is possible to obtain projections of future changes in the carbonate
chemistry for these regions.

There are areaswhich already naturally experience lower pH and
carbonate ion concentrations than the global average—for example,
the high-latitude oceans (Orr et al., 2005; Steinacher et al., 2009),
upwelling zones off the west coasts of the continents (Feely et al.,
2008), and thedeepoceans (Orr et al., 2005; Figure2.4).Colderwaters
naturally absorb more CO2 than warmer waters, so the pH and the
saturation of carbonate ions, aragonite and calcite, are lower in
subpolar and polar waters than in tropical waters. If emissions of
CO2 continue at the same rate, by the end of this century, the Arctic
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a delayed approach to stabilization (dashed lines); the different pathways to
the same stabilization target illustrate how results depend on the specifics of the
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explanation. From Joos et al. (2011), figure 14.10. © OUP.

22 2. OCEAN ACIDIFICATION



FIGURE 2.4 Projected regional changes in ocean chemistry likely to be experi-
enced by particularly vulnerable ecosystems and compared with global-scale sur-
face ocean changes. The transient simulation of climate and carbonate chemistry
was performed with the UVic Earth System Climate Model using observed histor-
ical boundary conditions to 2006 and the SRES A2 scenario to 2100. For each of the
six illustrative high-risk marine ecosystems (Arctic Ocean, Southern Ocean, NE
Pacific margin, intermediate depth NE Atlantic (500-1500 m), western equatorial
Pacific, eastern equatorial Pacific), the blue-shaded band indicates the annual
range in ocean saturation state with respect to aragonite, while the green-shaded
band indicates the range for calcite saturation. Area average surface ocean condi-
tions are calculated for all regions with the exception of theNEAtlantic where area
average benthic conditions between 380 and 980 m have been used. The thickness
of the line indicates the seasonal range, with the threshold of undersaturated envi-
ronmental conditions for aragonite and calcite marked as a horizontal dash line.
The varying evolution in the magnitude of the seasonal range between different
regions is due to the complex interplay between changes in stratification, ocean
circulation, and sea-ice extent, and distorted due to the nonlinear nature of the sat-
uration scale. The corresponding regions from which the annual ranges are calcu-
lated are shown shaded. Global ocean surface averages (bottom) are shown, from
left to right: CO2 partial pressure, pH(SWS), and calcite and aragonite saturation.
From Turley et al. (2010).
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and Southern Oceans will be undersaturated in these carbonate
ions and therefore corrosive to unprotected shells and skeleton
(Orr et al., 2005; Steinacher et al., 2009). In theArcticOcean, the onset
of surfaceundersaturation showsgreat variability betweendifferent
regions as a result of differences in climate change feedback factors
such as the retreat of sea ice, changes in freshwater input, and
changes in stratification (Popova et al., 2013). Deeper Arctic waters
may be receiving additional CO2 from the microbial breakdown of
melting methane hydrates deposited in Arctic Ocean sediments
(Biastoch et al., 2011).

Upwelling of waters naturally rich in CO2 and with lower pH,
both at the Equator and at continental margins, is a seasonal pro-
cess. For example, at the NE Pacific margin, shelf waters are super-
saturated with respect to aragonite during weak upwelling (Feely
et al., 2008) but as soon as upwelling intensifies, the deeper under-
saturatedwater spills over the edge of the continentalmargin across
the gently sloping, highly productive shelf. This process may be
exacerbated by ocean acidification. In addition, because calcite
and aragonite saturation decreases with increasing pressure
(Orr et al., 2005), organisms living at depth in areas with fast CO2

uptake such as the North East Atlantic will on average be exposed
to undersaturated waters before surface-dwelling organisms
(Figure 2.4). While surface waters of tropical areas are not expected
to become undersaturated with respect to aragonite (Feely et al.,
2004; Orr et al., 2005; Orr, 2011), this may still impact growth rates
and survival of coral reefs (Cao and Caldeira, 2008), with the
natural erosion of reefs exceeding their growth due to reduced
calcification rates (Kleypas et al., 2006).

Ocean acidification is not the only major stressor the ocean and its
organisms are experiencing, often simultaneously. Ocean warming
(Chapter 3) and deoxygenation (oxygen loss; Chapter 4) are also
occurring globally, and more regionally or locally freshening of
water due to sea-ice melt and changes to freshwater inflow from riv-
ers, pollution, invasive species, and destructive fishing practices can
be additional stressors, which can act synergistically (see Chapter 8).

Coastal shelf seas (Blackford and Gilbert, 2007) and estuaries
zones near river mouths (Salisbury et al., 2008) are also vulnerable
regions because of inputs of freshwater, which changes the carbonate
chemistry. Indeed, the pH of coastal seas is more variable than
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the open ocean (Figure 2.5) and is more difficult to predict accurately
becauseof the interactionwithsedimentprocessesand influence from
riverine input (Blackford and Gilbert, 2007). Coastal waters, in the
vicinity of industry, may receive additional acidity from deposition
of anthropogenic atmospheric sources of nitrogen and sulfur
(Doney et al., 2007) to add to that produced by uptake of atmospheric
CO2 emissions and riverine input, although some of the acid gases
may be buffered by coastal sediments (Hunter et al., 2011).

POTENTIAL FUTURE EFFECTS ON PHYSIOLOGICAL
PROCESSES AND BEHAVIOR

As the science of ocean acidificationhas emerged, there have been
several excellent in-depth reviews of the potential impacts of ocean
acidification (Royal Society, 2005; Kleypas et al., 2006; Fabry et al.,
2008;TurleyandFindlay,2009;Doneyetal., 2009), andmost recently,
a 15 Chapter book is dedicated to Ocean Acidification (Gattuso
and Hansson, 2011) with concluding chapter (Gattuso et al., 2011).
Rather than repeat these a brief summary of their initial findings
follow with an update from recent publications.

FIGURE2.5 Map of themodeled annual pH range simulated across the southern
North Sea domain. From Blackford and Gilbert (2007).
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Changes in Calcification

Shells and skeletons are important for protection and/or struc-
tural support in many marine organisms and are made from differ-
ent mineral forms of calcium carbonate. The three main mineral
forms of calcium carbonate, in order of least soluble tomost soluble,
are calcite, aragonite, and magnesium-calcite. These minerals
dissolve at low carbonate ion concentrations (“undersaturated”
conditions), unless calcifying organisms have evolved mechanisms
to prevent dissolution. Calcium carbonate becomes harder to pre-
cipitate even before undersaturation is reached and can affect the
ability of some organisms to produce their calcium carbonate shells,
and skeletons or liths. A meta-analysis, looking at all the experi-
mental data available at the time, showed that calcification is the
most frequently observed process impacted in experiments carried
out at future seawater CO2 concentrations (Kroeker et al., 2010).
Calcification was recognized early on as being potentially vulnera-
ble to ocean acidification (reviewed in Royal Society, 2005; Kleypas
et al., 2006). Changes in calcification may impact not only individ-
ual visible shelled organisms such as the edible mussel and oyster
(Gazeau et al., 2007; Miller et al., 2009), calcifying large algae
(Martin et al., 2008; Martin and Gattuso, 2009), ecosystems depen-
dent on calcification such as tropical coral reefs (Kleypas et al., 2006;
Fischlin et al., 2007; Silverman et al., 2009), and cold water corals
(Guinotte et al., 2006; Turley et al., 2007; Maier et al., 2009) but
also microscopic planktonic calcifiers such as coccolithophores
(Riebesell et al., 2000), foraminifera (Bijma et al., 2002; de Moel
et al., 2009), and pteropods (Comeau et al., 2010). Through the
impact on these key planktons, the removal of carbon from surface
waters to deeper waters via the biological pump may be impacted
(Ridgwell et al., 2009), although the extent and direction of effect
is currently uncertain (for review, see Gehlen et al., 2011).

Reduced calcification has already been observed in the marine
environment, at present-day CO2 concentrations in the Great
Barrier Reef (De’ath et al., 2009) and in planktonic foraminifera
(de Moel et al., 2009; Moy et al., 2009). Currently, it remains uncer-
tain whether this is due to current levels of ocean acidification.
However, dissolution of living pteropod shells has very recently
been found to be extensive in parts of the Southern Ocean

26 2. OCEAN ACIDIFICATION



(Bednaršek et al., 2012), demonstrating that the impact of ocean
acidification is already occurring in oceanic populations.

Such changes to calcification could have direct socioeconomic
consequences. For example, the larvae of two species of commer-
cially and ecologically valuable shellfish grown under CO2 levels
of 200 years ago displayed thicker, more robust shells, faster
growth, and metamorphosis than individuals grown at present-
day CO2 concentrations, whereas when exposed to CO2 levels
expected later this century, their shells weremalformed and eroded
(Talmage and Gobler, 2009, 2010). The authors pose the question of
whether the 30% increase in acidification that has occurred over the
past 200 years may be inhibiting the development and survival of
larval shellfish and contributing to global declines of some bivalve
populations. Upwelling of CO2-rich water along the western coast
of North America (Feely et al., 2008) is currently being explored as
the reason for failure of shellfisheries along the coast. Initial studies
on potential socioeconomic impacts of ocean acidification on aqua-
culture, fisheries (Cooley andDoney, 2009; Cheung et al., 2011), and
food quality and security (Turley and Boot, 2010, 2011; Cooley et al.,
2011) have been undertaken.

Changes to Primary Production and the Microbial Loop

The main marine primary producers are microscopic-free-
floating photosynthetic organisms, collectively called phytoplank-
ton. Larger algae and seagrass can be important primary producers
locally in shallower waters where they attach to sediments and
rocks. All these primary producers use CO2 and nutrients for
photosynthesis. They must concentrate CO2 to fix it, and many spe-
cieswithin this verydiverse groupof organismshave evolvedmech-
anisms of varying efficiency to do this (Royal Society, 2005). Such
mechanisms require energy, so in a future ocean where CO2 is
higher, the energetic cost of concentrating it may be lower resulting
in increased overall primary production. However, those species
with effective CO2 concentration mechanisms (CCMs) may lose
the competitive advantage that they had over those with less effec-
tivemechanisms resulting in shifts in plankton species composition.
Increased rates of photosynthesis of 10-30% have been observed in
experimental seawater bioassays containing natural assemblages
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with raised seawater CO2 (reviewed by Riebesell and Tortell, 2011).
In contrast to these enhanced effects, there are potential pH impacts
on nutrient cycles either directly on changes to the speciation of key
nutrients (Royal Society, 2005) or on nitrogen fixation by the micro-
scopic cyanobacterium Trichodesmium which contributes a large
fraction of the new nitrogen entering the nutrient replete regions
of the ocean (Hutchins et al., 2007). ElevatedCO2 could substantially
increase global Trichodesmium dinitrogen and CO2 fixation, funda-
mentally altering the current marine nitrogen and carbon cycles
and potentially moving some oceanic regimes toward phosphorus
limitation. In addition, the microbial oxidation of ammonia into
nitrite followed by the oxidation of nitrite to nitrate (nitrification)
may be particularly sensitive to lower pH (Huesemann et al.,
2002). Adaptation to ocean acidification by genetic change is most
likely to occur in microbes (Joint et al., 2010) with their rapid gener-
ation times of only a few days than for multicellular marine organ-
isms, but there have been only a few studies on the effects of ocean
acidification on them and other members and processes in the
microbial loop (for review, see Weinbauer et al., 2011).

Changes to Behavior and Sensory Cues

In the marine environment, chemical cues are used for commu-
nication, homing ability, habitat selection, sensing predators and
prey as well as courtship andmating, species recognition, and sym-
biotic relationships. Some of these cues are susceptible to changes
in pH. In experiments with high CO2 seawater, littorinid snails
switched from thickening shells in the presence of predators to
increased avoidance behavior (Bibby et al., 2008), while the resource
assessment and decision-making processes are disrupted in hermit
crabs (de la Haye et al., 2011). In experiments at low pH, the hermit
crabs spent a longer time selecting more optimal shells and took
longer transferring between shells. Larval coral reef clownfish
and damselfish have shown sensitivity at CO2 levels likely to be
experienced this century through riskier behavior including losing
their avoidance behavior toward a predator (Munday et al., 2010).
Such changes to behavior increase mortality rates considerably and
impact population recruitment. It has been proposed that disrupted
internal acid-base balance caused by exposure to elevated CO2

might potentially affect neuronal pathways that could mediate a
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range of functions, including olfactory discrimination, activity
levels, and risk perception. The ability of juvenile clownfish to dis-
criminate between auditory cues which help them locate reef
habitats and suitable settlement sites was disrupted when larvae
were reared in conditions simulating CO2-induced ocean acidifica-
tion (Munday et al., 2009; Simpson et al., 2011). CO2 induced loss of
response to predation risk ranging from 30% to 95% in four dam-
selfish larvae (Ferrari et al., 2011). The mortality of one species of
cardinal fish, another reef fish, at elevated temperatureswas greater
at high CO2 (Munday et al., 2009), implying that the combination
of ocean acidification and rising seawater temperature may pose
a significant physiological challenge to some sea animals.

Otoliths and statoliths are sensory aragonite structures used by
fish, squid, and mysids to sense three-dimensional orientation
and acceleration. They are therefore very important in predator-
prey interactions and consist of aragonite-protein bilayers and could
be sensitive to ocean acidification. Experiments on larval white sea-
bass indicated that in a CO2 environment equivalent to the end of
this century, otoliths are 10-14% heavier than those at current-day
CO2 concentrations, and at this stage in research, it is not known
if this will impact their behavior (Checkley et al., 2009). In contrast,
no changes were found in similar experiments carried out on coral
reef fish (Munday et al., 2011), showing the variability between fish.
The cuttlebone size andmass increase and internal structures alter in
the cuttlefish at CO2 concentrations well above those likely to be
experienced (Gutowska et al., 2008), but effects of more ecologically
significant CO2 concentrations are currently unknown. Jellyfish also
produce smaller statoliths when raised in high CO2 (Winans and
Purcell, 2010). The impact on the future behavior of these organisms
in response to changes to these important sensory organs is cur-
rently unknown.

Changes to Reproduction, Juvenile Survival,
and Recruitment

Seaurchingametesappeared relatively robust to lowered seawater
pH (Byrne, 2010; Dupont et al., 2010a; Ericson et al., 2010), although
there are some indications that sperm swimming speed and motility
may be significantly reduced (Havenhand et al., 2008). Early embry-
onic development in sea urchins is also relatively robust to reduced
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seawater pH (Byrne et al., 2009), but abnormalities become more
apparent during the later developmental stages (Ericson et al.,
2010). Furthermore, lowered pH can reduce echinoid pluteus larval
growth and development rates, morphology, skeletogenesis, and
calcification rates (Kurihara and Shirayama, 2004; Dupont et al.,
2008; Clark et al., 2009; reviewed in Byrne, 2010) in some but not all
species (Gooding et al., 2009; Dupont et al., 2010b). For example, lar-
val development of the brittle starOphiothrix fragiliswas found to be
very sensitive to near future ocean acidification (Dupont et al., 2008),
and in contrast, larvae and juveniles of the sea starCrossaster papposus
grow fasterwith no visible effects on survival or skeletogenesiswhen
cultured at low pH (Dupont et al., 2010a). These species differences
may be due to varying life history strategies, those feeding during
their larval planktonic stage being less resilient to pH than those that
do not feed during this stage (for review, see Dupont et al., 2010b).
Similarly in bivalves, fertilization and early development in two
species of oysters exhibited different tolerances to high CO2 and
temperature (Parker et al., 2010).

CO2 concentrations expected by 2100 under business as usual
significantly impaired larval development and survival by 40% in
the endangered northern abalone (Crim et al., 2011). Sediment
saturation state may account for up to 98% of the mortality during
the settlement of juvenile bivalves (Green et al., 2009). Decreasing
saturation state from ocean uptake of CO2 may increase the already
extreme mortality found in many calcifying benthic invertebrates.
Coral recruitment is also critical to the persistence and resilience
of coral reefs and is regulated by larval availability (e.g., gamete pro-
duction, fertilization), larval settlement, postsettlement growth,
and survival. Fertilization success, larval metabolic rates, larval
settlement rates, and postsettlement growth rates of several com-
mon Caribbean corals are reported to be all compromised with
increasing seawater CO2 (Albright, 2011).

Changes to Hypercapnia, Respiration, Energetics,
and Growth

For the normal function of an organism, internal pHmust be kept
within relatively narrow ranges because processes such as enzyme
function, protein phosphorylation, chemical reactions, and the
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carrying capacity of hemoglobin for O2 are all influenced by pH.
CO2 in seawater readily diffuses across animal tissue surfaces,
lowering the pH of internal fluids, but many animals have devel-
oped compensation mechanisms to regulate their internal pH
and function normally despite changes in the pH of the surround-
ing water. However, many marine invertebrates have poorly
developed gas exchange and acid-base regulatory capacities, which
may explain their apparent low tolerance for ocean acidification.
The relative insensitivity of crustaceans to ocean acidification
(Kurihara and Ishimatsu, 2008; Arnold et al, 2009; Ries et al.,
2009) has been ascribed to well-developed ion transport regulation
and high biogenic content of their exoskeletons (Kroeker et al, 2010).
Nevertheless, spider crabs show a narrowing of their range of ther-
mal tolerance by �2 �C under high CO2 conditions (Walther et al.,
2009), and a deep-sea crab was less effective at extracellular
acid-base regulation than a shallow water crab to tolerance of high
CO2 (Pane and Barry, 2007). High CO2 substantially elevated res-
piration rates (byþ100%) and resulted in reduced scope for growth
and delayed development in sea urchin larvae (Stumpp et al., 2011).
Those larvae raised in high CO2 allocated only 39-45% of their avail-
able energy on somatic growth, while those grown under today’s
CO2 concentrations spent 78-80% of the available energy on growth
processes. In contrast, mammals, fish, and some molluscs have a
high capacity for oxygen and CO2 transport and exchange and
appear to be tolerant of lower pH (Melzner et al., 2009). Cod
(Frommel et al., 2012) and herring (Franke and Clemmesen, 2011)
larvae have been found to be sensitive to high CO2 in controlled
experiments but how this impacts overall species mortality and
recruitment remains uncertain. The great variations in tolerances
of animals to ocean acidification may therefore be, at least in part,
determined by capacity to regulating their internal acid-base
balance (for reviews, see Pörtner et al., 2011 and Widdicombe
et al., 2011).

However, in a future ocean with higher CO2 and higher temper-
atures, there will be additional associated energetic costs of main-
taining internal pH regulation to the organism’s energy budget
and are thus related to the rate of energy metabolism. This could
lead to trade-off between physiological, metabolic, and repro-
ductive processes. For instance, in one study investigating high
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CO2 on a brittle star, the reaction of the animal was to increase its
rates of metabolism and calcification but it did this at the cost of
muscle wastage (Wood et al., 2008). Such reactions to increased
acidity are unlikely to be sustainable in the long term. However,
many experiments have been carried out using short-term experi-
ments that do not take account of potential acclimation that could
occur over time. Acclimation or adaptation over the long term is
potentially possible and explored in Pörtner et al. (2011). Adap-
tation potential can also be studied at natural CO2-venting sites,
where benthic marine communities have experienced low pH
conditions for centuries (see below). More studies are needed to
determine the physiological strain that elevated CO2 concentrations
may impose on marine organisms, their performance, and energy
balance between metabolic processes and behavior activities
(Pörtner, 2008; Findlay et al., 2009; Widdicombe et al., 2009). Such
additional physiological strain could affect their ability to cope
with other environmental stresses such as rising temperatures
and decreasing oxygen.

Dissolved CO2 increases rapidly with ocean depth, and this will
be amplified in a future high CO2world. In some areas of the ocean,
these areas are increasingly linked to areas of low oxygen, therefore
placing added pressure on the respiration and metabolic partition-
ing of organisms that inhabit these areas (Brewer and Peltzer, 2009;
Gruber, 2011; Chapter 4).

IMPACTS ON COMMUNITIES, FOOD WEBS,
AND ECOSYSTEMS

Phytoplankton species with effective CCMs are likely to be less
sensitive to increased CO2 levels than those lacking efficient CCMs.
These differences may alter competitive relationships among phy-
toplankton groups and result in shifts of phytoplankton species
composition as ocean acidification increases in the future. Changes
to the community structure of phytoplankton could impact the
structure of the zooplankton community that depend on them for
food. Additionally, zooplankton may be directly impacted by
future ocean acidification, although this aspect is less well studied.
For example, a decrease in the density of shelled pteropods (small
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planktonic snails known as sea butterflies), which already show
sensitivity to ocean acidification in parts of the Southern Ocean
through extensive dissolution of their shells (Bednaršek et al.,
2012), may impact food webs as they are important food sources
for salmon and whales in polar and subpolar waters (Orr et al.,
2005; Comeau et al., 2009; Comeau et al., 2010). For in-depth reviews
of the potential impact of future ocean acidification on the structure
and function of pelagic and benthic communities, food webs, and
ecosystems, see Riebesell and Tortell (2011) and Wicks and
Roberts (2012), respectively.

Shifts in phytoplankton species composition could also have
health risks. For example, a recent study raises the possibility that
growth rates and toxicity of the diatom Pseudo-nitzschia multiseries
could increase substantially in the future high-CO2 ocean, suggest-
ing a potentially escalating negative effect of this harmful algal
bloom species on the future marine environment (Sun et al.,
2011). This diatom produces the toxin domoic acid, which when
transferred up the food web causes mass mortalities of wildlife,
shellfish-harvesting closures, and risks to human health.

Ocean acidification will not have direct negative effects on all
marine invertebrates. For example, an increase in populations of
top predators which seem to exhibit no sensitivity to ocean acidifi-
cation such as the sea stars Pisaster ochraceus and Crossaster papposus
may occur in the future, but this will probably have significant con-
sequences on the community structure within the ecosystem
(Gooding et al., 2009; Dupont et al., 2010a). In contrast, sensitivity
to ocean acidification, as exhibited by another keystone echinoderm
species of brittle star which occurs in high densities throughout the
shelf seas of northwestern Europe and is an important food for
many common predators, including fish, and reduction in popula-
tions (Dupont et al., 2008; Wood et al., 2008), could impact food
webs. Another example of potential ecosystem scale impact is that
ocean acidification has the potential to negatively impact sexual
reproduction and multiple early life history larval stages and pro-
cesses of several common coral species and may contribute to sub-
stantial declines in sexual recruitment that are felt at the community
and/or ecosystem scale (Albright, 2011; Nakamura et al., 2011).

However, taking laboratory data, often on single species in short-
term experiments are open to some criticism (Riebesell et al., 2010)
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and could over- or underestimate potential impacts. In addition, it
is difficult to upscale these experiments to understand what might
happen to communities, food webs, and ecosystems. Therefore,
scientists have also taken another approach to understanding the
potential future impacts of ocean acidification on ecosystems by
investigating submersed marine volcanic CO2vents, where concen-
trations of CO2 are naturally high. These areas provide insights into
what marine ecosystems may look like in a future high CO2 ocean.
Substantial changes in shallow benthic community composition
have been observed in the vicinity of CO2 vents in the Mediterra-
nean Sea with seagrasses doing well, a 30% decrease in the overall
biodiversity, a decrease in abundance, or the loss of benthic calci-
fiers at lower pH (Hall-Spencer et al., 2008). Similar studies of coral
reefs in the vicinity of CO2 vents off Papua New Guinea found
reductions in coral diversity, recruitment, and abundances of these
structurally complex framework builders, and shifts in competitive
interactions between taxa at pH 7.7 (the pH predicted for the end of
this century if CO2 emissions continue at the same rate) than found
in locations away from vents, with a normal pH of 8.1 (Fabricius
et al., 2011). Reef development is ceased belowpH7.7. Interestingly,
the amount of hard-coral cover remained constant with increasing
CO2 concentrations between pH 8.1 and 7.8 despite low calcifica-
tion rates. An explanation for this may be that the study areas were
surrounded by highly diverse reefs that supply larvae from waters
at normal pH and that CO2 concentrations near volcanic vents are
variable, offering periods of opportunity for larval settlement when
pH levels are optimal (Hall-Spencer 2011).While these observations
provide valuable insights into the responses of organisms and
how they may be upscaled to ecosystems, the strong pH variation
at these sites (often beyondwhat may be experienced in the future),
the closeness of water with normal pH, and the mobility of some
organisms do not make them exact analogues of a future high
CO2 ocean (Hall-Spencer, 2011).

Overall, there is mounting evidence from experiments, meta-
analyses, observations of naturally high CO2 areas and geological
records, and modeling that there will be future changes to marine
biodiversity and ecosystems if CO2 emissions continue at the same
rate (for reviews, see Andersson et al., 2011; Barry et al., 2011). This
conclusion is supported by a survey of 59 experts on the scientific
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confidence relating to current understanding of ocean acidification
and its impacts (Gattuso et al., 2012). The expert survey revealed a
high confidence (of 90%) that “anthropogenic ocean acidification
will impact ecosystems, some of them negatively (e.g., coral reefs).”

CONCLUSIONS

• Ocean acidification is happening now and will continue as
more CO2 is emitted to the atmosphere. Already, the mean
ocean pH has decreased by 30% since the industrial revolution
and if we keep on emitting CO2 at the same rate pH could
decrease by a further 150-200% this century.

• The rate of pH change is around 10 times faster than that of other
ocean acidification events that have occurred over at least the
past 60 million years.

• The only way of reducing future ocean acidification on a global
scale is the rapid and substantial reduction of CO2 emissions to
the atmosphere. If CO2 emissions are not curbed substantially
and we keep on emitting CO2 at the same rate then it will take
10,000’s of years for ocean pH to return to close to today’s pH.

• There is increasing concern that these rapid changes to ocean
chemistry, occurring over just a few centuries will impact
marine organisms, food webs, ecosystems, and biogeochemistry
and through them the resources, services, and provisions that
they inadvertently supply human kind.

• The growing body of scientific research finds that while there
will be some animals and plants that are unaffected by, or can
adapt to, ocean acidification in the coming decades, there are a
growing number of organisms that show sensitivity, either in
their physiology, behavior, or in their developmental stages, to
ocean acidification.

• Some of these vulnerable organisms are ecosystem builders and
shore protectors such as corals, which create habitats supporting
high biodiversity, while others such as pteropods are key links
in the food web or organisms such as shellfish, which provide
a substantial and growing protein and income source for people.

• If CO2 emissions continue at the same rate, the current evidence
points toward substantial changes in this century at the species,
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community, and ecosystem level from the cold polar and
subpolar waters to the tropics, the deep ocean, and productive
coastal and upwelling areas.

Acknowledgments

The author acknowledges support from the UK Ocean Acidification (UKOA) Research Pro-
gramme funded jointly by the Natural Environment Research Council (NERC), the Depart-
ment for Environment, Food, and Rural Affairs (Defra) and the Department of Energy and
Climate Change (DECC), and both the European Project on Ocean Acidification (EPOCA
Grant Number 211384) and the Mediterranean Sea Acidification in a Changing Climate
(MedSeA Grant Number 265103) project funded by the European Community’s Seventh
Framework Programme (FP7/2007-2013). The assistance of colleagues in these programmes
is also gratefully acknowledged. Partial support for this synthesis was provided by the Okea-
nos Foundation.

References

Albright, R. (2011), Effects of Ocean Acidification on Early Life History Stages of
Caribbean Scleractinian Corals, Open Access Dissertations, 574.

Andersson, A. J., F. T. Mackenzie, and J. -P. Gattuso (2011): Effects of Ocean
Acidification on Benthic Processes, Organisms, and Ecosystems. In: Ocean acid-
ification [Gattuso, J. -P. and L. Hansson (eds.)]. Oxford University Press, Oxford,
Chapter 7, pp. 122–153.

Archer, D. (2005), The fate of fossil fuel CO2 in geologic time. J. Geophys. Res., 110,
C09S05, http://dx.doi.org/10.1029/2004JC002625.

Arnold, K. E., H. S. Findlay, J. I. Spicer, C. L. Daniels, and D. Boothroyd (2009),
Effects of hypercapnia-related acidification on the larval development of the
European lobster, Homarus gammarus (L.), Biogeosciences, 6, 1747–1754.

Barry, J. P., S. Widdicombe, and J. M. Hall-Spencer (2011): Effects of Ocean Acidifi-
cation on Marine Biodiversity and Ecosystem Function. In: Ocean acidification
[Gattuso, J. -P. and L. Hansson (eds.)]. OxfordUniversity Press, Oxford, Chapter
10, pp. 192–206.

Bates, N. R. (2007), Interannual variability of the oceanic CO2 sink in the subtrop-
ical gyre of the North Atlantic Ocean over the last two decades, J. Geophys. Res.,
112, C09013, http://dx.doi.org/10.1029/2006JC003759.
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for high CO2 tolerance in marine ectothermic animals: pre-adaptation through
lifestyle and ontogeny? Biogeosciences, 6, 2313–2331.

Miller, A. W., A. C. Reynolds, C. Sobrino, and G. F. Riedel (2009), Shellfish face
uncertain future in high CO2 world: influence of acidification on oyster larvae
calcification and growth in estuaries, PLoS One, 4, e5661, http://dx.doi.org/
10.1371/journal.pone.0005661.

Moy, A. D., W. R. Howard, S. G. Bray, and T.W. Trull (2009), Reduced calcification
in modern Southern Ocean planktonic foraminifera, Nature Geoscience, 2,
276–280.

Munday, P. L., D. L. Dixson, J. M. Donelson, G. P. Jones, M. S. Pratchett,
G. V. Devitsina, and K. B. Dving (2009), Ocean acidification impairs olfactory
discrimination and homing ability of a marine fish, PNAS, 106, 1848–1852,
http://dx.doi.org/10.1073/pnas.0809996106.

Munday, P. L., D. L. Dixson, M. I. McCormick, M. Meekan, M. C. O. Ferrari, and
D. P. Chivers (2010), Replenishment of fish populations is threatened by ocean
acidification, PNAS, 12930–12934. http://dx.doi.org/10.1073/pnas.1004519107.

Munday, P. L., V. Hernaman, D. L. Dixson, and S. R. Thorrold (2011), Effect of
ocean acidification on otolith development in larvae of a tropical marine fish,
Biogeosciences, 8, 1631–1641.

Nakamura, M., S. Ohki, A. Suzuki, and K. Sakai (2011), Coral Larvae under Ocean
Acidification: Survival, Metabolism, and Metamorphosis, PLoS One, 6, e14521,
http://dx.doi.org/10.1371/journal.pone.0014521.

Olafsson, J., J. Olafsdottir, A. Benoit-Cattin, M. Danielsen, T. S. Arnarson, and
T. Takahashi (2009), Rate of Iceland Sea acidification from time series measure-
ments, Biogeosciences, 6, 2661–2668.

Orr, J. C., V. J. Fabry, O. Aumont, and 24 others (2005), Anthropogenic ocean acid-
ification over the twenty-first century and its impact on calcifying organisms,
Nature, 437, 681–686.

Orr, J. C. (2011): Recent and Future Changes in Ocean Carbonate Chemistry. In:
Ocean acidification [Gattuso J. -P. and L. Hansson (eds.)]. Oxford University
Press, Oxford, Chapter 3, pp. 41–66.

Pane, E. F., and J. P. Barry (2007), Extracellular acid–base regulation during short-
term hypercapnia is effective in a shallow water crab, but ineffective in a deep-
sea crab, Mar. Ecol. Prog. Ser., 334, 1–9.

Parker, L. M., P. M. Ross, and W. O. O’Connor (2010), Comparing the effect of ele-
vated pCO2 and temperature on the fertilization and early development of two

41CONCLUSIONS

http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0350
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0350
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0350
http://dx.doi.org/10.1111/j.1365-2486.2009.01874.x
http://dx.doi.org/10.1098/rsbl.2008.0412
http://dx.doi.org/10.1098/rsbl.2008.0412
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0365
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0365
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0365
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0365
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0365
http://dx.doi.org/10.1371/journal.pone.0005661
http://dx.doi.org/10.1371/journal.pone.0005661
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0375
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0375
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0375
http://dx.doi.org/10.1073/pnas.0809996106
http://dx.doi.org/10.1073/pnas.1004519107
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0390
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0390
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0390
http://dx.doi.org/10.1371/journal.pone.0014521
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0400
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0400
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0400
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0405
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0405
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0405
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0410
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0410
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0410
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0415
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0415
http://refhub.elsevier.com/B978-0-12-407668-6.00002-1/rf0415


species of oysters, Mar. Biol., 157, 2435–2452, http://dx.doi.org/10.1007/
s00227-010-1508-3.

Popova, E. E., A. Yool, A. C. Coward, and T. R. Anderson (2013), Regional variabil-
ity of acidification in the Arctic: a sea of contrasts, Biogeosciences Discussions, 10,
2937–2965.
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INTRODUCTION

Our oceans have been warming as a result of our changing
climate. Over the past 50 years, most of the added heat from
anthropogenic climate change has been absorbed by the oceans.
Estimates are that from the surface down to 700 m ocean temper-
ature has increased by 0.2 �C (Bindoff et al., 2007). In addition,
there are now indications that deep oceanic waters are warming
(Roemmich et al., 2012).

Ocean warming is an important aspect of sea-level rise, observa-
tions of which are discussed in detail in Chapter 5. In this chapter,
we treat the physical and biological aspects of ocean warming that
are not related to sea-level rise, but which will have important
impacts on society; we will concentrate on the consequences of a
warming ocean.

Some of these impacts will be felt in the oceans themselves, such
as damage to or even the complete destruction of coral reefs, or
alterations to the patterns of biological production and fisheries
landings (Sumaila et al., 2011; Chapters 8, 10, and 11). Others will
also be felt far away from the ocean domain, such as changes in
severe weather or hurricane intensity. Changes of this kind are
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driven by ocean warming, either almost entirely (as in the case of
hurricane strength) or partially (such as increases in the intensity
of precipitation over land).

This chapter discusses the major causes and consequences of
ocean warming. We begin by looking at the physical consequences
of ocean warming, and how a warmer ocean influences “extreme”
weather such as intense precipitation and flooding, and tropical
cyclones.We then examine some of the basic biological consequences
of ocean warming, including how ocean warming will influence the
availability of dissolved oxygen, and the metabolism and distribu-
tion of marine organisms. We conclude with a summary and take-
home messages about the consequences of a warming ocean.

PHYSICAL CONSEQUENCES OF OCEAN WARMING

“Extreme Weather”: Precipitation and Flooding

In a very simplified sense, as the oceans and atmosphere warm,
the amount of water vapor in the atmosphere at a given relative
humidity increases. The increase is not linear, but rather exponen-
tial. As temperature increases, the amount of water at a given rela-
tive humidity increases very rapidly. Observations of significant
increases in specific humidity (the actual amount of water vapor
in the atmosphere) in the Northern Hemisphere confirm this sim-
plified picture in an overall sense (Allen and Ingram, 2002).

These changes in the amount of water vapor are expected to lead
to concomitant changes in the hydrological cycle. One such
expected change is an increase in the intensity of precipitation. Cli-
mate extremes such as extreme precipitation or droughts are not
driven exclusively or sometimes even dominantly by ocean temper-
ature increases. A detailed discussion of these kinds of climate
extremes is beyond the scope of this chapter, and even of this book.
Here, we present a short discussion of precipitation extremes as an
example of the kinds of changes in global climate that are due at
least in part to ocean warming, and that will be felt in areas well
removed from the ocean basins.

Min et al. (2011) examined both observations and model simula-
tions of trends in extreme precipitation in the Northern Hemi-
sphere. They looked at changes based on the annual maxima of
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daily (RX1D) and 5-day consecutive (RX5D) precipitation amounts
for the latter half of the twentieth century. These two indices were
chosen because they relate closely to the kinds of extreme events
that impact society through, e.g., flood damage, crop losses, and
damage to built infrastructure. They used the Hadley Centre global
climate extremes data set (Alexander et al., 2006), which is based on
daily observations from 6000 stations. They examined the period
between 1951 and 1999.Model results were taken from the Coupled
Model Intercomparison Project Phase 3 (CMIP3) archive (http://
esg.llnl.gov:8080/index.jsp). Their results are shown in Figure 3.1.

Panels (a) and (b) show observations of changes in 1-day (RX1D)
and 5-day (RX5D) extreme precipitation values for the period 1951-
1999. Blue colors indicate areas where extreme precipitation
increased; orange/red colors indicate areas where it decreased.
Observations show an increase in extreme precipitation over much
of the United States, Mexico, and Central America, as well as over
central and eastern Europe. Observations show both areas of
increased and decreased extreme precipitation over much of east
and south Asia, with decreased extreme precipitation (associated
with warming and drying) over the Iberian Peninsula in Europe.
Overall, the observations show a 65% increase in 1-day extreme pre-
cipitation over the period and a 61% increase in 5-day extreme
precipitation. The CMIP3 models tend to underestimate the
changes in extreme precipitation. However, the spatial patterns
of the changes were sufficiently robust for “fingerprinting” tech-
niques to be used to detect a clear signal of anthropogenic influence
on the extreme values.

This clear relationshipmay not exist for the entire planet (Peixoto
and Oort, 1996). Changes in atmospheric circulation can also affect
extreme precipitation. The tropics in particular is an area where
detecting changes in extreme precipitation and attributing the
changes to a particular cause has proven difficult (O’Gorman and
Schneider, 2009). Current climate models have difficulty in resolv-
ing the kinds of tropical convective systems that are responsible for
heavyprecipitation in the region, and theprecipitation itself ismuch
more intense and variable compared with midlatitude regions.

Extreme precipitation impacts a number of areas of importance to
society. Table 3.1 lists examples of impacts and potential mitigation
options. The economic impacts of extreme weather are addressed in
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more detail in Chapter 10. Many of the impacts of extreme precipi-
tation revolve around damage due to flooding and erosion.

In a recent study, Pall et al. (2011) showed that anthropogenic
greenhouse gas emissions (and the warming and changes in the
hydrological cycle that they cause) had more than doubled the risk
of serious flooding in England andWales for the year 2000. Between
September and November 2000, more than 10,000 homes were
flooded in the region, and roughly 3.5B GBP of insurance claims
were submitted (http://www.guardian.co.uk/environment/2011/
feb/16/climate-change-risk-uk-floods). While the quantification of
a doubling of risk of flooding due to our emissions of greenhouse
gases strictly holds only for England and Wales (where the study
was focused), it is clear that human-induced changes in extreme
precipitation will have large societal and economic consequences.

Tropical Cyclones

The changes in extreme precipitation discussed in the previous
sectionwere only indirectly linked to oceanwarming. The life cycles
of tropical cyclones, on the other hand, are intimately linked to sea
surface temperatures. Tropical cyclone is a generic term for storm

TABLE 3.1 Examples of Impacts of and Potential Mitigation Options for Extreme
Precipitation

Category

Food, Fiber,
Forestry,
Ecosystems

Water
Resources

Human
Health

Infrastructure
and Society

Impacts Damage to crops;
waterlogged soil

Decrease in
water quality;
contamination
of water
supply; relief
of water stress

Increase
risk of
infectious
diseases

Infrastructure
damage due to
flooding; loss
of property;
soil erosion
and landslides

Mitigation
options

Improved
drainage;
adjustment of
planting/
harvesting times;
alternative crops

Better
forecasting;
improved
watershed
management

Early
warning
systems;
more
rapid
postevent
relief

Improved
flood
forecasting,
improved
zoning laws
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systemswith sustainedwinds ofmore than 33 m/s. In the northwest
Pacific region, they are called typhoons, and in the northAtlantic and
northeast Pacific regions, they are referred to as hurricanes.

A number of factors are necessary for a tropical cyclone to form.
These include the following:

• Seawater temperatures (down to at least roughly 50 m) of more
than 26 �C

• High humidity in the atmosphere
• Strong convection and cloud formation (which releases latent

heat and further strengthens convection)
• Little change in wind speed or direction with height (low wind

shear)
• Some disturbance in weather patterns to start the cyclone

formation process

These conditions are met most often between roughly 10-30�

away from the Equator. Figure 3.2 (Lloyd and Vecchi, 2011) shows
a map of global tropical cyclones during the period 1998-2007.

Signal or Noise?

It is very difficult to extract a signal for changes in the number
and properties of tropical cyclones from the very large interannual
and decadal-scale variability that exists in their life cycles. The
observational time series are often too short, since several decades
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of continuous and consistent observations are often needed to
reveal a statistically robust signal. In addition, most current global
climate models do not sufficiently resolve tropical cyclones (if they
do at all). There has been intense research activity in the past decade
or so examining observations of tropical cyclones and projected
future changes in their properties. Most studies have concentrated
on trying to detect a signal in the frequency or in the strength of
tropical cyclones and to assess to what extent any observed or mod-
eled changes can be linked to human activities.

CHANGES IN FREQUENCY

To date, there is no robust observational evidence that changes in
tropical cyclone frequency have exceeded natural variability
(Knutson et al., 2010;Webster et al., 2005).Webster et al. (2005) used
satellite data from the period 1970 to 2004 to examine global tropical
cyclone frequency. Their results are shown in Figure 3.3.

There is a good deal of variability in the number of storms during
this period, with no clear trend. Knutson et al. (2010) looked at a
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longer time series of storms in the tropical Atlantic region. They
looked at observations from the mid-1880s to past 2000 (shown in
Figure 3.4).

As in the Webster et al. (2005) data, Knutson et al. (2010) con-
cluded that there is no clear trend in the number of tropical storms
over this longer time period.
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CHANGES IN INTENSITY, GENESIS, AND STORM TRACKS

OBSERVATIONAL EVIDENCE OF AN INCREASE IN THE INTENSITIES OF

THE STRONGEST TROPICAL CYCLONES In contrast to the number of
tropical cyclones, an increase in the intensity of tropical cyclones
has been observed—at least over the period of satellite observa-
tions.Webster et al. (2005) showed thatwhile the number of tropical
cyclones showed no trend, the percentage of the strongest storms
(categories 4 and 5 on the Saffir-Simpson scale) increased from less
than 20% in 1970-1974 to about 35% in 2000-2004 (panel a of
Figure 3.5).

They found that this increase held true across all the major ocean
basins (shown in panel b of Figure 3.5). Similar results were found
by Emanuel (2005a). Kossin et al. (2007) used a different data pro-
cessing technique and found an increasing trend in hurricane inten-
sity in the Atlantic region, but did not find similar trends in other
ocean basins. The same conclusion was drawn by Elsner et al.
(2008), who found that Atlantic tropical cyclones were getting
stronger, but that no trend was discernable for other tropical ocean
basins. Saunders and Lea (2008) used data from the Atlantic from
the period 1965 to 2005 to deduce the increase in hurricane fre-
quency/activity for a given change in sea surface temperature.
They employ a model that uses two environmental variables (sea
surface temperature and the atmospheric wind field). These two
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variables capture 75-80% of the variance in Atlantic tropical cyclone
activity between 1965 and 2005. They use the period 1950-2000 to
establish a baseline and then looked at increases in hurricane fre-
quency and intensity for the period 1996-2005 relative to this base-
line. There was an observed temperature increase of 0.27 �C in the
main development region for Atlantic hurricanes during 1996-2005
compared with the 1950-2000 baseline period. Their results are
shown in Figure 3.6.

The Accumulated Cyclone Energy index is a measure of hurri-
cane strength. It should be noted that the Saunders and Lea
(2008) results refer to a shorter and more recent period than the
other references cited here.

Given the variability of tropical cyclones, the number of factors
that influence their formation and life cycle, and the limited length
of consistent global observations (especially from satellites), it is
perhaps not surprising that there is continued debate about detect-
ing and attributing trends in tropical cyclone intensity and fre-
quency (e.g., Emanuel, 2005b; Landsea, 2005). Though there is
increasing evidence that Atlantic tropical cyclones have increased
in intensity in recent decades, extending this observed trend
beyond the Atlantic ocean basin and farther back in time has not
been possible (Field et al., 2012). It is important to note that while

ACE index

Number of  intense hurricanes

Number of  hurricanes

Number of  tropical storms

0 10 20 30 40
Percent increase

50 60 70

FIGURE 3.6 Increase in Atlantic hurricane frequency/activity between 1996 and
2005 (compared with the period 1950-2000) linked to the observed increase in
August-September sea surface temperature of 0.27 �C in the main development
region for Atlantic hurricanes. Error bars reflect the 95% confidence interval. From
Webster et al. (2005), figure 4b. © AAAS.
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the Field et al. (2012) review concluded that “there is low confidence
that any observed long-term (i.e., 40 years or more) increases in
tropical cyclone activity are robust, after accounting for past
changes in observing capabilities,” they did not dispute the signif-
icant upward trend observed in the intensity of the strongest trop-
ical cyclones using a homogeneous satellite record. The scientific
debate on this issue does not revolve around whether the satellite
observations of an increase in tropical cyclone intensity are correct,
rather it is centered on whether the period over which a homoge-
neous satellite record is available (about 30 years) is sufficiently
long to declare an observed upward trend since other observations
further back in time do not support this conclusion.

PROJECTIONS OF TROPICAL CYCLONE ACTIVITY IN THE

FUTURE While observations generally show no discernable change
in the frequency of tropical storms on the global scale, most model
projections into the future indicate that there will be a general
reduction in frequency toward the end of the century (Bengtsson
et al., 2007; Gualdi et al., 2008; Knutson et al., 2010; Murakami
et al., 2011; Zhao et al., 2009). Many of the studies show a good deal
of variability between ocean basins. For example, Zhao et al. (2009)
project reductions in frequency in the Pacific basin, and increases in
the Atlantic. Bengtsson et al. (2007) and Murakami et al. (2011)
project general reductions in frequency and shifts in storm track
locations. The decrease in number of tropical cyclones is generally
driven by factors related to changes in atmospheric circulation. For
example, many models predict an increase in stability for the lower
atmosphere, which would reduce the strength of convection. This
could act to decrease tropical cyclone formation.

Bender et al. (2010) noted that while many models predict a
decrease in tropical cyclone frequency, some models are not able
to reproduce storms of category 3 or higher. They used a downscal-
ing technique to look at the impact of anthropogenic warming on
the frequency of intense Atlantic hurricanes. They too projected a
decrease in the total number of storms, but nearly a doubling in fre-
quency of category 4 and 5 storms by the end of the twenty-first
century.

Overall, a literature review by Knutson et al. (2010) with a global
perspective bracketed projections of a decrease in frequency of tropi-
cal cyclones by 6-34%, with an increase in intensity of 2-11% by 2100.
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POTENTIAL IMPACTS OF FEWER BUT STRONGER TROPICAL

CYCLONES

Why is it so important to pay attention to the most intense trop-
ical cyclones, if the total number is expected to decline? Karl et al.
(2008) looked at the mean damage ratio (MDR) due to hurricanes in
the United States. The MDR is the average expected economic loss
as a percent of the total insured value. For reference, Table 3.2
shows the sustained wind speeds that correspond to the various
Saffir-Simpson tropical cyclone categories.

Category 1-3 hurricanes do not usually result in mean damage
ratios above a few percent. The mean damage ratio increases rap-
idly once storms reach the category 4 and 5 level, with ratios of
up to 80% for the strongest storms (shown in Figure 3.7, from
Karl et al., 2008).
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TABLE 3.2 Wind Speeds for the Different Saffir-Simpson Tropical
Cyclone Categories

Category 1 2 3 4 5

Wind speed (km/h) 119-153 154-177 178-209 210-249 >249
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Pielke et al. (2008) point out that economic damage is a function
not only of hurricane strength but also of demographic changes
such as population and housing in coastal areas subject to tropical
cyclone landfall. They conclude that unless action is taken to
address the growing concentration of people and property in
coastal areas where tropical cyclones reach land, damage will
increase, and by a great deal, as more and wealthier people increas-
ingly inhabit these coastal locations.

While the economic losses due to tropical cyclones may be
skewed toward wealthy coastal settlements, human impacts will
not be limited to areas where rich people live. Figure 3.2 clearly
shows that intense tropical cyclones make landfall in many areas
of the Americas, East and South Asia, the Pacific, and even some
parts of southernAfrica. Less affluent people in these areas are even
more vulnerable to the impacts of intense tropical cyclones, since
their built infrastructure is generally worse and less insured than
in more affluent areas, and the disaster response capability of com-
munities in developing countries is often less effective than in more
affluent areas.

To put hurricane damage into perspective, Karl et al. (2008)
showed themagnitude of total US damage costs from natural disas-
ters over the period 1960-2005 (shown in Figure 3.8).

Damage due to hurricanes or tropical storms dominated the eco-
nomic losses, topping $120B over this period.

Clearly, the combination of likely increases in the most intense
tropical cyclones coupled with increasingly large populations in
coastal areas where these storms make landfall is a recipe for
trouble.

BIOLOGICAL CONSEQUENCES
OF OCEAN WARMING

Seasonal cycles characterize the oceans with spring and summer
maxima, and autumn and winter minima being typical for biolog-
ical productivity. This annual cycle dominated by temperature-
dependent respiration is most obvious in surface waters where
temperatures fluctuate the most. With depth, these annual cycles
generally decrease and become less obvious (Keeling et al., 2009).
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Global warming related to our changing climate is poised to alter
this seasonality that for thousands of years it has been the driving
force in the life cycle of most organisms on earth. Much of the
change will come from warming of surface and deep water as it
affects:

• availability of dissolved oxygen,
• temperature-dependent respiration and metabolism, and
• thermal limits and distribution of organisms.

Several of the chapters in this book deal directly with biological
consequences of ocean warming. In addition to temperature, inter-
actions between changing physical processes like weather and cur-
rents (as described earlier) will also play amajor role in determining
the biological response. As part of US National Climate Assess-
ment, Howard et al. (2013) succinctly summarized the impacts of
climate change on marine organisms (Table 3.3). Realized and
anticipated impacts will have substantial ecological, social, and
economic effects around the globe.

U.S. natural disaster costs from 1960 to 2005

Hurricane/tropical storm
Flooding
Drought
Coastal
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Volcano
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FIGURE 3.8 Damage costs (in billions of US dollars referenced to year 2005) for
several different damage categories. From Karl et al. (2008), figure box 1.1. © U.S.
Global Change Research Program.
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Availability of Dissolved Oxygen

Availability of oxygen is a critical constraint on the functioning of
marine ecosystems. As oceanic oxygen declines, habitability for aer-
obic organisms decreases rapidly (see Chapter 4). Predictions are
that ocean warming and increased stratification of the upper ocean
caused by global climate change will lead to declines in dissolved

TABLE 3.3 Key Finding for Impacts of Climate Change on Marine Organisms

Climate change impacts are being observed throughout ocean ecosystems, and there is
high likelihood that these impacts will continue into the future

Observed impacts include shifts in species distributions and ranges, effects
(primarily negative) on survival, growth, reproduction, health, and alterations
in species interactions, among others

Impacts are occurring across a wide diversity of taxa and all ocean regions.
However, high-latitude and tropical areas appear to be particularly vulnerable

There is high variability in the vulnerability and responses of marine organisms to
climate change, leading to “winners” (i.e., species positively impacted) and “losers”
(i.e., species negatively impacted)

Species with high tolerance for changes in temperature and other environmental
conditions will likely experience fewer climate-related impacts and may
therefore outcompete less tolerant species

Species that are highly vulnerable to climate change (e.g., corals, other calcifying
organisms) will very likely experience negative impacts, resulting in potential
declines

Climate change interacts with, and can exacerbate, the impacts of nonclimatic stressors
(e.g., pollution, overharvesting, invasive species) on ocean ecosystems

Opportunities exist for ameliorating some of the impacts of climate change
through reductions in nonclimatic stressors at local and regional scales

Effects of multiple stressors are difficult to predict given complex physiological
effects and interactions between species

Past and current responses of ocean organisms to climate variability and climate change
are informative, but extrapolations to future responses must be made with caution
given that future environmental conditions are likely to be unprecedented

Observed responses often vary in magnitude across space and time

Potential threshold effects (“tipping points”), resulting in rapid ecosystem change,
are an area of concern

Adapted from Howard et al. (2013).
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oxygen over broad areas of deeper ocean waters with implications
for ocean productivity, nutrient cycling, carbon cycling, and suit-
ability of marine habitat (Deutsch et al., 2011; Doney et al., 2011).
Ocean models predict declines of 1-7% in the global ocean oxygen
inventory over the next century, with declines continuing for a
thousand years or more into the future (Keeling et al., 2009;
Shaffer et al., 2009). An important consequence will be the expan-
sion in the area and volume of oxygen minimum zones (OMZs),
where oxygen levels are too low to support fisheries (Stramma
et al., 2008). There could be a 50% increase in OMZs by 2100
(Arrigo, 2007; Riebesell et al., 2007).

Temperature-Dependent Respiration and Metabolism

Temperature has a profound effect on physiological processes.
For cold-blooded organisms, temperature is the master factor that
controls respiration andmetabolic rates, alongwithmany other cel-
lular functions (Somero, 2011). Higher temperatures compress the
thermal window with greater stress leading to increased metabolic
oxygen demand and ultimately to oxygen deficiency at the cellular
level (Figure 3.9, from Pörtner and Farrell, 2008). As global warm-
ing continues, this three-way interaction of temperature, oxygen,
and metabolism will become increasing difficult for organisms to
balance at both the cellular and population levels.

All organisms display tolerance limits that, when exceeded, have
negative consequences (Pörtner and Farrell, 2008; Somero, 2011).
Extreme or prolonged high- or low-temperature events can lead
to sublethal effects, such as reduced growth and changes in the tim-
ing and magnitude of reproductive output (Figure 3.9).

Thermal Limits and Distribution of Organisms

Corals are among the most vulnerable organisms to increases or
decreases in temperature. As little as 1-2 �C increase above summer
maximums will severely stress some coral species leading to the
ejection of symbiotic zooxanthellae and coral bleaching. If popula-
tions of zooxanthellae are unable to reestablish, corals decline and
eventually die (Hoegh-Guldberg et al., 2007). Globally, as much as
75% of all coral reefs are threatened due to the interactive effects of
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multiple stressors from climate change including warming and
ocean acidification (Carpenter et al., 2008; Chapter 2), and also from
pollution associatedwith growing human population (see Chapters
6 and 8).

By 2030, half of all coral reefs will experience severe bleaching
due to the thermal stress associated with increasing water temper-
atures and more than 95% by 2050, based on current trajectories of
greenhouse gas emissions (Burke et al., 2011). Loss of coral reefswill
have cascading effects on biodiversity and valuable ecosystem
services (Carpenter et al., 2008). The converse to stress and mortal-
ity of sessile species would be movement of mobile species. As
higher latitude waters warm, the range of many species will shift
poleward, which will have major consequences for fisheries and
the cost of fishing (Sumaila et al., 2011; Chapters 7 and 11).

SUMMARY AND TAKE-HOME MESSAGES

The ocean is warming. Exactly howmuch warmer the ocean will
become and how rapidly this will happen are not known, and will
be dependent on the choices we make about our collective resource
use. Carbon dioxide emissions from human activities in particular
are a key driver for ocean warming. Even though our knowledge of
the impacts of ocean warming is nowhere near complete, it is suf-
ficiently comprehensive to be able to draw a number of conclusions:

• A warming ocean will contribute to increases in extreme
weather;

• Tropical cyclones are projected to become less frequent, but
more intense—and thus more damaging—in the future;

• Climate related warming will increase stress on coastal and
ocean ecosystems by pushing them nearer thermal limits, thus
making them more susceptible to other stressors such as
pollutants and invasive species;

• Changing temperatures will lead to spatial shifts in habitat
suitability for fishes and will favor some species over others in a
wide range of habitats.

Ocean warming is a very serious issue in its own right. However,
since many of the effects of warming on marine ecosystems are
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exacerbated by other threats such as acidification, pollution, or
overuse of resources, adaptation strategies need to be developed
in a much more holistic framework than is currently being used.
Chapter 12 provides suggestions for policies and strategies that
put the effects of a warming ocean into this broader context.
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Kräftriket 2B, Stockholm, Sweden
{Kristineberg Marine Research Station, University of Gothenburg,

Gothenburg, Sweden

KEY MESSAGES

• Between the 1950s and 1960s, eutrophication has emerged as
a problem that threatens and degrades coastal ecosystems,
alters fisheries, and impacts human health in many areas of the
world. Hypoxia is one of the most acute symptoms of
eutrophication.

• The global extent of eutrophication and its threats to human
health and ecosystem services are just beginning appreciated,
but much remains unknown relative to social and economic
consequences. Virtually all of our information on hypoxia and its
effects is from North America and Europe. We know very little
about conditions in the most populated parts of the planet
(India, Asia, and Indonesia) or oceanic islands (mostly in the
Pacific).

• Close to 1000 areas around the world have been identified as
experiencing the effects of eutrophication. Of these, over 600
have problems with hypoxia, but through nutrient and organic
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loading management, about 70 systems can be classified as
recovering.

• Threat of declining oxygen is more than of academic interest.
It is one of the many stressors that are a looming “perfect storm”
that threatens to seriously degrade ecosystem services we have
come to depend upon. Losses in water quality and nutrient
cycling services from hypoxia are likely in the billions of US
dollars.

• The importance of maintaining adequate levels of oxygen in our
coastal and ocean systems is summarized by the motto of the
American Lung Association: “if you can’t breathe nothing else
matters.”

• Climate model predictions and observations reveal regional
declines in oceanic dissolved oxygen, which are influenced by
global warming.

• If we farm the land and sea, govern, and do business as usual,
our oceans will suffer and so will we as a global society.

INTRODUCTION

Human population is expanding exponentially, recently passing
7 billion, and will likely exceed 8-10 billion by the year 2050. This
expansion has led to extensive modification of landscapes at the
expense of ecosystem function and services (Table 4.1) that we have
come to rely upon, including pervasive effects on coastal primary
production from excess nutrients to overfishing. Long-term records
of nutrient discharges provide compelling evidence of a rapid
increase in the fertility of many coastal ecosystems starting in the
1960s. On a global basis, by 2050, coastal marine systems are
expected to experience, from today’s levels, at least a doubling in
both nitrogen and phosphorus loading, with serious consequences
to ecosystem structure and function (Foley et al., 2005; Gruber and
Galloway, 2008).

The question asked by Foley et al. is: Are land-use activities
degrading the global environment in ways that undermine ecosys-
tem services, which in turn undermine human welfare? When it
comes to dissolved oxygen the answer is yes. In marine ecosystems,
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oxygen depletion has become a major structuring force for commu-
nities and energy flows at global scales.

Eutrophication can be defined as an increasing rate of primary
production and organic carbon accumulation in excess of what
an ecosystem is normally adapted to processing. It is one part of
a complex of multiple stressors that interact to shape and direct
ecosystem-level processes (Cloern, 2001). The visible ecosystem
response to eutrophication is the excessive growth of algae and veg-
etation in coastal areas as primary production increases in direct
response to nutrient enrichment. One of the most serious threat
from this eutrophication is the reported decrease in oxygen in bot-
tomwaters created by the increased flux of organicmatter to the sea
bed, which can lead to “dead zones” (Diaz and Rosenberg, 2008). In
the past, this eutrophication-induced low oxygen or hypoxia was
mostly associated with rivers, estuaries, and bays. But dead zones
have now developed in continental sea, such as the Baltic Sea,
Kattegat, Black Sea, Gulf of Mexico, and East China Sea.

Much of the sensitivity of organisms to low oxygen is related
to the fact that oxygen is not very soluble in water and that
small changes in oxygen concentration lead to large percentage

TABLE 4.1 Ecosystem Services Affected by Excess Nutrients

Provisioning Services Supporting Services

Food (N and P) Soil fertility (N and P)

Fiber (N and P) Photosynthesis (P)

Freshwater quality (N) Primary production (P)

Waste treatment (N)

Nutrient cycling (N)

Cultural Services Regulations Services

Aesthetic values (N)

Cultural heritage values (N) Climate regulation (N)

Recreation and ecotourism (N) Biodiversity (N)

Negative (N) indicates the service would be reduced. Positive (P) indicates the service
would be increased.
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differences. For freshwater at 20 �C, 9.1 mg of oxygen (O2) will dis-
solve in a liter of water, so a 1-mg O2/l drop is about a 11% decline
in saturation. In addition, oxygen solubility is strongly dependent
on temperature and the amount of salt dissolved in the water. Sat-
uration declines about 1 mg O2/l from 20 to 26 �C and about 2 mg
O2/l from freshwater to seawater at similar temperatures (Benson
andKrause 1984). So, depending on temperature and salinity, water
contains 20-40 times less oxygen by volume and diffuses about
10,000 times more slowly through water than air (Graham 1990).

Thus what appear to be small changes in oxygen can have major
consequences to animals living in an oxygen limited milieu. Phys-
iologically, higher temperatures also increase metabolic require-
ments for oxygen and increase rates of microbial respirations
and, therefore, oxygen consumption. For salmonid fishes, oxygen
can become limiting at relatively high values and even air
saturation can be limiting at higher temperatures (Fry, 1971). Con-
centrations of dissolved oxygen below 2-3 mg O2/l are a general
threshold value for hypoxia for marine and estuarine organisms
and 5-6 mg O2/l in freshwater. However, species and life stages
differ greatly in their basic oxygen requirements and tolerances
(Vaquer-Sunyer and Duarte, 2008).

The relatively low solubility of oxygen in water combined with
two principal factors leads to the development of hypoxia and at
times anoxia. These factors are water column stratification that iso-
lates the bottom water from exchange with oxygen-rich surface
water and decomposition of organic matter in the isolated bottom
water that reduces oxygen levels. Both factors must be at work for
hypoxia to develop and persist in deeper waters.

While unintended fertilization of marine systems, mainly from
excess nitrogen, has been linked to many ecosystem-level changes
associatedwith eutrophication, there are also natural processes that
can lead to eutrophic-like conditions along continental margins and
produce similar ecosystem responses. Coastal upwelling zones that
occur along thewestern side of continents are highly productive but
can also produce severe hypoxia from respiration of fluxed organic
matter (<0.7 mg O2/l). Oxygen minimum zones (OMZs) are
another natural low oxygen phenomenon. They are persistent
oxygen-depleted areas occurring primarily in the eastern Pacific
Ocean, south Atlantic west of Africa, Arabian Sea, and Bay of
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Bengal at intermediate depths about 200-1000 m (Helly and Levin,
2004). Where OMZs contact the bottom, the benthic fauna are
adapted to oxygen concentrations as low as 0.1 mg O2/l. This is
in stark contrast to the faunal response to eutrophication-induced
hypoxia in coastal and estuarine areas where oxygen concentra-
tions of <1 mg O2/l lead to mass mortality and major change in
community structure (Levin et al., 2009).

THE HEART OF THE PROBLEM

Overenrichment of our water primarily with nutrients, such as
nitrogen and phosphorus from fertilizers, has emerged as one of
the leading causes of water quality impairment. These nutrients
have led to excess production of organic matter that is called eutro-
phication. It is an indirect result of activities that support a rapidly
expanding human population and directly related to agricultural
practices, increased industrial activities, combustion of fossil fuels,
and municipal sewage discharges, all of which contribute to the
increased flow of nitrogen and phosphorus to terrestrial and
aquatic environments. On a global basis, humans add more nitro-
gen to the land or ocean than is supplied by natural biological nitro-
gen fixation (Figure 4.1; Gruber and Galloway, 2008).

Most of these nutrients end up in the sea and fuel eutrophication,
which increasingly threatens the health of coastal ecosystems and
fisheries as well as human health. Excess nutrients lead to excessive
growth of phytoplankton and algae, which have the potential to
lead to severe secondary impacts. Harmful algal blooms and hyp-
oxia are two of the most prominent impacts associated with eutro-
phication. Harmful algal blooms, often referred to as red tides, can
cause fish kills and shellfish poisoning in humans. Hypoxic or dead
zones stress aquatic ecosystems and can also cause fish kills and
altered food webs.

Virtually all the ocean’s food-provisioning ecosystem services for
humans require oxygen to support organism growth and produc-
tion. Oxygen is just absolutely necessary to sustain the life of all
the fishes and invertebrates we have come to depend upon. By
the early 1900s, dissolved oxygen was a topic of interest in research
and management, and by the 1920s, it was recognized that a lack of
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FIGURE 4.1 Depiction of the global nitrogen cycle on land and in the ocean fromGruber andGalloway (2008).Major processes that
transformmolecular nitrogen into reactive nitrogen are shown. There is also a tight coupling between the nitrogen cycles on land and
in the ocean with those of carbon and phosphorus. Blue fluxes denote “natural” (unperturbed) fluxes; orange fluxes denote anthro-
pogenic perturbation. Numbers are in Tg N per year and are for the 1990s.
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oxygen was a major hazard to fishes. But it was not obvious that
dissolved oxygen would become critical in shallow coastal systems
until the 1970s and 1980s when large areas of low dissolved oxygen
started to appear with associated mass mortalities of invertebrate
and fishes. From themiddle of the twentieth century to today, there
have been drastic changes in dissolved oxygen concentrations and
dynamics in marine coastal waters. Diaz and Rosenberg (1995)
noted that no other environmental variable of such ecological
importance to estuarine and coastalmarine ecosystems as dissolved
oxygen has changed so drastically, in such a short period of time.

Accounts of environmental problems related to low dissolved
oxygen predate our ability to measure oxygen concentration in
water. For example, the Drammensfjord in Norway appears to have
been persistently hypoxic and anoxic since at least the 1700s based on
foramaniferan proxies (Alve, 1995). Even in this small fjord with
extended residence time of deepwater, historic anoxia has beenmade
worse over the last two centuries by eutrophication. Improvements
were observed only after reductions in organic loading. Another
example would be the Mersey Estuary, England, which had poor
water quality and hypoxia since at least the 1850s but is now recov-
ered through concerted management efforts (Jones, 2006).

GLOBAL PATTERNS IN HYPOXIA

Since the 1960s, alarming trends of declining oxygen concentra-
tions have immerged both in coastal areas and in the open oceans
(see Diaz and Rosenberg, 2008; Keeling et al., 2010; Conley et al.,
2011). Many of these trends have been linked to human activities.
So, how did we get to where we are? In 2009, an interesting article
proposed that there are planetary boundaries for a safe operating
space for humanity (Rockström et al., 2009). While oxygen was
not one of the nine boundaries discussed, it is influenced by many
of the processes discussed (Table 4.2). The expanding size of our
human population has led to three of the boundaries being crossed,
which are climate change, rate of biodiversity loss, and the nitrogen
cycle. Of these, alterations to the nitrogen cycle have themost direct
consequences for dissolved oxygen followed by climate change.
The more nutrients added to the sea, the more organic matter will
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TABLE 4.2 Planetary Boundary Processes (Rockström et al., 2009) and How Exceeding Them will Affect Oxygen

Earth-System
Process Parameters

Proposed
Boundary

Current
Status

Preindustrial
Value Consequences for Oxygen

Climate
change

(i) Atmospheric carbon dioxide
concentration (parts per million
by volume)

350 387 280 More carbon dioxide in
water reduces oxygen
concentration

(ii) Change in radiative forcing
(Watts per meter squared)

1 1.5 0 Warmer water holds less oxygen

Rate of
biodiversity
loss

Extinction rate (number of
species per million species per
year)

10 >100 0.1-1 Lower oxygen will stress more
species

Nitrogen and
phosphorus
cycle

(i) Amount of N2 removed from
the atmosphere for human use
(millions of tons per year)

35 121 0 More N and P entering coastal
systems will increase primary
production, which will in turn
decompose and lower oxygen
increasing hypoxia

(ii) Quantity of P flowing into the
oceans (millions of tons per
year)

11 8.5-9.5 �1

Stratospheric
ozone
depletion

Concentration of ozone
(Dobson unit)

276 283 290 Unknown

Ocean
acidification

Global mean saturation state of
aragonite in surface sea water

2.75 2.9 3.44 More acidic waters contain less
oxygen
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Global
freshwater
use

Consumption of freshwater by
humans (km3/year)

4000 2600 415 Reduced river flow would
improve low oxygen conditions

Change in
land use

Percentage of global land cover
converted to cropland

15 11.7 Low More cropland leads to more
nutrient runoff and increased
primary production which will
in turn decompose and lower
oxygen increasing hypoxia

Atmospheric
aerosol
loading

Overall particulate concentration
in the atmosphere on a regional
basis

To be
determined

Unknown

Chemical
pollution

Amount emitted or
concentration of persistent
organic pollutants, plastics,
endocrine disrupters, heavy
metals, and nuclear waste in the
global environment, or the
effects on ecosystem and
functioning of Earth systems

To be
determined

Unknown
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be produced, which will create a greater oxygen demand when it is
decomposed potentially leading to more hypoxia.

To bring this problem of low oxygen into focus, it has taken this
unintended consequence of the green revolution less than 40 years
to significantly alter the global nitrogen cycle on land and in our
coastal systems. It was in themid-1940s that the global use of indus-
trial fertilizer surpassed all natural forms of fertilizer for growing
corps. This laid the groundwork for the rapid rise in the areas
affected by hypoxia in the 1970s and 1980s. This lag is the time it
took for excess organic matter from primary production to build
up and overwhelm an ecosystem’s assimilative capacity, to the det-
riment of higher trophic levels but to the benefit of microbes. By
comparison, it has taken over 100 years for the industrial revolution
to significantly alter the global carbon cycle.

Since the 1960s, the number of hypoxic systems has about dou-
bled every 10 years up to 2000 (Figure 4.2). Prior to 1960, there were
about 40 systems with reports of eutrophication-related hypoxia.
During the 1960s, another 25 systems were added. The 1970s saw
estuarine and coastal ecosystems around the world becoming
over-enriched with organic matter from expanding eutrophication
and the number of oxygen-depleted ecosystems jumped from 65 to
135. In the 1980s, many more systems reported hypoxia for the first
time bringing the total to 280. An additional 165 hypoxic areas were
reported in the 1990s. By the end of the twentieth century, hypoxia
had become a major, worldwide environmental problem with only
a small fraction of systems (70) showing signs of improvement. At
the end of the first decade of the twenty-first century, another 190
sites reported, bringing the total to about 640. An additional over
400 coastal sites globally were identified as areas of concern that
currently exhibit signs of eutrophication and are at risk of develop-
ing hypoxia (Diaz et al., 2010; Conley et al., 2011).

There are signs of a slowing growth in hypoxic systems, mostly
because North America and Europe are well studied and about
completely reported.Wepredict that asmore data become available
on oxygen conditions in Asia, the Indo-Pacific, and Pacific Islands,
the number of dead zone will more than double to over 1000. Our
prediction is based on the very strong correlation between human
population centers and the presence of hypoxia. The global distri-
bution of coastal oxygen depletion is either centered on major
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FIGURE 4.2 Global pattern in the development of coastal hypoxia. Each red dot
represents a documented case related to human activities. Number of hypoxic sites
is cumulative through time. Based on Diaz et al. (2010) at http://www.wri.org/project/
eutrophication. © World Resources Institute.
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population concentrations or closely associated with developed
watersheds that deliver large quantities of nutrients. The distribu-
tion of dead zones closely matches the deposition of nitrogen from
human activities in North America, Europe, and South America
(Figure 4.3). While some of the highest deposition rates are in India
and China, there is insufficient information on water quality to
properly assess oxygen conditions.

OMZs AND OPEN OCEAN DECLINE IN OXYGEN

OMZ is a term used to refer to persistent, natural, oceanic low
oxygen features that occur at mid-water depths. They are most
widespread in the eastern Pacific, off the western coast of conti-
nents, and the northern Indian Ocean. The term “oxygen minimum
layer” is sometimes used to refer to mid-water layers, exhibiting
reduced oxygen relative to waters above and below. Such layers
are ubiquitous in the global ocean due to isolation from sources
of oxygenation, but often do not reach hypoxic levels. For example,

FIGURE 4.3 Global nitrogen deposition estimated from total N (NOy and NHx)
emissions, 105 Tg N/year, by Galloway et al. (2008). From Galloway et al. (2008),
figure 2. © AAAS.
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in the central Gulf ofMexico and easternNorthAtlantic Ocean, oxy-
gen levels are depressed but not seriously low (Kamykowski and
Zentara, 1990). OMZs and OMLs (Oxygen Minimum Layers) cover
million of square kilometers of the oceans and persist for long
periods of time (at greater than decadal scales), but have variable
upper and lower depth boundaries controlled by natural processes
and cycles (Helly and Levin, 2004). However, this is about to change
as recent expanding trends have been noticed in several Pacific
OMZs that are linked to climate change (Stramma et al., 2008;
Keeling et al., 2010).

Most important for near shore fisheries is where OMZs contact
the bottom (Figure 4.4). Globally, about 1,150,000 km2 of sea floor
is exposed to oxygen concentrations <0.7 mg O2/l from OMZs
(Helly and Levin, 2004). The specialized species that live in
OMZs differ from shallower species exposed to seasonal or episodic
hypoxia in having much lower oxygen tolerance thresholds,
morphological adaptations to maximize respiratory surface, spe-
cialist rather than opportunistic lifestyles, and potential to utilize
chemosynthesis-based nutritional pathways (Levin, 2003).

OMZs often occur in association with upwelling regions and
supply oxygen depleted but nutrient-rich water that fuels upwelling-

FIGURE 4.4 World distribution of outer shelf areas threatened by hypoxia from
upwelling or OMZs (black lines) and eutrophication-induced coastal hypoxia (red
dots). From Levin et al. (2009), figure 7. © Biogeochemical Society.
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induced productivity. This immense primary production associated
with upwellings supports about 80% of global fisheries catch (Pauly
andChristensen, 1995), but it is also aprimary contributor to persistent
hypoxia under upwelling regions. However, hypoxia associated with
coastal upwelling is not as long-lived and stable as that associated
with OMZs. Upwelling can interact strongly with OMZs to produce
intense continental shelf hypoxia andhave longbeenknownas a cause
ofmassmortality events. These are frequently observed off the coast of
Chile (Fuenzalida et al., 2009), west Africa (Monteiro et al., 2008), and
India (Banse, 1959). Since 2004, intense inner shelf hypoxia has been
observed off Oregon and Washington, USA, likely linked to climate-
driven changes in wind and currents and has caused mass mortality
(Grantham et al., 2004; Chan et al., 2008).

Demersal and pelagic fisheries do benefit from the enhanced
organic production associated with upwelling when oxygen con-
centrations remain high. For example, demersal fisheries (scallop,
hake, and octopus) flourish under better oxygenated El Niño con-
ditions. On the other hand, the resulting oxygen depletion, whether
from mid-ocean OMZs or coastal upwelling or their interaction,
affects mid-water plankton and pelagic organisms creating areas
of low biodiversity and hostile environmental conditions for
many commercially valued fisheries resources (Ekau et al., 2009).
Monsoon-driven upwelling along the western coast of India
migrates onshore and offshore depending on winds and currents.
When pushed onshore, there are declining catches of fishes and
prawns and diminished demersal fisheries (Banse, 1959). Recent
intensification in the severity of low oxygen associated with this
upwelling zone is related to a combination of climate change and
land-derived nutrients and will most likely further impact inshore
fisheries (Naqvi et al., 2006).

The upper depth limit of OMZs has major implications for fish-
eries. Expansion of OMZs toward the surface in the eastern tropical
Pacific has limited the depth distribution of tropical pelagic mar-
lins, sailfish, and tunas into a narrower surface layer of oxic water
about 50-100 m thick (Prince and Goodyear, 2006). The high-
performance physiology of these fishes leads to a relatively high
hypoxic threshold (Brill, 1996), making any reduction in oxygen
problematic. Declining oxygen and expansion of the OMZ in the
tropical northeast Atlantic Ocean toward the surface is also
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restricting usable habitat of billfishes and tunas. From 1960 to 2010,
Stramma et al. (2012) found hypoxia-based habitat compression to
decreasing their suitable habitat by 15%. The combination of shal-
lowing of OMZs encroaching onto outer continental shelfs and
increased coastal eutrophication-induced hypoxia will eventually
reduce suitable habitat space for both pelagic and demersal fishes.

ENVIRONMENTAL CONSEQUENCES OF HYPOXIA

Relative to oxygen, we do not knowwhere the boundaries are on
catastrophe for setting a planetary boundary (Table 4.2). The
amount, severity, and duration of hypoxia and anoxia must all be
factored in.While there are at times spectacular events such asmass
mortalities of sessile organisms, there is little information on
population-level effects of hypoxia and anoxia. We do know that
when a dead zone forms, oxygen in the water is so low that fish,
crabs, shrimp, and other marine life will swim away to areas of
higher oxygen concentration. This is the origin of the term dead
zone, a place where fishermen cannot find anything to catch. This
escapemust come at a cost to the individuals in terms of lost growth
potential, increased predation risk, increase susceptibility to fishing
gear, etc. (Table 4.3). A combination of other stressors from climate
change, pollution, and habitat destruction also produces similar
responses to dead zones that further complicate identifying
population-level responses to hypoxia. We do know that hypoxia
influences harvest, through effects both on processes underlying
production such as growth andmortality (including effects on juve-
niles before they are subject to fishing mortality) and on processes
influencing catchability (e.g., emigration, avoidance behavior).

Earliest account of hypoxia-stressed systems is from European
fjords, such as the Drammensfjord mentioned above, and rivers
with population and industrial centers, such as the Mersey Estuary
where a combination of factors including hypoxia led to the elimi-
nation of salmon by the 1850s (Jones, 2006). In the United States, the
earliest account of ecological stress associated with hypoxia comes
from Mobile Bay, Alabama, where in the 1850s, hypoxic bottom
water pushed by tides and wind into shallow water caused mobile
organisms to migrate and concentrate at the water’s edge. These
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events became known as “Jubilees” as it was easy for people to pick
up the hypoxia-stressed fish and crabs (May, 1973). In all cases,
hypoxia caused the movement of mobile fauna, which has ener-
getic consequences, and reduced or eliminated the trophic base
for bottom-feeding species, which has adverse consequences for
a system’s higher level energy flows (Baird et al., 2004).

There is a similarity of faunal response across systems to varying
types of hypoxia that range from beneficial to mortality (Diaz and
Rosenberg, 1995; Vaquer-Sunyer and Duarte, 2008). Consequences
of low oxygen are often sublethal and do affect growth, immune
response, and reproduction. Mobile fauna have to contend with
two simultaneous problems, loss of habitat as they are forced to
migrate into higher oxygen waters, and reduced or changed prey
resources for feeding. Fauna that cannot move initiate a graded
series of behaviors to survive and will eventually die as oxygen
declines or extends through time. The result is a hypoxia-based hab-
itat compressionwhen hypoxia overlapswith essential habitat such
as nursery areas, feeding grounds, or deeper and cooler refuge
waters during the summer (Coutant, 1990). Hypoxic habitats
avoided are lost to the ecosystem for varying lengths of time and
are not productive for fisheries.

TABLE 4.3 Generalized Response of Populations to Hypoxia and Potential
Economic Effect

Factor Result Economy

Mortality Loss of stock, may take
years to recover

Lower landings
Increased time fishing

Reduced recruitment Smaller populations, effect
may be long lasting

Lower landings
Increased time fishing

Reduced growth Smaller individuals Lower individual value

Poor body condition Weaker individuals Lower value

Increased Migration Energy resources diverted
to movement

Smaller individuals
Increased time fishing

Aggregation Exposure to increased risks
of predation and exploitation

Less time fishing
But easier to catch

Altered behavior More/less susceptible to
fishing gear

Increased or decreased
catch ability
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If it is important for fish and shrimp to reach critical nursery or
feeding areas at certain times in their life cycle, then hypoxia may
affect population dynamics by delaying arrival to spawning or
feeding grounds. In such cases, the cost of delayed migration in
terms of population mortality and production is not known. For
example, in 1976, continental shelf hypoxia in the New York-
New Jersey Bight blocked the northward migration of bluefish
(Pomatomus saltatrix). Fish that encountered the hypoxic zone did
not pass through or around it, but stayed to the south waiting for
hypoxia to dissipate and then continued their migration but
delayed by weeks. On the continental shelf of the northern Gulf
of Mexico, hypoxia interfered with the migration of brown shrimp
(Farfantepenaeus aztecus) from inshore wetland nurseries to offshore
feeding and spawning grounds. Juvenile brown shrimp leaving
nursery areas migrates farther offshore when hypoxia was not pre-
sent and was compressed inshore when hypoxia was present. In
avoiding hypoxia, brown shrimp aggregated both inshore and off-
shore of low oxygen areas losing about a quarter of their shelf hab-
itat for as much as 6 months (Rabalais et al., 2010).

Small and large systems exposed to long periods of hypoxia and
anoxia have lower annual secondary production with productivity
a function of how quickly benthos can recruit and grow during
periodswhenoxygenisnormal.Theextremecasewouldbetheperen-
nialhypoxic/anoxicareasof theBalticSeathatcoverabout70,000 km2

where benthic invertebrate production is near zero. Under normal
oxygen condition, this area of the Baltic Sea should be producing
about 1.3 million metric tons (mt) wet weight of potential benthic
prey for bottom-feeding predators. In Chesapeake Bay, which has
about 3500 km2 of seasonal hypoxia that lasts about 3 months, about
75,000 mt wet weight of potential prey for fish and crab predators is
lost or translocated. In the northern Gulf of Mexico, severe seasonal
hypoxia covers about 20,000 km2 and leads to approximately a
210,000 mt wet weight loss of prey from the fisheries forage base
(Diaz and Rosenberg 2008). The question remains as to whether
a system can recover the secondary production lost to hypoxia
during periods of normal oxygen. The Chesapeake has about
9 months to recover and the northern Gulf of Mexico 6 months.

The elimination of benthic prey and hypoxia-based habitat com-
pression can have profound effects on ecosystem functions as
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organisms die and are decomposed by microbes. Up food chain
energy transfer is inhibited inareaswherehypoxia is severeasbenthic
resources are killed directly and mobile predators avoid the area
(Figure 4.5). As mortality of benthos occurs, microbial activities
quickly dominate energy flows (Baird et al., 2004). This energy diver-
sion tends to occur in ecologically important places and at the most
inopportune time forpredatorenergydemands,andcausesanoverall
reduction in an ecosystem’s functional ability to transfer energy to
higher trophic levels and renders the ecosystempotentially less resil-
ient to other stressors (Diaz and Rosenberg, 2008). Systems reporting
mass mortality provide primary examples of degradation in trophic
structure.
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FIGURE 4.5 Range of behavior and ecological impacts as dissolved oxygen
levels drop from saturation to anoxia.
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Hypoxia has clear mortality effects on sessile, and at times mobile,
organisms but its population-level effects in coastal environments
remain uncertain. Much of the evidence supporting negative effects
from hypoxia comes from laboratory experiments, localized effects
in nature, fish kills, and our intuition that lack of oxygen can lead
to dire consequences (Rose et al., 2009). Conclusive evidence of wide-
spread population-level response to hypoxia is lacking. Quantifying
the effects of hypoxia on fish populations, whether large or small, is
critical for effective management of coastal ecosystems and for cost
effective and efficient design of remediation actions. The potential
for interaction of direct and indirect effects and subtle changes in
vital rates (such as reproduction and recruitment) leading to popu-
lation responses complicates field study and management, but does
not excuse us fromquantifying the population losses due to hypoxia.
As coastal ecosystems continue to decline their capacity to deliver
ecosystem services will also decline (Millennium Ecosystem
Assessment, 2005). At some point, the consequences of hypoxia will
become obvious.

ECONOMIC CONSEQUENCES OF HYPOXIA

Economic effects attributable to hypoxia are subtle and difficult
to quantify even when mass mortality events occur. However, from
assessing ecological effects of hypoxia, it is known that populations
can experience a range of problems that at some pointwill negatively
affect economic interests (Table 4.3). Much of the problem in assess
economic consequences is related to the multiple stressors acting on
targeted commercial populations (habitat degradation, overexploita-
tion, pollution) and also factors that stress fisher’s economics (aqua-
culture, imports, economic costs of fishing, fisheries regulations).

Because of their devastating effects on stocks and fishermen, it is
possible to estimate effects of mass mortality events. Losses from
hypoxia-related mortality of oysters in Mobile Bay, USA, in the
early 1970s were US$500,000 (in 1970 dollars), but greater economic
losses were associated with the declining stocks and poor recruit-
ment of oysters (Crassostrea virginica) associated with recurring
severe hypoxic (May, 1973). Estimated losses, both actual and to
the resources, to marine-related industries from the New York
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Bight hypoxic event in the summer of 1976 were over US$570
million (Figley et al., 1979). Much of this loss was in surf clams
(Spisula solidissima) that accounted for >US$430 million. Factored
by the area of hypoxia (987 km2), the 1976 event cost about US
$580,000 per km2 for resources and fisheries-related activities and
US$165,000 per km2 for just the resources lost.

Lack of identifiable economic effects in fisheries landing data does
not imply that declineswouldnot occur should conditionsworsen. In
the northern Gulf of Mexico, brown shrimp landing appears to be
inversely related to the area of hypoxia (O’Connor and Whitall,
2007). Whether this relationship will remain linear or transform into
a catastrophe function at some critical point is not known (Kemp
et al., 2009). Other large systems have suffered serious ecological
and economic consequences from seasonal hypoxia; most notable
are the Kattegat with localized loss of catch and recruitment failures
of Norway Lobsters (Nephrops norvegicus) in the late 1980s and north-
west continental shelf of the Black Sea which suffered regional
loss of bottom fishery species also in the 1980s (Karlson et al., 2002;
Mee, 1992; Mee, 2006). With the abatement of hypoxia in the early
2000s, Black Sea benthic communities and fish stocks are recovering
but the trophic relationships and transfers are not.

Economic valuation of losses from hypoxia seems small relative
to the total value of fisheries, but the key point is that losses from
hypoxia are measureable in economic terms (Huang and Smith,
2011). For example, the valuation of recreational fishing relative
to hypoxia in the Patuxtant River, a tributary in Chesapeake Bay,
showed that as oxygen declined to mild hypoxic levels total losses
for striped bass (Morone saxatilis) fishing was about US$10,000 with
a net present value of about US$200,000. If the same water quality
was allowed to occur in the entire Chesapeake Bay, the net present
value of the losses due to hypoxia would be >US$145 million
(Lipton and Hicks, 2003). A similar analysis of recreational fishing
in northeast and middle Atlantic regions found that, overall, as
oxygen declined, capture rate of fish declined (Bricker et al.,
2006). The finding of effects of hypoxia on recreational fishing for
one species would lead one to believe that similar effects are likely
being experienced by commercial fishers. This has been documen-
ted for the brown shrimp fisheries in North Carolina. Huang et al.
(2010) found that hypoxiamay reduce annual harvest by about 13%,
valued at about 1.2 million dollars annually.
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Experience with other hypoxic zones around the globe shows
that both ecological and fisheries effects becomeprogressivelymore
severe as hypoxia worsens (Caddy 1993; Diaz and Rosenberg 1995).
This would lead one to believe that at some point economic loses
will become more obvious and costly. However, currently, the
direct connection of hypoxia to fisheries landings at large regional
scales is weak, likely related to a number of factors that include con-
founding effects of eutrophication, overfishing, and compensatory
mechanisms that alter or mask effects of hypoxia on landings.
Breitburg et al. (2009) found a hint of a connection with a possible
decline in landings of benthic species in systemswhere�40% of the
bottom area becomes hypoxic.

Themost pervasive andmeasurable effects of hypoxia are on bio-
geochemical processes, which support ecosystem services of water
quality and nutrient cycling (Millennium Ecosystem Assessment,
2005). Oxygen is a key regulator of these two services with hypoxia
disrupting most biogeochemical processes. For example, the
cycling of nitrogen is complex and dependent on the concentration
of oxygen (Middelburg and Levin, 2009). Following the Costanza
et al. (1997) approach to valuing global ecosystem services, which
is problematic for many economists (Ackerman, Chapter 10), at
least an order of magnitude approximation of the impacts of
hypoxia can be made. Costanza et al. (1997) estimated that marine
ecosystems provide at least US$21 trillion worth of services
annually, with the majority of this total outside market valuation
in contributions from waste treatment and nutrient cycling.
Hypoxia covers about 4% (240,000 km2) of all coastal and estuarine
habitats annually (Diaz and Rosenberg, 2008). If we assume
a complete loss in water quality and nutrient cycling services to
hypoxia, the amount of loss is approximately US$170 billion. This
represents about 0.8% of all marine ecosystems services.

GLOBAL CHANGE AND HYPOXIA

Since the early 2000s, many assessments of global environmental
and resource health identify hypoxia as one of the factors threaten-
ing coastal and ocean life, for example, the Millennium Ecosystem
Assessment (2005). In addition, climate model predictions and
observations reveal regional declines in oceanic dissolved oxygen
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linked to global warming (Matear and Hirst, 2003; Gilbert et al.,
2009; Deutsch et al., 2011). Understanding hypoxia and its effects
on ecosystems requires several perspectives that start at a local
level, move to regional, and finally to a global perspective. Themost
important scale is local for stressors like coastal development, nutri-
ents, pollution, and eutrophication. This is the scale (<1 to
1000 km2) at which impacts are most pronounced and we have
the most information. At regional scales (>1000 to 1,000,000 km2),
it is a mix of influences from land and sea. This involves local
land-based impacts and processes bleeding into regional seas,
and large-scale open ocean processes that are at the boundaries
of regions, such as upwelling and thermocline depth. Much of
the problemwith hypoxia at local and regional levels can be directly
tied to concentrations of human populations and agriculture, both
of which have significantly altered the global nitrogen cycle
(Figure 4.1). Global scale factors that influence oxygen and hypoxia
are changes in circulation patterns, climate, temperature, and pH.

Climate change, whether from global warming or from microcli-
mate variation, will have consequences for eutrophication-related
oxygen depletion that will progressively led to an onset of hypoxia
earlier in the season and possibly extending it through time. The
influence of multiple climate drivers needs to be considered to
understand what future change to expect (Table 4.4). Climate
change may make systems more susceptible to the development
of hypoxia through its direct effects on water column stratification,
precipitation patterns, and temperature. These effects will likely
occur primarily though warming, which will lead to increased
water temperatures and subsequent decrease in oxygen solubility.
Warmer surface waters will extend and enhance water column
stratification, a key factor in the development of hypoxia. Warmer
water will increase organism metabolism, which is the key process
for lowering oxygen concentrations. In addition to warming, future
climate predictions include large changes in precipitation patterns.
If changes in precipitation lead to increased runoff to estuarine and
coastal ecosystems, stratification and nutrient loads are likely to
increase and worsen oxygen depletion (Justić et al., 2007; Najjar
et al., 2010). Conversely, if stratification decreases due to lower run-
off or is disrupted by increased storm activity or intensity, the
chances for oxygen depletion should decrease (Table 4.4).
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Much of how climate change will affect hypoxia in the coastal
zone will depend on coupled land-sea interactions with climate
drivers (Table 4.4). But the future pervasiveness of hypoxiawill also
be linked betweenmanagement practices and expansion of agricul-
ture. Land management will affect the nutrient budgets and

TABLE 4.4 Influence of Climate Drivers on the Extent and Severity of Hypoxia

Climate
Driver Direct Effect Secondary Effect

Influence
on Hypoxia

Increased
temperature

More evaporation Decreased stream flow þ
Land use and cover
changes

þ/�

Less snow cover More nitrogen retention �
Warmer water Stronger stratification þ

Higher metabolic rates þ
More
precipitation

More stream flow Stronger stratification þ
More nutrient loading þ

More extreme
rainfall

Greater erosion of soil P þ

Less
precipitation

Less stream flow Weaker stratification �
Less nutrient loading �

Higher sea
level

Greater depth Stronger stratification þ
Greater bottom water
volume

�

Less hydraulic mixing þ
Less tidal marsh Diminished nutrient

trapping
þ

Summer
winds and
storms

Weaker, less
water column
mixing

More persistent
stratification

þ

Stronger, more
water Column
mixing

Less persistent
stratification

�

Shifting wind
patterns

Weaker/stronger
upwelling potential

þ/�

Modified from Boesch et al. (2007).
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concentrations of nutrients applied to land through agriculture. If in
the next 50 years humans continue to modify and degrade coastal
systems as in previous years (Halpern et al., 2008), human popula-
tion pressurewill likely continue to be themain driving factor in the
persistence and spreading of coastal dead zones. For example, the
expansion of agriculture for the production of crops to be used for
food and biofuels will result in increased nutrient loading and
expand eutrophication effects (Rabalais et al., 2007). Overall, cli-
mate drivers will tend to magnify the effects of expanding human
population.

Climate-related changes in wind patterns are of great concern for
coastal system aswind direction and strength influence the strength
of upwelling/downwelling, which in turn affect stratification
strength and delivery of less-oxygenated deepwater and nutrients
into shallow coastal areas. Even relatively small changes in wind
and current circulations could lead to large changes in the area of
coastal seabed exposed to hypoxia. Changes in the pattern of
upwelling on Pacific coast off the Oregon and Washington coasts
due to shifts in winds that affected the California current systems
appeared to be responsible for the recent development of severe
hypoxia over a large area of the inner continental shelf
(Grantham et al., 2004; Chan et al., 2008).

Thus the future status of hypoxia and its consequences for the
environment, society, and economies will depend on a combination
of climate change (primarily from warming, and altered patterns
for wind, currents, and precipitation) and land-use change (primar-
ily from expanded human population, agriculture, and nutrient
loadings). Our expanding population has led to intensification of
agriculture/aquaculture and threatens local and regional coastal
systems everywhere. Expanding energy demands associated with
our population now drive climate change that threatens all ecosys-
tems at all scales from local to global.

RESTORATION AND THE FUTURE OF HYPOXIA

Recognizing the negative consequences of hypoxia and related
coastal eutrophication, many nations have recently made major
socioeconomic commitments for reducing nutrient loads to the
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adjacent estuaries, bays, and seas, uponwhich they depend.World-
wide, of the over 500 coastal hypoxia systems, about 55 have
responded positively to remediation. All but one improved from
management of point discharges. The northwest continental shelf
of the Black Sea is the only exception, responding positively to
reduction on nutrient runoff. Once the second largest anthropo-
genic hypoxic area on earth, it is now remediated through concerted
efforts to reduce point discharges and runoff from agricultural
lands (Mee, 2006; Langmead et al., 2008).

Much of the scientific interest and management concern about
hypoxia include a focus on the general problem of eutrophication
caused by the overenrichment of coastal waters from a combina-
tion of sewage/industrial discharge and nutrient runoff. Nutri-
ents generally increase biological production, while hypoxia
acts in the opposite direction, reducing biomass and habitat qual-
ity. Overall, the combination of stressors associated with eutro-
phication has and continues to degrade our coastal systems.
The future effects of hypoxia and nutrient enrichment on food
webs and fisheries will be strongly influenced by the extent to
which these two factors co-occur. Unless the leakage of nutrients
from land-based sources to the sea can be reduced, the future for
our estuarine and coastal resources looks bleak. Where applied,
nutrient management has reversed the effects of hypoxia. But
concerted effort in the future will be needed to allow more sys-
tems to recover, particularly for those systems affected primarily
by land runoff.

In addition to the complexity of interactions among physical,
chemical, and biological processes, two key elements hinder a
global assessment of the effects of hypoxia:

(1) Lack of details on the timing of occurrence and area covered
by hypoxia

(2) Accessibility of data on various ecosystem components.

For hypoxia in Europe and North America, much is known about
its occurrence in coastal areas, including spatial and temporal pat-
terns. Less is known from the other continents, which have most
of our population, and Pacific islands. For all systems, less is known
about long-term trends, factors controlling dissolved oxygen
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depletion and replenishment, impacts on ecological processes, and
economic losses. The World Resources Institute eutrophication pro-
ject hasmade a start by compiling data on over 500 hypoxic areas and
another 300 areas that are eutrophic and in danger of becoming hyp-
oxic (Diaz et al., 2010). A similar effort by Conley et al. (2011) for the
Baltic Sea coastal regions identified another 100 hypoxic areas. The
conclusion of Conley et al. (2011) for the Baltic could easily be applied
to the rest of the globe: “The Baltic Sea coastal zone displays an
alarming trend with hypoxia steadily increasing with time since
the 1950s effecting nutrient biogeochemical processes, ecosystem
services, and coastal habitat.” To formulate effective strategies for
remediating coastal hypoxia, it is essential to have an understanding
of what the specific drivers are and what responses to expect with
various remediation approaches. Some of these drivers are nationally
controlled, while others lack defined ownership/responsibility.
However, management of hypoxia including the control of drivers
of eutrophication is often a transboundary issue.
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INTRODUCTION

The main goal of this chapter is to briefly describe the current
state of knowledge regarding the causes of sea-level rise, summarize
recent estimates of how much sea level may rise by the end of the
century, and present some of the impacts of sea-level rise on society.

Research on sea-level rise has made very substantial progress in
the last few years. It is not my intention to try to provide a very
detailed accounting of recent scientific advances. Such a detailed
and authoritative summary can be found in Church et al. (2010),
chapters of which are referenced extensively here. Another recent
reference is Gehrels (2009), which concentrates on the rate of sea-
level rise. Here, I will attempt to reflect the recent scientific
advances as accurately as I can, while trying to attain a level of
detail appropriate for nonspecialists.

CAUSES OF SEA-LEVEL RISE

Changes in mean sea level at any given location are a combina-
tion of a number of processes:

• Warming seawater causing a decrease in its density (thermal
expansion)
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• Addingwater to the oceans from the continents throughmelting
or transport of ice from glaciers and ice caps, and transfer of
groundwater

• Changes in ocean and atmospheric circulations
• Uplift or subsidence due to tectonic movements or rebound

from the loss of glacier ice cover from the last ice age (glacial
isostatic adjustment, GIA)

• Natural and human-induced subsidence (often through changes
in groundwater levels)

All these processes act together in differing degrees at different
locations to alter the relative level between land and sea. For this
reason, it is important to distinguish between absolute and relative
sea-level change (RSLC). Absolute sea-level change refers to change
measured by satellites relative to the center of the earth. RSLC
refers to change measured relative to the land by tide gauges.
Both are negative (falling) in some parts of the world and positive
(rising) in others. Both are influenced by changes in ocean volume,
mass, and mass redistribution but differ locally because of differ-
ences in vertical land motion (e.g., land rebound from melted ice
sheets, movement along faults, groundwater removal, dams, and
reservoirs).

Absolute Versus Relative Sea-Level Change

Given the different processes that influence mean sea level, it is
important to keep in mind that changes in sea level at any given
locationmay be very different from the global average. The impacts
of changes in sea level will also depend on local conditions, rather
than the global mean (Boon, 2012; Sallenger et al., 2012). Figure 5.1
shows measurements of sea level from a number of coastal cities
around the world.

Observations for all of the locations show different degrees of
variability and different overall trends. Seattle, Honolulu, and
Wellington all show a fair amount of interannual variability, but
clear upward trends in sea level. In contrast, relative sea level in
Stockholm has decreased by roughly 6% over the last century.
The fact that the relative sea level in Stockholm (or some other spe-
cific locations) is decreasing is not inconsistent with an increase in
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FIGURE 5.1 Observations of relative sea-level change from tide gauges for a number of cities. Note that the measurements at dif-
ferent locations started at different times. Source: Permanent service for mean sea level (http://www.psmsl.org/) accessed March 2011.
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global sea level. The reason for the decrease in Stockholm is because
the land itself has been rising faster than sea level in this period. The
Scandinavian Peninsula is still rebounding after the disappearance
of the ice sheet that covered it during the latest ice age.

Thermal Expansion/Density Changes

As the surface temperature of the Earth increases, some of the
energy associated with the warming is transferred into the oceans.
Recent advances in accounting for biases and multiple sources of
uncertainty in measurements from expendable bathythermographs
(XBTs—instruments that measure profiles of temperature in the
ocean) have shown a significant warming trend of 0.64 W m�2

between 1993 and 2008 (Lyman et al., 2010). This amounts to a sub-
stantial increase in the heat content of the oceans, shown in
Figure 5.2, taken from Trenberth (2010).

Given the huge volume of water in the oceans, even the small
thermal expansion caused by heatingwater can result in substantial
changes in sea level. The uppermost 4 m of the ocean can store as
much heat as the entire atmosphere. Because of its large thermal
inertia, it will take a very long time for the upper ocean to “lose”
the energy now being stored there. Domingues et al. (2008)
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FIGURE 5.2 Time series of oceanic heat content from the surface to 700 m
(Trenberth, 2010). Reprinted with permission from Nature.

100 5. SEA-LEVEL RISE



compared observations of the thermal expansion of ocean water
with model calculations over the period 1950-2000 (shown in
Figure 5.3).

Figure 5.3 shows changes in the thermosteric sea level (changes
due to thermal expansion) over time from 1950 to 2000. In the figure,
the thick black line shows the mean values derived from observa-
tions, and the gray-shaded area represents one standard deviation
error estimates (Domingues et al., 2008). Results from severalmodel
calculations1 are shown in the figure. All models include both
natural variations (such as volcanic eruptions) and human-induced
changes in the climate system. Stratospheric aerosol loadings from
major volcanic eruptions (on an arbitrary scale) are shown at the
bottom of the figure.

The observations show decadal-scale variability over the entire
period and an upward trend since roughly 1970.Most of themodels
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FIGURE 5.3 Observed and modeled global average thermal expansion of the
upper 700 m of the ocean. Adapted from Domingues et al. (2008).

1 Models: National Center for Atmospheric Research, Boulder, CO (CCSM3);

Geophysical Fluid Dynamics Laboratory, Princeton, NJ (GFDL-CM2.0); Goddard

Institute for Space Studies in New York (GISS-EH, GISS-ER); Frontier Research

Center for Global Change in Japan (MIROC-CGCM2.3.2 medium resolution,

MIROC-CGCM2.3.2 high resolution); Meteorological Research Institute in Japan

(MRI-CGCM2.3.2).
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(CCSM3, GISS, MIROC3.2) capture both the trend and much of the
interannual variability that is seen in the observations—though with
more within- and between-model variation than is seen in the mea-
surements. One model (the GFDL-CM2.0) does not show the same
trend or interannual variability as the observations or the other
models. The MRI-CGCM2.3.2 model does show an increasing trend
in thermal expansion, but does not capture the same interannual
variability that is seen in the observations.

While dipping perhaps a bit too deeply into details, this compar-
ison illustrates a number of important points: (1) both observations
and model calculations (with one exception) show that the oceans
have been expanding due to heating over the 1950-2000 period;
(2) there is clear interannual and decadal-scale variability in ther-
mal expansion during this period; (3) the cooling effects of major
volcanic eruptions can be seen in both measurements and model
calculations; (4) while consistent with the observations, the differ-
ences between the variousmodel calculations show that more work
needs to be done to improve the descriptions of heat transport to
and within the oceans.

Interestingly, both measurements and most of the models
show decreases in thermal expansion following major volcanic
eruptions—consistent with the observations of surface temperature
and our understanding of how these volcanic eruptions influence
the Earth’s energy balance.

Glacier and Ice Sheet Melting

Freshwater is stored on the continents in the form of small gla-
ciers and ice caps, as well as the very large ice sheets covering most
of Greenland and Antarctica. While we take the major ice sheets for
granted, they were not always present. The Antarctic ice sheet
started to form around 35 million years before present, and the
Greenland ice sheet “only” a few million years ago (Zachos et al.,
2001) when atmospheric CO2 concentrations decreased during
the Late Pliocene era (Lunt et al., 2008). For the last few million
years—during the period of human evolution—they have played
a critical role in the Earth’s climate. Currently, glaciers and ice
sheets contain 29 million km3 of ice (shown in Figure 5.4), mostly
in Antarctica and Greenland.
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Put into perspective, if all this ice were to melt, small glaciers and
ice capswould cause sea level to rise by0.6 m, theGreenland ice sheet
would raise sea levels by 7.3 m, and melting all the ice on Antarctica
would cause a 56.6-m increase in sea level (Steffen et al., 2010).

How rapidly the major ice sheets will respond to increases in
global mean surface temperature remains unclear. Measurements
of the gain or loss of ice mass in Greenland and Antarctica since
the 1990s suggest that dynamical process other than simple melting
has caused acceleration of the transport of water mass from the
continents to the ocean. For example,meltwater can percolate down
to the base of glaciers and act as a lubricant, causing the glaciers
to flow more rapidly. Ice shelves (large expanses of ice partially
floating on seawater but anchored to the land) act as a kind of cork,
holding back the glaciers that feed into them. If they thin or break
up (such as the Larsen B ice shelf in 2002—an area roughly the
size of the US state of Rhode Island), then the glaciers flowing into
them can flow faster, transferring ice into the oceans more rapidly.
Were this trend to continue into the future, the response times of the
major ice sheets would be more rapid than our previous estimates
(Steffen et al., 2010).
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FIGURE 5.4 (a) Ice volume (106 km3). (b) Sea-level rise if all ice were to melt.
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Figure 5.5 shows satellite measurements of the change in eleva-
tion of the Greenland (panel a; Lemke, 2007) and the Antarctic ice
sheets (panel b; Davis et al., 2005).

Both Greenland andAntarctica have areas that have gainedmass
and others that have lost. Greenland tends to increase in mass at the
high-elevation center of the ice sheet and lose it at the edges, while
Antarctica has gained mass in the eastern regions while losing it in
the west. Gains in mass are caused by increases in precipitation,
while losses are caused by melting or the physical flow of ice from
the land into the ocean.

In terms of sea-level rise, it is the net gain or loss of mass that is
important. Steffen et al. (2010) summarize the rate of mass loss for
Greenland and Antarctica from a number of studies, examples of
which are shown in Table 5.1.

For Greenland, the mass loss increased by a factor of 7 in the
decade between the mid-1990s and the mid-2000s. For Antarctica,
the ice loss nearly doubled in the same decade, almost entirely
due to changes in West Antarctica and the Peninsula, with little
change in East Antarctica.

FIGURE 5.5 Change in elevation (cm year�1) for (a) Greenland and
(b) Antarctica. Reprinted from Lemke et al. (2007) and Davis et al. (2005).

104 5. SEA-LEVEL RISE



Melting glaciers also contribute to sea-level rise. Observations for
over 300 glaciers around the world have been compiled and made
available. An example of a global analysis from data in Dyurgerov
and Meier (2005) is shown in Figure 5.6.

The left vertical axis in Figure 5.6 shows the yearly change in gla-
cier volume. The right vertical axis is the cumulative contribution of
glacier melting to relative sea level—effectively the sum over time
of the amount of water in the oceans contributed by glacier melting,
and how it influences relative sea level. There is clearly a lot of var-
iability in glacier melt rates, and decreases in melt rate can be seen
after major volcanic eruptions. Since 1960, melting glaciers have
contributed more than 20 mm to sea-level rise. As can be seen in
the “Summary” section, melting glaciers have been one of the larg-
est contributors to sea-level rise.

Changes in Land Storage

The term land storage in this chapter refers to water stored on
land in the form of snow, surface water (e.g., lakes, rivers, artificial
reservoirs, marshes), or subsurface water (e.g., groundwater, liquid
water trapped in soils, permafrost). Changes in land storage of
water can be caused by changes in climate and by human modifi-
cation of the land. Some of these human modifications are as
follows:

• Damming of rivers
• Extraction of water from lakes

TABLE 5.1 Mass Loss (Gt Year�1) from Greenland and Antarctica for Different Time
Periods

Time
Period Greenland

Time
Period

East
Antarctica

West
Antarctica

Antarctic
Peninsula

1994-1999 �27 1996-2004 þ4(�61) �106(�60) �28(�45)

1998-2004 �80 1996 �86(�59)

ca. 2000 �100 2006 �132(�60) �60(�46)

ca. 2005 �200
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• Mining of groundwater
• Irrigation
• Wetland drainage
• Deforestation

Milly et al. (2010) provide a recent analysis of the contributions of
terrestrial water storage to sea-level rise and variability. Their
results are summarized in Figure 5.7.

Interestingly, the net effect of changes in land storage of water
on sea-level rise is close to zero, since the major processes tend to
cancel out each other (at least during the 1990s). The decrease in
runoff to the oceans caused by damming rivers was balanced by
the increase in flow from groundwater mining. Likewise, the
decrease in flow from changes in snowpack, soil water, and shallow
groundwater was offset by changes in storage in 15 of the world’s
largest lakes.

FIGURE 5.6 Time series of the change in volume (left vertical axis; km3 year�1)
and the cumulative contribution to relative sea level (right vertical axis, mm) from
small glaciers.
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Summary

A considerable amount of research has been done over the last
decades to measure and explain changes in global sea level. An
overall picture was developed by Milly et al. (2010) from the IPCC
4th Assessment Report (Bindoff, 2007) and subsequent sources and
is summarized in Table 5.2. Global mean sea level rose by approx-
imately 1.8 mm year�1 over the last five decades, doubled to
3.1 mm year�1 in the 1990s, and was 2.5 mm year�1 in the period
2003-2007.

Groundwater mining

Filling reservoirs behind
major dams

Climate-driven changes in snowpack,
soil water, shallow groundwater

Fifteen largest lakes

+ 0.25 mm year–1

- 0.25 mm year–1

+ 0.1 mm year–1

- 0.1 mm year–1

± 0

FIGURE 5.7 Estimated contributions from terrestrial water sources to sea-level
change for the 1990s.

TABLE 5.2 Summary of the Sources of Sea-Level Rise for Three Different
Time Periods

Source
1961-2003
(mm Year�1)

1993-2003
(mm Year�1)

2003-2007
(mm Year�1)

Observed change 1.8 3.1 2.5

Thermal expansion 0.4 1.6 0.35

Melting glaciers 0.5 0.8 1.1

Melting ice sheets 0.2 0.4 1

Land storage (liquid water) – 0 –

Residual 0.7 0.3 0.1
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The fractional contributions of the various sources to global sea-
level rise are shown in Figure 5.8. The “residual” fraction is the dif-
ference between the observed sea-level rise rate and the sum of the
four different sources. This can be interpreted as the “unexplained”
amount of sea-level rise and is suspected to come primarily from
melting of the large ice sheets in Greenland and Antarctica
(Steffen et al., 2010). Panels (a)-(c) present data from Table 5.2 as
fractions of the observed sea-level rise. Panel (d) is adapted from
Domingues et al. (2008) and shows the different contributions to
sea-level rise as a function of time for the period 1961-2003.

An intriguing result from these studies is the observation that the
relative contributions of the various sources of sea-level rise change
with time, and also that with time, the residual (unexplained) frac-
tion has decreased—we have become better at quantifying the
sources of sea-level rise. Thermal expansion of the upper 700 m
of the oceans shows clear variability on 5- to 10-year timescales
and can also be linked to volcanic eruptions. The contribution from
liquid water from terrestrial sources (e.g., groundwater, lakes,
marshes) is variable, but averages out to be roughly zero over this
time interval. Glaciers and ice caps have been the dominant source
of sea-level rise since about the late 1970s.

1961-2003

1993-2003

2003-2007Thermal
expansion

Melting glaciers

Melting glaciers

Melting ice
sheets

Melting ice
sheets

Land storage

Land storage

Residual

Residual

1.8 mm year−1

3.1 mm year−1

2.5 mm year−1

0.39 0.22

0.04

0.14

0.44
0.00

Thermal
expansion
Melting glaciers

Melting ice
sheets
Land storage

Residual

0.40

0.280.11

0.10

0.52

0.00

Thermal
expansion

Thermal expansion (upper 700m)

Thermal expansion
(deep ocean)

Ice sheets

Land storage

1960

0

−10
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20

1970 1980

Year
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S
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m

m
)

1990 2000

Glaciers

0.26

0.13

0.00

FIGURE 5.8 Sources of sea-level rise as a function of time. Adapted from Steffen
et al. (2010) and Domingues et al. (2008).
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OBSERVATIONS OF SEA-LEVEL RISE

Past Sea-Level Changes

When trying to understand how complex systems behave, it is a
great advantage to have different independent sources of informa-
tion on which to draw conclusions. In the following sections, two
different, independent sets of observations of sea-level rise are
described: direct measurements from tide gauges and remote-
sensing measurements from satellites.

Direct Measurements: Tide Gauges

If observations from tide gauges around the world are put onto a
consistent basis, a picture of the global mean sea-level rise can be
obtained. Woodworth et al. (2009) compare five different time series
of global sea-level rise derived from tide gauge measurements.
Figure 5.9 shows two of these: the longer of the time series (back to
1700) comes from Jevrejeva et al. (2008), while the series from 1870
to 2007 is updated fromChurch andWhite (2006). Both investigations
use the same underlying data (the Permanent Service for Mean
Sea-Level compilation), but use different techniques for analysis.

FIGURE 5.9 Changes in mean sea level derived from tide gauge data. Gray bars
indicate uncertainties in the Jevrejeva et al. analysis; yellow bars for the Church
and White analysis.
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Both analyses show a consistent increase in sea level over the last
two centuries, with an increase of about 250 mm between 1850 and
2000. For the entire twentieth century, the rate of sea-level rise was
1.7�0.3 mm year�1 (Church and White, 2006). Sea level rose by
6 cm in the nineteenth century and by 19 cm in the twentieth
century (Jevrejeva et al., 2008). The further back in time the data
goes, the larger the uncertainties become. In their error analysis,
Jevrejeva et al. (2008) account for both station representativity
and between-region errors (Jevrejeva et al., 2006). Church and
White (2006) account for serial correlation, uncertainties in correc-
tions for glacial rebound, and uncertainties induced by the statistical
method they used.

Satellite Measurements

Satellites provide another independent source of information on
sea level, in addition to tide gauge measurements. However, reli-
able satellitemeasurements of global sea level did not become avail-
able until the early 1990s.

Figure 5.10 shows data from the TOPEX/Poseidon and Jason
altimeters (Leuliette et al., 2004). Like the tide gauge data, the
satellite observations show a clear upward trend in sea level, with
year-to-year variability. The trend from the satellite observations
over this period is 3.2�0.8 mm year�1 (Leuliette and Willis, 2011).

FIGURE 5.10 Changes in global mean sea level derived from satellite data avail-
able from the University of Colorado (http://sealevel.colorado.edu).
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While global sea level is rising, the rate of sea-level rise depends
on location. Figure 5.11 shows sea-level trends derived from a num-
ber of satellite instruments (Nicholls and Cazenave, 2010) for the
period October 1992 to July 2009. There is a good deal of variability
in the rate of sea-level rise in the Pacific, with maximum values in
the western Pacific and minimum values in the eastern Pacific. The
rate of sea-level rise at any given location will also vary with time.
Despite the spatial and temporal variability, satellite measurements
show a clear increase in globally averaged sea level, and together
with the tide gauge measurements (corrected for GIA) tell us that
sea-level rise has been accelerating.

Summary of Observations

A considerable amount of work has been done over the last
decade to put observations of sea-level rise into a consistent frame-
work. Direct measurements from tide gauges around the world
have been analyzed; accounting for vertical land motion, the
uneven spatial distribution of measurement sites and improve-
ments in the statistical methods used to analyze the data have been
made. New satellite instruments have provided an independent
measure of sea level. A number of conclusions can be drawn from
these observations:

• Independent measurements show that sea level is rising
• Sea levels have risen by about 250 mm since 1850
• Sea-level rise is accelerating

SEA LEVEL RISE IN THE FUTURE

Projections of Sea-Level Rise

Figure 5.12 shows four different projections for future sea-level
rise. Panel (a) comes from the 3rd IPCC Assessment Report
(AR3) (Church et al., 2001), panel (b) is from the 4th IPCC Assess-
ment Report (AR4) (Meehl et al., 2007), panel (c) comes from
Rahmstorf (2007), and panel (d) is taken from Church et al.
(2008). The IPCC projections represent a consensus view at two dif-
ferent times (2001 and 2007) developed from a number of different
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FIGURE 5.11 Rates of sea level derived from satellite measurements. From Nicholls and Cazenave (2010), figure 2. © AAAS.
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global climate models. The projections in Rahmstorf (2007) are
made using a semiempirical approach using observed temperature
and sea-level changes and projecting this observed relationship into
the future. The Church et al. (2008) projections augment the IPCC
work by adding an additional contribution from melting glaciers
and ice caps in an attempt to account for observed melting that is
currently not properly captured in climate models.

The intentions with presenting these figures together are to

1. show how better observations of and increased understanding
about the causes of sea-level rise influence our ability to project
changes into the future—learning more about how the system
works allows for refinement of our predictions;

2. showthat there isalwaysarangeofpossibilities for futuresea-level
rise. This range depends on what assumptions are made about
future population, demographics, technological and
socioeconomic development, as well as different assumptions
about howparts of the climate systemworknowand in the future.

Perhaps the greatest known source of uncertainty in projecting
future sea-level rise is the extent to and rate at which melting gla-
ciers, ice caps, and ice sheets will contribute in the future. The cur-
rent rate of ice melt and flow of glacier ice into the ocean is not
adequately captured in the climate models used in the IPCC assess-
ments. If this current melting rate continues into the future, then the
IPCC projections are likely to be underestimates. Another major
uncertainty is estimating the rate at which ice flows from the con-
tinents (especially from Greenland and Antarctica) into the ocean.
Like dropping an ice cube into a glass of water immediately raises
the water level, transferring ice from land into the ocean will raise
sea level even before the ice melts.

Three recent studies using semiempirical methods project inter-
vals of sea-level rise by 2100 of 0.4-1 m (Horton et al., 2008),
0.9-1.3 m (Grinsted et al., 2010), and 0.6-1.6 m (Jevrejeva et al.,
2010). Pfeffer et al. (2008) attempted to put an upper bound on
how rapidly melting and ice flow into the ocean from Greenland
could raise sea level. They concluded that sea-level rise of more
than 2 m by 2100was not tenable. A 2-m rise by 2100was physically
possible, but would require all of the variables influencing the
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melting or transport of ice into the ocean to be at their maximum
values. They concluded that a more plausible value would be about
0.8 m. These results are summarized in Figure 5.13.

At this point, obtaining a very precise projection for sea level at
the end of the century is beyond our abilities. The entire range of
projections (from the IPCC AR3 and onwards) includes the interval
from 0.2 to 2 m, with the central value for these projections increas-
ing with time. Many of the post-IPCCAR4 projections rely on semi-
empirical models, which have limitations when projecting past the
interval in which data are available (Church et al., 2011; von Storch
et al., 2008). Clearly, improved and more comprehensive observa-
tions of ice melt and flow are necessary, along with improvements
of how these processes are described in climate models.

IMPACTS OF SEA-LEVEL RISE

Sea-level risewill impact all coastal areas, but to differing extents.
It is an existential issue for some small island states, since some

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

IP
CC A

R4 
m

in-
m

ax
 (2

00
7)

IP
CC A

R4 
Ave

ra
ge

 (2
00

7)

Rah
m

sto
rf  

(2
00

7)

Roh
lin

g 
et

 a
l. (

20
08

)

Hor
to

n 
et

 a
l. (

20
08

)

Pfe
ffe

r e
t a

l. (
20

08
)

Ver
m

ee
r a

nd
 R

ah
m

sto
rf  

(2
00

9)

Grin
ste

ad
 e

t a
l. (

20
10

)

Je
vr

eje
va

 e
t a

l. (
20

10
)

P
ro

je
ct

ed
 s

ea
-le

ve
l r

is
e 

(m
) 

by
 2

01
1

FIGURE 5.13 A summary of recent projections of sea-level rise.

115IMPACTS OF SEA-LEVEL RISE



islands will disappear entirely with even modest increases in sea
level. As of 1994, 1.88 billion people (33.5% of the world’s popula-
tion) lived within 100 vertical meters of sea level (Cohen and Small,
1998), and about 23% of the world’s people live within 100 km of a
coast (Nicholls et al., 2007). On a finer scale, Anthoff et al. (2006) esti-
mate that about 145 million people live within 1 m of mean high
water (more than 70%ofwhomare inAsia), and 268 and 397million
live within 5 and 10 m, respectively.

Types of Impacts

The physical impacts of sea-level rise include the following:

• The disappearance of some low-lying islands
• Submergence and increases flooding of coastal land
• Saltwater intrusion of surface and subsurface waters
• Increased erosion
• Habitat destruction in coastal areas

The effects, interacting factors, and possible adaptation
approaches for these impacts have been summarized by Nicholls
(2011) and are shown in Table 5.3.

The interacting factors include those related to climate change
and others related more to land and resource management. In the
table, the adaptation approaches are coded as protection (P), accom-
modation (A), and retreat (R). Examples of “hard” approaches are
dikes, seawalls, and reinforced structures, while “soft” approaches
include management, policy, and institutional considerations.
These impacts will occur at different times, with impacts such as
coastal erosion or habitat degradation often lagging inundation
and flooding. These impacts will be exacerbated by the additional
effects of extreme storms, discussed in Chapter 3. Rising sea levels
will cause an increase in extreme water levels, which also will be
increased if hurricane and severe storms become stronger.

Vulnerability to Sea-Level Rise

Nicholls and Cazenave (2010) examined the vulnerability of dif-
ferent regions to coastal flooding due to sea-level rise. The highest
risk areas are coastal zones with high population density, low
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TABLE 5.3 Impacts, Interacting Factors, and Possible Adaptation Approaches to Sea-Level Rise

Natural System Effect

Possible Interacting Factors

Possible Adaptation ApproachesClimate Nonclimate

1. Inundation/
flooding

a. Surge (flooding
from the sea)

Wave/storm
climate, erosion,
sediment supply

Sediment supply, flood
management, erosion, land
reclamation

Dikes/surge barriers/closure dams
[P—hard], dune construction [P—soft],
building codes/flood-proof buildings [A],
land-use planning/hazard mapping/flood
warnings [A/R]

b. Backwater effect
(flooding from
rivers)

Runoff Catchment management
and land use

2. Wetland loss (and change) CO2 fertilization,
sediment supply,
migration space

Sediment supply,
migration space, land
reclamation (i.e., direct
destruction)

Nourishment/sediment management
[P—soft], land-use planning [A/R],
managed realignment/forbid hard
defenses [R]

3. Erosion (of “soft” morphology) Sediment supply,
wave/storm
climate

Sediment supply Coast defenses/seawalls/land claim
[P—hard], nourishment [P—soft], building
setbacks [R]

4. Saltwater
Intrusion

a. Surface waters Runoff Catchment management
(overextraction), land use

Saltwater intrusion barriers [P], change
water extraction [A/R]

b. Groundwater Rainfall Land use, aquifer use
(overpumping)

Freshwater injection [A], change water
extraction [A/R]

5. Impeded drainage/higher water
tables

Rainfall, runoff Land use, aquifer use,
catchment management

Drainage systems/polders [P—hard],
change land use [A], land-use
planning/hazard delineation [A/R]

From Nicholls (2011), Table 2. © The Oceanography Society.
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elevations, high rates of land subsidence, and limited adaptive
capacity. Figure 5.14 is amap showing the locations of these vulner-
able regions.

It is worthwhile to point out an important distinction in terms of
trying to define vulnerability to sea-level rise; the impacts of sea-
level rise are very asymmetrical in many important ways. For
instance, there are fundamental differences in vulnerability bet-
ween continental coastal locations and islands. In large, wealthy
countries, coastal communities would at least in theory be able to
relocate inland, given adequate preparation and support. In reality,
however, relocating parts of any major coastal city would be an
immense undertaking.

Such an option does not exist for some small island states, which
may become uninhabitable or even entirely disappear. It is one
thing to be forced to relocate within your own local region or coun-
try; it is another entirely to lose your country. In developing coun-
tries with very high populations in low-lying delta areas such as
Bangladesh, sea-level rise may threaten the ability of the state to
function (Byravan and Rajan, 2010).

Assessing the impacts of sea-level rise is a good example of the
limitations of our current mainstream socioeconomic framework.

FIGURE 5.14 Regions vulnerable to flooding caused by sea-level rise. From
Nicholls and Cazenave (2010), figure 3. © AAAS.
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The monetary costs of paying to relocate a relatively small popula-
tion of people from a disappearing island nation would be
small compared to the costs of mitigating the cause of the re-
location—increases in sea level due to global warming caused
mostly by anthropogenic greenhouse gas emissions. However,
the social costs of the loss of national identity and cultural history
are not included in this monetary framework, but need to be
accounted for.

How strongly these different impacts affect various socioeco-
nomic sectors was examined by Nicholls (2011) and is shown in
Table 5.4. Inundation and flooding affect all the socioeconomic sec-
tors considered, while coastal erosion mainly influences infrastruc-
ture, tourism, and biodiversity, with weaker or not established
impacts on other sectors.

Examples of health effects include the release of toxins from
coastal landfills, increases in disease due to damaged coastal infra-
structure such as sewers, or evenmental health problems caused by

TABLE 5.4 The Strength of the Impact of Different Effects of Sea-Level Rise on
Several Socioeconomic Sectors

Coastal
Socioeconomic

Sector

Sea Level Rise Natural System Effect (Table 5.1)

Inundation/

Flooding

Wetland

Loss Erosion

Saltwater

Intrusion

Impeded

Drainage

Freshwater
resources

X x – X X

Agriculture and
forestry

X x – X X

Fisheries and
aquaculture

X X x X –

Health X X – X x

Recreation and
tourism

X X X – –

Biodiversity X X X X X

Settlements/
infrastructure

X X X X X

X, strong; x, weak; –, negligible or not established.
From Nicholls (2011), table 2. © The Oceanography Society.
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increased flooding. Aquaculture is an example of a socioeconomic
sector adversely affected by several of the threats to the global
oceans: sea-level rise, acidification, pollution, and hypoxia. It is very
important to analyze the potential interactions between these
effects and prepare strategies to deal with them (discussed in more
detail in Chapter 12).

Economic Consequences of Sea-Level Rise

The economic impacts of sea-level rise will be discussed in detail
in Chapter 10. The intention here is to present results from recent
publications that illustrate the kinds of global-scale economic ana-
lyses that have been done and give an impression of the magnitude
of the economic impacts.

People living in coastal areas close to sea level have essentially
two choices about how to respond to increasing sea level: fight or
flee. Fighting involves improving or building new coastal
defenses—seawalls, dikes, and other built infrastructure. Fleeing
involves relocating people from low-lying areas to higher ground.
The choice is “simplified” for people living on some low-lying
islands, since for them fighting is not an option.

Anthoff et al. (2010) examined the economic consequences of
three different levels of sea-level rise: 0.5, 1, and 2 m above 2005
sea level. They use an integrated assessment model (FUND: The
Climate Framework for Uncertainty, Negotiation, and Distribu-
tion), driven by four of the SRES2 scenarios (A1, A2, B1, and B2)
for socioeconomic and demographic development. They also use
a control scenario in which population and GDP are kept constant
at 1995 levels (C1995). In their simulations, they assume that sea
level increases linearly with time until 2100.

They examine four damage components in their economic anal-
ysis: (1) the value of dryland lost; (2) the value of wetland lost; (3)
the cost of protection (e.g., dikes) against rising sea levels; and
(4) the cost of relocating people displaced from lost dryland. In their
calculations, they assume that the number of people forced to
migrate is a function of the average population density in each
country and the area of dryland lost in that country. The economic

2 Special Report on Emissions Scenarios; see Chapter 1.
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cost of the people displaced is calculated as three times the average
per capita income for the country in question. Figure 5.15 shows an
example of their results.

With their assumptions, protection costs against a 0.5-m increase
in sea level would be between about 170 and 200 billion USD. If sea
level were to rise by 1 m, costs would become about five times as
large, roughly 1 trillion USD. Costs would roughly double again
to about 2 trillion USD if sea-level rise were 2 m. These costs
can be compared with estimates of approximately 3 trillion USD
in stimulus investments announced as a result of the economic
downturn in 2008 (Robins et al., 2009a,b).

Looking “under the hood” in their calculations, protection costs
are the most important component of total costs, independent of
which socioeconomic scenario is chosen. Other costs vary more
widely between scenarios. Furthermore, costs vary greatly between
regions, with SouthAsia, SouthAmerica, East Asia, NorthAmerica,
Europe, and Central America being the regions dominating total
costs. As in most cost-benefit analyses for long-term issues, the
results are sensitive to what discount rate is assumed. The central
assumption for the pure time rate of preference in the Anthoff
et al, (2010) calculations is 1%. They performed a sensitivity analysis
assuming values of 0.1% and 3%, which showed that the results

FIGURE 5.15 Total damage costs for 0.5, 1, and 2 m of sea-level rise for five dif-
ferent socioeconomic scenarios. From Anthoff et al. (2010), figure 2. © Springer.
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could be changed by roughly a factor of 2 up or down, depending
on the discount rate assumed.

They conclude that the benefits of protection increase substan-
tially with time. Compared to a scenario with no protection, sub-
stantial costs in terms of population displacement and land loss
can be avoided through protection measures.

A weakness in cost-benefit analyses is that they assume perfect
knowledge and a proactive approach to protection, while experi-
ence would tell us that protection is more often done in reaction
to a disaster the near avoidance of a disaster. Recognizing this his-
torical limitation is critical from the point of view of low-lying
island states, since the protection option may well disappear along
with the islands.

Summary and Take-Home Messages

• Globally averaged sea level has risen by about 25 cm since the
1800s

• Global sea-level rise is accelerating
• Sea-level rise is caused by melting glaciers and ice caps, loss

of ice from major ice sheets on Greenland and Antarctica,
thermal expansion of the oceans, and changes in terrestrial
storage

• Projections of the amount of sea-level rise by the end of the
twenty-first century vary from a minimum of roughly 0.2 m
to a maximum of about 2 m

• The impacts of sea-level rise include the disappearance of
some low-lying islands, submergence and increases flooding
of coastal land, saltwater intrusion of surface and subsurface
waters, increased erosion, and habitat destruction in coastal
areas

• On a global scale, the costs of coastal protection and relocation of
people from land areas lost to sea-level rise range from about 200
billion USD for an increase of sea level of 0.5 m and about 2
trillion USD for an increase of 2 m.

• Adaptation strategies for sea-level rise will need to be
developed for local and regional conditions; how these are
influenced by changes in global sea level must be taken into
account.
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INTRODUCTION

Marine environment is submitted to contamination1 that comes
in many different forms, such as toxic chemicals (e.g., organic com-
pounds, DDT, PCB, metals, pharmaceuticals, gas), solid waste (e.g.,
plastics), increased nutrient (e.g., nitrates and phosphates) and sed-
iment inputs due to human activities (e.g., industry, agriculture,
deforestation, sewage discharge, aquaculture), radioactivity, oil
spills, and discarded fishing nets. Marine contamination changes
the physical, chemical, and biological characteristics of the oceans
and coastal zones, and potentially threatens marine organism, eco-
systems, and biodiversity and affects thus the quality and

1 Contamination is defined by the introduction of compounds or energy leading to

concentration or level higher than the natural ones (Goldberg, 1995).
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productivity of marine ecosystems. In this context, the contamina-
tion causing damage or negative impact on marine ecosystem is
called pollution (see below). The ultimate effect of pollution on
marine resources depends on the form, intensity (acute or chronic),
and location of the contamination, with somemarine environments,
ecosystems, and species being more sensitive than others to
pollution.

The 1982 United Nations Convention on the Law of the Sea
defined marine pollution as “the introduction by man, directly or
indirectly, of substances or energy into the marine environment . . .
which results or is likely to result in such deleterious effects as
harm to living resources and marine life” (article 1.1.4). The defini-
tion has subsequently been included in, for example, the OSPAR
and Helsinki Conventions and the UNEP Regional Seas Program.
It is worth noting that, in addition to the influx of different kinds
of substances into the oceans, the definition of marine pollution
includes the input of energy, which here refers to thermal (e.g., dis-
charge of cooling water from nuclear plants) and acoustic (or noise)
pollution (Dotinga and Oude Elferink, 2000).

The three main sources of marine pollution are direct discharge
as effluents and solid wastes from land or human activities at sea
(e.g., shipping), runoff mainly via rivers, and atmospheric fallout.
The relative contribution of each of these pathways to marine pol-
lution varies greatly with substance and situation. The lack of data
and the significant complexity of the natural processes, especially
at the sea-land and sea-atmosphere boundaries, make quantitative
estimates of these processes difficult and uncertain. To indicate the
scientific status within these research areas, the authors of this
chapter made a preliminary assessment of the scientific basis in
relation to the pathways and impacts of pollutants in the marine
environment and the results are presented in Figure 6.1.

This chapter first describes the different sources, pathways, and
threats to marine ecosystems posed by some of the pollutants that
are most frequently discussed within research and policy, notably
excluding the discharge of nutrients and organic material into
marine environments as this is treated in Chapter 4. The authors
also attempt to assess the risks associated with marine pollution
(also here excluding nutrients and organic material) at a global
scale.
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CHEMICAL POLLUTION—POPS AND
METALS/TOXIC CHEMICALS

Sources and Pathways

This section describes the release ofmetals and persistent organic
substances caused by human activities and the associated risks for
chemical pollution of the ocean. Chemical pollution started early in
human history. Evidence of European-wide pollution by lead, for
example, can be traced back 2500 years to activities within the
Roman Empire (Hong et al., 1994). For a long time, the fate of the
chemicals and metals used and released was not considered, but
it was commonly thought that the solution to pollutionwas dilution
and to build higher chimneys and longer pipes. Today, however, it
is recognized that chemical pollution of the environment can
adversely affect human and ecosystem health.

The production and use of chemicals create emissions at all
stages of their life cycle (production, use, and discarding), and
the sources of chemical pollution of the ocean are thus large scale
and diverse. The emission sources can be categorized as follows:
intentional dissemination of chemical products (e.g., pesticides),

FIGURE 6.1 The authors’ estimation of scientific basis in relation to the path-
ways and impacts of pollutants on global marine ecosystems, including a break-
down of the same estimation into different types of pollution (note that the
assessment of the research status is limited to the relatively few investigated sub-
stances). Key: Amount of evidence: L¼ low, research is still in its infancy and com-
prehensive data are only available for a few species and areas; M¼medium,
available literature provides a number of solid, although often too site and species
specific, studies; H¼high, available literature provides data representing a broad
range of organisms and ecosystems. Level of agreement or consensus: L¼ low,
research data are inconclusive; M¼medium, research data and conclusions are
in general agreement; H¼ research data are largely unchallenged.
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unintentional dissemination of chemical products (sewage effluents,
e.g., pharmaceuticals, leakage, wear and tear, e.g., PCB), and unin-
tentional dissemination of chemical byproducts (impurities, forma-
tion and release in connection with combustion, e.g., dioxins).

The sources and forms of chemical pollution are of different
importance in different regions. In the more industrialized regions,
sources of chemical pollution include chemical industry, sewage
treatment, landfills, and diffuse emissions from use of products
within the society. In regions with high regulation on chemical pol-
lution, the industrial emissions may have ceased, or production
may have moved elsewhere, but emissions also occur through
leaching and discarding of products. These coastal zones bordered
by developed countries face pollutants such as pharmaceuticals
and personal care products, flame retardants, plastic additives,
etc. In less regulated parts of theworld, industrial activities can lead
to large-scale pollution. As example, the Manila Bay in Philippines
is well known to be one of the pollution hot spots of East Asia Seas
(Maria et al., 2009). After release, the pollutants can be transported
away from the source regions with moving air masses through
ocean currents or through biotic vectors, i.e., massive movements
of organisms such as migrating birds (Wania, 1998). In that way,
also remote and nonindustrialized areas become affected by chem-
ical pollution. The importance of this long range, large-scale trans-
port of pollutants can be illustrated by the high levels of certain
pollutants found in remote areas, such as the Polar Regions
(de Wit et al., 2004). In fact, the Arctic polar bears have some of
the highest levels of toxic organic pollutants of any animal on the
planet (Sonne, 2010).

Not all chemicals that are used and released in the society are of
concern, but there are certain features of the chemical that are
important in the understanding of its effects; it is the persistence
and bioavailability, bioaccumulation potential, and toxicity of the
chemical. The persistence of a substance determines its removal
rate from the environment. Metals are inert, highly persistent,
and continuously released in the environment from human activi-
ties as well as natural sources. Metal adsorption to particles and
sedimentation is the major pathway of removal from the water
column. Organic substances can be degraded biologically or via
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physicochemical processes. The degradation proceeds with differ-
ent rates for different chemicals and the half-life can vary from
hours to decades. High persistence enables concentrations of a com-
pound to build up in the environment, and to some extent, it can
also enable long-range transport.

The bioaccumulation potential of a substance describes its ability
to accumulate in organisms in higher concentrations than in the
surrounding environment. Organic compounds are usually charac-
terized by their hydrophilic and hydrophobic properties expressed
by the octanol water partition coefficient (Kow). These properties
drive the potential of molecules for bioaccumulation through the
permeable surface of an organism (e.g., gills, digestive tracts, skins),
when the substance is attracted toward a more lipid-rich environ-
ment (i.e., biological membrane) than the surrounding water.
Regarding inorganic compounds such as trace element, the seawa-
ter physicochemical parameters determine the bioavailable fraction
of element (according the chemical speciation of the element) that
could be taken up by marine organisms through active or passive
processes. Then, for all compounds that cannot be metabolized,
organisms can accumulate contaminants with concentrations sev-
eral orders of magnitude higher than the surrounding waters
(Philips and Rainbow, 1993). The bioaccumulation efficiency results
from the contributions of different uptake pathways (e.g., uptake
from water, food, sediment) and the detoxification processes and
elimination rate with respect to the species and the chemical.
Beyond the individual scale, some toxics pass along the food chain
and can be additively accumulated in the higher trophic level. This
biomagnification of contaminants leads to very high concentrations
in tissues of top predators as, for example, the Hg concentrations in
tuna or the PCBs in polar bear. Hence, as a consequence, the bioac-
cumulation potential, discharging chemicals into the ocean, does
not necessarily lead to dilution, but can result in concentration.

Effects on Marine Environment and Ecosystem Services

The main concern over chemical pollution is the potential for
toxic effects in humans and wildlife. The toxicity of a substance
can be investigated through biological tests. About 80,000-100,000
chemicals are registered for commercial use today (US EPA, 1998;
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EU, 2001). Toxicity data exist for a few thousand of these chemicals,
but there is virtually no knowledge of their combined effects. The
toxicity of a chemical can be described as the ability of a chemical
to enter, interfere with, or disrupt biological systems, like protein
synthesis, hormonal regulation, or reproduction systems. For exam-
ple, chemical substances may be allergenic and carcinogenic, toxic
to reproduction, or genetically disrupting.

Toxic effects can be caused by direct exposure of an organism to
chemicals in air, water, or soil. Effects can also occur through inter-
nal exposure to contaminants by bioaccumulation.

In the late 1960s and early 1970s, reproductive success of marine
mammals and predatory birds started to fail in certain areas. The
deleterious effects were later linked to the environmental contam-
inants like PCB and DDT (Ratcliffe, 1970; Jensen, 1972). Since
wildlife concurrently is exposed to many different substances, it
is, however, generally difficult to link observed effects to a single
substance. Investigators have demonstrated immune dysfunction
as a plausible cause for increased mortality among marine mam-
mals. For example, it has been demonstrated that consumption
by seals of prey that are contaminatedwith persistent organic pollut-
ants may lead to vitamin and thyroid deficiencies and subsequent
susceptibility to microbial infection and reproductive disorders
(Ritter et al., 1995). There is evidence that chemical pollution may
influence biodiversity, and increase organisms’ vulnerability to other
stresses, like diseases (e.g., Fisher et al., 1999, and see Khan, 2007 for
references), and thus leading to a decline in the abundance of indi-
viduals in a population. For example, exposure to contaminants
has been correlated with population declines in a number of marine
mammals including the common seal, the harbor porpoise, bottle-
nosed dolphins, and beluga whales (Ritter et al., 1995).

Chemical pollution of the oceans can affect human health by
direct exposure to pollutants associated with industrial and acci-
dental point sources. But the greatest potential for large-scale effects
on human health from chemical pollution is connected to consump-
tion of contaminated seafood. For pollutants like dioxins and PCBs,
and Hg, the major human exposure pathway is through intake of
food, in general, and fish, in particular (Swedish Environmental
Protection Agency, 2009). Environmental contaminant exposure
in humans has been linked to negative health effects including
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sensitization, allergy, neurological development deficits, and
disturbance of the thyroid hormone system (Grandjean and
Landrigan, 2006; Grandjean et al., 2010). For populations that rely
heavily on fish consumption in their diet this is of concern, and die-
tary intake of PCBs, for example, exceed national guidelines in a
number of Arctic communities (AMAP, 2009).

Fish is a nutrient-rich food sourcewith various health benefits for
developing fetus and infants, and also for adults, for example, from
fatty acids. However, the concerns raised regarding exposure to
environmental contaminants via fish have led to restrictions and
guidelines for fish consumption for certain consumer groups
(Nesheim and Yaktine, 2007). The strictest guidelines apply to
children and pregnant or breastfeeding women. As an example,
EU has introduced rules that determine the highest concentrations
of dioxins and dioxin-like PCBs that can be allowed in foodstuffs
and in animal feeds (the commission’s recommendation 2002/
201/EU). Baltic herring and salmon often contain contaminants
in higher concentrations than these set limits and, as a result, cannot
be sold within EU (with the exception of human consumption in
Finland and Sweden). Thus, as a consequence of chemical pollu-
tion, large parts of the population are now deprived of the health
and economic benefits from fish consumption.

Chemical pollution can also impair recreational activities, such as
angling if the fish is considered not safe to eat. Negative effects of
chemicals on biodiversity, and, in particular, on higher trophic
animals like marine mammals and birds may also have an impact
on ecotourism and general quality of life.

Some of the most important physical and chemical properties of
contaminants that determine how they are dispersed and parti-
tioned in the environment are temperature dependent. Therefore,
environmental levels of chemical pollutants can be influenced by
climate change and climate variability. A comprehensive report
on the climate change and persistent organic pollutants has been
prepared by the Secretariat of the Stockholm Convention and the
Arctic Council’s Monitoring and Assessment Programme
(UNEP/AMAP, 2011). The report reviews recent scientific findings
on climate-change effects on persistent organic pollutants with a
global perspective. The overall conclusion is that exposure and
environmental fate of chemicals will be affected by a changing
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climate in various ways and with large uncertainties. Effects will
mainly be visible on a regional scale, and on the global scale, a gen-
eral conclusion was not possible to draw. Possible impacts of cli-
mate change on dissemination and effects of chemical pollution
are further described below (UNEP/AMAP, 2011). An increased
temperature will increase the volatility of organic chemicals and
thus make them more mobile which could have an impact on the
long-range transport of the chemical. A higher temperature can also
increase the degradation rate of organic chemicals and contribute to
a faster removal. However, degradation products of certain chemi-
cals can sometimes be more toxic than the mother substance.

A changing climate will also lead to changes in wind fields and
wind speed, and to less or more precipitation in certain areas. This
will affect the deposition rate of pollutants, and the deposition may
increase in areas with increased precipitation, or in areas in the
wind direction of pollutant sources. Extreme events like storms
and floods could have an impact of remobilization and subsequent
bioavailability of pollutants in polluted soils or sediments. Climate
change may also influence use patterns of chemicals and, for exam-
ple, increase the demand for pesticides in certain areas. Changes of
pollutant transport and fate as a result of climate change will have
direct consequences on human and wildlife exposure.

Climate change will have an impact on biology of organisms (see
also other chapters). Awarmer climatewill, for instance, affect cold-
blooded organisms by enhancing the internal uptake in gills and the
intestines. As pollutants can disrupt the immune and reproduction
systems of organisms, they can put an extra stress on vulnerable
animal species coping with a changing climate.

A changing climate can lead to changes in food web structures,
like increased or decreased primary production, invasive species, or
loss of key species. This may have consequences for the biomagni-
fication of pollutants in food webs. Changes in food web structures
may also alter the availability and quality of local food which may
have consequences for bioaccumulation and human exposure of
certain pollutants. Also climate-induced dietary shifts (e.g., between
terrestrial and aquatic food webs) could largely alter both human
and wildlife exposure to pollutants.

A consequence of the expected increased levels of carbon dioxide
in the marine environment is ocean acidification, which is further
described in Chapter 2. It is well known that pH interacts with
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the toxicity of metals in aquatic organisms. The relationship
between ocean acidification and toxicity of other pollutants is, how-
ever, less clear, but ocean acidification could affect the bioaccumu-
lation potential of certain acidic organic compounds.

Regulations regarding chemical use and emissions exist on
national, regional, as well as global levels in the form of complete
bans, restricted use, or requirement for effective treatment of efflu-
ent. Two of the important global treaties are the Stockholm
Convention on Persistent Organic Pollutants (2001) and the Geneva
Convention on Long-Range TransboundaryAir Pollution (LRTAP).
LRTAP recognizes the existence of possible adverse effects, in the
short and long term, from air pollution including transboundary
disposal. The Stockholm Convention entered into force in 2004.
Cosignatories agreed to outlaw nine of the so-called dirty dozen
chemicals (Aldrin, Chlordane, Dieldrin, Endrin, Heptachlor, Hexa-
chlorobenzene, Mirex, Toxaphene, and PCBs) and limit the use and
unintentional production of three others. A set of new chemicals
(brominated flame retardants and PFOS) were added to the Con-
vention in 2009. There are also internationally recognized stan-
dards, guidelines, and other recommendations relating to food
safety, with regard to contaminant and pesticide residue levels in
food (see, e.g., Codex Alimentarius).

Bans and restrictions introduced against chemical pollutants
have had considerable effect on concentrations in the environment.
In the Baltic Sea, for example, the concentration of DDT has
decreased at a rate of approximately 5-11% per year (in herring),
since the end of the 1970s. Similarly, the concentration of PCB
has decreased approximately with 5-10% per year, in herring and
cod as well as in guillemot eggs and perch from the Baltic Sea, since
the end of the 1970s (Bignert et al., 2011). However, other less-
studied chemicals have been introduced and are currently used
without restrictions.

OIL POLLUTION

Sources and Pathways

Petroleum, or crude oil, is a naturally occurring liquid that orig-
inates from the Carboniferous period about 200 to 400 million years
ago. Plants, ferns, trees, and algae formed peat which over millions
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of years turned into petroleum (crude) oil, natural gas, and coal.
Crude oil consists of a complex mixture of hydrocarbons of various
molecular weights. In addition, nitrogen, oxygen, and sulfur occur
in small quantities. The hydrocarbons consist of alkanes (paraffins)
and cycloalkanes (naphthalenes), which are saturated hydrocar-
bons with straight or branched chains of hydrocarbon molecules.
Alkanes and cycloalkanes normally constitute the dominant part
of the oil, about 80%. These hydrocarbons have similar properties,
but cycloalkanes have higher boiling points. The remaining hydro-
carbons are aromatic, meaning that the molecules are unsaturated
and made up of benzene rings. To this, group of molecules belongs
the polysaturated aromatic hydrocarbons, some of which are
known for their carcinogenic properties. One additional group of
hydrocarbons that occur in varying amounts up to 10% in crude
oil is the asphaltenes, which are molecules with relatively high
weight. Oils consisting of a relatively high proportion of asphal-
tenes tend to be thick, almost like asphalt.

When the environmental aspects of oil spills in the marine envi-
ronment are considered, it is important to recognize that the petro-
leum oil is a naturally occurring substance which for millions of
years has seeped into the sea from seabed reservoirs.

In addition to natural seepage of petroleum hydrocarbons
into the sea, anthropogenic activities contribute to oil contam-
ination resulting directly from drilling operations and trans-
portation and indirectly, for example, through fallout from the
atmosphere. No recent estimates of these different sources
can be found. However, based on the assessments made by the
NRC (2003) and GESAMP (2001), updated with the informa-
tion from ITOPF (2011), the following proportions are suggested
(Table 6.1).

As a result of the combined efforts by the tanker industry and
governments largely collaborating under the auspices of Interna-
tional Maritime Organization (IMO), the total amount of oil enter-
ing the oceans from tankers and tanker accidents has decreased
significantly during the past decades. In the 1970s, on average, 25
major spills occurred with a total loss of between 200,000 and
700,000 tons per year. Gradually, these figures have dropped to
an average 3-4 major spills per year with a total loss of 20,000-
60,000 tons per year during the past 10þ years. This is the long-term
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trend, but obviously in single years, this trend is broken due to
events like the oil spills in the Gulf during the Iraq-Kuwait war
or the Deepwater Horizon.

Small oil spills from shipping (defined as involving quantities
less than 700 tons) usually occur as a result of human errors during
routine operations especially during loading and discharging.
However, deliberate (illegal) release of oil into the sea is also a rel-
atively common problem. Accidents such as groundings and colli-
sions are the most common causes of larger spills (larger than
700 tons) (Table 6.2).

An oil spill in the seawill undergo a series of chemical, biological,
and physical processes whichwill lead to the degradation of the oil.
The speed of these processes depends to a large extent on the char-
acter of the oil, the ambient temperature, and other environmental
conditions. Heavy oils, i.e., oils with a high portion of hydrocarbons
with high molecular weight, will degrade more slowly than lighter
oils. In addition, at high temperatures, the degradation processes
will go faster than at low temperatures. Important processes lead-
ing to the breakdown of an oil spill are evaporation, dispersion, dis-
solution, and sedimentation. Evaporation is a process where lighter
compounds (molecules with four or fewer carbon atoms) enter a
gaseous state. This process often removes significant portions of

TABLE 6.1 Input of Petroleum Hydrocarbons into the Marine Environment
(tons/year; GESAMP, 2001; NRC, 2003; ITOPF, 2011)

Source Probable Range Best Estimate Percent

Natural seeps 20,000-2,000,000 200,000 10

Offshore production 200,000- 2,000,000 200,000 10

Ships: operational and
deliberate release

100,000-1,000,000 500,000 26

Nontanker accidents 50,000-100,000 75,000 4

Tanker accidents 20,000-100,000 50,000 3

Atmosphere 50,000-500,000 300,000 16

Municipal and industrial
wastes and runoff from land

200,000-1,500,000 600,000 31

Total 640,000-7,000,000 1,925,000 100
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the oil in a few days after a spill, typically in the range of 40-75% of a
medium to light crude oil (see, for example, Fingas, 1995). An exam-
ple is the Ixtoc 1 blowout in the Gulf ofMexico in 1979-1980, when it
was estimated that about 50% of the oil evaporated to the atmo-
sphere and never reached the coastline (Jernelov and Linden, 1981).
Dispersion is highly dependent on the state of the sea and in rough
seas most of an oil spill may disperse into the water column more
or less instantly. An example of this is the wreck of the tanker Braer
in Shetland in 1993, when heavy weather conditions resulted in
almost all of the oil being dispersed into the surrounding water
resulting in little impact in littoral and near-shore benthic communi-
ties (Kingstone, 1999). Some oils are more easily dispersed than
others, and the dispersion may be speeded up by the addition of
chemical dispersants as a method to clean up the spill. Dispersed
oil is more easily degraded by microorganisms.

Solvable components of the oil dissolve as the oil undergoes
chemical stabilization in the water. Normally, only small fractions
of the oil dissolve as most of the components that are dissolvable
evaporate during the early phases of the spill. Portions of the dis-
persed oil will sediment to the seabed. The process of sedimentation
depends on the density differences between the oil and the water.
Another important factor is the incorporation of suspended sedi-
ment and detritus into the oil. Zooplankton may ingest small oil

TABLE 6.2 Causes of Oil Spill from Shipping (GESAMP, 2001; NRC, 2003;
ITOPF, 2011)

Causes of Spills of
Different Sizes

Small and Intermediate Spills
(Less than 700 tons)

Larger Spills
(More than 700 tons)

Groundings 19 34.2

Collisions 25 28.4

Loading/discharging 28 8.6

Hull failures 7 12.4

Fires and explosions 1 8.6

Bunkering 2 0

Other operations 5 0.3

Unknown 13 7.5
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droplets which will sink to the seabed after being excreted in fecal
pellets. This process was documented after the Arrow spill in
Chedabucto Bay (Conover, 1971) and the Tsesis in the Baltic Sea
(Linden et al., 1979). In the process of sedimenting through the
water column, the oil may accumulate on the top of denser water
strata and spread with subsurface currents (NRC, 2003). This
may explain the sudden appearance of oil in areas where no
surface-drifting oil was observed, such as in the case of the Ixtoc
1 oil spill in Mexico (Jernelöv and Linden, 1981; Jernelöv, 2011).

Several reviews of the biodegradation of petroleum hydrocar-
bons have been published, for example, Atlas and Bartha (1992)
and Heider et al. (1999), or the very recent report by the
American Academy of Microbiology (2012). They show that dis-
persed oil is degraded by a number of different microorganisms.
Heterotrophic bacteria and algae, fungus, and yeasts have been
shown to be able to utilize the hydrocarbons as a carbon source
to produce energy (so-called oxidative phosphorylation) while
subsequently degrading the long-chain hydrocarbon molecules.
A second degradation process is the metabolic detoxification of
ingested oil droplets when organisms metabolize hydrocarbons
to water-soluble products. At higher temperatures, these processes
may degrade most of the oil in a relatively short time. Hence, the
half-life of averagemedium crude oil may be less than 5 days, while
at low temperatures, a larger portion of the dispersed oil can be
expected to take significantly longer time and may sediment to
the seabed. It should be pointed out that the local conditions de-
termine the speed of the degradation. Factors of importance in
addition to temperature and the composition of the oil are con-
centrations of nutrients in the water (P and N, in particular), the
volume of water available for dilution, oxygen, light, pH, and
salinity.

As mentioned above, the speed of different degradation pro-
cesses are very much dependent on the ambient temperature. At
higher temperatures, these processes are much more effective in
eliminating the oil than at lower temperatures. This is an important
aspect to keep in mind when assessing the risks in connection
with Arctic oil exploration and transport. However, it should be
pointed out that the investigations following the Deepwater
Horizon blowout at 1500 m depth in the Gulf of Mexico where
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the temperature is only around 4 �C clearly show that low temper-
ature is not as significant as previously thought in retarding the
degradation of oil in the marine environment (American
Academy of Microbiology, 2012).

Impacts on the Marine Environment and Ecosystem Services

Oil spills may under certain circumstances have serious effects
on the marine ecosystem. In particular, the impacts on seabirds
have been well documented (see, for example, NRC, 2003). Even
relatively small single spills may cause significant mortality among
seabirds such as long-tailed duck, eiders, and penguins. It is esti-
mated that between 100,000 and 500,000 seabirds are killed due
to oil spills every winter in the North and Baltic Seas. The oil is
not only a threat to seabirds while it is floating at the surface or
has contaminated shorelines. Cleaning of contaminated seabirds
is sometimes attempted. However, the survival of birds that have
undergone cleaning is often relatively low. However, there are
cases when the cleaning of oiled birds have been successful, such
as in connection with the rescue operations of the Treasure oil spill
in SouthAfrica in 2000 (Wolfaardt et al., 2008). The greatest threat to
seabirds iswhen large numbers congregate during breeding orwin-
ter feeding. Under such conditions, single oil spills may cause long-
term harm to entire populations. An illustrative case of this may be
the Baltic population of guillemots (Uria aalge) where more than
90% of all the birds nest on the Stora and Lilla Karlsö west of
Gotland in Sweden. Even a very small oil spill in or near this area
during the period March to August could result in the elimination
of most of this population.

Oil that is dispersed into the sea will come in contact with plank-
ton. Plankton organisms contaminated with oil droplets on their
surface and with ingested oil droplets have been observed in con-
nection with a number of oil spills (Grose et al., 1977; Linden et al.,
1979; Kingston et al., 1999). However, the presence of oil in the
upper water column after oil spills is often patchy and transient.
Field studies of the contamination of plankton after oil spills are
therefore particularly difficult. The opinion among most experts
is, however, that the impacts of single oil spills on plankton are of
short-term nature (NRC, 2003). In most cases, the short-generation
time of these organisms and the dilution of the oil in the water
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column are likely to make such effects relatively short term. In the
case of the Tsesis oil spill in the Stockholm archipelago, oil-
contaminated plankton was observed during up to 4 weeks follow-
ing the spill (Linden et al., 1979).

The littoral zone is often affected by oil spills. Impacts are often
relatively severe, caused primarily by the physical properties of the
oil; although in some cases, particularly with lighter oils, chemical
toxicity may be a significant problem. The long-term impacts of oil
spills in the littoral (intertidal) zone could be observed, for example,
after the Torrey Canyon (Southward and Southward, 1978),
Buzzards Bay (Sanders et al., 1980), and Exxon Valdez (see review
in NRC, 2003) oil spills. Heavy oil contamination on shorelines may
cause dramatic acute effects, such as extensive mortality of gastro-
pod grazers and subsequent extensive proliferation of green algae
that may prevent settlement of Fucoid algae, barnacles, and bivalve
mussels for several years. However, the extent of damage can be
difficult to predict against the background of natural fluctuations
in species composition, abundance, and distribution in these habi-
tats. The fact that many marine organisms reproduce through
planktonic stages may speed up the recovery on locally impacted
sites. However, species with limited dispersal will take longer to
recolonize. There is often a debate about what constitutes recovery
following an oil spill. With sophisticated chemical analysis, remain-
ing fractions of the most persistent asphaltenes may be foundmany
years—even decades—after the event (Boehm et al., 2004; Payne
et al., 2008). However, there is a widespread acceptance among
experts that biological recovery of shoreline ecosystems following
oil spills under most circumstances is a matter of years rather than
decades (NRC, 2003).

Oil from spills at the surface may under certain circumstances
sink to the seabed in the form of oil droplets. Such droplets are sub-
ject to various degradation processes but temporary accumulation
in the seabed sediment has been reported following several oil spills
(Elmgren et al., 1983; Neff and Stubblefield, 1995; American
Academy of Microbiology, 2012). Even relatively low levels of con-
tamination of petroleumhydrocarbons, in the range of a fewppmof
petroleum hydrocarbons, may cause impacts on sensitive organ-
isms, for example, amphipods. Degradation of oil in seabed sedi-
ments may require several years and will vary according to, for
example, prevailing temperature and oxygen conditions.
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Marine mammals may be affected by oil spills although few sys-
tematic observations of such effects have been made. Whales and
dolphins in the open sea are not likely to be particularly at risk.
However, in shallow waters otters and seals can be (Hartung,
1995; Johnson and Garshelis, 1995; Wiens, 1995).

Oil spills may cause impacts on fish stocks under certain circum-
stances. For example, if light oil rich in toxic aromatic fractions
become dispersed into confined waters in harbors or bays, the con-
centrations may become high enough to cause acute effects. This
was observed in connection with the Amoco Cadiz oil spill in
Brittany (see, for example, Spooner, 1978). However, the most com-
mon impact of oil spills on fisheries is the economic loss as a result
of the disruption of the fishing activities while oil can be observed
drifting in the water. In a number of cases, such disruption is the
result of a precautionary ban on catching (and selling) fish and
shellfish from the affected area to maintain market confidence
(for a review, see, for example, ITOPF, 2004). Hence, in connection
with the Gulf war in 1990-1991, there was a closure of the fishery
in the upper Gulf for almost 2 years (Linden and Husain, 2002).
Similarly, following the recent Deepwater Horizon event, authori-
ties closed the fishery in an almost 10,000 km2 large area around the
Macondowell site. Aquaculture installations are also likely to suffer
from oil spills and are particularly vulnerable since they cannot be
readily relocated. In addition, cultivation equipment may be con-
taminated, providing a source for prolonged exposure to hydrocar-
bons. In connection with the Hebei Spirit oil spill in Korea, the
contamination of shellfish cultures was extensive (ITOPF, 2008;
Suh, 2011).

Coastal areas are often affected in connection with oil spills. Con-
taminated beaches as well as infrastructures, such as harbors and
boats, require cleanup. The cleanup operations can be time consum-
ing and labor intensive and therefore costly. In addition, shorelines
contaminatedwith oil affect a number of recreational activities such
as boating, bathing, and angling. The impacts on tourism including
hotels and restaurants may be significant although short term. To
provide figures for the economic impacts of oil spills based on
quantities of spilt oil is problematic as the costs for cleanup, resto-
ration, and compensation to those affected are highly dependent on
a number of factors including the local conditions, the time of the
year, and weather conditions at the time of the spill.
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SOLID SUBSTANCES

A range of solid substances are both deliberately and unin-
tentionally introduced into our oceans. Deliberate additions
include legitimate actions undertaken with consent, such as redis-
tribution of dredged sediment or mine tailings together with ille-
gal actions such as dumping. The size of the item introduced into
the oceans and the spatial extent of contamination are highly var-
iable as are the potential effects on the environment. However, we
can broadly consider introduction of solid substances in three cat-
egories: marine debris, sedimentation, and mine tailings, and the
introduction/abandonment of hard structures. In some cases, the
introduction of solid substances constitutes pollution, while in
others, it may more appropriately be considered as a level of
contaminations.

Marine Debris

In the context of this chapter, one of the most obvious and iron-
ically largely unnecessary forms of pollution is the introduction of
debris into the marine environment (Coe and Rogers, 1997). From a
legislative and policy perspective, marine debris has recently been
definedwithin the EuropeanUnion as any form ofmanufactured or
processed material discarded, disposed of, or abandoned in the
marine environment. It consists of items made or used by humans
and then deliberately or unintentionally lost to the sea including
transport of these materials to the sea by rivers, drainage, sewage
systems, or wind (Galgani et al., 2010).

Some of the most commonly reported items of marine litter are
plastics, wood, metals, glass, rubber, clothing, and paper
(Figure 6.2). Natural catastrophic events such as hurricanes, land-
slides, floods, and tidal waves can cause substantial, large scale,
and indiscriminate introduction of all manner of items to the
marine environment (Thompson et al., 2005). Putting such largely
unavoidable introductions aside, there are some apparent trends
in the types and quantities of debris entering our oceans. As a con-
sequence of improved legislation, raised awareness, and port recep-
tion facilities, indiscriminate dumping ofwaste at sea is declining in
many regions. There are, however, substantial accidental inputs
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from loss of fishing equipment, including nets and accidental loss of
cargo from vessels. Loss of fishing nets is of particular concern since
they can continue to capture fish for long periods after they have
been discarded, a process described as “ghost fishing” (Barnes
et al., 2009; Ryan et al., 2009).

The proportion and the global extent of contamination of marine
habitats by plastic debris have increased considerably in recent
decades, partly reflecting the exponential increase in our use of
plastic items and, in particular, their increasing usage for dispos-
able and convenience items such as packaging. Plastic debris is
now present in marine habitats from the poles to the equator and
from the sea surface and intertidal to the deep sea (Barnes et al.,
2009; Thompson et al., 2009; Browne et al., 2011). Marine animals
are primarily affected by entanglement and ingestion of this debris,
which can cause physical harm and even death (Derraik, 2002;
Gregory, 2009). There is also concern that ingestion of plastics
may present a toxicological hazard (Mato et al., 2001; Teuten
et al., 2009; Hirai et al., 2011).

While plastics are a persistent and increasing proportion of
marine debris, long-term trends in the quantities of plastic are
highly variable and the temporal data that we have predominantly
indicate increasing abundance or no apparent trend in abundance
(Ryan et al., 2009; Law et al., 2010). Plastics are known to be incred-
ibly durable materials that are likely to persist in the environment
for hundreds if not thousands of years. Hence, gaps in our under-
standing of the ultimate sinks and impacts of plastic debris may
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FIGURE 6.2 Total number of items of marine debris from selected reference
beaches in Europe (OSPAR, 2009).
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account for the variability in abundance as monitored in the inter-
tidal and sea surface. Three potential sinks are identified in the lit-
erature. For instance, there are reports of plastics becoming buried
intertidal sediments (Williams and Tudor, 2001). In addition, while
most plastics are buoyant in seawater, they can sink to the seabed as
a consequence of fouling by marine organisms and the accumula-
tion of sediment (Galgani et al., 2000). Hence, there are reports of
quantities of plastic debris on the seabed that parallel those present
at the sea surface (Barnes et al., 2009). There has also been consid-
erable recent interest in the accumulation of small fragments of
plastic described as microplastics (Thompson et al., 2004). Origi-
nally considered as truly microscopic, with fragments down to
1 mm being reported, this category now includes small fragments
of plastic litter <5 mm (Arthur et al., 2009). These microplastics
have formed either by the fragmentation of larger items or by direct
introduction of plastic pellets and powders that are used in the
manufacture of plastic items. Substantial quantities of these have
entered the marine environment as a consequence of spillage and
careless handling; for instance, there are reports of 10,000 pellets
per m2 on beaches in New Zealand (Gregory, 1978) and 100,000
small fragments per m3 in Swedish coastal waters (Noren, 2008).
An additional direct input of small fragments of plastic debris to
the marine environment is from the use of plastic scrubbers and
abrasives in cleaning products (typically, 200-300 mm in diameter)
(Gregory, 1996). The majority of these particles are likely to pass
through sewage treatment operations to aquatic habitats. The envi-
ronmental impacts of microplastics are not yet fully understood. It
has been suggested that these particles may cause physical damage
to wildlife as a consequence of ingestion, and there is concern that
ingestion may increase the transfer of chemicals to the food chain.
This includes the transfer of potentially toxic chemicals that are
incorporated into plastics during manufacture (phthalates, flame
retardants, and antimicrobials) and the release of chemicals that
have sorbed from the water column. More work is needed to estab-
lish the full environmental consequences of microplastics
(GESAMP, 2010; Kershaw et al., 2011).

Looking to the future, while it seems certain that the potential
demand for various types of plastic products will vary according
to the climate scenarios, it is difficult to anticipate how this will
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influence the accumulation ofmarine debris. Since there are consid-
erable carbon emissions associated with the production of plastic
and potential savings in carbon emissions through recycling
(STAP, 2011), we might anticipate a reduction in production of
new plastic and an increase in recycling both of which could result
in a reduction in the quantity of new items of debris entering the
marine environment. What seems more certain is that unless we
change our current patterns of production, use, and disposal, quan-
tities of persistent plastic debris will increase.

Sedimentation and Mine Tailings

Increased sediment discharge and increased turbidity through
runoff along many coastlines due to poor land-use practices and
deforestation pose a significant threat to marine habitats, in partic-
ular, to coral and rocky reefs in many parts of the world (Airoldi,
2004; Halpern et al., 2007). Sedimentation can lead to smothering
of the seabed, and extreme turbidity levels can be a stress factor
for many marine organisms, for example, by reducing light
(Orpin et al., 2004). Substantial quantities of sediment are also
dredged from the seabed to maintain shipping channels or are
disturbed and resuspended as a consequence of construction activ-
ities. Dredged material is typically deposited in areas of seabed
nearby, while suspended material will settle in areas of reduced
water flow. In addition, dredged material from harbors is fre-
quently anoxic, due to the sheltered nature of harbor environments,
and may also be contaminated with metals and persistent organic
pollutants. The extent to which such contaminants are released
increases as they become dispersed and oxygenated, for example,
as a consequence of redistribution by tidal flow.

Mining operations on land also produce large quantities of resid-
ual material. For mines along the coast, this material is sometimes
discharged to the sea, e.g., coal mines in Northumberland, UK
and Copper mines in South Africa. In order to minimize damage
inshore, material may be piped into deeper water as slurry.
Wherever the material is introduced, it can result in smothering
of benthic organisms, with potentially long-lasting effects from
deposition. This is especially so for waste-containing substance like
copper which is harmful to marine life (Figure 6.3). Additional
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FIGURE 6.3 Patterns of biological diversity associated with discharge of
minetailings form copper mines in Northern Chile. (a) Diversity profile from
the northern Caleta Huanillo to the southern Caleta Zenteno. (b) Profile of dis-
solved copper along the same coastline. The copper value in Caleta Palito was
obtained at the discharge, in the mixture zone. Values for copper at sites 10,
11, and 12 correspond to water samples taken at 200, 500, and 1000 m south of
the discharge, respectively. (c) Detailed local diversity, values of species richness
calculated for pairs of neighboring sites. From OSPAR (2009), figure 2, page 109.
© OSPAR Commission.
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sources of particulate industrial waste that have been discarded to
the sea include fly ash produced as a relatively coarse residue from
coal and oil-fired power stations and finer waste associated with
extraction of clay.

While there appear to be reductions in chronic inputs of material
from mining in many countries and increased considerations relat-
ing to dumping of dredged material, acute impacts from increasing
construction of ports, harbors, sea walls, and renewable energy
devices may lead to locally increased sedimentation. In addition,
there is considerable wide-scale potential for changes in coastal
dynamics and sediment redistribution as a consequence of increases
in storm frequency and sea-level rise associated with climate
change. While these latter effects are not strictly “pollution,” they
are likely to have substantial widespread effects on marine habitats
and should be considered alongside changes in more directly
anthropogenically driven sediment redistribution. There may be
permanent changes in habitat type and associated biota where hard
surfaces such as rocky reefs become smothered by sediment.

Looking to the future, some causes of sedimentation such as
dumping of mine waste may become better regulated and decrease
as a consequence, while others such as those associated with con-
struction, land-use changes, and redistribution as a consequence
of storms and flooding are likely to increase.

Introduction of Hard Structures

In terms of solid substances, we have considered fine particulates
and items of marine litter ranging from less than a millimeter to
fishing nets which can be hundreds of meters in length. A further
category is the direct introduction and/or subsequent abandon-
ment of hard structures. In many areas around the world, there
are now derelict remains of oil and gas rigs, a classic example being
the Gulf of Mexico where there are around 5000 platforms ranging
in depth from about 3 m to over 1830 m. The process of decommis-
sioning in many cases removes the upper part of the rigs leaving
subsurface infrastructure in place, as part of the rigs to reefs pro-
gram to create artificial reefs of potential benefit to fisheries
(Macreadie et al., 2011). Although extraction of oil and gas is declin-
ing in many shallow-water locations, there are increases in deeper-
water offshore operations.
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In the context of climate change, increasing portions of our coast-
lines are being modified by introduction of hard structures to pro-
tect low-lying land from flooding. For example, 80% of the shoreline
in some areas of the Adriatic has been modified from naturally sed-
imentary to being defended by hard structures (Airoldi et al., 2005).
In addition, it is anticipated that over the next few decades, 10 thou-
sands of renewable energy devices will be installed in the marine
environment (Wilhelmsson et al., 2010). Historically, such marine
engineering developments did not consider the potential for
long-term environmental impacts beyond the operational lifetime
of the structure and only recently has decommissioning started to
be considered as part of the consenting process. The potential
long-term impacts are a matter of debate; while it is clear that
marine habitats will have been modified by the introduction of
these structures, with altered patterns of sedimentation, tidal flows,
and addition of hard epibenthic habitats, it is also important to con-
sider the potential benefits that structures could offer through
creation of artificial reefs (see Figure 6.4; Wilhelmsson et al.,
2006; Langhamer andWilhelmsson, 2009). Thesemay provide a ref-
uge, for example, from trawling and a source of food for fish stocks.
While this should not be regarded as justification for the abandon-
ment of derelict items of infrastructure on the seabed, there will
undoubtedly be locations where the net environmental conse-
quences of leaving a structure in place at the end of its serviceable
life are lower than the consequences of its removal and disposal on
land (Wilhelmsson et al., 2010; Macreadie et al., 2011).

FIGURE 6.4 An offshorewind turbine functioning as an artificial reef. Photo. Dan
Wilhelmsson.
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Looking to the future, it seems likely that there will be a progres-
sive increase in the quantity of structures in our seas and likely an
associated increase in the amount of derelict material remaining
beyond the operational phase. While unattractive, the potential
risks to the environment are probably not substantial. There is also
the potential to consider potential ecological outcomes at the design
and commissioning stage so as to influence assemblage composi-
tion of species colonizing structures and to introduce habitat for
commercially exploited species (Martins et al., 2010).

RADIOACTIVE WASTE

Sources and Pathways

Since the mid-1940s, nuclear energy, plutonium production
reactors, nuclear device testing, and weapon development have
introduced man-made radioactivity into the environment in
unprecedented quantities. As for most pollutants, the marine envi-
ronment is a major recipient of this contamination, composed of a
number of different radionuclides (e.g., 3H, 14C, 90Sr, 99Tc, 137Cs,
210Po, 238, 239, 240, 241Pu, 241Am), through runoff, fallout from the
atmosphere (e.g., from nuclear test explosions), or as liquid (e.g.,
reactor cooling water or outlets) and solid radioactive waste (e.g.,
nuclear submarines and national and international sea dumping
in the 1940s to 1960s). For example, 60% of the global radioactive
fallout from the first decades of thermonuclear device testing was
deposited in the ocean (Aarkrog, 1998). In 1982, UNSCEAR
reported that deposition of global fallout is about three times higher
in the Northern hemisphere compared to the southern hemisphere
(UNSCEAR, 1982). Contamination includes so-called anthropo-
genic radionuclides, which do not occur naturally, and so-called
natural radionuclides that are also part of the natural background
radioactivity.

Some radionuclides remain in the water column in soluble form,
while insoluble radionuclides adhere to particles and are with time
transferred to the seabed (e.g., Livingston and Anderson, 1983;
Aarkrog, 1998). It has been shown that radionuclides are spread
relatively widely by ocean currents (Aarkrog et al., 1987;
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Aarkrog, 1998; Nakano and Povinec, 2003). Radioactive contamina-
tion in the ocean can also be transferred from the sea to terrestrial
environments through spume and the food chain.

Effects on the Marine Environment and Ecosystem Services

Marine radioactive contamination can harm marine life and be
concentrated in organisms consumed by humans, such as shell fish
and algae (Preston and Jefferies, 1969; Beasley and Lorz, 1986;
Aarkrog et al., 1987, Aarkrog, 1998, Nakano and Povinec, 2003;
B�rretzen and Salbu, 2009), although impacts on human health
may be of most concern. A review by Glover and Smith (2003),
for example, suggested that the past impacts of radioactive waste
disposal and lost nuclear reactors have only had low and local
impacts on the deep-sea-floor ecosystem. From a human health per-
spective, amajor international study assessed the collective doses of
naturally occurring and anthropogenic radionuclides by consump-
tion of sea food (i.e., fish and shellfish ingestion that is believed to be
the most important pathway) for each FAO fishing area, using
radioactivity data for water and biota (Aarkrog et al., 1997). The
main contributors to the collective dose from natural and anthropo-
genic radionuclides through marine foods are 210Po (�70%) and
137Cs (�80%), respectively (Aarkrog et al., 1997). It was suggested
that the global mean doses from anthropogenic radionuclides are
well below the accepted values for the public and do not present
a significant health hazard, in concurrence with a subsequent study
by Livingston and Povinec (2000). It was evident, however, that
there is a considerable regional variation, with some “hot spots,”
such as areas contaminated by well-known point sources, which
require special attention.

Data on naturally occurring radionuclides (represented by 210Po
in the studies) are less reliable, and although the collective doses
from sea food seem lower than doses from the terrestrial environ-
ment and are below the accepted values (Aarkrog et al., 1997;
Livingston and Povinec, 2000), the results need to be treated with
special caution (Aarkrog et al., 1997).

In addition to a number of case studies, several global estimates
have been made and these are, in general, agreement in terms of
the global scale of the problem. Radioactive contamination of the
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oceans may well have serious consequences for marine life and
human health through seafood consumption in particular localities
and regions (Sazykina and Kryshev, 1997; Sazykina et al., 1998) as
well as in relation to nuclear accidents, but the risk of significant
impacts on ecosystems and humans at a global scale is low
(Aarkrog et al., 1997; Livingston and Povinec, 2000).

It is suggested, however, that future research efforts should, in
particular, focus on gaining a better understanding of the behavior
of radionuclides in the marine environment and on improving the
reliability of the dose factors for these radionuclides, as well as on
the long-term behavior of radionuclides in different types of
nuclear devices resting on the seabed in the world’s oceans (e.g.,
sunken submarines, satellites, isotope batteries; e.g., Aarkrog,
1998; Nakamo and Povinec, 2003).

NOISE

Sources and Pathways

Sound travels very efficiently underwater, with about five times
the speed of sound in air. Many parts of the oceans are naturally
quite noisy, when considering all frequencies of sounds. In addition
to biotic sounds such as those generated by shrimps, fish, and
marine mammals, natural sound sources including breaking
waves, earthquakes, and volcanic activity, as well as precipitation
and lightning strikes on the surface (Wilson et al., 1985; Nystuen
and Farmer, 1987; Weilgart, 2007).

These natural sounds are, however, increasingly overwhelmed
by anthropogenic underwater noise, which has increased dramati-
cally, with a doubling every decade in some areas, during the past
60 years (IWC, 2004; Samuel et al., 2005; Weilgart, 2007; Tougaard
et al., 2009). Noise pollution in the oceans results from a variety of
activities, with underwater explosions, seismic exploration, ship-
ping (supertankers, merchant vessels, fishing vessels), the opera-
tion of naval sonar being the main noise source (see Weilgart,
2007 for references). Other sources include, for example, marine
construction; seabed drilling; ice-breaking vessels; navigational-,
fishery-, and research sonars; and the use of acoustic harassment
devices to keep marine mammals away from fishing nets and fish
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farms (see Weilgart, 2007 for references). Underwater noise pollu-
tion of the oceans is likely to increase significantly in the future.
For example, ship noise pollution in the Pacific Ocean is predicted
to more than double by 2025 (McDonald et al., 2006). Further, if
demand for offshore fossil fuels continues to increase, seismic
exploration activities of the seafloor by the oil and gas industries
can be expected to grow.

Effects on the Marine Environment and Ecosystem Services

Mostmarine animals use sound to a greater extent than vision for
feeding, communicating (e.g., for maintaining group cohesion and
often linked to reproduction), avoiding predators, navigating, and
orientation (e.g., Hawkins, 1993; Croll et al., 2001; Noad et al., 2002;
Amoser and Ladich, 2005; Simpson et al., 2005; Weilgart, 2007). For
example, many species, including fish, marine mammals, and
invertebrates, make use of calls during spawning (ICES, 2005),
and fish larvae are believed to follow the sound of breaking waves
to find reefs to settle (Simpson et al., 2005). Cetaceans (whales,
dolphins, and porpoises) rely almost totally on sound and have
highly specialized and sensitive hearing (Ketten, 2004). Toothed
whales (Odontocetes), for example, use echolocation to orient them-
selves and to find food.

Noise pollution can, thus, adversely affect marine animals in var-
iousways,with impacts on individuals ranging fromdisturbance of
their ability to cope with the environment to instant mortality. In
2004, the UN Secretary-General stated that “there is a growing con-
cern that noise proliferation poses a significant threat to the survival
ofmarinemammals, fish and othermarine species . . . flooding their
world with intense sound interferes with (their) activities with
potential serious consequences” (UN, Report on Oceans and the
Law of the Seas, 2004).

Still, the effects of underwater noise on fish andmammals are rel-
atively poorly studied (e.g., Popper and Hastings, 2009), although
experiments and theoretical estimates are available for a number
of species (Nedwell and Howell, 2003; Wahlberg and Westerberg,
2005; Thomsen et al., 2006; Kastelein et al., 2007). There are signif-
icant differences in the hearing and processing of sound among spe-
cies, and the nature and detection level of different kinds of noise is
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largely unexplored (Thomsen et al., 2006; Kastelein et al., 2007).
The response also depends on the life cycle stage, species (highly
variable), and body size. Moreover, in terms of receptivity of noise,
some species of fish are more sensitive to particle motion than to
pressure (sound waves), and their responses to subsea noise and
vibrations are poorly known (Thomsen et al., 2006). The impacts
of produced noise on a particular species obviously also depend
on the frequency, intensity, duration of the noise. Further, the prop-
agation of underwater noise of a given nature depends on a variety
of factors, such as depth, salinity, temperature, bottom topography,
and seabed configuration (Nedwell and Howell, 2003; Wahlberg
and Westerberg, 2005). Nevertheless, the hearing and avoidance
threshold for a number of fish and mammal species have been
investigated and modeled, and responses and impacts have been
recorded (see, e.g., Figure 6.5).

For example, naval sonars used to detect submarines could affect
fish and whales over an area of about 4 million km2 (see Weilgart,
2007 for references). A seismic survey (using loud air guns), often
including sounds generated every 10 s for weeks at a time, can raise
noise levels 100 times for days within 300,000 km2 and has been
recorded as the loudest background noise in the ocean 3000 km
from the source (Nieukirk et al., 2004, see Weilgart, 2007 for refer-
ences). Worldwide at any given day, over 20 seismic survey ships
are conducting surveys within the oil and gas sector only (MMC,

FIGURE 6.5 Example of potential noise disturbance of marine organisms: Sug-
gested radii within which avoidance could be initiated by different species due to
noise emitted during construction of offshore wind turbines. From Wilhelmsson
et al. (2010).
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2007). Fish, marine mammals, and sea turtles can be killed directly
by the pressure wave close to the noise source (Hardyniec and
Skeen, 2005; Nowacek et al., 2007; Snyder and Kaiser, 2009). Fur-
ther, the evidence of that fatal whale mass strandings, after the
whales have been injured in organs and hearing-related structures,
can be caused by intense military sonars, in particular, when
beaked whales are involved (Frantzis, 1998; Jepson et al., 2003;
IWC, 2004, and see Weilgart, 2007 for references). Seismic air guns
have also been blamed for causing internal injuries and subsequent
mass strandings of both whales and giant squid.

The sublethal effects of anthropogenic noisemay be as serious for
populations as the lethal effects, by hampering the survival,
growth, and reproduction of affected animals. Anthropogenic noise
can, for example, mask natural sounds and thereby affect commu-
nication between animals (e.g., the acoustic range of blue whales
may have decreased by 90% due to noise pollution; McDonald
et al., 2006) and their ability to find prey and avoid predators or nav-
igate (Miller et al., 2000; Erbe, 2002). Noise can cause avoidance
by the animals, which means either habitat loss (which can include
important feeding and spawning grounds) or extended migra-
tion routes (Engås et al., 1996; Tougaard et al., 2003; Thompsen
et al., 2006). Animals can also indirectly be affected if their prey
abandons the areas due to the noise disturbance (Weilgart, 2007).
Other recorded sublethal effects range from behavioral distur-
bance, stress, and weakened immune systems, to damage of acous-
tic apparatus of fish and mammals, which are all effects that may
increase mortality and hamper growth and reproduction (e.g.,
Morton and Symonds, 2002; Olesiuk et al., 2002; McCauley et al.,
2003; IWC, 2004; Slotte et al., 2004; Weilgart, 2007; Popper and
Hastings, 2009, and see Weilgart, 2007 for references).

Less research has been done on the effects of underwater noise on
invertebrates (Moriyasu et al., 2004). Invertebrates constitute a
diverse array of animal groups with an even wider range of mor-
phologies represented compared to fish and marine mammals.
Potential responses may vary greatly, and little is known about
the effects on differing life cycle stages. For example, within the
class of Malacostracans (e.g., crabs, lobsters, shrimps, krill), the
observed responses to noise vary from no measurable reactions
to increased mortality and reductions in growth and reproduction
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rates (Lagardère, 1982; Moriyasu et al., 2004). Furthermore, some
mollusks seem sensitive to acute noises, while others seem very tol-
erant (Moriyasu et al., 2004).

As indicated,many local and incidental directly lethal impacts on
marine mammal and fish assemblages or populations of noise have
been and can be well documented and quantified through dedi-
cated surveillance and follow-up efforts. In general, however, in
particular, at a global scale, it is currently not possible to quantify
these effects in isolation from other impacts, such as fishing, eutro-
phication, and inappropriate coastal development. Even local
effects along specified coastal areas are difficult to assess due to
the lack of background data on both fish and marine mammal
populations. Weilgart (2007), for example, points out that, with
the current monitoring effort and baseline data, major declines
(even up to 50%) in marine mammal populations would only be
detected in 30% of the cases. Furthermore, little scientific data are
available on the severity of sublethal noise impacts, for example,
masking of ambient sounds, stress, and hearing impairment, on
survival and reproduction of individual fish and mammals,
let alone on the impacts at population scale (e.g., Tyack, 2008).

It is noted, though, that direct mortality of individuals due to
underwater noise may be serious for endangered species or popu-
lations of fish andwhales. Formarinemammals, for example, Inter-
national Whaling Commission´s Scientific Committee (IWC, 2004)
stated that “repeated and persistent acoustic insults (over) a larger
area. . .should be considered enough to cause population level
impacts.” Noise is believed to contribute to the decline or lack of
recovery of several whale species, and it is believed that a single
military sonar event has killed or relocated an entire local whale
population in Bahamas in 2000 (see Weilgart, 2007 for references).
Even sublethal effects could put species survival at risk.

As for other threats and pressures on marine resources, the loss,
weakening, or relocation of species populations, stocks, and ecosys-
tem services due to noise pollution in the oceans have adverse
effects on human societies, including, for example, impacts on fish-
eries resources and recreational, esthetic, and scientific values. No
solid estimates of the risk of significant impacts on ecosystems and
humans of noise pollution at a global scale are available, and as
mentioned, large research gaps exist also in case of specific and
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local scales. Seen in isolation, though, and in comparisonwith other
threats to the ocean, the risk at global scale should be low.

In spite of research gaps in terms of the magnitude of impacts of
underwater noise pollution on individuals and populations, cur-
rent scientific evidence and well-recorded incidents have formed
the basis for a multitude of national and international requests
for regulatory, awareness creating, and precautionary measures.
Since 2004, the 1982 UN Convention of the Law of the Sea empha-
sizes the threat of underwater noise pollution, primarily to whales
and other cetaceans, and the needs for regulations, research, and
mitigation efforts in their annual reports to the General Assembly.
The EU adopted Marine Strategy Framework Directive (2008),
moreover, includes underwater noise in the definition of pollution
and requests member states to address and control the impacts on
marine populations. The IMO acknowledges that the noise from
ships may have negative impacts on marine organisms (IMO
Resolution A.720(17), 1991, as replaced by IMO Resolution A.982
(24), 2005).

PRESENT AND FORECASTED IMPACTS OF
POLLUTION ON GLOBAL MARINE ECOSYSTEMS

As described in this chapter, pollutants are major stressors in
many locations and impacts on marine species, habitats, and eco-
system services are evident in numerous regions. At a global scale,
considering the ocean ecosystems as awhole and compared to other
global threats, such as ocean acidification, overfishing, and increase
of sea-surface temperatures, the significance of the impacts of
marine pollution is less clear.

As part of the overall scope of this book, attempts to assess the
risk of “large-scale changes in global marine ecosystems” due to
the different threats described in the chapters were made. Two dif-
ferent climate-change scenarios developed by the International
Panel on Climate Change were selected to set the scene for the
assessments (RCP3 and RCP6; see Chapter 1 for further descrip-
tion). The climate-change scenarios have underlying storylines
representing different socioeconomic, technological, environmen-
tal, and demographic developments, to add context for the scenario

157PRESENT AND FORECASTED IMPACTS OF POLLUTION



quantification related to the different emission-driving forces. While
thiswaswritten the storylineswere still underdevelopment by IPCC,
and therefore, values developed for the most similar climate-change
scenarios described in the previous IPCC report (IPCC, 2007) were
used for the present assessments. In terms of pollution, however,
the resolution and focus of the storylines, which specifically target
greenhouse gas emission drivers, do not allow for solid predictions
of theconcurrentmagnitudeofmarinepollution.Ata finer resolution,
each storyline can, namely, harbor different assumed pathways, in
terms of, for example, production, transport, and consumption pat-
terns of goods, services, and renewable energy.

One would only be able to speculate that, for example, popula-
tion growth and growth of the global GNP per capita will lead to
increased marine pollution, although the future use of fossil fuels
will influence the extent of oil spills and chemical pollution (e.g.,
mercury from coal burning, Rockström et al., 2009). Shifting climate
zones could introduce new types of pests to different regions and
thereby increase the use of pesticides. Increased temperatures
and changed precipitation patterns are likely to influence the
behavior, pathways, and effects of pollutants, with increased or
decreased impacts depending on pollutant and region (e.g.,
Lamon et al., 2009; Noyes et al., 2009; and described above). Other
categorical conclusions could include that an expansion of renew-
able energy sourceswould add noise pollution in the ocean through
offshore wind- and wave-power development (e.g., Wilhelmsson
et al., 2010). On the other hand, if the decrease in the use of fossil
fuels results in fewer offshore oil rigs and reduced shipping and
seismic exploration of the sea floor, the noise pollution from these
sectors would decrease.

The production, use, and dissemination of specific pollutants are,
moreover, influenced by the future development of national and
international agreements, policies, and priorities. Several possible
development pathways to this regard can be encompassed within
the IPCC scenarios, andwhichmay also be decoupled from combat-
ing climate change. The present coarse assessment is therefore lim-
ited to the current estimated impacts of pollution on global marine
ecosystems. Moreover, available scientific data, the level of coordi-
nation of data, and current monitoring efforts do not allow for a rig-
orous and generic quantification of the risks of substantial impacts
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on marine ecosystems at global scale. As, for example, Rockström
and colleagues conclude with regard to chemical pollution,
“Thresholds can be identified for only a few single chemicals
or chemical groups and for only a few species, such as top
predators.”

Marine pollution poses significant threats to food quality and
access and thereby to human health in many areas. In terms of con-
sequences for marine species, it is, furthermore, clear that pollution
of the oceans can have serious impacts in many localities and
regions, and there is certainly a risk of widespread impacts of pol-
lution at ecosystems scale (as described above and in, e.g., Islam
and Tanaka, 2004; Halpern et al., 2007).

On a global average on the other hand, the overall pollution
input in an area may be rare to occasional and have moderate
effects on ecosystems, and affected global marine ecosystems
may typically (but depending on the kind of pollution and affected
ecosystem components) be reasonably resilient to pollution and
have a relatively short recovery time (e.g., Halpern et al., 2007;
Costello et al., 2010). For example, the individual impacts of the
dumping of wastes, radioactive waste disposal, underwater noise,
dumping of oil/gas structures, shipping (oil spills and other pol-
lution), and sewage discharge at the deep sea floor, in pelagic
waters, and on continental slopes have been suggested to be
low and local to regional, and impacts from waste dumping, ship-
ping, and sewage discharge were predicted to be moderate by
2025 (MA, 2005).

The distribution of pollution impacts is heterogeneous at global
scale. For example, the reports of the Global International Waters
Assessment (UNEP, 2006) conclude that pollution is a major con-
cern in more than half of the regions investigated, although the
study also included large lakes and riverine systems. Of the 66
regions included in the study, chemical pollution was considered
severe in 9 and moderate in a further 35 regions, while solid waste
was particularly severe in many regions in Africa, the Pacific
Islands, and the Indonesian Seas and was considered the most
severe pollution issue for the Indian Ocean Islands. Taking into
account the spatial extent and distribution of both ecosystem types
and pollution, it suggests that pollution has, in general, relatively
small spatial extentswhen considering the oceans as awhole, while,
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naturally, posing a higher overall threat in many coastal areas and
habitats (MA, 2005; Halpern et al., 2008).

Importantly, pollution impacts undermine the resilience of eco-
systems to other stressors, such as those described in other chapters
of this book (Jenssen, 2006; Khan, 2007; Piola and Johnston, 2008;
Noyes et al., 2009; Russel et al., 2009; McLeod et al., 2010; Negri
and Hoogenboom, 2011). Treating marine pollution in isolation
though, the average risk of “large-scale changes in ocean ecosys-
tems” due to this threat alone is moderate in comparison with sev-
eral other single threats to the ocean (e.g., ocean acidification,
industrial fishing), with a higher risk for coastal habitats than for
the high/open and deep seas.

It should be noted that this is with reservation for the associated
uncertainties underlying these assessments,which are, for example,
delimited bywhat is known about the relatively small percentage of
the chemicals that has been systematically investigated. In addition,
the combined effects of chemicals (i.e., “cocktail effects”) and syner-
gies between different types of pollutants are virtually unknown.
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FISH AND FISHERIES ARE IMPORTANT TO PEOPLE

At present, it is estimated that about 79.5 million tons (t) of
marine fish are landed from capture fisheries annually, a decline
from about 86.3 million t at a peak in landings in 1996 (FAO,
2010). However, it is estimated that about 11-26million t per annum
of fish are caught as illegal or unreported catches (Agnew et al.,
2009). The value of marine fish at first landing has been estimated
at about $84 billion US per annum (Sumaila et al., 2007), with an
additional $10-24 billion lost to unreported and illegal fishing on
an annual basis (Agnew et al., 2009).

These figures though do not reflect the overall economic value of
marine capture fisheries. Fishing is an activity that depends on
manufactured goods such as boats and nets and also the fish them-
selves are sold on up through a chain of supply at each step of
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which value is added, whether through packaging (e.g., canning),
processing, marketing, transport, and management (Dyck and
Sumaila, 2010). The total economic impact of fishing is about three
times the value at first landing: $225-240 billion US per annum
(Dyck and Sumaila, 2010). Of the overall global fish production
from marine, inland, and aquaculture, about 81% (115 million t)
was used for food, the rest (27million t) being used not only for non-
food purposes, mainly for reduction to fishmeal and fish oil, but
also for ornamental purposes, culture, bait, and the pharmaceutical
industry (FAO, 2010). Fish are also highly traded as commodities,
with an annual rate of increase in value of 8.3% per annum from
1976 to 2008, and a concomitant increase in the proportion of fish
production entering trade from 25% to 39% over the same period
(FAO, 2010). China, Norway, and Thailand are the largest fish
exporters with Japan, the United States, and the EU being the larg-
est importers of fish (FAO, 2010). Exports reached a peak value of
$102 billionUS in 2008 but peaked in quantity in 2005 at 56million t,
dropping to 55 million t by 2008 (FAO, 2010). This may reflect not
only a fall in production and demand for fishmeal but also the first
impacts of rising food prices on consumer demand for fish (FAO,
2010). It is notable that, while developed states are the main
importers of fish, exports of fish as a commodity are particularly
important for developing countries and are higher in value than
agricultural commodities such as rice, meat and sugar. For instance,
while over 30% of fish caught are exported, only about 5% of rice
produced is exported. Low-income, food-deficit countries are play-
ing an increasing role in the fish-exporting industry (FAO, 2010).

The importance of fish as a component of diet and in relation to
food security is not often considered. According to UN FAO, fish
provide 20% of the intake of animal protein for 1.5 billion people
and 15% for about 3 billion people (FAO, 2010), more than 40%
of the world’s population of 6.93 billion at the present time (US
Census). In developing countries, small-island developing states
and coastal areas, this figure can reach 90% of intake of animal pro-
tein (FAO, 2009). Some 44.9 million people are engaged in the
fisheries sector at the present time (FAO, 2010), the vast majority
of which are small-scale fishers (>90%; FAO, 2009). The majority
of fishers and fish farmers are located in Asia (85.5%), followed
by Africa (9.3%), Latin America and the Caribbean (2.9%), Europe
(1.4%), North America (0.7%), and Oceania (0.1%; FAO, 2010).
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However, as with the economic value of fisheries, there are linkages
to other activities which mean that in developing countries alone
more than 200 million people are dependent on small-scale fishing
and many more may derive supplementary income from this activ-
ity (FAO, 2005). Fishing as a means of living may be particularly
important in rural areas where there are few alternative areas of
employment and has often been regarded as an employer of the
“last resort” or as a “safety valve” for the poor (Coulthard et al.,
2011). Because of this, fisheries have been perceived as a convenient
means of generating employment and economic development in
developing states, especially when coupled with the globalization
of the trade in fish (Coulthard et al., 2011). This has resulted in orga-
nizations such as the World Bank and the UN FAO in funding
the modernization of fisheries in the developing world.

Fisheries are clearly important, both economically and in terms of
food security, especially when it is considered that the human
population is increasing and is projected to rise tomore than9billion
by 2050, with almost all this growth occurring in developing states
(UN-DESA, 2009). Taking the potential decline in wheat or rice
production, the figure for population growth and the requirement
for animalprotein, anadditional 75million t of fishand invertebrates
will have to be obtained from aquatic systems by 2050 (Rice and
Garcia, 2011). This equates to a greater than 50% increase in fish
production (Rice and Garcia, 2011). Aquaculture is playing an
increasing role in meeting the demand for fish and from less than
1 million t in the 1950s to 52.5 million t now with an additional
15.8 million t of aquatic plants (FAO, 2010). It may soon exceed
capture fisheries in the quantity of fish it produces for human con-
sumption.However,given thisprojected increase in therequirement
for fish and aquatic invertebrates, healthy fish stocks and the
fisheries they support are likely to remain of global importance.

EVIDENCE OF OVERUSE OF FISH STOCKS

There is a general perception that overexploitation of marine
biotic resources is a new problem that has increased in prevalence
since the Second World War. However, the emergence of zooarch-
aeology coupled with a modern understanding of the ecological
impacts of depletion of prey by humans in marine ecosystems
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has led to the conclusion that even ancient people had the ability to
change the size structure and abundance of marine species
(Erlandson and Rick, 2010). For example, it is likely that the hunting
of sea otters by native peoples on the Channel Islands off the coast
of California led to the release of prey species such as red abalone
and mussels that in turn also decreased in size over the past
10,000 years as a result of resource depression (Erlandson and
Rick, 2010).

Likewise, similar decreases in size, abundance, and range of
molluscs, finfish, and pinnipeds have also been documented
from the South Pacific Islands including New Zealand, although
in some cases resolving the effects of environmental change on
marine ecosystems compared with human predation are difficult
(see Erlandson and Rick, 2010). This phase of human exploitation
of marine biotic resources has been termed the “aboriginal” phase
and is characterized by the use of primitive watercraft and fishing
technologies (Jackson et al., 2001). During this phase of exploitation,
humans were probably responsible for the extinction of terrestrial
species (Martin, 2002), but there is no evidence of similar extinctions
in marine species, probably because they existed in geographic
(e.g., remote coastlines or islands) or habitat refugia (e.g., deep
water) from hunters and gatherers (Erlandson and Rick, 2010).

While aboriginal fisheries continued in many parts of the world,
there is evidence of a shift from subsistence fishing to artisanal or
small-scale commercial fishing in Europe in medieval times. In
the United Kingdom, assessments of archaeological bone assem-
blages reveal that prior to the end of the tenth century, catches were
restricted to freshwater or migratory species of fish (cyprinids or
eels; Barrett et al., 2004). During this period, fishwere generally con-
sumed by the fishers and family or indirectly by local elite house-
holds (Hoffmann, 2005). By the tenth century, there are records of
fish being caught and sold to local markets (Hoffmann, 2005). This
coincides with a switch in prey species in the United Kingdom to
cod and herring, with flatfish showing an intermediate trend.
It is thought that this changemay have been driven partially by eco-
nomic factors but was probably mainly a result of the depletion of
freshwater fisheries, the increasing use of dams, and damage to
inland waterways by more intensive agricultural practices, leading
to the silting of streams (Barrett et al., 2004).
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At this time, fish were stored in cages, tanks, or ponds or pre-
served by salting, smoking, or drying, although supplies were still
restricted to coastal areas or towns close to fishing areas until the
thirteenth century. Even at these early stages of commercial exploi-
tation of fisheries, species such as salmon and sturgeon were forced
into decline in many parts of Europe as a result of overexploitation
and habitat alteration through modification of inland waterways
and the silting up of estuaries, although climatic variability is likely
to have also played a role (Hoffmann, 2005). Significant changes
to fisheries occurred in the thirteenth and fourteenth centuries
with the development of new preservation methods for fish like
herring and the elaboration of transportation networks to trans-
port these fish to more distant population centers (Hoffmann,
2005). This increasing commercialization of fisheries led to major
exploitation of coastal spawning stocks of herring and other species
and shifted offshore to more distant parts of the North Sea follow-
ing the development of larger vessels and better processing
techniques by the Dutch in the fourteenth century (Hoffmann,
2005). By the fifteenth century, the trade in fish had spread across
Europe, with income contributing significantly to regional econo-
mies such as that of southwestern England (Kowaleski, 2000)
and the number of exploited species of marine fish expanding
(Lotze, 2007). This trend of increasing separation of fish consumers,
located in urban centers, from increasingly capitalized fishing fleets
with little incentive to preserve stocks (for local consumption) con-
tinued into colonial times. It is notable that as early as the thirteenth
and fourteenth centuries, there is evidence of commercial collapse
of inshore fisheries for marine finfish stocks of species like herring
following heavy exploitation coupled with environmental change
arising from human activities (use of land and freshwater chang-
ing nearshore ecosystems) or natural climatic variation.

In other parts of the world, the aboriginal phase of exploitation of
marine ecosystems collided with colonial expansion from Europe
generating a “colonial” phase of fishing (Jackson et al., 2001). In
areas such as California, this was heralded by the arrival of colonial
explorers, closely followed by missionaries and settlers. Despite
exploitation for millennia by native peoples and alterations in the
abundance or size of marine species, it was only during this second
period of exploitation, the past 240 years in the case of California,
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that sea otters, whales, seals, bald eagles, and other species were
driven to the brink of extinction (Erlandson and Rick, 2010). It is
during the colonial phase of exploitation of marine species that
the first recorded human-driven extinctions of marine species-
occurred, an example being the elimination of Stellar’s sea cow in
the North Pacific in 1768 (Jackson et al., 2001). The geographic dis-
tribution of this species was probably reduced by aboriginal hunt-
ing, but the species survived in refugia on the Aleutian Islands until
this time (Jackson et al., 2001). The Caribbean monk seal (Monachus
tropicalis) was heavily exploited from the seventeenth century,
although records of hunting go back as far as the fifteenth century
(McClenachan and Cooper, 2008). Its exploitation, which was for
food and for oil, used in machinery for sugar processing, expanded
with the colonization of Caribbean Islands by European powers,
although the species did not go extinct until 1952 (McClenachan
and Cooper, 2008).

It is important to recognize that during this phase of human
exploitation ofmarine biotic resources, significant changes occurred
to marine ecosystems as a result of removal of target species (see
below). For example, the exploitation of oyster reefs in estuaries
by colonialists in North America began in the seventeenth century
with exploitation of Crassostrea virginica in the Hudson River with
the first recorded fisheries regulations being passed in the late
seventeenth century and the first recorded collapses of these fisheries
taking place in the early nineteenth century (Kirby, 2004). As oyster
beds were depleted in estuaries close to urban centers, exploitation
shifted to more distant estuaries moving southward with depletion
following and continuing through into the twentieth century
(Kirby, 2004). Similar patterns of exploitation are detectable in oyster
populations fromwesternNorthAmerica (Ostreola conchaphila) and in
eastern Australia (Saccostrea glomerata; Kirby, 2004).

The destruction of such reefs was completed when technological
advances allowed the development of mechanical methods for
harvesting in the late nineteenth century. Such vast oyster reefs
exerted considerable top-down effects on estuarine ecosystems
through their ability to filter phytoplankton and may be able to
limit the effects of eutrophication, a common problem in estuaries
in modern times (Jackson, 2001).
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The industrial revolution led to the development of steam
trawlers in the 1880s. Steam trawlers could fish further offshore
for longer periods of time and deploy larger gear in deeper waters
than sailing vessels (Thurstan et al., 2010). As early as 1885, outcries
from line fishers in Britain lead to enquiries with regard to the
damage to both fish stocks and marine ecosystems by trawling.
These were inconclusive but lead to the establishment of systems
for collecting fisheries data (Thurstan et al., 2010). From the late
nineteenth century to the First World War, the domestic fleets in
Britain switched from predominantly sailing vessels to steam-
powered vessels and catch per unit fishing effort steadily declined
(Thurstan et al., 2010).

Fishing was interrupted during the First WorldWar, and follow-
ing this period of recovery, there was an increase in catch per unit
effort that lasted for several years (Thurstan et al., 2010). This was
followed by a steady increase in catch per unit effort as British fish-
ing fleets expanded the geographic coverage of fishing targeting
areas off Africa and the Arctic (Thurstan et al., 2010; Kerby et al.,
2012). This increase continued, with an interruption during the
Second World War, until the early 1960s when trends reversed
and catch per unit effort went into decline. Throughout this period,
fishing technology advanced with the advent of diesel- and oil-
powered fishing vessels, the development of sonar during the
Second World War, advances in onboard processing and preser-
vation of fish, and finally advances in navigation culminating in
Global Positioning Systems (Kerby et al., 2012).

This picture is very much replicated for the global fishing fleet.
Following the Second World War, most fishing effort was still
concentrated in coastal waters, particularly off Europe, North
America, and Japan. However, spatial coverage of global fishing
effort rapidly expanded to cover most of the world’s oceans by
2005 with an increase in overall fish catches continuing until 1996
when they peaked at 86.3 million t (Swartz et al., 2010). Catches
thereafter have declined according to FAO statistics (see above).
The expansion of the geographic extent of fishing has been accom-
panied by a 10-fold increase in global fishing effort since 1950, a
figure that rises to 25-fold for Asia over the same period (Watson
et al., 2012). Overall, the decline in global catch per unit effort
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suggests that a decrease in the biomass of many fished populations
is likely to have declined by >50% (Watson et al., 2012).

Despite falling catches, many fisheries have been maintained by
capacity-enhancing subsidies, especially for fuel, exacerbating the
decline of target and bycatch populations (Sumaila et al., 2010).
Overexploitation of large predatory fish species through targeted
fishing and through depletion as a result of bycatch has been
particularly severe with populations reported to have declined
by >90% in many cases (e.g., Myers and Worm, 2003, 2005;
Rosenberg et al., 2005). Such figures do not convey the overall global
ecological and economic impact of fishing which has now extended
into the deep ocean to depths as great as >2000 m and also into the
high latitudes of Arctic and Antarctic waters (Morato et al., 2005;
Swartz et al., 2010). The implications of overexploitation of fish
extendfromdirect impactsonpredators through the removalofprey
(Cury et al., 2011), release of secondary predator populations where
ecosystems are subject to top-down control by targeted fish popula-
tions (WormandMyers, 2003;Myerset al., 2007), and large-scaleeco-
system perturbations, especially where the effects of overfishing
interact with other human impacts such as eutrophication, the intro-
duction of alien species, and the impacts of climate change (Daskalov,
2002; Llope et al., 2011). In some cases, the latter include phase shifts
from which ecosystem recovery is protracted or near-impossible
because of impacts on ecosystem engineer species (Mumby et al.,
2007; Alvarez-Filip et al., 2009; Jackson, 2010). Some fishing practices
are also associated with direct destruction of habitat (e.g., trawling of
deep-sea coral reefs; Althaus et al., 2009) or significant bycatch of spe-
cies also with significant impacts at the ecosystem level and/or a
direct threat of regional or global species extinction (Cavanagh and
Gibson, 2007, Mediterranean sharks; Jaramillo-Legorreta et al.,
2007, vaquita Gulf of California).

Studies have been hailed as indicating grounds for optimism that
management efforts are resulting in recovery of fish stocks (e.g.,
Worm et al., 2009). It is true that recovery plans that involve a real
reduction in fishing mortality do result in increased biomass of
stocks (Wakeford et al., 2009;Murawski, 2010), even for species that
are highly vulnerable to even low levels of fishing mortality (e.g.,
sharks; Ward-Paige et al., 2012). However, it must be pointed out
that such cases often represent the most well-managed fisheries
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off the coasts of the world’s most wealthy nations (see distribution
of stocks studied in Worm et al., 2009), where there is substantial
infrastructure for fisheries science and management including
effective systems of monitoring control and surveillance coupled
with strong enforcement of regulations (Mora et al., 2009). Formany
parts of the world, there is a lack of rigorous scientific assessment
of stock status and fishing mortality, a lack of transparency in
the translation of science to fisheries management policy, and an
inability to enforce compliance to fisheries regulations (Mora
et al., 2009). Even forwealthy States, levels of compliancewith inter-
nationally agreed standards for fisheries management are not ideal
and in many cases could be viewed as failed (Pitcher et al., 2009;
Alder et al., 2010; Cullis-Suzuki and Pauly, 2010; Khalilian
et al., 2010).

Ostrom and her collaborators provide a possible silver lining in
terms of monitoring and control (Ostrom, 1990). This line of
research suggests that the monitoring and enforcement needs can
be accomplished through social norms and community institutions
in a local community structure, which is more likely going to be the
fisheries management regime faced in Asia, Africa, Latin America,
and the Caribbean—which as we note where �95% of the fishers
and fish farmers are located. The implication here is that sustain-
ability and healthy fish stocks may be achievable in small-scale
fisheries, and in the developing world, with less sophisticated
infrastructure for fisheries science and management.

CLIMATE CHANGE WILL EXACERBATE THE
PROBLEM OF OVERUSE OF FISH STOCKS

Climate change is affecting ocean conditions and is expected
to have large implications for marine ecosystems and fisheries.
Overall, there is compelling evidence that the ocean has become
warmer, with less sea-ice, more stratified and more acidic during
the past century, with expansion of oxygen minimum zones in
the twentieth century (IPCC, 2007). Given that global greenhouse
gas emissions are already close to the high-end scenario considered
by the Intergovernmental Panel on Climate Change (IPCC) Assess-
ment Report Four (IPCC, 2007), it is expected that such changes will
continue over the next few decades. Such ocean changes affect
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marine fisheries through changes in (1) resource availability,
(2) fishing operations, (3) fisheries management and conservation
measures, and (4) profits from fisheries (i.e., balance between price
of fish products and fishing costs).

Effects of climate change on resource availability occur mainly
through changes in distribution and productivity of fish stocks.
Distributions of marine organisms are generally dependent on
optimal environmental conditions (e.g., temperature, oxygen,
food availability) and long-term changes in temperature and/or
other ocean conditions often coincide with observed changes in
species’ distribution and fisheries (Sumaila and Cheung, 2010).
Shifts in distributions of exploited species (generally poleward)
that are attributed to ocean warming are increasingly reported in
many regions (Simpson et al., 2011; Sumaila et al., 2011) and for
commercially important species (Sumaila et al., 2011; Cheung
et al., 2012a).

It is also projected that species distribution shifts will continue in
the future, leading to increased diversity and fisheries potential
in high-latitude regions and the opposite in the tropics
(Blanchard et al., 2012; Cheung et al., 2008, 2011, 2012b; Hobday,
2010; Lindegren et al., 2010). Ocean primary production is projected
to decrease by 2-13% by 2100 relative to 1860 under the SRES A2
scenario (Steinacher et al., 2010). In addition, because of the effects
of warming and ocean dexoygenation on growth, maximum body
size of fishes are projected to decrease by 14-24% by 2050 relative to
present size under the SRES A2 scenario, potentially reducing
their yield per recruit (Cheung et al., 2012c). Ocean deoxygenation
and acidification are expected to reduce habitats for exploited
marine organisms and fisheries yields in some regions (Cheung
et al., 2011; Stramma et al., 2011). Thesemay further reduce fisheries
catch potential (Cheung et al., 2011). As a result, these changes
are expected to cause large-scale redistribution of fisheries catch
(Cheung et al., 2010), creating potential “winners” and “losers”
through changes in fisheries potential of commercial species. Partic-
ularly, the tropics are identified as climate change “losers” in fish-
eries, because of the projected decrease in fisheries catch potential
and low capacity to adapt to environmental changes (Allison et al.,
2009; Cheung et al., 2010).
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Climate change may affect fishing operations directly, through
changes in weather conditions, and indirectly, through changes
in distributions and behavior of exploited species (Cheung et al.,
2012). Changes in frequency of extreme weather events may cause
disruption to fishing activities and/or land-based fisheries-related
infrastructure. Climate change may also affect fishing indirectly
through its effect on behavior and activity of the exploited animals
(e.g., distribution, movement pattern, etc.), affecting their catchabil-
ity by fishing gears. Thus, fishing gears may need to be modified to
adapt to these changes.

The range of climate change effects on marine ecosystems and
fisheries may complicate fisheries and conservation policies,
affecting their effectiveness. The shift in distribution of fish stocks
and the increased uncertainty on their productivity can destabilize
multinational fisheries agreement (Miller et al., 2013). Effectiveness
of conservation plan may also be affected, for example, through
changes in coverage of protected areas on vulnerable fish stocks
(Jones et al., 2013). Particularly, at the moment, there is limited
example that climate change is explicitly considered in fisheries
management and marine conservation plans.

The economic impact of the above changes is estimated in
Chapter 11. Here, we focus on the economic effects of overfishing
of the world’s marine fish stocks.

GLOBAL ECONOMIC LOSS DUE TO OVERFISHING

There is a growing literature on the potential economic loss due
to overfishing. A prominent example of the World Bank’s Sunken
Billions Report (2010), which estimated that fisheries worldwide
are losing US$ 50 billion a year due to overfishing. There are many
economists publishing on this area (e.g., Dan Holland of NOAA Fish-
eries, James Sanchirico of University of California Davis, Robert
Johnston of Clark University, and Eric Thunberg of NOAA). There
are also a number of overviews such as the OECD 2010 report,
The Economics of Rebuilding Fisheries: Workshop Proceedings (see
http://www.oecd.org/greengrowth/fisheries/theeconomicsofreb
uildingfisheriesworkshopproceedings.htm).
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In the next paragraphs, wewill present a summary of a number of
recent works to illustrate and provide an estimate of the potential
cost of overusing marine fish stocks. Sumaila et al. (2012) used esti-
mates of catch loss reported in Srinivassan et al. (2010), defined as the
difference between current landings andmaximum sustainable yield
(MSY) for those species that are considered to be overused. TheMSY
is applied in this analysis for practical and policy reasons, as it is the
most commonly stipulated target ormanagement reference point for
many national legislations and international conventions.

For our present purposes, we assume that the estimated catch
losses to overfishing reported by Srinivassan et al. (2010) may be
fully regained after a period of rebuilding fisheries worldwide.
To calculate potential catch losses, the authors used catch time
series from the Sea Around Us project for 1066 taxa of fish and inver-
tebrates in 301 Exclusive Economic Zones (EEZs), along with an
empirical relationship they derived from catch data and stock
assessments for 26 Northeast US species from the US National
Oceanic and Atmospheric Administration (NOAA).

The log-linear relationship that they found between a species’
meanmaximum catch Cmax from catch data and its MSY from stock
assessment was robust (R2¼0.84, p<0.001) and has since been
tested for 50 fully assessed stocks in the Northeast Atlantic, where
variation in MSY accounted for 98% of the variability in Cmax

(Froese et al., 2012). Therefore, given the dearth of detailed stock
assessments for the majority of species in the world’s fisheries,
Srinivasan et al. (2011) applied the relationship they derived (with
a 50% prediction interval) to estimate MSY levels for all stocks they
identified as overfished. By comparing with reported catch levels,
they arrived at estimates of lost catch by mass, reporting that with-
out overfishing, potential landings worldwide in the year 2000 may
have been 9.1million t higher than current landings (50%prediction
interval: 3.6-19 million t higher).

To calculate the value of these potential landings under rebuilt
global fisheries, Srinivassan et al. (2010) used a database of ex-vessel
fish prices by Sumaila et al. (2007). For each taxon-EEZ pair desig-
nated as overfished, a price-per-ton p for the MSYwas set by taking
a weighted average of the actual prices corresponding to catches of
the taxon within �30%, �50%, or �100% of the estimated MSY
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level, in order of preference depending on data availability. This
approach was used to account for the impacts of overfishing, and
thus scarcity, on price levels.

There is debate among fisheries scientists as to the reliability of
overfishing estimates based on catch trends rather than stock
assessments, with some arguing that catch-based approaches are
prone to overestimate depletion (Branch et al., 2011).

Based on Costello et al. (2012), who estimated the recovery time
for 18 simulated fish species to be 11 years on average, with a range
of 4-26 years depending on the species, Sumaila et al. (2012) assume
a rebuilding period of 10 years (t¼0-9) in their study. Following
modeling work reported in UNEP’s Green Economy Report
(UNEP, 2011), the authors also assume that global fisheries landings
decline linearly from �80 to 50 million t per year from t¼0-5 as
fishing effort declines, but then rise linearly to the rebuilt level
(�90 million t) by t¼9. Once global fisheries have been rebuilt,
this potential gain in resource rent would recur annually for the
subsequent 40 years after rebuilding (Sumaila et al., 2012).

Fisheries economists use resource rent (i.e., what remains after
fishing costs and subsidies are deducted from revenue) as an indi-
cator of fisheries performance (Clark, 1990), although others argue
that this is inadequate because it does not capture all the benefits
derived from marine fisheries (Béné et al., 2010). Here, we adhere
to using only resource rent as our indicator of economic per-
formance, unlike in Sumaila et al. (2012), where they also report
payments to labor (i.e., wages), and earnings to fishing companies
as additional indicators of fisheries benefits.

As in Sumaila et al. (2012), we estimate R, resource rent adjusted
for subsidies, as follows:

R ¼ LV� Cþ Sð Þ ð7:1Þ

where LV represents the landed value of officially reported marine
landings. The total variable cost of fishing is represented by C and
subsidies are represented by S.

We compute the cost from overuse as the potential gain from
rebuilding (Pgains) to be the value of the rebuilt resource rent
(Rrebuilt) minus the value of current resource rent (Rcurrent):
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Pgainst
¼ Rrebuiltt � Rcurrentt ð7:2Þ

where t represents time. We assume that globally, rebuilt fisheries
will be successful in avoiding subsequent unsustainable increases
in effort.

We then calculate, as in Sumaila et al. (2012), the present value of
net gains from rebuilding global fisheries as follows:

PV ¼
X49

t¼0

Pgains

1þ rð Þt ð7:3Þ

where PV is the present value of the net gain in resource rent, r is
the prevailing rate of discount, and t represents time from present
(t2 [0, 49]). A fixed discount rate of r¼0.03 (i.e., 3%) and compute
the present value of net gains in resource rent for 50 years after
rebuilding. A discount rate of 3% is generally lower than market
rates as argued for by some environmental economists due to the
central role of environmental resources in ensuring sustainable
economies through time (Weitzman, 2001; Sumaila, 2004; Stern,
2006).

ESTIMATED ECONOMIC LOSSES

According to Srinivassan et al. (2010), global marine fisheries
landings could increase to an average of 89 million t a year
(range 83-99 million t; Table 7.1) if rebuilt, with a corresponding
mean landed value of US$101 billion per year (range US$93-116
billion). This means that compared with current catches and
landed values, the world could be losing up to 20 million t and
US$30 billion.

Sumaila et al. (2012) find that by reducing fishing effort to what is
considered optimal in terms of the capacity needed to land theMSY,
eliminating harmful subsidies and putting in place effective man-
agement after rebuilding, resource rent from rebuilt global fisheries
would be US$54 (US$39-77) billion per year (see Table 7.1). The
Sunken Billions report of the World Bank (2009), which estimated
economic rent without addressing the cost of reform and removing
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harmful subsidies, arrived at a potential resource rent of US$50
billion per year, using a different approach. The gain in resource
rent from the current situation to a rebuilt global fishery would
be US$66 (US$51-89) billion per year (Table 7.1).

The real cost to society of rebuilding fisheries, once the elimina-
tion of an estimated US$19 billion per year of harmful and ambig-
uous subsidies is taken into account Sumaila et al. (2010), is
negative, implying that society as a whole will make money by
engaging in rebuilding. However, fishing enterprises and fishers
will lose profits and wages during rebuilding. Hence, to implement
a rebuilding reform, governments may need to temporarily invest
extra resources to mitigate these impacts. Sumaila et al. (2012)

TABLE 7.1 Key Economic Figures of Global Fisheries

Key Indicators, Annual Data (Unit) Current

Rebuilt Fisheries

Lower
Bound Mean

Upper
Bound

Catch (t) 80.2 82.7 88.7 99.4

Catch value (US$ billions) 87.7 92.6 100.5 116.3

Subsidies (US$ billions) 27.2 10.0 10.0 10.0

Rent net of subsidiesa (US$ billions) �12.5 39.0 54.0 77.0

Rent increase over current values (US$
billions)

– 51.2 66.4 89.4

NPV of resource rent increases (US$
billions)

– 665.2 972.0 1428.1

Transition costsb (US$ billions) – 129.9 202.9 292.2

NPV net of transition costs (US$
billions)

– 535.3 769.1 1135.9

NPV, net present value.
a The (resource) rent is the return to “owners” of fish stocks, which is the surplus from gross

revenue after total cost of fishing is deducted and subsidies taken into account.
b Transition costs include the costs to society of reducing current fishing effort to levels consistent
with maximum sustainable yield and the payments that governments may decide to employ to adjust

capital and labor to uses outside the fisheries sector. Such payments may include vessel buyback

programs and alternative employment training initiatives for fishers.
Table adapted from Sumaila et al. (2012).
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therefore estimated the total amount that governments may need to
invest in reform in order to rebuildworld fisheries to be betweenUS
$130 and US$292 billion in present value, with a mean of US$203
billion. This latter point needs further research and the work
reported in Hanna (2010 in OECD Proceedings) would be a good
point of departure for such studies.

CONCLUSION

It is generally agreed that, as a result of the overuse of global fish
stock, the world is losing a significant amount of economic benefits
because our fisheries are not living up to their revenue potential; the
total cost of fishing is too high and governments provide harmful
subsidies to the sector, which results in a negative resource rent
(i.e., economic loss to society) of about US$13 billion per year
(Table 7.1). Sumaila et al. (2012) find that rebuilding overused
global fish stocks would result in a gain in resource rent of US
$66 billion per year, which, when discounted over the next 50 years
using a 3% real discount rate, generates a present value of between
US$660 and US$1430 billion (Table 7.1), i.e., between three and
seven times the mean cost of fisheries rebuilding reform.

This result suggests that, even without accounting for the poten-
tial boost to recreational fisheries, processing, retail, and nonmarket
values that would likely increase, there is a net economic benefit to
be derived from rebuilding global fisheries. The overall ecological
benefits of reducing the effects of overfishing and destructive
fishing impacts are difficult to estimate in economic terms. How-
ever, socioeconomic benefits would include improved ecosystem
resilience to environmental perturbations and greater security of
ecosystem services such as coastal protection, nutrient recycling,
provision of raw materials, and tourism. Hence, the current
overused state of world fisheries is very costly.
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INTRODUCTION

As theworld’s population increases, the intensity and spatial dis-
tribution of anthropogenic stressors impacting marine systems are
expanding (Sanderson et al., 2002; Halpern et al., 2007a; Crain
et al., 2008). Many of these stressors, such as increasing tempera-
ture, changes in ocean circulation and mixing, ocean acidification,
hypoxia, increasing nutrients in coastal areas, overfishing, and
pollution co-occur in time and space, resulting in almost all marine
organisms and ecosystems becoming subject to the impacts of
multiple stressors (Venter et al., 2006; Halpern et al., 2007b,
2008a,b). Our understanding of the impact of individual stressors
is limited, but we have even less understanding of the impacts that
a combination of these stressors will have onmarine organisms and
ecosystems and on the important services they provide to human-
ity. The need to understand the interactions and potentially cumu-
lative or multiplicative effects of multiple stressors has been
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identified as one of the most important questions in marine ecology
today (Zeidberg and Robison, 2007; Crain et al., 2008; Darling and
Cote, 2008). This understanding would enable us to better evaluate
and develop relevant management strategies for the impacts of
multiple stressors on marine organisms and ecosystems, as the sus-
tainability of ecosystem services will not be achieved by managing
stressors at the individual level. Multiple stressors must be man-
aged in an integrated way.

The occurrence of multiple stressors impactingmarine systems is
widespread. Halpern et al. (2008b) observed that nomarine systems
are unaffected by human impacts and calculated that 41% of the
marine environment is strongly impacted by a combination of
stressors. Marine stressors fall into two categories: Those that are
forced by global processes and thus act globally such as increased
temperature, decreased oxygen, and ocean acidification; and those
that are a result of local and regional processes, and thus act primar-
ily at a local to regional level. These include pollution, increased
nutrient loads, coastal hypoxia associated with eutrophication,
and overuse of marine resources. The global stressors exhibit sub-
stantial regional variability, while the local to regional stressors
occur in many oceanic regions spanning the entire globe. The key
difference between the global and regional/local stressors is the
approach needed to mitigate them. Global stressors need to be
addressed through global climate-policy-associated measures,
while the regional/local stressors can be addressed through policy
measures at this scale (Table 8.1).

Assessing the nature and impacts of multiple stressors requires
looking at the problem from several perspectives. In this chapter,

TABLE 8.1 Links Between Scale of Impact and Stressors

Scale of Process Stressor

Global Warming
Acidification
Decreased oxygen

Aggregated from local/regional scales Pollution
Nutrient loading
Overuse of marine resources
Coastal hypoxia
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we begin by looking at stressors that act on a global scale and, in a
separate section, those that operate on smaller scales but have
aggregate effects at the global scale. We then look at possible
feedbacks and synergistic effects among the various stressors,
in particular, examining what impacts these effects may have on
management strategies. In this section, we look at examples of
synergistic effects from the level of individual organisms to entire
ecosystems.

GLOBAL-SCALE STRESSORS

The emission of carbon dioxide into the atmosphere as a conse-
quence of the burning of fossil fuels and to a lesser degree by land-
use change is the primary driver for all globally important stressors
on marine systems (Doney, 2010; Gruber, 2011). Ocean acidifica-
tion, warming, deoxygenation, as well as global change-induced
changes in ocean circulation and mixing are all a consequence of
the increase in anthropogenic CO2 emissions. Given the long life-
time of CO2 in the atmosphere, the anthropogenic emissions alter
atmospheric CO2 globally and, consequently, also alter Earth’s
entire climate system. Thus, these stressors act globally, but they
have important local differences.

The first and most direct way in which the CO2 emissions affect
marine organisms and ecosystems is through ocean acidification.
The ocean has taken up roughly 30% of the global anthropogenic
CO2 emissions since �1800 (Sabine et al., 2004), thereby playing
an important moderating effect on global climate change. But as
the CO2 enters the ocean, it forms a weak acid that reacts with
the carbonate system in the ocean, shifting the acid-base balance
toward a lower pH, i.e., it “acidifies” the ocean. Chemically, this
set of equilibria is expressed as

CO2 þH2O , Hþ þHCO�
3 , 2Hþ þ CO2�

3

with the sum of all dissolved inorganic carbon species denoted as
DIC, i.e., DIC ¼ CO2 þHCO�

3 þ CO2�
3 (see Chapter 2 for further

details).
This does not mean that the ocean becomes acidic, however, as

the ocean’s pH is well above neutrality (e.g., the global mean pH
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of surface waters is about 8.1; Feely et al., 2008). The chemical
changes associated with ocean acidification go well beyond the
reduction in pH. Most of the CO2 that enters the ocean will react
with the carbonate ion CO2�

3

� �
to form two bicarbonate ions

HCO�
3

� �
. As a result, the carbonate ion concentration decreases,

causing the saturation state of seawater with regard to mineral
forms of CaCO3 to decrease. This saturation state is commonly
expressed in the form of the ratio of the in situ carbonate ion
concentration over the carbonate ion concentration at saturation,
expressed as O. Nearly, all surface waters are currently supersatu-
rated with regard to the two most abundant forms of CaCO3,
i.e., the metastable form aragonite and more stable form calcite,
i.e., O>1, for these compounds. However, if atmospheric CO2

continues to increase, surface waters in several oceanic regions will
become undersaturated (O<1) within the next 50 years. The
decrease in saturation state is variable with the low latitudes show-
ing about twice as large a decrease inO (Figure 8.1c). This difference
is almost entirely due to the high latitudes having a Revelle (buffer)
factor that is about twice as large as the low latitudes, and hence
take up much less anthropogenic CO2 from the atmosphere. The
Revelle factor is a measure of how much the surface concentration
of CO2, often expressed by its equivalent partial pressure, is chang-
ing for a given change in the oceanic concentration of DIC (Zeebe
and Wolf-Gladrow, 2001; Sarmiento and Gruber, 2006). Thus, the
larger this factor, the less surface ocean DIC will be changing for
a given change in the surface concentration of CO2. Since the
exchange of CO2 across the air-sea interface is fast enough for sur-
face oceanCO2 to trackwell, the atmospheric increase in CO2 causes
the near surface concentration of anthropogenic CO2 to be inversely
related to the Revelle factor. While the high latitudes experience a
smaller change, their initial preindustrialO is much lower than that
in the low andmid-latitudes, so that it is the high latitudes that tend
to become undersaturated first with regard to aragonite (Orr et al.,
2005; Steinacher et al., 2009).

The second and more indirect way in which the CO2 emissions
affect marine organisms is through their impact on global climate.
The accumulation of this greenhouse gas in the atmosphere is the
primary cause for the observed warming and climate change
over the past 50 years and will be the predominant force for
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FIGURE 8.1 Global maps of model-simulated changes in ocean properties for
2099 (under the IPCC SRES A2 scenario) relative to the year 1850 (atmospheric
CO2 increased from 280 ppm in 1850 to 840 ppm in 2099). (a) Changes in
sea-surface temperature, (b) change in upper ocean stratification, expressed as
the density gradient between the upper ocean (0-50 m) and the upper thermocline
(100-200 m); (c) change in the surface ocean saturation state with respect to
aragonite—also shown as contours is the absolute saturation state for 2099; (d)
change in the mean concentration of oxygen in the thermocline (200-600 m).
Results are from the NCAR CSM 1.4 model (Frölicher et al., 2009; Steinacher
et al., 2009).
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additional warming and climate change in the next 50-100 years
(Bernstein et al., 2007). The ocean tends to moderate this warming
by taking up a substantial amount of heat from the atmosphere
(e.g., Levitus et al., 2005; Lyman et al., 2010), but this heat uptake
warms the ocean, changes its currents and mixing, and increases
stratification. Additional physical changes occur in the ocean due
to global change-induced alteration of the hydrological cycle, lead-
ing to altered pattern of net evaporation and precipitation, causing
changes in salinity and consequently changes in stratification and
ocean circulation as well. These physical changes alter the supply
of nutrients to the surface ocean, impact the depth of the surface
mixed layer, change the paths and intensity of ocean currents, affect
the strength of upwelling and downwelling, and change the distri-
bution of sea ice and many other processes that define the physico-
chemical characteristics of the habitat for marine organisms. These
physical changes, particularly ocean warming and the associated
increase in vertical stratification, lead to a decrease in the oceanic
oxygen concentration in the ocean’s interior, a process termed
ocean deoxygenation (Keeling et al., 2010). We distinguish this
process from coastal hypoxia to highlight the difference in cause.
As discussed in more detail below, this latter process is a conse-
quence of coastal eutrophication, driven by the increased supply
of nutrients into the ocean. In contrast, ocean deoxygenation is
essentially a consequence of global warming.

These chemical and physical changes occur globally (Figure 8.1),
and their future magnitude will be primarily determined by the
evolution of future CO2 emissions. At the same time, the imprint
of these global stressorswill have a strong regional and local nature,
which will be highly relevant to assess the impact on marine organ-
isms and ecosystems.

Global warming of the surface ocean will tend to be maximal in
the low tomid-latitudes, while the very high latitudes tend towarm
less (Figure 8.1a), particularly if they remain covered by sea ice such
as the regions around Antarctica. The magnitude of warming in the
Arctic depends very sensitively on the magnitude of sea-ice loss in
that region, a process that differs strongly between current model
projections. Otherwise, the magnitude of the predicted surface
ocean warming varies between the different models largely in
response to their climate sensitivity. The results shown in
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Figure 8.1 from the NCAR CSM 1.4 model tend to have a relatively
small climate sensitivity (Meehl et al., 2000). Models with a higher
climate sensitivity, but still within the currently accepted range, can
give a warming of nearly twice the amplitude shown here.

As the warming is maximal at the surface and decreases with
increasing depth, this change increases upper-ocean stratification
nearly everywhere (Figure 8.1b). Exceptions are places where shift-
ing currents alter the upper-oceanwater-density structure in amore
complexmanner orwhere changes in surface salinitymay offset the
warming-induced stratification. In other places, particularly the
Arctic, the opposite is the case. There, the decrease in salinity sub-
stantially enhances the temperature-induced increase in upper-
ocean stratification.

Compared to the other stressors, the predicted ocean deoxygen-
ation is spatially the least homogenous stressor (Figure 8.1d). While
the global mean decrease of dissolved oxygen is relatively modest
(a few percent relative to the mean ocean O2 concentration of
�180 mmol kg�1 (Sarmiento and Gruber, 2006) or a few mmol kg�1),
the local decreases are predicted to be up to 50 mmol kg�1 by the end
of the century. The pattern of deoxygenation also differs substan-
tially between models. Most models show the largest decrease in
oxygen in the mid- to high latitudes (Keeling et al., 2010), i.e., in
regions that have, in general, relatively high dissolved oxygen con-
centrations. The NCAR CSM 1.4 model used for Figure 8.1d shows
nearly no change in the thermocline of the low latitudes, where
oxygen is generally already low. In contrast, other models predict
a substantial decrease of oxygen in these regions, leading to a
substantial extension of the oxygen minimum zones (Cocco et al.,
in preparation), a result that tends to be supported by surveys of
these zones over the past 50 years (Stramma et al., 2008).

An important caveat when considering the model-based projec-
tions shown in Figure 8.1 is the low spatial resolution of the under-
lying Earth System Model (between about 2� and 4�). As a result, a
number of critical processes and regions cannot be properly
resolved in such models. One prominent example is the Eastern
Boundary Upwelling Regions, which have been shown to have a
very low saturation state with regard to aragonite (low O) (Feely
et al., 2008) and are set to progress toward a state of widespread
undersaturation within the next few decades (Gruber et al., 2012).
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Furthermore, these regions also tend to have naturally low oxygen
concentrations in their thermoclines, a condition that appears to
have intensified in recent decades, at least in the California Current
System off the coast of the North America (Bograd et al., 2008; Chan
et al., 2008). This coastal deoxygenation needs to be viewed sepa-
rately from coastal hypoxia as the former is driven by changes in
climate.

This coalescence of the different global drivers creates a number
of hotspots, among which the Eastern Boundary Upwelling
Regions stand out (Figure 8.2), but also the high-latitude North
Pacific, the Arctic, and the Southern Ocean deserve attention.

LOCAL- AND REGIONAL-SCALE STRESSORS

Two key local stressors whose effects aggregate to global scales
are hypoxia and pollutants. Impacts of hypoxia (or low dissolved
oxygen environments—also known as dead zones) associated with
human activities are limited to local and regional scales but are
globally distributed (see Figure 4.2, Chapter 4). It also takes a com-
bination of multiple stressors for a hypoxic area to develop. The
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FIGURE 8.2 Global map showing regions of particular vulnerability to the
three main stressors, i.e., ocean warming, acidification, and deoxygenation. From
Gruber (2011), figure 3. © The Royal Society.
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principal stressors that can lead to coastal hypoxia are water-
column stratification that isolates bottom waters from oxygen-rich
surface waters and accumulation of excess organic matter on the
seafloor due to eutrophication. The global stressors ocean deoxy-
genation and ocean warming can accelerate and worsen coastal
hypoxia by lowering the initial oxygen concentration of water that
is transported toward the coasts and by increasing stratification.

Hypoxia affects awide range of aquatic systemswith varying fre-
quency, seasonality, and persistence. While there always have been
naturally occurring hypoxic habitats, such as deep fjords and some
coastal upwelling regions, anthropogenic activities related primar-
ily to organic and nutrient enrichment from sewage/industrial dis-
charges and from runoff from agricultural lands have led to
increases in hypoxia in both freshwater andmarine systems. A con-
sequence of this nutrient enrichment has been a rapid rise in the
areas affected by hypoxia over the past 50 years (Diaz and
Rosenberg, 2008). By the early 1900s, dissolved oxygen was a topic
of interest in research andmanagement; and by 1920s, it was recog-
nized that a lack of oxygen was a major hazard to fishes and other
higher organisms. It was not obvious, however, that oxygen would
become critically low in coastal systems until the 1970s and 1980s
when large areas of low dissolved oxygen started to appear with
associated mass mortalities of invertebrate and fishes. From the
middle of the twentieth century to today, there have been drastic
changes in dissolved oxygen concentrations and dynamics in many
marine coastal waters. Prime examples would be the northwest con-
tinental shelf of the Black Sea,which is now recovering fromhypoxia,
the Baltic Sea, the Gulf of Mexico continental shelf off Louisiana and
Texas, and the East China Sea (Diaz and Rosenberg, 2008).

There are now close to 600 documented cases of large-scale hyp-
oxia around the globe, primarily from North America and Europe
where reporting water quality is routine. Because of a lack of re-
porting, there is little known about hypoxia from much of Asia,
Indonesia, or the Pacific. If the strong association between human
population density and hypoxia seen inNorth America and Europe
holds for other parts of the globe, then there are likely well over
1000 hypoxic areas globally. This leads us to the conclusion that
no other environmental variable of such ecological importance to
coastal ecosystems as dissolved oxygen has changed so drastically,
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in such a short time. Increasing stress from expanding agricultural
and industrial outputs to meet the demands of the expanding
human population will only increase areas of coastal hypoxia
and may also impact aquaculture site selection or production
(Diaz et al., 2012).

Pollution of the marine environment occurs in many different
forms, such as input of chemicals, radioactivity, solid waste,
human-induced sedimentation, energy (i.e., heat and noise), as well
as in the form of oil spills and what is more and more referred to as
“biological pollution” (pathogens, parasites, and invasive species).
Pollutants mainly enter the marine environment through discharge
and runoff of material and effluents from land (mainly via rivers),
offshore, and shipping activities and as fallout from the atmo-
sphere. Coastal areas and habitats are generally under higher pres-
sure from pollution than the high seas (e.g., MA, 2005; Halpern
et al., 2008b).

The main sources and types of pollution of concern for the
marine ecosystems vary with region (e.g., UNEP, 2006; Halpern
et al., 2007a). The ultimate impact of pollution of a certain type
and magnitude, further, varies with the physical conditions of
the environment, such as water circulation and temperature, and,
obviously, with the susceptibility of the marine organisms and hab-
itats present (Halpern et al., 2007b; Costello et al., 2010). Impacts of
pollution on marine organisms range from disturbance and ham-
pered reproduction to mortality and population declines, which
in turn can lead to quality and productivity losses at ecosystem
scales.

Chemicals, such as persistent organic pollutants and metals, can
be toxic for humans and wildlife and impair physiological func-
tions. This can, for example, lead to immune dysfunctions and
reproductive and neurological disorders among humans, marine
organisms, and seabirds (e.g., Ratcliffe, 1970; Jensen, 1972; Ritter
et al., 1995; Grandjean et al., 2010). Persistent chemicals can be trans-
ported over long ranges by ocean currents to remote and nonindus-
trialized areas. Due to their chemical properties, a number of
substances can accumulate in marine organisms in concentrations
several orders of magnitude higher than in the surrounding water
(bioaccumulation), and chemicals can become more and more con-
centrated while passing through the food chain (biomagnification).
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For example, polar bears are among the animals that have the high-
est concentrations of toxic organic pollutants (de Wit et al., 2002).

Solid waste, oil spills, and elevated sediment inputs can kill,
harm, or inhibit growth and reproduction ofmarine animals aswell
as degrade habitats at larger scales (Derraik, 2002; Orpin et al., 2004;
Halpern et al., 2007a; Teuten et al., 2009). Close to noise sources,
animals can be killed by the sound pressure, and at larger distances,
noise can cause animals to avoid areas or hamper their ability to
communicate, feed, and navigate (e.g., Weilgart, 2007). The effects
of radionuclides in the marine environment are largely related to
health hazards for humans, although it seems that this is a cause
of concern only in specific regions (Sazykina et al., 1998;
Livingston and Povinec, 2000).

While pollution can have serious impacts on species and habitats
in many areas and regions, the global marine ecosystems may on
average be relatively resilient to single types of pollution of typical
magnitudes (Halpern et al., 2007a; Costello et al., 2010). However,
the long-term combined effects of, e.g., chemicals (i.e., “cocktail
effects”) and the cumulative effects of noise, as well as synergies
between different types of pollutants, are virtually unknown.
Pollution impacts may undermine the resilience of ecosystems to
other stressors such as elevated sea-surface temperatures and ocean
acidification (Jenssen, 2006; Khan, 2007; Piola and Johnston, 2008;
Clark et al., 2009; Noyes et al., 2009; Russel et al., 2009; McLeod
et al., 2010; Negri and Hoogenboom, 2011).

FEEDBACKS AND SYNERGISTIC EFFECTS

As shown in earlier chapters, stressors such as increasing tem-
perature, ocean acidification, hypoxia, increasing nutrients in
coastal areas, and pollution have impacts on biogeochemical cycles,
the physiology and populations ofmarine organisms, and the struc-
ture and function of marine ecosystems. In areas of the oceanwhere
there are strong impacts of multiple stressors, understanding the
impacts of multiple stressors on marine organisms, populations,
and ecosystems is critical to themanagement of marine ecosystems.
There are three types of biological response to multiple stressors:
additive, antagonistic, and synergistic. The additive response
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occurs when the impact of the multiple stressors is a direct addi-
tion of the stressors acting alone. An antagonistic response is
where the impact of the multiple stressors is less than the addition
of the stressors acting alone, and a synergistic response is where the
impact of the multiple stressors is greater than the additive impact
(Figure 8.3).

In an analysiswhich considered 112 population studies ofmarine
organisms which used a range of stressors, organisms subjected to
two stressors showed that 23% had an additive impact, 42% were
antagonistic, and 35% were synergistic (Darling and Cote, 2008).
This was similar to an analysis by Crain et al. (2008) which consid-
ered 171 (78% single-species studies) studies of community or pop-
ulation responses and reported 26%, 38%, and 36%, respectively, for
additive, antagonistic, and synergistic interactions. They also
showed that when a third stressor was introduced, the occurrence
of synergistic interactions doubled to 66%. The Crain et al. (2008)
analysis also showed that synergistic interactions varied both
within and among stressor pairs, suggesting that population
dynamics and ecosystem traits play an important role in response
to stressors. Factors such as trophic level, response type, ecosystem
type, starting abundance, reproductive rate, intensity of the
stressor, and length of the experiment may all impact the interac-
tions. Trophic level was shown to have an effect on the interaction

FIGURE 8.3 Potential interactions of multiple stressors.
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with studies of algae showing significant antagonistic impacts and
studies on animals showing significant synergistic impacts. These
results indicate that the impacts of multiple stressors could be more
negative for organisms at higher trophic levels which may reflect
the sensitivity of more complex food webs to disruption (Crain
et al., 2008).

The impact of multiple stressors may also depend on whether
a species or community-level response is being measured.
Species-level impacts may be reduced or increased through species
interactions such as species diversity and redundancy, trophic com-
plexity, ecological history, and ecosystem type (Vinebrooke et al.,
2004). Crain et al. (2008) analysis found that species-level impacts
were primarily synergistic and community-level impacts were pri-
marily antagonistic indicating that studies of a single species may
not be a good predictor of community-level responses. The predic-
tion of impacts of multiple stressors on marine ecosystems is com-
plex and influenced by a wide range of factors including species
diversity, openness of the system, environmental variability, tem-
poral patterns of stressor occurrence (simultaneous versus sequen-
tial), intensity of the stressor, and the variable used to measure the
response (Breitburg et al., 1998; Relyea and Hoverman, 2006).

The potential for synergistic impacts of multiple stressors is one
of the largest uncertainties in the prediction of the impacts of
anthropogenic activities (Sala and Knowlton, 2006; Sutherland
et al., 2006). From a community/ecosystem perspective, finding
out that 77% of the multiple stressor interactions were nonadditive
(Darling and Cote, 2008) is of concern as antagonistic and synergis-
tic responses can alter species interactions and food-web structure
and function in unpredictable ways. This calls into question the
common ecosystemmodeling approach of using additive functions
to represent multiple stressors and highlights the need for nonad-
ditive multiple stressor interactions to be considered in ecosystem
models where anthropogenic impacts on ecosystems are being
considered.

Experiments to investigate the impacts of multiple stressors in
marine ecosystems have used a wide range of measurements to
assess the impacts including physiological and organism-level
measures. Physiological studies of multiple stressors focus on
how processes within the organism are impacted. For example,
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O’Donnell et al. (2009) measured the expression of a central molec-
ular gene (chaperone hsp70) as a bioindicator to assess changes in
responses of sea urchin larvae stressed by elevated pCO2, decreased
pH, and temperature changes. The larvae raised at elevated pCO2

showed reduced expression of the thermally induced gene which
suggests that successful larval development at elevated pCO2

resulted in changes in the ability to respond to thermal stress
(Figure 8.4). Taken in a broader perspective, this result indicates
that environmental conditions during free-floating larval stages
may impact the number of urchins and potentially disrupt commu-
nity composition (O’Donnell et al., 2009).

Another example of the physiological measurements being used
to assess the impact of increased pCO2 and temperature was under-
taken byMetzger et al. (2007), when they considered the impacts of
these stressors on the ability of the blood of the edible crab (Cancer
pagurus) to carry oxygen. They found that elevated CO2 resulted in
a large shift in the thermal tolerance limits of C. pagurus to cooler
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temperatures and suggested a narrowing of the thermal tolerance
window with increasing atmospheric CO2 concentrations. These
physiological studies indicate that there is a potential for the nar-
rowing of the species distribution ranges due to the narrowing of
the species thermal window under increased atmospheric CO2.

Understanding organism and population responses to multiple
stressors is important to understanding the anthropogenic impacts
on marine ecosystems. Coral reefs have emerged as vulnerable eco-
systems to stressors associated with climate change. They are
among the most diverse ecosystems on earth and are estimated
to contain approximately one-third of all described marine species
(Reaka-Kudla, 2001). The occurrence of mass bleaching of coral
reefs has been shown to occur more commonly in response to a
combination of stressors acting simultaneously and is often syner-
gistic (Baker et al., 2008). The impacts of globally acting stressors,
such as increasing temperature and decreasing pH, have been
shown to have a significant impact on coral reefsworldwide. Exper-
iments to assess impacts of increased pCO2 and increased temper-
ature on the bleaching, productivity, and calcification rates of three
groups of reef-building corals representing some of the most com-
mon and functionally important benthic organisms on coral reefs
found negative responses in three species (Porolithon onkodes, Acro-
pora intermedia, and Porites lobata; Anthony et al., 2008) (Figure 8.5).

The P. onkodes coral species was very sensitive, with decreasing
productivity and calcification with increasing CO2 which was exac-
erbated by increased temperature. The productivity response of the
A. intermedia and P. lobata was variable; A. intermedia showed max-
imum productivity at an intermediate pH followed by a significant
decline, whereas P. lobata showed a continuous decrease in produc-
tivity with decreasing pH. The calcification of both species was less
responsive to pH changes than was bleaching and productivity.
These results indicate that future predictions of bleaching in
response to increased temperature must also take into account
the additional effects of ocean acidification and suggest that any
potential adaptation of corals to thermal stress may be offset by
the impacts of decreased pH in the ocean.

Coral reefs primarily occur in coastal regions where anthropo-
genic impacts oftenmanifest at the local level. A significant number
of local/regional-scale stressors such as increased nutrients,
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FIGURE 8.5 Effects of experimental ocean acidification (CO2 level) andwarming
on three key performance variables of threemajor coral reef builders: (a-c) crustose
coralline algae (CCA, Porolithon onkodes), (d-f) branching Acropora (A. intermedia),
and (g-i) massive Porites (P. lobata). Gray and black bars show low- and high-
temperature treatments, respectively. Data are means� SEM of n¼15/25 speci-
mens for each combination of CO2 and temperature. Levels of CO2 represented
the present-day control condition (380 ppm atmospheric CO2) and projected sce-
narios for high categories IV (520-700 ppm) and VI (1000-1300 ppm) by the IPCC
(Anthony et al., 2008). From O’Donnell et al. (2009), figure 3. © Springer.



hypoxia, sediments, and pollutants have been shown to impact
coral reefs. The potential for these local/regional-scale stressors
to interact with global-scale stressors such as increased temperature
and ocean acidification is high. For example, impacts of increased
temperature and pollutants (Cu concentrations) at the critical life
stage of metamorphosis for coral larvae reduce successful meta-
morphosis in two species (Negri andHoogenboom, 2011). The com-
bined effects forAcropora tenuiswere additive above 29 �C andwere
synergistic for both species above 31 �C with Acropora millepora
being more sensitive (Figure 8.6).

This study demonstrates synergistic effects at environmentally
relevant temperatures and Cu concentration at a critical life history
stage for coral species. Another example of the interaction of global
and local/regional stressors is the impact of increased temperatures
and exposure to commonly used herbicides. A study of the coral

FIGURE 8.6 Relationship between larval metamorphosis and copper concentra-
tion for Acropora millepora (a) and Acropora tenuis (b). Points represent the mean
and standard error ofmeasured%metamorphosis at eachof two temperatures. Lines
are the best-fit nonlinear regressions of Equation (1) (fromNegri and Hoogenboom,
2011) to each set of data. Source: http://dx.doi.org/10.1371/journal.pone.0019703.g001.
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A. millepora exposed to three agricultural herbicides at environmen-
tally relevant concentrations showed that there was a significant
impact on both photosynthetic efficiency and photoinhibition
(Negri et al., 2011). The herbicides had a negative impact on the
thermal stress measurement at 31 and 32 �C with the impact being
additive for photosynthetic efficiency. At high temperatures, the
impact was synergistic with two of the herbicides, diuron and atra-
zine. A similar impact was not observed with the crustose coralline
algae, Neogoniolithon fosliei. The experimental results showed that
reducing the diuron concentration by 1 mg L�1 above 30 �C would
protect photosynthetic efficiency by the equivalent of a 1.8 �C tem-
perature increase and a 1 �C change for photoinhibition. The key
finding of this study is that the control of local- to regional-scale
stressors (herbicides in this case) has the potential to mitigate
impacts of global stressors.

Coral bleaching has also been shown to be strongly related to
water quality measured as both chlorophyll a and dissolved inor-
ganic nitrogen concentration (Wagner et al., 2010). This is consistent
with experimental studies by Nordemar et al. (2003) and Schloder
and D’Croz (2004) who showed that increased nitrate concentra-
tions exacerbated temperature stress in corals. The suggestedmech-
anism for this is that the increased nitrogen results in increased
photosynthetic pigmentswithin the corals whichmake themdarker
and more sensitive to both increased temperature and high irradi-
ance (Fabricius, 2006). Wooldridge (2009) has also shown that for
inshore reef areas in the Great Barrier Reef system susceptible to
high land runoff, a reduction in nutrient concentrations would
result in an increase of approximately 2-2.5 �C, the upper thermal
bleaching limit. These results all support the conclusion of Dodge
et al. (2008) who suggested that understanding water quality was
critical to understanding the resilience of coral reef to bleaching
events. The examples given above indicate that the outlook for reefs
impacted bymultiple stressors is exceptionally serious (Veron et al.,
2009) and management interventions will be required to save reefs
and increase their resilience to future change (Veron et al., 2009).

There are other important ecosystems which are subject to both
global and local/regional stressors including a range of coastal ben-
thic ecosystems. The local/regional impacts include increased
eutrophication (increased nutrient concentrations) and increased
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hypoxic areas from the decomposition of excess organicmatter. The
increase in hypoxia in the coastal oceans as a result of anthropo-
genic activities impacts benthic organisms with the potential for
greater impacts with increases in water temperature (Chapter 4).
The interaction of increased hypoxia and temperature will likely
increase vulnerability from both physical factors such as stratifica-
tion (Chapter 3) and biological factors such as temperature-
dependent metabolism. All this will lead to a reduced area of
habitat for benthic and pelagic species (Stramma et al., 2008).
Vaquer-Sunyer and Duarte (2010) conducted a meta-analysis of
experimental assessments of over 100 species of benthic organisms
which showed that the survival range andmedian lethal concentra-
tion of oxygen increased with increased temperature. Crustaceans
were the most sensitive to hypoxia and their thresholds for mortal-
ity were the most sensitive to increased temperature. They also
showed that, for benthic organisms that are unable to move away
from the hypoxia, survival time under hypoxia decreased by 25%
with a 1.8 �C rise in temperature and by 47%with a 4 �C rise in tem-
perature. For the oyster Crassostrea virginica, this meant a reduction
in survival time from 20 to 14 days with a 1.8 �C temperature
increase and a decrease to a survival time of 10 days with a 4 �C
increase in temperature. These results imply that synergistic effects
between hypoxia and increased temperature will result in an
increasing vulnerability of benthic fauna to hypoxia in a warmer
ocean.

An example of the impacts of increased nutrients in the coastal
region coupled with decreased pH is the impact of these stressors
on coastally occurring macroalgal species. Russel et al. (2009)
undertook a series of experiments to investigate the impacts of these
two stressors on marine coastal communities by measuring the
response of the calcifying algae, Lithophyllum sp., and the turf-
forming algae Feldmannia spp. in mesocosm experiments. Both
decreased pH and increased nutrients had a negative impact on
the calcifying algae; in comparison, the decrease in pH had a pos-
itive impact on the turf algae and the increased nutrient had no
impact (Figure 8.7).

When the ability of these species to colonize an area was mea-
sured at current nutrient concentrations and pH, the calcifying
algae colonized 21% of the area but there was no colonization at
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elevated nutrient or decreased pH, whereas turf algae colonize
under all conditions. When photosynthetic yield was measured,
there was a decrease for the calcifying algae with decreased pH
and no impact of the increased nutrients. For the turf algae, there
was a positive response to both perturbationswith the impact being
synergistic with a 41% increase over the additive impact. These
results have significant implications for the Australian temperature
coastal region where currently 80% of the hard substrate is domi-
nated by calcifying algae and associated ecosystems (Irving et al.,
2004). The calcifying algae form the foundation of a structurally
complex and productive habitat with over 1000 species (Goodsell
and Connell, 2002) which supports commercial harvest of species
such as abalone (Shepherd and Daume, 1994). In contrast, the turf
ecosystems represent a substantial change in ecological function
including reduced productivity (Mannn, 1973) and ecosystem ser-
vices (Vitousek et al., 1997).
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The combination of global and local/regional stressors does not
only occur in coastal regions. In the Eastern Tropical Pacific, the
combination of decreased pH, increased temperature, and hypoxia
has the potential to have a significant impact on one of the top pred-
ators in the region. The jumbo squid (Dosidicus gigas) grows up to
2 m in length and 50 kg in weight and has a high O2 demand and
bloodwith a lowO2-carrying capacity. These animals are suggested
to live chronically “on the edge of O2 limitation” and are not con-
sidered to be well poised to adapt to changes in O2 supply and
demand. Rosa and Seibel (2008) found that decreased pH and
increased temperature would reduce the jumbo squid’s ability to
enter near surface waters and an increasingly shallower hypoxic
zone may decrease the depth the squid can go to at night resulting
in a vertical compression of habitat. This habitat compression may
alter the behavior and feeding ecology and subsequently impact
growth and reproduction of the jumbo squid (Prince and
Goodyear, 2006). This in turn has the potential to impact not only
the fishery for jumbo squid but also the ecosystem within the East-
ern Tropical Pacific as the jumbo squid are an important component
of the diet of birds, fish, and mammals (Davis et al., 2007).

An example of multiple global stressors at the ecosystems level is
shown in a study which considers the impacts of multiple stressors
on fish population and fisheries catches. An estimate of the impact
of decreased pH andO2 content has been undertaken in amodeling
study of the fisheries in the northeast Atlantic. Cheung et al. (2011)
modeled 120 species of bottom-living fish and invertebrates which
make up 95% of the fisheries catch for this region and showed that
the estimated catch potential was reduced by 20-30% under the
SRES A1B scenario to 2050 (Figure 8.8). When the model was
extended to include the impacts on phytoplankton species compo-
sition, there was a further 10% reduction in estimated catch poten-
tial as the size structure of the phytoplankton population can have
significant ecological impacts. The authors note that the magnitude
of the predicted changes is uncertain, given the data and sensitivity
of the models.

In this chapter, we have shown that multiple stressors do occur
throughout the world’s oceans at varying levels of intensity and we
presented a range of examples of the impacts of multiple global and
local/regional stressors on marine organisms and ecosystems.
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What has been shown to be critical to our thinking as we look to
manage the impacts of the global stressors is that there are local
actions that can be taken which have the potential to reduce the
impacts of global stressors. In the case of coral reefs, the reduction
of locally distributed pollutants such as nutrients, Cu, and herbi-
cides will decrease the susceptibility of coral reef to bleaching at
high temperatures and the susceptibility to the impacts of decreas-
ing pH, showing that management interventions will for a time
increase reef resilience (Veron et al., 2009). This is demonstrated
in Figure 8.9 where the impact of increased nutrients from land-
use changes alters the threshold temperature for coral bleaching.

In the case of coastal temperate ecosystems, the reduction of
nutrients has been shown to potentially decrease the impact of
decreasing pH on the structure and function of coastal temperate
ecosystems. These examples highlight that themanagement of local
stressors has the potential to mitigate at least temporally the impact
of global stressors. The wide range of synergistic impacts of multi-
ple stressors also indicates that a precautionary approach to the
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FIGURE 8.8 Projected changes in maximum catch potential between 2005 and
2050 (10-year average) in the LMEs in the Northeast Atlantic with high sensitivity
(open bar), medium sensitivity (gray bar), and insensitive (black bar) to changes in
oxygen content and pH (Cheung et al., 2011).
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impacts of multiple stressors is critical until we extend our under-
standing and ability to predict the impacts of multiple stressors on
marine organisms and ecosystems.

CONCLUDING REMARKS

Our understanding of the feedbacks and interactions between
themain threats to the global oceans described in the other chapters
in this book is unfortunately very rudimentary. We are only at the
beginning of the process of determining how the complex interplay
between these processes works and much more research is neces-
sary. Nonetheless, we are far enough along in our understanding
to draw some preliminary conclusions:

• Multiple stressors tend to amplify each other in a substantial
number of cases

FIGURE 8.9 Conceptual modeling framework that enables the impact of
“local” (viz. water quality improvement) and “global” (viz. CO2/temperature
reduction) management strategies to be assessed in terms of their joint (condi-
tional) potential to reduce the future likelihood of mass coral bleaching on the
GBR (Wooldridge, 2009).
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• Looking at the response of single species of organisms is not a
good way to estimate how communities of species and larger
ecosystems will respond to multiple stressors

• Coral ecosystems are particularly vulnerable tomultiple stressors
• Local measures (such as reducing pollution or nutrient levels)

can help ameliorate the effects of global-scale ocean stressors
such as warming or acidification

The fact that in many cases multiple stressors amplify each other
requires us to change thewaywemanage andmake decisions about
marine resources. We no longer have the luxury of thinking only
about local issues or about one threat at a time. We need to devise
a management system that works across scales from local to global
and that allows us to optimize our use of marine resources in a sus-
tainableway, given several simultaneous threats. This challenge is a
difficult one, but far from impossible to achieve. Beyond acquiring a
better understanding of the interactions and feedbacks between
multiple stressors, we need to reduce the level of compartmentali-
zation in our management and decision-making infrastructure for
marine resources. Creating a cross-scale governance system for
marine resources that actually works is an urgent challenge.
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INTRODUCTION

Chapters 2-8 present the current state of the science regarding
causes and consequences of several major threats to the global
oceans. In many cases, these threats involve gradual, predictable
changes, leading to a clear picture of the most likely outcomes. Year
after year, the world is growing warmer, sea levels are rising,
storms are intensifying, the oceans are acidifying, anoxic zones
are spreading, and many forms of pollution are on the increase.
That picture is an ominous one, involving serious losses and eco-
nomic costs. The likely, avoidable costs of five categories of
ocean-related climate impacts, as described in Chapter 10, will
amount to more than $1 trillion a year by the end of this century.
A full calculation of the likely, avoidable costs of impacts discussed
throughout this book would be much greater (although the neces-
sary data are unfortunately not available for that calculation).

Yet the gradual, likely changes are not the whole story. There are
also abrupt changes, involving less likely and less predictable
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impacts. If pushed far enough, many natural systems reach thresh-
olds or tipping points at which the behavior of the system suddenly
changes.

The oceans have many potential tipping points, as described
in many of the other chapters in this book. As one example, the
North Atlantic cod fishery, a reliable mainstay of Canada’s eastern
provinces for centuries, suddenly collapsed in the early 1990s
(Figure 9.1). Many studies suggest that there is a temperature
threshold above which coral reefs will not survive, with dire conse-
quences for islands, coastal communities, and fisheries that depend
on the ecosystem services (components of nature, directly enjoyed,
consumed, or used to yield human well-being (Boyd and Banzhaf,
2007)) of living reefs. Ocean acidification will eventually lead to
undersaturation of aragonite, at which point the oceanswill become
corrosive to some mollusks and other calcifying organisms.

A final example is crucial for sea-level rise: the Greenland ice
sheet is not considered likely to collapse in this century, but it is

FIGURE9.1 Collapse ofNorthAtlantic cod stocks.Reprinted fromReid et al. (2005),
figure 11. © World Resources Institute.
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all too clear that ice melts or slides off the land into the oceans more
rapidly in warmer weather. Based on oceanic sediment measure-
ments, we know that the world did not have major ice sheets in
Antarctica or Greenland between 40 and 65 million years ago when
atmospheric CO2 concentrations were above about 500 parts per
million (ppm) (Zachos et al., 2001) (we have now reached
400 ppm). Stable ice sheets in the northern hemisphere did not form
until about 8 million years ago when CO2 concentrations were
below about 300 ppm.We have good evidence of at least two stable
states for the planet: one with major ice sheets and one without.
We do not know exactly what combination of conditions could
cause the system to flip from one state to the other in the future,
nor do we know how long such a transition would take. However,
as CO2 concentrations rise and the resulting global warming raises
temperatures, complete loss of the Greenland ice sheet (causing an
eventual 7 m of sea-level rise) becomes less and less unlikely.

Preparing formultiplemarine threats anduncertainties is a daunt-
ing task, and one for whichwe are currently not verywell equipped.
Prediction of impacts and tipping points is difficult, in part, because
individual threats interact in complex, nonlinear fashions, as seen in
Chapter 8. Coral reefs are threatened by ocean warming, acidifica-
tion, and pollution; fisheries are potentially harmed by almost all
the threats we have examined; islands and coastal communities
are at risk from sea-level rise, intensifying storms, and the loss of
ocean-based livelihoods. Feedbacks among these threats, cases in
which the whole is worse than the sum of the parts, are frequent
and inescapable.

Prediction is also difficult because we are dealing with potential
tipping points outside our collective experience. We have never, in
all the millennia of human experience, killed all the coral reefs
before or melted a block of ice the size of Greenland; no one can
be sure exactly how or when these disasters will occur. We are
walking within an uncertain distance from the edge of a cliff, in a
fog that obscures our vision.

How should we make policy decisions, responding to both pre-
dictable, gradual changes—such as those to whichmonetary values
can be assigned—and abrupt, low-probability changes associated
with tipping points and catastrophic losses? Unfortunately, eco-
nomic and policy debate often narrows its focus to the former
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category, particularly when relying on cost-benefit analysis. For
lack of available numerical estimates, cost-benefit analysis, in effect,
often assigns a value or a probability of zero to the most ominous,
but uncertain, threats that we face.

WHY BUY INSURANCE?

In other areas of life, individuals and institutions adopt much
more sophisticated approaches to uncertainty. We routinely buy
insurance to cover rare calamities such as residential fires, car acci-
dents, or the death of young parents, even though these events are
extremely unlikely to occur.

The number of residential fires that U.S. fire departments
responded to in 2010 was less than 0.3% of the number of housing
units in the country.1 At that rate, each homewould average one fire
every 350 years; by far the most likely number of residential fires
experienced in anyone’s lifetime (or a building’s lifetime) is zero.
Yet fire insurance coverage is widespread; few people would
choose to play the excellent odds of saving money by cancelling
their policies.

Life insurance is frequently bought by young parents, to protect
their children’s future in the event of the parents’ death. In the
United States in 2007, the average annual rate of death from all
causes was under 0.3% until age 46.2 Thus parents of newborn chil-
dren typically faced risks of death at least as low as the risk of res-
idential fires. Again, despite the excellent odds in favor of survival,
voluntary purchases of life insurance are widespread.

In short, people buy insurance against personal catastrophes that
are known to have probabilities in the tenths of a percent per year.

1 Fire departments responded to 369,500 residential fires in 2010 (http://www.nfpa.

org, “The U.S. Fire Problem”), while there were 130.6 million housing units in the

country (U.S. Census Bureau, 2012 Statistical Abstract, Table 982, http://www.census.

gov/compendia/statab/cats/construction_housing/housing_units_and_

characteristics.html).
2 U.S. Department of Health and Human Services, Centers for Disease Control and

Prevention, National Vital Statistics Reports, Volume 59, no. 9 (2011), Table 1, “Life table

for the total population: United States, 2007,” available at ftp://ftp.cdc.gov/pub/

Health_Statistics/NCHS/Publications/NVSR/59_09/Table01.xls.
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The traditional (but arbitrary) scientific standard of 95% confidence
is insufficient: we have much more than 95% confidence—indeed,
more than 99% confidence—that an individual household will not
need fire insurance, and an individual young parent will not need
life insurance, this year.

This is not to say that every risk, no matter how small, deserves
attention, as caricatures of the “precautionary principle” have sug-
gested.3 It is possible to suffer personal or property damage from a
meteorite falling on you, but this appears to be six to eight orders of
magnitude less likely (i.e., about 1 million to 100 million times less
likely) than a residential fire.4 Meteorite insurance, if sold sepa-
rately, would be unlikely to appeal to many customers. At a low
enough level of likelihood, risks are routinely ignored; but at prob-
abilities of only tenths of a percent per year, major risks motivate
purchases of insurance.

What tipping points and catastrophic losses in the oceans are as
likely as the events that individuals insure themselves against?
Shouldwe adopt policies that amount to collective insurance against
such losses? The insurance paradigm suggests an important alter-
native to cost-benefit analysis of the most likely and most easily
quantified impacts. It is, moreover, consistent with theway that indi-
viduals act on their own: if good decisions were based only on most
likely outcomes, no one would ever buy insurance.

The analogy to private insurance is an informative but inexact
model for public policy. The analogy breaks down in two ways.
First, we all know something, and insurance companies know a
great deal, about the probability of fires, premature deaths, and
meteorite impacts. No one has comparable knowledge of the like-
lihood of dangerous tipping points in the oceans and other major
ecosystems—although we do know that business as usual makes
them increasingly probable. Second, because private risks are well
understood and manageable in size, it is possible to buy insurance
for them. Global-scale risks—like wholesale changes in marine

3 For example, “If we take costly steps to address all risks, however improbable they are,

we will quickly impoverish ourselves” (Sunstein, 2005, p. 25).
4 One estimate puts the annual average for the United States and Canada as a whole at

0.8 meteorite impacts causing damage to buildings and 0.0055 impacts on people

(Halliday et al., 1985).
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ecosystems caused by human activities—are a different story. There
is no galactic insurance company offering coverage for catastrophic
environmental losses on the only planet we have got. In practice,
the insurance approach calls for public policy, often at a national
and international level, that represents self-insurance, taking
action to prevent threats rather than seeking compensation after
the fact.

MAKING DECISIONS IN THE DARK

How canwemake decisions in the dark, in the absence of knowl-
edge of the probabilities of reaching dangerous tipping points?
It may help to start by distinguishing the multiple meanings of
uncertainty. Economists frequently refer to the distinction made
long ago by Frank Knight, in which “risk” refers to events with
known probabilities, while “uncertainty”—sometimes called
“Knightian uncertainty”—refers to events with unknown probabil-
ities (Knight, 1921). For a modern commentary and clarification of
Knight’s approach, see Runde (1998). Other disciplines have at
times used different terminologies for the same concepts.5

In an examination of the unknowns related to global change,
Schneider et al. (1998) extend Knight’s categories to add a third
level beyond uncertainty, dubbed “surprise”:

• Risk is the condition in which the set of possible events
or outcomes, and the probability that each will occur, is
known;

• Uncertainty is the condition in which the possible events or
outcomes are known (factually or hypothetically), but the
probabilities that each will occur are not known or are highly
subjective estimates;

• Surprise is the condition in which the event or outcome is not
known or expected.

Surprise, in this definition, resembles Donald Rumsfeld’s famous
“unknown unknowns,” defined as “things we don’t knowwe don’t

5 In the field of risk assessment, Knightian risk, with known probabilities, is sometimes

referred to as “known uncertainty,” while Knightian uncertainty is called “unknown

uncertainty” (Daneshkhah, 2004).
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know.”6 As the former U.S. Secretary of Defense observed, “And if
one looks throughout the history of our country and other free
countries, it is the latter category [unknown unknowns] that tend
to be the difficult ones.” Strategic planning for surprises is, indeed,
fraught with peril, as demonstrated by Rumsfeld’s disastrously
wrong assertion that the United States could win a quick and inex-
pensive military victory in Iraq in 2003.

The definition of surprise, as unknown or unexpected outcomes,
is difficult to use in practice. Schneider et al. (1998) make a further
distinction between strict surprise (or truly unknown unknowns)
and “imaginable surprise,” in which the event or outcome departs
from the expectations of the observing community. That is, an event
occurs that was thought to have very low probability.

Exploring ever-deeper levels of uncertainty, however, may not
be crucial for public policy purposes. A recent analysis of ecosystem
management with an unknown threshold finds that there is a com-
plex relationship between uncertainty and precautionary behavior
(Brozović and Schlenker, 2011). At a very low level of uncertainty,
outcomes are so predictable that there is no need for precaution. At
a very high level of uncertainty, precautionary policies have such a
small probability of success that the expected benefits do not justify
the costs; that is, if we are extremely uncertain about the location of
a dangerous threshold, then there is not much chance that any spe-
cific policy leads to avoiding it. Precautionary expenditures are the
optimal policy response only at an intermediate level—when there
is enough uncertainty to make us worried, but not enough to make
us give up in despair.

There is a long-standing but limited literature on decision mak-
ing under Knightian uncertainty. An important economic theorem,
coauthored by Nobel laureates Arrow and Hurwicz (1972),
addresses decision making under conditions of what they called
“ignorance,” when the possible outcomes are known, but nothing
is known about their probabilities; in the Schneider et al. terminol-
ogy, this is decision making under uncertainty, not surprise. Arrow
and Hurwicz proved that under these conditions, the most efficient
approach to public policy is based solely on knowledge of the
extremes of the range of possibilities. Nothing is added by attempts
to find the midpoint, average, or best point estimate.

6 http://www.defense.gov/transcripts/transcript.aspx?transcriptid¼2636.
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Published in an obscure location and presented in dense techni-
cal terms, the Arrow-Hurwicz analysis was for many years known
only to a handful of specialists. Its significance for environmental
policy was recognized and popularized by Woodward and Bishop
(1997). (For a nontechnical discussion of the Arrow-Hurwicz result
and summary of its proof, see Ackerman (2008) Chapter 4 and
Appendix A.)

The Arrow-Hurwicz approach implies that decision making
under uncertainty depends solely on the best and worst possible
outcomes. This approach has been formalized, in general terms, as
the “a-maxmin”model, where a represents the relative weight given
to the best versus worst cases (see Ghirardato et al. (2004) for an axi-
omatic development and Farber (2011) for nontechnical discussion).

Other analyses in a similar framework have demonstrated that if
society is risk-averse, or if it is desirable to preserve a diversity of
options in the face of uncertainty, then only the worst case matters
(Gilboa and Schmeidler, 1989; Kelsey, 1993). In short, under reason-
able assumptions, such as risk aversion, the best decision under
uncertainty is based primarily or entirely on information about
the worst-case outcome—just as suggested by the precautionary
principle (Farber, 2011).

Some attempts have been made to quantify this perspective in
climate economics modeling, using the so-called minimax regret
criterion (Ackerman and Stanton, 2013, Chapter 7). Suppose that
a policy choice is made under uncertainty, and then the uncertainty
is resolved. The “regret” associated with the policy is the difference
between the value of the actual outcome and the best outcome that
could have been obtained with perfect foresight. The maximum
regret for a policy is the greatest regret associated with it under
any state of the world, or the worst-case outcome for that policy.
The minimax regret criterion picks the policy with the smallest
maximum regret or the least-bad worst case.

Such approaches, while logical in theory, confront the immense
practical challenge of specifying the range of possibilities to be consid-
ered. Under conditions of serious uncertainty, there is often disagree-
ment about the credible best-case and worst-case outcomes. The
relevant worst case may not be the literally worst possible event; in
the context of individual insurance decisions, discussed above, risks
of residential fires or premature deaths of young parents are clearly
relevant, but risks of meteorite damage probably are not.
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PEERING INTO THE FUTURE

Exploration of the relevant best and worst possible environmen-
tal futures is often addressed through scenarios that trace multiple
possible paths of evolution. The IPCC’s scenarios for greenhouse
gas emissions provide awell-known but limited example. The SRES
scenarios (A1, A2, B1, and B2) represented an early attempt; the
RCP scenarios, two of which are used in Chapter 10, offer a newer,
improved version. Yet the IPCC scenarios, both new and old, stop
short of describing the outcomes of greatest concern. Tipping points
and catastrophic losses might well result from the increasing tem-
peratures implied by these emission scenarios, but the IPCC scenar-
ios themselves do not include such outcomes. All of the IPCC
scenarios—old and new—describe continuous, incremental chan-
ges into the future. At best, they may span the range of plausible
emissions trajectories, from runaway growth of greenhouse gases
under business-as-usual in RCP8.5 to extremely rapid emission
reduction in RCP2.6.

There is a need for more comprehensive scenarios, to under-
stand the range of possible futures and to prepare for the unpleas-
ant surprises that are unfortunately imaginable. Given the
complexity of the natural and human systems that are involved,
creation of useful, appropriate scenarios is an art as well as a
science. Scenario analysis and planning exercises have been con-
ducted by many institutions—including some that might seem
to be unlikely candidates for environmental concern. We will look
at examples of two of these—Royal Dutch Shell and the U.S.
military—to explore how major organizational entities prepare
for surprise.

SHELL GAME

Royal Dutch Shell, a multinational oil corporation, has been
using scenarios analysis for almost a half century as a way to gain
a deeper understanding of global development, changes in the
world’s energy system, and how these developments affect the cor-
poration. The Shell scenarios are not based on detailed economic
modeling. Rather, they are internally consistent pictures of the
evolving world situation that Shell uses to explore how best to
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navigate in an uncertain future. A recent version of their scenarios,
released in 2011, uses two contrasting stories of future trends
through 2050—called Scramble and Blueprints—to span the range
of potential global developments.7

In the Scramble scenario, nations focus on their own needs and
aims. States enter into bilateral or regional agreements aimedat local
resource development, with progress driven as much by political
opportunism as by rational focus. Demand-side policies are not
meaningfully pursued until supply limitations are acute. Climate
and other environmental issues are not seriously addressed until
major environmental challenges force policy responses. These events
compel late and severe responses that result in energyprice volatility.
There is significant growth in the use of coal and biofuels. CO2 con-
centrations rise well above 550 ppm by 2050, and an increasing frac-
tion of economic activity in the later years of the scenario is directed
toward preparing for the impacts of climate change.

In the world of the Blueprints scenario, concern about lifestyles
and economic prospects forges new alliances, promoting action
in both developed and developing countries. These actions first
take root locally as cities or regions take the lead in planning and
implementing new initiatives. Over time, these local initiatives
are progressively linked and harmonized at national levels. Emis-
sions management policies are successful in limiting growth in
atmospheric carbon dioxide. Rapid increases in energy efficiency
are achieved, coupled with the emergence of mass-market electric
vehicles. A decoupling of world GDP and energy growth occurs
before 2050.

These two contrasting scenarios allow Shell to map out possible
decision pathways for the future development of the corporation.
Not being predictions of the future, they cannot be used to decide
about making a particular strategic decision on a given date in the
future. Rather, they allow strategic planners to prepare a suite of
decision pathways that could be adapted to respond to specific con-
tingencies as they arise. Creating a preparedness for surprise is part
of the process.

7 Signals & Signposts: Shell Energy Scenarios to 2050, Shell International BV, The Hague,

The Netherlands, http://www.shell.com/home/content/aboutshell/our_strategy/

shell_global_scenarios/signals_signposts/.
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PENTAGON PLANNING

Planning for worst-case scenarios is central to military and secu-
rity policies. Costly, or at least time-consuming, precautions against
unlikely security risks are familiar to everyone who travels by
plane: if predictable, average, or most likely outcomes were all that
mattered, there would be no need for airport screening of passen-
gers or luggage. Military planning is all about worst cases; on an
average day, no one needs an army.

A precautionary framework underlies two U.S. military analyses
of climate change risks. Bothappearedat times (2003and2007)when
muchof theU.S. governmentwasdenying the existence orminimiz-
ing the importance of climate change. Yet for Pentagon planning,
climate change posed serious threats that could not be ignored.

In a 2003 report to the Department of Defense,8 Peter Schwartz
and Doug Randall wrote:

The purpose of this report is to imagine the unthinkable—to push
the boundaries of current research on climate change so we may
better understand the potential implications on United States national
security. . . .

Wehave created a climate change scenario that although not themost
likely, is plausible, and would challenge United States national security
in ways that should be considered immediately.

In their scenario, a major, abrupt climate upheaval causes large
temperature changes across the globe (both increases and decreases
in temperature, at different locations). Persistent, decade-long
droughts occur, coupled with intensifying winter storms. These cli-
matic changes result in food shortages, decreased availability and
quality of freshwater, and disrupted access to energy supplies due
to storms and other natural disasters. Such abrupt changes could
make some regions of the world unable to sustain their current
populations. Competition for scarce and necessary resourceswould
then become a significant driver of conflictworldwide,with dire im-
plications for national security in the United States and elsewhere.

8 Peter Schwartz and Doug Randall, “An Abrupt Climate Change Scenario and Its

Implications for United States National Security” (2003), http://www.gbn.com/

consulting/article_details.php?id¼53.
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Even more remarkable is the 2007 report from a group of 11
retired three-star and four-star admirals and generals.9 They found
that the projected impacts of climate change pose a serious threat to
national security, acting as a “threat multiplier” in volatile regions
of the world and adding to tensions even in stable regions. The
retired admirals and generals—several of whom were skeptical
about climate change when they started work on the report—spoke
in terms that echo, from a military perspective, the precautionary
concerns of environmental advocates.

Discussing uncertainty about the extent of climate change, the
report explained that

Military leaders see a range of estimates and tend not to see it as a
stark disagreement, but as evidence of varying degrees of risk. They
don’t see the range of possibilities as justification for inaction.

Along similar lines, General Gordon Sullivan said that

We never have 100 percent certainty. . . If you wait until you have 100
percent certainty, something bad is going to happen on the battlefield.

Like the Shell scenarios, the Pentagon analyses are explorations
of the impacts of abrupt change. They paint pictures of worst case,
but entirely possible outcomes; they are describing imaginable sur-
prises. These scenarios, however, are not based on any theoretical
or numerical model; rather, they are the result of interviews with
climate experts, analysis of market and political trends, and exam-
ination of the roots of instability and conflict. They intentionally use
extreme possibilities, not best guesses or median estimates, of what
may happen in the future. Neither of the Shell or the Pentagon
approaches are predictive; they are not used to tell in advance that
a particular event will happen at a particular point in the future.
Rather, they are used to frame a set of possible futures, and to ima-
gine and analyze how decisions made today could play out in
and perhaps modify these possible futures. In this sense, they are
diagnostic tools for decision support rather than predictive ones.

9 The CNACorporation,National Security and the Threat of Climate Change (2007), http://

www.cna.org/reports/climate.
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SAFE STANDARDS AND PLANETARY BOUNDARIES

The analysis needed for scenario development is complicated by
the difficulty of identifying critical risks in advance. Climate scien-
tists have identified a number of potential tipping points—that is,
points at which a small change in conditions leads to a large, lasting
change in the global climate or major ecosystems (Lenton et al.,
2008). Many of these involve the oceans, including loss of major
ice sheets, weakening or collapse of African and South Asian mon-
soons, and disruption of the Atlantic thermohaline circulation or
the El Niño-Southern Oscillation. With sufficient data, it may be
possible in some cases to detect early warning signs of critical tip-
ping points, but this is an untested new approach where more
research is needed (Lenton, 2011).

Policy responses to uncertainty about tipping points, discontinu-
ities, and irreversible losses have included the “safeminimum stan-
dards” and “tolerable windows” frameworks. Safe minimum
standards were originally proposed in response to extinction risks
and threats to biodiversity. Such policieswould identify and protect
the minimum level of environmental resources necessary to ensure
survival of a species or ecosystem service, overriding cost-benefit
analyses of rival uses of those resources (Farmer and Randall,
1998; Palmini, 1999). The tolerable windows approach recasts the
climate policy debate, specifying standards or “guardrails” for tol-
erable climate evolution, such as a maximum increase in global
average temperature or aminimum level of per capita food produc-
tion; policies that are incompatible with those guardrails are then
ruled out (Petschel-Held et al., 1999).

The “Planetary Boundaries” analysis by Rockström et al. (2009)
provides a recent example of a similar approach, examining uncer-
tainty about dangerous thresholds in complex, coupled global
socioenvironmental issues. The authors identify nine global bound-
aries beyondwhich we increase the risk of a planetary-scale change
in how the Earth system functions, as shown in Figure 9.2:

1. Climate change
2. Ocean acidification
3. Stratospheric ozone depletion
4. Global cycling of nitrogen and phosphorus
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5. Global freshwater use
6. Land use change
7. Biodiversity loss
8. Atmospheric aerosol (particulate) loading
9. Chemical pollution

The authorswere able to provide quantitative estimates for seven
of the boundaries; boundaries for atmospheric aerosol loading and
chemical pollution remain undetermined.

The boundaries have several defining characteristics:

• They are associated with a large-scale change in how planetary
systems function, often in the form of a threshold or tipping
point
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FIGURE 9.2 Illustration of the planetary boundaries. Green circles represent the
boundaries; red wedges represent current levels of exploitation of resources.
Reprinted from Nature.
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• There is a zone of uncertainty for each of the boundaries; the
boundary value itself is set at the lower end of this zone of
uncertainty

• They are tightly coupled (e.g., the primary driver for both the
climate and ocean acidification boundaries is human CO2

emissions; biodiversity, land, water, nitrogen, and phosphorus
use are all tied through agricultural activities)

• Each boundary has a “control variable” for which humans have
become a dominant factor

• They are normatively defined, relative to a preferred state—
namely, the relatively stable Holocene period (roughly the last
10,000 years) in which our societies have developed

• The processes controlling the boundaries operate on timescales
over which ethical considerations and political action are
relevant (e.g., years to decades)

• A “safe operating space” can be created within the boundaries

These boundaries are nonnegotiable in the sense that they are all
hard-wired into how the Earth system works. The ocean acidifica-
tion boundary is perhaps the best example of this aspect. This
boundary is expressed in terms of a chemical equilibrium—the
point at which a particular form of calcium carbonate (aragonite)
made by many marine organisms becomes soluble. It is impossible
to renegotiate a chemical equilibrium.

Applications of multicriteria analysis and optimization are not
new in the marine planning domain (Brown et al., 2001; Himes,
2007). The Planetary Boundaries framework offers a different per-
spective onmulticriteria analysis froma scenarios perspective, bring-
ing in the concept of abrupt transitions between multiple stable
environmental states and bridging the terrestrial, marine and atmo-
spheric domains. While still a relatively new concept, it has nonethe-
less already been incorporated into decision and planning support in
the private (Shell, 2011) and policy sectors (United Nations Secretary
General’s High-level Panel on Global Sustainability, 2012).

It is informative to view the threats to the global oceans described
in the previous chapters through the prism of the Planetary
Boundaries framework. An example is shown in Figure 9.3, illus-
trating the complex interactions among multiple ocean threats
and outcomes.
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The round boxes within the large circle are the nine planetary
boundaries from Rockström et al. Some of the threats described
in our earlier chapters overlap with these planetary boundaries;
others appear in the square boxes outside the circle. The arrows
in the diagram show some of the linkages that are involved in this
dense web of interactions; all of the planetary boundaries are
connected with the marine impacts discussed in this book. For
example, climate change caused by increasing atmospheric CO2

concentrations drives sea-level rise and ocean warming, which in
turn affects marine biodiversity loss. Increasing CO2 concentrations
also drive ocean acidification, which also negatively impacts
marine biodiversity. Additional arrows, representing further con-
nections, could undoubtedly be added to Figure 9.3.

The point of this discussion is not to suggest that the Planetary
Boundaries concept per se should be applied to marine issues.
Rather, we need to develop tools that aid us in developing strategic

Climate
change

Ocean
acidification

Biodiversity
loss

N & P cycles

Stratosheric
ozoneHypoxia

Ocean
warming

Atmospheric
particles

Freshwater
use

Land use

Chemical
pollution

Overuse of
resources

Sea-level
rise

Planetary boundaries

FIGURE 9.3 Examples of links between threats to the global oceans and
planetary boundaries.
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plans that work across scales and for several variables simulta-
neously. Trying to solve one problem at a time while ignoring
the others is not an option; neither is only pursuing local manage-
ment initiatives without accounting for the aggregate effects of local
policies.

Section IV of Chapter 12 presents suggestions for how to prepare
for surprise in marine planning. This is already being done in many
individual areas such as contingency planning for oil spills (Qiao
et al., 2002) and through sophisticated mathematical models of
decision chains in oil spill management (Bassey and Chigbu,
2012). What we advocate here is a more holistic, risk-based ap-
proach that is applicable across scales from local to global.

The problem of decision making under uncertainty, or planning
for surprises, is inescapable in major environmental policy prob-
lems such as protecting theworld’s oceans. Frameworks for addres-
sing uncertainty are available, stretching far beyond the limited
formulas of cost-benefit analysis. Yet practical application of these
frameworks requires us to picture in detail the best andworst cases,
to explore the outer bounds of possible futures. The ominous scien-
tific findings described in earlier chapters provide a warning of
what could happen if we do not change our ways. What is needed
now is the collective will to respond to that warning.
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Valuing the Ocean
Environment

Frank Ackerman
Synapse Energy Economics, Cambridge, Massachusetts, USA

INTRODUCTION

Some questions are too big for meaningful answers.
What are the world’s oceans worth? Everything, perhaps, since

life as we know it would be impossible without the oceans. But this
is not a helpful way to frame the economics of the ocean environ-
ment. Some, but not all, valuable functions of oceans would survive
under the worst environmental assaults that could be imagined.
What we really want to know is: how much of the value of the
oceans is at risk?

What is the cost of the environmental damage that could be done
to the oceans? Or, looking at the same question from a positive
perspective, what is the value of protecting the oceans from that
damage by controlling climate change, acidification, and other
environmental threats?

Even this question is challenging and still too vast for a complete
response; it will require careful definition and framing to calculate a
useful, partial answer. This chapter builds on the analyses of spe-
cific threats in earlier chapters, and on the climate economics and
science literature, to developmonetary valuations of selected major
impacts on ocean ecosystems and services.
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This chapter begins with several boundary conditions for the
quantitative analysis, followed by a review of important past stud-
ies that have estimated values for ocean ecosystems. It then turns to
new calculations, estimating the avoidable impacts of climate
change for five specific categories of services provided by the
oceans:

• Fishing
• Tourism and recreation
• Moderation of extreme events, including

• sea-level rise (SLR)
• storm damages

• Carbon absorption by the oceans

WHAT IS NOT INCLUDED

It is essential to be clear about what is andwhat is not included in
the calculations presented later in this chapter. Several important
boundaries to our analysis need to be emphasized at the outset.

Muchmore extensive economic research is available for damages
related to climate change than for other environmental impacts. As
a result, our estimates are focused on the comparison between high
and low impact climate scenarios. The effects of climate change
include both the relatively predictable, expected effects of global
warming, changes in precipitation, and SLR, and the risks of cata-
strophic changes, with lower (but nonzero) probability and disas-
trous costs. Recent research has greatly expanded our knowledge
of both predictable climate impacts and catastrophic risks
(Ackerman and Stanton, 2013).

Much of the urgency and controversy surrounding climate
change reflects the possibility of tipping points and the risk of cat-
astrophic, irreversible outcomes. Economic analysis of catastrophic
risk is discussed in Chapter 9, while this chapter addresses themore
predictable effects of climate change. The results presented in this
chapter are not meant to be a complete, stand-alone valuation of cli-
mate risks and damages as a whole. Rather, Chapters 9 and 10
should be read together as complementary aspects of an economic
analysis of climate impacts.
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Only commodities with meaningful prices are included in our
calculations. This excludes profound and irreplaceable meanings
of nature that are too valuable to have prices. Entire communities,
livelihoods, and ways of life depend on the natural environment—
as discussed throughout this book. Human lives, health, the exis-
tence of other species, and unique habitats and ecosystems are
immensely valuable but do not havemeaningful prices; they are lit-
erally priceless (Ackerman and Heinzerling, 2004). Considerable
foolishness has resulted from economists’ attempts to make up arti-
ficial prices for priceless values.

It is not a new idea to suggest that some values are beyond prices.
More than 200 years ago, the German philosopher Immanuel Kant
distinguished between exchange value, or price, and intrinsic
value, or dignity:

In the kingdom of ends everything has either price or dignity. Which-
ever has price can be replaced by something else which is equivalent;
whatever, on the other hand, is above all price, and therefore admits
of no equivalent, has a dignity. Kant (1785)

To determine whether something has a price or a dignity, con-
sider whether you would be offended by an offer to buy it. If you
recently bought the last ticket on a whale-watching trip and some-
one else offers to buy the ticket from you for twice its price, you
might not accept the offer, but youwould probably not take offense.
Compare this to studies that have claimed that the existence of
humpback whales, as a species, is “worth” $18 billion.1 Suppose
that some super-rich individual offers to pay $36 billion for the right
to hunt and kill all the humpback whales in the ocean. This again is
twice the “price,” but it is a completely different, clearly offensive
offer.

The moral of this story is simple: a ticket to go on a whale-
watching trip is a commodity with a price; the existence of whales
is an irreplaceable value, with a dignity. Economic analysis can
offer a meaningful price for whale-watching trips, but not for
whales. Invoking such considerations does not resolve every

1 For details, see Ackerman andHeinzerling (2004). The $18 billion estimatewas for U.S.

willingness to pay for the existence of humpbacks; the conclusion would be

qualitatively unchanged if it were replaced by a global estimate.
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question of policy evaluation; in some cases, rival irreplaceable
values are at stake on both sides of a debate. What level of protec-
tion should be provided to endangered species such as tigers or
sharks, which occasionally kill people? It is unlikely, however, that
any economic formula or methodology would provide much guid-
ance on such questions.

Aggregate economic valuation of costs and benefits also tends to
ignore inequality of income and resources. Damages to richer peo-
ple look bigger in monetary terms, because they are surrounded by
more valuable property. If someone who has built a mansion on
the beach in Florida and someone who lives in a seaside village
in Bangladesh both have their homes destroyed by storms, the
Florida loss will involve many more dollars—but homelessness
in Bangladesh may represent the greater human tragedy. The larg-
est losses of human life from storms are frequently in South Asia;
the largest losses of property are typically in the United States or
other high-income countries.

An adequate analysis of this important issue was far beyond the
scope of this chapter. As a result, the economic estimates presented
below are global aggregate values and may not represent the true
human costs of climate impacts.

Another boundary condition is that only impacts that can be
affected by policy will be included; some important damages to
the oceans can no longer be changed by any policy that could be
adopted today. For example, overfishing has led to decimation of
stocks of Atlantic cod and bluefin tuna, losses that have had a real,
measurable cost. But those losses have already happened; they are
part of the baseline for any analysis of current and future options.
Therefore, a calculation of the costs of those past losses is not rele-
vant to choices being made today, except as a cautionary tale for
management of other valuable species. (Policies adopted today
could lead to more or less extensive recovery of depleted fish popu-
lations, which is a different matter.)

In the case of climate change, there are not only past damages but
also some future damages that can no longer be avoided. Climate
change is a slow-moving crisis, with substantial inertia; even if
carbon emissions stopped tomorrow, the changes already under
way would lead to significant additional warming and SLR, among
other effects. Moreover, there is no realistic scenario in which
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emissions will stop tomorrow. Even with an extremely ambitious
and successful response to the climate threat, there will be several
decades more of significant (though declining) carbon emissions.
Those transitional decades will add to the concentration of green-
house gases in the atmosphere and in the oceans, contributing to
the irreducible level of climate change.

The avoidable portion of future climate damages is the distance
between our fears and our hopes: between climate impacts under a
scenario of only limited, slow-moving abatement, where emissions
continue to grow for many decades, versus a rapid abatement sce-
nario, where emissions are reduced rapidly and effectively, starting
at once and approaching zero within this century. To guide policy
decisions, economic calculations should measure the avoidable
portion of climate damages or the difference between the two sce-
narios. Comparison to twentieth-century norms, or to a hypotheti-
cal world without climate change, is unfortunately no longer
relevant. The status quo is no longer an option; the environment
of the past century is not one of the available choices for the future.

CLASSIC STUDIES OF THE VALUE OF
OCEAN ENVIRONMENTS

Some aspects of the ocean environment have been studied much
more extensively than others; leading topics in economic valuation
studies to date include fishing, tourism, coral reefs, storms, and SLR
(each will be discussed in connection with the detailed estimates
below). In addition, there have been at least two well-known inves-
tigations of the value of ocean environments in general. Both have
been quoted widely as demonstrating the large magnitudes of
the values at stake. Neither, unfortunately, provides an appropriate
methodology for our calculations.

The first was a 1997 study by Robert Costanza and a dozen coau-
thors, seeking to estimate the economic value of all the world’s eco-
systems (Costanza et al., 1997). It produced a controversial estimate
of $33 trillion in 1994 U.S. dollars, greater than the value of world
GDP at the time. Although it covered 16 different biomes and 17 dif-
ferent ecosystem services, the calculation was dominated by the two
ocean biomes and just a few natural services, as seen in Table 10.1.
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The two ocean biomes were the open ocean (excluding continen-
tal shelf regions) and coastal zones (including estuaries, other
coastal ecosystems, coral reefs, and continental shelf regions). These
two ocean biomes accounted for 63% of the total economic value of
all world ecosystems in their calculations. In terms of ecosystem
services, nutrient cycling alone accounted for more than half of
the global total; it was predominantly provided by oceans, particu-
larly concentrated in coastal zones. The second most valuable ser-
vice was “cultural,” accounting for almost 10% of global value and
primarily attributed to the open oceans. The article describes this
service as “providing opportunities for noncommercial uses” and
lists as examples “aesthetic, artistic, educational, spiritual, and/or
scientific values of ecosystems.”2 Other valuable ocean services,
in this analysis, included gas regulation (CO2 absorption), food
production, and recreation.

The Constanza et al. study has drawn much-deserved attention
to the substantial economic value of ecosystem services. Its method-
ology and results, however, have proved more controversial, with
debate surrounding the calculation of total rather than marginal
values, and details of the specific estimates (among many others,

TABLE 10.1 Ocean Ecosystem Values in Costanza et al. (1997)

Billions of 1994 U.S. dollars

Gas
Regulation

Nutrient
Cycling

Food
Production Cultural Recreation

All
Other Total

Open
ocean

1262 3918 498 2523 – 181 8381

Coastal – 11,406 288 192 254 427 12,568

All
other

79 1751 600 299 561 9029 12,319

Global
total

1341 17,075 1386 3015 815 9636 33,268

Source: Calculated from Costanza et al. (1997), table 2.

2 Costanza et al. (1997), Table 1, p. 254.
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Pearce, 1998; Serafy, 1998; Toman, 1998). As seen above, most of the
headline number, the $33 trillion total for global ecosystem services,
depends on judgments about the value of nutrient cycling and
cultural services of the oceans—categories for which it appears vir-
tually impossible to develop rigorous estimates.

The second comprehensive overview was The Economics of
Ecosystems and Biodiversity (TEEB), a study which ran from
2007 through 2010.3 The TEEB study was hosted by the United
Nations Environment Program (UNEP), with financial support
from the European Commission, several European governments,
and Japan. Its goal was to analyze the economic significance of bio-
diversity and ecosystem services. In addition to providing many
thoughtful statements about the difficulties and limitations of val-
uation, TEEB surveyed hundreds of publications estimating the
values of particular ecosystem services and assembled a database
of estimates that met the project’s quality standards (de Groot
et al., 2010). All estimates were converted into 2007 “international
dollars”—that is, in purchasing power parity (PPP) terms4—and
measured as international dollars per hectare per year for a given
biome and ecosystem service.

TEEB identified 11 biomes, of which 4 are relevant to oceans:
open ocean (excluding continental shelf regions, islands, and reefs),
coral reefs, coastal systems (continental shelf regions, and all coastal
areas except reefs and wetlands), and coastal wetlands (tidal
marshes andmangroves). Table 10.2 shows the total value per hect-
are and the principal categories of value for each biome.5

3 See www.teebweb.org for more information.
4 PPP calculations adjust for the fact that nontraded goods and services tend to have

lower prices in lower-income countries, so the purchasing power of income in such

countries is greater than a conventional calculation would suggest. By definition, the

United States is the benchmark so that U.S. income per capita is the same in PPP or

market exchange rate terms. The use of international (PPP) dollars in the TEEB database

means that estimates reported in developing-country currencies are treated as being

larger than they appear to be at market exchange rates.
5 Minor value categories are omitted so that the categories shown do not add up to the

totals for each biome. TEEB reported separately, but did not include in these totals,

value categories for which only one study could be found; the main totals, reported

here, are based on two or more estimates in every category.
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In this database, values per hectare are low in the open ocean,
orders of magnitude lower than in reefs and coastal areas; on the
other hand, most of the world’s 36 billion hectares of ocean are in
the “open ocean” (i.e., outside the continental shelf region, which
is in “coastal systems”). Equally important is the small number of
studies valuing the open ocean; this area has been little researched.

TABLE 10.2 Valuation of Selected Ocean Ecosystem Services, from TEEB Database

2007 PPP $/Ha/Year
Number

of StudiesMean Median

Open ocean

All values 49 49 6

Climate regulation 30 30 2

Food production 15 15 2

Coral reefs

All values 105,126 18,327 96

Tourism 68,453 883 32

Conservation of genetic diversity 11,697 1196 9

Moderation of extreme events 6149 1071 13

Aesthetic information 14,759 14,759 2

Coastal systems

All values 27,948 27,845 27

Nutrient cycling 19,979 27,421 3

Tourism 7065 245 6

Coastal wetlands

All values 47,542 11,276 96

Waste treatment, water purification 33,966 6926 4

Moderation of extreme events 3294 2387 13

Habitat/nursery service 3800 362 21

Conservation of genetic diversity 2539 491 4

Source: Excerpted from de Groot et al. (2010).
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Most of the ocean-related studies identified by TEEB focused on
valuation of coral reefs or coastal wetlands (including mangroves).
For tourism, in particular, the values were very site specific, with
some extraordinarily high estimates—as suggested by the large
ratio of mean to median values for both tourism entries in
Table 10.2.

TEEB cautions against simple application of these estimates to
other analyses. And indeed, they are not directly applicable for
our purposes. Like the Costanza group’s estimates, the TEEB num-
bers are valuations for ecosystem services as a whole, not for the
fraction of these services that is at risk from avoidable environmen-
tal damage. Nonetheless, TEEB provides a helpful look at the state
of the literature in ecosystem valuation, identifying the ocean-
related services for which economic values have most often been
estimated.

Other researchers have examined the full range of ecological ser-
vices of ocean biomes. An in-depth survey of the value of coastal
ecosystem services, differentiated by biomes, makes clear how
much is still unknown and identifies needs for further research;
it avoids any summary judgment about total values (Barbier
et al., 2011). For a thoughtful review of the issues involved in eco-
system valuation, with illustrations from the UK National Ecosys-
tem Assessment, see Bateman et al. (2010).

In the subsequent sections of this chapter, we examine several of
the important ocean-related ecosystem services for which it is pos-
sible to estimate the value of avoidable damages caused by climate
change. The definition of “ocean-related” impacts is inevitably
somewhat imprecise: tropical storms, for example, originate on
the ocean, but do almost all of their economic damage on land. Eco-
nomic value is an anthropocentric concept, and people spend
almost all of their time and money on dry land; thus, the analysis
presented here is inescapably concernedwith the impacts of oceans
on humans and our terrestrial habitat. For this reason, some of the
numbers developed heremay seem small by comparisonwith other
climate damages. Since most of our food comes from agriculture,
the economic value of climate impacts is much greater in agricul-
ture than in fisheries. If we were whales, we would have the oppo-
site perspective.
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FISHERIES AND CLIMATE CHANGE

Numerous analyses of the expected impacts of climate change on
fisheries find that the effects will be felt around the world. One
study compared the vulnerability of 132 national economies to
climate change impacts on capture fisheries (Allison et al., 2009).
Vulnerability was estimated from the impacts of warming, the
importance of fisheries to national economies and diets, and the
capacity to adapt to change. The greatest vulnerability to climate-
caused fishing losses is found in least-developed countries, mainly
in Africa.

One of the key climate impacts is the projected redistribution of
fish species toward the poles, implying big increases in catch
volumes in high latitudes, and big decreases elsewhere (Cheung
et al., 2010; Pereira et al., 2010). As oceans warm, many fish species
will migrate to higher latitudes to remain in their preferred tem-
perature zones. Pole-ward migration, combined with melting of
Arctic ice, could increase opportunities for Arctic and subarctic
fishing; a complex economic model of this process projects modest
economic gains for Iceland, and somewhat greater percentage
gains for Greenland (Arnason, 2008). Such gains for small
northern-tier economies, however, will be more than offset by
losses elsewhere.

The effects of changes to the El Niño/La Niña-Southern Oscilla-
tion (ENSO), an important climate-related phenomenon, include
loss of fisheries output (McPhaden et al., 2006). Variability in fishing
yields due to ENSO results in problems of adaptation for affected
communities, as seen in the case of Peruvian scallop fisheries
(Badjeck et al., 2009).

Ocean acidification may be particularly harmful to mollusks, as
emphasized in a study of the expected effects on U.S. fishing
(Cooley and Doney, 2009). In 2007, U.S. commercial fishing had
ex-vessel revenues of $3.8 billion; including activities based on fish-
ing (wholesale, retail, and processing), the total value added in the
U.S. economy was $38 billion. Mollusks accounted for 19% of ex-
vessel revenues, and crustaceans another 30%. Harm to mollusks
from greater acidification under the A1FI climate scenario, versus
B1, could cause losses of 5% or more of the net present value of
U.S. fishing revenues.
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Another study projects even greater losses to mollusk fisheries
from acidification (Narita et al., 2011). Under the IS92a scenario,
implying a 0.4 unit drop in ocean pH by 2100, mollusk harvests
could be reduced by 40%. This would amount to a global loss of
$6 billion based on current demand (since mollusk fishing
accounted for $15 billion worldwide in 2006), or much more if
incomes and demand for mollusks continue to rise.

A potentially important linkage between climate and fisheries is
the effect of climate on phytoplankton, the ultimate foundation of
ocean food chains. Short- to medium-term fluctuations in phyto-
plankton growth are correlated with climate events such as ENSO
and the North Atlantic Oscillation; the long-term decline in phyto-
plankton, estimated at about 1% per year, is correlated with rising
sea-surface temperatures (Boyce et al., 2010).

Despite the impressive body of research, there are numerous
remaining uncertainties in estimates of climate impacts on fisheries
(Brander, 2007). A useful paper discusses the implications of uncer-
tainties about climate change for seven fishery case studies around
the world (McIlgorm et al., 2010). Climate-related variability is a
challenge for those whose livelihoods depend on fishing, creating
a need for adaptation but making it difficult to achieve (Badjeck
et al., 2010).

The most comprehensive economic analysis is found in a World
Bank discussion paper that estimates the cost of climate change for
marine capture fisheries worldwide (Sumaila and Cheung, 2010).
Comparing A1B climate change to current conditions, it projects
annual losses in 2050, at today’s prices, of $17-41 billion or up to half
of current gross revenues of $80 billion. Developing countries, espe-
cially in East Asia and Pacific, would suffer the greatest losses in
this analysis.

Even this may be an underestimate of losses, in view of some of
the latest research. A new study reexamines the potential fisheries
catch in the Northeast Atlantic under the A1B climate scenario,
incorporating the effects of ocean acidification, changes in oxygen
content, and changes in the phytoplankton community as well as
the direct effects of warming (Cheung et al., 2011). For the 120 com-
mercially valuable species in the region, this full suite of climate
impacts implied an average shift per decade of 52 km northward,
and 5.1 m deeper, greater than the estimates in earlier studies.
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As a result, catch potentials will decline even faster than in earlier
studies, except in the northernmost regions.

For long-term projection of fisheries impacts, it is also necessary
to forecast changes in the demand for fish. A study by the U.S.
Department of Agriculture’s Economic Research Service examines
food expenditures across 144 countries in 2005.6 Data in that study
imply an income elasticity of expenditure on fish of 0.639—that is, a
1% increase in income leads on average to a 0.639% increase in
spending on fish.7 In the long-term projections presented below,
we will assume that the same relationship applies over time: every
10% increase in income leads to a 6.39% increase in spending on fish.

TOURISM AND CLIMATE CHANGE

Tourism is a very climate-dependent activity, in which the
customers—though not the facilities that serve them—are able to
move almost immediately to different parts of the world. It is there-
fore a leading candidate for disruptive economic effects of climate
change. The literature in the field includes several attempts to iden-
tify the ideal climate for a tourist destination, including not only
temperature but also humidity, precipitation, wind speed, and
hours of sunlight. It is not surprising to learn that climate change
is expected to shift tourist preferences toward higher latitudes
and/or nonsummer seasons (Amelung et al., 2007).

A complete description of climate change impacts on tourism
would require a complex analysis of expected losses in current
warm-weather destinations versus gains in cooler locations. (Winter
tourism, such as skiing trips, is small by comparison with warm-
weather tourismandisexcludedfromthisdiscussion.)Evenif tourists
can switch destinations at once, there may still be important transi-
tional costs, since the hotels, restaurants, and other tourist facilities
cannot immediately follow them. For example, as Europe gets hotter,

6 http://www.ers.usda.gov/Data/InternationalFoodDemand/. Data analysis

described here is based on the table “Distribution of Additional $1 Income Across Food

Subgroups, 144 Countries, 2005.”
7 Expenditure on fish was calculated as the product of two data columns in the USDA

spreadsheet, per capita spending on food and fish share of food spending.
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German tourists can easily decide to spend holidays in Norway
instead of Spain, but the Spanish tourist industry will be left behind
with substantial losses, while Norway will have the expense of
building additional hotels.

There have been several econometric analyses of international
tourism, but there is not yet a consensus on even the most basic
points. For example, the optimum temperature for a tourist destina-
tion has been estimated at a 24-h year-round average of 14 �C
(Hamilton et al., 2005) or a 24-h average for the warmest month
of the year of about 21 �C (Lise and Tol, 2002). In California, San
Francisco would be optimal by the former standard, while
San Diego is close to perfect by the latter.8 While other factors are
also important to the choice of tourist destinations, most Caribbean
and Pacific islands are already well above both of these standards
and are likely to become less attractive as temperatures rise.

A detailed examination of climate impacts on Caribbean islands
compared two scenarios, assuming 1.2 and 5.4 �C warming from
2000 to 2100 (Bueno et al., 2008). Building on an earlier World Bank
methodology for estimating tourism impacts, the study projected
climate-related losses in the two scenarios of 7.0% and 35.3% of
Caribbean tourism by 2100.

For long-term forecasts of the growth of tourism, it is essential to
estimate how demand will change as incomes rise. This is typically
expressed in terms of the income elasticity of demand, defined as
the percentage increase in demand that occurs when incomes rise
by 1%. Products with income elasticity greater than one represent
a bigger share of consumption for the rich than the poor; this is char-
acteristic of luxuries, but not necessities. Since international tourism
is unmistakably a luxury, it would be expected to have income elas-
ticity greater than one. Although there have been a few estimates of
tourism elasticities below one (e.g., Hamilton et al., 2005), most esti-
mates are much higher. A meta-analysis of early studies reports a
mean income elasticity of 1.86 (Crouch, 1995). A more recent study
reports 79 estimates published since 2000; themedian is greater than
2, and only 9 of the estimates are less than 1 (Song et al., 2010). Using
a sophisticated econometricmethodology, the same study estimates
an income elasticity of 1.36 for tourist visits to Hong Kong.

8 Temperatures from http://www.weatherbase.com.
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Quite a bit ofmoney is at stake in ocean tourism.Aglobal estimate
of the value of selectedmarine recreational activities, encompassing
recreational fishing, diving (both snorkeling and scuba diving), and
whale-watching, found that worldwide expenditure on these activ-
ities was $47 billion in 2003, most of it ($40 billion) for recreational
fishing. These activities involved 121 million participants and cre-
atedmore than 1million jobs. The same study cited an estimate that
spending in the United States alone on these three forms of recrea-
tion was about $30 billion in 2003, suggesting that the $47 billion
global estimate could be too low (Cisneros-Montemayor and
Rashid Sumaila, 2010). For recreational fishing, the dominant part
of this calculation, the negative impacts from climate change may
be parallel to those anticipated for commercial fishing.

Coral reefs, a focal point for ocean tourism, are an irreplaceable
ecosystem that will be one of the first to be threatened by global
environmental change. Some researchers have found that at
1.7 �C above preindustrial temperatures, all warm-water coral reefs
will be bleached, and by 2.5 �C, they will be extinct (IPCC 2007
WorkingGroup II, Ch. 4; Carpenter et al., 2008). These temperatures
are much lower than for most other kinds of expected climate
damages—and the world is already roughly 0.8 �C above preindus-
trial temperatures. If climate change continues unabated, it seems
likely that the colorful reefs, and the tourism industry that has
grown up around them, will be gone well before the end of the cen-
tury. Temperature increases are only one of several threats to coral
reefs, along with acidification and pollution; the synergistic effects
of all three occurring simultaneously make the picture even more
ominous (see Chapter 6). Thus, the avoidable economic impacts
of climate change could include the complete loss of the existing
coral reef tourism industry.

The threat is all too real: coral bleaching is not only an ecological
problem but a crisis for tourism revenues aswell. Tourism revenues
drop sharply after coral bleaching, as many tourists choose other
destinations. Losses attributable to coral bleaching range from tens
of millions of dollars for a single country to billions of dollars on a
larger scale; the long-run economic costs of a very serious 1998 coral
bleaching event in the Indian Ocean may reach $3.5 billion in lost
tourism revenues, in addition to almost $5 billion in other coral reef
ecosystem services (Pratchett et al., 2008).
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There is an extensive literature estimating recreational values of
individual coral reefs, producing widely divergent estimates. A
meta-analysis found that reef visitors place a higher value on loca-
tions with a larger area of dive sites and fewer other tourists. It also
foundwhat appeared to be a lower quality of research than in other
meta-analyses of environmental values; both methodology and
authorship were significant explanatory variables, suggesting a
lack of consistency in approach to the question (Brander et al.,
2007). For an additional compilation of studies, see Conservation
International (2008).

A widely cited 2003 report—supported by World Wildlife Fund
and the International Coral Reef Action Network, and written by
leading researchers in the field—estimated the net benefit of the
world’s coral reefs, if well managed and intact, at U.S. $29.8 billion
in 2001. Of that amount, $9.6 billion was from tourism and recrea-
tion, $9.0 billion from coastal protection, $5.7 billion from fisheries,
and $5.5 billion from the value of biodiversity. Half the tourism and
recreation value and more than 40% of the total value came from
coral reefs in Southeast Asia (Cesar et al., 2003).

As that study and others have noted, reef-related tourism is
growing rapidly; the total today is likely well beyond the $9.6
billion estimate for 2001. For example, that global estimate included
$1.1 billion in net benefits of coral reef tourism in Australia. An
Australian consultants’ study (using different definitions and
methods) found that Great Barrier Reef tourism contributed $4.9
billion in value added and $6.0 billion in GDP to the Australian
economy9 in 2005-2006 (Access Economics Pty Limited, 2007). For
references to additional studies reaching similar conclusions about
the values of the Great Barrier Reef, see Stoeckl et al. (2011).

COSTS OF SLR

There are a number of assessments of the economic impact of
SLR. They are difficult to compare with one another for several
reasons:

9 These estimates are in Australian dollars; in recent years, the U.S. and Australian

dollars have been close to parity.
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• They examine different amounts of SLR: many model 0.5 m, but
some have used 0.25-0.30 m; a few have looked at 1 m and up.
There is no reason to expect damages to have a linear
relationship to the height of SLR.

• They make differing assumptions about coastal protection,
which is all-important for cost estimates.

• There is a big difference between modeling with or without
storm surges: many omit interactions between SLR and storms;
among those including storm effects, there is disagreement
about the significance of this interaction.

• Damages are complex and site specific, making them difficult to
model above the local level; in contrast, the costs of protection
are easier to estimate on a regional or global basis.

An early analysis of global costs of 0.5 m SLR estimated as high as
$25-43 billion annually without coastal protection, but only $4-$10
billion annually with optimal levels of coastal protection, with the
range of values depending on choices about economic valuation
methodology (Darwin and Tol, 2001).

A more recent global analysis, modeling 0.25 m SLR by 2050,
finds direct costs of $31 billion with no protection, and much less
with protection of coasts; tracing secondary economic effects in
detail, it identifies small increases in some countries’ and sectors’
GDP that may result from increased spending on coastal protection
and repair of damages (Bosello et al., 2007).

An analysis focusing specifically on developing countries
assumes that 1 m SLR is likely, and up to 3-5 m is eventually pos-
sible if ice sheets break up unexpectedly rapidly (Dasgupta et al.,
2008). The developing countries most affected by 1 m SLR are
Vietnam, Egypt, Mauritania, and Surinam. The study estimates
the fraction of population, GDP, agricultural land, and other
measures that would be impacted by SLR; Vietnam tops the list of
vulnerable countries by most measures. A study of Singapore,
assuming up to 0.86 m SLR by 2100, found that coastal protection
was economically preferable to allowing loss of land; costs of protec-
tion could reach $16.8 million by 2100 (Ng and Mendelsohn, 2005).

Two studies have reached seemingly opposite conclusions about
the role of storm surges versus ongoing, gradual SLR. One analysis,
modeling a hypothetical beach community in a developed country
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(e.g., in Florida), finds that storm damages are less than 5% of total
SLR damages (West et al., 2001). Another study, based on GIS data
for three Chesapeake Bay communities (in theU.S. states of Virginia
andMaryland), finds that episodic flooding damages over 100 years
will be 9 times greater than the loss from complete inundation at
0.9 m SLR, and 28 times greater at 0.6 m SLR. On this basis, it sug-
gests that estimates based solely on losses from complete inunda-
tion may be substantial underestimates of total SLR damages
(Michael, 2007).

A comprehensive review of research on SLR estimates that for
4 �C of warming (which is quite possible before 2100 under the
A2 climate scenario), SLR in this century is likely to be between
0.5 and 2 m, with low but unknown probability of reaching the
upper end of the range (Nicholls et al., 2011; Chapter 5 of this book).
This could cause the loss of 0.6-1.2% of global land area and could
displace 72-187 million people (0.9-2.4% of the global population).
Most of the displaced people would be in Asia; the highest percent-
age of population displacedwould be in small island nations. These
impacts are potentially avoidable with widespread upgrade of pro-
tection against SLR, but at substantial cost. Increases in adaptation
costs would reach $25-270 billion per year by 2100, for 0.5 and 2.0 m
SLR, respectively. The wide gap between low- and high-end cost
estimates reflects the fact that many high-income areas already
are protected against 0.5 m SLR, but not against 2.0 m.

STORMY WEATHER

The intensification of tropical cyclones (hurricanes, in the North
Atlantic) is one of the best-studied, though still debated, impacts of
climate change. As a review of the subject said, “in a warmer,
moister world with higher SSTs [sea surface temperatures], higher
sea level, altered atmospheric and oceanic circulations, and
increased societal vulnerability, it would be surprising if there were
no significant changes in tropical cyclone characteristics and their
impacts on society” (Anthes et al., 2006).

There is a growing understanding of the correlation between
anthropogenic warming, sea surface temperatures, and cyclone
intensity (Emanuel, 2005; Emanuel et al., 2008; Mann and
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Emanuel, 2006; Chapter 3 of this book). Debate about the details
of this analysis has continued, but has not dislodged its central
conclusion (Landsea, 2005). Reconstruction of historical Atlantic
hurricane records shows a long-term correlation with La Niña-like
climate conditions and with tropical Atlantic temperatures (Mann
et al., 2009). An emerging consensus suggests that there could
be an increase in the intensity of cyclones, even if there is a decrease
in overall frequency (Bender et al., 2010; Knutson et al., 2008). The
increase in the most intense Category 4 and 5 storms is expected to
be seen worldwide; the decrease in overall frequency of cyclones
may be more pronounced outside the North Atlantic (Webster
et al., 2005).

A principal challenge to this consensus comes from Pielke, who
argues that the observed increase in the destructiveness of hurri-
canes is entirely explained by the growing numbers of people
and value of property located in high-risk areas (Pielke, 2005;
Pielke et al., 2003). An independent evaluation of this claim finds
that “In the period 1971–2005, since the beginning of a trend
towards increased intense cyclone activity, losses excluding socio-
economic effects show an annual increase of 4% per annum,”which
is “more likely than not” due in part to anthropogenic warming
(Schmidt et al., 2009b). The same researchers find that over the past
50 years, increased U.S. hurricane losses due to socioeconomic
changes (Pielke’s explanation) have been three times as large as
the increases due to climate-induced changes—implying that while
Pielke is partially correct about the increase in losses, there is also a
significant contribution from anthropogenic climate change
(Schmidt et al., 2009a).

There are two related obstacles to analysis of climate-induced
damages from tropical cyclones. First, as suggested by the Pielke
debate, the largest cause of increased damages is growth in
the amount of property and population at risk. Small changes
in the methods of correction for economic growth can cause large
differences in the estimated effect of climate change. Second,
the functional form of the relationship between cyclone intensity
and economic damages is not yet clear. Many analysts have argued
that, based on physical principles, the power exerted by a storm,
and therefore its economic damages, should be proportional to
the cube of maximum wind speed. Nordhaus (2010) has estimated
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amuch larger exponent, finding economic damages proportional to
the eighth or ninth power of wind speed; he argues that damages
are a nonlinear function of the force exerted by storms, since struc-
tures typically survive up to a breaking point at which there are
abrupt, large losses. Small changes in data choice and model spec-
ification have large effects on the estimated exponent of wind speed
(Schmidt et al., 2009a; Nordhaus, 2010).

Estimates of climate impacts from tropical cyclones vary by at
least an order of magnitude; because they are based on differing
economic projections, it is easier to compare them as percentages
of GDP. At the low end, an estimate based on the FUNDmodel pro-
jects global losses of 0.006% of world GDP by 2100; most dollar
losses occur in the United States and China, while small island
states have the largest damages as a proportion of GDP (Narita
et al., 2009). At the high end, Nordhaus (2010) estimates that a dou-
bling of the atmospheric concentration of greenhouse gases would
slightly more than double hurricane damages; climate-induced
damages would amount to 0.08% of U.S. GDP, excluding the effects
of either SLR (which would increase damages) or adaptation
(which would reduce damages).

A World Bank analysis argues that damages should be modeled
as a function of a storm’s minimum atmospheric pressure, rather
than maximum wind speed (Mendelsohn et al., 2011). It estimates
that the A1B climate scenario would cause an increase in climate
damages of 0.01% of world GDP by 2100.10 That estimate reflects
the assumption that damages, as a percent of GDP, decline rapidly
with rising incomes—presumably because higher incomes allow
more robust and adequate adaptation to storms. The same analysis,
however, estimates that 73% of global damages will occur in the
United States and Japan, countries that are already sufficiently
affluent to prepare for storms; it is difficult to imagine that another
century of economic growth will increase the resilience of these
high-income nations in the face of cyclones. In a sensitivity analysis,
assuming that damages grow proportionally with income, the
World Bank study found that climate-induced cyclone damages
would amount to 0.032% of world GDP by 2100.

10 For comparison to the Nordhaus estimate, the World Bank study estimated

climate-induced cyclone damages in North America of 0.03% of GDP.
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Most of the damages come from the handful of most intense
storms; by 2100, the worst 10% of storms are expected to cause
93% of damages, while the worst 1% of storms will cause 64%
of total damages (Mendelsohn et al., 2011). Thus, the most impor-
tant damages from cyclones are essentially high-cost, low-
probability disasters, which pose a fundamental challenge to the
insurance industry; one of the few available strategies for insurers
is to provide premium reductions and credits for policyholders
who invest in risk-reducing measures (Kunreuther and Michel-
Kerjan, 2007).

A small literature on ecosystem services has identified the value
of natural barriers to cyclone damages. In a massive cyclone that
struck India in 1999, villages with wider mangroves between them
and the coast experienced significantly fewer deaths than ones with
narrower or no mangroves; although saving fewer lives than an
earlywarning issued by the government, themangrove effect is sta-
tistically robust under many variations of the model (Das and
Vincent, 2009). An analysis of damages from major U.S. hurricanes
since 1980 found that wind speed and the area of wetlands in the
affected region explainedmost of the variation in relative damages;
coastal wetlands in the United States currently provide an esti-
mated $23 billion per year in storm protection services (Costanza
et al., 2008).

SHRINKING THE OCEAN CARBON SINK

The oceans currently absorb one-third of the anthropogenic car-
bon emissions, with the physical potential to absorb much more.
Yet, climate conditions affect the pace of this absorption; most
analysts have concluded that climate changewill reduce the oceans’
uptake of atmospheric carbon. As the world becomes warmer and
the oceans turn more acidic, how fast will the oceanic appetite for
carbon shrink?

This is an area of active research at present, with no clear consen-
sus estimates yet available. Several studies have found that the
oceans are absorbing a declining fraction of carbon emissions
(Canadell et al., 2007; Le Quéré et al., 2009). Climate change is
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expected to have several effects on oceanic carbon absorption;
direct measurements of these effects are only beginning to be avail-
able (Doney et al., 2009):

• Ocean warming reduces the solubility of CO2 in seawater,
slowing absorption from the atmosphere.

• Warming and freshening of upper-ocean water reduces vertical
mixing, slowing transfer of carbon to the deep oceans (thereby
slowing overall absorption).

• Climate-induced changes in winds over the Southern Ocean
may bringmore CO2-rich deepwater to the surface, also slowing
absorption.

• Climate-driven changes in the “biological pump,” or biological
transfer of carbon to deep oceans, are uncertain in direction;
either increases or decreases in absorption are possible.

Moreover, it is difficult to analyze this effect via direct compari-
son of two climate scenarios. The difficulty is demonstrated by a
comparison of the A1B scenario with the “E1” stabilization sce-
nario, which is similar to the RCP2.6 scenario (Vichi et al., 2011;
Johns et al., 2011). Because the stabilization scenario implies much
lower atmospheric concentrations of CO2, there is much less ocean
absorption in that scenario, returning to mid-twentieth-century
levels by 2100; the difference between the two scenarios in ocean
absorption by that time is at least 3 Gt C, or 11 Gt CO2, per year
(Johns et al., 2011, Figure 12). This difference does not, however,
measure the effects of climate change on the ocean carbon sink.
In the A1B scenario, ocean uptake is a decreasing fraction of emis-
sions; after about 2050, annual ocean uptake of carbon is no longer
increasing, even though emissions and atmospheric concentrations
continue to rise.

To identify the effect of climate change on ocean carbon uptake,
therefore, it is necessary to model carbon uptake at the same atmo-
spheric concentration, with and without other climate effects—an
approach taken in many studies.

A comparison of 11 coupled climate-carbon cycle models tested
the feedback between climate change and the carbon cycle
(Friedlingstein et al., 2006). Modeling the A2 emissions scenario
through 2100, the study found that the expected effects of climate
change will decrease both land and ocean absorption of carbon
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emissions.11 The effect was most pronounced on land (e.g., in trop-
ical forests), but also visible in the oceans. Most of the models esti-
mated significant but small decreases in ocean carbon absorption
due to the climate change resulting from rising emissions; the
decreases ranged as high as 2 Gt C per year by 2100, but were less
than 1 Gt C per year in most models. Increasing atmospheric con-
centrations of CO2 alone lead to greater ocean uptake; the models
estimated cumulative ocean carbon absorption of 0.8-1.6 Gt C per
ppmCO2 in the atmosphere (with differences amongmodels based
on the rate of transfer of carbon from the surface to the deep ocean).
Increasing temperatures alone lead to reduced ocean uptake of car-
bon; a 1 �C global surface warming reduces ocean uptake by about
20 Gt C.

An in-depth look at one of the 11 models in that comparison pro-
vides additional insight into themechanisms affecting ocean carbon
absorption (Crueger et al., 2007). The climate-driven decrease in
ocean uptake is partially (not fully) offset by melting of sea ice
and increased wind speeds, both of which increase absorption of
CO2 into the ocean. That model estimated that A2 climate change
would cause a decrease in ocean carbon uptake of about 0.5 Gt C
per year by the end of the century and highlighted the crucial role
of the Southern Ocean, where data are least available, in ocean car-
bon dynamics.

Others have remained more agnostic on the overall effect. The
absorption of carbon emissions by the oceans is the combined result
of physical and biological processes. The physical processes are
better understood—but because the two are interacting, nonlinear
systems, their operations cannot always be analyzed in isolation
from each other. Some researchers have concluded that both the
sign and themagnitude of the effect of climate change on ocean car-
bon absorption remain uncertain (Riebesell et al., 2009).

Another study identified separate physical and biological effects
of warming on ocean carbon uptake, concluding that the physical
effects were more important, and outweighed a small increase in
carbon absorption due to biological processes (Matsumoto et al.,

11 The models compared the effects of the A2 emissions scenario with and without the

expected effects of those emissions on climate.
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2010). Using an emissions scenario that leads to stabilization at
650 ppm by 2200, the study found that the effects of climate change
caused a net decrease of 8%, or 35 Gt C, in cumulative ocean uptake
by 2100. Other researchers have found that climate change will
cause a net decrease in ocean carbon absorption due to biological
processes (Steinacher et al., 2009).

VALUING THE DAMAGES

Our best estimates of the value of the five categories of damages
discussed here are presented in Table 10.3. Under low emissions,
low impact scenario, damages rise to $612 billion a year, or 0.11%
of world GDP, by 2100. Under high emissions, high impact sce-
nario, the comparable total is $1980 billion, or 0.37% of GDP. The
difference between the two—the amount that can be saved by
achieving the low emissions rather than the high emission
scenario—is $1367 billion, well over a trillion dollars, per year by
2100, or 0.25% of world GDP.

The following sections explain the calculations that are the basis
for Table 10.3.

TABLE 10.3 Valuation of Selected Climate Impacts on Oceans

(Billions of 2010 U.S. dollars)

Low Climate
Impacts

High Climate
Impacts Difference

2050 2100 2050 2100 2050 2100

Fisheries 67.5 262.1 88.4 343.3 20.9 81.2

Sea-level rise 10.3 34.0 111.6 367.2 101.3 333.2

Storms 0.6 14.5 7.0 171.9 6.4 157.4

Tourism 27.3 301.6 58.3 639.4 31.1 337.7

Ocean carbon sink 0.0 0.0 162.8 457.8 162.8 457.8

Total 105.7 612.2 428.1 1979.6 322.5 1367.4

Percent of GDP 0.06 0.11 0.25 0.37 0.18 0.25
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SCENARIO DEFINITIONS

Our emission projections are based on the newRCP6 scenario, for
high emissions, and RCP2.6, for low emissions (van Vuuren et al.,
2011a). To simplify comparisons, it seems desirable to use a single
set of population and GDP projections for both scenarios. Popula-
tion is based on the medium variant of the UN’s 2010 projections,12

reaching 9.3 billion in 2050 and 10.1 billion in 2100; these figures are
close to the values for RCP6 and only slightly above the values for
RCP2.6 (van Vuuren et al., 2011a).

GDP projections to 2100 are inescapably highly uncertain. Our
calculation assumes the same world GDP in 2100 as the average
of the four major IPCC SRES scenarios; this is equivalent to assum-
ing 2.1% average annual growth in real GDP per capita (at market
prices, not PPP) from 2000 to 2100.

All dollar amounts in Table 10.3 and the following discussion are
expressed in constant 2010 dollars; amounts in other years’ dollars
were converted to 2010 dollars using the U.S. price deflator for GDP
(an index of inflation that is more appropriate for this purpose than
the consumer price index).

Temperature outcomes for the two scenarios, used in some of our
calculations, are based on the comparison of the RCP scenarios to
the IPCC’s older categories of emission pathways (Bernie, 2010;
Masui et al., 2011). RCP2.6 appears typical of Category I (rapid
emission reduction) pathways and can be roughly estimated to
reach temperatures of 1.4 �C above preindustrial levels by 2050
and 2.2 �C by 2100. RCP6 is at the high end of Category V, peaking
at 4.9 �C above preindustrial in the next century; it can be assumed
to reach 2.2 �C in 2050 and 4.0 �C in 2100.

Carbon prices, defined as marginal abatement costs, reach
$178/tCO2 in 2050 and $250 in 2100 under RCP2.6 (van
Vuuren et al., 2011b). Under RCP6, the more leisurely pace of
abatement leads to near-zero abatement costs by 2050 and only
$60/tCO2 in 2100. In the interests of consistency and simplicity
of comparison, the RCP2.6 carbon prices were used throughout
our calculations.

12 http://esa.un.org/unpd/wpp/index.htm.
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FISHERIES

Calculations are based on the global estimates in Sumaila and
Cheung (2010). They compare losses to marine capture fisheries
in 2050 under A1B climate change versus continuation of year
2000 conditions, assuming constant year 2000 prices. They project
losses in their “more intensive” fisheries exploitation case of
$34.7 billion (converted to 2010 dollars) under year 2000 conditions
versus $45.5 billion under A1B. Thus, in their analysis, most of the
damages are done by the initial stages of climate change, with only
moderate incremental damages from much higher emissions.

Our scenarios involvemore severe climate change than theirs, both
for highand lowemissions. It seems likely that fisheries damages due
to climate change should be somewhat higher, in both cases, for our
scenarios. Lacking any basis for extrapolation, however, we have
adopted their estimates; the difference between the two scenarios
may be appropriate, even though the absolute amounts are too
low. To extrapolate to 2100, we double the 2050 damage estimates.

Sumaila and Cheung argue that constant real prices for fish
through 2050 may be appropriate, if factors such as the growth of
aquaculture lead to a sufficient increase in supply. Such price sta-
bility seems unlikely to be sustained, in the context of a projected
century of steady economic growth. As an alternative, we assume
that the supply of fish per capita remains constant (which still
requires significant growth in supply through aquaculture to feed
a growing population). Under this assumption, the real price will
rise at a rate determined by the income elasticity of demand for fish;
as noted above, this elasticity is estimated at 0.639. Thus, we mul-
tiply the Sumaila and Cheung estimates for 2050 by

per capita income2050=per capita income2000ð Þ0:639

and similarly for 2100.

SEA-LEVEL RISE

We use the global estimates from Nicholls et al. (2011) for the
costs of protection in 2100; converted to 2010 dollars, these are
$34 billion for 0.5 m or $367 billion for 2.0 m of SLR. The high
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estimate is a worst-case possibility under a 4 �C warming scenario,
similar to RCP6. The low estimate is so small that there is little need
toworry about fine-tuning; it can be used as an estimate for RCP2.6.
Costs in 2050 are interpolated by assuming a linear rate of SLR,
while costs rise faster than sea levels, consistent with the Nicholls
et al. estimates; this implies mid-century costs of about 30% of
the 2100 level.

STORMS

We use the global estimate from Mendelsohn et al. (2011),
assuming that damages rise in proportion to future incomes (an
income elasticity of 1). That study estimates damages under
A1B, which we use for damages under RCP6; this is a conservative
assumption, as RCP6 implies higher emissions and damages than
A1B. Damages in 2100, under this scenario, are 0.032% of world
GDP (the Mendelsohn et al. study uses a different GDP projection,
so dollar figures are not directly comparable).

To obtain corresponding figures for RCP6 in 2050 and for RCP2.6
in both 2050 and 2100, we assume that wind speeds are propor-
tional to temperature increases (Nordhaus, 2010), and that dam-
ages, as a percent of GDP, are proportional to the cube of wind
speed.Within each scenario, temperature increases are roughly half
as great in 2050 as in 2100, so wind speeds are half as strong, and
damages are one-eighth as large in 2050 as in 2100.

TOURISM

We project losses in two categories of ocean-related tourism.
First, coral reef-based tourism is assumed to be reduced by 100%
(eliminated) under RCP6 and reduced by 50% under RCP2.6, by
2100; percentage losses in 2050 are half of those amounts. This
reflects the extreme sensitivity to temperature increases of coral
reefs and the likelihood that they will be entirely eliminated under
RCP6. Second, tourism in Caribbean and Pacific islands is assumed
to be reduced bymore moderate amounts. A detailed calculation of
Caribbean tourism losses at different temperatures was developed
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by Bueno et al. (2008), based on themethodology of an earlierWorld
Bank study. Interpolating from the relationship between tempera-
ture and tourism losses developed there, we project losses of island
tourism of 3.8% by 2050 and 9.1% by 2100 under RCP2.6, and 9.1%
by 2050 and 21.2% by 2100 under RCP6.

Data on the value of coral reef tourism are taken from Cesar et al.
(2003), excluding Pacific and Caribbean coral reef tourism to avoid
double-counting. Data on Pacific and Caribbean island tourism are
taken from three sources: for Hawai’i, from the Hawai’i Tourism
Authority’s 2010 report13; for other Pacific islands, from Seidel
and Lal (2010)14; and for the Caribbean, from Bueno et al. (2008).

Based on the discussion of income elasticity, above, we assume a
conservative value of 1.5 for the income elasticity of tourism. Global
demand for each category of tourism in 2050, in the absence of cli-
mate losses, is calculated from the historical value in a given base
year (shown as 20xx because the years of available data vary by
category of tourism) as:

Demand2050 ¼ Demand20xx � population2050

population20xx

� income per capita2050
income per capita20xx

� �1:5

The corresponding calculation is also done for 2100. Each of these
demand figures is then multiplied by the loss percentages dis-
cussed above to calculate tourism losses due to climate change.

OCEAN CARBON SINK

Under RCP6, impacts were assumed to follow the model of
Crueger et al. (2007), implying a reduction in ocean carbon absorp-
tion of 0.5 Gt C¼1.83 Gt CO2 per year by 2100; the impact in 2050
was assumed to be half that amount. Under RCP2.6, which

13 2010 Annual Visitor Research Report, http://www.hawaiitourismauthority.org/

research.
14 The large estimate in Seidel and Lal (2010) for Guam, which combines tourism and

U.S. military travel, is excluded.
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resembles the E1 reduction scenario (Vichi et al., 2011; Johns et al.,
2011), losses were assumed to be negligible.

Impacts under both emission scenarios were priced at the carbon
prices cited above.
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INTRODUCTION

The Pacific Ocean is the largest ocean in the world, providing a
wide variety of goods and services to human society. It represents
almost half of the world’s ocean area, bordering the coastline of
50 countries or territories (Figure 11.1). Supported by the existence
of a wide range of habitats such as coral reefs, mangroves, seagrass,
and seamounts, the Pacific Ocean hosts much of the world’s marine
biodiversity (Cheung et al., 2005). The Pacific Ocean also plays an
important role in the regulation of global climate and biogeochem-
ical cycles. However, the Pacific Ocean is being changed by a vari-
ety of human-induced drivers, including overexploitation, climate
change, pollution, habitat destruction, and invasive species. These
factors threaten its diversity aswell asmany goods and services that
the marine ecosystems provide.

The scope of this chapter is to provide a summary of the status of
marine ecosystems in the Pacific Ocean. Specifically, we discuss the
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major human drivers of changes and how those affect the current
and, potentially, future status of themarine ecosystems. The drivers
that we focus on in this chapter are overexploitation, climate
change, pollution, and habitat destruction. A number of case stud-
ies, representing different ecological and socioeconomic context in
the Pacific Ocean, are discussed. Finally, we review proposed pol-
icy options to improve themanagement and conservation ofmarine
ecosystems and biodiversity in the region.

PATTERN OF BIODIVERSITY AND MARINE LIVING
RESOURCES

The Pacific Ocean consists of diverse habitat types, ranging from
shallow coasts, reefs, and islands to the abyssal zone that reaches
thousands of meters in depth (Figure 11.2a). It consists of all major
marine habitats, including coral reefs, seagrass, mangroves,

FIGURE 11.1 Pacific Oceanwith boundaries of the Exclusive Economic Zones of
countries and territories in the region (blue).
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FIGURE 11.2 The diversity of topography and habitat types houses high diver-
sity of marine organisms in the Pacific Ocean (a) bathymetry, (b) large seamounts
identified from a mid-resolution bathymetric map, using methods outlined in
Kitchingman et al. (2007)

Continued
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FIGURE 11.2—cont’d (c) coral reefs (www.reefbase.org); (d) predicted species
richness of exploited marine fishes and invertebrates (Cheung et al., 2009).
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seamounts, and estuaries (Figure 11.2b,c). These habitats house a
high diversity of marine organisms. For example, the coral triangle
in the Indo-Pacific region is recognized as a center of marine biodi-
versity. Using predicted distributions of exploited marine fishes
and invertebrates (N¼1066), it is suggested that the Pacific Ocean
has the highest species richness of exploited species (Figure 11.2d)
(Cheung et al., 2005, 2009).

The Pacific Ocean supports rich fisheries resources, providing us
with animal protein and a source of revenue particularly for coastal
communities. In the 2000s, global reported fisheries landings were
around 80million tons (FAO, 2010),more than half ofwhichwas esti-
mated to be caught from the Pacific Ocean (www.seaaroundus.org)
(Figure 11.3). Globally, the ocean supports capture fisheries with
gross revenues between US$80-85 billion annually (Sumaila et al.,
2012), while gross revenues generated in the Pacific Ocean are
close to 60% of the global total. The majority of the catch is from
the continental shelf region,while the pelagic resources such as tunas
in the Pacific also support significant fisheries.

FIGURE 11.3 Estimatedannualaverage fisheries catch fromthePacificOcean in the
2000s fromanalgorithmthat allocationof fisheries recordsontoa30’ latitude� 30’ lon-
gitude grid (see Watson et al., 2004 for details. Data source: Sea Around Us Project).
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KEY HUMAN PRESSURES IN THE PACIFIC OCEAN

Overfishing

Based on available data on fisheries catch, it appears that the fish-
eries resources in the Pacific Ocean are generally fully exploited.
Available data show that the total amount of fish catches from
the Pacific Ocean increased from around 10 million tons in the
1950s, peaked at around 50 million tons in the early 1990s, and
decreased to around 45 million tons in the 2000s (Figure 11.4). If
catches from China, previously suggested as largely overreported
in the FAO Fisheries Statistics (Watson and Pauly, 2001), were
excluded, the decline in total catch is even steeper (Figure 11.4a).
The landed values from the Pacific Ocean increased from around
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FIGURE 11.4 Estimated fisheries catch (a) and landed value (b) from the Pacific
Ocean (data source: Sea Around Us Project).
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US$10 billion in the 1950s to around US$50 billion by the 1990s and
remained relatively stable. However, if landings from China are
excluded, landed value declined gradually to around US$40 billion
in the 2000s (Figure 11.4b).

Evidence suggests that fisheries in many regions in the western
Pacific and the small islands developing countries (SIDC) in
Oceania and Asia are overfished, while fisheries resources in the
Northeast Pacific are better managed. For example, in the northern
South China Sea, fisheries are underperforming in both ecological
and economic objectives (Cheung and Sumaila, 2008). Abundance
of 12 out of 17 studied taxa declined by over 70% in 15 years over
the past four decades (Cheung and Pitcher, 2008). Vulnerable fish
species such as skates, rays, and large-bodied croakers have
declined by over 90% during this period (Sadovy and Cheung,
2003; Cheung and Sadovy, 2004; Cheung and Pitcher, 2008). More-
over, fisheries in many SIDC in the Pacific are also overexploited.
Analysis of catch time-series trends suggests that over 50% of the
fish stocks in the SIDC in Oceania and Asia are likely to be overf-
ished, leading to an estimated loss of fisheries production of
55-70% (Srinivasan et al., 2010). In contrast, the status of the fisher-
ies resources in the Northeast Pacific appears to be better. Based on
a study analyzing fish stocks with assessment or survey data, the
waters around the United States and Canada in the Pacific are con-
sidered “not overfished” and “low exploitation rate, with biomass
rebuilding from overfishing” (Worm et al., 2009).

CHALLENGES TO SUSTAINABLE MANAGEMENT OF
FISHERIES RESOURCES IN THE PACIFIC OCEAN

Open-access fisheries are those in which fishers may use the
marine ecosystem, either totally uncontrolled or where no well-
defined access rights—whether individual, communal, or state—
exist or are enforced. It has been convincingly shown that under
open access, the tendency is to overcapitalize fisheries, resulting
in overexploitation of the resource. Since the Law of the Sea turned
what used to be global commons into the property of coastal
nations, in theory, there is no open-access fishery within exclusive
economic zones (EEZs) in the Pacific but given the difficulty in
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putting in place effective management by many countries in the
region, it can be argued that in this regard alone, de facto open access
exists in the region. This is one of the fundamental causes of over-
exploitation in many of these regions in the Pacific.

Fishing gear and vessel technology have achieved the capacity
to impact radically the Earth’s marine ecosystems. Fleets have
become powerful enough to overexploit essentially all stocks in
the world. In fact, technological progress in fishing gear has
virtually removed the natural protection afforded fish in earlier
times when fishing was conducted by less powerful technology.
Also, improvement in fish product preservation and transportation
technology has significantly increased the scope of international
trade in fish products, thereby removing market barriers to fishing.
Fishers who were able to do business in a domestic market now
have access to a global market with significantly higher demand
for fish.

Another root cause of overexploitation is subsidies to the fisheries
sector. Fisheries subsidies are the practice by governments of pro-
viding financial support, whether direct or indirect, to the fishing
sector. Globally, studies put the amount of subsidies paid by gov-
ernments around the world at between US$15-27 billion (Milazzo,
1998; Sumaila et al., 2010). This is a substantial amount given that
the total gross revenue from the world’s fisheries is estimated at
between US$80-85 billion (FAO, 2010). Fisheries subsidies that are
variously labeled “bad,” “overfishing,” “harmful,” or “capacity
enhancing” are recognized worldwide as serious threats to sustain-
able fisheries management, as they intensify overcapitalization and
overfishing (Munro and Sumaila, 2002). Total subsides to fisheries
in Asia are almost US$14 million (Figure 11.5a). In North America,
the estimated fisheries subsides are around US$3.5 million.

Illegal, unregulated, and unreported (IUU) fishing occurs in
many places—not only in the high seas but also within EEZs that
are not properly regulated (Sumaila et al., 2006) (Figure 11.5b). Par-
ticularly, illegal fishing is estimated to be substantial in some
regions of the Pacific. Overall, illegal catch in the Pacific Ocean in
2000-2003 is estimated to be around 3.5 to 8.1 million tons, with a
value of US$3102-7312 million (Agnew et al., 2009). Illegal fishing
appears to be particularly serious in the northwest and west central
Pacific, amounting up to 48% of the reported catch. Illegal fishing in
the Northeast and Southwest Pacific is estimated to be lowest at
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1-7% of the total catch. IUU fishing can lead to a failure to achieve
both management goals and sustainability of fisheries. When stock
assessments are performed on fish stocks, reported catch and effort
data are used. The underreporting of illegal catches, however,
results in the absence of a significant part of the annual catch and
therefore makes the stock assessments inaccurate (Pauly et al.,
2002). In addition, IUU fishing distorts the market to the disadvan-
tage of legal fishers (Table 11.1).
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An inherent tendency to focus on short-term benefits while
ignoring the long-term costs from fishing is suggested to be an
important driver of overfishing in general. Shortsightedness
stems from the general human perception that what is closest to
us appears to be large and weighty, while size and weight decrease
with our distance from things, both temporally and spatially. This
human tendency to be shortsighted is captured by the economic
concept of discounting—that is, the approach by which values to
be received in the future are reduced to their present value equiv-
alent using a discount rate (Koopmans, 1960). Discount rate
assumptions, as used to reduce a stream of net benefits into net pre-
sent value, can have a big impact on the apparent best policy or pro-
ject (Nijkamp and Rouwendal, 1988). In particular, high discount
rates favor myopic fisheries policies that can result in global over-
fishing (Clark, 1973). Essentially, this tendency drives fishers to
frontload fisheries benefits resulting in overfishing and unsustain-
ability (Sumaila, 2004).

TABLE 11.1 Estimated Illegal Fisheries Catch by Weight and Value in the Pacific
Region, Averaged over 2000-2003

Illegal Catch Value (US$m)

Region
Reported
Catch

Lower
Estimate

Upper
Estimate

Lower
Estimate

Upper
Estimate

NW Pacific 7,358,470 1,325,763
(18%)

3,505,600
(48%)

1193 3155

NE Pacific 196,587 2326 (1%) 8449 (4%) 2 8

W Central
Pacific

3,740,192 785,897
(21%)

1,729,588
(46%)

707 1557

E Central
Pacific

1,374,062 129,772
(9%)

278,450
(20%)

117 251

SW Pacific 451,677 5227 (1%) 32,848
(7%)

5 30

SE Pacific 9,799,047 1,197,547
(12%)

2,567,890
(26%)

1078 2311

Total 22,920,035 3,446,532
(15%)

8,122,825
(35%)

3102 7312

Estimates are from Agnew et al. (2009). Percentage of illegal catch over the reported
catch of the sampled species is shown in parenthesis.
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CLIMATE CHANGE

Climate change is considered as one of the main human drivers
threatening the global marine ecosystems. Anthropogenic climate
change is already causing long-term changes in atmospheric and
oceanographic conditions that affect marine ecosystems (Brierley
and Kingsford, 2009; Sumaila et al., 2011; Doney et al., 2012).
Overall, there is compelling evidence that the ocean has become
warmer (with an estimated increase in average temperature of
0.2 �C within the top 300 m depth of the ocean, between the mid-
1950s and the mid-1990s), with less sea ice (summer Arctic sea ice
extent is decreasing at about 7.4% per decade and the Arctic Ocean
may become ice-free in summer by 2030), more stratified and more
acidic in the twentieth century (pH of surface ocean waters has
dropped by an average of about 0.1 units from preindustrial levels,
particularly in high-latitude regions), and that these trends are
expected to continue in the next century under the climate change
scenarios considered by the IPCC (Sumaila et al., 2011). Many
regions in the Pacific Ocean have warmed considerably over the
past five decades. For example, in the Northwest and Southwest
Pacific, average annual sea surface temperature increased by
around 0.7 and 0.3 �C, respectively, by the 2000s relative to the
1960s (Figure 11.6a). Also, available evidence indicates that climate
change is expected to result in expansion of oxygen minimum
zones, changes in primary productivity, changes in ocean circula-
tionpatterns, sea level rises, and increase in extremeweather events.

Ocean warming causes shifts in geographic ranges of marine
organisms, affecting the distribution of marine biodiversity. For
example, community-wide northward distribution shifts were
recently observed on the Bering Sea continental shelf where the
centers of distribution of 40 taxa of fishes and invertebrates
shifted northward by an average of 34 km from 1982 to 2006,
thereby causing invasion of subarctic fauna and an increase in spe-
cies richness and average trophic level in an area that was formerly
covered by seasonal sea ice (Mueter and Litzow, 2008). In the
Northeast Pacific (including the Gulf of Alaska and California Cur-
rent large marine ecosystems), sea surface temperature increased
by an average of 0.3-0.6 �C from 1982 to 2006 (Belkin, 2009) and is
projected to increase by 1.0-1.5 �C by 2050 relative to 2000
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FIGURE 11.6 Rate of changes in Sea Surface Temperature (SST) in the Pacific
from 1950 to 2007 (20-year average) based on data available from the Hadley
Centre (a) and projected intensity of species gain (b)
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(Overland and Wang, 2007). Such changes are likely to have large,
yet poorly understood, implications for species distributions and
the overall biological community of this region (King et al., 2011).
The decline of eulachon (Thaleichthys pacificus) in the southern part
of its range (Moody and Pitcher, 2010) and the recent invasion of the
Humboldt squid (Dosidicus gigas) along the west coast of North
America fromCentral and SouthAmericamay be examples of some
of the expected linkages between changes in climate and the result-
ing oceanographic conditions (Brodeur et al., 2006; Zeidberg and
Robison, 2007).

Distributions of marine species in the Pacific Ocean are pro-
jected to continue to shift in the coming decades. It is projected
that distributions of all exploited marine fishes and invertebrates
in the world, including those in the Pacific Ocean, will shift by
2050 under the SRES A1B scenario (Cheung et al., 2009). The dis-
tribution shift is generally poleward. Lehodey et al. (2010) use a
spatial ecosystem and population dynamic model (SEAPODYM)

FIGURE 11.6—cont’d and loss (c) by 2050 relative to 2005 (10-year average) under
the SRES A1B scenario (redrawn from Cheung et al. 2009). Intensity is expressed as
proportion (prop.) of species relative to the initial species richness of the cell.
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to simulate potential changes in tuna populations under the SRES
A2 scenario (projected by IPSL-CM4). Spawning habitat of bigeye
tuna (Thunnus obesus) in the Pacific Ocean is projected to improve
in the subtropical Pacific, while both spawning and feeding habi-
tats improve in the eastern tropical Pacific regions (Lehodey et al.,
2010). In contrast, the Western Central Pacific is projected to
become less favorable for spawning of bigeye tuna. Using an
empirical relationship developed from catch-per-unit-effort of 14
species of tunas and billfishes from long-line fisheries and SST,
Hobday (2010) projects changes in tuna distributions and relative
abundance on the east and west coast of Australia. The analysis
uses an ensemble of 9 climate models with 25 scenarios for each
species. The results suggest that the core ranges of these pelagic
fishes are expected to shift toward higher latitudes (southward)
and contract by 2100 relative to 1990-2000. The average rate of
range shift is projected to be 40 km per decade (Hobday, 2010).
Furthermore, changes in future climate are projected to favor
poleward invasion of non-native species introduced by human
activities, e.g., potential habitat of four marine species that have
invaded the Pacific coast of North America is projected to expand
northward by 2090-2099 relative to 1980-1999 under the SRES A2
scenario (de Rivera et al., 2011). The poleward shifts in distribu-
tions are expected to lead to high rate of species invasion (species
moving into a new habitat relative to the number of species in the
original habitat) in high-latitude regions such as the North Pacific
(Figure 11.6b). In contrast, high rate of local extinction is projected
for the tropical Pacific, as well as some parts of the Northeast and
Northwest Pacific (Figure 11.6c).

Coral reefs are also expected to be heavily impacted by ocean
warming and acidification and increased incidents of coral bleach-
ing frommore frequent extreme temperature. For example, assum-
ing amonthly SST threshold for coral bleaching and using projected
future SSTs from three different Global CirculationModels (includ-
ing ECHAM4, ECHAM3, and CSIRO DAR) under the IS92a sce-
nario, Hoegh-Guldberg (1999) projects that coral bleaching in
French Polynesia, Jamaica, Rarotonga, Thailand, and at three sites
on theGreat Barrier Reefwould occur biannuallywithin 20-40 years
from 2000. It is suggested that some coral reefs may be able to adapt
to warming.
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Primary production is expected to change under climate change
in the Pacific Ocean. For example, using a regional fully coupled
ecosystem model (NEMURO), chlorophyll-a concentration in the
western North Pacific is projected to decrease by 0.1-0.3 mg m�3

in the subarctic and transition regions and by less than 0.1 mg m�3

in the subtropical region by 2090-2100 relative to the present day
under the IS92a scenario (Hashioka and Yamanaka, 2007). Also,
NEMURO projects a shift in dominant phytoplankton groups from
diatoms to other smaller phytoplankton, with annually averaged
percentage of diatoms decrease by 18% at the maximum in the sub-
tropical region and 6% in the subarctic region (Hashioka and
Yamanaka, 2007). In addition, an analysis that uses the GFDL
ESM2.1 suggests an expansion of the subtropical biome in theNorth
Pacific of�30%by 2100 relative to 2000 under the SRESA2 scenario,
and a contraction of the temperate and equatorial upwelling
biomes of 34% and 28%, respectively (Polovina et al., 2011). Simul-
taneously, primary production is projected to increase by 26% in
the subtropical biome and decrease by 38% and 15% in the temp-
erate and equatorial biomes, respectively (Polovina et al., 2011).

The changes in species distribution and primary production are
expected to alter potential fisheries catch in the Pacific (Cheung
et al., 2010). Cheung et al. (2010) project that the tropical Pacific will
suffer from a large reduction in potential catch by 2050 relative to
the 2000s under the SRES A1B scenario (Figure 11.7). In contrast,
high-latitude regions such as the North Pacific are projected to
increase in potential catch. Similar regional analysis using ecosys-
tem models has been carried out in the Northeast Pacific region.
Regionally, using five ecosystem models representing the major
marine ecosystems along the Northeast Pacific coast, Ainsworth
et al. (2011) show that fisheries landings decline in response to
cumulative effects of changes in ocean biogeochemistry under
the SRES A1B scenario, with possible synergistic effects when mul-
tiple factors are considered.

Ocean acidification is expected to affect some marine organisms
and biological processes, particularly those that involve calcifying
organisms (see Chapter 2). The impacts are potentially strong par-
ticularly to organisms that form calcium carbonate exoskeletons or
shells, such as molluscs and corals (e.g., Kroeker et al., 2010). Ocean
acidification may also affect fishes through behavior changes
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FIGURE 11.7 Projected changes in maximum catch potential by 2055 relative to
2005 (10-year average) in the Pacific Ocean: (a) map of changes in maximum catch
potential under the SRES A1B scenario and (b) latitudinal zonal average changes
under SRES A1B (black) and B2 (grey) scenarios (redrawn from Cheung et al.
2010).
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(e.g., Munday et al., 2010) and negative effects on early life history
stages (e.g., Pacific oyster). Thus, the large area of tropical coral reef
in the region will become particularly vulnerable to ocean acidifica-
tion. Moreover, modeling projections for marine fishes and inverte-
brates suggest that ocean acidification, together with warming and
deoxygenation, may lead to up to 30% additional loss of catch
potential (Cheung et al., 2011). Although the impacts depend
strongly on the assumed sensitivity of marine organisms to ocean
acidification, the findings from Cheung et al. (2011) highlight the
potential impacts of ocean acidification and the effects from multi-
ple climate stressors on marine fisheries.

Pollution and Other Human Impacts

Because of the large population living along the coast of the
Pacific Ocean, pollution is a major threat to the health of the marine
ecosystems. One of the most important pathways of pollution
impact is through nutrient enrichment from the discharge of sew-
age, agriculture and industrial waste into the ocean, ultimately
leading to oxygen depletion (Diaz and Rosenberg, 2008). Over
10% of the world’s known eutrophic/hypoxic zones are found in
the Pacific (Figure 11.8). These can directly lead to mortality of
marine organisms and degradation of their habitat quality, increas-
ing the chances of disease outbreak, and change in ecosystem struc-
ture. Main economic impacts include increased mortality of fishes
and shellfishes (particularly aquaculture), reduced fish abundance
and productivity, impact on tourism, and ecosystem functions
(Diaz and Rosenberg, 2008).

Marine ecosystems in the Pacific are facing a range of other
human impacts (Halpern et al., 2008). Rapid coastal development
threatens coastal habitats and resources. This is particularly the case
in the western Pacific region where the rapid economic growth and
usage/modification of coastal habitats threaten the rich biodiver-
sity and marine ecosystems in the region. High shipping volume
within the Pacific and other parts of the world poses additional eco-
logical risk on the Pacific marine ecosystems through pollution and
invasion species.
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SUSTAINABLE MANAGEMENT OF THE PACIFIC
OCEAN

Here, we summarize some of the proposed policy options from
the literature that aim to ensure the sustainability of marine ecosys-
tems for the benefits of the current and future generations of our
society. First, we need to reestablish the natural protection afforded
fish by establishing marine protected areas (MPAs). These would
help provide the protection that has been lost as a result of techno-
logical progress (Pauly et al., 2002). MPAs would not only enable
key stocks to recover but would also provide insurance against
assessment errors, which are acknowledged to be a common cause
of collapses. MPAs can also act as controls for large-scale monitor-
ing of climate change impacts in the ocean where the effects of
climate change can be separated from fishing and other human
impacts.

FIGURE 11.8 Eutrophic and hypoxic areas in the Pacific (Diaz and Selman 2010).
From http://www.wri.org/map/world-hypoxic-and-eutrophic-coastal-areas. © World
Resources Institute.
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The elimination of harmful subsidies to fisheries provides incen-
tive to reduce overcapacity. The global community mandated the
World Trade Organization to discipline subsidies in 2001, but it
has failed because negotiators unrealistically aimed for a single
all-inclusive undertaking to embrace domestic or international,
and small- or large-scale, fisheries. This does not align the incen-
tive to remove subsidies with national interests—which is a pre-
requisite for successful international action. To succeed, Sumaila
(2012) argues that we need to divide the world’s fisheries into
international stocks and domestic ones (i.e., those that are fished,
and spend all their lives, within EEZs). This split is necessary
because the incentives for countries to eliminate subsidies differ
between domestic and international situations. For the former,
the heavy lifting should be at the home front, while for the latter,
a coordinated international approach is needed because unilateral
action by one country will not eliminate overfishing. Turning
harmful subsidies to funding to support sustainable management
of fisheries will ultimately result in long-term benefits of the
society.

To help overcome the “open-access” problem in fisheries, there is
a need for the introduction of more effective ownership structures
at different levels, from the local to the national, and beyond, in the
case of straddling stocks and high sea fisheries (Norse et al., 2012),
or the problem that comes about due to the transboundary (Munro,
1979) or shared, i.e., common property (Munro, 1979) nature of fish-
ery resources. The latter is particularly relevant for themanagement
of tuna fisheries that are economically important for countries
in tropical Pacific region. Game theory studies have shown that
shared fish stocks need to be managed cooperatively to avoid both
biological and economic waste in a fishery (Munro, 1979). Cooper-
ative management of shared stocks takes away the economically
rational tendency to overexploit fish stocks by each fishing entity.

To help tackle the problem, economists have developed a frame-
work to examine the motivation and drivers behind IUU fishing.
These models rest upon economic models developed by Gary
Becker on the economics of crime (Becker, 1968). The basic idea is
that a vessel contemplating engaging in IUU fishing will undertake
a subjective cost-benefit analysis. The expected net return from
engaging in IUU fishing will depend upon (i) the net monetary
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returns from harvesting and selling the fish; (ii) the expected pen-
alty, which will in turn depend both upon the actual penalty if
apprehended and the probability of being apprehended; and (iii)
the cost of engaging in avoidance activities. Nonmonetary drivers
include (iv) the vessel owner’s moral sense and (v) his or her social
standing in society.

The issue of IUU fishing has begun to receive the attention of
scholars, fisheries managers, and governmental, intergovernmen-
tal, and nongovernmental organizations. With support from many
countries, FAO has begun the implementation of an International
Plan of Action, which encourages all states and regional fisheries
organizations to introduce effective and transparent actions to pre-
vent, deter, and eliminate IUU fishing and related activities. The
Organization of Economic Cooperation and Development spon-
sored a Workshop on IUU Fishing Activities in April 2004 as part
of their effort to help find solutions to the problem. And the United
States Congress is currently working on legislation to tackle IUU
fishing.

All in all, it is important to move toward ecosystem-based man-
agement of the Pacific Ocean. The Pacific Ocean is facing a multi-
tude of human stressors, from overfishing to climate change,
population, and coastal development. These stressors should be
addressed and managed concurrently. Solutions to these chal-
lenges must be holistic, multisectoral, and cross-scale, putting into
effect the concept of optimizing a complex system presented in
Chapter 8.
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Paths to Sustainable Ocean
Resources*

Kateryna M. Wowk
U.S. National Oceanic and Atmospheric Administration,

Washington, District of Columbia, USA

INTRODUCTION

The benefits provided to humanity by marine ecosystems and
resources are invaluable. The ocean is the primary regulator of cli-
mate, generates half the oxygen we breathe, and mitigates global
climate change. The ocean has absorbed about one-third of all
anthropogenic CO2 released to the atmosphere, as well as 80% of
all heat added to the global system (IPCC, 2007). Coastal habitats
provide further benefits by filtering pollutants, such as herbicides,
pesticides, and heavy metals out of the water flowing through
them, and by providing coastal protection and the retention of
shorelines. Ocean and coastal areas are also troves of rich biodiver-
sity and provide food for billions of people, and many coastal and
ocean ecosystems exhibit unique genetic characteristics and
resources with untold values for medicinal, pharmaceutical, cos-
metic, and biotechnological fields.

* The author writes in her personal capacity—any views expressed do not necessarily

reflect those of the U.S. National Oceanic and Atmospheric Administration.
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Yet, as shown in this book, viewing the ocean and its resources as
invaluable does little to provide clarity on the merits of securing
continuedmarine ecosystem services in the face of climate andother
environmental change, including ocean acidification, and whether
the costs of action outweigh the costs of inaction. Throughout this
study, we have seen that human-caused environmental change is
already impacting the ability of marine ecosystems and coastal hab-
itats to provide food security, secure livelihoods, and provide pro-
tection from increasingly intense weather events and storm surges,
particularly in vulnerable areas and small island developing States
(SIDS), and further more recent observations show that myriad
impacts on the ocean far exceed the findings of the 2007 Intergovern-
mental Panel on Climate Change (IPCC) report.

In today’s world of increasingly complex challenges and limited
funds to address them, it is essential that States, regions, and the
international community prioritize and concert efforts toward
addressing the most pressing issues that cannot wait. Though spe-
cific efforts may vary spatially and temporally, the research clearly
shows that long-standing stresses to themarine environment lessen
its ability to resist and recover, and thus the time for urgent and con-
certed action is now. It is not only a matter of ecological health but
also a matter of economic and social well-being for coastal nations,
and in particular, for SIDS and vulnerable coastal communities, for
which emerging and anticipated disruptions in the provision of
marine ecosystem services would only impede economic develop-
ment, exacerbate displacement and the exodus of refugees, and
contribute to national insecurity.

This final chapter presents specific policy recommendations on
theway forward to address some of the challenges presented in this
book, focused at the global level but with implementation centered
at the national and local levels. Though consideration of individual
impacts is important, it emphasizes the need to consider multiple
stressors in the marine environment and the often negatively syn-
ergistic impacts that result. Throughout the book, the authors have
focused on the need for a holistic approach to understanding and
dealing with the different—but closely interrelated—threats to
the global ocean. This emphasis on a holistic approach is also true
of our recommendations. Making well-informed decisions about
marine issues at local scales that collectively move us forward on
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the global scale requires us to embrace the complexity of the threats
and challenges described in the previous chapters. In doing so, we
may find opportunities and solutions that allow us to “manage the
unavoidable and avoid the unmanageable.”1 The following pre-
sents recommendations that are specific to each threat, followed
by higher-level recommendations to enable and promote manage-
ment strategies that move us in the right direction on the global
scale.

IMPLICATIONS OF MAJOR THREATS
AND POLICY RECOMMENDATIONS

The following summarizes some of the global, regional, and
national implications of each threat investigated throughout the
research effort, as well as high-priority policy recommendations
specific to each threat. However, while it is important to consider
the specific implications underlying each threat, it should be under-
scored that although the severity of individual threats may differ,
and therefore various responses must be pursued, an overarching
point remains that, in this era of multiple threats, responses must
be embedded in the larger picture of change at the ecosystem
and global scale. If we are to secure the sustainability of ocean
resources and services, we must begin to address these complex
challenges with multidimensional management schemes that can
simultaneously account for optimization against more than one
goal. This point is further addressed in the final section.

Ocean Acidification

Increased acidification is a growing and severe threat to the
global ocean. A direct result of increased CO2 emissions to the
atmosphere over the past 200 years, about a third of which has been

1 Scientific Expert Group on Climate Change (SEG) (2007). Confronting Climate

Change: Avoiding the Unmanageable and Managing the Unavoidable [Rosina, M. B.,

John, P. H., Michael C. M., Richard H. M., and Peter H. R. (eds.)]. Report prepared for

the United Nations Commission on Sustainable Development. Sigma Xi, Research

Triangle Park, NC, and the United Nations Foundation, Washington, D.C., 144 pp.
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absorbed by the ocean, ocean acidification is causing and will con-
tinue to cause damaging, rapid, and extremely long-term changes
to ocean carbonate chemistry, which threaten the survival of many
shelled animals and corals, andmay impact fish populations (Sigler
et al., 2008). Ocean acidification stands to significantly change bio-
diversity and ecosystems as we know them today, altering our abil-
ity to depend on the goods and services they currently provide.

Perhaps of greater concern, as emissions of CO2 continue largely
unabated, is whether the ocean’s buffering capacity may also
be compromised. Overall, the ocean absorbs about 2 gigatons of
carbon (Gt C; 1 gigaton¼1015 g) per annum, representing a substan-
tial proportion of the approximate 6 Gt C released by anthropo-
genic activities each year (The Royal Society, 2005). Were the
ocean not absorbing such a large amount of anthropogenic CO2

released into the atmosphere each year, the effects of climate change
would be felt much more rapidly. Recent evidence indicates that
the greater amount of CO2 distributed throughout the atmosphere,
the lesser capacity the ocean has to buffer additional CO2, resulting
in a greater proportion of CO2 staying in the atmosphere (Canadell
et al., 2007). There is concern that the buffering capacity of this mas-
sive sink is slowing down, due to both overall higher atmospheric
CO2 levels and additional climate-related issues (e.g., ocean warm-
ing, which reduces the solubility of CO2, thus reducing uptake by
the ocean).

It is also essential to recognize that ocean and coastal areas not
only absorb but also store carbon. The chemical-physical process
of air-sea gas transfer of CO2 from the atmosphere into the depths
of the ocean and the activity of the biological pump carried out by
plankton in the ocean are incredibly effective in absorbing, sinking,
storing, and cycling carbon, with a significant total ocean reservoir
of about 38,000 Gt C, or, approximately 95% of total carbon on earth
(The Royal Society, 2005). Recent estimates also indicate that the
ocean’s vegetated habitats, especially mangroves, salt marshes,
and seagrasses, are among the most effective carbon sinks on the
planet, capturing and storing between 0.24 and 0.45 Gt C per
annum. This is comparable to up to half of emissions from the
global transport sector, estimated at about 1 Gt C per annum
(Nellemann et al., 2009). Yet once degraded or destroyed, which
in some areas is occurring at alarming rates, these same ecosystems
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can become major sources of carbon. For example, it is estimated
that 13.5 Gt CO2 will be released over the next 50 years due to
the clearance of 35,000 km2 of mangrove forests, equivalent to all
transport-related emissions in the 27 European Union countries
from 1997 to 2005 (World Bank et al., 2010). To assist in mitigation,
action is needed to better value key “blue carbon”2 ecosystems, halt
their degradation, and catalyze restoration for those habitats that
have been lost. With concerted action, marine ecosystems could
be an integral component of carbon financing (Murray et al., 2010).

However, while marine habitat conservation and restoration can
contribute to offsetting 3-7% of current fossil fuel emissions over
two decades (Nellemann et al., 2009), such mitigation measures
cannot act alone to counter escalating pressure on the global ocean
from increased levels of atmospheric CO2. As described in the pre-
vious chapter, the acidity of the ocean has already increased by 30%
since the onset of the industrial revolution—this rate of change is
approximately 10 times faster than ever experienced bymarine eco-
systems for the past 65 million years. If current rates of CO2 emis-
sions continue, oceanic pH could decrease further 150-200% by the
end of this century. We cannot afford the rapid changes to ocean
chemistry that over only a few centuries stand to dangerously
impact marine organisms, food webs, ecosystems, and biogeo-
chemistry. Global emissions of CO2 must be substantially curbed.

Waters are already becoming increasingly inhospitable to species
in certain areas of upwelling, estuaries, polarwaters, coastal waters,
and tropical coral reefs. Many of these same areas are important for
food web processes that support key fisheries, and thus food secu-
rity in some areas may also be threatened by ocean acidification.
Until we implement strong and effective mitigation measures to
curb CO2 emissions, it is essential that the resilience of marine eco-
systems be increased,3 especially in vulnerable and productive

2 According to Nellemann et al., “Out of all the biological carbon (or green carbon)

captured in the world, over half (55%) is captured by marine living organisms—not on

land—hence, it is called blue carbon.”
3 Though it is difficult tomeasure the resilience of an ecosystem, awealth of information

exists in the form of case studies, research and international guidance on agreed

upon standards for fostering ecosystem resilience (e.g., see Walker and Salt, 2006;

Hofmann and Gaines, 2008; Ferwerda, 2012).
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areas, such that these ecosystems may be better positioned to with-
stand increased stress from ocean acidification.

Policy Recommendations

• To address the urgent threat of ocean acidification, it is
imperative that action is taken at the global level to enact
immediate and stringent reductions in CO2 emissions.

• At the regional and national levels, actions should focus on
fostering ecosystem resilience by maintaining and increasing
biodiversity (Walker and Salt, 2006) and by conserving a diverse
set of habitats.

• Particular attention should be given to increasing resilience of
those areas that naturally exhibit a lower pH and carbonate ion
concentration than the global average (e.g., high-latitude oceans
(Orr et al., 2005; Steinacher et al., 2009) or upwelling zones off the
west coasts of the continents (Feely et al., 2008)), and to
especially vulnerable habitats (e.g., reef-building corals) that are
key areas for the provision of ecosystem services that society
depends upon.

• Emissions reduction is the only global means of reducing ocean
acidification. To assist in mitigation efforts, however, the
integration of blue carbon activities should be pursued at
national and international levels, including under the
framework of the United Nations Framework Convention on
Climate Change (UNFCCC), should be supported by policy and
financing processes, and should be included in other carbon
finance mechanisms. Though blue carbon habitats represent
only a small percent of the global ocean carbon sink, they are
nonetheless important. To facilitate the inclusion of blue carbon
in the valuation of ecosystem services, countries should work to
develop a network of blue carbon demonstration projects.

Ocean Warming

The ocean has absorbed 80% of heat added to the climate system
over the past 200 years (IPCC, 2007). Ocean warming has serious
implications for marine ecosystems and resources and for coastal
populations around the globe. There are two primary concerns
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regarding the impacts of ocean warming, other than sea-level rise:
physical aspects related to changes in extreme weather events and
biological consequences of ocean warming, including range shifts
in fish populations and coral bleaching.

Regarding the physical aspects of ocean warming, observations
and models point to increased intensity of precipitation that results
in excessive flooding and erosion in some areas and drought in
others. Though not solely the cause of ocean warming, the impacts
of more water evaporating from the ocean and lakes due to awarm-
ing earth will be borne upon food security, infrastructure, and
human health. More directly linked to ocean warming, there is also
strong evidence supporting a future with fewer but more intense
tropical storms, with one study showing the percentage of the
strongest storms (category 4 and 5) increasing from less than 20%
in 1970-1974 to about 35% in 2000-2004 across all major ocean basins
(Webster et al., 2005), while another study projects a near double
increase in the occurrence of the strongest storms over the Atlantic
by 2100 (Bender et al., 2010). Coupled with higher projected sea
levels, more intense tropical cyclones stand to severely damage
densely populated coastal areas with dire economic consequences
to coastal settlements and infrastructure, especially for some of the
world’s most vulnerable coastal populations that do not have the
capacity to respond to such events.

The accelerated increase in ocean temperature is also impacting
species distribution and food webs underlying globally significant
fisheries, with range shifts of species moving toward higher lati-
tudes (poleward) and into deeper waters. The anticipated increase
in the level of stratification and changes in the thermoclinemay also
reduce upward nutrient transport and thus the productivity of sur-
face waters (Bindoff et al., 2007). These are key concerns—shifts in
the distribution of fish, along with combined pressures already
placed onmarine living resources, will adversely impact food secu-
rity for many coastal nations and further threaten increasingly
stressed resources, which may lead to increased mortality in devel-
oping nations due to hunger and related diseases.

Coral reefs are also under threat from oceanwarming, whichwill
lead to massive bleaching and death of these valuable and highly
productive ecosystems. Not only do reefs serve as nurseries for
many fish species vital to commercial fishing industries, but coral
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reefs serve as buffers against storms, protecting many island
and coastal States. For example, a 2004 study estimated that in
the Caribbean region the total value of shoreline protective services
provided by reefs was between US$740 million and $2.2 billion per
year. Depending on how an adjacent coast was developed, this
equated to protective benefits on the order of US$2000 to
$1,000,000 per kilometer of coastline (Burke and Maidens, 2004).

Ocean warming is expected to have significant effects on fragile
resources and economies. A primary concern is that many marine
resources are already under severe human stress, in particular
through overfishing. Coral reefs are also impacted on a daily basis
from coastal development and growing tourism pressures. While
these economic activities are vital and necessary, maintaining the
resilience of marine ecosystems and proper management of coastal
and open-ocean fisheries remain priorities and are ever more criti-
cal in light of the anticipated impacts of ocean warming.

Policy Recommendations

• To prepare for increased flooding and erosion resulting from
more intense precipitation patterns, action should be taken at
national and local levels to improve zoning laws, advance
watershed management and drainage (including stormwater
infrastructure), adjust planting and harvesting times, and allow
for alternative crops.

• At the global scale, efforts should focus on improved forecasting,
early warning systems, and deployable and effective relief
efforts.

• Management strategies for high risk, high-impact events must
be given higher priority, e.g., a one in 20-year event today could
be one in five by 2100. In this respect, coastal zone planning and
smart growth in coastal areas are crucial. Building in flood-
prone areas should be discouraged.

• Considering potential range shifts in fish species and impacts on
the affordability and availability of ocean-based protein
resources, particularly in least developed countries, all action
should be taken to lessen current stresses on these resources
including overfishing, overcapacity, destructive fishing
practices and damage to habitat, illegal, unregulated, and
unreported fishing (IUU) and bycatch (IUU fishing is fishing
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that is either expressly illegal or occurs in absence of applicable
standards; see FAO, 2011). Where stocks are becoming
unreliable due to ocean warming, overfishing, or a combination
of factors, food security from alternative sustainable sources
should be encouraged.

• The resilience of particularly vulnerable marine ecosystems,
such as coral reefs, to ocean warming should be fostered by
addressing additional sources of anthropogenic stress, such as
overfishing, destructive fishing practices, invasive species and
pollution, including through the use of marine-protected areas
(MPAs). Protection also should be afforded to those ecosystems
and resources most tolerable to an increase in ocean
temperatures.

Hypoxia in the Ocean

Eutrophication, or the overenrichment of waters with nutrients
or organic matter, has been recognized as a serious issue threaten-
ing human and environmental health for over 50 years. Globally,
hypoxic zones in the ocean, one of the most acute consequences
of eutrophication, have been increasing in number, endangering
those ecosystems that provide humans with food by limiting sup-
plies of oxygen to organism growth and production. There are now
over 500 known hypoxic zones in the global ocean (found primarily
in coastal areas), with the number increasing fastest in the develop-
ing world, while few have been reversed (Diaz et al., 2010). A pri-
mary contributor to these “dead zones” is anthropogenic nitrogen,
which enters the ocean through water pathways primarily from
runoff from agricultural lands and from sewage/industrial dis-
charges. The occurrence of naturally low oxygen areas, or oxygen
minimum zones, is also expanding due to global climate change
and rising sea temperatures, which further exacerbates hypoxia
in the ocean.

The extent to which eutrophication, and specifically hypoxia, is
impacting human health and the continued provision of ecosystem
services in the marine environment is largely unknown, but we
know that hypoxia and dead zones result in economic losses and
can shift ecosystem services away from highly valuable fisheries
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to those of lower values at the regional and local levels. One study
estimates that the socioeconomic impacts of excessive nitrogen in
the European Union alone are around US$100 billion per year
and are approaching US$200-300 billion per year globally, resulting
in a meaningful drain on economic development (Sutton et al.,
2011). Excess nitrogen in the environment is considered one of
the nine “planetary boundaries” that has already been
exceeded—the limit for artificial nitrogen fixation (i.e., fertilizer
production) is 35 Tg/year, yet current rates are approximately
110 Tg/year, meaning that we need a 70% reduction in the produc-
tion of fixed nitrogen (IOC et al., 2011). Further, whereas nitrogen is
considered to be in limitless supply, the amount of available
phosphorus is fixed and finite. Thus, in both respects, the recycling
of nutrients becomes an obvious and necessary measure.

Future scenarios for hypoxia will largely depend on a combina-
tion of factors related to climate change, land-use change, and
changing social demographics. Changes in freshwater flow,
expanding human populations (especially along the coasts), and
unsustainable agricultural practices will continue to impact water
quality and increase nutrient loadings. Under a business as usual
scenario, projections for dissolved inorganic nitrogen entering the
ocean show an increase by an additional 50% by 2050 (IOC et al.,
2011), with the overall expectation that hypoxia in the global ocean
will worsen, including increases in occurrence, frequency, inten-
sity, and duration.

Approaches that enable and encourage the recovery and reuse of
nutrients fromwaste streams are fundamental to a sustainable path.
Such approaches should pursue new public-private partnerships
across key sectors of society, including agriculture and wastewater
management, and, in the longer-term, safeguard society and global
food security by diversifying sources of nutrients. There is no other
environmental variable of such ecological importance as dissolved
oxygen to coastal ecosystems that has changed so drastically in such
a short timeframe. Given this, and the fact that eutrophication has
long been recognized as a threat to socioeconomic and ecosystem
health, acute and integrated action should be taken to prevent
and remediate coastal hypoxia.

It is important to note that, while the majority of the ocean’s dead
zones have not been reversed, there have been successful examples
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where concerted management efforts have resulted in the restora-
tion of ecosystem services—currently, about 60 systems can be clas-
sified as recovering due to management efforts (Diaz et al., 2010).
These cases have much to lend the global community. However,
addressing the increasing number of oxygen minimum zones will
be more challenging. As these areas are related to warming trends,
in addition to curbing nutrient runoff, an effective solution must
rely on mitigating climate change.

Policy Recommendations

• Anthropogenic oxygen-deficient dead zones in the ocean should
be addressed by reducing nutrients, and particularly nitrogen
inputs from land by 50% or more. This effort should include
improved and integrated management of agricultural
fertilization and wastes, human wastes, wastes from food
industries, and emissions of nitrogen oxides from traffic and
shipping. The most effective use of policy, legal, and regulatory
command and control measures should be utilized to achieve
this, including nutrient emissions limits, more stringent
regulations on nutrient removal fromwastewater, requirements
for nutrient recovery and recycling, and the adoption and
implementation of good agricultural practices.

• Nutrient management institutional capacity should be
strengthened at the local, national, regional, and global scales.
At the global scale, the Global Programme of Action for the
Protection of the Marine Environment from Land-Based
Activities (UNEP GPA) should be strengthened and expanded
to include further capacity building and mobilization of
resources for investment in treatment of human wastes and
wastewater, including nutrient protocols that are river-
basin wide.

• Reduction in fertilizer use and dramatic increases in fertilizer
use efficiency are needed. Achieving these will require a broad-
based effort involving, e.g., developing better combined
irrigation/fertilization techniques, improving weather
forecasting tailored for timing efficient fertilizer application, and
adjusting crop types and cropping techniques to minimize
fertilizer use.
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• Economic instruments should be investigated to facilitate the
efficient use of nutrients, including negative incentives (e.g.,
taxes on fertilizer and/or nutrient emissions) and positive
incentives (e.g., subsidies that encourage the recovery and
recycling of nutrients from waste streams). A cap and trade on
manufactured nutrient production could also be examined.4

• New public-private partnerships across key sectors should be
promoted that develop nutrient reduction technology in
partnership with governments and promote innovation for
nutrient recovery and reuse, including through the creation of
new sectors and jobs to address this.

Sea-Level Rise

Though relative sea-level rise will differ from global sea-level
rise, i.e., variations in sea level in a particular location will depend
on local conditions and inmany instanceswill differ from the global
average, overall, sea-level rise is expected to exacerbate inundation,
storm surge, erosion, and other coastal hazards, thus threatening
vital infrastructure, settlements, and facilities that support the live-
lihoods of coastal and island communities. Sea-level rise from cli-
mate change is the result of a number of mechanisms, including
the thermal expansion of water as heat is increasingly absorbed
by the global ocean, added freshwater to the ocean from melting
glaciers and ice sheets, and changes in ocean and atmospheric
circulations.

Precisely how much global and relative sea level will rise is
unclear, particularly due to difficulties in estimating how rapidly
some of these impacts will unfold. Chapter 5 notes that if small gla-
ciers and ice caps were to melt sea level would rise by 0.6 m, but if
the Greenland ice sheet melts sea level would rise by over 7 m, and
further that the melting of all the ice on Antarctica would cause a
56.6 m rise (Steffen et al., 2010). Additional processes could acceler-
ate the melting of major ice sheets. For example, some ice shelves

4 For example, an innovative cap-and-trade program for water quality is moving

forward in the Ohio River Basin. The project, designed to establish a framework for

interstate trading, will first undergo a pilot phase from 2012 to 2014, which will test

different trading mechanisms in advance of regulatory drivers (EPRI, 2012).
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effectively hold back even larger glaciers. If those ice shelves were
to melt and flow into the ocean, these larger glaciers would more
readily transfer melt and ice into the ocean. To date, we know that
melting glaciers have been one of the largest contributors to sea-
level rise. We also know that Greenland has witnessed an increas-
ing net loss of mass by a factor of seven between the mid-1990s and
mid-2000s, and that Antarctica witnessed almost double the ice loss
in the same decade, primarily inWest Antarctica and the Peninsula
(Steffen et al., 2010). Although we have advanced our ability to
quantify the sources of sea-level rise, it remains difficult to predict
how these dynamic processes and feedback loops will continue to
influence events.

Nevertheless, sea level has increased by about 25 cm since 1850,
andwe can confirm that this rate is accelerating: for the period 1961-
2003, the rate of global mean sea-level rise was 1.8 mm/year, while
from 2003 to 2007 it was 2.5 mm/year (Bindoff et al., 2007). Regard-
ing future projections of sea-level rise, there will always be a range
of possibilities dependent upon a number of factors and assump-
tions, and in particular upon the extent and rapiditywithwhich gla-
ciers, ice caps and ice sheets contribute to this rise. Regardless, it is
important to note that the current rate of flow and melt into the
global ocean is not appropriately incorporated into the most recent
projections of the IPCC, leading many to believe that the range of
possibilities in the AR4 report is at best underestimated, and that
improvements in climate models are needed to better account for
such interactions.

Although sea-level rise will impact coastal areas to varying
extents, there are many areas that are particularly vulnerable,
including coastal zones with high population densities, low eleva-
tions, high rates of land subsidence, and limited capacity. A meter
rise in sea levelwouldwreak havoc on these and other coastal areas.
In particular, many of the most vulnerable areas are in the develop-
ing world, along the coasts of Africa, in South and Southeast Asia,
and in Indonesia and other island nations (McGranahan et al.,
2007). Many of these nations and peoples are the least responsible
for greenhouse gas emissions, yet are the populations who will be
most affected by the impacts of climate change, including, in some
areas, the disappearance of some countries as islands become unin-
habitable or heightened insecurity in others as high population,
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low-lying areas that are key to the functioning of the State are dec-
imated by rising seas. Although the monetary costs of relocating a
populationmay pale in comparison to those required to address the
underlying threat of climate change through strong mitigation and
adaptationmeasures, the social costs of a loss of national identity, of
losing an entire peoples’ culture and history, remain unaccounted
for and should be considered.

The health effects of rising sea levels similarly remain largely
unaddressed. Rising sea levels in some areas will impact coastal
freshwater supplies, release toxins from coastal landfills, and
increase the outbreak of disease, for example, by damaging sewers
and other coastal infrastructure. Increased salination in water
intakes, coastal areas, and low-lying islands will turn drinking
water saline and increase treatment costs, and will further affect
crops and harm aquatic animals and plants. These impacts should
be given greater attention.

Policy Recommendations

• The international community should recognize that the gains
that could be realized by accounting for a 1- to 2m rise in seal
level at present are even greater in terms of cost avoidance. The
benefits of protection increase substantially with time, and
substantial costs in terms of population displacement and land
loss can be avoided through implementing protective measures
now. Innovative financial instruments and fundingmechanisms
also must be mobilized to address this urgent need.

• States should prepare for sea level to rise at least 1 m by the end
of the century by implementing measures for adaptation
infrastructure and coastal defenses in vulnerable coastal areas,
including through the relocation of coastal populations where
necessary and possible.

• Adaptation measures should include a range of “hard”
approaches, such as dikes, seawalls, reinforced structures, and
ecological engineering, and “soft” approaches, including
management, policy, and institutional considerations. An
adaptation framework must recognize that impacts will occur at
different intensities at different times, with impacts such as
coastal erosion or habitat degradation often less immediate than
inundation and flooding, but of no less concern.
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• With urgency, the capacity of coastal and island areas to predict,
understand, and respond to the risks posed by rising sea
levels must be formalized and strengthened.

• International mechanisms through which low-lying island
nations and coastal communities can be fairly compensated for
the loss of their territory and cultural heritage should beprepared.

Pollution

Marine pollution, in itsmany forms, alters the physical, chemical,
and biological characteristics of the ocean and coastal areas, nega-
tively impacting the health of biodiversity and ecosystems. The
three primary sources of marine pollution stem from direct dis-
charge of effluents and solid waste on land and at sea, runoff from
rivers, and atmospheric deposition. Overall, the most significant of
these threats comes not from actions at sea but on land, with land-
based activities contributing about 80% of all pollution entering the
ocean. Globally, agriculture, sewage, urban runoff, industrial efflu-
ent, and fossil fuel combustion are the most common sources of
nutrient pollution, with considerable regional variation in the rela-
tive importance of each (Selman et al., 2008). The impacts of toxic
chemicals, such as DDT and PCB, and those of solid wastes (in par-
ticular plastics) have also gained much attention; however, impacts
from invasive species, thermal energy, and noise pollution are
disconcerting as well.

Due to a lack of data and long-term observations, as well as com-
plex interactions that occur in the environment, it is difficult to esti-
mate the amounts and impacts of specific pollutants, including how
they interfere with ecosystem processes, especially at sea-land and
sea-atmosphere boundaries. Nevertheless, enough is known about
the sources, pathways, and threats of pollutants to advance actions
to address harmful effects. We have long known some of the neg-
ative consequences of chemical and metal contamination in the
marine environment, which in many instances has resulted in toxic
effects in wildlife and humans. Humans are especially susceptible
to toxicity through the consumption of contaminated seafood, lead-
ing to health effects including sensitization, allergy, neurological
development deficits, and disturbance of the hormone system.
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In prioritizing efforts to address thesemany and varied concerns,
it is critical to understand the persistence, bioaccumulation poten-
tial, toxicity, radioactivity, and transboundary significance of a sub-
stance. For some chemicals, these criteria have helped to remediate
impacts—at the global-, regional-, and national-level bans and
restrictions on some of the most harmful chemical and metal con-
taminants have considerably addressed concentrations in the
marine environment. However, other chemicals, for which impacts
are unknown, have been introduced and are used in many areas
without restriction. Further, there is very limited knowledge on
the combined effects of these substances over time, and because
ecosystems and wildlife are exposed to numerous substances at
the same time, it is very difficult to directly link observed changes
to a single contaminant. It is likewise difficult and complicated to
scale up the effects of a contaminant on a single organism to the
species or ecosystem level, though there is evidence that chemical
contaminants affect ecosystem biodiversity and may increase sus-
ceptibility to other stressors, including disease (e.g., Khan, 2007).

Noise pollution also can have negative impacts in the marine
environment, especially formarine animals that use sound for feed-
ing, migrating, breeding, etc. Though the effects of noise in the
global ocean on fish and mammals are not well understood, and
there are many variables to further investigate, certain limits for
lethal and sublethal effects are known. For a number of species
where information is available, these limits should not be breached,
especially for endangered species or populations of fish and
whales.

Regarding oil pollution, there are natural releases of petroleum to
the marine environment. However, direct anthropogenic releases
from drilling operations and transportation, as well as indirect dis-
charges from atmospheric deposition and municipal/industrial
runoff, are of large concern. Recently, plastic and other debris that
makes its way to the ocean has also been shown to accumulate and
impact marine resources and ecosystems—plastic debris can be
found in every region of the ocean, from the poles to the equator,
at the surface and in the deep sea. While it is difficult to calculate
the distribution of waste, recent studies and observations confirm
that debris is subject to transport by ocean currents and tends to
accumulate in a limited number of convergence zones, or gyres.
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The debris causes awide range of impacts, including lethal and sub-
lethal effects on biodiversity, entanglement, chemical contamina-
tion and the alteration of community structures (Boerger et al.,
2010). Various radionuclides entering the marine environment also
are spread relatively widely through ocean current transport, as
well as through the food chain. While global mean doses from
anthropogenic radionuclides are thought to be well below accept-
able levels with respect to human health, there is considerable
regional variation, including some hot spot areas, which should
be granted particular attention, as should for the long-term behav-
ior of radionuclides in the marine environment.

Marine pollution has a relatively small impact on the global
ocean as a whole, and thus when considering pelagic areas, the
issuemay appear to be diluted.However, these impacts can become
more severe when considered at a more localized scale, particularly
in coastal zones where pollution tends to be more concentrated and
the risks substantially higher, as well as in pelagic areas, e.g., the
gyres, or in the water column/along the seafloor. Most disconcert-
ing with regard to marine pollution is the fact that we know so little
of the long-term and compounding influences of varied types of
pollution, especially regarding chemical and metal contamination,
where only a miniscule percent of those entering the ocean are well
investigated. Thresholds to contamination and pollution are not
adequately anticipated or understood, including how a breach of
these thresholds may impact ecosystems, human health, and the
economic resources we depend upon. However, it is important to
emphasize that while more detailed assessment is needed to prop-
erly allocate funding to address this issue, in many instances we
have enough information to act.

Policy Recommendations

• The effects of climate change on the distribution of pollutants and
contaminants are unknown, including how shifting climate
zones, increased temperatures, and altered precipitation patterns
will influence the behaviors, pathways, and effects of pollutants at
the global and regional scales. Due to a lack of knowledge on
concentration pathways and combined effects of pollutants,
especially in light of climate change impacts, a precautionary
approach to the issue of marine pollution should be pursued.
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• A regional approach should also be pursued to the issue of
marine pollution to assist in identifying research gaps, including
gaps that enable assessment of the magnitude of the problem,
e.g., the OSPAR Commission and resulting Quality Status
Reports, among others. The capacity of regional institutions
should be strengthened to identify priority hazardous
substances and continue their abatement at the source, including
emissions of polycyclic aromatic hydrocarbons from fossil fuels.

• At the global level, UNEP GPA should be strengthened to
address pollution, including through capacity-building and
increased investment for treatment of human wastes and
wastewater. The international community should further
support a global ban on persistent organic pollutants and
worldwide control of mercury emission sources within the UN
framework. Regarding noise pollution, global leaders should
consider the EU Marine Strategy Framework Directive as a
starting point on thresholds for noise levels that can be
considered acceptable. A worldwide reduction in the production
of newplastic and an increase in recycling should also be pursued
to reduce the quantity of plastic debris entering the marine
environment. In particular, a global public-private partnership
could focus on the reduction of environmental impacts associated
with single-use plastics packaging (STAP, 2011).

• Future coastal planning must consider the redistribution of
sedimentation as a consequence of storms and/or flooding, as
well as land-use change, including the potential release of
contaminants as they become dispersed and oxygenated.
Pollution impacts must further be considered in the broader
context of marine ecosystem resilience.

• As action is pursued to address marine pollution, research
should endeavor to better understand the effects of chemical
contamination, including the combined effects of chemicals and
synergies between various types of pollutants, as well as how
these chemicals may behave in a changing climate.

Overuse of Marine Resources

Fishing is perhaps the most long-standing and common use of
ocean resources and is the activity thatmost heavily exploitsmarine
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areas, with some type of fishing activity occurring in every region of
the ocean. The United Nations Food and Agriculture Organization
(FAO) estimates that fish provide over 3 billion people with 15% of
their total animal protein intake. This particular food resource is
even more critical in developing countries, SIDS, and coastal
areas, where up to 90% of animal protein is provided by fish
(FAO, 2010). The fishing industry is also a key economic sector in
many countries—approximately 260 million people have full-
and part-time jobs directly and indirectly related to global marine
fisheries sectors (Teh and Sumaila, 2011). In developing countries,
exports of fish are especially critical, contributing higher value than
agricultural commodities in many areas (FAO, 2010).

Healthy fish stocks are a matter of food security for the globe—it
is estimated that by 2050, global fish catch and aquaculture will
have to grow by an additional 75 million tons per year to meet
the animal protein needs of a burgeoning population (Rice and
Garcia, 2011). However, global decline in marine fish catches began
in the early 1990s, and today, with total catch exceeding 100 million
tons per year (including discards, bycatch, and IUU fishing), the
FAO estimates that 87% of stocks are fully exploited, overexploited,
depleted, or recovering from depletion (SOFIA, 2012). Harmful
subsidies continue to contribute to overcapacity of the fishing fleet
(Sumaila et al., 2010), while inconsistencies in regional fishery man-
agement organizations (RFMOs) persist, leading to poor regulation
and IUU fishing in many areas (Agnew et al., 2009). The World
Bank (2009) estimated that by managing global fisheries ineffec-
tively, we lose economic benefits on the order of US$50 billion
annually. In another study, Dyck and Sumaila (2010) estimated that
the total impact of marine fisheries on the current global economy
could be up to US$240 billion a year.

To meet some of the challenges fisheries face in providing a
steady and sustainable food source aquaculture is continuing to
grow, representing the most rapidly growing animal food produc-
ing sector. In 1950, the global contribution of fish from aquaculture
was less than 1 million tons, growing to 32.4 million tons in 2000
and to 52.5 million tons in 2008. In 2010, aquaculture provided
almost half (45.6%) of fish consumed around the globe (FAO,
2010) and is expected to exceed 60% by 2020 (Nierenberg and
Spoden, 2012). However, globally, aquaculture does not have an
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overarching framework, and the recent development and intensifi-
cation of aquaculture have revealed a broad spectrum of associated
environmental issues including domestication, introduced marine
species, capture of wild stocks for aquaculture needs, unsustainable
feed ingredients, excessive organic matter in the effluents and
waste management, and effects on local flora and fauna, all of
which put at risk the ability of aquaculture to mature into a sustain-
able economic sector and a stable contributor to food security
(Naylor et al., 2000).

As aquaculture grows and confronts these challenges, global
fisheries too must address long-standing threats to the sustainabil-
ity of stocks and marine resources. In addition to overfishing and
IUU fishing, destructive fishing practices damage marine habitats,
causing further stress to ocean ecosystems. For example, bottom
trawling, which involves dragging large, heavy nets along the sea
floor, effectively decimates benthic habitats. In the deep ocean,
huge reservoirs ofmarine biodiversity exist, for example, surround-
ing seamounts, hydrothermal vents, methane seeps, and deepwater
corals (Rex and Etter, 2010; German et al., 2011). Organisms that
thrive in these environments evolved under extreme environmental
parameters and offer genetic material highly valuable for scientific
discovery and commercialization. The extraction of marine genetic
resources stands to greatly benefit humanity from the worldwide
availability of products stemming these resources, and the contri-
butions these products can make in fundamental areas such as
improved public health, cheaper food, and new scientific knowl-
edge,with numerous applications in pharmaceutical, biotechnolog-
ical, and cosmetic fields. While the development of commercially
viable products derived from marine genetic resources has, thus
far, proven to be an expensive, risky, complex, and lengthy under-
taking, as technology improves and access becomesmore feasible, it
is possible that these valuable resources also could be threatened by
overexploitation.

The loss of marine biodiversity due in particular to overfishing
(Pereira et al., 2010) will be exacerbated by climate change impacts.
Global warming is already leading to shifts in the range and distri-
bution of some species and is expected to further disrupt migration
patterns, leading to uncertainty in the ability of coastal countries to
rely on key fisheries to support their livelihoods, as well as higher
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risks that invasive species may cause environmental harm and
destruction (e.g., Sumaila et al., 2011). Pelagic fisheries also are
expected to be displaced from intense coastal upwelling zones to
less productive open-ocean upwelling areas. These impacts
threaten the well-being of vulnerable coastal populations. For
example, along the Benguela Current research has reported a major
shift of pelagic sardine and mackerel fisheries biomass south to
eastward, which is likely due to climate change (Hampton and
Willemse, 2012). This is concerning—the failure of some seasonally
migrating species, such as sardines, to return to the area could
result in the closure of South African andNamibian fish-processing
facilities, which may not be able to operate at economically viable
levels.

It is true that management efforts are resulting in the recovery of
some fish stocks. However, in many areas of the world where infra-
structure is lacking for rigorous fisheries science, monitoring, man-
agement, and enforcement, marine ecosystems and species
continue to be overexploited. As shown in this book, there is a sub-
stantial net economic benefit to be gained from the recovery and
rebuilding of global fish stocks, which would generate between
three and seven times the mean cost of fisheries building reform
and would have untold value for ecological health and socioeco-
nomic well-being.

Policy Recommendations

• With urgency, fishing capacity and effort managed by national
authorities and RFMOs should be reduced, and harmful and
perverse subsidies that contribute to overfishing and excess
capacity should be eliminated. As shown inUNEP’s (2011)Green
Economy report, efforts that address overcapacity should focus
on large-scale vessels (e.g., through vessel buyback programs,
compensation, retraining programs, etc.), among other actions to
help the fisheries sector adjust to lower fishing capacity.

• The mandates of RFMOs should be reviewed and modernized,
including through periodic performance reviews by an
independent third party, and with monitoring of the
implementation of recommendations made by reviews,
including a focus on implementing an ecosystem approach
to fisheries.
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• States and RFMOs should confront IUU fishing by fully
implementing the International Plan of Action to Prevent, Deter,
and Eliminate Illegal, Unreported, and Unregulated Fishing
(IPOA-IUU). States also should become party to the United
Nations Fish Stocks Agreement and the FAOAgreement on Port
State Measures to Prevent, Deter, and Eliminate Illegal,
Unreported, and Unregulated Fishing. The use of destructive
fishing practices should further be prohibited.

• Flag State control of vessels and nationals (both individuals and
companies) should be improved through, inter alia, better
compliance with, and the strengthening of, monitoring, control,
and surveillance measures, including increased information-
sharing, vessel-monitoring systems and observer programs, and
increased participation in the International Monitoring, Control,
and Surveillance Network.

• For aquaculture, ecosystem approaches should be advanced that
integrate decisions on site selection and management, the
selection of species and stocks suitable for local environments,
the types and sources of feed, the use of veterinary medicines,
discharges and emissions that can reach the marine
environment, and impacts on wild species and other aspects of
the environment.

• Research should be supported that explores the impacts of
climate change on fisheries, including through the development
of models for impacts on fish stocks and local fishing
communities, and the integration of climate change projections
and considerations into fisheries and aquaculture strategies at
national and regional levels.

• Considering that some of the most serious impacts will be borne
in developing countries, including the potential loss of
fisheries due to climate change impacts, efforts should be
accelerated to improve the design and implementation of
ocean use agreements in the exclusive economic zones of
developing countries to ensure local benefits, social equity,
resource conservation, and public transparency. Capacity
building and technology transfer should also be pursued to
improve the capacity of developing States to achieve sustainable
fisheries and aquaculture and to effectively participate in
RFMOs.
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• Existing international arrangements andmechanisms tomanage
and conserve marine biodiversity should be strengthened, and
in areas beyond national jurisdiction (ABNJ) gaps in existing
international instruments should be addressed.

MULTIPLE STRESSORS: PUTTING THE PIECES
TOGETHER

The overarching lesson emanating from this research is that
sustainable management of ocean resources and space cannot be
achievedwithout careful consideration of themultiple stressors act-
ing onmarine ecosystems, how these stressors currently andmay in
the future interact, and how thismay impact the efficacy ofmanage-
ment strategies. We also must consider that many of the major
impacts the ocean is facing originate on land or in the atmosphere.
Currently, very fewmanagement efforts address multiple stressors
in such a holistic manner. Rather, management, even that which
begins on a basis of integrated coastal and ocean management
and an ecosystem approach, continues to proceed largely on an
issue-specific or sectoral basis. Those intersectoral management
approaches that do exist, such as marine spatial planning,5 may
convey a clear picture of conflicting uses of an ocean area, but it
is not clear that such approaches adequately focus on the stressors
acting on (and potentially interacting in) an area. Approaches that
focus on the cumulative effects of human activities within a marine
ecosystem can paint a substantially different picture than
approaches that focus on how an ocean or coastal area is being used.
Without defining management targets at the ecosystem level we
will continually undermine the resilience of marine ecosystems
to withstand additional stress, and increasingly put at risk coastal
communities around the globe.

It is critically important to better understand how these stressors
interact. There are some studies, for instance, that show pollution

5 According to UNESCO, marine spatial planning is “a public process of analyzing and

allocating the spatial and temporal distribution of human activities in marine areas

to achieve ecological, economic and social objectives that have been specified through a

political process” (Ehler and Douvere, 2009).

323MULTIPLE STRESSORS: PUTTING THE PIECES TOGETHER



can undermine the resilience of an ecosystem to climate change by
decreasing the heat tolerance of organisms in an ocean area (e.g.,
Negri and Hoogenboom, 2011), yet these types of studies are, to
date, sparse. Further, while spatial information is often available
for specific locations where individual impacts are occurring, this
information is rarely synthesized to convey a clear picture of where
multiple impacts are occurring globally, regionally, or locally. The
joint perspective of the combined effects of two or more stressors
acting at the same time is largely unexamined. To this end, research
should focus on advancing understanding of where multiple
impacts are occurring in a holistic sense as well as on developing
and utilizing ecosystemmodels to foster our understanding of eco-
system dynamics and the complex ways in which stressors may
interact (Edwards et al., 2011). Research should also seek to con-
duct mesocosm experiments that use controlled environments to
examine responses to multiple stressors at the ecosystem level.
While these types of experiments are understandably difficult to
conduct in the dynamic, ever-changing ocean environment, there
are some successful examples upon which further research could
be built (Russel et al., 2009). Coupled with laboratory experiments
that utilize an ecosystem approach, mesocosm experiments would
enhance our understanding of the interactions of multiple
stressors acting on a marine ecosystem over time, including
effects on keystone systems, critical processes, and tipping points
in restructuring ecosystems. In conducting such research, it should
be considered that these models and experiments are themselves
complex. Whatever research limitations may exist, they are likely
not readily transparent to resource managers, who similarly may
have limited experience with understanding output data (Littell
et al., 2011). Nevertheless, with adequate thought on how the user
community (i.e., decision makers) will utilize research results,
these models and experiments can go a long way toward reducing
uncertainty.

However, and perhaps most importantly, while more research is
critical to enable more effective management of ocean resources in
light of multiple impacts, there are some provisions that can and
must be enacted immediately to caution against the dangerous
and catastrophic change marine ecosystems stand to undergo. A
lack of perfect understanding must not delay the implementation
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of proven techniques that foster ecosystem resilience and
strengthen the effectiveness of governance arrangements.

Regarding ecosystem processes, techniques that should be con-
sidered in a broader management context include, inter alia, scaling
up efforts to implement and effectively manageMPAs.6 The design
of MPAs can be crafted to enhance the resilience of marine ecosys-
tems, in order to better withstand climate change and other impacts
(e.g., Game et al., 2008; Mumby et al., 2011). As detailed above,
enhancing the resilience of marine ecosystems is critical to their
ability to recover from and withstand additional stress. For exam-
ple, impacts frommarine pollutionmay undermine the resilience of
ecosystems to accommodate impacts from several other single
threats to the ocean, such as ocean acidification or commercial fish-
ing. Management objectives for MPAs, such as those included in
Table 12.1, should be pursued that can enhance ecosystem resil-
ience to multiple stressors, including climate change (adapted from
McLeod et al., 2009 and MPA FAC, 2010).

An additional tool that should be utilized to enhance ecosystem
resilience is environmental impact assessment (EIA). If done cor-
rectly, EIAs can be useful planning tools to assess the potential
impact, both positive and negative, that a proposed project or effort
may have on an ecosystem and its resources, while also allowing for
consideration of social and economic aspects (e.g., FAO, 2011). This
decision-making tool, which is widely used throughout the world,
can help to prioritize management efforts to foster resilience by set-
ting principles, standards, and guidelines that require consider-
ation of multiple stressors, with a view to prevent significant
adverse impacts to key resources.

Whichever approaches are pursued, governance efforts must be
integrated across and between institutions and instruments to pro-
vide for more effective management. As detailed throughout this
book, issues affecting themarine environment aremany and varied.
There also are myriad international, regional, national, and local
institutions with jurisdiction to address specific issues in managing

6 An MPA is an area of “intertidal or subtidal terrain, together with its overlying

waters and associated flora, fauna, historical, and cultural features, which has been

reserved by law or other effective means to protect part or all of the enclosed

environment” (Kelleher, 1999).
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ocean resources and space. However, at the ecosystem level, efforts
are often largely uncoordinated and there remains a need to
account for cumulative and potentially negatively synergistic
effects of impacts. This is not to imply that individual efforts should
cease, but rather that there is a need to scale up individual manage-
ment efforts toward cross-issue, intersectoral, transboundary inte-
gration, with an overarching focus on enhancing ecosystem
resilience to multiple stressors. While such efforts will be complex,
it is critical that we acknowledge the entire institutional framework
as an entity and, more importantly, work within it to strengthen
holistic management in a wider context by strengthening its

TABLE 12.1 MPA Design and Management Strategies to Enhance Ecosystem
Resilience

Reduce additional stressors: Reduce anthropogenic stressors onmarine ecosystems in
order to increase their capacity to resist and recover from additional climate
change impacts.

Protect the least exposed: Protect ecosystems that are least exposed to climate changeby
siting MPAs where impacts are expected to be ameliorated by local conditions.

Protect the least vulnerable: Protect ecosystems that are least vulnerable to climate
change by siting MPAs where organisms are expected to be naturally more
resistant or adaptable.

Protect critical areas: Protect especially valuable resources that are at risk, whether
vulnerable or not, by siting MPAs to contain those resources. This could include
areas that are biologically or ecologically significant, as well as areas of key
economic or social importance.

Ensure diversity and size of populations: Ensure replenishment, viability, and genetic
diversity of populations by designing MPAs and MPA networks to protect
sufficiently large population sizes.

Account for range shifts: Site, design, and adapt MPAs and MPA networks to
anticipate potential habitat or species range shifts in response to climate change.

Ensure connectivity: Ensure connectivity by siting and designing MPAs to create
ecologically connected and functional networks with “corridors” or “stepping
stones” that facilitate range shifts of populations and the movement of individuals
and genes in response to climate change.

Spread risk: Protect a range of habitats within MPA networks, and replicate sites
within those habitat types, to spread the risk of catastrophic loss due to more
extreme impacts (i.e., reduce the chances habitat types will all be affected by the
same impact).
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discrete parts, their streamlined interactions, and their ability to
leverage resources and capabilities (Oberthur and Stokke, 2011).

Initiatives that explicitly adopt such network regime approaches
to ocean governance, particularly focused on strengthening the
entire governance framework at the regional level, are emerging
and merit consideration. In the Wider Caribbean Region, arguably
one of the most geopolitically complex regions of the world, it has
become apparent that conventional approaches to ocean gover-
nance, typically in the form of commissions founded on legally
binding agreements, cannot address the complexity of the region
in terms of its size, wealth, and power, and where capacities and
interests differ substantially. Rather, the region is pursuing innova-
tive efforts toward reforming regional ocean management arrange-
ments based on assessment of the fragmentation, gaps, and
overlaps that occur among the organizations and arrangements,
or regional ocean governance complex (CERMES, 2011). The
approach uses the Large Marine Ecosystem Governance Frame-
work as a model for regional ocean governance and seeks to iden-
tify interventions that would enhance or build key parts of the
framework (Fanning et al., 2009). Reforms focus on disaggregated
arrangements whereby the participation of States and organiza-
tions in ocean governance better aligns to appropriate levels of
capacity and commitment for their specific level of development
(Mahon et al., 2010). Notably, though substantial evidence exists
that similar approaches are necessary, the operationalization of
network governance will require data that demonstrate these
approaches provide value added to the current array of manage-
ment initiatives, as well as methods for periodic assessment and
the improvement of efforts through an adaptive management pro-
cess (Young, 2011). In this regard, the Global Environment Facility
Transboundary Waters Assessment Programme has made consid-
erable progress in developing methods for governance assessment
in transboundary water systems, which could be looked to when
constructing models for other areas and programs.7 Further, any

7 To view the GEF TWAP methods for governance assessments as related to oceans,

see IOC-UNESCO (2011), Volumes 5 and 6. To view the conceptual background behind

the assessments, see Mahon et al. (2011).
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governance approach should take great care to ensure an effective
framework exists for translating both biological and social sciences
intomanagement decisions, policy formulation, and broader gover-
nance issues (Mee and Adeel, 2012).

Finally, when considering multiple stressors, it is imperative to
recognize that the isolated impacts of climate change will be exac-
erbated by additional effects, e.g., rising sea levels will cause an
increase in hazardous water levels, which will be further increased
in the event of a severe storm. Similarly, rising temperatures in the
ocean can prevent oxygen-rich surface waters from circulating to
lower depths, resulting in an increase in hypoxic events. Overall,
multiple stressors in many areas will be negatively synergistic,
and therefore, urgent action is needed to caution against these
unknowns. Although at the global level political decisions and
action necessary to combat the deleterious impacts of climate
change in the ocean may be stalled, there are successful examples
at the local or sub-State level where action has been taken to miti-
gate impacts from global concerns. In light of the current impasse
in the climate negotiations and the absence of concerted efforts at
the global scale, it is ever more essential that management decisions
are enacted at the regional and local levels to build ecosystem resil-
ience and provide for more effective governance, thus ensuring, to
the highest degree possible, the sustained provision of marine
resources and services.

The security of coastal and island populations is already on a risk
trajectory due to increasing ocean acidification and warming,
increasing intensity of extreme weather events, escalating inci-
dences of hypoxia, pollution from multiple sources, and depleted
livingmarine resources. The interactions and feedbackmechanisms
of these impacts, coupled with increasing scarcity of freshwater in
many areas due to the influence of the greenhouse effect on the
hydrological cycle, and combined with coastal population growth
trends, threaten many States and, in particular, developing
countries. Together, these effectsmay result in growing tides of envi-
ronmental refugees either permanently—in the case of SIDS—or
seasonally, as millions more are displaced by “natural” disasters.
The scope of human security risks aggravated by anthropogenic cli-
mate and environmental change underscores the need for the global
community to better safeguard socioeconomic well-being by begin-
ning to manage for multiple stressors, and urgently so.
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IMPLICATIONS OF VALUING OCEAN DAMAGES
AND PLANNING FOR SURPRISE

Thus far, recommendations have focused on taking action on
individual issues, but more importantly have emphasized a press-
ing need to develop management strategies for multiple stressors.
However, given today’s complex economic, social, environmental,
legal, and regulatory challenges, a key concern is how ocean and
coastal issues should be prioritized within the broader picture of
ensuring economic well-being, and social and environmental secu-
rity. We know that the economic and social values of coastal areas
and the ocean are, for themost part, insufficiently researched, docu-
mented, and disseminated, resulting in diluted political will at the
national, regional, and global levels to safeguard these resources.
Yet in an era of global financial recession, with trade-offs necessar-
ily occurring as we strive for fiscal stability and sustainable socie-
ties, where does protection of ocean resources and space fall on
the spectrum of urgent action needed to secure the three pillars
of sustainable development, i.e., economic development, social
development, and environmental protection? In the broader con-
text, what is the value of preventing further damage to the ocean,
and what does this value imply for policies related to natural
resource and disaster risk management?

As detailed in Chapter 10, best estimates for five categories of
damages are developed under two emission scenarios (Table 10.3),
for which: (a) it is possible to assign meaningful monetary values
and (b) realistic policy decisions can be taken and enacted now
and in the future. Under the low emissions, low-impact scenario,
damages across these five issues are around US$612 billion per
year, equivalent to 0.11% of world GDP in 2100. Under the high
emissions, high-impact scenario, damages rise to US$1980 billion,
equivalent to 0.37% of global GDP. The difference between the
two, or the amount that can be saved by achieving the low emis-
sions rather than the high emissions scenario is US$1367 billion,
which is well over a trillion dollars per year by 2100, equivalent
to 0.25% of world GDP.

Compared to the global economy these figures certainly matter,
particularly when they are combined with the impacts of the same
scenarios on agriculture, water supplies, human health, and other
land-based sectors. Trillion dollar estimates of future damages,
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however, are not alone sufficient to foster political will, mobilize
action, and catapult a shift toward implementing measures to mit-
igate and adapt to global environmental change; toward the sus-
tainable management of the ocean and coasts. The deeper
implication of this economic analysis is the need for better risk
models, viewing the threats to the ocean through the lens of insur-
ance rather than cost-benefit analysis. This is applicable on two
levels: both creative use of insurance mechanisms to cope with
extreme weather events and ensuing local disasters, and the devel-
opment of long-term policies that function as insurance against cat-
astrophic and irreversible global risks.

We need to rethink how we assess economic risks—comparison
of long-run average impacts to regional or global economies is inad-
equate and misleading and does not account for different types of
risk, e.g., the probability of an event actually occurring versus the
probability of the type of impact that event would have. The early
manifestations of climate change, which are already upon us,
include more and bigger extreme weather events, such as an
increase in the highest-intensity, most damaging hurricanes. The
impacts of these events on the most exposed and vulnerable coastal
communities, i.e., developing nations and SIDS, are greater than
global averages suggest and may overwhelm local resources for
adaptation and recovery.

Our traditional cost-benefit approaches often do not capture the
effects of events that are in fact the result of several factors acting
together. As one example, coral reefs are negatively impacted by
ocean warming, acidification, overfishing, and excessive tourism.
In today’s world, all of these factors are acting simultaneously.
We do not yet have the data or tools needed to properly assess
the conditional probability of all of these threats acting together
on specific reef communities and even less the exact nature of the
impacts on specific reef systems. What we can say is that we expect
the combined impacts of all of these factors acting together on reef
systems to be greater than the sum of individual threats. Another
example is the combined effect that the poleward movement of fish
communities (due to ocean warming) and ocean acidification will
have on the marine food chain in major ocean basins. Poleward
migration of fish communities will displace or replace ones present
today in polar ocean areas, while acidification may eliminate an
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entire class of marine organisms (e.g., those that form aragonite)
with unknown—but undoubtedly very large—impacts on the
marine food chain.

These examples illuminate some of the landscape in the area
between uncertainty and surprise as discussed in Chapter 9. In these
cases, proper risk assessment is not possible, aswe knowneither the
probabilities of the various interactions occurring in a synergistic
fashion nor the probabilities of the outcomes of these interactions.
Nonetheless, we need to develop the capability of making subjec-
tive (but still informed) assessments of these probabilities while
also building the capability to adapt to surprises into our manage-
ment strategies.

The time to act is now if we are to avoid, manage, and transfer
potentially devastating loss and damage related to global environ-
mental change. While fleshing out the elements of such strategies is
beyond the scope of this work, we can recommend increasing the
use of one kind of risk/uncertainty framework, namely, insurance
models, which can better assess economic risks associated with
global environmental change. We must move from cost-based
models to insurance-based models that account for combined, con-
ditional probabilities of the effects of multiple stressors acting on
themarine environment, including low probability but high-impact
events. It is imperative that we adopt ex ante risk management
models and tools without delay, with a focus on developing sce-
nario models and insurance tools linked with disaster risk reduc-
tion and risk-transfer approaches. There are efforts that are
developing new risk financing instruments that could serve as a
basis for discussion, e.g., the Caribbean Catastrophe Risk Insurance
Facility, a risk pooling facility designed to limit the financial impact
of extreme events to Caribbean governments by providing expe-
dited short-term liquidity.

Yet, beyond the existing threats of extreme events and local
losses lies the greater unknown: the ultimate risk of reaching tip-
ping points at which global environmental change and, in partic-
ular, those related to climate change, results in—perhaps quite
rapidly—catastrophic and irreversible damages to the environ-
ment. It is, at this time, impossible to know what the probabilities
are for reaching some critical and potentially disastrous tipping
points with respect to marine resources, ecosystems, and
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processes; when these might occur; and how quickly they might
advance. All too real, with incalculable economic impacts, are
threats such as the extinction of all coral reef ecosystems, complete
collapse of major fisheries, and/or the many meters of sea-level
rise that would result from the total loss of the Greenland ice sheet.
Entire ecosystems, ways of life for island and coastal populations,
and ensembles of essential natural services are at risk. Analyzing
such risks in a conventional cost-benefit framework is equally as
impossible: both the monetary value of these existential threats
and the probability of their occurrence remain unknown. While
it is perhaps unknowable precisely when we will reach cata-
strophic tipping points, we do know that they become steadily
more likely every year that emissions and climate change continue
unabated.

Of course, the insurance framework does not literally apply to
global threats; there is no interplanetary insurance company that
will cover our destruction of the only planet we have. What is
needed is the development of global policies that will “self-insure”
humanity against tipping points and catastrophic losses by control-
ling global environmental change and degradation at a level that
makes disasters less, rather than more, likely in the future. Again,
detailing those policies and scenarios is outside the scope of this
book, but this importunate concept cannot be overlooked aswe con-
sider the value of protecting the ocean environment.

Finally, it is critical to recognize that coastal and inland commu-
nities with ocean-based livelihoods are disproportionately at risk
from the impacts of the threats we have examined, individually
and holistically, and especially from sea-level rise, extremeweather
events, the migration of important marine species, and ocean acid-
ification. Specifically, coastal populations in developing countries
and SIDS are extremely vulnerable—most developing countries
are located in regions that are expected to be most affected by cli-
mate change, yet due to a lack of capacity, they cannot finance adap-
tation measures themselves. Further, there is no insurance market
in many of these regions to cover at least part of the risks, such that,
following a natural catastrophe, the entire economy of a nation can
be set back many years.

In particular, SIDS—characterized by their small size, large ocean
space, isolated locations, fragile economies that do not benefit from
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economies of scale, and vulnerability to externalities—are espe-
cially at risk. Sea-level rise in many areas will not only lead to salt-
water intrusion of already scarce freshwater resources but will also
lead to coastal erosion and the total disappearance of some beaches
and low-lying islands. In Kiribati, for example, a 0.5m rise in sea
level and a reduction in rainfall of 25%would reduce the freshwater
lens (floating freshwater store) by 65% (World Bank, 2000). The
same increase in sea level would result in the loss of over one-third
of the beaches in the Caribbean (UNDP, 2007/2008). More intense
storms and hurricanes put SIDS at further increased risk, as does
anticipated increases in floods—in 2080, flood risk is expected to
be in the order of 200 times greater than at present for Pacific atoll
countries (Nicholls et al., 1999).

In some cases, due to sea-level rise, the very existence of States
and cultures is threatened. These kinds of threats are impossible
to properly rationalize in purely economic terms. In the Maldives,
a 1-m increase in sea level would result in the complete disappear-
ance of the nation. The existence of Kiribati is at risk in this sense as
well—President Tong of Kiribati is working with other countries to
plan for the gradual evacuation of his nation of 110,360 people and
has confirmed deals with Australia and New Zealand to train a
small number of I-Kiribati to perform jobs those countries have
trouble filling. He is also trying to find other options for Kiribati’s
citizens as he pursues his goal of relocating 1000 I-Kiribati per year
over the next 20 years, stating “Wewant tomove our people with as
much dignity as possible. For us it is not a matter of economics, it is
a matter of survival” (Tong, 2004).

The direct and indirect effects of these events on the economy,
infrastructure, human well-being, and overall survival of these
States, even given more modest impacts, for example, a 0.5m
sea-level rise as opposed to a 2m rise, merit special consideration.
This becomes even more important when one considers multiple
stressors acting on already fragile coastal ecosystems and infra-
structure. As detailed throughout this book, the benefits of protec-
tion can increase substantially over time. If a course of inaction is
allowed, governments and the international community will face
substantial costs in terms of population displacement, land loss,
and the loss of ecosystem services that can be avoided through con-
certed action toward proactive and protective measures now.
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PACIFIC REGION CASE STUDY—IMPLICATIONS
FOR REGIONAL OCEAN GOVERNANCE

The challenges borne from multiple stressors acting on valuable
marine resources and the need for expeditious action become
incontrovertible when examining the Pacific Region. The Pacific
Ocean is the largest ocean on Earth, borders the coastline of 50
countries or territories, harbors each of the major marine habitats,
and is home to some of the highest density centers, or “hot spots,”
of biodiversity around the globe, most notably the coral triangle in
the Indo-Pacific, which is recognized as a center of marine biodiver-
sity for the world. As seen in the case study, the Pacific Ocean fur-
ther provides hundreds of billions of dollars worth in ecosystem
services each year, including over half of reported global fisheries
landings at an estimated value of US$50 billion annually. Like other
ocean areas, however, the Pacific suffers from overexploitation
(with fisheries resources generally characterized as fully or over-
exploited), pollution and habitat destruction, invasive species,
climate change, and ocean acidification, all of which threaten the
sustained provision of these vital services to humankind. This is
particularly disquieting when considering the replete dependence
ofmany Pacific communities on coastal resources and space, aswell
as the potential interactions and impacts of the varied stressors,
which are not yet well understood.

As shown in the case study, robust fisheries are critical to the
health of Pacific ecosystems and peoples. Yet inmany areas, includ-
ing SIDS, they are overexploited—one study showed that over 50%
of the fish stocks among SIDS in Oceania and Asia are likely to be
overfished, resulting in a loss of fisheries production of about
55-70% (Sumaila andCheung, 2009). A number of factors impacting
the status of stocks have been identified, including, inter alia, tech-
nological advances, subsidies provided to the fisheries sector, IUU
fishing, and the failure to account for and address the long-term
costs of fishing.

Climate change and ocean acidification will only complicate the
challenges fisheries management regimes face. Ocean warming is
projected to affect the distribution of all exploited marine fishes
and invertebrates in the Pacific Ocean by 2050, with shifts generally
occurring toward higher latitudes. These shifts are expected to lead
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to high rates of species invasion in some high-latitude areas (e.g.,
North Pacific) and high rates of local extinction in others (e.g., trop-
ical Pacific; Cheung et al., 2008). These changes, accompanied by
acidifying waters, coral bleaching in many areas, and anticipated
shifts in primary production, will likely alter potential fisheries
catch throughout the region. While locally there may be winners
and losers under various scenarios, the cumulative impacts may
result in an overall decline in fisheries landings (Ainsworth et al.,
2011). This becomes more likely under management regimes as
they exist today, as by and large they lack the capability to address
concurrent threats acting in synergistic ways.

There are proactive measures that can be enacted throughout the
region to reduce negative consequences and rebuild fisheries in light
of multiple stressors. For example, targeted establishment of MPAs
could help key stocks recover, the elimination of harmful subsidies
could address overcapacity at the State level, and as the case study
argues, dividing fish stocks into domestic and international could
foster amore coordinated approach for the latter. However, overfish-
ing, IUU fishing, and threats to stocks are but one set of issues for the
complex region. Pollution, coastal development, and other human
pressures abound throughout the Pacific Region, and until the ten-
dency toward sectoral approaches and shortsightedness is addressed
and corrected, we will remain incapable of providing for true
ecosystem-based management that can address multiple stressors,
with a view to protect the interests of future generations.

Peoples and governments so reliant onmarine resources and ser-
vices, as is evident in the Pacific, cannot afford to suffer the conse-
quences that will be brought by multiple stressors acting in a
negatively synergistic fashion. A new norm should be immediately
adopted that embraces an ecosystem-wide and holistic approach
toward decision making, considers the broader institutional frame-
work in a region, and works to leverage the resources and capabil-
ities of all relevant entities within an overarching context—one that
seeks to enhance ecosystem resilience tomultiple stressors and thus
incorporates a long-term view toward sustainable development
and national security. With decisive action lacking at the global
level, the duty falls to regional, State, and local authorities to reduce
escalating risks to vulnerable coastal communities by prioritizing to
build resilience today.
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THE NEXT ERA OF GLOBAL OCEAN GOVERNANCE:
PATHS TO SUSTAINABILITY

We must acknowledge that, even if emissions were stabilized at
current levels, the world is already committed to additional
amounts of ocean warming, acidification, hypoxia, and increased
impacts to marine resources and services worldwide. The urgency
for action has never been greater, and action can be taken now,
despite the current impasse in a binding global agreement to dras-
tically reduce greenhouse gas emissions and especially CO2. As this
book has shown, it is essential to economic, social, and environmen-
tal health and well-being that all efforts possible be pursued to
counter some of the widespread and drastic global impacts that
are assuredly approaching.

To forge a path to sustainability, we must address ocean gover-
nance gaps, secure sustainable financing for ocean and coastal
areas, and further attempt to capture and incorporate the value
of marine ecosystem services into our markets. Ultimately, a shift
in thinking must occur regarding how human actions are managed
with respect to marine resources and space. We cannot afford to
manage actions for one place, one issue, one sector, one point in
time, but must embrace multidimensional management schemes
that consider the broader context, address multiple stressors, and
allow for the optimization of more than one goal at a time. It is
equally imperative that we adopt and implement ex ante risk man-
agement models and tools without delay, with a focus on develop-
ing scenario models and insurance tools linked with disaster risk
reduction and risk-transfer approaches.

Address Global Ocean Governance Issues

Today, it is overtly clear that many global goals and targets
related to the ocean and coasts are not being met. Though there
has been progress in many areas, existing mechanisms at global
and regional levels to address single or cross-sectoral issues are
inadequate. The current institutional framework needs an infusion
of commitment toward assuring the application of best practices
and providing for innovation.
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At the highest level, major gaps in the international ocean regime
could be addressed effectively at the level of the United Nations
through the designation of a UN High Commissioner for Oceans.
This position would lead a high-level coordinating mechanism,
reporting directly to the UN Secretary General. This effort also
could examine practical relationships between the 1982 United
Nations Convention on the Law of the Sea (UNCLOS), the premier
international ocean-governing agreement, and other ocean-related
legal instruments, e.g., 1992 Convention on Biological Diversity,
1979 Convention on Migratory Species, etc., as well as the strength-
ening of regional ocean governance regimes with the necessary
capacity (i.e., technical, financial, human) to fulfill their mandates
and ensure the effective implementation of existing commitments.
Interagency coordination on ocean and coastal issues could also be
advanced, as well as State-level participation in and implementa-
tion of existingmultilateral agreements, including through capacity
building and through the integration of ocean and coastal issues
into national sustainable development strategies and frameworks.

However, while frameworks for ecosystem-based management
and integrated ocean and coastal management must be established
at the national level, actions cannot focus solely on the 200 nautical
mile exclusive economic zones of States. Governance of the 64% of
the ocean in ABNJ, currently absent a governing regime, must also
be addressed. An emerging regime should pursue the adoption of
shared principles; mandates for prior environmental assessment
(e.g., EIAs); the establishment of MPAs in ABNJ; a mechanism
for equitable benefit sharing of marine genetic resources in ABNJ;
a process for addressing further governance gaps; and full imple-
mentation of UNGA resolution 61/105, which commits nations that
authorize their vessels to engage in bottom fishing on the high seas
to take a series of actions, as well as UNGA resolution 64/72, which
places particular emphasis on conducting impact assessments for
bottom fisheries on the high seas. An implementing agreement
under UNCLOS could enable MPAs to be established in the high
seas, provide a modality for carrying out EIAs and strategic envi-
ronmental assessments in the high seas, provide a mechanism for
access and benefit sharing of marine genetic resources in ABNJ,
and implement necessary institutional and governance changes
to ensure the protection of marine biodiversity in ABNJ.
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Secure Sustainable Financing for the Ocean and Adaptation

To provide sustainable financing for the strengthening of global
ocean governance initiatives, existing institutions must be fortified
with specific resources and direction. The United Nations Eco-
nomic and Social Council, UNFCCC, United Nations Commission
on Sustainable Development, UNEP, and the World Bank, among
others, must improve their ability to address the sustainable man-
agement of the ocean and coasts by developing a global financing
strategy for these issues. To this end, the creation of a United
Nations Secretary General Ocean Budget report could address
financing needs and sources.

Inparticular, financingmeasuresneed tobeundertaken toenhance
capacity in developing countries and SIDS.Where possible, financial
resources from existing and future global adaptation sources
should be leveraged, intraregional and interregional (south-south)
cooperation should be enhanced, and new/nontraditional resources
should be explored. Linkages should also be built and strengthened
among ocean-related processes in SIDS regions and the work of
the Alliance of Small Island States under the UNFCCC, including
advocating for effective coverage of island and ocean issues with a
view to influence the IPCC and UNFCCC. To feed into the work
of the IPCC, marine research related to climate change should be
promoted throughout SIDS and developing countries, with a focus
on providing ocean-related technology transfer, research, and capac-
ity building.

The above actions are but a few necessary measures to provide
for sustained ocean resources. Ultimately, however, sustainable
financing for the ocean and adaptationmust include the implemen-
tation of risk reduction and risk-transfer strategies, such as
parametric insurance mechanisms at the national and regional
levels. Governments should be motivated and facilitated to engage
in serious and maintained dialog on the avoidance of loss and
damage, with relevant professional risk management capacities,
including insurance. Under current financing mechanisms, we
cannot expect to meet the financial burdens that will be imposed
upon us through global environmental change, especially with
mounting uncertainty and an increasing likelihood of surprise.
We must caution against an uncertain future by accounting for
possible outcomes and associated economic risks today.
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The “Blue Economy”: The Importance
of the Ocean and Coasts

As we have seen, a healthy ocean provides tremendous economic,
social, and environmental benefits that directly support livelihoods
aroundtheglobeandunderpin life-sustainingprocesses for theplanet.
As governments, the private sector, NGOs, and other groups came
together for the United Nations Conference on Sustainable Develop-
ment (Rioþ20) to “shape howwe can reduce poverty, advance social
equity andensure environmentalprotectiononanevermore crowded
planet to get to the future we want,”8 many organizations and coun-
tries promoted the “blue economy” that provides for a reduction
of stressors and maintenance and/or restoration of the structure
and function of marine ecosystems; recognizes the contributions
that ocean products and services provide to society and the economy;
and seeks to support sustainable ocean sectors and livelihoods.

Ocean-related sectors including fishing and aquaculture, ports
and shipping, tourism, traditional and renewable energy, and other
sectors should be examined as to their sustainability and how their
frameworks and practices might be improved. Further, the interna-
tional community should take a hard look at the contribution of
marine ecosystem services, including biological services, regulating
services, and cultural and aesthetic services. Because the values
of these services are not easily captured in markets, those who
have jurisdiction over these resources often do not consider their
true values when choosing whether to use or clear a resource to
produce goods that can be sold in the marketplace. This is a form
of market failure that leads to excessive habitat and/or resource
destruction. As a result, scientists, policymakers, and other con-
cerned parties should pursue methods to change economic, social,
and/or other incentives to correct the problem.

Governance and institutional deficiencies in the sustainable uses
of the ocean, and particularly of the high seas, where no State has
sole jurisdiction, have beenmajor barriers toward progress in meet-
ing global ocean and coastal-related goals. International coopera-
tion, compliance and enforcement mechanisms, and governance
mechanisms including international monitoring, accountability,
and oversight are necessary to secure the conservation and sustain-
able use of the global ocean.
8 See http://www.uncsd2012.org/rio20/about.html.
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CONCLUDING RECOMMENDATIONS

Throughout the book and this chapter are numerous recommen-
dations for better valuing ocean ecosystems and ensuring the sus-
tainability of marine environments. Each chapter and issue should
be given focused attention andweight, as eachmust be addressed if
marine ecosystems and services are to be sustained. However, the
overarching point is that focus on one issue concerning one area
along one point in time is no longer adequate. Rather, we need
to make policy decisions based on optimizing a complex system.
Across all issue areas, governance and management schemes
should endeavor to:

1. Account for multiple stressors: Accounting for multiple stressors
means that management should seek to optimize against more
than one goal at a time, e.g., not just address a pollution problem,
or ocean acidification problem, but approach global, regional,
and local issues from a large-scale, strategic point of view,
through multimanagement schemes. This will no doubt be
complex and difficult, but there are examples in other realms
where this has been successfully implemented (e.g., control
system of an airplane) and guidance exists in network and
complexity theory. Such schemes should have management
options for emergent properties, should be aware of the
suite of problems that might impact the resource of
concern (both now and in the future), and should bridge the
gaps between economists, ecologists, and natural and social
scientists.

2. Adopt and implement insurance-based risk models, and develop tools to
facilitate market capture of ecosystem services: Unlike traditional
cost-based models, insurance-based risk models can account for
combined conditional probabilities of the effects of multiple
stressors acting on the marine environment, including low
probability but high-impact events. Such models should be
adopted and implemented with urgency, including the
development of tools that may not be predictive but are
diagnostic, portraying possible outcomes, and the associated
economic risks involved. Further, ocean services should be fully
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included in the valuation of ecosystem functions, even
considering those services that cannot, at this time, be
appropriately measured (e.g., nutrient cycling). These services
should bemore effectively integrated into economic assessments
and policies. Innovative instruments and incentives should be
developed to allow these services—such as storm protection
provided by mangroves and coral reefs—to be captured and
appreciated by markets.

3. Adopt a precautionary approach in the context of multiple stressors:
While there are more precedents for the precautionary approach
to be used with a single stressor, it can also be applied in the
context of multiple stressors. The genius of Chapter 17 of
Agenda 21 was the realization that the ocean can no longer be
managed as it has been traditionally, sector-by-sector, use-by-
use. Instead, as Agenda 21 put it, approaches must be adopted
that are “integrated in content, and precautionary and
anticipatory in ambit.”

4. Utilize MPAs and EIAs to support the precautionary approach in the
context of multiple stressors: As seen above, the use of MPAs can
aid in fostering ecosystem resilience and addressing
uncertainty, while both prior EIA and strategic assessments are
fundamental elements of the precautionary approach.
Standards for environmental assessment in ABNJ have been
developed for bottom fisheries (the FAO Guidelines for the
Management of Deep Sea Fisheries in the High Seas), for
seabed mining (by the International Seabed Authority),
and in the Antarctic (by the Antarctic Treaty’s Committee
for Environmental Protection). For example, the 2009
UNGA Sustainable Fisheries resolution explicitly calls for
States and RFMOs to ensure such assessments are conducted
prior to allowing vessels to engage in bottom fishing, and
requires that areas should be closed to bottom fishing until
conservation and management measures have been adopted
to prevent significant adverse impacts. These and other
measures could guide the application of EIAs and MPAs in
the context of multiple stressors, both under areas of
national jurisdiction and in areas beyond national
jurisdiction.
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5. Strengthen holistic management through institutional frameworks,
including by ensuring regional and local issues and actions are
embedded in the larger picture: Local managers must be able to use
the information generated globally to augment local
management decisions. This is a critical component, as actions
we pursue locally may buy us time or even mitigate global
impacts. Effort should be expended to better ensure that
regional and local decisions are consistent with global impacts
and efforts, and are supported and built upon to improve
and eventually achieve increased resilience for an ocean area.
Local and municipal governments are often best placed to
address these issues directly through tangible and concrete
changes, and local governments are crucial connectors and
coalition builders that can integrate citizens, industry,
policymakers, and scientists toward a common goal. Local
governments should thus be strengthened to promote the need
for intersectoral coordination, especially across land-based
and water-based agencies that do not typically work together.
These efforts should be embedded and leveraged within the
larger institutional framework for an ocean area, with an
overall focus on cross-issue, intersectoral, and transboundary
integration.

Of course, each of the overarching and issue-specific recommen-
dations will require strengthened and renewed political will that
prioritizes long-term needs over short-term gains. This will be
difficult to foster, particularly given the resource constraints we
currently face. It will similarly be undoubtedly challenging to
provide for effective governance of such burgeoning complexity,
especially given the sectoral nature of most management frame-
works, the lack of coordination across institutions and between
andwithin the global, regional, and local scales, and the severe lack
of capacity to address even one threat in many areas. Yet we can
attain these goals. We can infuse decision makers, and the public,
with a better understanding of what is needed, and why, and with
them take concerted and sustained action. We can instill the sense
of urgency that is so direly needed to catalyze a full response
in the face of constrained resources, dissipating time, and oft-
dismaying complexity. For it is only by accepting and embracing
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this complexity, and advancing multidimensional management
schemes, that we will ever be able to achieve a rapid reduction to
simplicity.

Crafting, implementing, and enforcing the provisions of multidi-
mensional management schemes may very well be as complex and
challenging as rocket science. But if, more than 30 years after they
left Earth, NASA’s twin Voyager probes can reach the edge of the
solar system, navigating the complexity of outer space, so too can
we address the complexity of the ecosystems and human interac-
tions that affect our home.Wemust revolutionize riskmanagement
and ocean and coastal governance. We can provide for sustainable
marine resources and processes so critical to our lives, but to do so,
we must commit ourselves and our capacities, shift our thinking,
and act in collaboration with urgency.
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chemicals, 129–135
definition, 128
description, 128, 315
global marine ecosystems, 157–160
lethal and sublethal effects, 316–317
noise, 152–157, 316
oils, 135–142, 316–317

pathways and impacts, 128, 129f
in pelagic areas, 317
plastic debris, 316–317
policy recommendations, 317–318
radioactive waste, 150–152
sea-land and sea-atmosphere boundaries,

315
sewage, 315
solid substances, 143–150
toxic chemicals, 127–128, 315
wildlife and humans, 315

Marine protected areas (MPAs), 294, 309
Marine resources

benefit humanity, 320
FAO, 318–319
fishing, 318–319
healthy fish stocks, 319
loss of biodiversity, 320–321
management efforts, recovery, 321
migrating species, sardines, 320–321
pelagic fisheries, 320–321
policy recommendations, 321–323
RFMOs, 319
steady and sustainable food source

aquaculture, 319–320
and stocks, 320

Maximum sustainable yield (MSY)
practical and policy reasons, 182
stock assessment, 182
taxon-EEZ pair, 182–183

MDR. See Mean damage ratio (MDR)
Mean damage ratio (MDR), 56, 56f
Mine tailings, 146–148, 147f
MPAs. See Marine protected areas (MPAs)
MSY. SeeMaximum sustainable yield (MSY)
Multiple stressors

categorization, 194
coastal and island populations, 328
cumulative effects, human activities, 323
description, 193–195
ecosystem dynamics and complex ways,

323–324
efficacy, management strategies, 323
EIAs, 325
enhance ecosystem resilience, MPA, 325,

326t
global-scale, 195–200
governance arrangements, 324–325
governance efforts, 325–327
human impacts, 194, 194t
human security risks, 328
hypoxia (see Hypoxia)
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Multiple stressors (Continued)
intensity and spatial distribution, 193–194
leverage resources and capabilities,

325–327
marine ecosystem, 323–324
MPAs, 325
network regime approach, 327–328
operationalization, network governance,

327–328
oxygen-rich surface waters, 328
pollution (see Pollution)
synergistic effects (see Synergistic effects,

stressors)

N
Noise pollution
fish and mammals, 153–154, 154f
impacts, marine mammal and fish

assemblages, 156
invertebrates, 155–156
marine animals, 153
naval sonars, 154–155
ship, 152–153
sound travels, 152
sublethal effects, anthropogenic noise, 155
threats and pressures, 156–157
underwater (see Underwater noise

pollution)
variety, activities, 152–153

O
Ocean acidification
biodiversity and ecosystems, 303–304
buffering capacity, 304
chemical-physical process, air-sea gas,

304–305
CO2 emissions

activity, hydrogen ions, 17
carbonate ions, 16
coastal shelf seas, 24–25, 25f
description, 35–36
dissolved inorganic carbon, 15–16
food webs and ecosystems (see Food
webs and ecosystems)

Hþ concentrations, 16
industrial revolution, 15
lower pH and carbonate ion
concentrations, 21–24, 23f

ocean warming and deoxygenation, 24
pH stabilization levels, 21, 22f

physiological processes and behavior,
25–32

saturation state, CaCO3, 16–17
time and space scales, 17–21
upwelling, waters, 23f, 24

food web processes, 305–306
fossil fuel emissions, 305
marine ecosystems, 304–305
policy recommendations, 306
vegetated habitats, 304–305
vulnerable and productive areas,

305–306
Ocean carbon sink
absorption, 269–270
emission scenarios, 270
shrinking

A1B scenario with “E1” stabilization,
263

anthropogenic carbon emissions, 262
atmospheric concentration, 263
climate change, 262–263
11 coupled climate-carbon cycle

models, 263–264
physical and biological effects,

warming, 264–265
physical processes, 264

Ocean environment
aggregate economic valuation, 246
Atlantic cod and bluefin tuna stocks,

246
biomes, ecological services, 251
carbon emissions, 246–247
catastrophic risk, economic analysis, 244
categories, services, 244
determination, price/dignity, 245
economic valuation studies, 247
ecosystem valuation, TEEB, 251
ecosystem values, 247, 248t
fisheries (see Fisheries, ocean

environment)
high and low impact climate scenarios,

244
marginal values, 248–249
meaningful prices, 245
nutrient cycling and cultural services,

248–249
ocean carbon sink, 262–265, 269–270
open ocean and coastal zones, 248
policy decisions and economic

calculations, 247
reefs and coastal areas, 250–251
scenario definitions, 266
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selected climate impacts, 265, 265t
SLR (see Sea-level rise (SLR))
storms (see Storms, ocean environment)
TEEB, 249
tourisms (see Tourisms, ocean

environment)
tropical storms, 251
valuable functions, 243
valuation, selected ecosystem services,

249, 250t
warming and SLR, 246–247
whale-watching trips, 245–246

Ocean warming
biological effects, 57–62
CO2 emissions, human activities, 62
coral reefs, 307–308
description, 62–63, 306–307
estimation, 45
flooding and erosion, 307
fragile resources and economies, 308
intense tropical cyclones, 307
physical effects, 46–57
policy recommendations, 308–309
species distribution and food webs, 307
weather/hurricane intensity, 45–46

Oil pollution
alkanes and cycloalkanes, 135–136
aquaculture installations, 142
causes, shipping, 137, 138t
cleanup operations, 142
degradation process, 139
droplets, 141
evaporation and dispersion, 137–138
fisheries, 142
heavy oils, 137–138
littoral zone, 141
marine environment, petroleum

hydrocarbons, 136, 137t
oxidative phosphorylation, 139
petroleum/crude oil, 135–136
plankton organisms, 140–141
seabirds, 140
sedimentation process, 138–139
tanker accidents, 136–137
temperatures, 139–140
whales and dolphins, 142

OMZs. See Oxygen minimum zones (OMZs)
Open-access fisheries, 283–284, 295
Overfishing
global economic loss

catch losses, 182
cost, overusing, 182

database, ex-vessel fish prices, 182–183
description, 181
environmental resources, 184
log-linear relationship, 182
MSY, 182
prone to overestimate depletion, 183
resource rent, 183–184
UNEP’s, 183
value, net gains, 184

landed values and catches, 282–283, 282f
SIDC, 283
skates, rays and large-bodied croakers,

283
Oxygen minimum zones (OMZs)

demersal and pelagic fisheries, 80
description, 70–71
expansion, 80–81
mid-water layers, 78–79
OML, 78–79
upwelling regions, 79–80
world distribution, shelf areas, 79, 79f

P
Pacific Ocean

bordering, countries, 277, 278f
capture fisheries, 281, 281f
climate change, 287–293
coral reefs, seagrass, mangroves,

seamounts and estuaries, 278–281,
279f

description, 277–278
MPAs, 294
overfishing, 282–283
stressors, 296

Paleocene-Eocene Thermal Maximum
(PETM), 18–19, 18f

Pentagon planning
climate change risks, 233
decade-long droughts, 233
description, 233
impacts, abrupt change, 234
scarce and necessary resources, 233
“threat multiplier”, volatile regions, 234
uncertainty, climate change, 234

PETM. See Paleocene-Eocene Thermal
Maximum (PETM)

Physical effects, ocean warming
description, 45
extreme weather, 46–49
tropical cyclones, 49–57
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Physiological processes and behavior, ocean
acidification

calcification, 26–27
CO2 concentrations, 30
coral recruitment, 30
hypercapnia, respiration, energetics and

growth, 30–32
Ophiothrix fragilis, 29–30
primary production and microbial loop,

27–28
sea urchin gametes, 29–30
sensory cues, 28–29

Plastic debris
description, 143–144, 144f
marine animals, 144
microplastics, 144–145
packaging, 144
production, carbon emissions, 145–146
variability, abundance, 144–145

Pollution
cocktail and cumulative effects, noise, 203
impacts, 202
marine environment, 202
persistent chemicals, 202–203
solid waste and oil spills, 203

Precautionary approach
issues, marine pollution, 317
MPAs and EIAs, 341
of multiple stressors, 341

R
Radioactive waste
behavior, radionuclides, 152
collective doses, sea food, 151
estimation, 151–152
radionuclides, 150–151
shell fish and algae, 151

RCPs. See Representative concentration
pathways (RCPs)

Rebuilding fisheries
catch losses, overfishing, 182
profits and wages, 185–186
real cost to society, 185–186
value, net gains, 184

Regional fishery management organizations
(RFMOs), 319

Regional ocean governance
climate change and ocean acidification,

334–335
multiple stressors, 335
Pacific Ocean, 334

peoples and governments, 335
SIDS, 334

Representative concentration pathways
(RCPs)

anoxia, ecosystem function, 12
atmospheric CO2 concentrations, 4, 5f
RCP2.6 and RCP6 scenarios, 6
vs. SRES scenarios, CO2 emissions, 4–5, 6f

Restoration, hypoxia
Baltic Sea coastal regions, 91–92
nutrient management, 91
physical, chemical and biological

processes, 91
socioeconomic commitments, nutrients,

91
stressors, 91

RFMOs. See Regional fishery management
organizations (RFMOs)

S
Scenarios analysis
Blueprints, 232
IPCC’s, 231
and planning exercises, 231
RCP, 231
Scramble, 232
shell, 231–232
SRES, 231

Scramble scenarios, 232
Sea-level rise (SLR)
absolute vs. RSLC, 98–100
adaptation costs, 259
analysis, global costs, 258
assessments, economic impact, 257–258
changes, land storage (see Land storage)
changes, mean sea level, 97–98
from climate change, 312
on coastal areas, 115–116
coastal zones, 313–314
description, 267–268, 312
developing countries, 258
direct measurements, tide gauges,

109–110
dynamic processes and feedback loops,

312–313
economic consequences (see Economic

consequences, SLR)
glacier and ice sheet melting, 102–105
glaciers and ice caps, 312–313
greenhouse gas emissions, 313–314
health effects, 314
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hypothetical beach community, 258–259
past sea-level changes, 109
policy recommendations, 314–315
projections

description, 111–114, 113f
glaciers and ice sheets, 114
intentions, 114
post-IPCC AR4, 115
semiempirical methods, 114–115, 115f

projections, IPCC, 313
“residual” fraction, 108, 108f
satellite measurements

information, 110
mean sea level, changes, 110, 110f
rates, 111, 112f

scientific advances, 97
on society, 97
sources, 107, 107t
take-home messages, 122
thermal expansion/density changes

(see Thermal expansion)
types, 116, 117t
vulnerability (see Vulnerability, SLR)

SEAPODYM. See Spatial ecosystem and
population dynamic model
(SEAPODYM)

Shell scenarios approach
Blueprints scenario, 232
decision pathways, 232
description, 231–232
Scramble scenario, 232

SIDC. See Small islands developing countries
(SIDC)

SLR. See Sea-level rise (SLR)
Small islands developing countries (SIDC),

283
Solid substances, pollution
description, 143
hard structures

artificial reefs, 149, 149f
climate change, 149
oil and gas rigs, 148
quantity, 150

marine debris, 143–146
mine tailings, 146–148, 147f
sedimentation, 146, 148

Spatial ecosystem and population dynamic
model (SEAPODYM), 289–290

Special Report on Emissions Scenarios
(SRES), 231

SRES. See Special Report on Emissions
Scenarios (SRES)

Storms, ocean environment
A1B, RCP6, 268
weather
A1B climate scenario, 261
correlation, 259–260
cyclone damages, 262
FUND model, 261
historical Atlantic hurricane record,

259–260
intense storms, 262
intensification, tropical cyclones, 259
tropical cyclones, 260–261
U.S. hurricane losses, socioeconomic

changes, 260
wind speeds, 268

Surprise (“unknown unknowns”)
catastrophic and irreversible damages,

331–332
planning
catastrophic and irreversible damages,

331–332
catastrophic tipping points, 331–332
coastal populations, 332
coral reefs, 330–331
cost-based to insurance-based models,

331
cost-benefit analysis, 329–330
economic risks, 330
emission scenarios, 329
global financial recession, 329
kinds, threats, 333
for multiple stressors, 329
poleward migration, fish communities,

330–331
“self-insure” humanity, 332
SIDS, 332–333
and uncertainty, 331

preparation
abrupt changes, 223–224
analogy, private insurance, 227–228
atmospheric aerosol loading and

chemical pollution, 236
boundaries, characteristics, 236–237
climate scientists, 235
collapse, North Atlantic cod stocks, 224,

224f
cost-benefit analysis, 227
decisions making in dark, 228–230
global oceans, 223
gradual changes, 225–226
insurance vs. personal catastrophes,

226–227
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Surprise (“unknown unknowns”)
(Continued)

IPCC’s scenarios, 231
life insurance, 226
links, planetary boundaries, 237, 238,
238f

marine issues, 238–239
marine threats and uncertainties, 225
meteorite insurance, 227
ocean acidification, 224, 237
oceanic sediment measurements,
224–225

ocean-related climate impacts, 223
ominous scientific findings, 239
pentagon planning (see Pentagon
planning)

“planetary boundaries” analysis,
235–236, 236f

planning, marine, 239
prediction, 225
private and policy sectors, 237
“safe minimum standards”, 235
scenario analysis and planning
exercises, 231

shell game (see Shell game)
“tolerable windows”, 235
uncertainty, 226
U.S. fire departments, 226

Sustainable ocean resources
anthropogenic CO2 release, 301
global ocean governance (see Global ocean

governance)
human-caused environmental change,

302
hypoxia in ocean, 309–312
multiple stressors (see Multiple stressors)
ocean acidification (see Ocean

acidification)
ocean and coastal areas, 301
ocean damages and surprise planning

(see Surprise (“unknown
unknowns”))

ocean warming (see Ocean warming)
overuse, marine resources (see Marine

resources)
pollution (see Marine pollution)
regional ocean governance (see Regional

ocean governance)
SIDS, 302
SLR (see Sea-level rise (SLR))
threats to global ocean, 302–303
vulnerable coastal communities, 302

Synergistic effects, stressors
Acropora intermedia and Porites lobata, 207,

208f
Acropora tenuis and Acropora millepora,

207–209, 209f
additive and antagonistic responses,

203–204, 204f
bleaching, coral reefs, 207
calcifying algae, 211–212
Cancer pagurus, 206–207
chaperone hsp70, 205–206, 206f
community-level response, 205
coral bleaching, 210
crustaceans, 210–211
herbicides, 209–210
hypoxia, sedimentsandpollutants, 207–209
impacts, anthropogenic activities, 205
jumbo squid (Dosidicus gigas), 213
local/regional impacts, 210–211, 213–214,

215f
nutrients, 211, 212f
pCO2 and temperature, 206–207
pH and O2 content, fisheries, 213, 214f
population dynamics and ecosystem

traits, 204–205
Porolithon onkodes, 207, 208f
reduction, nutrients, 214–215
temperatures and Cu concentration,

209–210
trophic levels, 204–205

T
TEEB. See The Economics of Ecosystems and

Biodiversity (TEEB)
The Economics of Ecosystems and

Biodiversity (TEEB)
coral reefs/coastal wetlands, 250–251
UNEP, 249
valuation, selected ocean ecosystem

services, 250t
Thermal expansion
CCSM3, GISS, MICRO3.2 and MRI-

CGCM2.3.2 models, 101–102
comparison, observations, 100–101, 101f
heat content, 100, 100f
measurements, 102
observations and model calculations, 102
volcanic eruptions, 101

Time and space scales, ocean acidification
burning, fossil fuel, 17
carbon perturbation, 17
catastrophic impact events, 19
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ocean pH and carbonate ion
concentration, 19–21, 20f

PETM, 18–19, 18f
surface mixed layer, 17–18

Tourisms, ocean environment
Caribbean and Pacific islands, 268–269
and climate change (see Climate change)
coral reef-based, 268–269
demands, 269
income elasticity, 269

Tropical cyclones
Accumulated Cyclone Energy index, 54
Atlantic hurricanes, 53–54, 54f
economic damage, 57
factors, 50
frequency, 51–52, 51f, 52f
life cycles, 49–50
map, 50, 50f
MDR, 56, 56f
projections, 55
Saffir-Simpson hurricanes, 53, 53f
US damage costs, 57, 58f
variability, formation and life cycle, 54–55
wind speeds, 56, 56t

U
Underwater noise pollution
fish and mammals, 153–154
impacts, individuals and populations, 157
invertebrates, 155–156
population, fish and whales, 156
ship, 152–153

UNEP. See United Nations Environment
Program (UNEP)

UNFCCC. See United Nations Framework
Convention on Climate Change
(UNFCCC)

United Nations Environment Program
(UNEP), 249

United Nations Framework Convention
on Climate Change (UNFCCC),
306

V
Vulnerability, SLR

aquaculture, 119–120
coastal locations and islands, 118
health effects, 119–120
limitations, 118–119
populations, small island states, 118
regions, flooding, 116–118, 118f
socioeconomic sectors, impacts affect,

119, 119t

W
World Resources Institute eutrophication

project, 91–92

Z
Zooplanktons

excretion, fecal pellets, 138–139
ocean acidification, 141
structure, 141

359INDEX


	Front Cover
	Managing Ocean Environments in a Changing Climate: Sustainability and Economic Perspectives
	Copyright
	Contents
	Contributors
	Preface
	Chapter 1: Valuing the Ocean: An Introduction
	Purpose and Scope of the Book
	Threats to the Oceans: Current State of the Science
	A Holistic View of Threats to the Oceans

	Differential Analysis for Future Scenarios
	Global-Scale Economic Valuation: What Are the Costs of Inaction?
	Monetary vs. Nonmonetary Damages
	Thresholds and Discontinuities
	Major Categories for Valuation

	A Case Study for the Pacific: Global to Regional Aspects
	Economic Value and Earth System Function Value

	Expert Survey Approach
	The Matrix: Values, Threats, and Knowledge
	Knowledge for Decision Support
	References

	Chapter 2: Ocean Acidification
	Cause and Chemistry
	Time and Space Scales
	Future Ocean Acidification Scenarios
	Potential Future Effects on Physiological Processes and Behavior
	Changes in Calcification
	Changes to Primary Production and the Microbial Loop
	Changes to Behavior and Sensory Cues
	Changes to Reproduction, Juvenile Survival, and Recruitment
	Changes to Hypercapnia, Respiration, Energetics, and Growth

	Impacts on Communities, Food Webs, and Ecosystems
	Conclusions
	Acknowledgments
	References

	Chapter 3: Ocean Warming
	Introduction
	Physical Consequences of Ocean Warming
	“Extreme Weather”: Precipitation and Flooding
	Tropical Cyclones
	Signal or Noise?
	Changes in Frequency
	Changes in Intensity, Genesis, and Storm Tracks
	Observational Evidence of an Increase in the Intensities of the Strongest Tropical Cyclones
	Projections of Tropical Cyclone Activity in the Future

	Potential Impacts of Fewer but Stronger Tropical Cyclones



	Biological Consequences of Ocean Warming
	Availability of Dissolved Oxygen
	Temperature-Dependent Respiration and Metabolism
	Thermal Limits and Distribution of Organisms

	Summary and Take-Home Messages
	References

	Chapter 4: Hypoxia
	Key Messages
	Introduction
	The Heart of the Problem
	Global Patterns in Hypoxia
	OMZs and Open Ocean Decline in Oxygen
	Environmental Consequences of Hypoxia
	Economic Consequences of Hypoxia
	Global Change and Hypoxia
	Restoration and the Future of Hypoxia
	Acknowledgments
	References

	Chapter 5: Sea-Level Rise
	Introduction
	Causes of Sea-Level Rise
	Absolute Versus Relative Sea-Level Change
	Thermal Expansion/Density Changes
	Glacier and Ice Sheet Melting
	Changes in Land Storage
	Summary

	Observations of Sea-Level Rise
	Past Sea-Level Changes
	Direct Measurements: Tide Gauges
	Satellite Measurements
	Summary of Observations

	Sea Level Rise in the Future
	Projections of Sea-Level Rise

	Impacts of Sea-Level Rise
	Types of Impacts
	Vulnerability to Sea-Level Rise
	Economic Consequences of Sea-Level Rise
	Summary and Take-Home Messages

	Acknowledgments
	References

	Chapter 6: Marine Pollution
	Introduction
	Chemical Pollution—POPs and Metals/Toxic Chemicals
	Sources and Pathways
	Effects on Marine Environment and Ecosystem Services

	Oil Pollution
	Sources and Pathways
	Impacts on the Marine Environment and Ecosystem Services

	Solid Substances
	Marine Debris
	Sedimentation and Mine Tailings
	Introduction of Hard Structures

	Radioactive Waste
	Sources and Pathways
	Effects on the Marine Environment and Ecosystem Services

	Noise
	Sources and Pathways
	Effects on the Marine Environment and Ecosystem Services

	Present and Forecasted Impacts of Pollution on Global Marine Ecosystems
	References

	Chapter 7: The Potential Economic Costs of the Overuse of Marine Fish Stocks
	Fish and Fisheries Are Important to People
	Evidence of Overuse of Fish Stocks
	Climate Change Will Exacerbate the Problem of Overuse of Fish Stocks
	Global Economic Loss due to Overfishing
	Estimated Economic Losses
	Conclusion
	References

	Chapter 8: Impacts of Multiple Stressors
	Introduction
	Global-Scale Stressors
	Local- and Regional-Scale Stressors
	Feedbacks and Synergistic Effects
	Concluding Remarks
	References

	Chapter 9: Tipping Points, Uncertainty, and Precaution: Preparing for Surprise
	Introduction
	Why Buy Insurance?
	Making Decisions in the Dark
	Peering into the Future
	Shell Game
	Pentagon Planning
	Safe Standards and Planetary Boundaries
	References

	Chapter 10: Valuing the Ocean Environment
	Introduction
	What Is Not Included
	Classic Studies of the Value of Ocean Environments
	Fisheries and Climate Change
	Tourism and Climate Change
	Costs of SLR
	Stormy Weather
	Shrinking the Ocean Carbon Sink
	Valuing the Damages
	Scenario Definitions
	Fisheries
	Sea-Level Rise
	Storms
	Tourism
	Ocean Carbon Sink
	References

	Chapter 11: Managing Multiple Human Stressors in the Ocean: A Case Study in the Pacific Ocean
	Introduction
	Pattern of Biodiversity and Marine Living Resources
	Key Human Pressures in the Pacific Ocean
	Overfishing

	Challenges to Sustainable Management of Fisheries Resources in the Pacific Ocean
	Climate Change
	Pollution and Other Human Impacts

	Sustainable Management of the Pacific Ocean
	Acknowledgments
	References

	Chapter 12: Paths to Sustainable Ocean Resources*
	Introduction
	Implications of Major Threats and Policy Recommendations
	Ocean Acidification
	Policy Recommendations

	Ocean Warming
	Policy Recommendations

	Hypoxia in the Ocean
	Policy Recommendations

	Sea-Level Rise
	Policy Recommendations

	Pollution
	Policy Recommendations

	Overuse of Marine Resources
	Policy Recommendations


	Multiple Stressors: Putting the Pieces Together
	Implications of Valuing Ocean Damages and Planning for Surprise
	Pacific Region Case Study—Implications for Regional Ocean Governance
	The Next Era of Global Ocean Governance: Paths to Sustainability
	Address Global Ocean Governance Issues
	Secure Sustainable Financing for the Ocean and Adaptation
	The “Blue Economy”: The Importance of the Ocean and Coasts

	Concluding Recommendations
	References

	Index



